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High sulfur content material (HSM) prepared from biomass-derived
guaiacol and elemental sulfur (GSgo) was modified with dithiols at
varying mass ratios. Dithiol modification allowed tuning of the
material properties, such as a predictable relationship between glass
transition temperature and proportion of added dithiol. Dithiol
modification is thus a promising new strategy for customized HSMs.

High sulfur content materials (HSMs) are gaining significant atten-
tion in various fields due to their unique chemical and physical
properties.' ® HSMs are often prepared by inverse vulcanization, the
reaction of majority component elemental sulfur with organics,”
and comprise sulfur catenate-crosslinked materials (Scheme 1).
Many sustainable organics have been utilized to prepare HSMs,
including biomass compounds,”” ! animal fats,**>* plant oils,”*>°
and lignin derivatives such as GSg, a composite prepared from
80 wt% sulfur and 20 wt% guaiacol (Scheme 1).°*°

Recent work has amplified the versatility of post-vulcanization
modification for tuning the properties of HSMs. For example,
improvements in mechanical strength/strain profiles can be
achieved by adding polybutadiene to HSM formulations,*® by
post-vulcanization crosslinking via added an epoxide-bearing
monomer,*” by changing the reaction temperature to induce
cyclization/aromatization of terpene monomers,*®*° or via a
two-stage sequential crosslinking approach.>®

The mechanical properties of vulcanized rubber have been
similarly enhanced by incorporating crosslinkers such as thia-
zoles, sulfenamides, thioureas, polycysteine and dithiols.”*™*
We hypothesized that dithiols could also be used to effect the
post-vulcanization property tuning of HSMs. To test this hypoth-
esis, GSg, (prepared from 20 wt% guaiacol and 80 wt% sulfur)*®
was treated with dithiols in various mass ratios followed by
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spectroscopic, thermal, and mechanical analysis. Dithiols were
expected to insert into flexible sulfur catenates in GSgo as shown in
Scheme 1, so it was reasoned that incorporating rigid segments would
elicit the greatest change in properties. Moreover, aryl thiols generally
exhibit low homolytic S-H bond dissociation energies compared to
alkyl analogues, further facilitating desired reactivity.> Rigid benzene-
1,4-dithiol (BDT) and 4,4’-biphenyldithiol (BPDT) were thus selected
for the initial study. Each dithiol was heated with GSg, in GSgg:dithiol
mass ratios of 2:1, 3:1, 4:1, 5:1, and 10:1 at 180 °C for 1 h
under N, in sealed pressure tubes. Upon cooling to room
temperature, all the products formed were remeltable and
ranged from light brown to nearly black color.

The Fourier-transform infrared (FT-IR) spectra of dithiol-
crosslinked composites (Fig. S1-S14, ESIt) provide evidence for
dithiol insertion through the disappearance of the S-H stretching
peak at 2549 cm ™" (Fig. S1 and S8, ESIt). The relative intensity of
the dithiol aromatic ring mode band (1473 cm ™" for both BDT and

Q- H )= O~ )
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Scheme 1 A proposed reaction pathway for modifying GSgo With benzene-
1,4-dithiol (BDT) or 4,4’-biphenyldithiol (BPDT).
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Fig. 1 Infrared spectra show that progressive addition of dithiol is accom-
panied by proportional increases in the relative intensity of dithiol-derived
bands including (A) the aromatic ring mode of BDT versus that of the
guaiacol rings of GSgo, (B) the C—S bond stretch mode of BDT versus that of
GSgo. and (C) the aromatic ring mode of BPDT versus that of the guaiacol
rings in GSgo. These trends are accompanied by the disappearance of the
band attributable to dithiol S—H stretches (Fig. S1 and S8 in the ESIt).

BPDT) relative to that in GSgo (1500 cm™ ") progressively increased
with added BDT (Fig. 1A) or BPDT (Fig. 1C). In the case of BDT-
modified GSgy, well-resolved C-S stretches were observed attribu-
table to C-S bonds to guaiacol in GSgo (740 cm ™) and to benzene
in BDT (802 cm™ '), with a progressive increase in relative intensity
of the BDT C-S stretch with increasing BDT addition (Fig. 1B).
These spectral features indicate complete consumption of thiol S-
H bonds with retention of the -S-Ar-S- units.

Scanning electron micrographs (SEM) with element mapping
by energy dispersive X-ray analysis (EDX) (Fig. S29 and S30, ESIt)
also confirmed the homogeneity of the materials with a uniform
distribution of sulfur, carbon, and oxygen across all samples.

Whereas EDX data reveal uniform distribution of sulfur in
the materials, the sulfur in the HSMs generally exists in two
forms: (a) as oligo/polysulfide chains that are covalently
attached to organic species via C-S bonds, and (b) as physically
entrapped oligosulfur species within the polymer network, here
collectively referred to as “dark sulfur”.’® Because dark sulfur is
not covalently bound to the crosslinked network solid, it can be
effectively extracted and quantified using a UV-vis method
developed by Hasell et al.>” All of the S-S bonds in GSgo -
whether covalently anchored to organics or in dark sulfur - are
susceptible to reaction with dithiols, so as progressively more
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dithiol is added, concomitantly less extractable sulfur is antici-
pated. This general trend was observed (Table 1) for BDT-
modified materials, with dark sulfur decreasing from 23 wt%
in unmodified GSgqo to 1 &= 3 wWt%, as well as in BPDT-modified
materials, with dark sulfur again decreasing from 23 wt% in
unmodified GSgo to 2 + 3 wt%. These data provide further
evidence for the anticipated chemistry.

