Open Access Article. Published on 04 Septemba 2025. Downloaded on 03/10/2025 22:27:33.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer
Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Polym. Chem., 2025, 16,
4250

Received 3rd June 2025,
Accepted 29th August 2025

DOI: 10.1039/d5py00548e

rsc.li/polymers

Introduction

One-pot route to aryl halide/sulfur/olefin
terpolymers via sequential crosslinking by radical-
initiated aryl halide-sulfur polymerization, inverse
vulcanization, and sulfenyl chloride formation

Nawoda L. Kapuge Dona and Rhett C. Smith @2 *

High sulfur content materials (HSMs) are gaining attention as sustainable and versatile polymers due to
their high sulfur content, low-cost feedstocks, and promising applications in energy storage, catalysis, sor-
bents, and structural composites. This work presents a sequential crosslinking strategy that combines
three known sulfur—carbon bond-forming mechanisms—radical-initiated aryl halide sulfur polymerization
(RASP), inverse vulcanization (InV), and sulfenyl chloride formation—to prepare high-performance HSM
terpolymers. Specifically, elemental sulfur was first reacted with 2,4-dichloro-3,5-dimethylphenol (DDP)
via RASP, forming polymer DSg; and byproduct S,Cl,. Rather than discarding this toxic byproduct, O,0'-
diallylbisphenol A (ABPA) was added to form sulfenyl chloride linkages in a single pot, yielding terpolymer
DACISs;. Control polymers DASsq (without S,Cly) and ASsg (via traditional InV) were also synthesized. A
comprehensive suite of physicochemical analyses confirmed that sequential crosslinking allows remark-
able property tuning and efficient byproduct valorization. Thermogravimetric analysis (TGA) showed that
DACISs; and DASs exhibit higher char yields (>40 wt% at 800 °C) than single-step materials, underscor-
ing the stabilizing effect of their crosslinked aromatic components. Differential scanning calorimetry
(DSC) confirmed DACISs; had the highest glass transition temperature (36 °C), indicating increased cross-
link density to the control polymers. SEM/EDX analysis confirmed uniform elemental distribution and
residual chlorine in DACISs,, verifying successful utilization of in situ S,Cl,. DACISs; also displayed the
best mechanical properties, with flexural strength of 3.02 MPa and storage modulus of 357 MPa at 25 °C.
This work showcases a potential route to synthesis HSMs by valorizing S,Cl, and tuning properties via
feedstock selection. It highlights the potential of integrated sulfur—carbon bond-forming strategies in sus-
tainable polymer design and offers a pathway to address global sulfur surpluses through advanced
material development.

elemental sulfur.’® In its simplest form, inverse vulcanization
is the addition of sulfur atoms to olefin carbons (an example is

High sulfur content materials (HSMs) are emergent materials
that contribute positively to sustainability goals through the
utilization of elemental sulfur that is produced in megaton
quantities as a byproduct of fossil fuel refining.*”® HSMs have
found a panoply of applications ranging from battery
manufacturing” '’ and IR optics'®>® to water purification
adsorbents,**™*! self-healing materials,***° fertilizers,**™*® pes-
ticides,* and structural polymers.>*"®® The flurry of interest in
HSMs is a result of Pyun’s seminal contribution to the field in
2013, when the concept of inverse vulcanization was disclosed
as a facile way to prepare HSMs from olefins and 50-99 wt%
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provided in Scheme 1A).%

Inverse vulcanization has been employed to prepare HSMs
from a wide range of petrochemical®®” 7 and bio-derived
olefins.’**"77"%' Advances in inverse vulcanization have been
made to include catalytic,””® mechanochemical,’”
photochemical,’®'®" and organic solution-phase'®* method-
ologies. Other strategies have been discovered that lower reaction
temperatures,” improve processibility,**'**'** or increase
mechanical strength'® of resultant HSMs. Insights into
mechanistic aspects of inverse vulcanization'*® and the complex
composition of HSMs'*”'%® have further contributed to our
understanding of this fascinating class of materials.

Burgeoning interest in applications of HSMs has been
accompanied by significant efforts to expand the scope of
organic substrates for their preparation beyond olefins.

