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Abstract

Polyoxometalate-based heterogeneous catalysts have been prepared by immobilization
of Keggin-type heteropolyacid on hybrid mesoporous silica nanoparticles with choline
hydroxide based ionic liquid. The immobilization process has been accomplished by a
simple acid-base reaction with phosphomolybdic acid. For comparison purposes,
additional supports (hybrid-SBA-15 and TiO;) have been also used in order to establish
the nature of the interactions between the heteropolyacid and the surface’s groups of
the support. To do this, electrochemical and 3P MAS-NMR studies have been carried
out finding the formation of moieties like (Chol)2[HPM012040] and/or (Chol)3[PM012040]
on the silica materials. Polyoxometalate-based heterogeneous catalysts have been
effectively tested for the oxidative desulfurization of DBT in model oil. Thus, complete
removal of sulphur (99.7 %) was achieved with polyoxometalate supported on the silica
after 2 h and using H,0; as a green oxidant. Additionally, reusability and stability studies
of the most active catalyst have been performed.

Keywords: Polyoxometalates immobilized, Mesoporous silica nanoparticles,
Heteropolyacid stability, Heterogeneous oxidative desulfurization
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1. Introduction

Keggin-type heteropolyacids (HPA) are strong Bronsted acids with interesting redox
properties so they have emerged as catalysts and photocatalysts [1, 2] and useful
materials in energy storage or in the production of biomass [3]. To increase the chances
of Keggin-type heteropolyacids as efficient heterogeneous catalysts the accessibility of
the active sites must be improved. That is protons, which act as Brénsted acid; oxygen
atoms that are basic enough to abstract protons from organic substrates and metallic
active sites. In order to disperse this highly stable species polyoxometalates, mainly
phosphotungstic and phosphomolybdic acids, [H3PM1204] M = W (HWP) and Mo
(HMoP), have been immobilized onto different inorganic supports such as zeolites [4],
metallic oxides [5], graphene [6], carbon nanotubes [7], silica [8, 9] and even used as
building units in the preparation of metal organic frameworks [10].

In this scenario, mesoporous silica materials with high surface area and high thermal
stability are the perfect candidates to be used as supports [11]; nevertheless, the classic
impregnation techniques with high HPA loadings achieved high surface coverages and
random clusters aggregation onto mesoporous silica surface, which lead to leaching
processes during the catalytic reactions in polar solvents. To overcome this drawback an
alternative route has been proposed to prepare these hybrid polyoxometalate
mesoporous silica materials in a direct synthesis procedure by introducing the HPA in an
acidified solution of the surfactant during the synthesis. This methodology allows the
encapsulation of HPW anions into SBA-15; however, the final surface structure seems to
be highly dependent of the content of HPW finding significant surfaces defects with 30-
40 % loadings [4, 12]. The utilization of hybrid organic-inorganic mesoporous silica
seems instead a logical proposal as shown by Kaleta and co-workers, who using
aminopropyl functionalized MCM-41 material, synthesized a zwitterionic material highly
stable and solvent tolerant with strongly immobilized heteropolyanions [13].

The benefits offered by ionic liquids have also been exploited by Li and co-workers who
have performed the immobilization of phosphotungstic acid by direct reaction of the
heteropolyacid with silica previously functionalized with 1-propyl-3-ethoxysilyl-3-
methylimidazolium chloride ionic liquid [14]. Yang and co-workers have used a similar
anion interchange reaction to prepare a mesoporous polyoxometalate based polymeric
hybrid [15]. Balula and co-workers have recently reported the synthesis of
phosphotungstate anion based ionic liquids [(IL3)(PW12040)>] (IL = 1-butyl-3-
methylimidazolium, 1-butylpyridinium, hexadecylpyridinium) and their application as
catalysts in desulfurization of fuel in the presence of 1-butyl-3-methylimidazolium
hexafluorophosphate as extractant agent. These biphasic systems seem to be very
efficient in the oxidation of sulfur compounds to sulfones but showed a low stability in
the recycling process. As an alternative these authors immobilized the
phosphotungstate anion onto SBA-15 previously functionalized with N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride achieving a highly recyclable
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catalysts with similar efficiency [16]. Recently, Bryzhin and co-workers have synthesized
SILP systems by impregnation of sulfated imidazolium ionic liquids with heteropolyacids
(HPA) as anions onto silica and alumina. The hydrogen bonding formation between
thiophene and sulfated cation distorted the planar structure and the aromaticity of
thiophene. The synergistic effect of this distortion with the catalytic oxidation function
of heteropolyanion makes the thiophene activation more efficient [17].

The nature of the interaction, ionic or covalent, between the support and the cluster has
great influence on their properties. The bonding between the polyoxometalate
molecule (POM) and the silica surface may take place via the formation of hydrogen
bonds between the acidic protons of heteropolyacids and the surface silanol groups
which can occur with or without proton transfer from POM molecule to the surface
silanol groups. A second alternative is the formation of covalent bonds between POM
oxygen and surface silicon atoms by water release [18]. Lefebvre and co-workers [19]
have demonstrated that, employing classical impregnation procedures, the protons of
polyoxometalates interact with surface silanol in silica [=Si(OH...H)*] consuming the
three acidic protons and changing the properties of polyoxometalates. However, when
the impregnation is performed using anhydrous heteropolyacids and partially
dehydroxylated silica, it is possible to obtain well-distributed and well-defined surface
species being the main one [=Si(OH...H*)]2[H*][PM012040]. In these types of metallic
complexes, the protons of the heteropolyacids are displaced around the structure to
optimize the interaction with the silica, establishing strong hydrogen bonds with
available silanol groups, but they are not transferred to the silanol group and remain on
the polyoxometalate to give structures of the type =Si-OH --- H*-O-Mo.

In this work, making use of similar procedures based on organometallic surface
chemistry strategies, we have immobilized phosphomolybdic acid (Hs3PMo012040) by using
dried ethanol as solvent and dehydrated hybrid silica mesoporous nanoparticles. The
mesoporous silica nanospheres functionalized with choline hydroxide based ionic liquid,
previously prepared by our group [20], allow the immobilization of the Keggin-type
heteropolyacid by a straight acid-base reaction with the acid protons of the
heteropolyacid. In addition, the lower density of silanol groups available on the silica
surface of this material (dehydroxylated before functionalization) should guarantee the
stability of the structure and the preservation of the acid protons on the surface.
Meanwhile preparing this work, Zeng and co-workers have recently published the
synthesis of choline-phosphotungstic acid; the electronic excited state analysis of this
material has demonstrated that the formation of singlet oxygen 03 is related to the
electron hole interaction in the photocatalytic process of ground state molecular oxygen
activation. Subsequently this system has reported as an useful photocatalyst in
desulfurization of fuel with air and acetonitrile [21]. The aim of this work is to get further
information about the influence of the silica surface silanol groups on the tethered
heteropolyacid stability, that is why two additional supports have been chosen for
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comparison purposes, mesoporous silica SBA-15 functionalized with the choline
hydroxide ionic liquid functionality and masked silanol groups and mesoporous titania
since it has demonstrated to preserve the phosphomolybdate anion after its supporting
[22].

