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ARTICLE INFO ABSTRACT
Keywords: In metal-organic frameworks (MOFs), confined space as a chemical nanoreactor is as essential as
Methyl(phenyDsulfide coordinatively unsaturated metal site catalysis. The properties of MOFs can be adjusted through

Heterogeneous catalysis
Zr-MOF-808
Sulfide conversion

the incorporation of functional groups and open metal sites in frameworks that can modify the
catalytic performance. In this regard, a set of defect-engineered MOFs, Ex-MOF-808(NHy, NO,, H)
and Mix-MOF-808(NH;, NO;, H), were synthesized by ultrasonic-assisted linker exchange
approach (Ex-MOFs) and solvothermal mixing ligand method (Mix-MOFs), respectively. Further,
the relationship between the preparation method, structural properties, and catalytic efficiency of
the prepared materials in the selective oxidation of methyl phenyl sulfide (MPS) has been
investigated. By analyzing zeta potential, it was found that in the exchange method, the amount
of defect and functional groups on the surface of MOFs are more than in the mixing method,
which also affects the catalytic activity. In our contribution, mix-MOF-808(NOy) carrying nitro
groups at their organic linkers, which has a well-dispersion of nitro groups at the framework
exhibits selective conversion of MPS to sulfone (91 %). Furthermore, the performance of stable
heterogeneous catalysts was investigated for three cycles, which demonstrated their great po-
tential for advanced catalytic oxidation.

1. Introduction

Recently, MOFs have received more and more attention due to their potential applications from researchers [1-3]. MOFs can be
widely used as catalysts in the oxidation of sulfide due to their unique advantages (including a high surface area, high porosity,
abundant active Lewis/Brgnsted acidic or basic sites, and controllable pore size) [4-6]. Despite the many benefits of MOFs, these
compounds have poor structural stability. The zirconium-based metal-organic framework (Zr-MOFs) not only has high stability and
excellent catalytic performance, but also can be modified by organic ligands, topology design, and post-synthesis modification [7,8].
For Lewis acid-catalyzed reactions it was shown that trimesic acid defects are responsible for the catalytic activity of the Zr-MOF
material [9,10]. Moreover, functionalization of the 1,3,5-benzenetricarboxylate linker allows obtaining of a family of isoreticular
MOF-808 structures. Many kinds of research indicate the catalytic activity of Zr-MOFs with several functional groups. For example,
UiO-66-NHjs acts as a bifunctional catalyst with Lewis acid Zr-sites and Brgnsted base —-NHj sites, rendering it more active and selective
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in catalytic reactions [11].

MOFs can be easily modified with some functional groups by using various functionalized ligands or through various methods
[12-14]. Several strategies are integrating multiple ligands with identical linking chemistry to represent an efficient route to access
multivariate MOFs with increased complexity and functions, such as a mixed linker, and post-synthetic linker exchange (PSE) methods
[15]. In the realm of metal-organic frameworks, post-synthetic linker exchange and solvent-assisted linker exchange (SALE) represent
two key strategies for the modification and functionalization of MOFs after their synthesis. PSE involves the replacement of original
organic linkers within a pre-synthesized MOF with new ligands containing desired functionalities, achieved through immersion in a
solution containing the new ligands [16]. This method offers precise control over functional group incorporation and has been
advanced notably by Cohen’s pioneering work, facilitating tailored properties for specific applications [17,18]. Conversely, SALE
entails the exchange of original linkers with new ones in the presence of a coordinating solvent, offering simplicity and scalability.
Farha’s research has extensively explored SALE methods, demonstrating their utility in introducing functionalities and enhancing MOF
properties for various applications [19,20]. Both strategies contribute significantly to MOF research, enabling the customization of
MOF properties to meet diverse application requirements.

In the mixed-linker method, a series of MOFs is constructed through the incorporation of a second linker with a homogenous
distribution of functional groups and open metal sites in the hole framework [21]. While post-synthetic modification is more common
than the mixed linker method due to the lack of topological change, better and more control over the types of functional groups that
can be included in the framework, and the lack of change in the main structure of the composition [22,23]. Moreover, in this method,
the distribution of active sites at the surface of the framework is more than the mixed-linker method.