This journal is © The Royal Society of Chemistry 2025
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B) Radical-Initiated Aryl Halide-Sulfur Polymerization (RASP)
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(A) High sulfur-content material poly(s-DVB) is formed by olefin addition of elemental sulfur to olefins (inverse vulcanization). This

material undergoes an additional inverse vulcanization reaction when a second olefin, CDE, is added. Whereas temperatures of ~180 °C are generally
required for the first crosslinking step, the second cross-linking step can occur at as low as 90 °C.? (B) Previously-reported preparation of DSg; by
the RASP process.® (C) Previously-reported use of S,Cl, to form sulfenyl chloride linkages to prepare ACISsq (A indicating the ABPA monomer, Cl and
S indicating the atoms added to the olefin, and 50 indicating that 50% of the repeat units are ABPA).! (D) Schematic representation of the sequential

crosslinking process described herein.
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Elemental sulfur reacts with 1,3,5-triisopropylbenzene, for
example, to form polymers via S-Cpengyiic bond formation.'®
S-Cary bond-forming reactions between elemental sulfur and
anisole derivatives have been discovered that facilitate prepar-
ing HSMs from waste plastic and lignin derivatives."***'8
Most relevant to the current study, Karunarathna, et al
reported a modification of the MacCallum polymerization
wherein aryl halides are polymerized with sulfur, a process
referred to as radical-initiated aryl halide sulfur polymerization

A) Inverse Vulcanization Only
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(RASP, an example of which is provided in Scheme 1B).>"**!
In RASP, the HSM product is accompanied by 0.5 mol equi-
valent of S,Cl, per mole of halide, as illustrated in Scheme 2
for polymerization of 2,4-dichloro-3,5-dimethylphenol (DDP)
via RASP. Production of toxic and corrosive S,Cl, lowers the
atom economy, increases separation and disposal costs, and
detracts from the greenness of RASP.
Pyun recently reported that S,Cl, can be used as a reactant
with olefins to produce polymers via S-C bond formation (an
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Scheme 2 The current work involves the preparation of (A) ASso, (B) DASso and (C) DACISs; to illustrate the extent to which application of different
combinations of known S—C bond-forming mechanisms and composition can be leveraged to tune polymer properties.
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example is shown in Scheme 1C). Detailed NMR spectroscopic
analysis of model reactions indicated the formation of both
Markovnikov and anti-Markovnikov regioisomers, with a
notable preference for anti-Markovnikov addition."

This reactivity of S,Cl, with olefins led us to envision the
sequential crosslinking process schematically depicted in
Scheme 1D involving (1) RASP to form S-C,r bonds; then (2)
addition of an olefin to the crude S,Cl,-containing mixture,
leading to sulfenyl chloride formation. Step 2 of the sequential
crosslinking would be accompanied by inverse vulcanization
reactions analogous to those occurring after addition of CDE
depicted in Scheme 1A.

The hypothesized sequential crosslinking simultaneously
has the potential for property tuning by varying the identity
and amount of the added olefin and consumes the S,Cl, side
product of the initial RASP step.

Herein, the sequential crosslinking strategy was employed to
prepare terpolymers by reactions of elemental sulfur with 2,4-
dichloro-3,5-dimethylphenol (DDP) as the aryl halide comono-
mer and O,0-diallylbisphenol A (ABPA) as the olefin comono-
mer (Scheme 2). Both DDP and ABPA were selected for their
well-established reactivity, structural diversity, and their ability to
form polymers with diverse thermal and mechanical properties.
Additionally, DDP serves as a chloro-lignin model compound
that can be rapidly synthesized from abundant xylyl alcohol
through a green reaction and affordable. ABPA is a derivative of
BPA, a widely used monomer in the production of petroleum-
derived plastics. To assess the extent to which S,Cl, contributes
to terpolymer properties, a control experiment was undertaken
in which S,Cl, was hydrolyzed and extracted prior to the
addition of the olefin (Scheme 2C). The chemical, thermal, mor-
phological, and mechanical properties of terpolymers were eval-
uated for comparison to those of DSg;. As anticipated, each ter-
polymer resulting from the post-polymerization modification of
DS, exhibited distinctly different properties. This proof-of-
process study thus demonstrated a simple method for harnes-
sing and thus eliminating a toxic side product of RASP in a pro-
ductive manner while simultaneously providing an avenue for
tuning the properties of the resultant HSMs.

