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Introduction

Tuning the properties of polysulfides using
functionalised cardanol crosslinkers+

a5 Manon Lambert® and Erin M. Leitao (2 *3P

Mahsaalsadat Rokni,
This study presents the synthesis, characterisation, and property analysis of surface-functionalised poly-
sulfides synthesised via inverse vulcanisation of elemental sulfur with cardanol and its silane-functiona-
lised derivatives. Three polysulfide formulations, poly-(S-r-C), poly-(S-r-Caps), and poly-(S-r-Crms), were
prepared to investigate the impact of functional groups on the crosslinked polysulfide’s properties.
Reacting the cardanol hydroxy group with either 3-aminopropyltriethoxysilane (APTES) or chlorotri-
methylsilane (TMS) enabled the modification of the polysulfide networks. Characterisation, including NMR
spectroscopy, FTIR spectroscopy, SEM, contact angle measurements, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), and ASTM D3359 cross-hatch adhesion testing, was conducted.
Poly-(S-r-C) and poly-(S-r-Caps) demonstrated strong adhesion to glass substrates and higher thermal
stability, attributed to hydrogen bonding and the formation of Si—O-Si networks, respectively. In contrast,
poly-(S-r-Cyms), bearing nonpolar trimethylsilyl groups, exhibited weaker adhesion and lower thermal
residue. The results highlight how chemical functionality governs adhesion, wettability, solubility, and
thermal behavior. This work demonstrates the potential of renewable cardanol-based monomers in
designing sustainable sulfur-rich materials for applications in coatings and adhesives.

able nature of the polysulfides, the monomers can be functio-
nalised to fine-tune surface chemistry and performance,

Growing environmental concerns over the reliance on pet-
roleum-based materials have driven the search for sustainable
alternatives with comparable or superior properties. In this

enabling applications in advanced materials, environmental
systems, and energy technologies.'*'®
Previous studies using crosslinkers containing hydroxyl

regard, sulfur-rich polymers, polysulfides, have emerged as
promising materials, offering mechanical strength, thermal
stability, and adhesive properties that make them valuable for
coatings, adhesives, and other functional materials."™ A key
approach to making these materials more sustainable is to use

groups (Scheme 1a-c), such as perillyl alcohol (a)'® and farne-

crosslinkers derived from renewable resources. By incorporat- i S\S .

ing naturally occurring compounds functionalised with reac- g_ S -
tive groups, such as alcohols and alkenes, polymerisation with $'S_S~$ PN 180°C R S; _<S_ .
sulfur to generate polysulfides with tunable properties, is poss- S g® + ZRTS /> 2—5 R—</S
ible. Inverse vulcanisation, a process in which elemental sulfur R =aryl, alkyl s S
polymerises with alkene-containing monomers, has proven to mr :

be an effective method for producing chemically stable, pro-
cessable sulfur-rich polymers with adjustable thermomechani-
cal properties (Scheme 1).*** Beyond the dynamic and adapt-
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Scheme 1 General reaction scheme of inverse vulcanisation (top) and
selected examples of previously used crosslinkers (bottom): (a) perillyl
alcohol, (b) farnesol, (c) eugenol.
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Scheme 2 Structural variants of cardanol based on side-chain
unsaturation.

