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Inverse vulcanization shows great feasibility for the utilization and conversion of sulfur by-products into
high-performance sulfur-rich polymers. However, its practical application is hindered by poorly under-
stood structural evolutions of the products and their thermodynamic instability. Herein, we develop a
thioctic acid (TA)-initiated cascade polymerization strategy to synthesize thermoplastic polymers (SxTyD_,
where X, Y, and Z represent the mass ratios of Sg, TA, and DIB) with controllable structural evolution and
enhanced mechanical properties for humid adhesion. The key to this TA-initiated ring-opening polymer-
ization (ROP) of sulfur is the generation of S radicals at 120 °C to produce short sulfur segments and avoid
the chaotic S;D; networks of traditional inverse vulcanization at high temperatures. This short sulfur struc-
ture endows S;T>D; with exceptional toughness (2300% strain at breaking) and hot-pressed S,T;D; with
reinforced strength (11.64 MPa vs. 8.5 MPa baseline). The synergy of hydrophobic sulfur and benzene
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motifs and carboxyl-metal coordination bonds in S;T;D; ensures long-term adhesion stability (>130 days)
under humid environments. We believe our work provides a foundation to balance structural control and
performance in sulfur polymers, offering a scalable route to repurpose industrial sulfur waste into durable

rsc.li/polymers adhesives for harsh environments.
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1. Introduction

During the rapid development of the oil industry, sulfur has
become one of the main by-products of natural gas and oil
refining.’ The global annual production of sulfur is expected
to reach 90 million tons in 2028, but its consumption is far
below this level. Currently, the open-air storage and disposal
of excess sulfur pose various risks in terms of high cost and
safety, and thus lead to many environmental concerns.>? The
efficient utilization of sulfur has thus garnered widespread
attention due to its unique properties, including dynamic
reversibility, high electrochemical capacity, and distinct
optical characteristics.*® Despite the great progress in sulfur-
containing materials and their applications, there is still a lack
of innovative strategies to harness this abundant resource
effectively.”

As one of the most common forms of elemental sulfur
(Scheme 1a), Sg can undergo an ROP to form unstable polysul-
fides above 159 °C and synchronous depolymerization below
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this temperature in an entropy-driven and reversible
manner.”® Since 2011, Pyun et al. have initiated the direct
polymerization of Sg with unsaturated olefins as crosslinking
agents to synthesize sulfur-rich polymers; this process is
known as inverse vulcanization.” The obtained high-sulfur
polymers with good solvent resistance and high electro-
chemical capacity can be applied in various fields, including
IR imaging,'"* Li-S batteries,"® and metal adsorption.'*"
However, the production of sulfur-rich polymers via inverse
vulcanization still faces numerous challenges at elevated
polymerization temperatures (7 > 170 °C), a limited variety of
vinyl monomers,>*® and uncontrollable ring-opening of Sg.
Additionally, the practical applications of inverse vulcanization
products are restricted by several factors, including their poor
mechanical properties, complex chain segment structures, and
poor processability due to high crosslinking or high-sulfur
rank (the number of S-S units in the backbone).'” Several strat-
egies have been proposed to solve these issues, including opti-
mizing the ROP methods of Sy (e.g., photoinduction,'® ball
milling’® and organocatalysis>*?), adjusting polymerization
processes®*® (e.g., vapor-phase synthesis®®), controlling the
rigidity of the vinyl monomer,”””*® and introducing functional
fillers® (e.g., Si0,,*° polyester,®® carbon black®*** and poly-
styrene®*). However, the chain structure of the inverse vulcani-
zation polymers is still unclear. Taking the typical polymer
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Scheme 1 Strategies for the polymerization of elemental sulfur into sulfur-containing polymers (a) Summary of previous conventional inverse vul-
canization, consisting of thermal-induced Sg ring-opening polymerization and different microstructures of polymers in 2013 and 2023. (b) The
design of this work, which involves cyclic disulfide-initiated ring opening polymerization of Sg.

