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Reaction of elemental sulfur with 1,1'-bis(dimethylallylsilyl)ferrocene (1) in 50 : 50 or 70 : 30 wt% at 130 °C
results in new polymeric materials as a consequence of an inverse vulcanization process. Through this
procedure, allylsilyl-functionalized ferrocene moieties are integrated into a solid matrix structured by the
formation of covalent C-S bonds between sulfur atom chains and organometallic co-monomers. The
structure and composition of the amorphous materials obtained have been assessed by elemental ana-
lysis, TXRF, ATR-IR, solid-state NMR, XPS and SEM. Remarkably, the electrochemical activity of ferrocene
fragments is preserved when incorporated into the polysulfide material. Consequently, 1 is the first
silicon- and ferrocene-containing molecule being used as a co-monomer to develop redox-responsive
polysulfide materials. Furthermore, the interaction of sulfur atoms with Cd(i) or Hg(n) metal centers,
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present in aqueous solutions, results in the modulation of the electrochemical signal of ferrocene moi-
eties. Therefore, this work presents the synergistic combination of polysulfide chains and ferrocene frag-
ments resulting in electrochemical recognition of harmful metal centers commonly present in polluted
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Introduction

Inverse vulcanization is an emergent route that Pyun and co-
workers materialized a decade ago, in 2013," as an alternative
to obtain polymers with a high sulfur content, also known as
polysulfides. While in traditional vulcanization of rubber,
found accidentally by Charles Goodyear in 1839, sulfur is
introduced in small amounts as a bridge between organic
polymer chains,” inverse vulcanization gives rise to polymers
with a much higher sulfur content. Therefore, in the past
years, inverse vulcanization has been exploited for reevaluating
and enhancing sulfur uses in a sustainable and low-cost
process.”” Sulfur is a generally benign and exceptionally
Earth-abundant element, mainly in volcanic areas. It is pro-
duced in high quantities in oil refining and natural gas purifi-
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cation processes. However, its demand is still far from meeting
its high levels of production. In this regard, in the last decade,
inverse vulcanization reactions have boosted the use of sulfur
as a cheap, abundant, and accessible feedstock for high sulfur-
content polymeric materials, which is highly desirable.
Inverse vulcanization reactions are carried out at tempera-
tures above the melting point of sulfur (120 °C) when a ring-
opening polymerization (ROP) of the Sg ring occurs. Di-radicals
(-(Sn)-), formed after the ROP, bind to the unsaturated co-mono-
mers (olefinic fragments) in a clean process, in which sulfur
acts both as a reactant and as the reaction medium, avoiding
the use of solvents.® Elemental sulfur can self-polymerize, but
the resulting polymers are not stable and tend to revert to the
Sg ring at room temperature. However, polymers obtained by
inverse vulcanization are chemically stable and processable, as
the unsaturated co-monomers stabilize the polymer chains.®’
Despite its novelty, inverse vulcanization has already been
experimented with important developments.® For instance,
Hasell and coworkers have recently introduced the use of
metal-based catalysts to allow lower temperatures and the use
of volatile organic monomers.>'® Furthermore, acceleration of
inverse vulcanization using trialkyl amines as catalysts has
been reported.'' Other improvements involve the photo-
induced inverse vulcanization,'” which permits catalyst-free
reactions at room temperature, or mechanochemical inverse
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vulcanization,”®'* which in addition allows short reaction
times, high atom economy and a greener procedure. A new
strategy for the synthesis of high-performance sulfur-based
polymers has also been described, which involves anionic
hybrid copolymerization of elemental sulfur with acrylate at
room temperature, yielding co-polymers with short polysulfide
segments."®

Due to the high sulfur content, some polysulfides obtained
by inverse vulcanization have shown valuable applications as
cathode materials for Li-S batteries,"®™*° in infrared thermal
imaging and optics,>®*' as flame retardant materials,” to
develop fully renewable adhesive polysulfides,>® or as agents
for environmental remediation.”®>* The latter application is
based on the preference of sulfur atoms for soft metal centers,
such as Hg”**, Ag", or Pt>". Among them, the most investigated
metal has been mercury,”>>® due to its high toxicity and its
ability to generate both important health and environmental
problems.