Organosulfur compounds, like sulfoxides and sulfones, are useful synthetic intermediates in organic chemistry for constructing
various chemically and biologically active molecules, especially drugs, and natural products [24-26]. So, these sulfoxides and sulfones
demonstrate varied applications such as anti-bacterial, anti-atherosclerotic, anti-fungal, etc. [27,28]. Among the array of methods
utilized to synthesize sulfoxides or sulfones, sulfide oxidation is the most favorable one. During the oxidation process, sulfur com-
pounds can be converted into sulfoxide or sulfone products by using effective catalysts and suitable oxidizing agents (such as molecular
oxygen, hydrogen peroxide, and organic peroxides) and in mild operating conditions (at temperatures below 100 °C and ambient
temperature) [29,30]. In this regard, different catalytic systems of organocatalysts, metal catalysts, enzymes, and organic-inorganic
hybrid solid materials have been utilized for sulfide oxidation with HoO2 as an oxygen source. Organic transformations using con-
ventional catalysts are possible, but there are several disadvantages, such as over-oxidation and toxic wastes [31]. First, they dissolve
easily in polar solvents, which shortens their life, as a result, they are not suitable for large scale. Second, their specific surface area is
low and limits exposure to catalytically active sites [32]. A more appropriate catalyst should be used to avoid these limitations. Among
the various catalysts, metal-organic frameworks (MOFs) can be mentioned as efficient catalysts. MOF ligands with functional moieties
such as amino groups aligned on their pore walls can act as active sites, which can increase their affinity in catalytic reactions via
supramolecular interactions [33,34].

In this work, to investigate defect-engineered MOF catalysts, a set of the mixed-ligand Zr-MOF-808 family with specific ratios of
trimesic acid and second linker (5-amino isophthalic acid, or 5-nitro isophthalic acid, or isophthalic acid linkers) were prepared by
mixing ligand and ultrasonic-assisted exchanged-ligand strategies (named Ex-MOF). In this comprehensive study, the NHy-function-
alized linker was utilized as Brgnsted base sites, while NO,-isoBDC and isophthalic acid linkers were used for creating more Lewis acid
sites. The prepared catalysts named Ex-MOF-808(NH;, NO,, H) and Mix-MOF-808(NH,, NO2, H), containing defect-inducing linkers,
used in methyl(phenyl)sulfide oxidation with hydrogen peroxide under different reaction conditions. The results indicate that creating
functional groups and open metal sites in frameworks leads to modifying the catalytic performance. In this regard, the catalytic activity
of mix-MOF-808(NOy) is higher than that of isoreticular mix-MOF-808-X (X: NHg, H). Importantly, it was also demonstrated that the
H,0,-based oxidation catalysis over mix-MOF-808(NO,) has a genuinely heterogeneous nature.

2. Experimental section
2.1. Chemicals

All the reagents were analytical grade and were used without further purification. Zirconium tetrachloride (ZrCls, 98 %, Sigma-
Aldrich), 1,3,5-benzene tricarboxylic acid (BTC, 98 %), 5-amino isophthalic acid (NHz-isoBDC, 98 %), isophthalic acid (99 %,
Sigma-Aldrich), 5-nitro-isophthalic acid (NO2-isoBDC, 98 % Sigma-Aldrich), methyl(phenyl)sulfide (99 %, Sigma-Aldrich), acetoni-
trile, glacial acetic acid (CH3COOH), trichloromethane (CHCl3), N, N-dimethylformamide (DMF, C3H7NO,99.5 %), ethanol (CH40,
99.7 %), hydrogen peroxide (35 %, Sigma-Aldrich), acetone and other necessary chemicals were procured and used without further
purification.

2.2. Measurement

The infrared spectra were recorded on a Nicolet Fourier Transform IR, Nicolet 100 spectrometer in the range 500-4000 cm " using
the KBr disk technique. X-ray powder diffraction (XRD) measurements were performed using a Philips X’pert diffractometer with
monochromated Cu-ka radiation (A = 1.54056 A). The simulated XRD powder pattern based on single crystal data was prepared using
Mercury software. The used sonicator was a Samkoon Sonicator with adjustable power output (maximum 400 W at 20 kHz). The
samples were characterized by a scanning electron microscope (SEM) (Philips XL 30 and S-4160) with gold coating. Surface area and
pore size distribution were determined using the BET multilayer nitrogen adsorption method in a conventional volumetric technique
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Fig. 2. Schematic diagram of the preparation process of MOF-808 (NH,, NO,, H) with two synthesis methods.

with a Micromeritics ASAP 2020 instrument. UV-visible DRS spectra were obtained with a Shimadzu MPC-2200 spectrophotometer. A
Netzsch Thermoanalyzer STA 504 was used for the thermogravimetric analysis (TGA) with a heating rate of 10 °C/min under air
atmosphere. Primary results for reaction progress were obtained by Gas Chromatography (GC) (Yonglin 6100; BP-5; 30 m x 0.25 X
mm x 0.25 pm) with toluene as a general solvent for injection and nitrogen as an inert carrier gas. All yields referred to isolated
products. The zeta potential was measured by the Horiba SZ100 instrument.

