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ABSTRACT
Lignin, comprising 20%–35% of lignocellulosic biomass, is the second most abundant biopolymer after cellulose. As the bioetha-
nol industry expands, the accumulation of lignin by-products necessitates innovative valorization strategies. This study explores 
the synthesis and characterization of lignin-derived composites. Specifically, the reaction of 20 wt. % lignin-derived guaiacol 
or syringol with 80 wt. % elemental sulfur gives composites GS80 and SS80, respectively. The chemical structures of composites 
were elucidated using GC–MS, 1H NMR, and UV–Vis spectroscopy, revealing the formation of both S  Caryl and S  Calkyl bonds. 
Thermal and morphological analysis (via TGA, DSC, PXRD, and SEM-EDS) indicated SS80 has higher crystallinity and thermal 
stability than GS80, attributed to a higher degree of crosslinking and a greater content of dark sulfur. Mechanical testing showed 
SS80 exhibits superior compressional and flexural strengths, and enhanced Young's modulus and Shore hardness, compared to 
GS80. Notably, the mechanical strength parameters for SS80 are comparable to those of C62 class bricks used in construction appli-
cations. These findings suggest that lignin-derived composites, particularly those incorporating syringol, can provide viable alter-
natives to traditional materials in various applications, contributing to both waste valorization and sustainable materials science.

1   |   Introduction

Lignin constitutes approximately 20%–35% of lignocellulosic 
biomass, making it the second most abundant natural polymer 
after cellulose [1–4]. As the extraction of cellulose from ligno-
cellulosic biomass intensifies to support the growing green eth-
anol economy [5, 6], a concomitant increase in lignin by-product 
is inevitable. This burgeoning accumulation of lignin poses a 
significant disposal challenge but presents an opportunity for 
valorization into valuable chemicals and materials. Among the 
various valorization strategies, the thermal decomposition (ther-
molysis) [7–10] or chemical decomposition (solvolysis) [11–14] 
of lignin offers a pathway to small aromatic molecules such as 
guaiacol, syringol, vanillin, ferulic acid, eugenol, creosol, and 
sinapyl alcohol derivatives [12, 15–18]. Such lignin derivatives 
have been functionalized to give monomers for polyacetals, 

polyesters, polycarbonates, polyacrylics, epoxy resins, and poly-
urethanes exhibiting diverse properties [19–23]. Lignin-derived 
bisguaiacols, for example, hold promise as bio-based alterna-
tives for non-isocyanate polyurethane thermosets, offering 
significantly improved toughness and elongation at break com-
pared to bisphenol-based benchmarks [24, 25]. Syringaldehyde 
has been used to fabricate supramolecular plastic with high ten-
sile strength, water stability, biodegradability, recyclability, UV 
resistance, and antibacterial properties [26]. Bio oils, mixtures 
of small molecular lignin-derived compounds, have also been 
successfully utilized for high-performance additive [27, 28]. 
These are only a few of the more recent efforts to harness lignin-
derived aromatics in polymer synthesis.

Another industrial problem is the disposal of sulfur. Sulfur is a 
by-product generated at 80 MT excess per year during fossil fuel 
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refining processes [29–31]. Surplus sulfur utilization demands 
innovative approaches for its repurposing to align with sustain-
ability goals. Reactions of sulfur with phenol derivatives like bi-
sphenol A [32–34], biomass derivatives [35–38], fats/oils [39–48], 
and terpenes [49–51] have yielded a range of high sulfur-content 
materials (HSMs) with applications ranging from plastic opti-
cal components [52–56] and Li-S battery materials [35, 57–66] 
to fertilizers [67–69], water remediation absorbents [41, 70–82], 
adhesives [39, 83, 84], and structural materials [37, 85–97].

