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Abstract: This work reports how the immobilization of Fe;(MoO4); in chitosan films affects the oxidation reaction of sulfide derivatives to
sulfates in the dark, resulting in good yields and excellent selectivity. As demonstrated, a variety of substituted sulfides were tolerated even in
the presence of oxidative-sensitive functional groups, leading to a regioselective application of the catalyst under mild reaction conditions and
guaranteeing its reuse for at least 6 cycles without losing its catalytic performance. Specifically, films containing 1 mg of Fe,(MoO,); per ml of
chitosan showed a yield and selectivity of 99%. The key success of the selective oxidation was associated with the presence of the hydroxyl
radical, *OH, and the Fe*/Fe?" Fenton-like process. As a proof of concept, the selective oxidation of sulfides to the corresponding sulfones
was performed to demonstrate the synergistic effect between Fe,(MoO4); and chitosan. This work offers a design strategy for efficient
catalysts that may extend to other semiconductors and oxidation processes.

Introduction

The selective oxidation of sulfides to either sulfoxides or sulfones is one of the most important chemical processes in both chemistry
and biology.™ Sulfones are considered “chemical chameleons”® due to the possibility of modulating their reactivity through reaction
conditions. For this reason, they have been commonly used as valuable synthetic intermediates in the production of new drugs,
agrochemicals, and so on. ¥ Traditionally, their synthesis is carried out at high temperatures using a catalyst to activate the oxidant.
Several catalysts can be used in this process, e.g., transition metal salts, ™ metal complexes, ' metal-organic frameworks, ! covalent
organic frameworks, © polyoxometalates, ' carbon-based materials™® and semiconductor oxides. *¥

Metal oxides as inorganic semiconductors have drawn considerable attention because of their distinguished catalytic performance for
the selective oxidation of sulfones. In this context, WO3; has been employed for the photocatalytic oxidative desulfurization of organic
sulfur-containing pollutants. ™ However, the severe recombination of electron—hole pairs in WO; leads to a low-efficiency
photocatalytic reactions, making extensive application impossible. Zhao et al. studied the selective aerobic oxidation of sulfides to
sulfoxides in water under blue light irradiation over Bi,OsBr. and obtained high yields in a relatively short time. ¥ The oxidation of
thioanisole was also achieved under visible light by modified ZnO-Fe;0,—Au nanoparticles. ™! Despite these findings, there is still
room for improvements since most of the existing procedures have drawbacks, e.g., high temperatures, extended reaction times, use
of large amounts of promoters and organic solvents, and difficulties related to the catalyst separation and recycling. Thus, the
minimization of these impacts through the use of cleaner oxidants under mild conditions to achieve high selectivity and stability
becomes an important point to be considered in the development of new technologies based on new and efficient catalysts.

Our research group has focused on the development of strategies to circumvent the above-mentioned bottlenecks. Very recently,
MWOQO, (M = Cd, Co, Cu, Mn, Ni, and Zn) and a-Ag,WO, semiconductors were proved as efficient and selective catalysts for the
oxidation of sulfides to sulfones in the dark. ** Iron molybdates such as Fe,(M0O.)s and FeMoO, could be promising catalysts for this
type of reaction since they have been successfully used for the oxidation of methanol to formaldehyde. *®! The basic principle of the
use of iron molybdate as a semiconductor catalyst is the increased generation of reactive oxygen species (ROS), consequently

This article is protected by copyright. All rights reserved.

5UB01 SUOWILIOD BA BRI 3[edtdde ) Aq PouBA0B a2 SOILE YO 38N J0'SBINI 10} ABIGIT BUIIUO AB]1M LD, (SUONIPUGO-PU.-SWLBYLI0Y A 1M Al q1jpul|U0;/Sdy) SUOIIPUOD) PUe Swis | au) 883 * [£202/70/E0] U A1 auIluO AB]1M ‘SO1eD 0BS 8P [e.8po- SpepSPAIUN = ¥YOSHN Ad TZP00EZ0Z 9199/200T OT/10pAL0Y"Ad |1 AReIq Ul U0 ad0.INe-A IS IWeLD//SANY WOl popeojumoq ‘! ‘668E298T


mailto:lmascaro@ufscar.br
mailto:marcelostassis@gmail.com

ChemCatChem 10.1002/cctc.202300421

opening unfavorable reaction paths. If stabilized and supported on a strong framework with low cost and reduced environmental
impact, these catalysts can become more efficient for further applications.

