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sulfonic acid functionalized
ammonium-based permanganate hybrid as
a sustainable oxidative catalyst for selective
conversion of organic sulfides to sulfoxides†

Sangeeta Kalita, Niharika Kashyap, Prapti Priyam Handique,
Debanga Bhusan Bora and Ruli Borah *

In this report, two organic–inorganic hybrids of permanganate anions, namely N,N0-
diethyldisulfoammonium permanganate [DEDSA][MnO4] and 1,4-disulfopiperazinium permanganate

[DSPZ][MnO4]2, were developed as thermally stable oxidants through ion exchange reactions of the

respective organic chlorides with a KMnO4 salt. Various spectroscopic and analytical techniques like FT-

IR, PXRD, Raman, UV-vis DRS, SEM and EDX were employed to confirm the structural compositions of

both the hybrids. Comparative thermogravimetric analyses with reference to the parent organic chloride

salts expressed substantial changes in their thermal stabilities as well as their hydrophilic/hydrophobic

properties. The oxidative ability of [DEDSA][MnO4] was observed through its use as an efficient recyclable

homogeneous catalyst for selective formation of sulfoxides from aryl/alkyl aryl sulfides in 10% aqueous

sulfuric solution at 80 °C for 40–120 min of reaction, resulting in 67–98% yields of products.
Sustainability spotlight

Development of sustainable oxidative catalysts helps to reduce pollution by replacing conventional toxic oxidative reagents, minimizing the formation of over-
oxidation products, generating benign by-products, producing clean fuel, and converting waste material to valuable compounds and materials. In this report,
a sustainable permanganate-based organic–inorganic hybrid oxidative material is developed by the anion exchange reaction of KMnO4 with a sulfonic-acid-
functionalized organic ammonium-based chloride, which efficiently works as a recyclable oxidative catalyst for selective conversion of organic sulphides to
sulphoxides in aqueous acidic solution. Thus, our work can help to full Sustainable Development Goals (SDGs) 6, 7 and 12 of the United Nations.
1. Introduction

The oxidation of suldes is an industrially important organic
reaction to prepare sulfoxides and sulfones as key intermediates
towards the development of a wide variety of value-added
chemical and biological products.1–6 Most chiral sulfoxides or
sulfones are widely used as auxiliaries in asymmetric synthesis
that possess high biological activity7,8 or as ligands in the
formation of metal complexes.9 Likewise, allylic sulfoxides10

and cyclic sulfoxides/sulfones are utilized as reaction interme-
diates for designing drug molecules.11 Furthermore, dimethyl
sulfoxide is extensively utilized as a reaction medium and
analytical solvent and as a multipurpose reactant.12,13 It has
been observed that the oxidative desulfurization of sterically
hindered organic sulphides such as 4,6-dimethyldibenzothio-
phene (4,6-DMDBT) present in transportation fuel could be
iversity, Napaam-784028, Tezpur, Assam,

tion (ESI) available. See DOI:

the Royal Society of Chemistry
performed under mild conditions14–16 compared to the severe
reaction conditions employed in hydrodesulfurization reac-
tions,17 which include the consumption of excess hydrogen gas
at high pressure (approx. 50–100 bar) and temperature (around
643 K) with a notable increase in operational cost. Many re-
ported methods of sulde oxidation are not satisfactory when
performed with stoichiometric amounts of reagents due to
unfavourable over-oxidized by-product formation, thus making
them unt for large-scale syntheses.18–21 Therefore, it is very
essential to develop environmentally benign sulde oxidation
routes involving greener oxidants,22 catalysts23,24 and
solvents25,26 to overcome the different limitations of traditional
reagents for sulde oxidation27 for large-scale applications.

Few environmentally benign oxidative systems have been
developed for sulde oxidation using hydrogen peroxide as
a greener oxidant in ionic liquids and producing sulfoxides
selectively under mild reaction conditions.17,28,29 Some metal-
containing organic salts, particularly polyoxometalate hybrids
of organic cations, were also investigated as recyclable and
selective oxidative catalysts for sulde oxidation.30–35 Among the
various types of metal-based oxidants,36–39 potassium
RSC Sustainability, 2025, 3, 3121–3132 | 3121
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Scheme 1 The synthesis of permanganate hybrids of –SO3H-func-
tionalized diethylammonium/piperazinium cations.

Scheme 2 The selective oxidation of sulfides to sulfoxides by the
permanganate hybrids.
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View Article Online
permanganate is known to be an effective oxidant in organic
chemistry for its easy availability and cost-efficiency.40 Non-
selective sulde oxidation was reported by Bordwell et al. in
1952 using an excess amount of KMnO4 in basic aqueous
solution under reux to generate poor to moderate yields of
sulfones.41 Later, Banerji (1988) oxidized a few organic suldes
to the corresponding sulfoxides with KMnO4 via a single-step
electrophilic shi of the oxygen atom from the permanganate
anion and further studied the kinetics of the oxidation reac-
tions.42 Lee and his co-worker also carried out a mechanistic
study of the oxidation of (phenylthio)acetic acid to (phenyl-
sulfonyl)acetic acid in basic solution with an excess amount of
KMnO4 to get moderate yields of products.43 Shaabani et al.
carried out the oxidation of suldes with KMnO4, where sulf-
oxide products were formed in CH3CN solvent and disuldes
were formed in CH2Cl2 solvent.44 To get more insight into the
mechanism of sulde oxidation by KMnO4, Jayaraman and his
team conducted theoretical calculations that demonstrated
a mechanism involving the 1,3-dipolar cycloaddition of
permanganate.45 Improvement of the non-selective nature of
KMnO4-based sulde oxidation was observed aer hetero-
genization of potassium permanganate in the form of solid-
supported reagents, such as KMnO4/alumina,46 KMnO4/
MnO2,47 KMnO4/montmorillonite K10,48 KMnO4/MnSO4$H2O.49