poly(S-r-DIB) obtained via the inverse vulcanization of elemen-
tal sulfur and 1,3-diisopropenylbenzene (DIB) as an example,
it has widely been accepted that poly(S-r-DIB) has a complex
cross-linked structure. However, the recent work reported by
Pyun et al. indicated that the predominant repeating unit in
poly(S-r-DIB) consists of thiocumyl units and the previously
reported  “idealized” microstructures (as shown in
Scheme 1a).>> Long-sulfur-rank polymers exhibit low modulus
and poor thermal stability, while short-sulfur-rank polymers
show poor toughness, high brittleness, and difficult
processing.>>*?” Consequently, further study of the underlying
mechanisms and precise regulation of the chain segments of
inverse vulcanization remains imperative. As shown in
Scheme 1b, tense five-membered disulfides with a -CSSC- di-
hedral angle of 35° and a high ring tension, facilitates the ROP
by producing S radicals.’®**? As one of the cyclic disulfides of
biological source, thioctic acid (TA) can undergo the ROP
polymerization to poly-TA (PTA) triggered by ROS,**™** low
heat,”®** or UV light.*>™*” The presence of dynamic disulfide
bonds and hydrogen bonds between carboxyl groups make TA
an attractive protagonist for the design of self-healing and
recyclable polymer materials.”’>° For example, the copolymer
with adjustable degradation performance was obtained by the
miniemulsion polymerization of TA and n-butyl acrylate,
which provided a new idea for the large-scale synthesis of
degradable polymers in industry.*">"** In addition, carboxyl
groups on the PTA side chain can improve the capacity and
service life of Li-S batteries via electrostatic interaction.”*>*
Therefore, considering the unique chemical structure of TA, it
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is very attractive to modify inverse vulcanization by TA.
Therefore, we propose TA-initiated cascade polymerization to
synthesize thermoplastic polymers (SxTyD;) with controllable
structural evolution and enhanced mechanical properties.
Concretely, TA generated sulfur radicals at 120 °C to trigger the
ROP of Sg which obtains polymers of low sulfur rank and sup-
presses chaotic S;D; network of typical inverse vulcanization.
Simultaneously, TA as a flexible polymer chain with carboxyl
groups, results in the thermoplastic polymer SxTyD, exhibiting
superior mechanical flexibility, remarkable toughness,
cycling enhancement. For example, S;T,D; exhibits a up to
2300% of strong tensile properties and S,T;D; exhibits a 37%
strength increase after hot pressing (11.64 MPa vs. 8.5 MPa).
Crucially, the carboxyl group on the side chain of S;T;D;
polymer can form coordination bonds with metal ions, thus
maintaining long-term stability under salt environments for
more than 100 days (Scheme 1b). The thermoplastic polymers
(SxTyD_) with adjustable mechanical properties and adhesion
properties will have broad application prospects for self-
healing and adhesives.

re-

2. Experimental

To a 20 mL glass bottle equipped with a magnetic stirrer,
elemental sulfur (Sg, quality detailed below) was added, which
was then heated to 150 °C in aluminum heating blocks until
an orange sulfur melt was obtained. Then, a measured quan-
tity of thioctic acid (TA) was added to the glass bottle, and the

This journal is © The Royal Society of Chemistry 2025
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mixture was stirred for 2 h at 150 °C until the molten liquid
was cherry red and no longer cloudy. Following that, 1,3-
diisopropenylbenzene (DIB, the quality detailed below) was
dropped slowly into the bottle until the color of the molten
liquid became dark red and the viscosity was significantly
increased. The molten liquid was then immediately poured
into a 153 °C PTFE mold (preheated for 1 h), stabilized for 1 h,
hot-annealed, and then stable-cured for 48 h. The sample and
mold were taken out of the oven, and the sample was removed.
The glass plate under the mold was leveled ahead of time to
prevent uneven sample curing.

3. Results and discussion
3.1 Effect of TA in initiating Sg ring-opening

To clarify the influences of TA-initiation of the Sg ring-opening
reaction, we first studied the ROP reaction process of Sg and
TA under specific temperature conditions, monitored using
Raman and electron paramagnetic resonance (EPR). As shown
in Fig. S1, S2, and Table S1, Sg is merely melted at 120 °C but
cannot undergo ROP even when the reaction time is prolonged
to 12 h, as proven by the unchanged Raman signal at
472 em™. For Sg, no characteristic signal of sulfur radicals is
observed when the temperature is below 120 °C, but it appears
at 150 °C (Fig. S3). These results indicate that Sg cannot
undergo a ring-opening reaction to generate the radical below
120 °C. However, with TA, it can be completely opened and
self-polymerized at 120 °C as shown by the significantly
enhanced Raman signal of the sulfur chain located at
512 cm™ ', which is attributed to the presence of asymmetric/
symmetrical S-S bonds (Fig. S4 and S5). Both the generation of
sulfur radicals below the melting point of TA and the chemical
shifts of -S-CH,- and -S-CH- in PTA taken together confirm
the successful ring opening of TA (Fig. S6 and S7).*?
Additionally, S-radical signals of TA appeared in the EPR spec-
trum with a g-factor of 2.0045 under heating at 120 °C. Once Sg
powder was added to this TA system, the TA gradually initiated
the ROP of Sg to produce more S radicals. The corresponding
EPR spectrum (Fig. 1c) shows that the S-radical signals (g =
2.0045) exhibited a slight shift after the addition of Sg powder,
which could be due to the formation of S radicals after TA-
induced Sg ring opening and copolymerization.”"*> We also
recorded the phase changes of the above reaction processes
using digital photos. After the complete melting of the mixture
of Sg powder and TA, an obvious phase separation was
observed due to the great difference in polarity. With increas-
ing heating, the molten liquid of Sg and TA transitioned from
a yellow and flowing state to a brown and viscous state (Fig. 1e
and Table S2).>® We extracted the molten liquid of Sg and TA
for Raman tests at regular intervals. As shown in Fig. 1d, the
observed asymmetric/symmetric S-S bond stretching vibration
of TA at 512 cm™" shifts to the vibration of the deformed/
stretched —~S-Sy-S- at 473 cm™*, suggesting the successful ROP
of Sg.>*” Therefore, we can conclude that TA first undergoes
ring opening and self-polymerization at 120 °C. The terminal