Several studies have been undertaken concerning combining 
lignin-derived aromatics with elemental sulfur [36, 37, 86, 98–104]. 
An especially pertinent study by Karunarathna et al. illustrated 
that guaiacol reacts with elemental sulfur to form novel com-
posites designated as GSx (where x indicates the wt. % elemental 
sulfur in the monomer feed). Spectroscopic and GC–MS stud-
ies on the polymer and depolymerization fragments thereof re-
vealed that a complex set of mechanistic pathways contribute to 
the microstructure of GSx including S  Caryl bond formation and 
methoxy-to-hydroxyl conversion via C  O sigma bond scission 
(Scheme  1). Composites GS80 exhibited promising mechanical 
properties surpassing those of many other HSMs. However, the 
investigation of GSx composites primarily focused on tensile 
properties, leaving a gap in knowledge regarding their flexural 
and compressional strengths and morphological properties.

Inspired by recent studies on HSMs, we hypothesized that com-
posites could be synthesized utilizing syringol, a major compo-
nent of many lignins [1, 12], as a starting material. Consequently, 
this paper reports on our exploration into forming a new com-
posite, SS80, prepared by the reaction of 80 wt. % elemental sul-
fur with 20 wt. % syringol. This study elucidates mechanistic 
insight into bond-forming and bond-breaking reactions contrib-
uting to the molecular structure of SS80. We extend our investi-
gation to compare the thermal, morphological, and mechanical 
strength properties of SS80 against those of GS80, other HSMs, 

and commercial building materials that may be replaceable by 
more sustainably sourced materials like GS80 or SS80.

2   |   Results and Discussion

2.1   |   Design, Synthesis, and Chemical 
Characterization

Karunarathna et al. reported that the reaction of guaiacol (10–
20 wt. %) and elemental sulfur (80–90 wt. %) at 230°C leads to 
the formation of composites GSx (x = wt. % sulfur in the mono-
mer feed) [98]. Under these conditions, a complex set of reaction 
pathways were observed, including S  Caryl bond formation, 
C  O σ-bond scission, –OCH3 methyl migration, S  Cbenzylic 
bond formation involving the migrated methyl group, and even 
dearomatization reactions leading to quinone derivatives that 
participated in subsequent S  Calkyl bond formation (Scheme 1). 
These mechanisms were found to be highly conserved in re-
cently reported small molecule studies on reactions of elemental 
sulfur with a range of lignin derivatives [100, 104, 105].

The previous report on GSx composites left several questions 
unaddressed, among which were (1) to what extent does chang-
ing the substituents on the aryl ring influence chemical micro-
structures of composites, (2) how do differences in reactivity 
and substitution pattern influence morphology, thermal, and 
mechanical properties, and (3) what are the flexural and com-
pressional strengths of the composites (not reported in prior 
work on GSx). The current work addresses these questions by 
synthesizing a sulfur–syringol composite and assessing a more 
complete set of mechanical parameters for both GS80 and SS80.

Following the procedure for preparing GS80, syringol (20 wt. 
%) and sulfur (80 wt. %) were heated under nitrogen in a sealed 
pressure vessel to 230°C tube for 24 h to give composite SS80. 

SCHEME 1    |    The reaction of guaiacol and elemental sulfur leads to composite GS80 (A), an assignment assisted by analysis of depolymerization 
fragments (B) and spectroscopic data.
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After cooling to room temperature, SS80 is a remeltable dark 
brown solid. SS80 can thus be easily shaped by pouring the mol-
ten composite into a silicone mold and allowing the material to 
cool, a method used to create samples appropriate for tensile, 
flexural, and compressional strength tests (Figure 1).

Given the range of mechanistic pathways reported for reactions 
of sulfur with anisole derivatives (i.e., Scheme 1), it was of inter-
est to determine the extent to which these pathways contribute 
to the structure of SS80. A comparison of 1H NMR spectra of the 
soluble fractions of SS80 and GS80 reveals similar general struc-
tural motifs (Figure  2 and Supplemental Figures  S1 and S2), 
with resonances in SS80 appearing somewhat upfield versus the 
corresponding resonances in GS80 as expected due to the pres-
ence of an additional electron-releasing methoxy group on the 
syringol ring (Scheme 2).