In terms of the co-monomer nature, inverse vulcanization
has been investigated with terminal, internal or even exo
olefins,*® but it has been examined mainly with linkers of
organic nature.>** Only a few examples of inorganic co-mono-
mers have been reported so far, primarily based on silane or
siloxane linkages,**™° including complex cyclosiloxanes*® and
polyhedral oligomeric silsesquioxanes (POSS),*"** or based on
tin*® as a main group heteroatom-linker. However, to the best
of our knowledge, examples of inverse vulcanization with
olefin-functionalized co-monomers incorporating transition
metals have not yet been reported. Overall, co-monomers of
different nature have been commonly used to modulate the
material’s properties, which focus exclusively on the polysul-
fide fragments. Therefore, the use of functional linkers that
provide the materials with properties non-related to sulfur
atoms is still widely disregarded. As a result, there are still
important challenges to address, such as the development of
methods allowing co-polymerization of linkers containing
transition metals, with inherent redox, conductive, or even
catalytic properties. Such findings would give more relevance
to the co-monomer that binds sulfur, which could act synergis-
tically to obtain co-polymers with improved properties and
specific applications.

In this regard, an interesting, robust and redox-responsive
transition metal-containing building block is bis(n’-cyclopen-
tadienyl)iron(u) or ferrocene (Fe(n>-CsHs),). The unique geo-
metry, thermodynamic and kinetic stabilities, versatile reactiv-
ity, and redox properties of this iconic molecule have made
ferrocene one of the most widely studied organometallic
compounds.*®*®> Remarkably, ferrocene is readily functiona-
lized, which enables its facile incorporation into more
complex molecular systems. Furthermore, covalently incorpor-
ating ferrocene into polymers can deeply modify their physical
and chemical properties. As a result, ferrocene-based metallo-
polymers are a distinctive class of functional materials that
have gained much attention in recent years.**° The possi-
bility to tune the properties of ferrocene-based polymers and
macromolecules relies on the redox activity of ferrocene, since
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this organometallic molecule undergoes fast one-electron oxi-
dation to the positively charged ferrocenium form [Fe(n’-
CsHs),]". By switching the redox state (Fe"/Fe™) of the multiple
ferrocenyl units (separately, or in a cooperative fashion) the
charge, polarity, color, and hydrophilicity of the molecules may
be controlled. Consequently, the exclusive features of metallo-
polymers having multiple ferrocene units provide specific
electrochemical, photo-physical, catalytic, and biological pro-
perties with potential for applications as multi-electron reser-
voirs, electron-transfer mediators, redox sensors and building
blocks for electronic devices and smart materials.*®*'">* Other
relevant and advanced applications of ferrocene-based deriva-
tives have been extensively reviewed.**>*>¢

Recently, we have reported the uses of 1,3-divinyl-1,3-
dimethyl-1,3-diferrocenyldisiloxane ([(CH,=~CH)FcMeSi],0),”
diferrocenylacetylene (FcC=CFc),”® vinylferrocene (FcCH=CHy,),*
and ethynylferrocene (FcC=CH)*° (Fc = Fe(n’-CsH,4)(n’-C5Hs))
as efficient electroactive ferrocene-based precursors for thiol—
ene and thiol-yne radical reactions. Such hydrothiolation reac-
tions allowed the incorporation of the electroactive ferrocene
as backbone, pendant, or peripheral moieties into polymers
and macromolecules with and without silane connecting
groups. The resulting polymers and macromolecules retain the
valuable electrochemical activity of ferrocene.

Based on our previous results concerning hydrothiolation
chemistry, envisioned that alkenylsilane-containing
ferrocenes would be interesting precursors for structurally
new types of ferrocene- and sulfur-rich metallopolymers
through inverse vulcanization. In the present study, we explore
the inverse vulcanization reaction of elemental sulfur and
the allylsilyl-difunctionalized ferrocene (Fc[Si(CHj),(-CH,-
CH=CH,)],) 1, as co-monomer. Regarding the electrochemical
properties of ferrocene and the binding abilities of sulfur, the
resulting hybrid electroactive materials could act as sensors for
polluting cations with a high environmental significance, such
as Cd*>" and Hg>". Thus, the focus of this work relies on the
synergistic combination of the sulfur polymer and the ferro-
cene-containing co-metallopolymer.

we

Results and discussion

Synthesis of polysulfide materials based on silicon-containing
ferrocenyl units through inverse vulcanization

The key requirements of an inverse vulcanization linker are the
presence of unsaturated C—=C bonds and a suitable, relatively
high, boiling point. On the other hand, due to the electron-
rich aromatic cyclopentadienyl rings, the ferrocene molecule is
readily functionalized via diverse synthetic modifications,
which enables its facile incorporation into more complex
molecular systems. Based on this, as a first step to achieve the
synergistic combination between an electroactive co-monomer
and the sulfur chain, a specific linker containing an alkenyl-
silane-functionalized ferrocene has been designed.
Particularly, we decided to focus our attention on a ferrocene
bifunctionalized with two reactive allylsilane groups, the

This journal is © The Royal Society of Chemistry 2024
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1,1"-bis(dimethylallylsilyl)ferrocene (Fc[Si(CHj;),(-CH,-CH=
CH,)],) 1. Furthermore, the presence of two reactive groups in
the linker allows the obtention of cross-linked polysulfides,
with electroactive ferrocenyl units as an integral part of the
main chain.