Results and discussion
Design, synthesis, and chemical characterization

The overarching goal of this study was to assess the extent to
which sequential crosslinking involving RASP, sulfenyl chloride
formation, and inverse vulcanization could be used to tune the
properties of the resulting polymers, and the extent to which
each of these processes contributes to those properties. For the
current study, the first step was RASP of 2,4-dichloro-3,5-di-
methylphenol (DDP) with elemental sulfur as previously
reported® to give poly(S-ran-DPP), herein abbreviated DS,
(Scheme 2C; D indicates DPP comonomer, S indicates sulfur
comonomer, and 81 denotes the wt% of S in this polymer). This
reaction generates one equivalent of S,Cl, for each equivalent of
DDP. The reaction mixture was cooled to room temperature

This journal is © The Royal Society of Chemistry 2025
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under dry nitrogen prior to adding O,0-diallylbisphenol A
(ABPA) via syringe to the crude reaction mixture resulting from
step 1 (Scheme 2D) and then heating was resumed. This yielded
poly[S-ran-DDP-ran-(C;H5Cl-BPA-C;H;Cl)] (abbreviated DACISs;,
where D indicates DDP comonomers, A indicates ABPA comono-
mers, Cl indicates the presence of Cl in the polymer backbone, S
indicates sulfur comonomer, and 51 denotes the wt% of sulfur
in the polymer). As a control, DSg; was isolated (by hydrolysis
and extraction of the S,Cl, side product) followed by heating of
isolated DSg; with ABPA to give poly[S-ran-DDP-ran-(C;Hs-
BPA-C;H;)]| (abbreviated DAS5, where D indicates DDP comono-
mers, A indicates ABPA comonomers, S indicates sulfur comono-
mers, and 50 denotes the wt% of sulfur in the polymer).
Formation of DAS5, (Scheme 2E) can be viewed as a control
experiment because crosslinking by inverse vulcanization is still
possible, but the absence of S,Cl, precludes the contribution of
sulfenyl chlorides. Finally, the reaction of ABPA with elemental
sulfur to give poly[S-ran-(C3Hs-BPA-C3Hs)] (abbreviated ASso,
where A indicates ABPA comonomers, S indicates sulfur como-
nomers, and 50 indicates the wt% of sulfur in the polymer) was
undertaken to assess the properties of the copolymer of ABPA
and elemental sulfur resulting exclusively from inverse vulcani-
zation between these two comonomers (Scheme 2A). The copoly-
mer of ABPA and S,Cl, (Scheme 1C) was previously reported.’
The DACISs; and DASs5, polymers exhibited a glassy black and
grey appearance, respectively, whereas the AS;, polymer
appeared as a matte brown solid (Fig. 1). Notably, all composites
demonstrated remeltability, allowing for the reshaping and fabri-
cation of specimens suitable for mechanical property analysis.
The four materials discussed herein can be categorized on the
basis of the S-C bond-forming reactions involved in their for-
mations as well as in terms of the comonomers incorporated
into their backbones (Table 1).

Sulfur atoms in HSMs are generally incorporated as (1) oligo/
polysulfide chains connected to organic components through C-S
bonds or (2) oligo/polysulfide chains and rings entrapped within

Fig. 1 Terpolymers DACISs; (A) exhibited a glassy black appearance,
and DASs, (B) had a glassy grey appearance, while ASso (C) was a matte
brown matte solid.

Table 1 Classification of materials discussed herein on the basis of the
S—C bond-forming reactions used in their synthesis

InV RASP Sulfenyl chloride formation
AS5o Yes No No
DSg, No Yes No
DAS;5, Yes Yes No
DACIS;, Yes Yes Yes