However, most of these methods used excess amounts of
KMnO4/solid support reagents and had longer reaction times
(1–20 h), pointing towards the lower reactivity of these systems
in oxidation reactions.

Eventually, the selective oxidative of organic suldes to
sulfones was also studied using organic–inorganic hybrids of
permanganate oxidants,50 such as benzyltriethylammonium
permanganate,51,52 methyltriphenylphosphonium permanga-
nate53 and tetra-n-butylammonium permanganate54 at lower
temperatures in organic solvents. However, these ammonium
permanganates were unstable above ambient temperature and
required freshly prepared reagents and careful handling due to
their explosive nature and lack of storability. Lakouraj et al.
developed N,N0-dibenzyl-N,N,N0,N0-tetramethyl diammonium
permanganate (DBTMEP) as a thermally stable reagent up to
110 °C, and used it in the selective conversion of suldes to
sulfones,55 although it decomposes violently during harsh
grinding.

Considering the circumstances, a viable organic–inorganic
hybrid of a permanganate anion with an organic cation could be
synthesized by the ion exchange reaction of N–SO3H-
functionalized cyclic/acyclic-ammonium-based ionic liquids of
chloride anions with permanganate anions of KMnO4. It is well
known that organic salts of organic or inorganic anions teth-
ered with –COOH and –SO3H groups in organic cations have
been developed as task-specic ionic liquids if their melting
points are below 100 °C and they possess all the unique phys-
icochemical properties of ionic liquids for further use as func-
tional materials in different elds.56–59 By incorporating sulfonic
groups into the organic cation of a permanganate hybrid, one
could expect strong electrostatic interactions between the ion
pair, involving intra-molecular H-bonding interactions of –OH
groups of sulfonic acid with the oxygen atoms of permanganate
3122 | RSC Sustainability, 2025, 3, 3121–3132
anions. In addition to that, possible intermolecular H-bonding
interactions between the cations of permanganate hybrids via
sulfonic groups may tightly pack all molecules into a rigid
material with higher thermal stability.

Extending our previous work on the catalytic performance of
various organic–inorganic hybrids based on task-specic ionic
liquids,60,61 we focus on synthesizing a mono-cationic N,N0-
diethyldisulfoammonium organic salt ([DEDSA]+) and a di-
cationic 1,4-disulfopiperazinium organic salt ([DSPZ]2+) with
permanganate as the anion, as seen in Scheme 1. In both cases,
the synthetic procedures involve ion exchange between the re-
ported precursor ionic liquid/salt ([DEDSA]Cl and [DSPZ]$2Cl)
and an aqueous solution of potassium permanganate, respec-
tively. Aer conrming the compositions of both hybrids using
various analytical tools, their oxidizing capacities were explored
through their use as reusable homogeneous catalysts for the
selective oxidation of organic suldes to sulfoxides (Scheme 2)
in aqueous solutions of sulfuric acid under reux conditions.

2. Materials and methods
2.1. Materials

The required chemicals were purchased from reputable and
reliable chemical companies like Merck, Loba Chemie, SRL and
Tokyo Chemicals with the highest purity.

2.2. Methods

FT-IR spectra were recorded on a PerkinElmer MIR-FIR FT-IR
spectrophotometer. A JEOL 400 MHz spectrophotometer (d in
ppm) was employed to obtain the 1H NMR and 13C NMR spectra
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
of precursor ionic liquids/salts with DMSO-d6 as solvent (Fig S1–
S4†). The same spectrophotometer was used to obtain the 1H
and 13C NMR spectra of isolated sulfoxide products (Table S1†).
Thermo-gravimetric analyses (TGA) of the organic salts of
chloride anions and permanganate anions were conducted up
to 600 °C on Shimadzu TGA-50 apparatus, while UV-diffuse
reectance spectra (DRS) of the organic salts of permanganate
anions within a wavelength range of 200–800 nm were attained
using a Shimadzu UV 2450 spectrophotometer. PXRD diffrac-
tion patterns were obtained using a 9-KW powder X-ray
diffraction system (make: Rigaku technologies, Japan; model:
Smart Lab). Scanning electron microscopy (SEM) images as well
as energy dispersive X-ray (EDX) images were collected using
a JEOL JSM-6390LV SEM. Raman spectroscopy analyses of the
hybrids were performed on a RENISHAW BASIS SERIES spec-
trophotometer furnished with a green argon-ion laser with an
excitation wavelength of 514.5 nm. The nitrogen adsorption–
desorption isotherm analysis was performed by the Brunauer–
Emmett–Teller (BET) method to obtain the average surface area
and pore volume of the hybrids (Quantachrome; model:
Autosorb-IQ MP). Product analysis was carried out by gas
chromatography-mass spectrometry (GC-MS) on PerkinElmer
Clarus 680 apparatus with a 5 MS (methyl polysiloxane) column
(60.0 m × 250 mm) using He as the carrier gas (ow rate: 1
mL min−1). The injector temperature and source temperature
were 250 °C and 160 °C, respectively, while the column
temperature was 60–300 °C. The GC oven was operated with an
initial temperature of 60 °C for 1 min, and this was raised up to
200 °C at a rate of 7 °C min−1 (hold time: 3 min), before being
further raised up to 300 °C at a rate of 10 °C min−1 (hold time: 5
min).
2.3. Synthesis of N,N0-diethyldisulfoammonium
permanganate ([DEDSA][MnO4]) and 1,4-disulfopiperazinium
permanganate ([DSPZ][MnO4]2) hybrids

