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Abstract

Inorganic—organic hybrid materials were synthesized by immobilization of molybdovanadophosphoric acids onto mesoporous silicas, such as
MCM-41, MCM-48, and SBA-15, through an organic linker. 12-Molybdovanadophosphoric acids of the general formula H3 PMojs_, VxO4g
(x =0-3)-nH0, such as H4[PMo11VOy40]-32.5H,0, H5[PMo(V,040]-32.5H,0, and Hg[PMogV3049]-34H;, O (represented as V1PA, V2PA,
and V3PA, respectively) were prepared and immobilized onto mesoporous silica. All the catalyst materials were characterized by elemental
analysis, FT-IR, N sorption measurements, SAXS, UV-vis, XPS, MAS-NMR, and TEM for their structural integrity and physicochemical proper-
ties. It was found that the structure of the polyoxometalates was retained on immobilization over mesoporous materials. The catalytic activities of
these inorganic—organic hybrid materials were tested in the liquid-phase oxidation of anthracene (AN) with 70% aqueous fert-butylhydroperoxide
(TBHP) oxidant in benzene. Among the catalysts, V2PA immobilized onto amine-functionalized SBA-15 was highly active in the oxidation of AN
(turnover frequency [TOF] = 21 mole AN converted per mole of catalyst per h) with TBHP oxidant in benzene at 80 °C and gave 100% selectivity
to 9,10-anthraquinone. Catalyst leaching studies indicated the absence of leaching into reaction medium and the catalyst truly functioned as a
heterogeneous catalyst in the oxidation reaction.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction not they reside inside the channels of the mesoporous supports.
Thus, they exhibit improved reactivity so as to promote the re-
action in sterically controlled pathways [2]. Recent reports have

described the immobilization of POMs and transition metal-

Immobilization and encapsulation of metal complexes or
polyoxometalates (POMs) in mesoporous solids are the ap-

proaches to designing and fabricating catalyst systems that give
nearly 100% selectivity to the desired product without sacri-
ficing activity and while using less energy [1]. In constrained
environments, the active POMs lose some of the degrees of
freedom that they had in the bulk state, adopt a particular geom-
etry, hook onto the functional groups available on the support
surfaces, change their coordination sphere geometry, and relax
or restrict their sphere of influence, depending on whether or
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substituted POMs on various supports, including silica, carbon,
mesoporous silica MCM-41, and SBA-15, through an organic
linker, and explored their use in various organic transformations
[3-14].

Intense interest has been focused on the anthraquinone (AQ)
derivatives due to their potential utility in cancer chemother-
apy as antioxidants and antitumor agents. 9,10-Anthraquinone
is the most important quinone derivative of anthracene (AN)
[15-24]; its most widespread use is as a Hy carrier in the in-
dustrial production of HyO» [25,26]. It is commercially pro-
duced in several ways, including oxidation of AN with chromic
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acid [27], condensation of benzene with phthalic anhydride,
and through the Diels—Alder reaction [28]. Vapor-phase oxi-
dation of AN by air has been carried out over a supported
iron vanadate—potassium catalyst at 390 °C [27]. Consequently,
there is a need to develop cost-effective liquid-phase oxida-
tion catalysts for selective oxidation of AN to AQ. AQ is
the parent substance of a large class of dyes and pigments
[29]. It is also used in the paper industry, and molecular
switches have been synthesized for use in the electronic devices
[30-36].

Over the last two decades, a number of homogeneous cata-
lyst systems have been used for the oxidation of AN. Because
of the drawbacks of homogeneous catalyst systems, polymeric
metal chelates, immobilized enzymes, and supported vanadium
POM (Hs5PV;Mo19p040-32.5H,0) have been studied for the
oxidation of AN. Here we report our results on immobilized
catalyst systems that are atom-efficient and eco-friendly for
the oxidation of AN to AQ. The impulsion for this research
is twofold: (1) to investigate the effect of the immobilization
of POMs on mesoporous inorganic supports through an or-
ganic linker for functioning as heterogeneous catalyst and (2)
to develop a catalyst system for the selective oxidation of AN
to AQ.

2. Experimental
2.1. Chemicals

TEOS, P123 block copolymer (poly(ethyleneglycol)—
poly(propylene glycol)—poly(ethylene glycol) (average mole-
cular mass, 5800), and fumed silica were procured from
Aldrich. Sodium hydrogen phosphate, sodium metavanadate,
sodium molybdate (dehydrated), sulfuric acid, hydrochloric
acid, sodium hydroxide, AN, AQ, anthrone, and oxanthrone
were obtained from Merck (India) Ltd., Mumbai. CTAB and
molybdophosphoric acid were purchased from Loba Chemie
and SD Fine Chemicals Ltd., respectively. The 70% aqueous
TBHP was procured from Acros Organics. All of the chemi-
cals used were of research grade and used as received without
further purification.