sol (b)>'” have shown that primary alcohols may undergo side
reactions, including the loss of the hydroxyl group during
sulfur polymerisation. In contrast, crosslinkers bearing pheno-
lic hydroxyl groups, such as eugenol (c), have demonstrated
retention of the hydroxyl group after polymerisation."® Based
on these reports, for our study, we chose the crosslinker carda-
nol, a renewable phenolic compound derived from cashew
nuts. Cardanol is not a single defined molecule but a mixture
of phenolic lipids with a C15 side chain exhibiting varying
degrees of unsaturation. Its composition typically includes
saturated, mono-, di-, and tri-unsaturated components, and
can vary depending on the source and extraction method
(Scheme 2).'° Cardanol provides (1) a phenolic hydroxyl group
which survives the inverse vulcanisation process and is avail-
able for facile modification, (2) sufficient separation between
the hydroxyl and alkene functionalities to maintain hydro-
philic and hydrophobic domains in the polysulfide. Its
inherent flexibility and chemical reactivity make it an excellent
candidate for modifying polysulfides. In addition, phenolic
compounds have been reported to participate in radical
polymerization by acting as hydrogen atom donors, potentially
functioning as chain transfer agents and influencing polymer
growth dynamics.”>*" By introducing polar (amine, hydroxyl)
and nonpolar (silane) functionalities through cardanol deriva-
tisation, our aim was to tailor the properties of the crosslinked
polysulfides. Cardanol derivatisation was possible through
reactions with 3-aminopropyltriethoxysilane (APTES) and
chlorotrimethylsilane (TMSC1).*>** This strategy contributes to
the development of sustainable polymers with interesting
adhesion properties, wettability, thermal stability, mechanical
strength, and chemical durability.

Experimental
Materials

Sulfur (Sg powder, Riedel-de Haen), cardanol (Combi-Blocks,
Inc.), chloroform-D (CDCl;, Cambridge Isotope Laboratories
Inc.), ethanol (ECP Limited), 3-aminopropyltriethoxysilane
(APTES) and chlorotrimethylsilane (Sigma-Aldrich), triethyl-
amine (TEA) (JT Baker), and ethyl acetate (Honeywell). All
materials were used as received.

This journal is © The Royal Society of Chemistry 2025
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Instrumentation

For 'H, "*C NMR spectroscopy, samples were dissolved in
CDCl; and run on a Bruker Avance 400 MHz spectrometer,
with spectra recorded in parts per million (ppm).
Tetramethylsilane (TMS) was used for calibration, and residual
protium in NMR solvents provided a reference (7.26 ppm for
CDCl,). CDCl; (77.3 ppm) was used to reference ">C{'"H} NMR
spectra. The data processing was carried out using Bruker
TopSpin® software. Fourier-transform infrared spectroscopy
(FT-IR) data were acquired using a Bruker Vertex70, between
400 cm™" to 4000 cm ™.

Gel permeation chromatography (GPC) was used to
measure molecular weight distributions. The instrument,
equipped with three PS-DVB columns (Shimadzu, Shim-pack
GPC-801), was run at 50 °C through a refractive index detector.
THF was used to dissolve samples which were then filtered
using a 22 pm PTFE filter and the eluting flow rate was set to
0.5 mL min~', with the calibration curve made using poly-
styrene standards with narrow polydispersity. All GPC samples
were run in triplicate with outliers being excluded.

Differential Scanning Calorimetry (DSC) results were
obtained using a TA Instrument Q1000 DSC, under nitrogen
flow, with heating from —80 °C to 150 °C with heating rate of
10 °C min™" and cooling rates of 5 °C min .
Thermogravimetric analysis (TGA) was performed using a TA
Instrument Q500, heating samples to 700 °C under nitrogen at
a rate of 10 °C min™".

The spin coating was performed using a Laurell
Technologies  Corporation machine, the model is
WS-650MZ-23NPP. Scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX) analysis was
updated to use a Hitachi SU-70 Schottky field emission scan-
ning electron microscope, with specimens sputter-coated with
platinum (Pt) for 60 seconds using a Hitachi E-1045 ion
sputter. Contact angle measurements were performed with a
Biolin Scientific Theta Lite instrument.

Synthesis of cardanol-APS (C,ps)

APTES (3.54 g, 20.0 mmol) was first hydrolysed by dissolving it
in ethanol (20 mL), followed by the dropwise addition of water
(1.08 mL, 60.0 mmol, 3 equivalents). The solution was stirred
at room temperature for 1 hour. Cardanol (6.00 mL, 5.45 g,
18.0 mmol) was then added directly to the hydrolysed solution,
and the mixture was refluxed at 120 °C in excess ethanol for
7 hours to promote condensation between silanol and hydroxyl
groups. After completion, the solvent was removed under
reduced pressure to obtain the product.