The N,N0-diethyldisulfoammonium permanganate ([DEDSA]
[MnO4]) hybrid was prepared via the formation of a precursor
N,N0-diethyldisulfoammonium chloride ([DEDSA]Cl) ionic
liquid, which was subjected to an anion exchange reaction with
KMnO4 (Scheme 1). Firstly, 10 mmol of diethylamine in 30 mL
of dry hexane was combined with 20 mmol of chlorosulfonic
acid at room temperature for 1 h, as per the standard procedure,
to get 96% yield of [DEDSA]Cl as a brown viscous liquid.62

9 mmol of the resultant [DEDSA]Cl ionic liquid was then added
dropwise to 9 mmol of aqueous KMnO4 (in 30 mL of distilled
water) solution under continuous stirring at room temperature
for the exchange reaction of chloride anions with permanganate
anions to occur. The reaction was stirred for 3 h and the
brownish-black precipitate of the permanganate hybrid of
ammonium cations was collected by centrifugation, washed
thoroughly with distilled water and dried under vacuum at 80 °
C for 24 h to obtain 95% yield of the [DEDSA][MnO4] hybrid.

Similarly, the anion exchange reaction of 1,4-disulfopiper-
azinium chloride ([DSPZ]$2Cl) salt with permanganate anions
was carried out with an aqueous solution of KMnO4 to get the
1,4-disulfopiperazinium permanganate hybrid ([DSPZ][MnO4]2)
© 2025 The Author(s). Published by the Royal Society of Chemistry
(Scheme 1). To start this process, 20 mmol of chlorosulfonic
acid was added dropwise to a solution of 10 mmol of piperazine
in dry CH2Cl2 in a 100 mL round-bottom ask at room
temperature, according to the reported literature, which
produced 95% yield of the [DSPZ]$2Cl ionic salt as a white solid
aer stirring for 1 h.63 The exchange of the chloride anions of
this organic salt with permanganate anions took place when
9 mmol of [DSPZ]$2Cl was reacted with 18 mmol of aqueous
KMnO4 solution at room temperature for 3 h. The reaction
mixture was centrifuged and washed thoroughly with distilled
water. Aer drying the precipitate at 80 °C in a vacuum oven, the
brownish-black precipitate was collected with 94% yield of the
[DSPZ][MnO4]2 hybrid.
2.4. Typical method for the oxidation of organic suldes to
sulfoxides using [DEDSA][MnO4] as catalyst

For the oxidation of suldes to sulfoxides, 1 mmol of the
organic sulde compound was taken in a 100 mL two-necked
round-bottom ask containing 6 mL of 10% aqueous sulfuric
acid solution (Scheme 2). Then the reaction mixture was stirred
at 80 °C under reux conditions for the specied reaction time
aer the addition of 20 mol% [DEDSA][MnO4] catalyst until the
reaction was completed as monitored by the thin layer chro-
matographic technique (TLC). Aer that, the product was
extracted from acidic aqueous solution with dichloromethane
(3 × 5 mL) and dried over anhydrous sodium sulfate. Evapo-
ration of the dichloromethane extract under reduced pressure
produced the crude sulfoxide product for GC-MS analysis. The
yield (%) of sulfoxide was attained aer purication of the crude
product using column chromatography. Subsequently, the used
permanganate catalyst was recovered from the acidic aqueous
layer through precipitation aer neutralization with 10%
aqueous NaOH solution, and it was then ltered, washed with
distilled water and dried in a vacuum oven at 80 °C for
reactivation.
3. Results and discussion
3.1. Catalyst characterization