2.3. Synthesis and characterization of MOFs

2.3.1. Synthesis of MOF-808

The synthesis of the pure MOF-808 was accomplished following published synthesis procedures [35]. Generally, in a beaker ZrCl4
(1.05 g, 4.5 mmol) was dissolved in a 45 mL glacial acetic acid solution. On the other hand, in the second beaker, H3BTC (0.31 g, 1.5
mmol) was dissolved in 45 mL DMF. After both beakers are sonicating for 30 min, their contents are mixed. The mixture (ZrCl4 and
H3BTC solutions), was put in an ultrasonic bath for 45 min. Later, the solution was transferred to a stainless-steel autoclave and then
placed in an oven at 120 °C for 72 h. White precipitates formed after cooling to room temperature, which was separated by centri-
fugation. The resulting product was washed four times with DMF and acetone and put in the oven at 100 °C for 12 h, and then
activation was performed in CHCl;3 at 50 °C for three days. Ultimately, the MOF-808 sample was dried in a vacuum for 24 h at 120 °C
(Fig. 1).

2.3.2. Exchanged-ligand method for the synthesis of MOF-808(NH,, NO2, H)

According to the procedure mentioned above, 0.125 mmol (0.1711 g) MOF-808 was soaked in a solution containing 0.250 mmol 5-
amino isophthalic acid (NHs-isoBDC) in 5 mL DMF, under ultrasonic irradiation for 2 h. Rise to the next level, the resulting precipitate
was separated by centrifugation and washed three times with DMF and ethanol, and dried at 100 °C under a vacuum. The synthesized
MOF through ligand exchange method named Ex-MOF-808(NH;). The previous process was repeated with isophthalic acid (Hs-
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Fig. 3. a) Powder XRD pattern, (b) FT-IR spectra, (c) TGA plot, and (d) N5 adsorption-desorption isotherms of all synthesized catalysts.

isoBDC) and 5-nitro-isophthalic acid (NO2-isoBDC) ligands to synthesize the Ex-MOF-808(H), and Ex-MOF-808(NO3) respectively
(Fig. 2). The prepared compounds were characterized using various characterization methods.

2.3.3. Mixed-ligand synthesis of MOF-808 (NH2, NO», H)

The procedure for mixed-ligand of MOF-808(X) synthesis has been reported previously [10]. Mix-MOF-808(X: NHy, NO,, H)
materials were prepared by replacing 10 mol% of H3BTC with equimolar amounts of defective linker: a) 5-aminoisophthalic acid
(0.015 mmol) for Mix-MOF-808(NH>) b) 5-nitroisophthalic acid (0.015 mmol) for Mix-MOF-808(NO,) and c) Isophthalic acid (0.015
mmol) for Mix-MOF-808(H). The remaining synthesis steps were kept the same as for the MOF-808 material (Fig. 2).

2.4. General procedure for the oxidation experiments using MOF-808 derivatives

A 2 mL vial was charged with 0.1 mmol of methyl phenyl sulfide followed by the addition of acetonitrile. A catalyst of 0.01 mmol
was then added to the mixture, and immediately after, hydrogen peroxide was introduced. The solution was stirred and allowed to
react for a pre-determined period under ambient conditions. After the elapsed time, the sample was filtered to remove any impurities.
The resulting product was subsequently analyzed using gas chromatography-mass spectrometry (GC-MS) (see electronic supporting
information). The data obtained from these analyses allowed for the identification and characterization of the product, as well as the
determination of its purity and yield. Finally, at the end of each reaction, the respective solid catalysts were isolated by centrifugation,
washed carefully with acetonitrile and EtOH, and reused in the next catalytic cycle under identical reaction conditions.