2. Experimental
2.1. Materials

The following reactants were acquired from Merck and used as received:
tetraethylortosilicate (TEOS) 98 %, poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) (Pluronic P123), trimethylamine (4.2 M in ethanol),
hexamethyldisilazane (HMDS), 3-glycidyloxypropyl)trimethoxysilane, sodium hydroxide,
hydrogen peroxide  solution 30 % (H;02) and dibenzothiophene.
Hexadecyltrimethylammonium bromide (CTBA) and phosphomolybdic acid solution (20
% ethanol) were purchased from Acros Organics and used as received. Dodecane > 99.8
% was acquired from Alfa Aesar, 2-propanol from VWR Chemicals and n-octane from
Fluorochem. Nitric and hydrochloric acids were purchased from Scharlau. Toluene,
dichloromethane and ethanol were purchased from SDS and distilled and dried from
appropriate drying agents.

2.2. Preparation of catalysts

2.2.1. Preparation of mesoporous silica nanoparticles (MSN) functionalized with
choline hydroxide ionic liquid by post-synthesis procedure (Chol-MSN)

The mesoporous silica nanoparticles (MSN) were synthesized according to previously
published procedures [23]. Then, 2 g of MSN were dehydrated during 16 h at 200 °C and
then were suspended in 30 mL of dried toluene with 4 mmol of 3-
(glycidyloxypropyl)trimethoxysilane and heated at 85 °C for 48 h. After that, the solid
was filtered, washed with dichloromethane, and dried under vacuum. In a second step,
the previously prepared Gly-MSN material was suspended in water and 4 mmol of a
solution of trimethylamine 4.2 M in ethanol was added. The mixture was stirred at 50
°C for 48 h. Finally, the white solid, Chol-MSN, were filtered, washed with
dichloromethane and ethanol, and dried under vacuum.

2.2.2. Functionalization of Chol-MSN with phosphomolybdic acid (POMs-Chol-MSN)

0.5 g of Chol-MSN was suspended in 30 mL of ethanol and different amounts of
phosphomolybdic acid (0.2-0.5 mmol) was added. The yellow mixture was dispersed in
ethanol and stirred for 2 h in a cold bath. After that, the yellow solid was recovered by
filtration and washed with dichloromethane. For its storage, the catalyst was dried
under vacuum. The obtained samples were named POMs(1-3)-Chol-MSN depending on
the amount of phosphomolybdic acid used as reactant (see Table 1).



10
11

12

13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31
32
33
34
35
36

2.2.3. Functionalization of Chol-HMDS-SBA-15 with phosphomolybdic acid (POMs-
Chol-HMDS-SBA-15)

The mesoporous silica material Chol-HMDS-SBA-15 was prepared according to
previously published method [20] and functionalized with phosphomolybdic acid
following a similar procedure to that of section 2.2.2.

2.2.4. Functionalization of TiO; nanoparticles with phosphomolybdic acid (POMs-TiO;)

The mesoporous TiO2 nanoparticles were prepared using a procedure described by our
group previously [24]. 0.5 g of TiO2 nanoparticles were suspended in ethanol (30 mL)
and 0.2 mmol of phosphomolybdic acid were added. The yellow mixture was stirred
during 2 h in a cold bath and then, the solid was filtered and washed with
dichloromethane. The resulting solid (POMs-TiO;) was dried under vacuum.

2.3. Characterization

X-Ray diffraction (XRD) patterns of the materials were obtained on a Phillips
Diffractometer model PW3040/00 X'Pert MPD/MRD at 45 KV and 40 mA, with Cu-Ka
radiation (A=1.5418 A). The adsorption-desorption isotherms of N2 gas were acquired
using a Micromeritics TriStar 3000 analyser, and based on the adsorption branch, pore
size distributions were calculated using the Barret- Joyner-Halenda (BJH) model.
Thermogravimetric analysis was done in a Star System Mettler Thermobalance and
Infrared spectra were recorded on a Nicolet-550 FT-IR spectrophotometer (in the region
4000 to 400 cm™) as KBr disks. *H NMR spectra were recorded on a Varian Mercury FT-
400 spectrometer. Structural characterization was completed via transmission electron
microscopy (TEM) in a PHILIPS TECNAI-10 electronic microscope operated at 200 kV. The
electrochemical studies were recorded with a potentiostat/galvanostat Autolab
PGSTAT302 through modified carbon paste electrodes (MCPE) used as working
electrode, as in previous studies reported by our group [23].

2.4. Oxidative desulfurization

For this experiment, 50 mg of catalyst, 10 mL of n-octane as model oil containing DBT
(250 ppm S) and 30 % H,0, (O/S =6) were added in a reactor MultiMax™ parallel reactor
system from Mettler Toledo. The mixture was heated at (40-60 °C) at different times
and stirred at 500 rpm. After that, the solid was separated by centrifugation and the
supernatant was analyzed to calculate the remaining sulfur content by GC-FID (Agilent
6890N, DB-Wax capillary column 25 m, 0.53 mm) using dodecane as an external
standard. The resulting product was dibenzothiophene sulfone and it was also identified
by liquid 'H NMR spectroscopy (Fig. S11). The catalysts were washed with
dichloromethane and dried under vacuum. The catalyst POMs(2)-Chol-MSN was used in
repeated experiments with the aim to prove its recycling.
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3. Results and discussion
3.1. Synthesis and Characterization of catalysts

Mesoporous silica nanoparticles with the functionality choline hydroxide has been
synthesized previously by our group [20]. This functionality act as strong base allowing
the straightforward acid-base reaction with phosphomolybdic acid in organic media to
render immobilized polyoxometalates (POMs), which establish electrostatic interactions
with ammonium groups covalently grafted to silica surface. This strategy aims to
produce well-distributed and well-defined surface species, where the protons remaining
in the molybdenum cluster can be displaced around the structure and may establish
hydrogen bonds with the hydroxyl group available in the choline type tethered ligand
(See Scheme 1), or in less extension with the surface silanol groups. In addition, the
masked of silanol groups with hexamethyldisilazane in the material Chol-HMDS-SBA-15
will not be capable of establishing strong hydrogen bonds with surface silanol and hence
the transference of the proton acid from the heteropolyacid to give additional Mo-O-Si
covalent bonds. For comparative purposes, mesoporous TiO, supported
phosphomolybdic acid has been also used since titanium oxide has demonstrated to
preserve the phosphomolybdate anion after its immobilization [22, 25].