2.2. Catalyst preparation

2.2.1. MCM-41, MCM-48, and SBA-15
The synthesis of pure siliceous MCM-41, MCM-48, and
SBA-15 were carried out as described previously [37,38].

2.2.2. Molybdovanadophosphoric acids H3+xPMo13—,VyO49
(x =0-3)-nH>0

11-Molybdo-1-vanadophosphosoric acid H4[PMO{;VOq4p]-
32.5H,0, 10-molybdo-2-vanadophosphoric acid Hs[PMooV>-
040]-32.5H,0, and 9-molybdo-3-vanadophosphoric acid He-
[PMo9V3040]-34H,0, designated as neat VIPA, V2PA, and
V3PA, respectively, were prepared as described previously [39].
The composition of the materials was confirmed by elemental
analysis and FT-IR.

2.2.3. Amine-functionalized SBA-15

The surface modification of SBA-15 by (3-aminopropyl)tri-
ethoxysilane (APTES) was carried out using a grafting method
as described previously [58]. In a typical preparation, freshly
activated SBA-15 (2 g) was refluxed with 50 cm? of toluene
(distilled over sodium and dried) to remove the occluded mois-
ture azeotropically for 4 h. To this, APTES (1 g) in 10 cm? of
toluene was added and stirred under reflux conditions for 4 h.
After the solvent was distilled off, the solid was filtered, washed
in a Soxhlet apparatus with dichloromethane, and then dried
at room temperature. The product is designated NH,—SBA-15.
Nitrogen elemental analysis found 2.2 mmol of NH; per gram
of NH,-SBA-15.

2.2.4. Triflic acid-treated amine-functionalized SBA-15

Amine-functionalized SBA-15 was treated with triflic acid
to minimize leaching and to enhance POM loading. Acidifi-
cation was carried out by adding 6 mole equivalent of tri-
flic acid per mole of V2PA to amine-functionalized SBA-15.
The more positively charged NH;‘ groups on the support, the
stronger the electrostatic binding of V2PA to the support. Tri-
flic acid was added to the amine-functionalized SBA-15 in
acetonitrile, stirred, and filtered to get the acid-treated amine-
functionalized SBA-15 solid. The filtrate acetonitrile was neu-
tral, demonstrating the complete binding of protons to the sup-
port.

2.2.5. Immobilization of molybdovanadophosphoric on acid
treated NH ~SBA-15

A 50-cm® sample of methanol solution containing 0.3 g
of V2PA was added to 0.7 g of freshly activated NH;‘—
SBA-15 and refluxed for 3 h. It was then filtered and Soxh-
leted using methanol solvent for 12 h and dried at 100°C
under vacuum. The resulting product is designated V2PA-
NH;‘—SBA-lS. The vanadium content was 12.86 ppm esti-
mated by inductively coupled plasma-optical emission spec-
troscopy (ICP-AES). Scheme 1 depicts the immobilization
process.

2.3. Catalyst characterization

V and Mo contents in the resulting solids were estimated
by ICP-AES. The elemental analysis (C and N) was carried
out with a Carlo Erba Instruments EA1108 elemental analyzer.
The specific surface areas of the catalysts were measured by
N> physisorption at liquid nitrogen temperature using a Quan-
tachrome Nova-1200 surface area analyzer and standard multi-
point BET analysis methods. Samples were degassed in flowing
N, for 12 h at 100 °C before N, physisorption measurements
were obtained. SAXS patterns of the samples were obtained
in reflection mode with a Philips X’ Pert Pro 3040/60 diffrac-
tometer using Co K « radiation (A = 0.17890 nm), an iron filter,
and an X’celerator as a detector. Small-angle SAXS of SBA-
15 and modified SBA catalysts were scanned in the range 20 =
0.5°-10°, with the generator operated at 40 kV and 150 mA.
Samples were prepared by placing droplets of a suspension of
solid in isopropanol on a polymer microgrid supported on a Cu
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grid for TEM measurements. The 3!P MAS NMR spectrum of
the catalyst was recorded using a Bruker DSX-300 spectrome-
ter at 121.5 MHz with high-power decoupling using a Bruker
4-mm probe head. The spinning rate was 10 kHz, and the delay
between the two pulses was varied between 1 and 30 s to en-
sure complete relaxation of the 3'P nuclei. The chemical shifts
were given relative to external 85% H3POy4. X-ray photoelec-
tron spectroscopy (XPS) measurements were performed on a
VG Microtech Multilab ESCA 3000 spectrometer with a mono-
chromatized MgK o X-ray source. The energy resolution of the
spectrometer was set at 0.8 eV with MgK « radiation at pass
energy of 50 eV. The binding energy correction was performed
using the C 1s peak of carbon at 284.9 eV as a reference. Dif-
fuse reflectance UV-vis (DRUV-vis) spectra of catalyst sam-
ples were obtained using a Shimadzu UV-2101 PC spectrometer
equipped with a diffuse—reflectance attachment, with BaSOj4 as
the reference. A Shimadzu FT-IR-8201PC unit, in DRS mode
and with a measurement range 450—-1350 cm~!, was used to
obtain the FT-IR spectra of solid samples. All chemicals used
were of reagent grade.