The precursor 1 was synthesized following the procedure
published by Cuadrado and coworkers for similar com-
pounds.®’ This route involved a 1,1-dilithiation reaction of
ferrocene with n-butyllithium (n-BuLi), in the presence of
TMEDA (N,N,N',N'-tetramethylethane-1,2-diamine),** followed
by a salt-elimination reaction of Fe(n>-CsH,Li)," TMEDA with
allyl(chloro)dimethylsilane (Scheme 1). Compound 1 was iso-
lated as an air-stable, orange oil, which was purified by
column chromatography. The structure of precursor 1 was con-
firmed by 'H, *C and ?°Si Nuclear Magnetic Resonance (NMR)
and Attenuated Total Reflectance InfraRed (ATR-IR) spectro-
scopies and mass spectrometry (see ESIT). As expected, the 'H
NMR spectrum shows three multiplet signals, centered at &
5.79, 4.88 and 4.84 ppm, and the "*C NMR spectrum presents
signals at 6 135.0, 113.2 and 24.9 ppm, all of them corres-
ponding to the allyl groups. In the *>°Si NMR spectrum, a
single signal appears at 6 —3.5 ppm, which is consistent with
the value observed for the analogous ferrocene derivative with
two vinylsilane groups.®*

To investigate the reactivity of the two allyl groups (co-
valently linked to the organometallic unit in co-monomer 1)
against elemental sulfur, different vulcanization reaction con-
ditions were tested. Specifically, we optimized the reaction
conditions using two different Sg:1 weight ratios: 50:50 and
70: 30 (see Scheme 1 and Table 1).

Considering the melting point of sulfur (~120 °C), we first
tried the milder reaction conditions possible (130 °C), to pre-
serve the integrity of the organometallic moiety (Scheme 1). A
first vulcanization reaction with a Sg:1 50:50 wt% was
explored. After 3 h, the oily solid obtained was washed with
CH,Cl,, giving unreacted compound 1 as proved by "H NMR.
The residual yellow solid was found to be unreacted sulfur,
soluble in CS, after several washes. Then, we increased the
reaction temperature, but after 3 h at 150 °C a blackish rubber
was formed. Its ATR-IR spectrum presented no recognizable
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Table 1 Conditions of the inverse vulcanization reactions tested

between elemental sulfur and co-monomer 1 at 130 °C

Mass Sg Mass 1 Material obtained
Entry (mg) (mg) Time (mass)* S : Fe ratio”
1 100 100 6h 30 min 2 (69 mg) 7:1
2 233 100 3h45min 3 (103 mg) 13:1
3 100 0 6h — —
4 0 100 6h — —
5 100 100 (Fc)* 6h — —

“Final mass isolated. ” Calculated from TXRF analysis of materials 2
and 3, respectively (see below). ¢ For this control experiment bare ferro-
cene was used instead of compound 1.

signals. The same occurred when the reaction was performed
at 130 °C for 20 h. Finally, we investigated the reaction at
130 °C until a red rubber-like material appeared (material 2),
after 6 h and 30 min (entry 1). The inverse vulcanization of
sulfur with 1 (50:50) was repeated twice at the optimal temp-
erature (130 °C), to investigate its reproducibility. In both
cases, rubber-like semisolids were obtained again, showing
identical ATR-IR spectra to the one of material 2.

Given the promising results obtained with the 50:50 wt%
inverse vulcanization reaction, tested with 1,1-bis(dimethyl-
allylsilyl)ferrocene 1 as the cross-linked monomer, we sub-
sequently investigated the Sg: 1 70 : 30 wt% at 130 °C (see entry
2 in Table 1). After 3 h and 45 min, the formation of a red
rubber-like semisolid (material 3) was observed, with identical
spectroscopic features to the ones of material 2 (see below).
The reproducibility of this reaction was confirmed under the
specified conditions.

It is important to emphasize the fact that these reactions
occur at a relatively low temperature, clearly indicating the
high reactivity of organometallic linker 1 through inverse vul-
canization reactions. The reactivity of diallylsilyl-functionalized
ferrocene 1 against elemental sulfur, in terms of temperature,
is much more similar to that of small organic linkers, such as
styrene'® or 4-vinylbenzyl chloride®® (130 °C), than to that of
inorganic siloxane-based linkers, such as 1,3-diallyl-tetra-
methyldisiloxane (which requires 180 °C) or 1,1,3,3-tetra-
methyl-1,3-divinyldisiloxane (160 °C and a Zn catalyst).>® In