Biopolymers and biomasses are a class of catalyst supports that has been attracting growing interest due to their numerous
advantages over conventional supports. In particular, chitosan has recently gained increased prominence as a by-product residue of
the seafood processing industry, mainly shells of crustaceans such as crabs, shrimps, prawns and krill. Second most abundant
structural polysaccharide in the world, *”! this substance also has high versatility, which allows it to be used in its polymeric form or
through its calcined carbon biomass residue. *® Very recently, we presented a chitosan/a-Ag;WO, composite generated by
femtosecond laser irradiation as a highly efficient material to kill bacteria and inactivate SARS-CoV-2 by contact, showing the existing
synergistic effect between chitosan and a-Ag,WO,. ™ We also developed new catalysts for the dehydrogenative coupling of silanes
with alcohols through the immobilization of Ag and Cr nanoparticles on the surface of an N-doped carbon support derived from the
burning of chitosan. ® In this context, Zheng et al. used Pd nanoparticles immobilized in chitosan films for application in Suzuki
coupling reactions. ®! When materials derived from chitosan were used as a support for new catalysts, this resulted in catalysts with
good stability and easy recyclability. In this regard, the search for the enhanced activity of these catalysts with moderate energy
barriers will open new avenues for achieving a variety of potential applications.

Motivated by previous studies on the suitability of NiwWO, and a-Ag.WO, for the selective catalytic reduction of sulfides,?® the
advantages of chitosan, ® and the fact that an efficient method for selective sulfide oxidation still remains a challenge, in this work
we aimed to investigate the immobilization of Fey(MoO,)s particles in chitosan polymeric films, given the essential role of this
substance in applications. The films were characterized by X-ray diffraction (XRD), Raman spectroscopy, Fourier transform infrared
spectroscopy (FT-IR), diffuse reflectance (DRS), scanning electron microscopy (SEM), atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS). The reaction parameters, i.e., temperature, time, solvent, catalyst loading, and type and amount
of oxidant, were optimized according to the highest selectivity for sulfones. The recyclability, stability and scalability of the reaction
were evaluated as well. Furthermore, the mechanism of action of the composite was analyzed through scavenger experiments,
radical probe mass spectrometry (RP-MS), and electron paramagnetic resonance (EPR) spectroscopy. The results obtained show
that this catalyst is extremely efficient in the sulfide oxidation process, working under mild and easy scalability. The corresponding
mechanism was elaborated to guide the design of this highly active catalyst.

Results and Discussion

Structure of catalysts

The structural order at long range of the samples was determined by XRD and is presented in Figure 1A. As it can be seen, the
synthesis using the microwave method gave rise to Fex(MoO,); with a monoclinic lamellar structure and space group P12;/al, in
accordance with card No. 10060 in the Inorganic Crystal Structure Database (ICSD). ¥ This structure is formed by distorted
tetrahedral clusters of [MoO,] and distorted octahedral clusters of [FeOs]. No secondary phase was observed in this material,
confirming the high efficiency of the synthesis process. In addition, the narrow and well-defined peaks point to a high crystallinity of
the sample. For the pure chitosan films, the peak located at 11.6° can be attributed to the anhydrous semicrystalline polymer and is
characteristic of chitosan films prepared by the polysaccharide dissolution in acetic acid and subsequent drying at low temperatures.
3 For the composite materials with Fex(MoQ,)s immobilization in chitosan, it is possible to observe a peak referring to the semi-
crystalline polymer located at 22.9°, indicating that no changes occurred in the crystalline structure of Fe,(MoO.); and chitosan after
the composite formation. Defined through thermogravimetric tests, the content (% mg/mg) of Fe»(MoO,); used in the composites was
12, 21 and 35% of Fez(Mo0Q,); for the Fe100, Fe200 and Fe400 catalysts, respectively (Figure S1).
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Figure 1. A) XRD, B) Raman and C) FTIR spectra of the samples

Raman spectroscopy was performed to analyze the order at short range of the samples (Figure 1B). As observed, Fe;(MoO,)s
exhibits three characteristic modes at 985, 963 and 928 cm™ related to the symmetric stretching of Mo-O bonds of the [MoO4]
clusters, ® whereas the modes located at 814 and 773 cm™ refer to the anti-symmetric stretching of these bonds. ?” The three
modes located between 282-400 cm™ are assigned to the bending modes of the O-Mo-O angle, while those below 280 cm™
correspond to the Fe,(M0oO4)s lattice modes. ®® As expected, for being a semicrystalline polymer the pure chitosan does not have
active Raman modes. However, it is possible to note the characteristic Raman modes of Fe>(MoO,); in the composite samples,
evidencing that the crystalline lattice of Fex(M0O.); was maintained. Furthermore, a reduction in the intensity and definition of the
Raman modes is observed as a function of the concentration of Fex(MoO,)s; in the composite samples, following the order

This article is protected by copyright. All rights reserved.