[H2M012P040] ©
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_\ - "o
0o e@N OH N o
OH X /z
o) o)
GlyPTMS MesN [H3M01,PO,q]
— — | [ ==
O —si 0 —sj 0 —si
OH OH OH OH O/ \O OH O/ \O OH O/ \O
S|| Sli Sli Sll Sll Si Sli Sll S|| Sll Sll Sll
1 1 1 | |
Gly-MSN Chol-MSN POMs-Chol-MSN

GlyPTMS = 3-glycidyloxypropyl)trimethoxysilane

Scheme 1. Immobilization procedure of Keggin-type phosphomolybdic acid or
polyoxometalates (POMs) onto hybrid mesoporous nanospheres.
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To study the loading capacity of the materials synthesized in this work, several amounts
of phosphomolybdic acid as POMs metallic precursor have been used. The
phosphomolybdic acid content was calculated based on X-ray fluorescence analysis
(XRF). As can be seen in Table 1, three samples with increasing amount of
phosphomolybdic acid (mmol/g) in the modified MSN nanoparticles have been obtained
besides those prepared with Chol-HMDS-SBA-15 and TiO; as supports. POMs-Chol-MSN
and POMs-Chol-HMDS-SBA-15 samples show higher quantities of phosphomolybdic acid
in their surfaces than POMs-TiO; which only contains 0.05 mmol g*. Fig. S1a and Fig. 1
show the nitrogen adsorption/desorption isotherms of pristine supports and
functionalized materials, respectively. The POMs-Chol-HMDS-SBA-15 material shows a
characteristic type IV BET isotherm due to the presence of mesoscale pores with a
characteristic H1-type adsorption-desorption hysteresis loop of a highly ordered
hexagonal pore system. This type of isotherm is also shown by POMs-TiO; sample, but
its hysteresis loop is a mixture of H1 and H2 from 0.4 to 0.9 relative pressure, which is
typical of these mesoporous aggregates of TiO, nanoparticles [24]. As representative
example of hybrid POMs mesoporous silica nanoparticle materials, POMs(2)-Chol-MSN
sample has a type Ill isotherm with a H1 hysteresis loop centered at P/Po > 0.9. The
textural properties such as the surface area (Sger), total pore volume (Vp) and BJH pore
diameter (Dp) have been obtained from N; isotherms (Table 1 and Fig. S1b). The
modified SBA-15 material possesses expected values for Sger (183.2 m?2 g™1), V,, (0.25 cm3
g™!) and Dp (4.8 nm) when the support has been functionalized with choline ionic
functionality and a silylating agent, like HMDS [20]. The POMs-TiO2 mesoporous
nanoparticles possess lower values of surface area (80.4 m? g), pore volume (0.18 cm?
g™!) and pore diameter (7.0 nm) with respect to non-modified TiO2 nanoparticles after
phosphomolybdic acid incorporation, as befitted. The three materials POMs-Chol-MSN
show an important reduction in the textural properties’ values in comparison with the
bare MSN. The high loading value of choline moieties and sterically demanding
phosphomolybdate anions support its incorporation into the channels and hence the
blocking of nitrogen molecules entrance, as the XRD patterns suggest. With the values
of POMs loading (Lo = % Mo/(12xmolybdenum atomic weight) and Sger of the samples,
we also calculate the average surface density of attached POMs molecules and the
average intermolecular distance. As expected, the modified MSN samples have the
lowest surface density in the range 0.08-0.13 molec/nm? and higher intermolecular
distance from 0.53 to 0.76 nm. POMs-Chol-HMDS-SBA-15 shows 0.22 molec/nm?2 and an
intermolecular distance of 2.12 nm. In the same way, both parameters calculated for
POMs-TiO, are 0.24 molecules/nm? of average surface density and 2.05 nm of
intermolecular distance. Finally, to assess the extent of the ion pair formation between
the tetra alkyl ammonium group and the polyoxometalate counter ion, the ratio
between POMs, and the choline based ligand has been estimated in POMs-Chol-HMDS-
SBA-15 and POMs(2)-Chol-MSN samples. Since the choline ligand loadings calculated
from nitrogen elemental analysis measurements are 0.64 y 0.81 mmol/g for Chol-HMDS-
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SBA-15 and Chol-MSN; the ratio POMs/Choline ligand are 0.4 and 0.3, respectively.
These low values are consistent with the formation of complexes like
(Chol)2[HPMo012040] and/or (Chol)3s[PMo012040] besides the presence of unreacted choline
hydroxide units onto the silica surface cannot be discarded. This proposal offers new
variables to be considered during the characterization and application of these
materials.
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Figure 1. N, adsorption/desorption isotherms of some functionalized samples.



1  Table 1. Textural properties, phosphomolybdic acid loading, average surface density, average intermolecular distance and band gap values of
2 the synthesized materials.

s Pore Pore Phosphomolybdic Average surface Average Band Gap
Material °ET Volume size acid loading (Lo) density intermolecular  (Eg)°
(m’g?) (cm3g?l) (nm) (mmol g1)? (molecules/nm?) distance (nm)

MSN 1024 097 2.77 - - - -
POMs(1)-Chol-MSN 35.1 017 1.4 0.22 0.13 2.80 2.73
POMSs(2)-Chol-MSN 37.5 027 24 0.21 0.12 2.90 2.74
POMs(3)-Chol-MSN 50.4 023 2.4 0.14 0.08 3.46 2.63
POMSs-Chol-HMDS-SBA-15  183.2 0.25 4.8 0.25 0.22 2.12 2.80
TiO, 84.6 019 8.1 - - - 3.15
POMs-TiO; 80.4 0.18 7.0 0.05 0.24 2.05 3.07
POMs (in ethanol) - - - - - - 2.98

3  2The molybdenum content was obtained by X-ray fluorescence analysis (XRF). (Lo = % Mox10/(12xmolybdenum atomic weight)
4 P Blue shifted value calculated for Mo=0; and Mo-O-Mo transition bands after immobilization in comparison to free POMs in ethanolic solution
5  °Estimated band-gap energy (Eg) from a plot of (ahv)? vs hv
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The mesostructure of the synthesized silica-based materials was investigated by XRD
analysis (Fig. 2a). Small-angle XRD studies show that pristine MSN material has a typical
well-resolved pattern at low 20 values with three characteristic peaks: one strong (100)
at 2.44 and two lower (110) and (200) at 4.1 and 4.8 (Fig. 2a), respectively;
corresponding to a highly ordered mesoporous silica. This structure has also been
confirmed by SEM and TEM micrographs (Fig. S2). The hybrid Chol-MSN material
containing the organic functionality suffers a pronounced reduction in the main peak
intensity at 2.44 and the peaks (110) and (200) disappear, as well as the POMs-Chol-
MSN samples. The intensity’s decrease on the diffraction plane (100) can be explained
by changes in the wall thickness due to the ongoing functionalization process on
nanoparticles surface and the likely blocking of pores as the N, adsorption analysis
suggests. Thus, the unit cell parameter, ao = 2d100 X (V3)2, was calculated considering
d100 values. MSN, Chol-MSN and POMs-Chol-MSN samples possess increasing ao values
of 4.16, 4.35 and 4.39 nm, respectively, which means an increment in the distance
between two contiguous pores in that crystallographic direction (dio). The XRD pattern
of POMs-TiO; sample was also performed showing its crystalline nature (Fig. 2b).
Although anatase phase (A) is the main crystal phase additional peaks of brookite phase
(B) appeared at 26 = 31 and 42, due to the low calcination temperature (400 °C) used
during the experimental synthetic procedure for the crystalline structure formation.
Wide XRD studies for POMs-Chol-MSN and POMs-Chol-HMDS-SBA-15, as well as, POMs-
TiO2 materials do not show peaks attributed to crystalline POMs which supports the
uniform dispersion of the polyoxometalate anions onto silica materials (Fig. S3). In
addition, there is no measurable effect on the size of the titanium oxide nanoparticles
upon clusters immobilization as demonstrate de average particle diameter for both TiO;
and POMs calculated to be about 7.6 nm by using Scherrer’s formula.