2.4. Catalytic activity in AN oxidation

The liquid-phase catalytic oxidation of AN to give mainly
AQ was conducted at atmospheric air in a 50-cm® round-
bottomed flask equipped with a magnetic stirrer and immersed
in a thermostatted oil bath. In a typical experiment, a reac-
tion mixture consisting of known amounts of catalyst, AN, and
TBHP were mixed with benzene solvent, and the flask was
heated to 80 °C for 12 h. The reaction samples withdrawn pe-
riodically were analyzed by gas chromatography (GC) with a
capillary column (cross-linked 5% ME silicone, 30 m x 0.53 x
1.5 pym film thickness) coupled with a flame ionization detector.
The products were confirmed by GC-mass spectroscopy (GC-
MS) and GC-IR, and compared with authentic samples. AN
conversions and product selectivities were calculated based on
the GC analysis.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. SAXS and XRD

The powder small-angle X-ray scattering (SAXS) patterns
of SBA-15, NH;F—SBA-15, and V2PA—NH;F—SBA-15 are de-
picted in Fig. 1a. SBA-15 showed an intense peak assigned to
reflections at (100) and two-low intensity peaks at (110) and
(200), indicating a significant degree of long-range ordering in
the structure and a well-formed hexagonal lattice. The amino
propyl triethoxy silane (APTS)-modified sample (NH;F—SBA—
15) showed decreased intensities of all peaks, with a marginal
shift towards lower 26 values, indicating silylation inside the
mesopores of SBA-15. While the SAXS patterns of V2PA-
NH;—SBA-lS were modified with 30 wt% V2PA, the peak
intensities at (100), (110), and (200) reflections were further de-
creased, indicating the induction of a relatively high number of
POM anions inside the SBA-15 channels. However, the meso-
porous structure of the support remained intact under the con-
ditions used for immobilization. XRD of V2PA—NH;’—SBA-15
[Fig. 1a, inset] shows peaks in a higher 26 region, indicating the
presence of V2PA. XRD of pure, amine-functionalized, V2PA-
modified MCM-41 and MCM-48 (Figs. 1b and 1¢) show similar
diffraction patterns to SBA-15.

3.1.2. N; sorption study

The specific surface area, pore volume, and pore diame-
ters (estimated from N, adsorption—desorption isotherms) of
the organo-functionalized SBA-15 material with and without
POMs are presented in Table 1. BET surface areas and BJH
pore distributions were calculated using N adsorption at 77 K.
Aminosilylation and introduction of POM anions significantly
affected the surface area and pore distribution of the modi-
fied samples. The samples displayed a type IV isotherm with
H; hysteresis and a sharp increase in pore volume adsorbed
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Fig. 1. Powder SAXS patterns of (a) (1) SBA-15, (2) NH;’—SBA—IS, (3) V2PA-
NH3+7$BA—15; Inset picture in Fig. 1a XRD of V2PA7NH;—SBA—15. (b) (1)
MCM-41, (2) NH -MCM-41, (3) V2PA-NH] -MCM-41, (c) (1) MCM-48,
(2) NHY -MCM-48, (3) V2PA-NH} -MCM-48.

above P /Py~ 0.7 cm? /g, which is a characteristic of highly or-
dered mesoporous materials. The textural properties of SBA-15
were substantially maintained over amine functionalization and
on subsequent anchoring of vanadium-modified POMs [40,41].
The parent SBA-15 sample exhibited a maximum pore diameter
(9.1 nm) and surface area (970 m?/g) (Table 1). Aminosily-
lation of the mesoporous silica resulted in a shift of the pore
maximum to smaller diameters and a decrease in surface area
(ca. 422 m?/ g). The introduction of POM anions led to a further
decrease in surface area and pore volume. Taking into con-
sideration the pore diameter of SBA-15 modified with APTS
(Fig. 2) and the diameter of the Keggin unit (1.2 nm) of the
POM, monolayer coverage could be expected at a POM load-

ing of ca. of 30 wt% (one Keggin unit may be located along the
NH; -SBA-15 channels) [42,43].