Synthesis of cardanol-TMS (Crws)

In a nitrogen-purged Schlenk flask, cardanol (6.00 mL, 5.45 g,
18.0 mmol) was added and maintained under a nitrogen atmo-
sphere. Chlorotrimethylsilane (3.00 mL, 23.6 mmol, 1.3
equivalents) was introduced, followed by triethylamine
(2.50 mL, 18.0 mmol, 1 equivalent) and ethyl acetate (20 mL)
as the reaction medium. The mixture was stirred for 1 hour,
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then filtered to remove triethylammonium chloride
(Et;N-HCI). The filtrate was dried to remove residual triethyl-
amine and ethyl acetate, yielding the desired cardanol-TMS
product.

Synthesis of poly-(S-r-C)

To a 20 mL glass vial equipped with a magnetic stirrer,
elemental sulfur (0.5023 g, 1.96 mmol, 1.16 equiv.) was added
and heated to 180 °C until fully melted. Cardanol (0.5026 g,
1.68 mmol, 1.0 equiv.) was then added under stirring at 550
rpm. The mixture was stirred at 180 °C for 45 minutes, during
which it darkened and reached its vitrification point. The
polymer was cooled to room temperature, washed with water,
and dried in an oven.

Synthesis of poly-(S-7-Cps)

To a 20 mL glass vial equipped with a magnetic stirrer,
elemental sulfur (0.5012 g, 1.95 mmol, 1.84 equiv.) was added
and heated to 180 °C until melted. Cardanol-APS (0.5041 g,
1.06 mmol, 1.0 equiv.) was then added under stirring at 550
rpm. The reaction was continued for 10 minutes until vitrifica-
tion occurred. The light brown solid was cooled to room temp-
erature, washed with water, and dried in an oven.

Synthesis of poly-(S-7-Cywms)

A 20 mL glass vial was equipped with a magnetic stirrer and
charged with elemental sulfur (0.5023 g, 1.96 mmol, 1.45
equiv.), which was heated to 180 °C until fully melted.
Cardanol-TMS (0.5000 g, 1.35 mmol, 1.0 equiv.) was then
added under stirring at 550 rpm. The mixture was stirred for
45 minutes at 180 °C until it reached vitrification. The polymer
was allowed to cool, washed with water, and dried in an oven.

Results and discussion

Synthesis and characterisation of cardanol functionalised
crosslinkers

Cardanol (C), and two synthesised cardanol derivatives, carda-
nol-TMS and cardanol-APS (Cpys and Caps), were used as
crosslinkers in the inverse vulcanisation reaction to generate
the polysulfides (Fig. 1). A notable difference in colour can be
observed between the three crosslinkers. Cardanol-APS is a
similar dark pink colour to cardanol; however, it has a much
higher viscosity due to the hydrolysis of Si-OMe to Si-OH and
subsequent condensation to generate extra crosslinks (i.e. Si-
O-Si bonds). Cardanol-TMS, on the other hand, exhibits an
orange colour (Fig. S17).

The 'H NMR spectra of all cardanol-based crosslinkers
show the characteristic peaks of the C—=C bonds at 5.05, 5.30,
and 5.80 ppm. In addition, the proton signals for the aromatic
group are observed at 6.25, 6.45, and 7.30 ppm in all three
(Fig. S27). For cardanol-TMS, peaks corresponding to the TMS
group, with an integration of 9, are observed at 0.26 ppm
(Fig. 1, top, green). For cardanol-APS, the propyl CH, groups
appear at 0.61, 1.31, and 2.68 ppm, each integrating to 2. We
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Fig.1 'H NMR spectra of cardanol-based crosslinkers, C (blue,
bottom), Cpps (red, middle) and Cyys (green, top), in CDCls.

also observe a signal of protons of the amine group at
3.69 ppm (Fig. 1, middle, red). In cardanol, the hydroxy proton
is detected at 4.63 ppm (Fig. 1, bottom, blue), a signal that is
absent in the spectra of the two derivatives of cardanol, carda-
nol-APS and cardanol-TMS. This result is corroborated by
FT-IR analysis with an absence of the characteristic O-H
stretch at 3400 cm™" (Fig. S3-S71). Confirming the successful
synthesis of cardanol-APS, a broad peak at ca. 3300 cm™*
corresponding to the amine N-H stretch, is observed in the
FT-IR spectrum, along with a peak at 1160 cm™" corresponding
to the presence of Si-O-Si bonds (Fig. S4t). Moreover, in the
spectrum of cardanol-TMS, a peak corresponding to the Si-O
bond is observed at 838 cm™" (Fig. S51).