5UB01 SUOWILIOD BA BRI 3[edtdde ) Aq PouBA0B a2 SOILE YO 38N J0'SBINI 10} ABIGIT BUIIUO AB]1M LD, (SUONIPUGO-PU.-SWLBYLI0Y A 1M Al q1jpul|U0;/Sdy) SUOIIPUOD) PUe Swis | au) 883 * [£202/70/E0] U A1 auIluO AB]1M ‘SO1eD 0BS 8P [e.8po- SpepSPAIUN = ¥YOSHN Ad TZP00EZ0Z 9199/200T OT/10pAL0Y"Ad |1 AReIq Ul U0 ad0.INe-A IS IWeLD//SANY WOl popeojumoq ‘! ‘668E298T



ChemCatChem 10.1002/cctc.202300421

Fe400>Fe200>Fe100. This result is linked to the reduction in the amount of Fe;(MoO,)s within the catalyst, and also to the interaction
of surface clusters of Fe;(MoQ,); particles with chitosan monomers, increasing the short-range disorder of the composite samples.
The FTIR spectra of the samples are shown in Figure 1C. The broad band between 700 and 900 cm™ is attributed to the stretching of
Mo-O bonds of the [MoO4] clusters. ®¥ It is interesting to note that, as in Raman spectroscopy, the bands related to Fe,(MoO4)s vary
in intensity as function of the added amounts. The broad band located between 3000 and 3700 cm™ corresponds to the stretching of
N-H and O-H bonds and to the presence of intramolecular hydrogen bonds, B while that located at 2880 em™ can be associated to
the symmetrical and asymmetrical stretching of C-H bonds typical of polysaccharides. ®¥ The presence of N-acetylated groups can
be confirmed by the bands at 1667, 1577 and 1308 cm™ referring to the C=0 stretching of amide I, the N-H bending of amide Il and
the C-N stretching of amide IlI, respectively. ¥ The band located at 1577 cm™ is related to the N-H bending of the primary amine,
while those at 1403 and 1370 cm™ refer to the bending of CH, and the symmetric stretching of CHs, respectively. B Lastly, at 1157
cm™ and between 1020-1070 cm™, it is possible to observe the C-O-C bridge asymmetric stretching and C-O stretching bands,
respectively. ®* As observed in the results of Raman spectroscopy, there is a loss of definition of the bands related to the vibrations
of the polymer, especially those related to the amide groups of the chitosan polymer. Such result may be related to the interaction of
these functional groups with the surface clusters of Fe;(M0oO4)s.

According to the XPS survey spectra (Figure S2A, see Supplementary Information), the chitosan film exhibits peaks related to the
elements C 1s, O 1s and N 1s, demonstrating the high purity of the samples. For the Fe100 film, in addition to the elements related to
chitosan, it is also possible to observe Fe 2p and Mo 3d peaks, proving the presence of Fez(MoO.); in the obtained composites. In
order to further explore this behavior, high-resolution analyses of the components obtained were carried out (Figures S2B-L). The
high-resolution results for the N 1s spectra of chitosan revealed a peak at 400 eV decomposed into two components: a peak at 398.5
eV and another at 400.2 eV, corresponding to amine and amide groups, respectively. The atomic proportions of these peaks were 76
and 24%, respectively, approaching the deacetylation degree value of 75% of the chitosan used in the synthesis. *¥ In the Fe100
sample, the high-resolution N 1s spectra did not show significant changes in the atomic proportions. The high-resolution C 1s spectra
of chitosan and Fel00 were fitted into four components at 283, 284, at 285, and 287 eV, corresponding to the hydrocarbon (C-C),
amide/amine (C—-N/C=N), acetal (O—C—0) and C=0 bonds, respectively, *® while the O 1s spectra were fitted into three components
at 530, 531 and 532 eV, referring to the N-C=0, C-O—C and —C—OH, respectively. ") In the Fe100 sample, there was an increase in
the number of C-O-C bonds and a decrease in the number of -C—-OH and N-C=0O bonds. These results corroborate those
previously observed by Raman and FTIR spectroscopy, proving that there is interaction between chitosan and Fe»(MoO.)s particles,
especially by the functional groups of chitosan rich in electrons. Additionally, at 530 eV the component was associated with the
presence of O—Fe/Mo bonds of Fe;(M0O,); and the sample also experienced a decrease in —C—OH bonds. Thus, it can be inferred
that the addition of Fe(MoQ,); to chitosan promoted a loss of surface hydroxyls in the sample.