3.1.3. TEM

Fig. 3 shows TEM micrographs of (a) SBA-15, (b) V2PA-
NH;—SBA—IS, (c) V2PA—NH;F—MCM-41, and (d) V2PA-
NH;’—MCM—48. The TEM images of the parent SBA-15
(Fig. 3a) and grafted samples provide strong evidence that the
mesoporous structure of supports is retained. The characteristic
hexagonal silicate structures shown on TEM supports the obser-
vations made by SAXS (Fig. 1); the results are in accord with
previous reports on SBA-15, MCM-41, and MCM-48 [44].

3.1.4. XPS

Confirmatory evidence for the successful anchoring of V2PA
to the mesoporous matrices was obtained by XPS analysis.
The XPS of NH;-SBA-]S exhibited a N core-level peak at a
binding energy of 403 eV, which is consistent with the 1s of
nitrogen. In the case of an immobilized complex, a shift in the
binding energy of N core level to 406 eV was observed, possibly
due to the change in the coordination environment of nitrogen
in the V2PA-NH -SBA-15 catalyst.

3.1.5. UV-vis

V2PA and VZPA—NHQF—SBA-IS UV-vis spectra are shown
in Fig. 5. Because V2PA exhibits characteristic absorption
bands in UV-vis region, their structures are often characterized
by diffuse-reflectance UV-vis spectroscopy. However, SBA-15
and NH;’-SBA-lS do not show any characteristic absorption
bands in UV-vis region. V2PA—NH3+—SBA—15 exhibits certain
features of LMCT; these bands are compared with the charac-
teristic bands of neat V2PA at around 234 and 279 nm (Fig. 4).
On anchoring of V2PA onto NH;—SBA—IS, these bands shifted
slightly, and broad bands appeared. Because some of these
bands are weak due to low concentration of V2PA in the im-
mobilized sample, they are shown in expanded scale for clarity.
The presence of these bands indicate the presence of V2PA in
the SBA-15 channels, and these bands exhibit small shifts in
wavelength. The broadness of POM after immobilization may
be due to different reasons. We believe that definite interactions
exist between POM and mesoporous silica and that POMs are
under the constraint environment of mesoporous silica after im-
mobilization. The broadness also may result from the difference
in the polarization powers of H* ions in pure POM and propyl
cations in immobilized POM.

3.1.6. CP-MAS NMR

A good method for examining the evidence for the anchor-
ing of vanadium-substituted POMs onto amine-functionalized
SBA-15 is by 3!P, 31V, 2°Si, and 13C NMR. The *'P NMR
spectra of (a) VIPA-NH{ -SBA-15, (b) V2PA-NH; -SBA-15,
and (c) V3PA—NH§F—SBA—15 are depicted in Fig. 5. There
is a marginal shift in 3'P NMR peaks of anchored sam-
ples compared with corresponding neat POMs as reported in
Ref. [45]. 3P NMR peaks corresponding to V1 (4.05 ppm), V2
(3.09 ppm), and V3 (1.68 ppm) peak positions as per the lit-
erature shifted to 2, 1.5, and 1 ppm, respectively (Figs. 5a, 5b,
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Physicochemical properties of the materials
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Materials A% Mo Surface area Pore volume Average pore
(mmol/g) (mmol/g) (m2 /) (cm3 /) diameter (nm)

SiO, (Amp) - - 110 - -

MCM-41 - - 1093 0.88 32

MCM-48 - - 983 0.75 2.7

SBA-15 - - 970 14 9.1

NH{ -Si0, - - 105 - -

NH} -MCM-41 - - 681 0.57 2.4

NH7 -MCM-48 - - 556 0.51 2.0

NH;'—SBA—IS - - 572 1.2 7.8

Si0,V2(30) 1.98 11.68 101 - -

MCM-41V2(30) 2.49 12.87 441 0.28 1.9

MCM-48V2(30) 2.45 12.86 430 0.23 1.7

SBA-15V2(30) 2.48 12.89 422 0.89 6.5

Note. SiOpV2(30) = 30 wt% V2PA loaded on NH;—SiOQ, MCM-41V2(30) = 30 wt% V2PA loaded on NH;—MCM—41, MCM48V2(30) = 30 wt% V2PA loaded
on NH;——MCM-48, SBA15V2(30) = 30 wt% V2PA loaded on NH;_—SBA-IS, VI1PA = H4[PMo11VOy0]-32.5H;0, V2PA = H5[PMo1(V2040]-32.5H,0, and
V3PA = Hg[PMogV3049]-34H;0.
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Fig. 3. TEM photographs of (a) SBA-15, (b) V2PA—NH;—SBA-15, (c) V2PA-
NH} -MCM-41, and (d) V2PA-NH{ -MCM-48.