3.1.1. NMR and FT-IR analysis. The two sulfonic-acid-
functionalized permanganate hybrids of ammonium cations,
i.e. N,N0-diethyldisulfoammonium permanganate ([DEDSA]
[MnO4]) and 1,4-disulfopiperazinium permanganate ([DSPZ]
[MnO4]2) hybrids, were prepared according to Scheme 1 and
then subjected to various analytical techniques for character-
ization. The existence of organic cations in these hybrids was
evidenced from 1H and 13C NMR spectra (Fig S1–4†) of the
precursor chloride-based organic salts, i.e. [DEDSA]Cl and
[DSPZ]$2Cl, due to difficulties relating to the solubilization of
the permanganate hybrids of ammonium cations in most
common NMR solvents. Furthermore, a comparison between
the FT-IR spectra of the synthesized materials and their
respective precursor ionic liquids/salts showed the inclusion of
organic cations, as indicated by the characteristic vibrational
peaks of sulfonic groups attached to both ammonium and
piperazinium cations (Fig. 1a and c). In the case of [DEDSA]
RSC Sustainability, 2025, 3, 3121–3132 | 3123
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[MnO4] (Fig. 1a), the attached –SO3H groups showed prominent
but overlapping S–O asymmetric and symmetric stretches at
1111 cm−1 and 1028 cm−1, along with a sharp S–O bending
vibration at 523 cm−1 as compared to the same vibrations at
1128 cm−1, 1057 cm−1 and 583 cm−1, respectively, for the
parent ionic liquid [DEDSA]Cl.62 The peaks at 712 cm−1 and
1457 cm−1 were associated with the out-of-plane ring bending
vibrations of C–H bonds and bending vibrations of –CH2

groups, respectively. A weak peak at 830 cm−1 occurred due to
stretching vibrations of N–S bonds. The physisorbed water
molecules along with O–H stretches of –SO3H groups caused
a broad peak around 3000–3500 cm−1, while H–O–H bending
vibrations of physisorbed water gave rise to a medium strength
peak at 1628 cm−1. Weak stretches around 2800–2900 cm−1

were observed due to methyl group C–H stretches. The
distinctive peak at 910 cm−1 for the MnO4

− ion was found to
overlap with the intense peak of [DEDSA][MnO4] around 1028–
1111 cm−1 as an IR active vibration, contrary to its inactive
character in the Raman spectrum (Fig. 5c) of the hybrid.64,65 In
the FT-IR spectrum of [DSPZ][MnO4]2 in Fig. 1c, all the char-
acteristic vibrations of sulfonic group such as S–O asymmetric,
symmetric and bending vibrations were observed at 1152 cm−1,
1078 cm−1 and 589 cm−1, respectively, compared to their orig-
inal positions in the precursor salt [DSPZ]$2Cl at 1174 cm−1,
1064 cm−1 and 583 cm−1. It also showed a weak peak at
868 cm−1 for N–S stretches in addition to two weak peaks at
739 cm−1 for out-of-plane ring bending of C–H bonds and at
Fig. 1 Comparative FT-IR spectra of (a) [DEDSA]Cl and [DEDSA][MnO4],
[DSPZ]$2Cl and [DSPZ][MnO4]2, and (d) far-IR analysis of [DSPZ][MnO4]2

3124 | RSC Sustainability, 2025, 3, 3121–3132
1444 cm−1 for CH2 group bending vibrations of the piperazine
ring.63 The sharp peak at 1647 cm−1 was caused by bending
vibrations of N–H bonds, but the broad peaks around 2700–
3500 cm−1 could be due to overlapping N–H bond stretches,
C–H bond stretches and O–H bond stretching vibrations of –
SO3H groups along with intermolecular H-bonded H2O mole-
cules. The weak peak at 955 cm−1 for the MnO4

− anion was
observed in the case of the piperazinium permanganate hybrid,
although it was absent in the Raman spectrum of the hybrid
(Fig. 5d). Additionally, far-IR analysis showed the appearance of
two weak vibrations around 400–500 cm−1 in both materials,
referring to the n4 (F2) Raman-active mode,65 which also indi-
cated the inclusion of the permanganate anion in the hybrids,
as seen in Fig. 1b for [DEDSA][MnO4] and Fig. 1d for [DSPZ]
[MnO4]2.

3.1.2. Thermogravimetric analysis. Thermogravimetric
analysis (TGA) of [DEDSA][MnO4], as shown in Fig. 2a,
expressed its greater hydrophobic nature than the parent
ammonium chloride [DEDSA]Cl, as this hybrid didn't lose any
physisorbed water around 100 °C, contrary to its precursor
[DEDSA]Cl which lost around 14% of physisorbed water
(equivalent to 2 molecules of water). Above 150 °C, the hybrid
displayed around 2–4% mass loss up to 600 °C that could be
attributed to the elimination of crystallized water through the
cleavage of strong intermolecular H-bonding interactions
involving the sulfonic groups of hybrids. Conversely, the
precursor [DEDSA]Cl salt was observed to be thermally stable
(b) far-IR analysis of [DEDSA][MnO4], (c) comparative FT-IR spectra of
.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparative thermogravimetric analysis curves of (a) [DEDSA]Cl and [DEDSA][MnO4]2 and (b) [DSPZ]$2Cl and [DSPZ][MnO4]2.
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only up to 250 °C. Whereas, comparative TGA plots of [DSPZ]
[MnO4]2 and the precursor organic salt [DSPZ]$2Cl showed the
increasing hydrophilic properties of the permanganate hybrid,
showing gradual loss of 14% physisorbed water up to 100 °C
and then continuing to be stable up to 500 °C, as seen in Fig. 2b.
In this case, the parent [DSPZ]$2Cl contained almost no phys-
isorbed water but degraded completely above 300 °C.