The Fel00 sample also exhibited two predominant peaks with binding energies of 724 and 710 eV, which were attributed to Fe 2p1,.
and Fe 2ps;, respectively. The Fe 2p s, spectra were fitted with peaks located at 714 (Fe*") and 711 eV (Fe®'), whist the Fe 2p 1,
spectra were fitted with peaks located at 724 (Fe®") and 726 eV (Fe*"). In contrast, the high resolution results for Mo 3d revealed the
predominance of two peaks with binding energies of 231 and 234 eV, which were assigned to Mo 3ds, and Mo 3ds,, respectively,
due to the Mo®>*-Mo®" process and molybdenum d-d transitions. The Fe100 sample exhibited unchanged characteristic peaks of Mo
3d, indicating that the presence of chitosan did not alter the state of Mo®" in Fey(MoO,)s. On the other hand, the Fe100 sample
showed differences in the deconvolution of the 2p orbital, demonstrating a decrease in the percentage of Fe** and an increase in Fe?*
in relation to the pure Fe(M0O,)s, possibly because of the existence of charge transfers in chitosan that act on the changes
perceived in the XPS for Fe 2p. The deconvolution percentage of the high-resolution XPS curves of the samples is listed in Table S1.
The SEM images of the samples are shown in Figure 2. As it can be seen, unlike the composite samples the pure chitosan film does
not have particles on its surface, demonstrating that the addition of Fe>»(MoOQ,); alters the surface of the composites. To corroborate
these results, AFM analyses were performed. The obtained results reveal a certain homogeneity of the films with varying the
concentrations of Fe>(MoO,)s, leading to an increase in film roughness according to the order chitosan<Fe400<Fe200< Fel00. This
indicates that the film roughness is inversely proportional to the amount of Fe;(MoQO,); because of the greater agglomeration of
particles within chitosan with lower concentrations of Fe;(MoO,)s. The roughness results can be seen in Table S2.
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Figure 2. SEM and AFM images of A-C) chitosan, D-F) Fe100, G-I) Fe200, and J-L) Fe400 samples

Catalyst performance

In this work, methylphenyl sulfide (thioanisole) was selected as a model molecule for the optimization of the catalytic conditions of the
process. The oxidation of thioanisole can give rise to two distinct products: methylphenyl sulfoxide and methylphenyl sulfone, with the
former being the intermediate reaction of sulfone (Figure 3A). According to Cervantes-Macias et al., since the oxidation of sulfoxide to
sulfone is a process that involves a high activation energy (Ea. = 90 Kcal/mol), it becomes a challenge to obtain sulfones in a selective
and efficient way.®®¥ Among the catalytic conditions to be optimized, catalyst composition, temperature, time, type of solvent and
oxidant, amount of oxidant and catalyst loading were taken into account. As a starting point, 0.1 mmol of thioanisole, 1.2 mmol of
H.0,, 10 mg of catalyst and 2 mL of acetonitrile were used. According to Figure 3B, when used with total selectivity for sulfones the
Fel00 catalyst reached conversions greater than 99% at a reaction time of 30 min and a temperature of 50°C. At shorter reaction
times (15 min, Figure S3A), high conversions were still obtained (>92%), but with selectivity below 71%. Although longer times were
also used, the results were similar to those obtained at 30 min (Figure S3B).

Temperature was an important parameter to obtain higher conversion values. At 30 °C (Figure S3C), low conversions and selectivity
for sulfones were observed for all catalysts. Between 50°C (Figure 4B) and 70°C (Figure S3D), no significant differences were found
when comparing the catalysts used. Thus, to proceed with the optimization conditions, the reaction time was set at 30 min and the
temperature at 50°C. Fe100 (1 mg Fez(MoO4)s / 1 mL chitosan) was used as a model catalyst as it achieved results similar to those
of the other catalysts with higher Fe,(MoO,)s content (Fe200 and Fe400). Smaller proportions of Fe;(MoO,); were also tested (0.5 mg
Fe>(MoO4)s / 1 mL chitosan), but the conversion and selectivity values obtained were lower than 80%. Therefore, it can be concluded
that the oxidation model employed is dependent on time, temperature and amount of Fe;(MoO,)s immobilized in chitosan. Control
experiments with HO, showed that the conversion rate of chitosan used as a catalyst and H,O, alone were similar (<45%), with a
selectivity for sulfone of ~30%.
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Figure 3. A) Reaction scheme. B) Reaction performed at 50°C and 30 min, using 2 mL of acetonitrile, 10 mg of catalyst and 1.2 mmol of H,O,; C) reaction
performed at 50°C and 30 min, using 2 mL of acetonitrile, 10 mg of catalyst and 1.2 mmol of different oxidants; D) reaction performed at 50°C and 30 min, using 2
mL of solvent, 10 mg of catalyst and 1.2 mmol of H,O,; E) reaction scale-up; F) catalytic recycles and leaching of Fe and Mo per recycle (using acetonitrile as
solvent); and G) catalytic scope.

The influence of different oxidants was also evaluated (Figure 3C). As it can be seen, although the use of tertbutyl hydroperoxide
(TBHP) resulted in a high conversion value, the selectivity for sulfones was low (~47%). lodobenzene (IDBZ) and atmospheric air
bubbled in solution were used as possible oxidants as well, however, no significant conversion value was observed. Since H,O, was
selected as the best oxidant, smaller amounts of H,O, were used in the oxidation reaction, but the conversion and selectivity values
dropped significantly (Figure S4A). The catalyst loading was another parameter analyzed (Figure S4B). According to the tests, the
best conversion was obtained with 10 mg of catalyst.