10
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Figure 2. XRD patterns of a) bare and modified MSN and SBA-15 materials and b) POMs-
TiOz sample.

The thermal behavior of POMs-Chol-MSN and POMs-Chol-HMDS-SBA-15 was studied by
thermogravimetric and differential thermal analysis (TGA and DTA). TGA curve of POMs-
Chol-MSN, in Fig. 3, exhibits a small weight loss around 100 °C due to physisorbed water
on surface’s samples. Then, a weight loss region is found from 160 to 400 °C
corresponding to decomposition of organic moiety anchored to surface silica and a
sharp peakis located at 500 °C associated to phosphomolybdic acid decomposition. Pure

11
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[HsMo012P040] decomposes at ca. 440 °C, that is, phosphomolybdic acid maintains a
similar thermal stability after immobilization in Chol-MSN. This behavior contrasts with
that observed for [HsMo012P040] loosely anchored on silica or on montmorillonite which
is less stable than unsupported [26]. New exothermic peaks at 755 and 845 °C are
observed in the DTA curves; these peaks are ascribed to additional decomposition of
POMs to render MoOs. POMs-Chol-HMDS-SBA-15 material shows a similar TGA curve
with subtle differences, the broad peak in the range 185-380 °C now, which involves the
decomposition of choline-based ligand and that of trimethylsilyl groups anchored to the
silica surface, MesSi-O-Si=. Besides, the first peak attributed to the decomposition of
POMs appears at lower value ca. 465 °C in comparison to POMs-Chol-MSN. The slight
increase of POMs decomposition in POMs-Chol-MSN suggests, besides, the accepted
electrostatic interactions with the choline-based functionality, the establishment of an
additional interaction between polyoxometalate anions and unmasked silanol groups
which are capable of further stabilization of supported POMs.

105 ———F——1——7—— —
] POMSs-Chol-HMDS-SBA-15
100 -\ — — POMSs(2)-Chol-MSN L 1.0020
'S~ — — POMs(1)-Chol-MSN
S BN POMs-Chol-HMDS-SBA-15 |
N R —— POMSs(2)-Chol-MSN
1 —— POMSs(1)-Chol-MSN —~
< N M -1.0015 O
N L
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2 £
O )
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o =
2 :
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Temperature (°C)

Figure 3. TGA and DTA analysis curves for POMs-Chol-MSN and POMs-Chol-HMDS-SBA-
15 materials.

Fig. 4 and Fig. S4 show the FTIR spectra of synthesized materials. The characteristic
bands of the physisorbed water molecules appear at 3432 cm™ and at 1637 cm™
corresponding to O-H stretching and deformation vibrations, respectively. Silica-based
materials show other typical sharp bands attributed to the Si-O stretching vibrations at
1086, 962 and 808 cm™ (Fig. S4). The incorporation of choline ionic liquid adds new
bands to the spectra corresponding to v(C-H) stretching vibrations at 2937 and 2881 cm”
1 and two nearby bands at 1476 and 1487 cm™ attributed to the bending vibrations of

12
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6(C-H) of the tetraalkyl ammonium group of the choline unit (Fig. S4). These bands
remain unaltered after phosphomolybdic acid incorporation, which support the stability
of these organic functionality. For comparison purposes, the FTIR spectrum of pure
phosphomolybdic acid (HsPMo12040, 20 % ethanol) was also recorded (Fig. 4a). Keggin-
type H3PMo12040 is formed by assembly of MoOe octahedral sharing edge oxygen atoms
to form units which further condense by sharing corner oxygen atom around a
phosphorus central atom in tetrahedral coordination (POs) surrounded by 12 MoOe
octahedral to form the cage structure. There are four central oxygen atoms (P-0O,), 12
oxygen atoms that bridge two molybdenum atoms sharing a central oxygen atom (Oc),
12 oxygen atoms that bridge molybdenum atoms not sharing a central oxygen atom and
12 terminal oxygen atoms bound to a single molybdenum atom (Oy). FTIR spectrum of
H3PMo012040 is dominated by four characteristic peaks at 1046, 963, 882 and 810 cm™?,
assigned to the v(P-0a), v(M0o=0x) (O is terminal oxygen), v(Mo-Op-Mo) (O is bridge
oxygen) and v(Mo-Oc-Mo) (Oc is the corner or edge oxygen), respectively. In POMs
mesoporous silica-based materials with variable loading of phosphomolybdic acid (Fig.
43), the most representative bands due to the polyoxometalate units appear overlapped
by the intense stretching vibration of hybrid silica support. It is probable that the
interaction of the POMs subunits, well dispersed on silica surface, with unmasked silanol
groups cause the distortion of the symmetry and hence the decrease and broadening of
the bands. This fact is supported by the FTIR spectrum of POMs-Chol-HMDS-SBA-15 (Fig.
4b) where the bands assigned to Mo—Oy—Mo and Mo—O-Mo are clearly observed and
appear slightly shifted to 885 and 805 cm™ in comparison to unsupported H3PMo012040,
which indicates the maintenance of the symmetry of the Keggin-type structure upon
immobilization and partial replacement of acid protons by the choline-based cation.
FTIR spectrum of POMSs-TiO2 material, synthesized by direct incorporation of
phosphomolybdic acid onto mesoporous titanium oxide nanoparticles, shows bands at
1045, 960 and 805 cm™ (Fig. 4b). The band assigned to the external oxygen atoms v(Mo-
Ob-Mo) shows an important decrease which again indicates the decrease of symmetry
due to the strong affinity between anions and surface groups of support meanwhile
maintaining the Keggin-type structure.
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Figure 4. FTIR spectra of POMs hybrid materials synthesized in this work in comparison
to phosphomolybdic acid.