3.1.3. Scanning electron microscopy (SEM) analysis. SEM
images of [DEDSA][MnO4] (Fig. 3a and b) portrayed aggregated
crystalline structures of almost similar size. The morphological
specics of the SEM images indicated the formation of
agglomerates of medium-scale crystals, with an average size of
1.79 mm. However, the presence of inconsistently sized crystals
could be seen in SEM images of [DSPZ][MnO4]2 (Fig. 3d and e).
These slightly larger irregularly sized crystals, with an average
size of 2.88 mm, formed heterogeneous surface agglomerates.
Both hybrids contained needle-like particles over the crystal
surfaces, which could be clearly seen in SEM images of the salts
with higher resolution (Fig. 3b and e). The presence of inter-
molecular interactions within the systems could be responsible
Fig. 3 (a and b) SEM images of [DEDSA][MnO4], (c) EDX analysis of [DEDS
of [DSPZ][MnO4]2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
for the development of the aggregates in these salts. The
formation of extensive networks of H-bonding could be possible
in these hybrids, owing to the polarized –SO3H groups attached
to the ammonium moieties, which would signicantly
contribute to the heterogeneity in both the permanganate
hybrids. Besides, the continuous presence of oppositely charged
cations and anions could also lead to the formation of ion–ion
or ion–dipole interactions in the molecular arrangement, which
could enhance the rigidity of the synthesized materials.

3.1.4. Energy dispersive X-ray analysis. Energy dispersive X-
ray (EDX) analysis of the two organic salts (Fig. 3c and f)
depicted the presence of all the expected elements. Based on the
EDX analysis, the existence of any undesired impurities was also
ruled out.

3.1.5. Powder X-ray diffraction pattern analysis. Powder X-
ray diffraction (PXRD) patterns (Fig. 4) of the hybrid organic
salts exhibited a primitive lattice conguration, as observed in
the case of KMnO4. However, variations in the peak intensities
in the XRD patterns of the hybrids were noticed aer the
smaller K+ cation was substituted with bulkier ammonium or
A][MnO4], (d and e) SEM images of [DSPZ][MnO4]2, and (f) EDX analysis

RSC Sustainability, 2025, 3, 3121–3132 | 3125
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Fig. 4 PXRD patterns of (a) [DEDSA][MnO4] and (b) [DSPZ][MnO4]2.
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piperazinium cations functionalized with sulfonic acid groups.
Additionally, the 2q value of the most profound KMnO4 peak at
27.78°, in line with JCPDS card no. 89-3951, was found to be
altered for both [DEDSA][MnO4] and [DSPZ][MnO4]2. These
changes could be the aermath of introducing sulfonic-acid-
functionalized organic cations to permanganate anions, as
they were likely to be involved in possible inter/intra-molecular
H-bonding, as well as electrostatic interactions, including ion–
ion or ion–dipole interactions in these hybrids.

For the ammonium-based hybrid, peaks with 2q values of
22.16°, 25.46°, 28.54°, 37.43°, 41.82°, 49.62°, 55.61°, 59.80°,
65.39°, 68.87° and 72.67° represented the (111), (210), (211),
Fig. 5 UV-DRS spectra of (a) [DEDSA][MnO4] and (b) [DSPZ][MnO4]2; Ra

3126 | RSC Sustainability, 2025, 3, 3121–3132
(220), (312), (123), (214), (124), (040), (612) and (125) reection
planes, respectively. For the piperazinium-based hybrid, peaks
with 2q values of 21.46°, 26.15°, 27.95°, 30.84°, 35.63°, 37.23°,
39.53°, 41.12°, 51.41°, 54.79°, 61.59° and 64.99° were assigned
to the (111), (102), (211), (112), (121), (220), (221), (113), (230),
(403), (521) and (233) reection planes, respectively.

3.1.6. UV-visible diffuse reectance spectra analysis. The
UV-visible diffuse reectance (DRS) spectra of both hybrids
(Fig. 5a and b) were correlated with that of KMnO4 (Fig. S5†). In
the case of [DEDSA][MnO4], the UV-DRS spectrum showed
absorption peaks at around 224 nm and 301 nm, denoting the
1A1 /

1T2 (t1 / 4t2) electronic transition and 1A1 /
1T2 (3t2 /
man spectra of (c) [DEDSA][MnO4] and (d) [DSPZ][MnO4]2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2e) transition, respectively, of the permanganate anion.66 The
broad and very weak shoulder peak at around 536 nm was due
to the 1A1 / 1T2 (t1 / 2e) transition of the MnO4

− anion,
whereas the weak-intensity peak at 371 nm could be assigned to
the 1A1/

1T1 (3t2/ 2e) orbitally forbidden transition. Another
forbidden low-intensity peak from the 1A1 / 1T1 (t1 / 2e)
transition at around 690 nm was undened for both the
synthesized hybrids. All these transitions also appeared in the
case of the permanganate hybrid of the piperazinium cation
with somewhat altered wavelength values. The intensities of
these absorptions in the hybrids were notably reduced
compared to those in KMnO4, which could be due to the diverse
electronic states of MnO4