In relation to the solvent, alcohols, acetone, THF, chloroform and n-octane achieved much smaller conversion and selectivity values
(Figure 4D). In contrast, when water was employed as a solvent, a conversion value similar to that of acetonitrile was obtained, with a
selectivity for sulfone of 78%. since the value of water is much lower than that of acetonitrile, this result is extremely important when
considering the final value of the process. However, at the end of the catalytic cycle using water as a solvent, the catalyst dissolved in
solution, making its recovery and recycling impossible. This is because chitosan can absorb water by dissolving in the reaction
medium. ¥ Using chloroform and n-octane as solvents, the selectivity for sulfoxide was greater, so other conversion times were
tested in order to selectively obtain both oxidation products (Figure S5A-B). It is observed that using chloroform as solvent with longer
reaction times (1h and 2h), the selectivity for the sulfoxide increases (33%), but the total conversion is still very low (35%). When n-
octane is used as a solvent, increasing the reaction time to 2h, high selectivity for the sulfoxide is obtained (80%), with high
conversion values (84%). This shows that by changing only the solvent, the same catalyst can be used to obtain both oxidation
products.

Another point investigated was the scale-up of the oxidation process at 5, 10 and 20 times (Figure 3E). As observed, high conversion
and selectivity values were obtained in all cases, evidencing the ease of the reaction scale-up. Catalyst recycling was analyzed in
successive catalytic cycles using the same catalyst (Figure 3F). In 6 successive cycles the catalyst achieved conversion values
above 97% and a selectivity for sulfone higher than 93%. This result demonstrates that the use of chitosan as a catalyst support
facilitates the separation of the catalyst from the reaction medium, thus increasing its stability. Fe and Mo leaching was analyzed
between catalytic cycles by ICP-OES, with a maximum leaching of 2.3% per cycle (Figure 3F). To verify that the catalytic process
comes from the heterogeneous catalyst and not from the species leached in solutions, control tests with the ionic species in solution
(Fe*" and (MoO4)*) were carried out, showing conversions very close to those of H,O; (Figure S6). Tests with Fex(MoO,)s in
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equimolar amounts in relation to the catalyst were also performed, resulting in a conversion of 80% and a selectivity for sulfone of
28%. This evidences the existing synergy between Fe;(MoQO4); and chitosan, which makes the composite catalysts more effective. As
n-octane showed selectivity for sulfoxide, its catalytic recycle was also carried out, however low stability of the catalyst was observed
in this solvent, showing low conversion and yield after the second recycle (Figure S7).

The catalytic scope was extended to substrates with other aromatic and aliphatic R1-S-R; (R1, Rz = alkyl, aryl) sulfides and thiophene-
derived sulfides (Figure 3G). Aliphatic thioethers were oxidized under the same conditions as those used for thioanisole, reaching a
selectivity for sulfones above 97%, while 2,5-dimethylthioanisole (DMT) and thioanisole derivatives with p- substitutions were
oxidized twice as long, resulting in a selectivity higher than 90%. Symmetrical aromatics, thiophene, and dibenzothiophene (DBT)
required a higher temperature (70°C) and longer times to achieve a selectivity value above 70%. It is expected that other substrates
based on sulfides need additional additives or reaction conditions different from the model used in this work for the oxidation reaction
to occur due to their chemical characteristics.

Mechanism

A semiconductor is governed by electronic motion between its valence (VB) and conduction bands (CB), generating an electron
density deficit in the VB and an accumulation of electron density in the CB. ! This change in electronic density is spontaneous and
can be amplified according to the absorption of electromagnetic radiation or electric field by the system, or due to an increase in
temperature, for example. ¥ This deficit or accumulation of electron density can interact with the surrounding environment, causing a
cascade of chemical reactions. *? It is important to mention that in our case the catalyst works in the dark — although the previous
arguments are valid if enough energy is provided to obtain the corresponding ROS. H;0; can interact directly with the regions with
electron density deficit, giving rise to two hydroxy! radicals (+OH) that can actively participate in the oxidation of sulfides. ! In
addition, H,O, can decompose into H,O, which in turn interacts with the regions with deficit of electron density, forming an «OH and a
proton (H"), while the molecular oxygen (O,) can interact with the accumulation of electron density, generating a superoxide radical
(+02) and evolving into an oxygen singlet (*05), or with an H*, forming a hydroperoxyl radical (sO,H). *¥