The spectrum for SS80 reveals new resonances in the aro-
matic region (6.5–7.5 ppm) and in the methoxy group region 
(3.5–4 ppm) compared to parent syringol, confirming that the 
symmetry of the aryl ring has been broken, consistent with 
formation of S  Caryl bonds. A broad resonance centered at 
5.7 ppm was also observed in the spectrum of SS80, attribut-
able to a small fraction of aromatic rings undergoing dearo-
matization to give quinone derivatives 2 g. Further structural 
insights were obtained by GC–MS analysis of the products of 
the reaction of syringol with elemental sulfur in various ratios 
as previously reported [104]. This analysis revealed that syrin-
gol underwent S  Caryl bond formation to give both possible 
regioisomers of 2a and crosslinking of aryl rings via S  Caryl 
bond formation as in compound 2b. In addition to S  Caryl 

and S  Calkyl bond formation, syringol has been observed to 
possess a remarkable capability to facilitate the formation of 
new Caryl  Caryl bonds with a thiol substituent in each aryl ring 
featuring two newly formed S  Caryl bonds (2f) and O  Caryl σ-
bond scission of the methoxy group followed by S  Caryl bond 
formation (2e). Thermal decomposition of syringol without 
sulfur leads to C  O σ-bond scission and loss of one or both 
methyl groups formed 2c-d species [104, 106, 107].

Since GS80 was originally reported, characteristics of HSMs 
have become more well-understood. Meticulous work by 
Hasell and coworkers, for example, has revealed that many 
HSMs contain not only polysulfide chains covalently an-
chored to organic comonomers (as shown in Scheme  1), but 
also other oligo and polysulfide chains and rings, collectively 
referred to as “dark sulfur” that are physically entrapped in 
the material [108, 109]. Because dark sulfur is not covalently 
anchored to the crosslinked network solid, it can be effec-
tively extracted and quantified, either by mass balance or by 
a UV–vis method developed by Hasell et al., by spectroscopic 
analysis of dark sulfur extracted into ethyl acetate, a solvent 
in which the dark sulfur is selectively soluble. This analysis 
revealed dark sulfur-content percentages of 23 wt. % for GS80 
and 53 wt. % for SS80, respectively (Table 1).

2.2   |   Thermal and Morphological Properties

Several methods were employed to assess the morphological and 
thermal behaviors of the composites. Scanning electron micro-
graphs with element mapping by energy-dispersive X-ray analysis 
(EDX) of GS80 and SS80 showed a uniform sulfur, oxygen, and car-
bon distribution throughout both samples (Figure S7 in the SI).

Additional insight into the morphology of the composites was 
obtained from powder X-ray diffraction (PXRD, Figure S8 in the 
SI). PXRD reveals that both GS80 and SS80 exhibit amorphous 
character with a contribution of crystalline α-sulfur (orthorhom-
bic sulfur). Differential scanning calorimetry (DSC) analysis 
was used to further quantify the percent crystallinity of the ma-
terials compared to that of α-sulfur, according to Equation (1), 
where ΔXc is the change of percentage crystallinity with respect 
to sulfur, ΔHm is the melting enthalpy of the composite, ΔHcc is 
the cold crystallization enthalpy of the composite, ΔHm(S) is the 
melting enthalpy of sulfur, and ΔHcc(S) is the cold crystallization 
enthalpy of sulfur.

The percent crystallinity of GS80 and SS80 was 8% and 38%, re-
spectively, compared to pure elemental sulfur. Higher crystal-
linity in high sulfur materials correlates with increased dark 
sulfur content in the soluble fraction, indicating the relation-
ship between polymer structure and sulfur distribution in these 
materials.

DSC analysis also showed characteristic endothermic phase 
transitions at 108°C and 105°C corresponding to phase change 
from the orthorhombic to the monoclinic allotrope of S8 for GS80 

(1)Δ� c = 1 −

{

ΔHm − ΔHcc

ΔHm(S) − ΔHcc(S)

}

× 100%

FIGURE 1    |    Photos of (a) cylinders of GS80, (b) rectangular prisms of 
GS80, (c) cylinders of SS80, (d) rectangular prisms of SS80, and (e) a dog 
bone–shaped sample of SS80 for mechanical strength analysis.