Polym. Chem., 2025, 16, 4250-4260 | 4253
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the crosslinked network but not covalently linked to organic
comonomers. The mixture of entrapped sulfur species is known
as “dark sulfur”.'®'*® Although dark sulfur is challenging to
differentiate from bonded sulfides using techniques like IR and
'H NMR spectroscopy, Hasell's group reported a convenient
method for its quantification using UV-visible spectroscopy. In
this method extractable sulfur is quantified by UV-vis absorption.
This analysis revealed dark sulfur content percentages of 3.3 wt%
for DACISs; and 18.5 wt% for DASs, and 57% for DSg, (Table 2).
These data confirm progressively greater involvement of sulfur
atoms in organic-bound crosslinks (even accounting for the differ-
ence in total wt% S in the polymers), and consequently less dark
sulfur, as progressively more S-C bond-forming mechanisms are
employed. Lower amounts of physically entrapped dark sulfur
also correlates with higher glass transition temperatures (T)
determined from DSC data (Table 2)."°® DSg,, in which only S-
Cary1 and S—Cpenyy crosslinks are made, has a T, of —34 °C, typical
of HSMs containing polymeric sulfur crosslinks. DASs, addition-
ally features S-Cyyy1 crosslinks formed by the addition of S rad-
icals to ABPA olefins and has a T; of 13 °C. DACISs; features all of
the crosslinking mechanisms observed in DASs,, but also features
S,Cl,-mediated crosslinking to afford -C(Cl)-C(H)-S-SC(H)-C

Table 2 Thermal and morphological properties of the DACISs; and
DASso, compared to DSg; and Sg

Ta%  Twm? Typsc/  Percent Dark sulfur
Materials °C °C °C crystallinity? (Wt%)
DACIS;, 223 116 36 66 3.0°
DAS;5, 214 116 13 69 18°
ASs, 232 117 1.1 ND/ 48¢
DSg, 232 116 —-34 18 57%
Sg 229 118 NA 100 NA

“The temperature at which 5% mass loss was observed by TGA. © The
temperature at the peak maximum of the endothermic melting.  Glass
transition temperature. ¢ The reduction of the percent crystallinity of
each sample was calculated with respect to sulfur (normalized to
100%). ¢ Percent ethyl acetate-extractable sulfur species./No cold crys-
tallization peaks were observed by DSC. ¢ Percent CS,-extractable sulfur
species.
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(Cl)- crosslinks (and regioisomers resulting from a mixture of
Markovnikov and anti-Markovnikov addition to the olefins) and
has a considerably higher T, of +36 °C.

The Fourier-transform infrared (FTIR) spectra of compo-
sites (Fig. S1 in SI) provided additional evidence for the pro-
posed reactivity. Some peaks characteristics for the presence of
DDP and ABPA comonomers were retained in spectra of both
polymers, DACIS;; and DASs,, including peaks at 844 cm™*
(out of plane aromatic C-H deformation), ~1373 cm™* (C-H
stretching), ~1165 cm™" (C-O stretching) and ~1573 em™" (aro-
matic C=C stretching). Peaks at 584 and 705 cm ™" in the DDP
spectrum, attributable to C-Cl stretches, are reduced in the
spectra for its composite polymers compared to DDP, indicat-
ing the replacement of chloride substituents through the RASP
mechanism. Peaks at 3032 cm™' (allyl C=C-H stretching),
1647 cm™" (C=C stretching), and 921 cm™' (C=C-H bending)
that are responsible for olefinic functionalities in the ABPA
spectrum are diminished in the spectra for its composite poly-
mers, indicating the successful reaction of ABPA olefins with
sulfur and in situ-generated S,Cl,.

Scanning electron microscopy (SEM) imaging with energy-
dispersive X-ray analysis (EDX) was employed to investigate the
microstructure and elemental composition of the synthesized
materials (Fig. 2 and Fig. S2-5 in the SI). This study confirmed
the homogeneous nature of bulk DACIS5; and DASs,, revealing
uniform distributions of elemental components. Specifically,
DACIS;; exhibited consistent distributions of carbon, oxygen,
sulfur, and chlorine, indicating the successful incorporation of
S,Cl, through olefinic units in ABPA. Conversely, DASs5, dis-
played uniform distributions of carbon, oxygen, and sulfur,
but no detectable Cl, suggesting the effective removal of S,Cl,
from the polymer matrix.