− anions in the synthesized materials.
The reason behind this was anticipated to be the formation of
strong networks of H-bonding among the oxygen atoms of
MnO4

− anions and sulfonic acid groups attached to the
ammonium or piperazinium cations, which were absent in
KMnO4 due to the smaller size of the K+ cation, resulting in
discrete electronic transitions, contrary to the synthesized
materials.67

3.1.7. Raman spectroscopy analysis. Raman spectra of both
the synthesized ammonium- and piperazinium-based hybrids
showed intense peaks at 840 cm−1 and 838 cm−1 (Fig. 5c and d),
which were in accordance with the distinctive peak of the
MnO4

− anion at 840 cm−1 for the n1 (A1) symmetric ‘breathing’
mode (Fig. S6†).68 However, the intensity of this vibration was
reduced in the case of the [DEDSA][MnO4] peak compared to
that in both its piperazinium analogue and KMnO4. The
absence of n3 (F2) mode vibrations in both the synthesized salts
was blamed on the distorted tetrahedral structure of the MnO4

−

anion, which was probably caused by the formation of H-
bonding along with inter/intra-ionic interactions in these
hybrids, as mentioned earlier. The very weakly active n4 (F2)
Raman vibrations within the range of 400–500 cm−1 were
missing,65 contrary to their appearance in the far-IR spectra of
the hybrids (Fig. 1b and d). Weak vibrations around 341 cm−1

and 353 cm−1 were seen for the ammonium and piperazinium
hybrids, respectively, like that in the precursor KMnO4. In
addition, a small amount of MnO2 was found to be mixed along
with MnO4

− anions in the hybrids, as portrayed by the impurity
peaks near 630 cm−1 for the organic salts.
Fig. 6 BET isotherms and BJH plots (insets) of (a) [DEDSA][MnO4] and (b

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1.8. Brunauer–Emmett–Teller (BET) analysis. The Bru-
nauer–Emmett–Teller (BET) isotherm plots of [DEDSA][MnO4]
and [DSPZ][MnO4]2 materials from N2 gas adsorption–desorp-
tion provided ndings about their specic surface areas, pore
volumes and pore diameters (Fig. 6). The mesoporous nature of
the materials was indicated by the typical type-IV isotherms in
both cases.69 The specic surface area of [DSPZ][MnO4]2 was
found to be 239.209 m2 g−1, which was almost twice the specic
surface area of [DEDSA][MnO4] (122.216 m2 g−1). The pore
volume of [DSPZ][MnO4]2 was observed to be more than two
times that of [DEDSA][MnO4], precisely 0.181 cm3 g−1 for
[DEDSA][MnO4] and 0.505 cm3 g−1 for [DSPZ][MnO4]2. The pore
size distribution over the surfaces of both the materials was
revealed by the Barrett–Joyner–Halenda (BJH) curves, as shown
in the insets of Fig. 6, where ∼2–20 nm was found to be the
prime range for the hybrid materials. The pore diameters of the
[DEDSA][MnO4] and [DSPZ][MnO4]2 materials were identied as
3.741 nm and 7.059 nm, respectively, as observed from the BJH
plots of the materials.
3.2. Catalytic study

3.2.1. Optimization of reaction conditions. The oxidative
performances of the synthesized sulfonic-acid-tethered
ammonium-based permanganate hybrids were studied
through their use as recyclable oxidative catalysts for the
selective conversion of organic suldes to sulfoxides in aqueous
sulfuric acid solution and in aqueous solutions of sulfuric acid
with polar organic solvents like acetonitrile (CH3CN), ethyl
acetate (EtOAc) and glacial acetic acid at different temperatures.
For this purpose, thioanisole was selected as a model organic
sulde to optimize the reaction conditions for sulde oxidation,
like screening the solvent, amount of oxidative catalyst and
reaction temperature. Initially, a model reaction with thio-
anisole (1mmol) was conducted in acetonitrile and ethyl acetate
(6 mL) under reux temperatures using 20 mol% [DEDSA]
[MnO4] as a heterogeneous catalyst for 2 h, which didn't give any
product (Table 1, entries 1 and 2). Interestingly, the same
amount of catalyst produced excellent yield (93%) of sulfoxide
within 40 min in 10% H2SO4 solution (6 mL) at 80 °C in
a homogeneous phase (Table 1, entry 3). However, when a 1 : 1
) [DSPZ][MnO4]2.
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Fig. 7 The oxidation of organic sulfides under the optimized condi-
tions using 20 mol% [DEDSA][MnO4] catalyst.
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mixture of acetonitrile and 10% H2SO4 solution was used,
a decent yield (79%) of the desired sulfoxide product was ob-
tained (Table 1, entry 4) in 45 min of reaction time. Conducting
the model reaction in a biphasic 1 : 1 mixture of EtOAc and 10%
H2SO4 solution at 75 °C gave only a trace amount of sulfoxide in
2 h (Table 1, entry 5). In glacial acetic acid at 80 °C, the reaction
gave sulfone as a major over-oxidized product along with minor
amounts of sulfoxide and unreacted sulde (Table 1, entry 6).
The use of aqueous nitric acid at a pH of 1 in place of sulfuric
acid also produced 77% yield of the product under homoge-
neous conditions with 20 mol% catalyst at 80 °C aer 2 h of
reaction (Table 1, entry 7). However, using phosphoric acid
solution at the same pH showed only 61% yield of the sulfoxide
aer 2 h of reaction, which could be expected due to the
heterogeneous phases of the reaction mixture in acidic solution
(Table 1, entry 8). Then, increasing the catalyst amount to
30mol% in 10%H2SO4 solution at 80 °C with 45min of reaction
led to the formation of the over-oxidized product of sulfoxide
(Table 1, entry 9). However, reducing the catalyst amount to
10 mol% resulted in the inadequate conversion of substrate 1a
into the sulfoxide (Table 1, entry 10) aer 2 h of reaction. The
yields of sulfoxide were reduced in 10% H2SO4 solution when
the reaction was performed at 50 °C and room temperature for
2 h (Table 1, entries 11–12). 20 mol% catalyst was also examined
for the [DSPZ][MnO4]2 hybrid in 10% H2SO4 solution at 80 °C
which showed poor results (Table 1, entry 13). Thereaer, the
substrate scope study for various sulde compounds was
carried out using 20 mol% [DEDSA][MnO4] in 10%H2SO4 at 80 °
C. To study the catalytic effects of the two precursor organic
salts [DEDSA]Cl and [DSPZ]$2Cl, the model reaction was also
conducted under the optimized conditions using these salts at
20 mol% as catalysts for 2 h at 80 °C (Table 1, entries 14 and 15).
No reactions occurred in both cases, which supported the
catalytic role of the permanganate anion as per the proposed
mechanism in acidic solution.