FIGURE 2    |    Comparison of 1H NMR spectra of the CDCl3 soluble 
fractions of SS80 and GS80 highlighting the similar general structural 
motifs in both composites.
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and SS80, respectively. An endotherm at 115°C is attributed to 
the melting of monoclinic sulfur in sulfur-rich domains for both 
materials, while GS80 exhibited a Tg, DSC of −34°C, similar to the 
value of −36°C for SS80. These values are consistent with previ-
ously reported HSMs.

Thermogravimetric analysis (TGA) was used to determine 
the decomposition temperature of the products (Td, here 
defined as the onset temperature of the major mass loss). 
Determination of the Td in HSMs wherein both entrapped 
orthorhombic sulfur and crosslinked sulfur exist provides in-
sight into the thermal stability of the materials and the contri-
butions of the different components in the material. In GS80, 
the first decomposition was observed at 94°C due to the loss 
of the remaining guaiacol. The major decompositions of GS80 
and SS80 were observed at the 225°C and 231°C temperatures, 

respectively, due to the sublimation of entrapped cyclo-S8. All 
the composites showed good thermal stability compared to 
the values observed from previously reported HSMs. A third 
decomposition was observed in GS80 at 322°C, attributable to 
the decomposition/volatilization of the organosulfur network 
of the material.

2.3   |   Mechanical Properties

Insofar as mechanical properties, only tensile strength/elonga-
tion at break have been reported for GS80 previously [98]. For 
the current report, we determined those values for SS80 and ex-
panded the range of mechanical metrics determined to include 
Shore hardness, flexural strength/modulus, compressional 
strength, and Young's modulus for both materials.

SCHEME 2    |    The interaction between syringol and elemental sulfur leads to the formation of composite SS80 (A), an assignment assisted by anal-
ysis of soluble fractions (B).
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TABLE 1    |    Thermal and morphological properties of GS80 and SS80 compared to S8.

Material Td
a/°C Tm

b/°C Tg,dsc
c/°C Percent crystallinityd Dark sulfur (wt. %)e

GS80 225 115 −34 8 23

SS80 231 115 −36 36 53

S8 229 118 NA 100 NA
aThe onset temperature of the major mass loss by TGA.
bThe temperature at the peak maximum of the endothermic melting.
cGlass transition temperature.
dThe reduction of the percent crystallinity of each sample was calculated with respect to sulfur (normalized to 100%).
ePercent ethyl acetate-extractable sulfur species.
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Shore hardness measurements (Table 2) using a durometer re-
vealed that SS80 (91 on the Shore A Scale) was slightly harder 
than GS80 (85 on the Shore A Scale). The Shore hardness (A) of 
both materials is in the range for organic rigid rubbers and syn-
thetic resins, including polyurethane thermoplastic elastomers 
(70 A), ethylene vinyl acetate (85 A), and plasticized polyvinyl 
chloride (85 A) of the type used for familiar commercial items 
such as shoe heels, leather belts, skateboard wheels, and shop-
ping cart wheels [110–113].

Cylindrical specimens (Figure 1) of GS80 and SS80 were used as 
test samples to determine their compressional strengths (Table 2; 
stress–strain plot provided in Figures S9, S10 in the SI). These 
tests revealed that GS80 and SS80 had compressional strength of 
5.2 MPa and 8.5 MPa, respectively. The compressional strengths 
of GS80 and SS80 were similar to those of several previously re-
ported HSMs derived from lignin derivatives (Table 2). For ex-
ample, GL5S70 (made from 25 wt. % guaiacol, 5 wt. % linoleic acid, 
and 70 wt. % sulfur) has a compressional strength of 6.8 MPa and 
GO1S70 (made from 29 wt. % guaiacol, 1 wt. % linoleic acid, and 
70 wt. % sulfur) had a compressional strength of 6.2 MPa [103]. 
In contrast, composite ELS80@180 (prepared by the reaction of 
20 wt. % oleyl-esterified lignin and 80 wt. % sulfur) had a higher 
compressional strength of 10.9 MPa, likely attributable to higher 
crosslinking afforded by whole lignin as compared to the small 
molecular lignin aromatics used to prepare GS80 and SS80 [37]. 
To put these values in perspective, familiar building materials 
like ordinary Portland cement (OPC) and C62 brick (general 
construction bricks) have compressional strengths of ≥ 17 MPa 
and 8.6 MPa, respectively.