Elemental composition from combustion analysis generally
agreed well with expected values (see Experimental section for
details). For DACISs;, it was especially important to confirm
the proposed incorporation of CI due to reaction of in situ-gen-
erated S,Cl,. Elemental contributions by C, H, and S (C, 38.46;
S, 50.93; H, 2.49%) agreed well with the theoretical (C, 36.30;
S, 47.72; Cl, 7.59; H, 3.36%.). Elemental compositions found

S Kal

100pm

Fig. 2 Scanning electron microscopy with elemental mapping by energy dispersive X-ray analysis (SEM/EDX) of (A) DACISs; and (B) DASsq. Carbon

is shown in green, oxygen in blue, sulfur in red, and chlorine in purple.
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from EDS analysis (Fig. S3a) also agreed well (+1.5%) with the
theoretical values for carbon and sulfur (C, 37.0; S, 50.5),
though this analysis revealed chlorine content (5.0 + 1.5%),
indicating that 65-99% of the theoretical amount of chlorine
(7.6%). This discrepancy suggests that while a significant
portion of S,Cl, was incorporated, some chlorine may have
been lost due to the volatile nature of S,Cl, or due to incom-
plete conversion during the reaction.

Thermal and morphological properties

Thermogravimetric analysis (TGA, Table 2, and Fig. S6 in SI) was
used to determine the decomposition temperature of the pro-
ducts (T4, here defined as the temperature at which 5% mass
loss was observed). Determination of the Ty in HSMs wherein
both entrapped orthorhombic sulfur and crosslinked sulfur pro-
vides insight into the thermal stability of the materials and the
contributions of the different components in the material. In
DACISs; and DAS;,, the major decompositions were observed at
223 and 214 °C, respectively, due to the sublimation of elemen-
tal sulfur from the materials. Two decompositions were observed
for DSg;, the first decomposition event at 232 °C due to the sub-
limation of sulfur and a second decomposition event at 470 °C
due to the decomposition of the aryl-sulfide part of the polymer
network. After incorporating ABPA, the DACIS5; and DAS;, com-
posites showed higher char yield at 800 °C than most other
HSMs due to the high aromatic content of the materials.
Differential scanning calorimetry (DSC, Table 2, and
Fig. S7-10 in SI) was used to analyze DACISs; and DAS;, that
revealed an endothermic melting peak at 116 °C attributable to
the melting of orthorhombic sulfur in sulfur-rich domains of the
composites. In DAS5, a small shoulder in melting peak at 111 °C
corresponded to phase change from the orthorhombic to the
monoclinic allotrope of Sg. The heating curves for DACIS5; and
DAS;, exhibited a broad glass transition (T,) centered at 36 °C
and 13 °C, respectively. In contrast, AS;, exhibited a T at 1.1 °C,
consistent with shorter oligosulfur crosslinks in this material due
to the presence of potentially four crosslinkable carbon sites in
ABPA compared to fewer in the DDP monomer comprising a
portion of the organic comonomers in DSg;. DSs;, composed of
51 wt% Sg and 49 wt% DDP, exhibited T, close to those of DSg;
(=35 °C and —34 °C, respectively), which are lower than those of
DACIS;54, DASs5,, and ASs,. This difference may be attributed to the
formation of more crosslinks in ABPA-containing products, which
restrict the movement of polymeric sulfur chains in the polymer
network, leading to an increase in the T,. Additionally, the incor-
poration of chlorine into high-density polyethylene (HDPE) has
been shown to increase T, due to restricted chain mobility and
enhanced intermolecular interactions, suggesting a similar effect
may contributeto the higher 7, observed in DACISs;.""® Small cold
crystallization peaks at 64 and 86 °C are also observed for DACISs,
and DAS;, attributable to the partial organization of polymer
chains and reflect the partial organization of polysulfur chains.
AS; does not show cold crystallization peaks in its DSC thermo-
gram, consistent with the lack of polymeric sulfur crosslinking
chains. The melting and cold crystallization enthalpies deter-
mined from the DSC traces were used to calculate the percent

This journal is © The Royal Society of Chemistry 2025
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Table 3 Mechanical properties of the DACISs; and DASso, compared to
other HSMs

Materials E' at 25 °C (MPa) Flexural strength/modulus (MPa)
DACIS;, 357 3.02 + 0.3/62 + 10

DAS;, 8.92 2.32 £ 0.5/207 + 2.6

DSsq 338 2.0/240

AS;0 ¢ 2.73 1.7 £ 0.3/22 + 2°

LOSoo” 439 5.7/186

Sg ND° ND¢

“ Composite made by reaction of 0,0-diallyl bisphenol A (50 wt%) and
sulfur (50 wt%) heated at 250 °C. ? Composite made by reaction of
lignin oil (10 wt%) and elemental sulfur (90 wt%) heated at 230 °C.
Not determined.

crystallinity of materials relative to crystalline orthorhombic
sulfur. The percent crystallinity of the DACISs; and DAS5, were
66% and 69%, which are comparatively higher than previous
HSMs, including DSg; (18% crystallinity), while AS5, does not
show cold crystallization features in the DSC thermogram.