This journal is © The Royal Society of Chemistry 2025
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sulfur radicals of the ring opening of TA and PTA remain
active and can serve as initiators for sulfur ring opening.
Finally, the sulfur radicals of TA or PTA successfully initiate
the eight-membered ring opening of Sg powder at 120 °C
(Fig. 1a).

3.2 Role of TA in regulating chain segments in inverse
vulcanization

Subsequently, we studied the effect of TA in regulating the
chain segments in inverse vulcanization via various model
reactions (Schemes S1-S3), including the polymers poly(Ss-TA)
(referred to as STA), poly(Sg-TA-styrene) and poly(Ss-styrene).
Among the polymers poly-Sg, PTA and STA, it is interesting
that the copolymer STA can be maintained at room tempera-
ture for more than six hours, while PTA begins to crystallize
and precipitate within 10 min and poly-Sg begins to depoly-
merize below 159 °C (Fig. 1f and S8). This can be attributed to
the mutual stabilizing effect of the copolymer of Sg and TA. We
then reacted styrene with STA prepolymer at 120 °C and moni-
tored the reaction process. EPR shows the signals of C radicals
(g = 2.0015) and S radicals (g = 2.0045), and the Raman spec-
trum shows the disappearance of the double bond peak at
1628 cm™". These findings indicate the successful addition of
styrene during the reaction. The formation of -S-Sx-S- and C-
S demonstrates the successful synthesis of poly(Sg-TA-styrene)
(Fig. 1g and h).

3.3 Structural analysis of poly(Ss-TA), poly(Ss-TA-styrene) and
poly(Ss-styrene)

Subsequently, we conducted an in-depth structural analysis of
poly(Ss-TA), poly(Sg-TA-styrene) and poly(Ss-styrene) via electro-
spray ionization mass spectrometry (ESI-MS). These three pro-
ducts could have different sulfur segments via structural
control. ESI-MS confirmed that the highest sulfur rank can be
identified as three for molecular weight less than 400 in mass
spectrometry of poly (Sg-styrene) (Fig. S9a). However, the
highest sulfur rank in poly(Ss-styrene) was calculated to be
more than ten when the molecular weight exceeded 600
(Fig. S9b). The inherent instability and extensive crosslinking
within the polymer could present great challenges for precise
structural elucidation. This aligns with previous studies high-
lighting the wuncontrollable nature of the ring-opening
polymerization (ROP) of Sg in conventional inverse vulcaniza-
tion systems, which typically generate disordered, elongated
sulfur chain architectures.>®*” However, for STA and poly(Sg-
TA-styrene), the sulfur chain segment has significantly
decreased. As shown in Fig. S10, we can observe the signal
peaks that reflect the structural characteristics of the polymer
chain in the mass spectrum of STA. The highest sulfur rank in
the STA is calculated to be five. We propose that the chemical
reactivity of the sulfur chain was significantly enhanced after
the TA-initiated ROP of Sg. Under such circumstances, the
S-radical generated by TA can smoothly insert into the long
sulfur chain and form a unique structure with alternating TA
and S atoms. The insertion behavior of TA may limit the con-
tinuous growth of the sulfur chain, which is beneficial for

Polym. Chem., 2025, 16, 4159-4170 | 4161
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Fig. 1 TA-initiated ring opening polymerization of inverse vulcanization polymers. (a) Process of ring-opening of TA initiates Sg. (b) Insertion and
copolymerization of PTA and Sg. (c) EPR spectra of TA and the mixture of TA and Sg. (d) Raman spectra of TA and the STA at variable times. (e)
Monitoring the heating reaction process of TA-triggered Sg at 120 °C. (f) Pictures of the changes in PTA and STA at room temperature. (g) EPR
spectra of STA and styrene, with corresponding S and C radicals accompanied by associated curve fits. (h) Raman spectra of the STA and styrene

mixture at variable times.