3. Results and discussion
3.1. Characterization

3.1.1. Powder X-ray diffraction

Powder X-ray diffraction (PXRD) analysis was used to confirm the crystal structure of MOF-808 and its derivatives, and the results
are shown in Fig. 3a. According to the depicted PXRD diagram, four sharp peaks can be seen at 26 = 8.2°, 8.6°, 9.9°, and 10.8°, which
are on planes 311, 222, 400, and 331, respectively [36,37]. On the other hand, by analyzing this graph, we realize that the crystallinity
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Table 1

Specific surface areas, pore volume, and isotherm type of MOF-808-based catalysts.

Heliyon 10 (2024) e31254

Structure Surface area (m?/g) Total pore volume (cm®/g) Isotherm type
MOF-808 1632.5 1.495 Type IV
Ex-MOF-808(H) 995.6 0.948 Type IV
Ex-MOF-808(NH5) 1025.4 1.02 Type IV
Ex-MOF-808(NO2) 1057.6 0.846 Type IV
Mix-MOF-808(H) 990.5 0.857 Type IV
Mix-MOF-808(NH,) 1033 0.901 Type IV
Mix-MOF-808(NO5) 859 0.839 Type IV
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Fig. 4. FE-SEM images of samples (a) MOF-808, and (b) Mix-MOF-808(H). Particle size distribution of (¢) MOF-808, and (d) Mix-MOF-808(H)
according to FE-SEM images.

and structure of all the compounds are well compatible with the MOF-808 pattern. It is worth noting that all functionalized compounds
have X-ray diffraction patterns similar to MOF-808 materials reported in the literature and simulated single crystals (space group
Fd-3m, spn topology) [38].

The crystallite diameter (Dc) of samples obtained using the Debey-Scherrer equation:

D = K\/PcosO

Where B is the breadth of the observed diffraction line at its half intensity maximum, K is the so-called shape factor, which adequately
carries a value of about 0.9, and ) is the wavelength of the X-ray source used in XRD. Calculated crystalline domain sizes are 51.5, 51.5,
45.6, 49.8, 61.5, 61.5, and 51.5 nm for MOF-808, Ex-MOF-808(NHz), Ex-MOF-808(NOy), Ex-MOF-808(H), Mix-MOF-808(NHy), Mix-
MOF-808(NO2) and Mix-MOF-808(H), respectively.
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Table 2

Zeta potential of MOF-808-based catalysts.
Structure Zeta potential (mV)
MOF-808 52
Ex-MOF-808(H) 2.6
Ex-MOF-808(NH,) 15.5
Ex-MOF-808(NO2) 0
Mix-MOF-808(H) 52.3
Mix-MOF-808(NH,) 51.7
Mix-MOF-808(NO5) 54.2

3.1.2. Fourier-transform infrared spectroscopy

Fourier-transform infrared (FT-IR) spectra of MOF-808, Ex-MOF-808(NHy, NO,, H) and Mix-MOF-808(NH2, NO,, H) has been
illustrated in Fig. 3b. In all of the MOF-808 structures at 3432 cm ™}, the OH-stretching of the carboxylate group of the BTC ligand in
MOF-808 has a broadening absorption peak. Also, an adsorption band at 1664 cm™! existed in all graphs ascribed to the stretching
vibration of C=0 in DMF. At 648 cm™, the vibration peak of Zr-O is strongly observed, informing that the coordination reaction
occurs between the carboxyl in groups of BTC and zirconium ion. The FT-IR spectra of MOF-808 samples exhibit the characteristic
vibration peaks at 1620, 1525, and 1436 cm ™ ! due to the aromatic ring. Compared with the IR spectra of MOF-808, several new bands
located at 1120 em™! and 1056 cm ™! appear in the IR spectra of Ex-MOF-808(NH;, NO5) and Mix-MOF-808(NH,, NO>), and these
bands stem from the C-N stretching vibrations in NH;-isoBDC and NO,-isoBDC ligands. Besides, the N-H stretching vibration band in
the IR spectra of Ex-MOF-808(NH;) and Mix-MOF-808(NH>), at 3125 em ™!, but is not observed due to the presence of large amounts of
hydroxyl groups in the spectra.

3.1.3. Thermal gravimetric analysis

To further confirm the stability rate of the modified Ex-MOF-808(NH;, NO2, H) and mix-MOF-808(NHj;, NO,, H) samples compared
to MOF-808, thermal gravimetric analysis was performed under argon condition, as demonstrated in Fig. 3c. According to the diagram,
the prepared mix-MOF-808(NHy, NO,, H) samples have a similar profile to MOF-808 and the destruction of the frameworks happens
gradually in the range of 250-600 °C. In this case, the homogenous spreading of the second linker in mixed-linker MOFs causes it to
demonstrate similar thermal behavior to MOF-808. On the contrary, the Ex-MOF-808(NH;, NOo, H) dehydroxylation of the zirconium
oxo-clusters occurs in a smaller temperature range of about 450-600 °C. Generally, a tangible difference can be observed in the TGA
diagram of the Zr-MOF networks and all frameworks are stable up to 600 °C.