To obtain further conclusions about the electronic structure, the existence of anion-
anion interactions and anion-support interactions, UV-vis measurements were
performed. The diffusion reflectance ultraviolet visible absorption spectra of

14



O 00 N O 1 H W N -

W W W W W WwWNNNNNNNNNNIERIRRRLRRRERRR R R
GO B W N P O WVWOOWNOWUSMRWNIERO OONKDKNOO VDM WNIELR O

synthesized materials are shown in Fig. 5. As can be seen, two strong signals appear in
all samples in the ranges of 220-240 nm and 305-317 nm. The reflectance band between
220-240 nm is attributed to ligand-metal charge transfer (LMCT) transition of terminal
oxygen to molybdenum atoms (Mo=0x). The band located at 305-317 nm corresponds
to the presence of Mo-O-Mo bridges and the transition type LMCT between bridging
oxygen atoms and molybdenum [27]. These signals are characteristic of
phosphomolybdic acid, as can be verified in Fig. S5a, where the UV—vis spectrum of an
ethanolic solution of H3PMo012040 at 0.05 mg mL* concentration was recorded. Both
bands display red shifted after immobilization and proton substitution by the choline
based counterion with exception of the spectrum of POMs(3)-Chol-MSN material where
appear slightly blue shifted. It can be said that the red shifted observed for 0>—Mo°®* is
proportional to the amount of supported POMs in POMs-Chol-MSN materials (see Table
1) and hence can be related not only to the immobilization but mainly to the relative
distance between anions, so the lower molecular distance the higher is the
displacement. In fact, in the compound (Chol)3[PW1,040] recently reported, the proton
replacement by the large cation involves a clear blue shift [21]. The shift observed is
similar for the absorption peaks due to Mo=0: and Mo-O-Mo transition bands indicating
that terminal and bridged oxygen-molybdenum bonds are equally affected after
immobilization on these materials. In comparison, the absorption spectrum recorded
for POMs-Chol-HMDS-SBA-15 offers interesting characteristics; the band due to
terminal metal-oxygen bond, Mo=0, appears blue shifted contrary to what could be
expected considering that this material possesses the lowest calculated average
molecular distance. In addition, the peak at 305 nm attributed to Mo-O-Mo appears at
the lowest wavenumber measured in all the materials under study. Edge energies
calculated for LMCT transitions from Kubelka—Munk plots are clearly dependent on the
relative distance between molecules and hence on anion-anion interactions. The values,
for all of them, are below the calculated value of 2.98 eV for H3PMo01,040 in ethanol and
decrease with the molecular distance increase. POMs-Chol-HMDS-SBA-15 is the
material with the highest value of band gap (2.80 eV) that also possesses the lowest
relative molecular distance. For POMs-TiO,, the edge band calculation is mainly due to
the anatase phase and it is not possible to infer clear conclusions. These results suggest
that exist an influence of several factors in the DRUV-Vis bands position of Keggin-type
phosphomolybdic acid after immobilization, such as the bulky counterion of the
polyoxometalate anion present in all materials (except POMs-TiO;), the anion-anion
interactions and the surface-anion interactions.
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Figure 5. DRUV-Vis spectra of POMs based materials synthesized in this work.

31p MAS-NMR is a very sensitive technique to local phosphorus chemical environment
and surrounding symmetry. Thus, this technique can add extra information to
characterize changes in chemical environment, after polyoxometalate was supported on
the provided support. The 3P MAS-NMR spectrum of POMs(2)-Chol-MSN immobilized
on OH" exchanged choline MSN material (Fig. 6) shows three sharp resonances at 6 -6.9
-4.8 and -0.26 ppm, indicating three different possible phosphorous environments. Since
the samples have been always treated and stored under nitrogen atmosphere and dried
ethanol used as solvent in synthetic procedures, the existence of multiple signals cannot
be explained on the basis of a different degree of hydration, as Black and co-workers did
for the 3P MAS-NMR spectra of K3[PMo012040] and [H3PMo012040]-nH>0 [28]. Pacula and
co-workers [26] explained the presence of two broad signals at -2.7 and -4.9 ppm in the
31p MAS-NMR spectrum of H3PMo1,040 deposited on Na-exchanged montmorillonite
due to the formation of (SiOH:)*[H2PMo012040] or Na[H:PMo012040] and further
decomposition into [PM011035]”~ and [P2Mo018062]®~ anions, because of the alkaline
nature of the support. According to Zeng and co-workers [29] pure H3PMo12040 shows a
single signals at 6 = -3.33 and H3PMo012040-SiO; a broad resonance due to the overlap of
this signal and a weak shoulder at 6 = -4.09 ppm attributed to [(SiOH2)*(H2PM012040)7].
This and similar studies suggest that primary structure of polyoxometalate anion is only
weakly perturbed on silica. Nevertheless, in the literature studies with remarkably
different results are also available. For instance, Chang and co-workers reported 3P
MAS-NMR studies of H3PMo012040-SiO; with different loadings which displays three
resonance peaks at 2.5 -3.6 and -10.0 ppm, assigned from high to low fields to
decomposition species, pure H3PMo012040 and interacting species with SiO; support [30].
When using more basic supports as alumina up field in the range -8 to -23 ppm peaks
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are observed. These signals are explained based on Keggin-type anion decomposition to
render monomeric phosphate, polyphosphate and AIPO4 or P,05—Mo0QOs complexes with
alumina according to Say Prasad [31] or seldom Caceres and co-workers [32] due to the
presence of the Keggin-type unit at 6 = -3.33 ppm and to the interacting species of
phosphomolybdic acid with the support at 6 = -10.8 ppm. The ammonium salt of 12-
molybdophosphoric acid impregnated on silica at 5 wt% shows only a sharp single peak
at 0.0 ppm. On increasing the loading, the peak moved up-field, with enhanced
bandwidth extending up to =12 ppm due to the formation of interacting species [31].

—— POMs-TiO,

POMs-Chol-HMDS-SBA-15

—— POMSs(2)-Chol-MSN

I r
-40 -20 0 20 40

Figure 6. 3P MAS-NMR magnetic angle spinning resonance of POMs based materials
synthesized in this work.