obtaining many short sulfur chain segments with good stabi-
lity. Subsequently, we further investigated the structure of poly
(Ss-TA-styrene). As shown in the mass spectrum of poly(Ss-TA-
styrene) (Fig. S11), the molecular weight of the poly(Ss-TA-
styrene) polymer model is also highly consistent with the
experimental data, and the determined sulfur rank is about
four or five. Obviously, the short sulfur rank in poly(Ss-TA-
styrene), compared to the other samples, may lead to
enhanced structural stability. Moreover, it also indicates that
the incorporation of unsaturated styrene monomers does not
affect the chain segment regulation of TA on Sg. Thus, a series
of poly(Sg-TA-styrene) products with short sulfur rank are
obtained via the regulation of the segments of poly(Ss-styrene)

4162 | Polym. Chem., 2025, 16, 4159-4170

by TA. The detailed structural factors in Tables S3-S5 present
the observed m/z values with proposed structures, accounting
for the sulfur chain length. Finally, the reaction kinetics of STA
and poly (Sg-TA-DIB) were studied in detail by monitoring the
conversion of TA and DIB as well as the corresponding
changes in molecular weight during the polymerization reac-
tion via 'H NMR and GPC traces (Fig. $12-20).°° After the
copolymerization of Sg with TA, the molecular weight of STA
does not increase significantly with the increase in the TA con-
version rate, indicating the sulfur rank number below five is
maintained well. After adding DIB, the molecular weight of
poly(Ssg-TA-DIB) increases promptly due to the possible for-
mation of crosslinking sites (Fig. 1h). These results indicate

This journal is © The Royal Society of Chemistry 2025
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that the introduction of TA could transform the long sulfur
chain structures into shorter sulfur chain segments with fewer
than five sulfur atoms (Fig. 1b). It is established that TA func-
tions both to initiate sulfur ring-opening at 120 °C and to
mediate chain segment regulation through terminal sulfur
radicals, resulting in structurally stabilized short-sulfur-rank
polymers.

3.4 Study of structural and chain segment regulation by TA
characterization

After elucidating the TA-initiated chain segment regulation, we
synthesized a series of poly(Sg-TA-DIB) polymers denoted as
SxTyD; (where X, Y, and Z represent the mass ratios of Sg, TA,
and DIB in the ter-polymerization), including S,T;D;, S$;T;Dy,
and S;T,D;. The subsequent structural analysis takes S;T;D;
as an example and uses it as the representative of the experi-
mental group. As shown in Fig. 2a, the obtained Raman spec-
trum of the S;T;D; sample reveals a significant structural
transformation in comparison with its Sg, TA, and S;T; con-
trols as proven by the disappearance of the disulfide bond
peak at 510 cm ™" for the TA monomer and the emergence of a
new -S-Sx-S- peak at 470 cm '.>?>*” These observations
confirm the successful ring-opening of TA and its induced
copolymerization with Sg to form polysulfide chains.”?
Additionally, as shown in the Fourier-transform infrared
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spectra (FT-IR) (Fig. 2b), S;T;D; exhibits the same C-S bond
peak at 696 cm™" as that of the S;D; sample. Additionally, an
obvious wavenumber shift is observed for the C-S bond peak
from 671 cm™" in TA to 696 cm™' in S;T;D,. This shift in
S;T;D; can be attributed to the increased polarity arising from
the electron-withdrawing groups on the benzene rings within
the S;T;D; polymer structure, and the lone pair electrons on
the sulfur atoms can form a weak conjugation system with the
benzene rings. Furthermore, the peak at around 3350 cm™*
can be attributed to the O-H stretching vibration of the car-
boxyl groups, indicating hydrogen bonding between the
SxTyD; polymer chains. In addition, the vibration peak of the
carboxyl group (1681 cm™') became more pronounced with
increasing TA content (Fig. 2b and $21).>*® The appearance
of the carbonyl carbon peak at 180 ppm in the *C solid-state
NMR and C-H assignment in the "*C-'"H HMQC spectrum of
S;TyD; also confirm the ter-polymerization (Fig. S22-25).
Compared with the spectrum of DIB, the disappearance of the
C=C stretching vibration absorption at 1634 cm™" and the
CH- stretching vibration at 3087 cm™* in S;D; and S;T;D,
clearly demonstrate the consumption of C=C bonds and
allylic hydrogens (Fig. $26).°" These results demonstrate the
successful adduction of DIB. We performed X-ray diffraction
(XRD) analysis on the S;T;D; sample and its Sg and S;D;
controls. The broad peak located near 18° suggests that no
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Fig. 2 Structure characterizations and sulfur rank of SxTyD;. (a) Raman spectra of the control S;D, and of S;T;D; containing the monomers TA and
Sg. (b) ATR FT-IR spectra of the control S;D, and of S;T;D; containing the monomers Sg, DIB and TA. (c) XRD patterns of the control S;D, and of
S1T1D; compared to that of elemental sulfur. (d) SEM images of S;T:D; and its corresponding elemental mapping displayed on the right side. (e)
X-ray photoelectron spectra of the control S;D; and S;T;1D;. (f) Cartoon illustration of the internal structure of the control S;D; and SxTyD; with
different ratios; “—" stands for carbon—carbon bond, and the sulfur ranks obtained by elemental analysis.
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elemental sulfur exists in the as-synthesized amorphous S;D;
and S;T,D; (Fig. 2c). The uniform distribution of C, O, and S
in S;T;D; was confirmed from scanning electron microscopy
(SEM) images (Fig. 2d), suggesting the homogeneous reaction
of Sg, TA, and DIB monomers.