3.1.4. N sorption

Nitrogen sorption isotherms of MOF-808, Ex-MOF-808(NH;, NO,, H), and Mix-MOF-808(NH,, NO,, H) were measured at 77 K
(Fig. 3d). Formerly, all the prepared compounds were activated at 110 °C for 12 h under a vacuum. According to Fig. 3d, it can be seen
that the isotherms of all catalysts show a type-IV curve, which indicates that the samples obtained from mixing and exchanged-ligand
methods have a mesoporous nature. Table 1 illustrates a summary of the textural properties of MOF-808 and its derivatives. According
to Tables 1 it can be seen that the surface area and pore volume of MOF-808 decrease after loading secondary ligands, which shows that
the secondary ligands are well placed inside the MOF-808 and the pores are more limited, and as a result, the surface area is reduced.
For instance, Ex-MOF-808-NH; functionalized by amino groups ultimately has less porosity than the parent MOF-808 due to the filling
of confined spaces by NHy groups [39]. In other words, the surface area and pore volume of samples systematically decrease by
incorporation of NH»-isoBDC ligand within the framework.

3.1.5. Scanning electron microscopy

Scanning electron microscopy images were used to confirm the morphology and particle size of the MOFs. The bare MOF-808 has a
spherical morphology and this shape remains in mix-MOF-808(H) (Fig. 4a and b). As presented in Fig. 4c and d, the average particle
size for MOF-808 and mix-MOF-808(H) was calculated 116.04, and 92.2 nm, respectively.

3.1.6. Zeta potential

To investigate the charge state of MOF-808, Ex-MOF-808(NH>), Ex-MOF-808(NO3), Ex-MOF-808(H), Mix-MOF-808(NHy), Mix-
MOF-808(NO>) and Mix-MOF-808(H) structures, the zeta potential method was carried out (Table 2). From the zeta potential mea-
surement, it was found that the surface charge of MOF-808 at neutral pH was 52 mV. A similar positive charge was observed in mix-
linker constructed samples (Mix-MOF-808(NHy, NO,, H)). Regarding samples obtained from the exchanged-ligand method, the surface
charge is more negative than the mixing-ligand method. This analysis shows that in the exchange method, the highest exchange rate is
done at the surface of the nanoparticles, and as a result, the amount of defect and functional groups is higher at the surface, which also
affects the catalytic activity [40,41].

3.2. Performance in oxidation of methyl phenyl sulfide

The oxidative desulfurization of organic sulfides is becoming the most viable method for eliminating stubborn naturally occurring
sulfides from fossil fuels, so researchers are continuing to develop high-efficiency solid catalysts for sulfide oxidation [42,43]. In our
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Fig. 5. Oxidation of methyl phenyl sulfide (MPS) with H,O, over Zr-MOFs.
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Fig. 6. (a) Effect of [H;0,]/[thioanisole] ratio is 1:1 on sulfoxidation conversion at 25 °C in acetonitrile solvent, Ex-MOF-808(NH>) catalyst (0.01

mmol), reaction time = 15 min, (b) Effect of reaction of different catalysts on oxidation of thioanisole (0.1 mmol) with H,O5 (0.2 mmol) in
acetonitrile solvent, catalyst (0.01 mmol), reaction time = 5 min.

Table 3

Experimental Data conversion of MPS using various materials
as the catalyst.

Catalyst type Conversion (%)
MOF-808 97
Ex-MOF-808(NHy) 80
Ex-MOF-808(NO2) 71
Ex-MOF-808(H) 82
Mix-MOF-808(NH,) 55
Mix-MOF-808(NO,) 91
Mix-MOF-808(H) 88

Experimental condition: thioanisol (0.1 mmol) with H,O5 (0.2
mmol) in acetonitrile solvent, catalyst (0.01 mmol), reaction
time = 5 min.

project, a well-known methyl phenyl sulfide (MPS) was utilized as a model reaction for sulfide oxidation. The sulfur atom of the methyl
phenyl sulfide is electron-rich and has been shown to undergo electrophilic oxidation to give sulfoxide [44]. The oxidation process was
performed with hydrogen peroxide as an oxidant, which can oxidize thioanisole compounds and convert them into the corresponding
sulfoxide or sulfone products. Meanwhile, CH3CN is used as a solvent for the oxidation process to drag the polar sulfoxide and sulfone
products out of the pores in the catalysts and make more active catalytic sites. The concentration of MPS was monitored by analyzing
reaction products at intervals on a GC-MS. The overall reaction schematic is illustrated in Fig. 5.