The wide range of chemical shifts found in the literature and their plausible explanations
evidence the great influence of the support, the metallic precursor and the
immobilization procedure. Taking these considerations into account, the measured
spectrum for POMs(2)-Chol-MSN in Fig. 6 is consistent with the presence of Keggin-type
anions (Chol)2[HPMo012040] and/or (Chol)3[PMo012040] at & -6.9 ppm which may further
interact with the silica surface -4.8 to give (=Si-OH2)*—[(Chol)3-nM012P040]"3. In
addition, the third peak at § -0.26 ppm is tentatively assigned to the anion [PM011039]”
produced by decomposition of polyphosphomolybdate anions. It is well known that the
degradation of polyoxometalates anions takes place in aqueous solutions when the pH
value increases. [Hs3PMo1,040] in aqueous solution undergoes decomposition at pH > 1
which is visually accompanied by the color change of the solution from yellow to green
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to light blue. The solid samples synthetized in this work by using a support with basic
properties have been prepared in ethanol solutions which in principle should stabilize
such anions; however, these materials show a slight blue color. DRUV-Vis studies do not
support depolymerization or decomposition of polyphosphomolybdate anions in great
extension, but 3P NMR spectrum of POMs(2)-Chol-MSN points out that the lacunar
anion [PMo11039]’- may be present as indicate the existence of the down shift peak at -
0.26 ppm. This lacunar anion may be stabilized as tetraalkylammonium salts whose
stability has been previously reported. On the contrary, the 3P MAS-NMR spectrum
recorded for POMs-Chol-HMDS-SBA-15 material only shows one peak at 6 =—4.11 ppm
and a weak shoulder at & = -4.66 ppm attributed to (Chol)2[HPMo012040] and/or
(Chol)3[PMo012040] immobilized by  electrostatic interactions  and to
[(SiOH2)*(H2PM012040)7] formed by hydrogen bond formation with -OH group of the
choline base functionality. The absence of surface acid silanol groups predetermines
clearly the pattern obtained in the 3!P MAS-NMR spectra. In addition, when using a
support with surface acid properties as titania, where the hydrolytic decomposition of
[PMo012040)* is insignificant, the 3'P MAS-NMR spectra of POMs-TiO; (Fig. 6) displays two
broad phosphorus resonance peaks, which indicates that the catalyst exists in two
different phases, a major peak at 4.2 ppm and a smaller broad peak at -12.3 ppm. The
enhance bandwidth and the upfield shift indicates that the Keggin units greatly interact
with titanium oxide support. The study performed by Caceres and co-workers [33]
shows that 3P NMR spectra of H3PMo012040 impregnated TiO> samples with different
loadings by using ethanol-water, and subsequently dried or calcined display one sharp
peakinthe range -3.51 to -4.1 ppm, demonstrating the stability of the Keggin-type anion
which remains undegraded after immobilization.

Since  POMs exhibit rich electrochemistry, we have performed solid state
electrochemical studies in acidic media of H3PMo01,040 acid attached to the walls of
hybrid mesoporous silica materials. As representative materials POMs(2)-Chol-MSN,
POMs-Chol-HMDS-SBA-15 and POMs-TiO; have been studied (Fig. 7 and Fig. S7). To do
so, modified glassy carbon electrodes were prepared with a mixture of graphite and the
material under study and used as working electrode vs an Ag/AgCI/KCl (3 M) reference
electrode and a platinum rod as counter electrode. Firstly, cyclic voltammogram of
POMs(2)-Chol-MSN shows two quasi reversible two electron consecutive waves at 0.36
and 0.19 V and a third one irreversible at -0.047 V involving more than two electrons as
can be inferred from the important increase in the peak height (See Fig. 7a). These redox
processes correspond to the reduction of Mo (VI) and are accompanied by the uptake
of protons to prevent build-up of negative charge according to the reaction:
[PM0"Y'12040)> + ne” + nH* — [HnPM0YnM0"'12-n O40]®* (n = 2,4,6). For comparison
purposes, the electrochemical behavior of phosphomolybdic acid was also study under
similar experimental conditions (acidic solution, H;SOs 0.5 M) (Fig. S6a). The CV
measured is comparable to that of POMs(2)-Chol-MSN, it shows two quasi reversible
positive two electron redox reactions at 0.39 and 0.22 V and a third irreversible redox
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process at -0.02 V. The appearance of this third irreversible peak, in both CV measured,

is interpreted in terms of the hydrolysis of the reactant which involves more than two
electrons. This is a very well-known behavior of Keggin-type phosphomolybdates in
aqueous electrolytes where it is difficult to obtain well defined redox waves due to easy
hydrolysis of [PMo"'1,040]3".
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Figure 7. Cyclic voltammograms of a) POMs(2)-Chol-MSN and b) POMs-Chol-HMDS-SBA-
15 immobilized on a carbon modified electrode as working electrode in nitrogen
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saturated aqueous 0.5 M H,SO4 vs an Ag/AgCI/KCl (3 M) reference electrode and a
platinum rod as counter electrode.

Under similar experimental conditions the material POMs-Chol-HMDS-SBA-15 (Fig. 7b)
with non-reactive hydrophobic trimethylsilyl groups on the silica surface exhibits three
quasi-reversible redox peaks in the potential range of =200 to 500 mV with half-wave
potentials E1/2 =(Epat+Epc)/2 of 0.36, 0.21 and 0.0 V, respectively; and with a ratio of
forward and back peaks slightly deviate from unity Ip./lpa <1. The peak potentials change
gradually following the scan rates, the cathodic peak potentials shift towards the
negative direction and the corresponding anodic peak potentials to the positive
direction with increasing scan rates. This common phenomenon results from the
electron exchange rate between the electrode and the [PMo012040])3~ anions. Plots of
current peaks of three cathodic and anodic waves versus scan speed square root show
a linear behavior pointing out that the kinetics of the overall process was controlled by
diffusion. This behaviour suggests the electrochemical stabilization of the anion
probably due to the lack of interactions with the protected silanol groups on the silica
surface. Previous studies in organic solvents solutions show similar CV results, for
instance, in ethanol [PMo"'12040]* undergoes four reversible reductions of two, two, two
and four electrons followed by an irreversible two-electron reduction step [34]. When
studying the potential values obtained in the above cyclic voltammograms, we observe
the first cathodic peak (first reduction) at 0.305 and 0.335 V vs Ag/AgCl for POMs(2)-
Chol-MSN and POMs-Chol-HMDS-SBA-15, respectively. Meanwhile the measured value
for H3PMo012040 in acidic solution is 0.336 V. A quantifiable shift of 31 mV is measured
for the first reduction peak for POMs(2)-Chol-MSN in comparison to H3PMo012040; this
shift to lower reduction potentials (less positive) indicates that the supported POMs
molecules in this material are less oxidizing (their oxidation power is lower) than POMs
in solution. The experimental results obtained from CV are quite different for POMs-
Chol-HMDS-SBA-15 being negligible the shift of the first reduction peak potential in
comparison to free Hs3PMo012040. Since the organic functionality and immobilization
procedure is the same for both materials it seems plausible again that the nature of the
surface groups influences greatly the reduction potential of supported POMs.

To go further in this effect, a more sensitive technique as square wave voltammetry was
used. Fig. 8 shows the square wave voltammograms (SQWV) of the three materials
under study. As can be seen, four cathodic peaks are observed associated to
molybdenum reduction processes. SQWYV of POMs(2)-Chol-MSN material shows a slight
shift to lower potentials in the peak positions in comparison to that POMs-Chol-HMDS-
SBA-15, as expected, and negligible changes in the peak heights. On the contrary, the
four reduction peaks attributed to POMs-TiO; appear at higher potential values (more
positive) and the height of the SQWV peaks increases gradually suggesting the
involvement of a higher number of electrons in the reduction processes and hence the
existence of hydrolysis processes. The SQWV recorded for H3PMo01,040 in solution (Fig.