Synthesis and characterisation of polysulfides through inverse
vulcanisation

Three polymers, poly-(S-7-C), poly-(S-r-Caps), and poly-(S-r-
Crms), were synthesised using a traditional inverse vulcanisa-
tion reaction at 180 °C with a 50:50 ratio of sulfur to carda-
nol-based crosslinker (Scheme 3 and Fig. S8-S127). The result-
ing polysulfides exhibit a brown colour, with poly-(S-7-Caps)
observed at a lighter brown colour compared to the other two.
In this polysulfide, the condensation that occurs during the
synthesis of the crosslinker, cardanol-APS, leads to the for-
mation of a Si-O-Si network, which contributes significantly
to the degree of crosslinking (e.g., both S-S and Si-O-Si links),
leading to a substantially stronger material.

By comparing the FT-IR spectra of the three polysulfides,
characteristic groups of each material are retained and identi-
fied as the O-H stretch at 3400 cm™" in poly-(S-~-C) (Fig. 2,
blue), the N-H stretch at 3330 cm™" in poly-(S-7-Cyps) (Fig. 2,
orange), accompanied by a peak at 1065 cm™" for the Si-O-Si
stretches, and a peak at 838 cm™" for the Si-O stretch in poly-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5py00478k

Published on 13 jana 2025. Downloaded on 12.6.2026 19:36:48.

View Article Online

Polymer Chemistry Paper
HoN NH, P
oo~
wg\\ o) 0, | |
si” si” v —Si— —Si— V\J\\‘ [
OH OH (i) ? cl> cl> JL/\\..,J..J s .
NH,
' O‘SLM
| O |
wO, f | [/ \m’l‘b l—»wjlwwlj'l‘ - \JWNWM —
. OH O'S!O O‘Sl\
8 ap S; ~ L OH
S
J v\/'\/\)\é%(j /© “t A ML R
7
S‘H S‘H OH
POly-(S-r-C) POly-(S-r-Caps)  POly-(S-r-Crus) uh M@ ’M“K
=z x =
Scheme 3 Structures of the three synthesised polysulfides: poly-(S-r-
C), poly-(S-r-Caps), and poly-(S-r-Crus). T 17 T T T T T T T T T ;[PPB;]
6

——— poly~(S-r-C) —— poly~(S-r-Caps)

——— poly~(S-r-Ctms)

0.85

0.75

T(a.u.)

0.65

3850 3350 2850 2350 1850 1350 850 350
Wavenumber (cm™)

Fig. 2 FT-IR spectra of poly-(S-r-C) (blue), poly-(S-r-Caps) (orange) and
poly-(S-r-Cyums) (green).

(S-7-Crums) (Fig. 2, green).”* The three polysulfides also show
the characteristic S-S peak at 500 cm™".>°

The comparison of "H NMR spectra of cardanol (Fig. 3,
bottom, blue) and poly-(S--C) (Fig. 3, bottom middle, red)
shows complete consumption of the alkene peaks (highlighted
in pink), along with broadening in the polymer spectrum, con-
sistent with network formation. The hydroxyl moiety on carda-
nol is observed in both FT-IR and "H NMR spectra of the poly-
(S--C), indicating that the phenolic hydroxy is not lost during
inverse vulcanisation, in contrast to the known behaviour of
primary alcohols when subjected to the same reaction con-
ditions (Fig. S11-S121).>°