< S A~
| n-BuLi, TMEDA | CH,=CH-CH,-SiMe,Cl | \
FIe m Fe _TMEDA > Fe /
_ n-hexane, e n-hexane, -35 °C to 25 °C ’
1
\ S /7N
% Q—si/\/\s/[ e, | |
EN | | s N
s \ Fle sl n,n,n", n"=1,2 3.. _
S\)\/S' Sg:1 50:50 wt ratio = material 2
L’LL]S]: I\_Q % Sg:1 70:30 wt ratio = material 3 130 °C

Scheme 1 Synthesis of diallylsilyl-functionalized ferrocene co-monomer 1 and polysulfide materials 2 and 3, obtained by inverse vulcanization
reaction of elemental sulfur and 1.
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addition, it is worth noting that these reactions do not require
a catalyst, avoiding not only its use but also its removal after
the catalyzed reaction.

The ferrocene-containing polysulfide materials 2 and 3 are
insoluble in common organic solvents. They were thoroughly
washed with CH,Cl,, removing unreacted compound 1 as
proved by 'H NMR experiments, and with CS, to remove
unreacted Sg.

To prove that the formation of the semisolid materials was
due to the inverse vulcanization reaction, three control experi-
ments were performed (Table 1, entries 3-5). All of them were
heated at 130 °C for 6 hours. Control 1 (entry 3) involved the
heating process of elemental sulfur, which melted. After
cooling, it gave a more crystalline solid, but neither a polymer
nor an insoluble material. Starting diallylsilyl-functionalized
ferrocene 1 was also heated (control 2, entry 4) but no change
was observed in its "H NMR spectrum, showing that com-
pound 1 does not self-polymerize after 6 hours at 130 °C.
Finally, a 50:50 wt% reaction between sulfur and ferrocene
was investigated (control 3, entry 5). The solid obtained was
first washed with CH,Cl,, giving unreacted ferrocene as proved
by 'H NMR. The residual yellow solid was sulfur and no
material remained after the washing process with CS,. These
control experiments prove that the materials obtained after
mixing linker 1 and sulfur, under the optimal reaction con-
ditions, correspond to the ensuing products of the inverse vul-
canization reaction of Sg and the allyl functionalities present
in co-monomer 1 (absent in pure ferrocene). They also prove
that materials 2 and 3 are not simple co-solidification pro-
ducts, therefore, new covalent C-S bonds must have been
formed.

Characterization of polysulfide materials with ferrocenyl units

Elemental analysis values supported the sulfur-reach nature of
both materials obtained by inverse vulcanization reactions
(Table S17), and allowed the estimation of the average number
of S atoms per Fc[Si(CHj3),(-CH,~CH-CH,-)], unit. As can be
seen in Table S1t, material 2 contains an average of 8 sulfur
atoms per ferrocenyl unit, while material 3 is estimated to
contain 16. Similar results were obtained by total X-ray fluo-
rescence (TXRF) analysis, which allowed to quantify the iron
content. This analytical data indicates a S:Fe ratio of 7:1 in
material 2 and 13:1 in material 3 (see Fig. S5 and S6%).
Consequently, the elemental analysis and the TXRF results
proved that at a higher sulfur weight ratio in the reactants, more
S atoms bind to 1 forming the final cross-linked polymers.
Thus, different starting Sg: 1 wt% resulted in materials with dis-
tinct sulfur content, which was further confirmed by Energy
Dispersive X-Ray Spectroscopy (EDX) analysis (see below).

The insoluble and rubber-like materials 2 and 3 could not
be ground using a mortar and a pestle, therefore, they were
pressed giving uniform films, suitable for ATR-IR spectroscopy.
Fig. 1A shows the ATR-IR spectra of materials 2 and 3, together
with the spectrum of their ferrocenyl precursor 1. The ferroce-
nyl and methylsilane peaks appear, as expected, in all the
spectra. However, the peaks related to the -CH=CH, group
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Fig. 1 (A) ATR-IR spectrum comparison of starting diallylsilyl-functio-
nalized ferrocene 1 and materials 2 and 3. (B) SS **C CP/MAS NMR spec-
trum of material 3 (up) and **C NMR spectrum in CDCls (300 MHz) of
starting 1 (down).