and 5c¢), due to either interaction of the POMs with the meso-
porous silica support or the differences in the degree of hydra-
tion of POMs on immobilization. These NMR results supported

ppm

Fig. 5. 31P MAS NMR profile (a) VIPH-NH{-SBA-15, (b) V2PA-NH{ -
SBA-15, and (c) V3PH-NH7 -SBA-15.

the fact that the structure of POM was retained on immobi-
lization onto mesoporous supports [46—49]. Wide-line spectra
suffer a severe limitation; it generally is not easy to extract
any accurate information about isotropic chemical shifts of the
vanadium species. Fortunately, this kind of information may be
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Fig. 6. 51V MAS NMR profile of (a) V2PA and (b) V2PA-NHJ -SBA-15.

obtained from magic-angle spinning samples. A small variation
in the spinning speed allows accurate determination of the un-
shifted lines, which correspond to the isotropic chemical shifts
of the various species. The >' V NMR spectra of neat V2PA and
its anchored form (V2PA—NH;—SBA-15) are depicted in Fig. 6.
Vanadium spectra showed the presence of numerous spinning
side band envelopes centered around —400 ppm, attributed to
the various possible stereoisomers present. In fact, from the >'V
NMR spectra, we could not make a clear distinction between
different isomers, but could see that vanadium was octahedrally
distorted in the anchored form and was interacting with the
support, as reported in Refs. [45,50,51]. V was in V05 coordi-
nation, as would be expected for POMs containing vanadium.
In contrast to supported V,0Os, in this case the vanadium species
were isolated from one another, because there were no V-O-V
bonds between polyanions; however, no information about the
dispersion of the polyanions on the surface can be deduced from
these findings. Fig. 7 shows 2°Si MAS NMR spectra of the
modified SBA-15 samples with aminopropyl groups. The 2°Si
MAS NMR spectra of the parent SBA-15 exhibited a broad
peak and was dominated by an intense peak at —110 ppm
assigned to Si(OSi)s and two shoulder peaks at —100 and
—90 ppm due to Si(OSi)30H (Q3) and Si(OSi);(OH); (Q2)
structural units present in SBA-15. On incorporation of the
aminopropyl groups, in addition to the aforementioned three
peaks, two more peaks at —56 and —67 ppm appeared, and their
intensities were greatly enhanced by 'H cross-polarization. No
peak appeared at —45 ppm, corresponding to the chemical shift
of silicon in liquid (3-aminopropyl) trialkoxysilane, indicating
the absence of free silane molecules physically adsorbed on the
SBA-15 surface. A peak at —67 ppm indicates the formation of
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Fig. 7.2%Si MAS NMR profile of (a) NH} ~SBA and (b) V2PA-NH7 -SBA-15.
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Fig. 8. 13C CP-MAS NMR profile of (a) NHJ -SBA and (b) V2PA-NH} -
SBA-15.

new siloxane linkages (Si—O-Si) of aminopropylsilane to the
surface silicon atoms of the SBA-15 via three siloxane bonds,
(-0-)3Si—-CH,CH,>CH,NH; (T3), and a peak at —56 ppm via
two siloxane bonds, (-O-),Si—-CH,CH,CH;,;NH, (T3). Similar
spectral observations have been reported for POMs anchored to
SBA-15 [52].

The '3C MAS NMR spectra shown in Fig. 8 provide use-
ful information on the nature of the incorporated aminopropyl
groups on the internal surface of the SBA-15. Three well-
resolved peaks at —8.7, 22, and 42 ppm were assigned to C1,
C2, and C3 carbons of the incorporated aminopropyl group,
(-0-)3SiCH,(1)CH2(2)CH2(3)NH,, respectively. The struc-
ture of the aminopropyl groups remained intact during the
incorporation process. The broad peak at 25 ppm indicates the
existence of some protonated aminopropyl groups in the pres-
ence of extra surface hydroxyl groups or moisture. The absence
of peaks due to residual ethoxy carbons (18 and 60 ppm) in the
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Fig. 9. FTIR spectra of (a) SBA-15, (b) NH;—SBAIS, and (c) V2PA—NH;'—
SBA-15.

spectra suggests that the hydrolysis and/or condensation of the
APTES molecules inside the internal surface of SBA-15 was
virtually complete. Similar spectral observations were made
for POMs anchored to SBA-15 [53]. From the NMR study,
we can conclude that no structural changes in anchored moi-
ety and silica matrix occurred on immobilization of POMs onto
mesoporous support.