Flexural strength analyses of rectangular prisms of GS80 and 
SS80 (Figure  1b,d) were conducted in single cantilever mode 
at room temperature (Table  2; stress–strain plot provided 
in Figures  S11,S12 in the SI). These tests showed that GS80 
and SS80 had a flexural strength of 1.58 MPa and 2.16 MPa, 
somewhat lower than that of OPC (3.7 MPa) but comparable 
to several other HSMs made from lignin or lignin derivatives 
(Table  2) [37, 86, 99, 103]. HSMs prepared from other organic 
components can exhibit notably higher flexural strengths. 
For example, S-DCPD (prepared from 50 wt. % dicyclopen-
tadiene and 50 wt. % sulfur) has a higher flexural strength of 
6.0 MPa. Replacing dicyclopentadiene with other organics was 
observed to lower the flexural strength, as illustrated by S-
DCPD-linseed (50 wt. % sulfur, 25 wt. % DCPD, 25 wt. % linseed 
oil, and flexural strength = 4.7 MPa) and S-DCPD-limonene 
(50 wt. % sulfur, 25 wt. % DCPD, 25 wt. % limonene, and flex-
ural strength = 1.9 MPa) [115]. These trends all reflect a general 
increase in flexural strength with increasing S–C crosslinking.

Tensile testing (Table 2) was undertaken to determine the ulti-
mate tensile strength (UTS) at break, elongation at break, and 
Young's modulus for each composite using dog bone–shaped test 
specimens (Figure  1). SS80 had a higher UTS (3.85 MPa) than 
that of GS80 (2.16 MPa), and the compounds had similar elon-
gations at break (9.93% for SS80 and 10.9%for GS80). SS80 had an 
UTS equal within statistical limits to that of PGMA-S (a HSM 
prepared from 10 wt. % geranyl-derivatized PMMA and 90 wt. 
% sulfur and having an UTS = 3.88 MPa), but had a lower elon-
gation at break (26%) than PGMA-S [114]. GS80 and SS80 showed 
greater elongation at break than the S-DCPD-linseed (1.3%) 

and S-DCPD-limonene terpolymer (5.5%), while S-DCPD was 
too brittle for tensile strength analysis [115]. GS80 and SS80 had 
elongation at break values comparable to or exceeding those 
of some commonly used polymers such as polystyrene (1.6%), 
epoxy resins (1.3%), phenol-formaldehyde (1.2%), and acryloni-
trile–butadiene–styrene (6%), but significantly lower than those 
of others such as polyethylene terephthalate (300%), polycarbon-
ate (200%), or polypropylene (80%) [112].

The Young's moduli for GS80 and SS80 were derived from the 
stress–strain plots for tensile strength analysis (Table 2; stress–
strain plot provided in Figures S13, S14 in the SI). SS80 exhibited 
a value of 20.6 MPa compared to GS80 (14.5 MPa) and PGMA-S 
(11.1 MPa), indicating greater stiffness and resistance to defor-
mation under applied stress. The Young's moduli for GS80 and 
SS80 lie within the range of commercial rubber formulations 
(10–100 MPa) but significantly lower values compared to many 
commodity plastics, including polypropylene (1500–2000 MPa), 
polyethylene terephthalate (2000–2700 MPa), polycarbonate 
(2600 MPa), and polystyrene (3000–3500 MPa) [113]. This lim-
itation might impact the potential applications of composites.

3   |   Conclusion

The development of SS80, a lignin–sulfur composite synthesized 
from syringol and elemental sulfur, marks a significant ad-
vancement in the valorization of lignin by-products. Our study 
demonstrated that SS80, formed by reacting 20 wt. % syringol 
with 80 wt. % sulfur, exhibits promising thermal and mechan-
ical properties, positioning it as a potential sustainable material 
for various applications.