(highlighted in orange in Fig. 1A) can be observed in the spec-
trum of compound 1 at 1630 cm™ " (¢(C=C)) and at 992 and
931 em™" (8 (Cspe—H)), but they are absent in the two materials
spectra, clearly indicating the reaction of the allyl group
through the inverse vulcanization process. The presence of a
new peak at around 1100 cm ™" (yellow area) is observed for the
obtained materials, which can be assigned to u(C-S)
vibrations, suggesting the formation of new C-S bonds.>***°
The chemical nature of the materials obtained was also
investigated through solid-state '*C cross-polarization magic-
angle spinning (SS >C CP/MAS) NMR. Fig. 1B compares the
solid-state ">*C CP/MAS NMR spectrum of material 3, with the
3C NMR spectrum in CDCI; of precursor 1. The spectrum of
material 2 (see Fig. S71) displays the same peaks shown for
material 3. Some of the signals in the spectra of the materials
are comparable to the ones observed in the solution spectrum
of precursor 1: at ~§ 73 ppm for the ferrocenyl rings, ~6
24 ppm for the methylene (CH,) units, and ~§ 0.6 ppm corres-
ponding to the methyl groups. However, no signals are
observed in the area between § 110 and 140 ppm, corres-
ponding to the allyl moieties, and new signals appear at
around 6 43-49 ppm assigned to S-CH, and at § 21-25 ppm for
S-CH, groups, together with the CH,~-CH=CH, signal. These
observations fully support an effective reaction between com-

This journal is © The Royal Society of Chemistry 2024
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pound 1 and elemental sulfur, giving rise to the formation of
materials with new C-S bonds and electroactive ferrocenyl
units.

The >°Si CP/MAS NMR spectra of both materials (Fig. S8
and S10t) show only one signal, at § —2.6 ppm for material 2
and 6 —2.5 ppm for material 3. These values correspond to
silicon atoms bonded to alkyl groups. They are only slightly
shifted downfield, about § 1 ppm, compared to the same
signal of precursor 1 (5§ —3.5 ppm). This small difference
reflects that the inverse vulcanization reaction does not induce
a significant modification in the electronic environment of the
silicon atoms within the -Si-CH,-CH=—CH, functionalities
when transformed into new -Si-CH,—-CH(S),,~CH,—(S), units.

X-ray Photoelectron Spectroscopy (XPS) was used to investi-
gate the chemical composition of the two inverse vulcanized
polymer materials 2 and 3. The XPS survey spectra (Fig. 2A) of
both materials show signals corresponding to C, S, Fe, Si and
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O atoms. The main difference observed is in the relative inten-
sity of the sulfur signal but no significant difference in the
binding energy of all the atoms is detected. This indicates vari-
ations in the sulfur-to-ferrocene ratios between both samples,
with material 3 (70:30 initial wt%) presenting a higher S/Fe
ratio compared to material 2 (50: 50 initial wt%) (2.5 and 1.7,
respectively).

Furthermore, a fitting analysis of the XPS spectra was per-
formed to obtain essential insight into the oxidation states of
the atoms, especially S and Fe atoms. The analysis of the S 2p
region (Fig. 2C and D) displays two signals centered at 163.7
and 165.1 eV, which are commonly attributed in the literature
to S-S and S-C environments, respectively.">*® This interpret-
ation aligns with previous studies that assigned these signals
to sulfur atoms incorporated in hydrocarbon chains, specifi-
cally C-S-S-C and C-S-C groups.®® Notably, the absence of
signals at binding energies higher than 166 eV confirms the

80000
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(A) XPS spectra of material 2 (black line) and 3 (red line) samples. (B) XPS spectra of both samples in the Fe 2p region. (C and D) Fit spectra of

the S 2p region for materials 2 and 3, respectively. (E and F) Fit spectra of the C 1s region for materials 2 and 3, respectively.
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absence of oxidized sulfur species, such as sulfonates or sul-
fates in any of the samples. In the Fe 2p region, two contri-
butions appear at 720.6 eV and 707.9 eV (Fig. 2B). These
signals correspond to the 2p;;, and 2p;, orbitals of Fe(u)*
and confirm that the ferrocene units were not oxidized during
the material synthesis, preserving their original redox pro-
perties. Additionally, the XPS analysis indicates that the Fe
from the ferrocene units is not chemically connected to the
sulfur atoms.

The fit of the C 1s region (Fig. 2E and F) has three main
contributions at 283.7, 284.5 and 285.7 eV which are ascribed
to C-Si, C-C and C-S bonds,® respectively, consistent with the
material’s composition. Therefore, the XPS results agree with
the solid NMR experiments and suggest that the sulfur has
successfully reacted with the diallylsilyl-functionalized ferro-
cene co-monomer and chemically connected with carbon to
form C-S bonds, avoiding oxidation during the inverse vulca-
nization process. Similarly, the ferrocene units were preserved
in the polymer structure, retaining their redox properties.

Scanning Electron Microscopy (SEM) was employed to
investigate the morphology of the materials 2 and 3 obtained
through the process of inverse vulcanization. Independently of
the reactant proportion, the resulting materials display a
rubber-like appearance, consistent with the texture of cross-
linked network structures observed in similar systems.®”

To gain a closer view of the microscale morphology of the
material, cryogenic grinding was performed under liquid N,,
breaking the material into small grains. SEM images (Fig. 3B
and C) revealed a heterogeneous morphology, comprising
grains with smooth top surfaces. Importantly, the morphology
of sulfur after a heat treatment, identical to the material’s syn-
thesis except for the addition of the co-monomer (Fig. 3A), was
not observed in the resulting materials.