To investigate the oxidation mechanism, specific scavengers were used for the O, (ascorbic acid, AA), «O,H (p-benzoquinone, BQ)
and +OH (potassium acid biphthalate, KABP) species, as well as for the electron density deficit, i.e., holes, h* (ammonium oxalate,
AO), and the electron density accumulation, i.e., e (silver nitrate, SN) (Figure 4A). ! A significant reduction in the conversion rate
was not observed when scavengers of the O, and «O,H species were used, evidencing that these species were not involved in the
sulfide oxidation mechanism. However, when KABP, AO and SN were added, a sharp decrease in the conversion and selectivity of
the oxidation process was observed, indicating that the «OH, h*, and e species were directly involved in the oxidation process.
However, as previously noted by Bao et al., the accuracy of the scavenger experiments for quantitative analysis is still very poor
since the inhibition effect of these substances on the catalytic reaction is not only related to their antioxidant capacity, but also to the
process of radical chain reaction. ¢!
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Figure 4. A) Reaction performed at 50°C and 30 min, using 2 mL of acetonitrile, 10 mg of catalyst and 1.2 mmol of H,O, in the presence of different species of
scavengers; B) detection of «OH by EPR using DMPO; C) fluorescence monitoring of coumarin oxidation by «OH; D) detection of 0, by EPR using 4-oxo-TMP;
and E) UV-Vis monitoring of DMA oxidation by 0,

The production of «OH and 'O, was further investigated by EPR and spectroscopic probes. The EPR spectra of the samples in Figure

4B indicate that the «OH was captured by DMPO, forming the DMPO-OH adduct only when Fe100 was used in association with H,O.
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4 The same was observed for the hydroxylation of coumarin (Figure 4C): the hydroxylated product of coumarin (7-hydroxycoumarin)

fluoresced when excited at 332 nm, 18! showing that «OH radicals were generated in greater quantity when an association was made
between the catalyst and H,O, (Figure S8A-B). The production of «OH was also found to be time-dependent, suggesting that the
decomposition of H,O, and H,O into «OH did not occur immediately.

The presence of 10, was analyzed by EPR using 4-oxo-TMP to capture 'O, (Figure 4D). ¥ Unlike the changes caused by the
presence of «OH, no significant differences were observed among the blank (H20O,), the chitosan film and the Fel100 catalyst. This
shows that if 'O, was indeed present, its production was very small. To verify this result, the presence of O, was determined using
9,10-dimethylanthracene (DMA), which reacts specifically with 'O, to form a stable endoperoxide, resulting in a decreased DMA
absorption (Figure 4E). B% As expected, no significant decrease in DMA absorption was observed for the catalyst associated with
H,O- or other separate species (Figure S8C-D), corroborating the EPR results.

Fe>(MoO,); is an Fe-based semiconductor that can generate undercoordination at [FeOg] distorted octahedral clusters and form
distorted octahedral clusters of [FeOs.Vo"] in the Kroger-Vink notation due to the presence of oxygen vacancies (Vo*). This imbalance
corresponds to the Fe®**-Fe?* redox able to provoke Fenton-like oxidative processes. ® To verify whether Fenton-like processes were
activated for the generation of radicals from H,O,, an XPS analysis was performed after catalysis to observe the surface amount of
Fe®" and Fe**. By analyzing the Fe 2p spectra of the Fe100 sample after the use of the catalyst in the oxidation of sulfides to sulfones,
it was possible to note a considerable increase in the surface amount of Fe** from 33.32 to 80.94 (%), which strongly indicates the
occurrence of a Fenton-like process and surface modifications in the catalyst (Figure S9).

The proposed mechanism of radical production can be seen in Figure 5A. Chitosan is a polymer that contains a positive surface
charge that works as an electron donor, ® injecting electronic density into Fex(MoO4)s, in addition to H,0, and H,0, which will donate
an electron to Fex(MoOys)s, forming «OH. This excess electron density is excited from the VB to the CB (Egap = 2.14 eV) and this
promotion is facilitated by intrinsic semiconductor defects in the forbidden region of the band gap. The O, generated from the
decomposition of H,O, accepts the electronic density accumulated in the CB, generating an <O radical, which in turn quickly joins
with H" to render an «OH radical. As previously noted, this «O,H does not effectively participate in the oxidation process; it quickly
joins with «OH to form H,O and O, and once again close the redox processes. On the other hand, the surface sites of [FeOs.Vo"] and
[FeOg] end up interacting with H,O». In particular, [FeOs.Vo"] reacts with H,O,, forming an «OH and a hydroxyl anion (OH"), while
[FeOQg] interacts with H,O, to render an «O,H and an H*. The +O,H then interacts with «OH, as in the semiconductor, whilst the OH’
interacts with H*, forming H,O. Since the «OH species are generated by the intrinsic electronic movement of the semiconductor or by
the Fenton-like process, these radicals attack the sulfur atom of the sulfides, resulting in the formation of the corresponding sulfoxide
with subsequent elimination of H,O. The same process is repeated to generate sulfone (Figure 5B).