20



N o o B WN R

10
11
12

13

14

15
16
17
18
19
20
21
22
23
24

6b) shows a similar behavior, that is, the structure in solution or immobilized on pristine
TiO, suffers a severe structure reorganization upon reduction, the absence of any
organic functionality makes possible a straight interaction with the reactive groups “Ti-
O-H” present in the TiO; surface. H* is probably delocalized between the anion and the
protonated surface (=Ti-OH2)*n—[H3-nM012P040]"3) (See also CV in Fig. S7). The higher
potential observed suggests a decrease of the electron density on the POM anion and
thus the increase of its oxidizing character.
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Figure 8. Square wave voltammograms of POMs(2)-Chol-MSN, POMs-Chol-HMDS-SBA-
15 and POMs-TiO; immobilized on a carbon modified electrode as working electrode in
nitrogen saturated aqueous 0.5 M H,S04 vs an Ag/AgCl/KCl (3 M) reference electrode
and a platinum rod as counter electrode.

3.2. Oxidative desulfurization of dibenzothiophene (DBT)
3.2.1. Effect of different catalysts on oxidative desulfurization of DBT

Keggin-type heteropolyacids have been widely used as acid catalysts and photocatalysts
in many reactions as oxidation, acetylation or dehydration [35, 36], due to their versatile
Brgnsted acidity and redox powers. Among them, the use of heteropolyacids for
oxidizing organic species, under mild reaction conditions, has been the most prominent
role [37]. Oxidative desulfurization shows a high efficiency to remove sulfur compounds
from petroleum streams and requires neither hard operating conditions nor hydrogen
demands [38]. Thus, oxidative desulfurization takes a stance as an approach to ultra-
deep desulfurization. In this section, the desulfurization performances of the
heterogeneous catalysts prepared in this work were primarily evaluated. Desulfurization
experiments were carried out using 10 mL of a DBT solution (250 ppm S) in n-octane, as
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model oil, with H,0; as an eco-friendly oxidant, in an O/S ratio of 6 and 50 mg of catalyst
and the mixture was maintained for 2 h. The results obtained are listed in Table 2. With
the aim to corroborate that the polyoxometalates are the active species in the catalytic
process, two blank experiments were primary performed. The first one, without catalyst
(Entry 1), with a conversion of DBT of 4.5 % after 2 h, and the second one, with a catalyst
modified only with the choline group (Entry 2), in which only 5.1 % of conversion was
accomplished.

Table 2. Heterogeneous oxidative desulfurization catalyzed by POM-based
heterogeneous catalysts 2.

Ent Catalvst PMA loading Reaction Conversion
ntr atalys

Y y (L) (mmol g1) temperature  of DBT (%)°

(°C)

1 - - 60 4.5

2 Chol-MSN - 60 5.1

3 POMs(1)-Chol-MSN 0.21 60 97.4

4 POMs(2)-Chol-MSN 0.22 60 99.7

5 POMs(3)-Chol-MSN 0.14 60 89.4

6 POMs-Chol-HMDS-SBA-15 0.25 60 99.7

7 POMs-TiO; 0.05 60 37.2

8 POMs(2)-Chol-MSN 0.22 40 96.2

9 POMs-Chol-HMDS-SBA-15 0.25 40 93.1

@ Reaction conditions: 50 mg catalyst, molar ratio O/S=6, S-concentration of 250 ppm in
n-octane, time: 2 h.
b DBT elimination was determined by CG analysis with the external standard method.

In general, the prepared catalysts exhibit remarkably high activities for the removal of
DBT under mild oxidation and for 2 h, rendering in all cases the desirable product
dibenzothiophene sulfone. At 60 °C, most of the samples shows high conversion values
fluctuating between 89.4 % and 99.7 %, except the POMs-TiO2 sample which reaches
37.2 % of DBT removal (Entry 7). As can be inferred, it exits a correlation between the
heteropolyacids loading (Lo) (mmol g1) and conversion value. Thus, the sample with less
amount of polyoxometalates on its surface (POMs-TiOz) shows the poorest result of
conversion. To illustrate the effect of temperature on desulfurization efficiency
considering the good obtained results at 60 °C, a decrease in the operation temperature
up to 40 °C was set up using the catalysts POMs(2)-Chol-MSN and POMs-Chol-HMDS-
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SBA-15, which also obtained high conversions of DBT, 96.2 % and 93.1 %, Respectively
(Entries 8 and 9). To optimize the reaction time at 40 °C of temperature, the kinetic of
conversion for the POMs(2)-Chol-MSN sample was accomplished at different periods of
time and indeed nearly complete oxidation of DBT was obtained at 2 hours (Fig. S8).

The effect of catalyst and H,0, dosage were also investigated at 40 °C (Table 3). Firstly,
catalysts were tested at lower ratio O/S = 3 obtaining remarkable conversion values 74.0
% and 84.9 % for POM-Chol-HMDS-SBA-15 and POMs(2)-Chol-MSN catalysts,
respectively (Entries 10 and 11). In the latest optimization purpose two oxidation
experiments were set up with 25 mg of catalyst and the results were 39.3 % of DBT
conversion using POM-Chol-HMDS-SBA-15 catalyst (Entry 12) and 69.2 % with POMs(2)-
Chol-MSN (Entry 13). Thus, in these conditions, there are significant differences in
catalytic activity between both materials. These major differences could be due to not
only to the number of polyoxometalates anchored to surfaces, but also, the average
surface density the catalysts have, 0.81 molec/nm? the modified SBA-15 support and
3.54 molec/nm? the MSN one (see Table 1). As well as, the free and available silanol
groups in the MSN surface play an important role for their intrinsic Brgnsted acidity [39],
which are masked at SBA-15 surface with HMDS as silylating agent. Brgnsted acidity of
POMs(2)-Chol-MSN material could contribute to the adsorption of DBT and the
activation of H,0, promoting the oxidative desulfurization [17].

Table 3. Heterogeneous oxidative desulfurization catalyzed by POM-based
heterogeneous catalysts in different conditions 2.

Molar ratio Mass of Conversion
Entry Catalyst ob
0/s catalyst (mg) of DBT (%)
10 POMs-Chol-HMDS-SBA-15 3 50 74.0
11 POMs(2)-Chol-MSN 3 50 84.9
12 POMs-Chol-HMDS-SBA-15 6 25 39.3
13 POMs(2)-Chol-MSN 6 25 69.2

@Reaction conditions: 50 or 25 mg catalyst, O/S=6 or O/S=3, S-concentration of 250 ppm
in n-octane, time: 2 h, temperature: 40 °C.
bDBT elimination was determined by CG analysis with the external standard method.