3.1.7. FTIR

FTIR spectra of V2PA, NHY-SBA-15, and V2PA-NHJ -
SBA-15 are shown in Fig. 9. The FTIR study was performed
to identify the presence of V2PA in V2PA—NH§’—SBA-15 .
The FTIR spectrum of V2PA-N H;—SBA-IS was compared
with the spectra of NH;‘—SBA-lS and neat V2PA. In the 400—
1300 cm ™! region, neat V2PA showed four peaks characteristic
of V2PA. Most of the IR bands of pure NH;‘ —-SBA-15 (1073,
951, 870, 795, and 489 cm™!) overlapped with the IR band
of neat V2PA (the characteristic bands of heteropoly anions at
1050, 959, 882, and 792 cm_l); thus, these bands are not clearly
seen in IR spectrum of V2PA—NH§’—SBA-15. However, an in-
crease in intensity of the IR bands at 795, 951, and 1073 cm™!
and the appearance of a new band at 870 cm~! in V2PA—NH§’—
SBA-15 corresponding to NH;r —SBA-15 may be considered an
indication of the presence of V2PA in the mesopores of NH;‘—
SBA-15 [54].

3.1.8. Catalytic oxidation of AN by 70% aqueous TBHP

The liquid-phase catalytic oxidation of AN was conducted
at atmospheric air, as explained previously. In a typical exper-
iment, a reaction mixture containing 0.013 mmol of catalyst
(0.1 g), 56 mmol of AN (1 g), 3 cm? of benzene, and 280 mmol
of TBHP (2.5 g) was heated to 80°C and kept at this tem-
perature for 12 h with constant stirring. The molar ratios of
AN/catalyst and TBHP/AN were maintained at 430 and 5, re-
spectively, in this reaction. Scheme 2 schematically represents
the oxidation of AN to give mainly AQ. A blank experiment
carried out without catalyst (with the same composition of the
reaction mixture as earlier) showed no oxidation of AN, demon-
strating that a catalyst is needed for the reaction.

TBHP
[Catalyst][Benzene]

O
9,10 - Anthraquinone

Anthracene

Scheme 2.

Table 2
Catalytic activity data on the oxidation of anthracene

No. Catalyst Convn. of TOF?  Selectivity of products (mol%)
AN (mol%) AQ Anthrone Oxanthrone
1 VIPA (neat) 50 17 66 22 12
2 V2PA (neat) 58 20 72 15 13
3 V3PA (neat) 57 20 70 16 14
4 Si0,-V2(30) 59 11 69 16 15
5  MCM41V2(30) 50 17 100 0 0
6 MCM48V2(30) 49 17 100 - -
7  SBAV2(10) 30 10 100 - -
8 SBAV2(20) 46 16 100 - -
9  SBAV2(30) 60 21 100 - -
10 SBAV2(40) 55 19 100 - -

Note. VIPA = Hy[PMoj;VOy0]-32.5H,0, V2PA = Hs[PMojV>049]:
32.5H20, and V3PA = H6[PM09V3040]~34H20; Si02V2(30) = 30 wt%
V2PA loaded on SiO,-NHZ, MCM-41V2(30) = 30 wt% V2PA loaded on
NH -MCM-41, MCM48V2(30) = 30 wt% V2PA loaded on NH]-MCM-

48, SBAV2(10 to 30) = 10-30 wt% V2PA loaded on NH;"—SBA—IS, AN =
anthracene and AQ = 9,10-anthroquinone.

Reaction conditions: 0.013 mmolcatalyst (0.1 g), 56 mmol of substrate (1 g),
280 mmol TBHP (2.5 g), 3 cm’ benzene, 80 °C and 12 h. Substrate/catalyst

mole ratio 430 and TBHP/substrate mole ratio 5.
4 TOF = mole AN converted per mole catalyst per hour.