Mechanical properties

The dynamic mechanical analysis (DMA) and flexural strength
analysis provide crucial insights into the influence of compo-
sition and S-C bond forming mechanisms on mechanical be-
havior of DACIS;5; and DAS;, copolymers. Rectangular sample
specimens (Fig. S11 in SI) were used as test samples for DMA
data (Fig. S13, 14 in SI, Table 3) over the temperature range of
—60 to +80 °C to evaluate the temperature dependence of
storage modulus (E'), loss modulus (E") and damping factor
(tan ). At room temperature, DACISs5; and DASs,, DSgq, and
AS;, (composite prepared using 50 wt% ABPA and 50 wt%
sulfur) exhibited 357 MPa, 8.92 MPa, 338 MPa and 2.73 MPa
storage moduli, indicating the DAS5, and ASs, required less
force for deformation. The polar covalent C-Cl bonds in
DACIS;5; enhance intermolecular interactions in DACISs5, versus
DAS;o, which contribute to the higher modulus of DACISs,
compared to DASso. As a point of comparison, previously-
reported LOSg, a highly crosslinked composite prepared from
10 wt% lignin oil and 90 wt% elemental sulfur exhibited a
storage modulus of 439 MPa, relatively close to that of
DACIS;;, demonstrating the higher stiffness of the materials
that may be an additive effect of crosslinking and incorpor-
ation of polar C-Cl bonds.'*® This observation aligns with
prior studies on chlorinated polyethylene (CPE), where the
introduction of C-Cl bonds into high density polyethylene
(HDPE) was shown to increase the storage modulus due to
microstructural interactions and formation of ordered
domains within the polymer matrix."*® These findings support
the idea that polar covalent C-Cl bonds in DACISs;; can
enhance intermolecular interactions and restrict segmental
mobility, thereby increasing stiffness.

Flexural strength analysis of DACIS5;; and DAS5, at room
temperature revealed additional differences in the material
properties (Table 3, stress-strain plots provided in Fig. S15 and
16 in SI), indicating that the flexural strengths for DACIS;; and
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DAS;, are 3.02 MPa and 2.32 MPa, respectively. These data
suggest an additional strengthening effect of crosslinking
facilitated by S,Cl, in DACISs5; versus DASs,. The values for
both sequentially crosslinked materials also exceeded the flex-
ural strengths for DSg, (2.0 MPa) and ASs, (1.7 MPa) made by
single crosslinking steps of the composite monomers.

Conclusions

This study presents the first investigation exploring a sequential
crosslinking strategy to produce high sulfur-content terpolymers
leveraging radical-initiated aryl halide sulfur polymerization
(RASP), inverse vulcanization, and sulfenyl chloride S-C bond
forming reactions. By reacting elemental sulfur with 2,4-dichloro-
3,5-dimethylphenol (DDP) and O,0-diallylbisphenol A (ABPA)
organic comonomers, we successfully synthesized terpolymers
having different thermal and mechanical properties, demonstrat-
ing the feasibility and advantages of this novel approach.

Mechanically, the dynamic mechanical analysis (DMA) and
flexural strength tests highlighted the modest change in pro-
perties of the terpolymers, with DACISs; showing slightly
improved flexural strength and higher storage modulus compared
to control samples. This enhanced flexural strength is comparable
to that of construction materials made with ordinary Portland
cement (3.7 MPa), highlighting the potential of these high sulfur
content composites for future use in structural applications.
These results suggest promising commercial potential, particu-
larly in the construction industry, where sustainable alternatives
to conventional materials are increasingly in demand.
Additionally, the sequential crosslinking not only improved the
material’s mechanical performance but also effectively utilized
the toxic S,Cl, byproduct, demonstrating a dual benefit of prop-
erty enhancement and environmental impact reduction.