To semi-quantitatively explore the chemical composition of
the materials, SEM was combined with Energy Dispersive

View Article Online
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X-Ray Spectroscopy (SEM-EDX). Multiple regions of interest
were analyzed (see Table S27), enabling a detailed analysis of
the material’s homogeneity. The results indicated relative
atomic concentrations of S/Fe of 6.9 + 0.8% and 15.8 + 0.6%
(mean + SD) for materials 2 (Sg:1 50:50 initial wt%) and 3
(Sg:1 70:30 initial wt%), respectively. EDX spectra for each
sample are also included in Fig. 3D and E and correspond to
the areas highlighted with red boxes in Fig. 3B and C. The
comparison of these spectra demonstrates an increase in the
intensity signal of sulfur and a decrease in the signals of C, Si
and Fe from the material 2 to the material 3. Therefore, the
EDX analysis confirmed the expected S/Fe ratios for both
samples (see Table S2t), validating the accuracy of the syn-
thesis procedure and the elemental analysis and TXRF data.

The thermal stability of the ferrocenyl-functionalized poly-
sulfides was investigated by thermogravimetric analysis (TGA).
Both materials are stable up to around 200 °C, for experiments
performed under a nitrogen atmosphere (Fig. S12 and S137).
This temperature is similar to the one reported for diverse
polysulfides obtained by inverse vulcanization reactions, with
different linkers.'”?°?° As expected, increasing sulfur content
in the materials decreases the residual weight at 900 °C, which
is higher (10.8%) for the material obtained with a 50: 50 wt%
and a high content of ferrocenyl species than for the Sg:1
70:30 (8.3%).

Electrochemical studies

Before the study of the redox properties of materials 2 and 3,
we investigated the solution electrochemical behavior of 1,1'-
bis(dimethylallylsilyl )ferrocene (1) by cyclic voltammetry (CV)
and square wave (SWV) voltammetry. The data were recorded
in a 107" M acetonitrile solution of the supporting electrolyte
(tetra-n-butylammonium hexafluorophosphate, [rn-Bu,N][PFg])
and 107® M of 1. The working electrode was a gold-disk.

Energy (keV)

Energy (keV)

Fig. 3 SEM images of (A) heat-treated sulfur, (B) material 2 and (C) material 3 samples. Red boxes represent the areas where EDX spectra of (D)
material 2 and (E) material 3 samples were acquired. The bar scale is the same for the three SEM images.
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The cyclic voltammetric response of diallylsilyl-functiona-
lized ferrocene 1 (see Fig. S1471) exhibits a single well-resolved
oxidation at E;, = 450 mV vs. a saturated calomel electrode
(SCE), assigned to the Fe™""/Fe™™ redox system. In addition, the
plot of peak current versus v'? (v = scan rate) is linear
(Fig. S15%), indicating that the redox process is diffusion-
controlled.®®*® The voltammetric features (Ipc/Ipa = 1.00; the
peak-to-peak separation values, AEp, 74 mV at slow scan rates,
and E, independent of the scan rate) show that the oxidation
of ferrocenyl-containing compound 1 is electrochemically
reversible,*®®® resulting in the production of the stable and
soluble species [Fc[Si(CHs),(-CH,~CH=CH,)],]". After 20
scans, reversibility remains unaffected.

Then, we focused on the electrochemical behavior of
materials 2 and 3, obtained by inverse vulcanization reactions.
In principle, sulfur-rich ferrocene-containing polymers 2 and 3
are particularly interesting for the modification of electrodes,
as they contain thioether and polysulfide bonds of the -Si-
(CH,),—S—(S),— type, potentially suitable for chemisorption pro-
cesses. In addition, the modification of electrode surfaces with
electroactive species is a field of high activity due to the appli-
cations of modified electrodes in important areas of research
such as biosensor development, molecular recognition, elec-
trocatalysis, and molecular electronics.®®’° Common pro-
cedures to fabricate conducting modified electrodes consist of
chemisorption, electrodeposition or evaporatively cast film for-
mation. However, these methodologies require the immersion
of the working electrode into an organic solution containing
the dissolved modifier, or the evaporation of the modifier solu-
tion into the electrode.”! Consequently, carbon paste-based
electrodes modified with ferrocene-containing polysulfides 2
and 3 were prepared. The use of chemically modified carbon
paste electrodes has attracted increasing attention due to their
valuable advantages, such as chemical inertness, robustness,
renewability, stable response, no need for internal solution,
and suitability for electrocatalysis and sensitive and selective
detection of environmental contaminants, pharmaceutical
compounds, and biological species.”> Notably, they are non-
toxic and environmentally friendly electrodes.