Thermogravimetric and DSC analyses revealed that SS80 has 
a higher crystallinity (38%) than does GS80 (8%) and exhibits 
greater thermal stability with a decomposition temperature of 
231°C. This increased stability is attributable to the higher con-
tent of dark sulfur in SS80. The presence of S  Caryl and S  Calkyl 
bonds, confirmed through GC–MS and 1H NMR spectroscopy, 
highlights the robust chemical structure of SS80.

Mechanical testing provided further insights into the material's 
capabilities. SS80 exhibited a compressional strength of 8.5 MPa, 
significantly higher than GS80 (5.2 MPa), and a flexural strength 
of 2.16 MPa compared to GS80 (1.58) MPa. These values are com-
parable to those of other HSMs and familiar conventional build-
ing materials such as C62 brick. Additionally, that SS80 had a 
Shore hardness of 91 and Young's modulus of 20.6 MPa indicate 
greater rigidity and resistance to deformation than GS80, mak-
ing it suitable for applications requiring durable and flexible 
materials.

The successful synthesis and characterization of SS80 under-
scores the potential of lignin-derived composites in advancing 
sustainable material science. By leveraging syringol's unique 
properties, SS80 offers a bio-based, high-performance alterna-
tive to traditional materials, addressing both lignin and sulfur 
waste challenges. Future research should explore the scalabil-
ity of SS80 production and its performance in real-world ap-
plications, further cementing its role in sustainable material 
innovation.
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4   |   Experimental Section

4.1   |   Chemicals and Materials

Syringol (99%) and sulfur powder (99.5%) were purchased from 
Sigma-Aldrich and Alfa Aesar, respectively. These chemicals 
were used without further purification. GS80 was prepared fol-
lowing the literature procedure [98].

4.2   |   Instrumentation

Proton NMR spectra were acquired on a Bruker NEO-
300 MHz (Bruker Biospin Corp., Billerica, MA, USA) at room 
temperature, and data were processed with SpinWorks 4.2.11 
software.

The GC–MS analysis was carried out on a Shimadzu QP2010SE 
system with an auto-injector (AOC-20i) equipped with the 
mass selective detector, having an interface temperature of 
250°C, a solvent cut time of 3.00 min, the threshold of 70 eV 
and mass range of 45–900 m/z. Compounds were separated 
using a SH-Rxi-5 MS capillary column (Restek Company, 
Bellefonte, USA: crossbond 5% diphenyl/95% dimethyl poly-
siloxane) having dimensions 30 m (length) × 0.25 mm (diame-
ter) × 0.25 μm (film thickness). The temperature of the injector 
was initialized to 250°C. The temperature was programmed 
50°C for 1 min, then from 50°C to 320°C at a rpm rate of 20°C/
min, 320°C for 4 min.

TGA (Mettler Toledo, Columbus, OH, USA) data were re-
corded on a TA SDT Q600 instrument over the range 
25°C–800°C, with a heating rate of 10°C·min−1 under a flow 
of N2 (20 mL min−1).

DSC data were acquired (Mettler Toledo DSC 3 STARe System, 
Mettler Toledo, Columbus, OH, USA) over the range −60°C 
to 140°C with a heating rate of 10°C min−1 under a flow of N2 
(200 mL min−1). Each DSC measurement was carried out over 
three heat–cool cycles.

Compressional analysis was performed on a Mark-10 ES30 
(Mark-10 Corporation Copiague, NY, USA) test stand with a 
M3-200 force gauge (1 kN maximum force with ±1 N resolution) 
by a modified ASTM C39 standard. Compression cylinders were 
cast from silicone resin molds (Smooth-On Oomoo 25 tin-cure, 
Oomoo Corp., Richmond, BC, Canada) with diameters of ap-
proximately 6 mm and heights of approximately 10 mm. Samples 
were manually sanded to ensure uniform dimensions and mea-
sured with a digital caliper with ±0.01 mm resolution. Analysis 
was performed in triplicate, and the reported results are an av-
erage of the runs.