3.2.2. Substrate scope study. The substrate scope study for
the selective oxidation of suldes under the optimized
Table 1 Optimization of the model reaction for sulfide oxidation using

Entry Catalyst Catalyst amount (mol%) Solvent

1 [DEDSA][MnO4] 20 CH3CN
2 [DEDSA][MnO4] 20 EtOAc
3 [DEDSA][MnO4] 20 10% H2SO4

4 [DEDSA][MnO4] 20 CH3CN + 10
5 [DEDSA][MnO4] 20 EtOAc + 10%
6 [DEDSA][MnO4] 20 Glacial acet
7 [DEDSA][MnO4] 20 10% HNO3

8 [DEDSA][MnO4] 20 10% H3PO4

9 [DEDSA][MnO4] 30 10% H2SO4

10 [DEDSA][MnO4] 10 10% H2SO4

11 [DEDSA][MnO4] 20 10% H2SO4

12 [DEDSA][MnO4] 20 10% H2SO4

13 [DSPZ][MnO4]2 20 10% H2SO4

14 [DEDSA]Cl 20 10% H2SO4

15 [DSPZ]$2Cl 20 10% H2SO4

a Using 1 mmol of thioanisole as the model substrate. b Isolated yield. c M

3128 | RSC Sustainability, 2025, 3, 3121–3132
conditions (Fig. 7) showed that suldes such as thioanisole,
diphenyl sulde and benzyl phenyl sulde produced excellent
yields of the corresponding sulfoxide products (>90%) within an
hour of reaction time. Dibenzothiophene also generated satis-
factory product yield in a relatively longer reaction span. In the
case of allyl phenyl sulde, the formation of allyl phenyl sulf-
oxide with 77% yield showed the chemoselective nature of the
catalyst. However, the presence of a small amount of the dihy-
droxylated product was also detected along with the major
sulfoxide product. Regarding the substituted thioanisoles, 4-
nitrothioanisole and 4-bromothioanisole produced reasonable
yields of sulfoxides, but 4-(methylthio)aniline showed no reac-
tion aer up to 2 h of reaction time. An aliphatic sulde was
inactive for the oxidation reaction, as observed for the oxidation
of dihexyl sulde, and did not produce any product aer 3 h of
reaction under the optimized conditions.
the [DEDSA][MnO4] hybrid catalyst

Temp. (°C) Timea (min) pH % Yieldb (2a)

80 120 — —
80 120 — —
80 40 1 93

% H2SO4 80 45 1 79
H2SO4 75 120 1 Trace

ic acid 80 120 3 22c

80 120 1 77
80 120 1 61
80 45 1 80
80 120 1 61
50 120 1 79
R.T. 120 1 67
80 45 1 38
80 120 1 —
80 120 1 —

ajor product sulfone (61% yield).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison of the model reaction in the present work with earlier reports of sulfide oxidation

Entry Solvent Catalyst Oxidant Temp. (°C) Time % Yield [ref.]