Comparison of the '"H NMR spectra of cardanol, poly-(S-r-
Caps) (Fig. 3, top middle, green and Fig. S91), and poly-(S-r-
Crums) (Fig. 3, top, purple and Fig. S81) show that the inverse
vulcanisation was successful as the alkene peaks at 5.05 and
5.80 ppm are no longer visible and the alkene signal at
5.30 ppm remains with reduced intensity. In the case of poly-
(S-m-Caps), the integration of peak 5.30 ppm decreases by 52%,
relative to the aromatic signals (Fig. S10}), indicating that
some alkene groups are left unreacted. This is due to the lower

This journal is © The Royal Society of Chemistry 2025

Fig. 3 Stacked H NMR spectra of cardanol (blue), poly-(S-r-C) (red),
poly-(S-r-Caps) (green) and poly-(S-r-Cyus) (purple), in CDCls.

vitrification point of poly-(S-»-Cyps) after reacting with molten
sulfur due to the presence of pre-formed Si-O-Si crosslinks.
The early solidification prevents complete reaction of the
alkene groups. Although the amine and propyl peaks are not
clearly visible due to broadening, their presence is confirmed
by FT-IR and 'H-""C HSQC NMR (Fig. 2 and S13t). For this
polymer, this 2D NMR analysis suggests the presence of NH,
functionalities, as a proton peak is observed that is not
coupled to carbon atoms. This provides additional confidence
in the presence of amine groups after polymerisation.
However, we cannot fully rule out partial reactivity of the
amine functionality during the inverse vulcanisation process,
as previous studies have shown that primary amines can
undergo complex reactions with elemental sulfur, potentially
forming polysulfide species and releasing ammonia under
certain conditions.”® Despite the absence of evidence of such
side reactions, amine and sulfur interactions cannot be
excluded.

The successful incorporation of the trimethylsilyl-functio-
nalised crosslinker and the progress of polymerisation was
also investigated by comparing the '"H NMR spectra of carda-
nol, cardanol-TMS, and the resulting poly-(S--Crys) (Fig. S87).
In the polysulfide spectrum, the alkene proton signals of car-
danol-TMS at 5.05, 5.30, and 5.80 ppm are absent, confirming
consumption of the alkene groups during inverse vulcanisa-
tion (Fig. 3). A signal at 0.25 ppm in the "H NMR spectrum
corresponding to the trimethylsilyl (TMS) methyl protons, con-
firms incorporation of the hydrophobic silane functionality
(Fig. S8t). The broadened peaks and reduced fine splitting in
the polymer spectrum indicate restricted chain mobility,
which may suggest some degree of crosslinking. However,
since the polymers are soluble in several organic solvents, this
points to the presence of linear or lightly branched structures
rather than fully crosslinked networks. Recent work by Pyun

Polym. Chem., 2025, 16, 3138-3145 | 3141
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and co-workers has shown that inverse vulcanisation can
produce a variety of architectures, linear, branched, or partially
crosslinked, depending on the monomer structure and reac-
tion conditions.?”

Gel permeation chromatography analysis

To further understand polymer chain growth and molecular
weight distribution, GPC analysis was performed on the syn-
thesised polymers in THF. The unmodified cardanol polysul-
fide, poly-(S-~-C), showed a number average molecular weight
(M,) of approximately 14 000 Da (P = 1.11), indicating a rela-
tively narrow molecular weight distribution. While the functio-
nalised materials poly-(S-7-Cps) and poly-(S-»-Crys) showed
significantly higher M, values (between 118 to 121 kDa),
suggesting successful chain growth during inverse vulcanisa-
tion. The C,ps monomer displayed a much lower M, (approxi-
mately 2200 Da), confirming chain growth and polymer for-
mation post-functionalisation (Fig. S14-S177).