A) ‘0, [FeOg] + H,0, —> [Fe0yV,*] + «O.H + H*

H * f’ g\ [Fe0,.Vo] + H,0, — [FeOg] + « OH + OH-
k.

«O,H «<— .0, — O, OH-+H* — H,0
H,0 + % 0, «— «O,H + H*

OH+H << HoO
[
2.0H «£ W0,

B)

Figure 5. A) Activation mechanism of Fe,(MoO,); immobilized in chitosan films and B) oxidation mechanism of sulfides by «OH radicals

Conclusions
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The main conclusions of the present work can be summarized as follows: (i) a practical catalytic system (Fez(MoO,)s; immobilized in
chitosan films) for the oxidation of sulfides to sulfones was successfully developed; (ii) high yields of different kinds of sulfone
products were obtained selectively in a relatively short time; (iii) the recyclability of the catalyst was considered good since it could be
used several times without losing its performance; (iv) the films containing 1 mg of (Fe2(MoQa); per ml of chitosan showed a yield and
selectivity of 99%; and (v) from the results of scavenger experiments, radical probe mass spectrometry and EPR spectroscopy, a
mechanism was proposed for an efficient oxidation reaction based on the presence of a hydroxyl radical, *OH, and the Fe*'/Fe**
Fenton-like process. In broad terms, this is a sustainable and efficient catalyst for the selective oxidation of sulfides to sulfones that
could be applied using other semiconductors for the development of new catalytic technologies of oxidation processes with low
environmental impact. This study will pave the way for the design of efficient catalysts and future success will be a result of further
progress in multiple directions, including the study of their mechanism and preparation.

Experimental Section

Synthesis of Fex(M0o0,)s: Fex(Mo0O,)s was synthesized using the coprecipitation (CP) method followed by microwave hydrothermal
treatment (MHT). First, 1x10 mol of FeCl,.4H,0 (98%, Aldrich) and 1x10° mol of Na,M004.2H,0 (98%, Aldrich) were dissolved in
two different beakers containing 50.0 mL of distilled water. After complete dissolution, the FeCl,.4H,O solution was added to the
Na;Mo004.2H,0 solution under constant stirring at 30 °C, resulting in the formation of a dark red precipitate. This precipitate was
transferred to a Teflon autoclave for MH treatment (2.45 GHz, maximum power of 800 W) operating at 160 °C for 32 min. The final
precipitate was washed 5 times with distilled water and dried in a conventional oven at 60 °C for 12 h.

Preparation of catalysts: The chitosan solution was prepared by dissolving 2.0 g of chitosan (Infinitu Tech, medium molecular weight,
1250000>96.5%, degree of deacetylation of 75%) in 100 mL of aqueous solution of glacial acetic acid (P.A., Synth) at 1% (v/v) at
room temperature. The solution was left under constant agitation for 24 h at room temperature for the complete dissolution of
chitosan. The pH was adjusted to 4.8 through the slow addition of NaOH solution (0.1 M, 98%, Synth) and the resulting solution was
filtered using a sintered plate filter no. 0. After this process, Fe2(MoO,); was added to the solution of chitosan at concentrations of 1.0,
2.0 and 4.0 mg/mL and the mixture was placed in an ultrasound bath for 15 min. The solution was then transferred to a Petri dish and
dried at 40 °C for 14 h for film formation. Lastly, these films were cut into discs of 0.5 cm in diameter.

Characterizations: The samples were characterized by XRD on a Rigaku X-Ray Diffractometer, model DMax2500PC. The equipment
was operated at 40 kV and 60 mA using Cu-Ka radiation (A = 1.5406 A). A sweep rate of 0.02°/min was used in the range between
10 and 100°. The powder diffractograms were compared with the diffraction patterns according to the crystallographic sheets of the
Inorganic Crystal Structure Database (ICSD). Raman spectroscopic data were obtained on an iHR550 spectrophotometer (Horiba
Jobin-Yvon, Japan) equipped with a charge-coupled device detector and an argon ion laser (MellesGriot, USA) operating at 633 nm
with a power of 200 mW. DRS analyses were carried out by the total diffuse reflectance method on a Varian Cary 5G
spectrophotometer (Agilent, EUA) using an integrating sphere. Magnesium oxide (MgO) was adopted as the reference material for
the DRS analysis. The FT-IR spectra were measured on a Jasco FT/IR-6200 (Japan) spectrophotometer operating in absorbance
mode at room temperature in the range of 400-4000 cm™. SEM images were obtained using a Zeiss LEO 1550 electron microscope
(Germany) with electrostatic emission source (FE-SEM) operating at 2 kV. XPS analyses were carried out on a Scientia Omicron
ESCA spectrometer (Germany) using a monochromatic Al Ka X-ray source (1486.7 eV). Peak deconvolution was performed using a
70:30% Gaussian-Lorentzian line shape and a Shirley nonlinear sigmoid-type baseline. The binding energies of all elements were
calibrated with reference to the C 1s peak at 284.8 eV. The samples were characterized using a Flex-AFM controlled by easyScan 2
software (Nanosurf, Switzerland) in contrast phase mode on an active vibration isolation table (model TS-150, Table Stable LTD®).
The cantilever used for image acquisition was Silicon Tap190G (resonance frequency of 190 kHz, constant force of 48 N/m, Budget
Sensors) at a setpoint of 50%. The chemical composition of the solutions during the catalytic cycles was estimated by inductively
coupled plasma optical emission spectrometry (ICP OES) using an ICP OES iCAP 7000 (Thermo Fisher Scientific, USA).