The thermal properties of the composites were analysed
using thermogravimetry analysis (TGA; TGA and DTG curves
are provided in Fig. S15-518, ESIt). The decomposition tempera-
tures (Ty, provided as the local maximum of the derivative TGA
curve, corresponding to the maximum rate of mass loss) are
summarized in Table 1. For GSgy-BDT-modified composites, the
major decomposition was observed at 272-333 °C (0-33.3 wt% of
BDT), attributed to the sublimation of sulfur from the material. In
contrast, BPDT-modified materials having low amounts of added
BPDT showed an initial minor decomposition at 99-114 °C and a
major decomposition of the BPDT-modified composites at 272-
329 °C due to the sublimation of sulfur. The T, values for the main
decomposition event increased progressively with higher weight
percentages of added dithiol, consistent with the expected pro-
gressively shorter and more stable sulfur catenates. BDT-modified
composites generally exhibited slightly higher decomposition
temperatures than BPDT-modified composites. A minor decom-
position event at a higher temperature (> 348 °C) attributable to
the decomposition of aryl organosulfur species was discerned for
materials made with higher amounts of added aryl thiol. The
increase in char yield followed a predictable trend, correlating with
a higher proportion of dithiol content (Fig. 2A), consistent with the
increased aryl content in the materials.

Differential scanning calorimetry (DSC; full traces shown in
Fig. S19-S28, ESIt) analysis from —60 °C to 140 °C revealed a
progressive increase in the glass transition temperature (Ty) with
increasing addition of rigid dithiols (Fig. 2B). The trend in T, values
shown in Fig. 2B highlights a relationship between incorporated
dithiol and glass transition temperature (T,), which spans the range
from —34 °C to 6 °C for BDT-modified materials and —34 °C to
14 °C for BPDT-modified materials, offering a wide range of
tunability. For a given ratio, BPDT-modified materials exhibited
higher T, values compared to BDT-modified materials, attributable
to the longer rigid spacer in biphenyl versus phenyl moieties.

Shore A hardness is a common assessment of hardness for
factices, HSMs, and post-vulcanization-modified rubber.*”>%7%*

Table 1 Thermo-morphological properties and Shore A hardness measurements for dithiol-modified GSgg products compared to unmodified GSgg

Tq"/°C Char yield” (wt%) Tgpsc’/°C Dark sulfur (wt%)? Shore A hardness/HA

Material BDT BPDT BDT BPDT BDT BPDT BDT BPDT BDT BPDT
GSgo-dithiol (2:1) 333 329 20 27 6 6 6+3 2+3 53 74
GSgo-dithiol (3:1) 328 323 16 19 4 4 1+3 11+3 62 92
GSgo-dithiol (4:1) 320 321 11 16 —6 —6 13 £3 17 £3 60 89
GSgo-dithiol (5:1) 312 316 11 13 —6 -7 22 £3 16 + 3 74 87
GSgo-dithiol (10:1) 311 313 5 5 —-16 —-21 22 £3 14 +£3 75 82
GSgo’ 272 0 —34 23 85

“ The local maximum temperature of the major mass loss by the TGA derivative curve. ? The residue remaining at the end of TGA at 800 °C (directly
taken from the TGA curve). © Glass transition temperature. ¢ Percent ethyl acetate-extractable sulfur species. ¢ GSgo was prepared from 80 wt%

sulfur and 20 wt% guaiacol.
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Fig. 2 Graphical representation of the general trend showing the effect of
increasing the percentage of BDT (dark blue) and BPDT (light blue) dithiol
crosslinkers on (A) char yield% and (B) glass transition temperature (Tg).
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Shore A hardness measurements (Table 1) show substantial varia-
bility in hardness from parent GSg, (85 A) to BDT-modified materi-
als 53-75 A, and BPDT-modified systems range from 74-92 A. These
values do not follow a predictable trend. Overall, the hardness of
these materials falls within the range for soft rubbers, synthetic
resins and semirigid plastics, which are commonly used in com-
mercial items such as pencil erasers (50 A), shoe heels (70 A), leather
belts (80 A), tire treads (70 A) and shopping cart wheels (90 A).**%
Reproducibility in Shore A hardness values across multiple posi-
tions within the samples indicates effective diffusion and uniform
incorporation of dithiols on a macroscale.

In conclusion, this study demonstrates that post-vulcanization
modification of GSg, with rigid dithiols is an effective strategy for
tuning the properties of high sulfur-content materials. The incor-
poration of benzene-1,4-dithiol (BDT) and 4,4’-biphenyldithiol
(BPDT) not only facilitated the predictable increase in glass transi-
tion temperature but also reduced the extractable “dark sulfur”
content. Thermal and mechanical evaluations further revealed
enhanced decomposition profiles and tailored hardness properties.
These findings underscore the potential of dithiol crosslinking to
customize HSMs for diverse applications, paving the way for further
exploration of post-vulcanization strategies in advanced material
design.
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