The findings underscore the potential of the sequential
crosslinking strategy to tailor polymer properties, offering a
versatile and sustainable pathway for the development of high-
performance HSMs. This approach not only addresses the
challenges associated with sulfur byproducts but also provides
a framework for future research to explore the vast combinator-
ial possibilities of sulfur and organic comonomers. Several
additional studies are underway to assess the extent to which
different olefin and aryl halide comonomers can be combined
with elemental sulfur in similar sequential crosslinking pro-
cesses to further tune the properties of resultant terpolymers.
Furthermore, the impact of residual chlorine on recyclability,
environmental stability, and end-of-life behaviour of these
materials will be evaluated in future work.

Experimental section

Chemicals and materials

The 2,4-dichloro-3,5-dimethylphenol (>98.0%) and sulfur
powder were purchased from TCI America and Dugas Diesel,
USA, respectively. These chemicals were used without further
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purification. 0,0"-Diallylbisphenol A (ABPA) was prepared fol-
lowing the previously reported method.'?® DSg, was prepared
as previously reported and had elemental analysis found to be
C, 16.5; S, 80.5; H, 0.3; Cl, 0.5%.>

General considerations

Thermogravimetric analysis (TGA, Mettler Toledo, Columbus,
OH, USA) data were recorded on a TA SDT Q600 instrument
over the range 25 to 800 °C, with a heating rate of 10 °C min™"
under a flow of N, (20 mL min™").

Differential scanning calorimetry (DSC) data were acquired
(Mettler Toledo DSC 3 STARe System, Mettler Toledo, Columbus,
OH, USA) over the range —60 to 140 °C with a heating rate of
10 °C min~" under a flow of N, (200 mL min~"). Each DSC
measurement was carried out over three heat-cool cycles.

Dynamic Mechanical Analysis (DMA) and flexural strength
analysis were performed using Mettler Toledo DMA 1 STARe
System (Mettler Toledo, Columbus, OH, USA) in single cantile-
ver mode. The powder of materials was cast from silicone resin
molds (Smooth-On Oomoo® 30 platinum-cure) and heated in
an oven for 1 h to prepare rectangular prisms. The samples
were cured for 4 d, and the dimensions were approximately 1.5
x 10 x 18 mm. Sample dimensions were measured using a
digital caliper with 0.01 mm resolution. The temperature
range of —60 to 80 °C was used to obtain the temperature-
dependent data with a heating rate of 5 °C min~". The samples
were clamped with 1 ¢N m™" force, and the results were col-
lected with the measurement mode of displacement control
with a displacement amplitude of 5 pm and a frequency of 1
Hz. The stress-strain analysis was performed isothermally at
25 °C. The clamping force was 1 ¢cN m, and the performing
force was varied from 0 to 10 N with a ramp rate of 0.2 N
min~". Flexural analysis was performed in triplicate, and the
results were averaged.

UV-vis data were collected using Simple Reads software on
an Agilent Technologies Cary 60 UV-vis (Agilent Technologies,
Inc. Santa Clara, CA, USA).

Fourier transform infrared spectra were obtained using a
Shimadzu IR Affinity-1S instrument (Shimadzu Corporation,
Columbia, MD, USA) with an ATR attachment operating over
400-4000 cm™" at ambient temperature.

SEM and EDX were acquired on a Schottky Field Emission
Scanning Electron Microscope SU5000 (Hitachi High-Tech,
Tokyo, Japan) operating in variable pressure mode with an
accelerating voltage of 15 keV.

Cautionary note on reaction of elemental sulfur with organics

Heating elemental sulfur with organics can result in the for-
mation of H,S or other gases. Such gases can be toxic, foul-
smelling, and corrosive. Temperature must be carefully con-
trolled to prevent thermal spikes that contribute to the poten-
tial for H,S or other gas evolution. Rapid stirring, shortened
heating times, and very slow addition of reagents can help
avoid unforeseen temperature spikes. Heating elemental sulfur
with aryl halides can produce various compounds of sulfur

This journal is © The Royal Society of Chemistry 2025
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and halogens. These species can be gases, highly volatile, toxic
and/or corrosive.