Coating and adhesion performance

The obtained polysulfides were tested as coatings on glass sub-
strates (Fig. 4, top). Poly-(S-»-C) and poly-(S-r-Cys) were spin-
coated onto the surface due to their lower viscosity, forming
thin, homogeneous films. In contrast, poly-(S-7-Caps) was
directly applied to the glass using a spatula immediately after
synthesis, as it was more viscous. Both poly-(S-»-C) and poly-(S-
r-Cpms) required some time to fully cure at room temperature,
during which time, their shiny appearance gradually faded.
Adhesion was evaluated using the ASTM D3359 cross-hatch
tape test.”® A grid was cut into the polymer-coated glass sub-

poly-(S-r-Crus)

poly-(S-r-Cpgps)

poly-(S-r-C)

Fig. 4 Cross-hatch adhesion test (ASTM D3359) results for poly-(S-r-
C), poly-(S-r-Caps), and poly-(S-r-Crms) coatings on glass substrates
(top), after cutting (middle), sticky side of 3M tape after test (bottom).
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strates (Fig. 4, middle), and 3M adhesive tape was applied and
subsequently peeled off to assess the integrity of the coatings
(Fig. 4, bottom). Both poly-(S-»-C) and poly-(S--Caps) showed
excellent adhesion, with no visible material removal, indicat-
ing strong interaction with the glass surface and no interaction
with the adhesive tape. In contrast, poly-(S--Crys) showed
weaker adhesion, with partial delamination observed after
tape removal. This difference reflects the influence of surface
functionality: the polar hydroxy and amine groups in poly-(S-r-
C) and poly-(S--Caps) enhance adhesion, while the nonpolar
trimethylsilyl group in poly-(S--Crys) limits effective inter-
facial bonding.

Physical properties

Contact angle measurements were carried out to assess the
surface wettability of the samples and determine whether func-
tionalisation influences the material’s hydrophobicity. The
hydrocarbon contact angles for all materials were measured as
0° when tested with hexane, decane, octane, mineral oil, sili-
cone oil, and canola oil, indicating strong oleophilic behav-
iour. Upon droplet application, the liquids immediately spread
across the material surface. For water contact angles, the
values decreased over time until reaching a stable value. Based
on the initial measurements, poly-(S--Crys) was the most
hydrophobic, with an initial water contact angle of 95.12°, fol-
lowed by poly-(S--C) at 87.89°, and poly-(S-»-Cyps) at 82.63°
(Fig. S187). This trend reflects the influence of surface func-
tional groups: poly-(S--Cyyms) lacks polar moieties, while poly-
(S-m-C) and poly-(S--Caps) contain hydroxyl and amine groups,
respectively, which increase surface polarity and water affinity.
Overall, the materials exhibit good hydrophobicity, particularly
poly-(S-r-Cpums), but poor oleophobicity was observed across all
samples.

Unsurprisingly, the solubility of the polysulfides in
common solvents differ depending on the cardanol-based
functional groups. All three polymers are soluble in toluene,
THEF, ethyl acetate, acetone, CHCl;, DCM, and DMF but are in-
soluble in water (Table S1t}). Poly-(S--C) is also soluble in ACN
and ethanol but insoluble in methanol and hexane. In con-
trast, poly-(S--Caps) is soluble in methanol and ethanol but in-
soluble in ACN and hexane, while poly-(S-7-Crys) is soluble in
hexane but insoluble in ACN, methanol, and ethanol. This
difference is due to the polarity of the functional groups: poly-
(S--C) dissolves in polar solvents due to hydroxy groups, poly-
(S-m-Caps) in protic solvents due to the amine group, and poly-
(S-7-Crms) in non-polar solvents due to hydrophobic silane
groups.”” Interestingly, even these small differences in func-
tional groups lead to clear changes in solubility, allowing us to
tailor the materials for specific applications, whether that’s
selecting the right solvent for applying coatings or making
them easier to remove when needed.

Imaging

The three materials show a smooth surface by SEM (Fig. 5)
and EDX analysis (Table S2t) confirmed the presence of all
expected elements. For instance, nitrogen content, related to

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 SEM images of poly-(S-r-C), poly-(S-r-Caps) and poly-(S-r-Cyus)
from left to right.

the presence of the amine group in poly-(S-r-Caps), was 0.13%,
and silicon atoms, present in both poly-(S-r-Caps) and poly-(S-r-
Crms), showed 3.7 and 4.3% values, respectively.