Interestingly, the use of defect-engineered MOFs, Ex-MOF-808(NH;, NO,, H) and Mix-MOF-808 (NHj, NO,, H), containing defect-
inducing linkers, led to the creation of functional groups and open metal sites in frameworks which can modify the catalytic per-
formance [45]. Also, different strategies have been used to introduce multiple functional ligands such as mixed-ligand MOFs and
ligand-exchanged MOFs. Most commonly, mixed-ligand MOFs have been prepared by solvothermal synthesis from ligand mixtures
[46]. In this study, Mix-MOF-808(NHy), Mix-MOF-808(NO,), and Mix-MOF-808(H) were gained from the mixed-ligand strategy. In
this method, homogenous dispersion of the second linker was observed in the final structures which were confirmed by zeta potential

analysis. In the following, many catalytic tests were investigated in different conditions to identify better the effect of each of the
created functional groups.
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Fig. 7. Optimization of oxidation reaction parameters (a) effect of catalyst dosage, (d) influence of solvent, (c) different amount of oxidant (Re-
action condition: sulfide (0.1 mmol), T = 25 °C, reaction time = 15 min), and (d) Reused experiments for Ex-MOF-808(NH,) the oxidation of MPS
under optimal conditions.

As a first catalytic test, Ex-MOF-808(NHy) was chosen randomly as a catalyst to investigate the effect of the presence of HyO, and
catalyst in the MPS reaction. The catalytic reaction was performed under [HyO2]/[thioanisole] ratio 1:1 at 25 °C in acetonitrile solvent
condition. It was indicated that the presence of an oxidant agent was necessary for the accomplishment of the reaction. Then the
reaction occurred in the lack of a catalyst, and the results show that no oxidation occurred in the lack of the catalyst (Fig. 6a).

After enormous catalytic tests, the reaction condition was optimized. The oxidation of MPS (0.1 mmol) with 0.2 mmol H,0 in the
presence of MOF-808, Ex-MOF-808(NH;,, NO,, H), and Mix-MOF-808(NH;, NO,, H) as the catalysts produced the corresponding
sulfone with unprecedentedly high selectivity substrate conversion in acetonitrile solvent condition; (Fig. 6b, and Table 3). In Fig. 6b,
after 5 min, the MPS oxidation rate reactivity decreased in the order of MOF-808> Mix-MOF-808(NO3) > Mix-MOF-808(H) > Ex-MOF-
808(H) > Ex-MOF-808(NH;) > Ex-MOF-808(NO3) > Mix-MOF-808(NH,). Mix-MOF-808(NO5) demonstrates the highest catalytic
reactivity, for the uniform fixation of amino functions in the surface of MOF-808 as much as possible [47].