Accordingly, a hollow electrode was properly filled with a
homogenized hybrid paste, formed by the corresponding ferro-
cene-based sulfurrich electroactive material, high-purity
graphite powder and one drop of mineral oil as the binder. An
initial assessment of the electrochemical features of materials
2 and 3 was obtained using a 107" M CH;CN solution of
[n-BuyN][PFg], as the solvent/electrolyte medium.

Table 2 summarizes the electrochemical parameters
obtained by CV and SWV for both materials, Fig. 4 shows their
cyclic voltammograms and Fig. S16f their square wave voltam-
mograms. The cyclic voltammetric responses of both materials
exhibit a pair of broad peaks at E;;, = 661 mV (2) and E;, =
703 mV (3) vs. SCE, assigned to the Fe"""/Fe*™ redox system. As
can be observed, the peak-to-peak separation values, (AE, =
587 in the case of material 2, and 307 for material 3), are in
both cases considerably greater than the one observed in solu-
tion for their precursor 1 (74 mV). This significant difference

This journal is © The Royal Society of Chemistry 2024
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Table 2 Electrochemical data for ferrocenyl-containing materials 2
and 37
(6\%

SwWv

Eipp Eipp= (Epa + Epc)/z AEp =Epa — Epc
Material (mV) Epa  Epe  (mV) (mV)
2 669 955 368 661 587
3 679 857 550 703 307

“Potentials measured against SCE, using a carbon paste working elec-
trode, a 10~" M CH;CN solution of [n-Bu,N][PF] as solvent/electrolyte
medium, and under a scan rate of 50 mvV s~ .

10.0
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Fig. 4 Cyclic voltammograms (first cycle shown of the 10 cycles
measured in each case) of materials 2 (A) and 3 (B) measured with a
carbon paste working electrode, in a 10~ M CHsCN solution of
[n-BusNI[PF¢l, at 50 mV s,

can be attributed to the kinetic limitations in the charge trans-
port through the films formed by this type of modified electro-
des.” Electrodes modified with materials 2 and 3 showed
stable and reproducible electrochemical responses, at least,
after five months of the first measurement.

In the SWV voltammograms of materials 2 and 3 (Fig. S167)
two voltammetric waves can be observed. Under these
measured conditions, the SWV experiments show a better
resolution of the redox processes than the corresponding CV
voltammograms, in which only broad peaks are detected. This
observation indicates that not all the electroactive ferrocenyl
units within the polymer chains of materials 2 and 3 present
the same electrochemical environment, as expected for a
heterogeneous crosslinked structure of this type. The peak
splitting phenomenon has been previously observed, for
example in gold electrode surfaces modified with films of
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ferrocenylalkanethiolate self-assembled monolayers, and it is
attributed to two different structural domains.”*

Cation recognition studies of carbon paste electrodes
modified with ferrocene-containing polysulfide 2

In the field of electrochemical detection, ferrocene-based poly-
mers and macromolecules play an important role because they
are useful for electrochemical sensing cations, anions, and
neutral molecules by a change in the oxidation potential of the
ferrocene moiety.”>”® In addition, modified carbon paste elec-
trodes are particularly useful for the analysis of metal ions
using voltammetric methods.

A remarkable structural feature of the sulfur- and metallo-
cenyl-rich materials 2 and 3 is that they could combine, in a
synergistic manner, the potential cation-binding ability of the
sulfur atoms with the redox activity of the ferrocenyl moieties.
The electroactive groups can be affected by the presence of the
cations interacting with the sulfur atoms, and consequently,
materials 2 and 3 constitute potential candidates for sensing
heavy- and transition-metal ions.

As proof of concept, we explored the electrochemical behav-
ior of material 2, which presents the highest content of the
electroactive ferrocenyl species. To investigate its applicability
to the detection of heavy metal pollutants in contaminated
hydric resources, we performed SWV experiments (Fig. 5) with
material 2 in the presence of water solutions of Zn**, Cd*" and
Hg>". SWV was selected since this technique is more sensitive
than other electrochemical methods, and it is particularly
useful when electrode processes are coupled with adsorption
phenomena.””