The catalytic activities of different catalysts, including neat
and immobilized, gave mainly AQ as the product in the oxi-
dation of AN by TBHP. The reaction conditions used for the
oxidation are specified in Table 2. A comparison of the ac-
tivities of both homogeneous (neat) and immobilized catalysts
in AN oxidation with TBHP oxidant shows that the different
catalysts were used in such amounts as to all have the same
vanadium concentration. Under the reaction conditions stud-
ied, the homogeneous catalysts (VI1PA, V2PA, and V3PA) gave
AQ (selectivity in the range 66—72%) and the remaining an-
throne and oxanthrone as the oxidation products of AN. As
can be seen from the results in Table 2, conversion of AN
was nearly the same (~58%) for V2PA and V3PA, whereas it
was 50% for V1PA. The lower activity of VI1PA could be due
to a lower reduction potential or a variable vanadium isomer
content [55]. Thus, the immobilized catalysts were prepared us-
ing the more active V2PA and mesoporous silica supports like
MCM-41, MCM-48, and SBA-15, and their performance in AN
oxidation was studied. It can be seen from the catalytic activ-
ity data in Table 2 that the immobilized catalysts were quite
active, and the AN conversions were comparable to those of
neat catalysts; however, the product selectivities differed. The
selectivity for AQ with neat catalysts was in the range 66—72%
(Table 2, entries 1-3); interestingly, it was 100% with immo-
bilized catalysts, which is the most important function of these
catalysts. Among the immobilized catalysts, although SiO,V2
(30)-amorphous silica exhibited good AN conversion (59%), it
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Table 3
Reaction parameters in V2PA—NH§'—SBA—15 (SBAV2(30)) catalyzed oxida-
tion of antharacene

No. Temp. (°C) Oxidant Solvent AN convn. TOF?* AQ selectivity
(mol%) (mol%)
1 80 TBHP Benzene 60 21 100
2 80 TBHP Toluene 50 18 64
3880 TBHP  THF 30 11 28
4 80 TBHP Benzene 60 21 100
5 80 H,O, Benzene 10 3 100
6 80 UHP Benzene 9 3 100
7 60 TBHP Benzene 30 10 100
8 70 TBHP Benzene 50 17 100
9 80 TBHP Benzene 60 21 100
10 90 TBHP  Benzene 60 21 100

Note. TBHP = 70% aqueous tert-butyl hydroperoxide, THF = tetrhydrofuran,
UHP = urea hydro peroxide, AN = anthracene, oxidant: AN molar ratio = 5,
catalyst weight = 0.1 g and time = 12 h.

4 TOF = mol AN converted per mole catalyst per hour. Reaction is performed
in a 50 ml Parr autoclave.

had poor selectivity for AQ (69%). The immobilized catalysts
retained the activities (TOFs) of their homogeneous analogues
(neat) and selectively formed a clean product AQ (100%) in AN
oxidation, which was attributed to the diffusional constraints to-
ward the reactants and products in a mesoporous environment.
Experiments done with a VPA salt of n-propylamine (prepared
by the addition of n-propylamine in a methanolic solution of
vanadium POM) as the catalyst found an antracene conversion
of 50% with an AQ selectivity of 60%. The reaction was homo-
geneous in nature.

To investigate the effect of V2PA loading on AN oxidation,
immobilized catalysts were prepared with various V2PA load-
ings (10-40%) on SBA-15 and tested in AN oxidation; the re-
sults are presented in Table 2 (entries 7-10). With an increase in
V2PA loading, AN conversion increased from 30 to 60%, form-
ing a clean product AQ. At higher V2PA loading (40%), AN
conversion decreased, possibly due to changes in the morphol-
ogy of the support (mesopore diameter and volume). Moreover,
higher loadings might have acted as an inhibitor rather than as a
catalyst by capturing active radicals [56]. SBAV2(30) exhibited
the highest activity (AN conversion of 60%), along with 100%
AQ selectivity, because of the ease of diffusion constraints [56];
thus, this was used for further studies.

Because the immobilized catalysts consist of both molybde-
num and vanadium metal centers in POMs, understanding the
role of these in the oxidation of AN by TBHP is crucial. There-
fore, an experiment was carried out with phosphomolybdic acid
under homogeneous conditions; this gave negligible AN con-
version (<1%) in a reaction conducted under identical condi-
tions. This observation confirms that vanadium, not molybde-
num, is the essential active center in the oxidation of AN.

The effect of reaction parameters such as solvent, oxidant,
and temperature on the rate of oxidation of AN to AQ were
studied using V2PA—NH;“—SBA-15 catalyst, which had the best
performance of the immobilized catalysts (Table 3). The activ-
ity of the catalyst was found to depend on the nature of the sol-
vents used in the oxidation reaction. The results (Table 3, entries
1-3) showed higher activity in the case of benzene (TOF = 21),

followed by toluene and THF (TOF = 18 and 11, respectively)
with 70% aqueous TBHP oxidant, but lower selectivity toward
AQ in toluene and THF. The higher catalytic activity in benzene
is due to its lower dielectric constant (¢ = 2.28) compared with
toluene (¢ = 2.38) and THF (¢ = 7.58). Thus, benzene was
used as the solvent for the oxidation of AN by TBHP in other
experiments. With the intention of verifying the hydroxylation
of benzene competing with AN oxidation, the same reaction
was carried out with benzene and TBHP only, without AN; neg-
ligible conversion of benzene to phenol was found, and thus the
possibility of hydroxylation of benzene under the reaction con-
ditions of AN oxidation was ruled out.