1 [Bmim][BF4] — H2O2 (20 mmol) 25 4 h 95 (ref. 28)
2 H2O Mn(OAc)2/[C12mim][NO3]

(0.2 mol/20 mL)
Molecular oxygen
(50 mL min−1)

50 2 h 97 (ref. 70)

3 — [Hmim]HSO4 (2 mmol) Ceric ammonium nitrate
(CAN) (1 mmol)

80 5 min 94 (ref. 71)

4 CH3CN VO2F(dmpz)2 (0.02 mmol) H2O2 (2.2 mmol) 0–5 5 h 95 (ref. 72)
5 2,2,2-Triuoroethanol (TFE) Fe(NO3)3$9H2O (5 mol%) O2 (0.2 MPa) 80 4 h 95 (ref. 73)
6 CH3CN Ru(PVP)/g-Al2O3 (0.5 mmol) H2O2 (1 mmol) R.T. 120 min 98 (ref. 74)
7 10% H2SO4 [DEDSA][MnO4] (20 mol%) — 80 40 min 93 this work
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A comparative study was performed between the present
work and earlier reports, as shown in Table 2, which showed the
better sustainability of this catalytic system in an aqueous
solution of sulfuric acid without the use of any external oxidants
for the controlled oxidation of the sulde, where sulfuric acid
acted as a co-catalyst according to the proposed mechanism.
3.3. Plausible mechanism

A plausible mechanism for sulde oxidation catalyzed by the
[DEDSA][MnO4] hybrid is illustrated in Scheme 3 for the model
Scheme 3 A plausible mechanism for the oxidation of sulfides to sulfox

© 2025 The Author(s). Published by the Royal Society of Chemistry
substrate (1a) in acidic solution. In an acidic environment, the
permanganate anion of the hybrid catalyst I undergoes
protonation and thereby acts as an electron-decient metal
center in intermediate II along with HSO4

− as a counter anion.
Then, nucleophilic attack by thioanisole (1a) of the metal center
of intermediate II occurs and leads to the formation of inter-
mediate III. Thereaer, the HSO4

−-initiated proton abstraction
and hydrolysis of intermediate III could be expected, involving
nucleophilic attack by a water molecule of the electrophilic S
atom of intermediate III, followed by cleavage of the Mn–S bond
ides with the [DEDSA][MnO4] salt.
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along with the elimination of a H− anion as a hydrogen mole-
cule in acidic solution, which regenerates the permanganate
hybrid I. Finally, the sulfonium intermediate IV yields the
sulfoxide product aer releasing the acidic proton to the reac-
tion medium. Again, the participation of water molecules in the
supply of oxygen atoms for sulfoxide formation was evidenced
by conducting the model reaction under a nitrogen atmosphere
which showed an identical result to the presence of atmo-
spheric oxygen molecules.
3.4. Catalyst recyclability

The recyclability of the [DEDSA][MnO4] oxidative catalyst was
examined on the 3 mmol scale using the model substrate aer
the successful execution of the 1st reaction under the optimized
reaction conditions. To recover the used catalyst from the
aqueous 10% H2SO4 layer aer the extraction of the sulfoxide
product in organic extract, as mentioned in the experimental
procedure, 10% NaOH solution was added dropwise to
neutralize the aqueous acidic solution for the complete
precipitation of the permanganate hybrid in one hour. The
Fig. 8 (a) A bar diagram showing catalyst recyclability, (b) the PXRD spect
and (d) EDX analysis of the recovered catalyst.

3130 | RSC Sustainability, 2025, 3, 3121–3132
precipitate was then collected by centrifugation and washed
with distilled water (3 times) as well as acetone (2 times). Aer
drying it under vacuum for 24 h, the recovered catalyst was
obtained, which was further analyzed using FT-IR, P-XRD and
EDX to check its integrity before subjecting it to another reac-
tion cycle. The catalyst could be used for up to four consecutive
reaction cycles, although a signicant decrease in product yield
aer a comparable reaction time was observed aer each cycle
(Fig. 8a). The reason behind this could be the probable loss of
catalyst activity owing to its repeated washing and drying under
vacuum aer each cycle, with the formation of a small amount
of Mn(II) salts due to the slow reactions of permanganate anions
with sulfuric acid and sodium hydroxide solution under the
reaction conditions. The existence of additional small peaks at
32.5° and 58° in the PXRD spectrum of the reused catalyst aer
the 4th cycle displayed the presence of small amounts of MnSO4

and MnO2 impurities, as per JCPDS card no. 85-0425 and card
no. 89-5171, respectively (Fig. 8b). The FT-IR spectrum of the
recovered catalyst showed the retention of most absorbance
peaks exhibited by the fresh catalyst with slightly varied
rumof the reused catalyst, (c) the FT-IR spectrumof the reused catalyst,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intensities (Fig. 8c). EDX analysis depicted the presence of all
the relevant elements in the recovered catalyst (Fig. 8d).

4. Conclusions

Two organic–inorganic hybrids of sulfonic-acid-functionalized
ammonium- and piperazinium-based cations with permanga-
nate anions were developed as sustainable oxidants by anion
exchange reactions of KMnO4 with the respective chloride-
based ammonium salt precursors. The structural composi-
tions and thermal stabilities of both hybrids were studied using
FT-IR, SEM, EDX, UV-vis DRS, PXRD, and Raman techniques
and TGA techniques, respectively. The oxidative power of these
hybrids was examined through their use as an efficient oxidative
catalyst for the selective oxidation of suldes to sulfoxides in
10% aqueous sulfuric acid solution at 80 °C, where sulfuric acid
acted as a co-catalyst. The [DEDSA][MnO4] hybrid was also
found to be recyclable for up to 4 cycles of sulde oxidation
reaction.
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