To a water solution of [NH,4]|[PFe] (0.4 mL, 0.1 M), increasing
amounts (from 25 ppm to a final 100 ppm concentration) of
the corresponding cation were added in a stepwise manner.
The electrochemical responses of each cation addition were
measured with the carbon paste working electrode modified
with material 2. As can be seen in Fig. 5, in the absence of any
cation, modified electrode 2 gives two differentiated peaks in
the SWV, when recorded in water/[NH,][PF], with E;/, values
of ~426 and 470 mV. After the progressive addition of Cd**
(Fig. 5A) and Hg>" (Fig. 5B) a clear sequential anodic shift of
the oxidation waves is observed, indicating that material 2 can
electrochemically recognize both Hg?* and Cd** cations.
Furthermore, as the positive charges of the corresponding
cation increase near the redox-active sites in 2, a destabiliza-
tion process of the ferrocenyl moieties occurs in the material,
and consequently, they are oxidized at a more positive poten-
tial, as expected.>””®

In the case of Cd** (Fig. 5A), the more cathodic peak pro-
gressively shifts from 425 mV (for 0 ppm of Cd**) to 514 mV
(after cation addition until a final 100 ppm concentration),
resulting in a total anodic shift of 89 mV. The more anodic
peak, appearing at 471 mV (for 0 ppm of Cd**) decreases in
intensity, concerning the more cathodic wave, as the Cd*" is
added. After a final 100 ppm cation concentration, this second
peak appears at 585 mV, 114 mV shifted from its starting peak
potential. Additions over 100 ppm of Cd** gave no recognized
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Fig. 5 Evolution of the SWV of the carbon paste working electrode pre-
pared with ferrocenyl-functionalized material 2, recorded in a 0.1 M
water solution of [NH4I[PFg], when increasing amounts of Cd?* (A), Hg?*
(B) or Zn?* (C) cations were added.

changes in the SWV response. On the other hand, when the
Hg>" cation is progressively added to the water/[NH,][PF¢] solu-
tion, both starting peaks of material 2 (at 427 mV and 470 mV)
are shifted to more positive potentials. The maximum pertur-
bation of the SWV peaks is again obtained at a Hg”" cation
concentration of 100 ppm (Fig. 5B), with the more cationic
wave shifting to 496 mV (shift = 69 mV) and the more anodic
to 538 mV (shift = 68 mV).

In general, the responses of modified electrode 2 are
similar against both cations, only with slightly higher shifts in
the case of the Cd*>" addition. Sulfur atoms, which are the
majority in the polymer chains, are expected to be harder
bases than sulfide units, in a considerable minority. This fact

This journal is © The Royal Society of Chemistry 2024
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could explain that material 2 can recognize not only the softest
Hg>" cation, but also the Cd**. Interestingly, as proved by the
initial SWV responses (at 0 ppm for both cation series)
recorded in Fig. 5A and B, the observed Cd** and Hg”"* inter-
actions with material 2 are reversible. Thus, after thorough
washing of the modified electrode in water, this can be further
reused.

In pronounced contrast, we found that addition of up to
100 ppm of the Zn*" cation, the hardest of the series, leaves
the SWV electrochemical response of modified electrode 2
essentially unchanged (see Fig. 5C). Therefore, the synergistic
effect between sulfur atoms, which are the ones that probably
interact with the soft Cd*" and Hg>" cations, and the electroac-
tive ferrocenyl moieties that form part of the structure of
material 2, allows the qualitative electrochemical recognition
of two different cations in water solutions. Consequently,
carbon paste electrodes modified with ferrocene-containing
polysulfides 2 and 3 are promising in the development of
electrochemical sensors.

Conclusions

In the present study, the inverse vulcanization reaction of
elemental sulfur and allylsilyl difunctionalized ferrocene 1 (Fc
[Si(CH3),(-CH,~CH=CH,)],), as co-monomer, was explored for
the first time. The high reactivity of allylsilyl fragments in 1
allowed its quantitative incorporation into a polysulfide matrix
through an inverse vulcanization procedure, under mild con-
ditions. Analytical, spectroscopic and microscopic techniques
confirm the successful covalent hybridization of ferrocene
fragments with elemental sulfur preserving the molar ratios of
the starting precursors. This approach allows the interesting
strategy of introducing physico-chemical properties into
sulfur-based materials that are not specific to polysulfide frag-
ments. In particular, redox-responsive materials are isolated as
a consequence of including electroactive ferrocene moieties. In
addition, electrochemical properties can be combined with the
recognition phenomena shown by sulfur chains towards soft
metal centers. Thus, the results reported here suggest that a
synergetic combination of the ferrocene and polysulfide pro-
perties can be exploited in the design of a new generation of
electrochemical sensors, which would be of environmental
interest due to their potential to detect heavy metal pollutants
in contaminated waters. From a broader perspective, this work
demonstrates the feasibility of incorporating redox-active
metallocene building blocks into sulfur-based polymers by
inverse vulcanization procedures, opening the door to a wide
range of functional materials with applications related to
metal centers, such as sensing, optoelectronics or catalysis.
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