We further explicated the segmental structures of SxTyD
through X-ray photoelectron spectroscopy (XPS) and elemental
analysis (EA). Both XPS and EA tests confirm a significant
reduction in sulfur content after incorporating TA, indicating
the successful synthesis of short-sulfur-rank polymers. The
bond structure and sulfur content of S;D; and SxTyD, were
first analyzed using XPS. As shown in Fig. 2e and Table S6, the
XPS results for S;T,D, reveal that the S 2p peak consists of two
different chemical environments at 163.48 and 164.88 eV for
C-S bonds as well as at 163.98 and 165.38 eV for S-S bonds,
respectively. The sulfur rank calculation is based on peak
deconvolution of the S-S and C-S in the XPS data. The final
ratio of S-S to C-S in the S;T;D; polymer is calculated to be
0.64, indicating that the average sulfur rank in the S;T;D,;
chain segments is approximately 3.56. The obtained sulfur
rank of the $;D,; control is calculated to be 6.78 (Fig. S27, 28
and Table S7). Notably, the sulfur rank of SxTyD, decreases
from 6.78 to 3.56 after the introduction of TA. The sulfur con-
tents of SxTyD, determined via XPS show discrepancies with
the theoretical feed ratios, ranging from 11.58 to 67.13 wt%
(Table S8). Taking S,T;D, as an example, the repeated XPS
measurements of the same polymer yielded sulfur content of
20.85 wt% and 35.07 wt%, indicating considerable variability
and poor reproducibility of the XPS method. However, the
results from EA (Table S9), provide closer values of 41.966 and
43.443 wt% for S,T,D;. Considering the limitations of the XPS
test, such as surface sensitivity and semi-quantification, the
sulfur rank based on the sulfur content results from EA is
more convincing.

According to previous works,
obtained for the control S;D; and SxTyD via EA can be further
divided into two parts: sulfur incorporated into the polymer
backbone, and sulfur not incorporated into the polymer back-
bone. The latter has been defined as “dark sulfur” by Tom
Hasell. This so-called “dark sulfur” is distributed in the
polymer matrix in an amorphous form and is regarded as an
interference in the accurate calculation of the sulfur rank.
Ultraviolet-visible spectroscopy (UV-Vis) was performed to test
the content of dark sulfur. By establishing a standard curve
based on the Beer-Lambert plot curve, the corresponding
“dark sulfur” content in each as-synthesized polymer can be
calculated to be 5.258 wt% for control S;D;, 4.091 wt% for
S,T1D4, 6.517 wt% for S,T;D;, and 9.432 wt% for S,;T,D, as
listed in Table S10 (Fig. $29, 30 and Table $9).°>® Following
that, the remaining polymerized sulfur contents after exclud-
ing the contributions of “dark sulfur” were calculated and are
listed in Table S9. As shown in Table S10, the average sulfur
rank in SyTyD, and its control S;D; were calculated from the
EA and XPS results, and the corresponding results can be com-
pared directly. Both the EA data and XPS data exhibit a consist-
ent decreasing trend with the increasing TA content.