Selectivity in catalytic reactions refers to the ability of a catalyst to promote specific reactions while minimizing undesired side
reactions [48]. This is crucial in various industries, including pharmaceuticals, petrochemicals, and environmental remediation. High
selectivity allows for increased yield of desired products, reduces waste, and improves efficiency, ultimately leading to cost savings and
environmental benefits. Achieving high selectivity often requires careful catalyst design and optimization of reaction conditions.
Factors such as catalyst composition, structure, and surface properties play crucial roles in determining selectivity by influencing
reaction pathways and adsorption/desorption kinetics of reactants and intermediates [49]. The importance of selectivity towards
sulfone products in methyl phenyl sulfide reactions, aside from sulfoxides, lies in several key aspects:(1) Increased oxidative stability:
Sulfones are generally more stable to oxidation than sulfoxides. Therefore, directing the reaction towards sulfone formation can lead to
products with enhanced oxidative stability, making them more suitable for applications where exposure to air or other oxidizing agents
is a concern. (2) Functional group tolerance: Sulfones can tolerate a wider range of functional groups compared to sulfoxides. By
favoring sulfone formation, the reaction can proceed with higher selectivity in the presence of various functional groups, expanding
the scope of compatible substrates and enabling more versatile synthetic routes. (3) Improved physicochemical properties: Sulfones
often exhibit different physicochemical properties compared to sulfoxides, such as solubility, polarity, and reactivity. Selectivity to-
wards sulfone formation can lead to products with desired properties for specific applications, such as improved solubility in organic
solvents or compatibility with other materials. (4) Process efficiency: Depending on the downstream processing requirements, sulfones
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Table 4
A comparison table for MPS catalytic reaction.
No. Catalyst Reaction time Solvent MPS Total Conversion Selectivity to sulfone Reusability Reference
1 PoW1gSns@MIL-101 120 CH3CN 98 % 98 % 6 [53]
2 P,W;5Ce;@- MIL-101 35 CH3CN 98 % 98 % 6 [53]
3 Fe304@PEO-SO3H 40 CH;3CN 95 % - - [54]
4 Fe3;04@PEO-SOsH 10 EtOH 95 % - 8 [54]
5 Ui0-67 30 CH3CN 51 % 49 % - [55]
6 Ui0-66 + H' 210 CH3CN 59 % 40 % - [55]
7 MIP-200 240 CH3CN 97 % 90 % - [56]
8 Ex-MOF-808 (NH5) 5 CH3CN 80 % 72 % 3 In this work
9 Ex-MOF-808 (NH2) 10 CH3CN 98 % 97.7 % - In this work
10 Mix-MOF-808(NO,) 5 CH;3CN 91.7 % 91.1 % - In this work

may offer advantages over sulfoxides in terms of ease of purification, stability during isolation, or compatibility with subsequent
reactions. Selectivity towards sulfone formation can streamline the overall synthetic process and improve the efficiency of product
isolation and purification steps. According to the above descriptions, although the overall efficiency of pristine MOF-808 is high, it has
very low selectivity toward each product. On the other hand, other functionalized MOFs have a high selectivity toward sulfone, which
is very important in catalytic applications [50,51].

NH,-BTC in MOF-808 can serve as an effective catalyst for methyl phenyl sulfide oxidation due to the presence of the amino
functional group, which can contribute to enhanced reactivity, selectivity, and stability of the catalyst in the reaction. The amino group
can act as a Lewis base, facilitating the activation of the oxidant and the substrate. The presence of the amino group can stabilize
reaction intermediates through hydrogen bonding or other interactions, which may lower the activation energy of the reaction steps
involved in the oxidation of methyl phenyl sulfide.

NO,-BTC in MOF-808 may exhibit different catalytic behavior compared to NH,-BTC due to the distinct electronic and steric effects
introduced by the nitro functional group. The electron-withdrawing nature of the NO, group may enhance the reactivity of the MOF
catalyst, potentially leading to improved catalytic activity or selectivity in the oxidation reaction. The nitro group is strongly electron-
withdrawing due to its high electronegativity. This can influence the electronic properties of the MOF and the active sites within the
framework. In the context of oxidation reactions like methyl phenyl sulfide oxidation, the electron-withdrawing nature of the NOy
group can enhance the electrophilicity of nearby metal centers, potentially facilitating the activation of the oxidant or the substrate.
Also, the presence of the NO, group may introduce steric hindrance around the active sites of the MOF, affecting the accessibility of
reactants and intermediates to the catalytic sites. This could influence the reaction kinetics and selectivity of the oxidation process.

3.2.1. Effect of different catalyst dosages on reaction

The effect of different catalyst dosages on the catalytic conversion performance for Ex-MOF-808(NH;) was studied (Fig. 7a). After
15 min of reaction, the MPS conversion can reach 99.7 % with 0.013 mmol of Ex-MOF-808(NH,) catalyst (reaction condition: sulfide
(0.1 mmol), Hy05 (0.1 mmol), T = 25 °C). The results indicate that increasing the catalyst dosage enhances the conversion of MPS.
Therefore, the performance has greatly improved, when the amount of catalyst is increased to 0.013 mmol, which ascribes to more
opportunity for the sulfide and catalyst to contact. So, a 0.013 mmol catalyst is selected as the better dosage.