Thermal properties

TGA revealed extensive differences in thermal stability among
the three surface-functionalised polysulfides (Fig. 6). The
largest degradation onset was showed by poly-(S-~-C) at about
269 °C, with 22.8% of its original weight remaining at 700 °C
(Fig. 6, blue, and Fig. S197). This may be attributed to the
hydroxyl functional groups that enable hydrogen bonding
between polymer chains, providing enhanced thermal resis-
tance and structural stiffness. Both poly-(S-r-Caps) and poly-(S-
r-Crys) initiated degradation around 238 °C but had very
different thermal stabilities at high temperatures. Poly-(S-r-
Caps) retained 37.4% of its original mass (Fig. 6, grey, and
Fig. S20t), whereas poly-(S--Crys) retained only 16.9% of its
original mass at 700 °C (Fig. 6, orange, and Fig. S217).

The higher residue for poly-(S--Caps) arises from the for-
mation of a heat-resistant Si-O-Si crosslinks which provide a
more rigid and stable inorganic backbone. On the other hand,
poly-(S--Crps) lacks such an extensive Si-O-Si connectivity. No
crosslinking is contributed by the nonpolar Si-CH; groups,

100
90
80 — poly-(S-r-C)
- - poly~(S-r-Crus)
poly-(S-r-Cpps)
60
g 50
g 40
30
20 o S o
10
0
0 100 200 300 400 500 600 700

Temperature (°C)

Fig. 6 Thermogravimetric analysis (TGA) curves of poly-(S-r-C) (blue),
poly-(S-r-Caps) (grey), and poly-(S-r-Crus) (orange).
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resulting in reduced thermal stability and lower char yield.
These results highlight the influence of polarity and network
topology on thermal behaviour: hydrogen bonding enhances
the performance of poly-(S-r-C), siloxane network formation
dominates in poly-(S-7-Cyps), and the limited interactions in
poly-(S-7-Cpys) lead to the lowest thermal residue.

The DSC revealed that the glass transition temperature (7g)
of poly-(S-r-C) is —11.9 °C (Fig. S227), that of poly-(S-7-Cyps) is
—10.7 °C (Fig. S237%), while poly-(S-»-Crys) shows a much lower
T, at —34 °C (Fig. S247). An endothermic peak was observed
around 112 °C for all three materials, corresponding to the
melting temperature of elemental sulfur, indicating its pres-
ence. This peak disappeared in the second heating cycle as the
sulfur was reincorporated into the material upon heating.
Among the materials studied, the largest quantity of depoly-
merised sulfur is found in poly-(S-7-Caps), due to the short
reaction time, followed by poly-(S--C), and finally poly-(S-r-
Crms), which contains the least. No exothermic peaks related
to crystallisation were detected, confirming that all three
materials remain amorphous between —75 °C and 150 °C.

These results suggest that the low T, of poly-(S-7-Crys) is
due to its hydrophobic trimethylsilyl groups, which enhance
chain mobility and flexibility. In contrast, the higher T, values
of poly-(S--C) and poly-(S--Cyps) are attributed to hydrogen
bonding from hydroxyl groups and amine groups in both, and
the contribution of Si-O-Si and S-S network in poly-(S-7-Cyps)
which restrict chain movement.

Conclusions

This work highlights the potential of using the renewable
resource cardanol, and its functionalised derivatives, to create
versatile sulfur-rich polymers through inverse vulcanisation.
By modifying cardanol with different silane groups, we intro-
duced tunable chemical functionalities that directly influence
the physical, surface, and thermal properties of the resulting
materials. The study shows that small changes in molecular
structure such as adding polar or nonpolar groups, can signifi-
cantly affect adhesion, flexibility, hydrophobicity, and thermal
behaviour. These findings underline the importance of cross-
linker modifications in developing sustainable materials with
tuned properties and demonstrate that cardanol-based polysul-
fides are promising candidates for applications in coatings,
adhesives, and beyond.
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