6263 the sulfur contents
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Obviously, due to the semi-quantitative nature of the XPS cal-
culation, the sulfur contents calculated via EA have smaller
errors. For the data from EA, the sulfur rank significantly
decreases from 9.95 for S;D; without adding TA to a minimum
of 3.02 for S;T,D; at the highest TA amounts. This reduction
in the sulfur rank value shows a shortening of the sulfur chain
length within the segment of the polymer, indicating the suc-
cessful regulation of the polysulfide polymer segments by TA.
The proposed probable correlations between sulfur rank and
polymer structure are shown in Fig. 2f, demonstrating that TA
played a critical role in regulating the chain segments in the
inverse vulcanization polymers.

3.5 Thermal, mechanical properties and recycling
enhancement

Excessive sulfur chain length can lead to detrimental impacts
in polymer performance, manifesting as reduced mechanical
properties, altered thermal stability and optical properties,
increased processing difficulty, and diminished chemical
resistance.®?” As discussed, TA modification of inverse vulcani-
zation (control S;D,) effectively suppresses the growth of sulfur
rank, influencing the thermal and mechanical properties of
SxTyD;.%4% As shown in Fig. 3a, S31-33 and Table S11, the
decomposition temperature of the SxTyD, polymer is approxi-
mately 215 °C, which is 40 °C lower than that of S;D;.
Additionally, the differential scanning calorimetry (DSC)
curves reveal that as the content of the TA copolymer increases,
the glass-transition temperature (T) gradually decreases
(Fig. 3b and S34). This is attributed to PTA acting as a soft
segment in the SxTyD,, reducing the rigidity of the polymer,
thereby enhancing the flexibility of the SxTyD,. Hot pressing is
a polymer processing technique that is commonly used as a
method for recycling sulfur-containing polymers. The hot-
pressing process can facilitate the rearrangement of disulfide
bonds within the SxTyD,, resulting in the formation of a dense
and uniform polymer film for investigating the mechanical
properties. The stress—strain curve of S;T;D; with an Sg:TA
ratio of 1:1 indicates a maximum breaking strength of 8.5
MPa, a breaking strain of 743% and a Young’s modulus of 973
MPa. With increasing TA content (Sg:TA ratio at 1:2), an
ultra-high strain of 2300% is achieved in the S;T,D, sample,
but the breaking strength decreases to 1.5 MPa in comparison
with the S;T;D,; sample (Fig. 3c, d, j and Table S12). This is
due to the insertion of PTA into the control S;D; polysulfide
chain, preventing severe chain entanglement within the
SxTyDz Under external stretching force, dynamic bonds in
SxTyD, can rapidly align and dissipate stress, thereby enabling
the SxTyD, to achieve high strength and high elongation. The
above results can be ascribed to the incorporation of the flex-
ible chain TA increasing the distance between polymer chains,
reducing the rigidity of the S;D; control, and enhancing the
flexibility of SxTyD,. The inverse vulcanization polymer of the
S;D; control exhibits high brittleness both before and after hot
pressing due to its high degree of crosslinking, making it
difficult to process, and thus its mechanical properties could
not be tested. In contrast, SxTyD, polymers modified with TA

This journal is © The Royal Society of Chemistry 2025
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show good processability. The SxTyD, polymers contain a sig-
nificant number of S-S bonds exhibiting short sulfur rank,
which is beneficial to the reprocessing. We then hot-pressed
the crushed SxTyD, at 90 °C under a pressure of 5 MPa for

This journal is © The Royal Society of Chemistry 2025

10 min to obtain a uniform polymer (SxTyD,-RE), as disulfide
bond activation in the linear polymer occurs at approximately
50-90 °C.°® After conducting stress-strain tests on the poly-
mers SxTyD, and SxTyD,RE, we found that the breaking
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strength significantly increased after repeated hot pressing
(Fig. 3e and S36). Among them, S,T;D; shows the most signifi-
cant increase in tensile strength, rising from 8.47 MPa to 11.66
MPa (Fig. S35). To investigate the mechanisms of internal
structural change during the hot-pressing process, we con-
ducted in situ EPR tests on the polymer S;T;D; during hot
pressing via monitoring the generation of S-radical signals
(Fig. S37). We observed a prominent sulfur radical signal
during the hot-pressing process of S;T;D;, indicating the clea-
vage of disulfide bonds. As a result, the increase in breaking
strength can be ascribed to the heat-initiated conditions
causing the disulfide bonds in the SxTyD, to break and
rearrange continuously (Fig. 3i).>> The solubility tests of
SxTyD, and SxTyD,-HP also show that the solubility decreases
significantly and the crosslinking density increases after hot
pressing (Fig. S38). This process enhances inter-chain inter-
actions, thereby leading to improved mechanical properties.
We also examined the XPS spectra of the SxTyD, after hot
pressing, and its sulfur rank remained less than three
(Fig. S39-42 and Table S7).