3.2.2. Effect of different solvents on reaction

In catalytic systems, the background (uncatalyzed) reaction will always take place. Many types of research show that the protic and
acidic solvents have a relatively high level of background reaction, whereas the nitrile-containing aprotic solvents can suppress it [52].
The role of different solvents in the oxidation of methyl phenyl sulfide was examined in Fig. 7b. As illustrated in Fig. 7b, in the presence
of Ex-MOF-808(NH;) when we used acetonitrile as a solvent, the desired product conversion to sulfone was much better than ethanol
and methanol. So, acetonitrile was chosen as a solvent, because of its documented suppression of background reaction.

3.2.3. Effect of different oxidant/sulfur ratio on reaction

As illustrated in Fig. 7c, the effect of the oxidant/sulfur (O/S) molar ratio was studied. The rise of the HoO5 to MPS ratio improves
the performance of the catalytic reaction and shortens the time to complete sulfide oxidation (Fig. 7c). When the O/S molar ratio is 2,
the conversion of MPS is 99.9 % in a reaction time of 15 min in acetonitrile solvent conditions. After comparison, an oxygen-sulfur ratio
of 2 is a better choice.

3.2.4. Investigate the stability of the catalyst

One of the main advantages of heterogeneous catalysts is reusability, which is greatly important for commercial applications. To
investigate the recyclability of the Ex-MOF-808(NH;) catalyst in the MPS oxidation reaction, we designed the corresponding cycle
experiments. After completing each run, the catalyst was recovered and then used for the next reaction run. The recovered sample was
dried and then used directly for subsequent catalytic sulfide oxidation reactions. The results showed that the catalyst could be recycled
at least 3 times with good selectivity (Fig. 7d). Subsequent PXRD analysis confirmed no significant alterations in the crystal structure
following these cycles.

Table 4 illustrated a comparision between this work and previous reports of MPS reaction over MOF structures. It is worth noting
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Fig. 8. Possible reaction mechanism for the oxidation of sulfides to sulfoxides over Zr-MOF-808 structures.

that the reaction time and selectivity of the synthesized catalysts is better than most of the MOFs reported in previous publications.

3.3. Possible reaction mechanism

Overall, we tentatively propose the mechanism of the oxidation of S-compounds over Zr-MOF structures. In this work, the Zr-MOF-
808 catalyzed oxidation of methyl phenyl sulfide, particularly in the presence of hydrogen peroxide (H203) as the oxidant, the
mechanism unfolds through a series of intricate steps. Initially, methyl phenyl sulfide adheres to the surface of Zr-MOF-808, facilitated
by weak interactions. This catalyst, serving as a platform for catalytic activity, activates hydrogen peroxide, leading to the generation
of reactive oxygen species like hydroperoxo or peroxo species on its surface. Subsequently, these activated oxygen species partake in
the oxidation process, where one oxygen atom is transferred to the sulfur atom of the sulfide. This transfer results in the formation of
two products: methyl phenyl sulfoxide and methyl phenyl sulfone. Methyl phenyl sulfoxide is formed when the oxygen atom attaches
to the sulfur atom with a single bond, while methyl phenyl sulfone is produced when the oxygen atom attaches to the sulfur atom with
a double bond. Following the completion of the oxidation step, both the sulfoxide and sulfone products desorb from the catalyst
surface, leaving behind a regenerated Zr-MOF-808 catalyst (Fig. 8). Overall, the mechanism underscores the pivotal role of Zr-MOF-
808 in mediating the oxidation of methyl phenyl sulfide, especially in the presence of hydrogen peroxide, offering insights into its
catalytic prowess in organic transformations [28,55].

4. Conclusion

In the present study, a series of functionalized and de-functionalized Zr-MOF-808 structures were successfully fabricated with two
different synthesis strategies; the mixed linker method and the post-synthesis linker exchange method. In this study, Mix-MOF-808
(NHy), Mix-MOF-808(NO), and Mix-MOF-808(H) were gained from the mixed-ligand strategy have uniform dispersion of linkers in
hole framework and the surface charge of catalyst is more similar to pristine MOF-808. Also, Ex-MOF-808(NH3), Ex-MOF-808(NO,),
and Ex-MOF-808(H) which synthesize by ultrasound-assisted exchange method have a more negative surface charge. All the syn-
thesized catalysts were compared in the MPS oxidation reaction. According to the results Mix-MOF-808(NO2) demonstrates 91 %
conversion with high selectivity toward sulfone product. Also, all functional MOFs have a high selectivity to sulfone which cannot
illustrated in pristine MOF-808. It should be noted that the selectivity of a catalyst refers to the ability of a catalyst to promote specific
reactions while minimizing undesired side reactions which was crucial in industrial applications.
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