Similar polyoxometalates-ionic liquids-silica systems have also been recently studied by
other groups with some differences in catalysts preparation and catalytic performance.
Li et al. [14] grafted 1-propyl-3-triethoxysilyl 3-methylimidazolium chloride in SiO; and
then immobilized the phosphomolybdate to prepare the hybrid catalyst that was used
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in oxidative desulfurization. A complete oxidation of 0.2 %wt (around 250 ppm S) is
reached in 90 min at 40 °C, with the best catalyst which has 30 %wt of phosphomolybdic
acid loading. Akopyan et al. [40] synthesized series of polyoxometalate-based ionic
liquid hybrid materials with high catalytic activity towards DBT and related compounds
in short times (1 h), but using acetonitrile as co-solvent and with higher H,0::S ratios
(10:1) and temperature (70 °C) than those used in this work. Other recent studies with
polyoxometalates as active species used acetic or peroxyacetic acids as co-catalysts,
which enhance considerably the conversion due to the easy oxidation of sulfur
compounds in acidic media [41, 42].

3.2.2. Reusability of catalyst

To test catalysts’ durability and recycling performance, repeated experiments have been
conducted in the ODS of DBT for POMs(2)-Chol-MSN under the optimum conditions (50
mg of catalyst, 250 ppm-S, O/S = 6, 40 °C, 2h) and the results are shown in Fig. 10. After
each run, the catalyst was filtrated, washed with dichloromethane and dried at 60 °C for
2 h, and then stored under vacuum. The removal of sulfur for the three consecutive runs
was satisfactory in terms of sulfone selectivity, exhibiting a slightly drop in the DBT
conversion values. To prove the stability of the catalyst, DRUV-Vis and FTIR spectra were
recorded and the results show that no significant changes are observed in either of them
and that all the characteristic bands and peaks are remaining unaltered before the
oxidation reaction (Fig. S9). The result strongly suggests that the polyoxometalate-based
mesoporous hybrid materials are durable and recyclable.
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Figure 10. Catalytic activity of POMs(2)-Chol-MSN in consecutive reaction cycles of
oxidative desulfurization of DBT.

3.2.3. Stability of POMs(2)-Chol-MSN catalyst

24



O 00 N O 1 H W N -

e S S
w N = O

The chemical constitution of the catalyst after the oxidation experiment is confirmed by
XPS. For comparison, the starting material is also given. As shown in Fig. 11 the curve of
fresh and recycled POMs(2)-Chol-MSN shows Mo 3p, Mo 3d, Si 2s, Si 2p, C 1s, P 3s and
O 1s signals are apparently observed from the full survey. Mo3d spectrum of fresh
catalyst shows double peaks composed of the 3d5/2 and 3d3/2 levels, resulting from
spin— orbit coupling, for Mo>* (232,3 and 235,5 eV) and Mo®* (233.5 and 236.6 eV) being
this latter in higher proportion [43]. These findings mean that the main contribution for
the Mo reduction comes from the chemical synthesis, Mo®* is converted to Mo>* in the
presence of electron donors’ groups as Choline functionality and/or surface silanol
groups. The surface of the fresh catalyst contains Mo® and Mo>* species in a 2:1 ratio,
meanwhile reused catalyst contains a higher amount of reduced molybdenum species,
the Mo®"/Mo>* ratio decreases to 1.5, which can be attributed to the catalytic cycle due
to the presence of H,0; and substrate.
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Figure 11. XPS general spectra of (a) fresh and recycled POMs(2)-Chol-MSN. (b) Curve fit
of Mo3d spectra of fresh POMs(2)-Chol-MSN (c) Curve fit of Mo3d spectra of recycled
POMs(2)-Chol-MSN.

To get an extra insight on the catalyst’s stability, electrochemistry studies of carbon
paste electrodes modified with POMs(2)-Chol-MSN after H,0, treatment and after the
catalysis experiment were performed. We assume the rapid formation of peroxo
molybdenum units Mo(0)?" after H,0> treatment by reaction of the terminal bond
Mo=0 of polyoxometalate with hydrogen peroxide to give peroxo groups. Several
proposals are found in literature describing the reactivity of polyoxometalates with
hydrogen peroxide. Ishii-Venturello chemistry involves the use of heteropolyacids, H,0,,
and a surfactant that originate a polyoxometalate/H,0, catalytic oxidation system.
According to the reaction mechanism proposed, an active peroxo polyoxometalate
specie is formed in the aqueous phase by the interaction of the Keggin
heteropolyoxometalate with H,O, (Fig. S10). By means of electrochemical studies we
want to go further in the nature of the molybdenum species formed by reaction of
tethered (Chol)2[HPMo012040] and/or (Chol)3[PMo012040] moieties with hydrogen
peroxide. As can be seen in Fig. 12 after hydrogen peroxide treatment, the
voltammogram recorded for POMs(2)-Chol-MSN/H,0, shows four cathodic peaks the
same as POMs(2)-Chol-MSN, a slight difference in the first reduction peak is observed,
this peak shifts from 0.345 to 0.333 V value indicating higher electron density in the
Mo(VI) centers due to the formation of peroxo species. In addition, an important
decrease in the peak height is observed for third and fourth reduction steps, which
suggests lower stability of the peroxo species formed. After the catalysis experiment,
the SQWV for the recovered sample shows significant differences in comparison to fresh
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material. The first peak potential appears now at 0.345 V, suggesting the recovery of
oxo-species; however, the third and fourth reduction peaks appears overlapped, that is,
new Mo=0 species have been generated in situ from supported polyoxometalates
anions as suggested by the XPS results and according to Venturello mechanism [44-46].

0.000 -
-0.005 /\./\
-0.010
< 00159 ﬂ\
2 |
-0.020
POMs(2)-Chol-MSN
-0.025
fresh
-0.030 after H,O, treatment
recovered
-0.035 T LI T T T T = T T
0.4 0.2 0.0 -0.2 -0.4

E(V)

Figure 12. Square wave voltammograms of POMs(2)-Chol-MSN, after H,0; treatment
and after recovery essays, immobilized on a carbon modified electrode as working
electrode in nitrogen saturated aqueous 0.5 M H,S04 vs an Ag/AgCl/KCI (3 M) reference
electrode and a platinum rod as counter electrode.

Conclusion

In this work, heterogenous catalysts with polyoxometalate immobilized onto hybrid
silica materials have been prepared and used successfully for ODS system with H,0; as
a green oxidant and without co-solvent. Desulfurization test results show that the POM-
based heterogeneous catalysts possess high activity due to the presence of
polyoxometalates as active species and good reusability due to molybdenum cluster’s
stability upon immobilization. In fact, all the samples improve its visible light absorption
ability after immobilization what enhances their usefulness as photocatalysts. The use
of dehydrated hybrid mesoporous silica and surface’s organometallic chemistry
strategies add new information about the role of silanol groups and their interaction
with POM upon immobilization. Electrochemical and 3P MAS-NMR studies concluded
that the POMs clusters tethered onto mesoporous silica surface are fully accessible and
interact with the surface silanol groups. Thus, silica surface groups play a significant role
in the oxidative desulfurization reaction. According to the results, the electronic
properties of POMs could be tuned by acting on the nature of the silica surface groups,
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when the surfaces become partially dehydroxylated and more hydrophobic less
hydrogen bonds are formed between the POM and the surface.
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