To investigate the flow characteristics of SxTyD,, we per-
formed dynamic rheological characterizations on SxTyD_. As
shown in Fig. 3f, frequency sweep tests of S,T;D; and S;T;D;
at 25 °C reveal a crossover point between the storage modulus
(G") and loss modulus (G"). At the long timescales of low fre-
quencies, the plateau of G’ is lower than that of G", showing
viscous dissipation (liquid-like), and at the short timescales of
high frequencies, the plateau of G’ is higher than G”, showing
a dominant elastic behavior (solid-like). In contrast, S;T,D;
displays parallel G’ and G" curves across the entire frequency
range at 25 °C, with G” consistently higher than G’ (Fig. 3f).
This behavior arises from the introduction of flexible chains
that lower the Ty, enabling faster molecular chain mobility and
thereby enhancing viscoelasticity with liquid-like dominance.
Furthermore, temperature-dependent frequency sweeps of
S,T,D; (Fig. 3g) demonstrate a gradual increase in G’ as the
temperature decreased, signifying a transition from viscous to
elastic behavior. The relaxation time of S;T,D; is further pro-
longed when the temperature decreases from 5 °C to 0 °C,
causing the intersection point of G’ and G” to shift towards the
low-frequency direction (i.e., it appears “ahead of schedule”).
This phenomenon reflects the suppressed thermal motion of
the molecular chains at lower temperatures, which restricts
segmental mobility and reinforces elastic contributions. The
mechanical properties of SxTyD, were also evaluated via
dynamic mechanical analysis (DMA) tests. As expected, with
increasing TA content, the loss factor tan é of SxTyD, gradually
increases, and the SxTyD; polymers tend to be more viscous
(Fig. 3h, S43, S44 and Table S13).®” Considering the dynamic
nature of the disulfide bonds and the viscosity of S;T,Dy, its
self-healing behavior was evaluated at 40 °C using an optical
microscope (Fig. S45). As shown in Fig. S46, the signals of the
sulfur radicals become stronger because heat accelerates their
generation. Under heating conditions, the mobility of the
polymer chains increases more rapidly and the rate of disulfide
bond exchange increases, thereby enabling complete self-
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healing within 3-4 h.°®%® In summary, this TA-initiated strat-
egy not only successfully overcomes the processing difficulties
of inverse vulcanization polymers (for example, the S;D;
polymer in this work) but also greatly improved both the
mechanical properties and recyclability of SxTyD,.

3.6 Adhesion properties of SxTyD,

Compared to oxygen-containing compounds, sulfur-containing
compounds serve as “polar hydrophobic” hydrogen bonding
motifs with the N-H protons of thiourea exhibiting less
exchange with water, thereby enabling such compounds to be
developed into robust underwater adhesives.”® However, it is
difficult for inverse vulcanization polymers to form effective
interactions with substrates due to their low polarity and poor
cohesive strength, thereby limiting their application in
adhesives.”"”> The synthesized SyTyD, polymers have good
toughness, and their side chains contain carboxyl groups that
can interact with polar groups on the substrate through hydro-
gen bonding.”® Additionally, the hydrophobicity exhibited by
the polysulfide chains and benzene ring structures in the
SxTyD, polymer backbone allows for the exclusion of inter-
facial water under humid environments.”*

To evaluate the adhesive performance of SxTyD, following
TA modification, we conducted adhesion tests through a hot-
melt method and lap shear tests using the tensile machine
(Fig. S47). We first established three groups of control experi-
ments, including S;T; (1.153 MPa), S;D; (0.605 MPa), and
T;D; (0.127 MPa), all of which exhibited weak adhesive
strength (Fig. S48). Among the three control groups, T;D,
shows stickiness and can easily form interfacial interactions
with the substrate, while S;D; exhibits brittleness with good
cohesive strength compared to T;D;. However, the SxTyD,
polymers modified with TA appear to have remarkable
adhesive properties (3.75-4.55 MPa) and adhesion energy
(0.7-1.4 MJ m™?) (Fig. 4b). This can be attributed to the hydro-
gen bonding between the carboxyl groups and the mechanical
topography of the polar substrate. Compared to the control
groups, the SyTyD, polymers show increased cohesive strength
and enhanced interfacial interactions, indicating that the TA
plays a significant role in the interfacial interaction between
the adhesive and the substrate.