Catalytic procedure: Catalytic tests were carried out in 4 mL vials under magnetic stirring at 700 rpm/min. The experimental
procedure was performed by dispersing the catalyst in a solution with 0.1 mmol of sulfide substrate and 2 mL of solvent containing 15
uL of hexadecane (as an internal standard) followed by the addition of an oxidant to the reaction system. The parameters of catalyst
loading (10, 7.5, 5 and 2.5 mg), solvent type (CHsCN, H,O, THF, CH3;0H, C,HsOH, C3HsO, CsH;OH and CHCIs), oxidant type (H2O;
(35%,, 130v, Neon), TBHP (Aldrich), iodobenzene (98%, Aldrich) and air), oxidant volume (1.2 and 0.6 mmol), time (15, 30 and 60
min) and temperature (30, 50 and 70 °C) were optimized during the catalytic process. At the end of the catalysis, an aliquot was
taken and diluted in 2 mL of ethyl acetate for analysis on a gas chromatograph (GC, Agilent 8860) provided with a flame-ionization
detector (FID), using a non-polar (5%-phenyl)-methylpolysiloxane column (Agilent J&W HP-5). The analyses were performed in
duplicate. Experiments with scavengers were carried out following the same procedure under optimized conditions, adding equimolar
amounts of scavengers. To analyze the recyclability of the catalyst, the experiment was repeated using the same catalyst 6 times.
The catalytic scope was performed using commercial sulfides and sulfones based on thioanisole and thiophene and identified the
conversion by GC. The methods used in the GC for product detection can be found in the Supporting Information.

Identification of hydroxyl radical and singlet oxygen by EPR: For the detection of «OH, 5 pL of 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO, Aldrich) was mixed with 15.0 mg of the Fe100 film, 50 uL of 30 % H,0O,, and 1.0 mL of acetonitrile. For the detection of Oy,
100 pL of a 0.115 mol L™ solution of 2,2,6,6-tetramethyl-4-piperidone (4-oxo-TMP, Aldrich) in acetonitrile was mixed with 15.0 mg of
the Fe100 film, 50 pL of 30 % H,0,, and 1.0 mL of acetonitrile. Blank experiments either without the Fe100 film or with 15.0 mg of the
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pure chitosan film were performed for both sOH and 'O, detection experiments. The EPR spectra of the samples were acquired at
293 K using a Bruker spectrometer, model ELEXSYS E500T (Germany) provided with an ER 4102ST rectangular resonator
operating in the TE102 mode at a center frequency of 9.8 GHz (X-band). The following data acquisition parameters were used for the
measurements: modulation frequency of 100.00 kHz, modulation amplitude of 0.200 mT, microwave power of 20.4 mW, central field
of 349 mT, sweep width of 10 mT, and conversion time of 40.96 ms. A total of 1024 data points were collected per scan, and the
resulting spectra were the average of 5 scans.

Identification of hydroxyl radical and singlet oxygen by spectroscopic probes: For the detection of «OH, 15 pL of a solution of
coumarin (1000 ppm, Aldrich) was diluted in 10 mL of acetonitrile and placed in contact with the catalytic system. Aliquots were taken
at 0, 5, 10, 15, 20, 25 and 30 min and analyzed using a spectrofluorophotometer (RF-5301 PC, Shimadzu, Japan) with excitation at
332 nm and emission monitored between 350 and 600 nm with slit = 5 nm. The detection of O, was performed using a solution
containing 9,10-dimethylanthracene (2 mL, 1x10™* M in acetonitrile, 98%, Aldrich). Aliquots were taken at 0, 5, 10, 15, 20, 25 and 30
min and analyzed using a V-660 spectrophotometer (Jasco, Japan), monitoring the absorption in the range of 300-450 nm.
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Oxidation of sulfide to sulfone is an important process in organic chemistry, considering the role of sulfone in fine chemical industry
and biological compounds. Therefore, green oxidation and a selective catalyst is desirable. On that matter, Fe2(MoO,)s immobilized |
chitosan films was synthesized and applied on a group of sulfides, resulting in higher conversion to sulfone and great recyclability.
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