Tensile measurements were taken with a Mark-10 ES30 (Mark-
10 Corporation Copiague, NY, USA) mechanical test stand 
equipped with a Mark 1000 N Force Gauge (Model M3-200). The 
specimens were molded into dog bone shapes. A cross-section of 
the linear portion of the dog bones was used to calculate the spec-
imen's stress. The thickness, width, and length were measured 
using a digital caliper (±0.01 mm resolution) in several sample 
areas. The average sample dimensions were 2.5 × 2.7 × 12.8 mm. 

Each sample was clamped with a Mark 10 wedge grip (Model 
G1061-1). Analysis was performed in triplicate, and the reported 
results are an average of the runs.

Flexural strength analysis was performed using a Mettler Toledo 
DMA 1 STARe System (Mettler Toledo, Columbus, OH, USA) in 
single cantilever mode. The samples were cast from silicone resin 
molds (Smooth-On Oomoo 25 tin-cure). The sample dimensions 
were approximately 1.5 × 10 × 18 mm. Sample dimensions were 
measured using a digital caliper with 0.01-mm resolution. The 
clamping force was 1 cN·m, and performing force was varied 
from 0 to 10 N with a ramp rate of 0.2 N·min−1 measured iso-
thermally at 25°C. Analysis was performed in triplicate, and the 
reported results are an average of the runs.

PXRD was performed using a Rigaku SmartLab powder X-
ray diffractometer (Rigaku is Tokyo, Japan), Cu Kα radiation 
(λ = 1.5406 Å) radiation, 2θ measuring range: 5°–80°, scan speed 
10 min−1, and step size 0.01°.

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

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 ac-
celerating voltage of 15 keV.

Shore hardness was measured using a Shore A durometer (Gain 
Express Holdings Ltd., Kowloon, Hong Kong) with a range of 
0–100 HA, resolution of 0.5 HA, total measure force of 8.1 N, 
and outside pressure of 1 kg. The measurements were performed 
according to ISO 7619 for rubber hardness determination. The 
thickness of the measured samples was 6 mm, and the values in 
three points were recorded. The average of the three values was 
taken as the sample's hardness.

4.3   |   Synthesis of SS80

CAUTION: Heating elemental sulfur with organics can result 
in the formation of H2S or other gases. Such gases can be toxic, 
foul-smelling, and corrosive. Temperature must be carefully 
controlled to prevent thermal spikes, contributing to the po-
tential for H2S or other gas evolution. Rapid stirring shortened 
heating times, and very slow addition of reagents can help avoid 
unforeseen temperature spikes.

Elemental sulfur (72.00 g, 2245 mmol of S atom) and syringol 
(18.00 g, 116.8 mmol) were weighed directly into a glass pressure 
flask under a nitrogen atmosphere in a VTI glovebox. The flask 
was sealed with a PTFE screwcap equipped with a Viton O-ring. 
The flask was then placed in an oil bath, heated to a temperature 
of 230°C, and heated for 24 h with continuous stirring by a mag-
netic stir bar. After 24 h, the flask was cooled to room tempera-
ture, and a dark brown solid was collected for further analysis. 
This solid is termed SS80 in the manuscript.

Elemental analysis calculated: C, 12.46; S, 80.00; H, 1.31%. 
Found: C, 12.70; S, 79.20; H, 1.13%. (Atlantic Microlab Inc.).
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4.4   |   Determination of Dark Sulfur Content

A modified literature method for quantification of the dark 
sulfur content was employed by UV–vis spectroscopy in ethyl 
acetate to determine the dark sulfur content [108]. GS80 and 
SS80, weighed with a microbalance between 6 and 7 mg, were 
added to 250-mL volumetric flasks with approximately 230 mL 
of ethyl acetate. The mixtures were allowed to stir for 30 min, 
after which the solutions were made up to the mark of 250 mL 
with ethyl acetate. A 3-mL aliquot of each solution was trans-
ferred to two separate cuvettes, and 3 mL of pure ethyl acetate 
was transferred to another cuvette to serve as a blank. Data 
were collected at 275 nm, and dark sulfur content was calculated 
from a calibration curve having the equation y = 36.124x + 0.012 
(R2 = 0.9967), where y is absorbance and x is the concentration of 
sulfur in mg/mL.
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