Subsequently, we conducted an in-depth investigation into
the water contact angle, swelling resistance, and cohesive
strength of SxTyD,. We first conducted water contact angle
experiments on the SxTyD, polymers. The water contact angle
test revealed that both S;T;D; and S,T,D; are hydrophobic,
which can be attributed to the hydrophobic polysulfide chains
and benzene ring structures in their backbones (Fig. 4c). After
immersing the SxTyD, polymers in UP water for 21 days, we
found that the maximum swelling ratio reached only 1.5% of
the original weight of the SxTyD, polymers (Fig. 4d).
Additionally, SEM tests were conducted to characterize the
surface condition of the SyTyD, after immersion in water for
21 days. It was found that the surface of S;T,D; had already
cracked, while the surfaces of S,T;D; and S;T;D; remained
smooth (Fig. S49). This indicates that a high content of hydro-

This journal is © The Royal Society of Chemistry 2025
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phobic structures such as sulfur chains and benzene rings in
SxTyD_, polymers can more effectively repel water and provide
superior cohesive strength (Fig. 4a).

Additionally, SEM analysis was also conducted to character-
ize the morphology of the SxTyD_ after adhesion failure, and it
was found that the surfaces of S,T;D; and S,T,D; exhibited
protrusions (Fig. 4e and S50). These protrusions may be pro-
duced by insufficient interaction between the adhesion layer
and the interface when subjected to external forces, whereas
S:T;D; does not show any protrusions. Therefore, we selected
S;T;D;, which exhibits excellent hydrophobicity and high
bond strength, for the subsequent bonding test using different
substrates and harsh environments. We conducted lap shear
tests on S,T;D; with different substrate materials and evalu-
ated its load-bearing capacity on stainless steel samples with a
7.5 cm” adhesive area (Fig. 4f and g). S;T;D; was able to bear a
weight of 120 kg, demonstrating excellent load-bearing
performance.

Long-term resistance to harsh environments is an impor-
tant indicator for evaluating adhesive performance.
Therefore, we conducted adhesion tests using S;T;D; under
various harsh conditions, including at temperatures of —20 °C
and 80 °C and in artificial seawater and strong acid environ-
ments (Table S15). We found that S;T;D; maintained good
adhesive properties (Fig. 4h). Notably, after 30 days of immer-
sion in artificial seawater, the bond strength showed a signifi-
cant enhancement from 4.24 + 0.19 MPa to 5.46 + 0.85 MPa.
Owing to the strong adhesive strength of S;T;D,, it was not
possible to effectively test the glass substrate. Additionally,
we placed S;T;D; in saturated saltwater for an underwater
load-bearing experiment. The S;T;D; adhesive has been
bearing weight for more than 130 days without any fracture
(Fig. S51).

Considering the bonding performance enhancement of
S;T;D; in artificial seawater, we speculated that the carboxyl
groups of the side chains of S;T;D; may coordinate with metal
ions, thereby improving the cohesive strength of the S;T;D;
polymer and its interfacial interactions with the substrate,
thus maintaining long-term stability under underwater load-
bearing conditions in a salt solution. To verify our hypothesis,
we designed a control experiment by immersing S;T;D; in
both UP water and saturated NaCl solution to test its adhesive
strength at different time intervals. As shown in Fig. 4i, the
adhesive strength of the S;T;D,; decreases upon immersion in
UP water, whereas a significant increase is observed in the
saturated NaCl solution. This observation indicates that
S;T;D; may achieve metal coordination enhancement in salt
solutions, thereby realizing long-term stability in saline
environments. Ultimately, we compiled recent studies on the
tensile and adhesion strength of polysulfides and compared
the conventional inverse vulcanization S;D; control with our
work (Fig. 4j and Table S17), and the SxTyD; polymers of our
work were found to show outstanding adhesive and mechani-
cal properties. We believe that the SxTyD, polymers can serve
as advanced adhesive materials in the field of sulfur-contain-
ing polymers.
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4. Conclusions

In summary, by modifying the conventional inverse vulcanization
of S;D; with TA, we achieved thermoplastic polymers (SxTyDy)
with short sulfur rank and improved mechanical properties for
humid adhesion. TA can initiate the ROP of Sg at 120 °C and
insert into the polysulfide chain, forming the STA chain with an
alternating arrangement of PTA and S atoms, in contrast to the
chaotic, long, and disordered sulfur chain in S;D;. Compared to
the control S;D;, which is a brittle and difficult to process, the
S,T;D; polymer exhibits good mechanical properties (8.5 MPa)
and enhanced recyclability (8.48-11.64 MPa). Crucially, the car-
boxyl groups confer exceptional humid adhesion stability in
saline environments for 130 d via metal ion coordination, enhan-
cing cohesive strength. The formulation of these polymers paves
the way for the efficient and clean utilization of elemental sulfur,
driving sustainable progress in the development of sulfur-contain-

ing polymers.
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