Synthesis of ASs,

Elemental sulfur (5.00 g) was weighed directly into a 20 mL
scintillation vial. The vessel was placed in a thermostat-
equipped oil bath set to 250 °C. Once the sulfur turned a
viscous dark red-orange color (indicative of thermal ring-
opening), 5.01 g of ABPA was added. The reaction media was
vigorously stirred with a Teflon-coated stir bar until the reac-
tion mixture became homogenous. Once the reaction mixture
was homogenous, the reaction solution was transferred to
stainless steel molds in a 180 °C oven to cure for 16 h. Reagent
masses and results of elemental combustion microanalysis are
provided below. Recovered yield: 93%. Elemental analysis cal-
culated: C, 40.89; S, 50.00; H, 3.92%. Found: C, 40.65; S, 50.75;
H, 3.65%.

Synthesis of DACIS;,

Elemental sulfur (21.0 g) and 2,4-dichloro-3,5-dimethylphenol
(9.00 g) were weighed directly into a Schlenk flask equipped
with a Teflon-coated magnetic stir bar and a reflux condenser.
The flask was then placed in an oil bath, heated to a tempera-
ture of 230 °C, and heated for 24 h with continuous stirring
and purging nitrogen. After 24 h, the flask was cooled to
~130 °C. After cooling, 0,0-diallylbisphenol A (14.5 g, one
mole equivalent with respect to DDP) was added slowly to the
flask through the Schlenk line using a syringe. The oil bath
temperature was increased to 180 °C and heated for 1.5 h with
continuous stirring under a dynamic flow of nitrogen. After
1.5 h, the reaction mixture was cooled to room temperature
and kept for another 16 h under dry nitrogen. The title com-
pound was recovered as a black, glassy solid in quantitative
yield. Elemental analysis calculated: C, 36.30; S, 47.72; Cl,
7.59; H, 3.36%. Found (combustion analysis): C, 38.46; S,
50.93; Cl, 5.0; H, 2.49% (Atlantic Microlab, Inc.); found (EDS):
C, 37.0; S, 50.5; Cl, 5.0.

Synthesis of DAS;,

Elemental sulfur (14.0 g) and 2,4-dichloro-3,5-dimethylphenol
(6.00 g) were weighed directly into a Schlenk flask equipped
with a Teflon-coated magnetic stir bar and a reflux condenser.
The flask was then placed in an oil bath, heated to a tempera-
ture of 230 °C, and heated for 24 h with continuous stirring
and purging nitrogen. After 24 h, the flask was cooled, and the
product was collected and crushed into a powder. Then,
30.0 mL of deionized water was added to the powdered
product and continuously stirred at room temperature for 2 h
to affect hydrolysis of the S,Cl,. After 2 h, the solid product
was collected by filtration and rinsed with copious amounts of
deionized water. The powder was then oven-dried at 60 °C over-
night. After that, the dried product was again added into a
Schlenk flask equipped with a Teflon-coated magnetic stir bar
and a reflux condenser. The flask was then placed in an oil
bath, heated to a temperature of 130 °C, and heated until DSg,
melted with continuous stirring and purging under a flow of
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dry nitrogen gas. Then, 0,0-diallylbisphenol A (9.69 g, one
mole equivalent with respect to DDP) was added slowly to the
flask through the Schlenk line using a syringe. The oil bath
temperature was increased to 180 °C and heated for 1.5 h with
continuous stirring under dry nitrogen. After 1.5 h, the reac-
tion mixture was cooled to room temperature and kept for
another 16 h under dry nitrogen. The title compound was iso-
lated as a black glassy solid in quantitative yield. Elemental
analysis calculated: C, 41.7; S, 50.4; H, 3.89%. Found: C, 40.51;
S, 50.11; H, 3.02% (Atlantic Microlab, Inc.).

Determination of dark sulfur content

A modified literature method for quantification of the dark
sulfur content by UV-vis spectroscopy was employed to deter-
mine the dark sulfur content.'®® A 6-7 mg sample of the
product of interest was weighed with a microbalance and
added to 250 mL volumetric flasks with approximately 230 mL
of ethyl acetate. The mixture was allowed to stir for 30 min,
after which the solution was made up to the mark of 250 mL
with ethyl acetate. A 3 mL aliquot of each solution was trans-
ferred into each of two cuvettes, and 3 mL pure ethyl acetate
was transferred to another cuvette to serve as a blank.
Absorption data were collected at 275 nm, and dark sulfur
content was calculated from a calibration curve having the
equation y = 35.302x + 0.0021 (R*> = 0.9992), where y is absor-
bance, and x is the concentration of sulfur in mg mL™".
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