To evaluate the effect of oxidants on the conversion of AN,
70% aqueous TBHP, hydrogen peroxide (30% H,0»), and urea
hydrogen peroxide (UHP) were used in the catalytic oxidation
of AN to AQ in solvent benzene catalyzed by V2PA—NH§'—
SBA-15. The results, given in Table 3, show that HyO, and
UHP in benzene solvent had poor activity to AQ compared with
TBHP (entries 4-6); thus, TBHP was used as an oxidant in fur-
ther studies.

A couple of experiments were also conducted to confirm
that oxygen atoms of AQ originate from TBHP. In the first ex-
periment, the reaction was carried out at 6.8 atm air pressure
(without TBHP) at 80 °C in a Parr autoclave with the active
catalyst in benzene solvent. No reaction between AN and mole-
cular oxygen of air was seen. In the next experiment, an excess
amount of TBHP (substrate/oxidant:1:15) was used in argon at-
mosphere (with the reaction mixture extensively degassed by
applying vacuum and purged a few times with argon); con-
version of AN increased (66%), and the catalyst turned yel-
low, indicating a +5 oxidation state of vanadium. The third
experiment used less TBHP (substrate/oxidant:1:3) in argon at-
mosphere (with the reaction mixture extensively degassed by
applying vacuum and purged a few times with argon). AN con-
version decreased (45%) and the catalyst turned green, indicat-
ing the mixed valance states (44 and +5) of vanadium due to
the nonavailability of oxygen (oxidant). From the above obser-
vations, we can conclude that the generation of free tert-butoxyl
radicals was responsible for the transfer of oxygen atoms to
form AQ, not from molecular oxygen (air) under the reaction
conditions studied [57].

The results on the effect of temperature on AN conversion
are presented in Table 3. AN conversion increased with increas-
ing temperature to 60—-80 °C (TOF = 10-21), due to the slow
formation of tert-butoxyl radicals of TBHP. Further increases
in temperature (to 90 °C) produced no change in AN conver-
sion (TOF = 21). Although the AN/TBHP molar ratio was 1:5
(excess oxidant), AN conversion did not increase, because of
the rapid formation of tert-butoxyl radicals (confirmed inde-
pendently) at ~90 °C and their nonavailability with time for the
oxidation reaction. Thus, we can conclude that maximum con-
version can be obtained at 80 °C. However, the selectivity for
AQ was 100% at all temperatures studied.

3.1.9. Catalyst recycling
One of the main advantages of using solid catalysts in a
liquid-phase reaction is the ease of separation and reuse in
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Fig. 10. Conversion of anthracene as a function of time with V2PA7NH§L7
SBA-15 (a) run with fresh catalyst and (b) Run without catalyst (catalyst sepa-
rated after 3 h of reaction) and continued with filtrate only. Reaction conditions:
0.013 mol of V2PA—NH§'—SBA—15 (0.1 g), 56 mmol of substrate (1 g), 6 cm’
benzene, 80 °C, 12 h, substrate/catalyst molar ratio 430 and substrate/oxidant
molar ratio 5.

catalytic cycles. V2PA—NH§"—SBA-15 [SBAV2(30)] was used
repeatedly under the following conditions: 0.1 g of catalyst,
56 mmol (1 g) of AN, 3 cm? of benzene, an AN/catalyst mo-
lar ratio of 430, an AN/TBHP molar ratio of 5, 80 °C, for 12 h);
the first cycle gave 60% AN conversion with 100% selectiv-
ity to AQ. The catalyst was separated by filtration, washed with
benzene, dried in an oven (100 °C) for 1 h, and then reused in
second cycle with fresh reaction mixture. This procedure was
repeated for four cycles. The results demonstrate that the AN
conversion was nearly the same in all four cycles, with essen-
tially constant (100%) AQ selectivity, suggesting that V2PA—
NH;F—SBA-IS [SBAV2(30)] can be used in repeated cycles
without any loss of activity. A marginal decrease in conver-
sion occurred after each cycle, possibly due to handling losses,
not to leaching of active catalyst into the reaction medium. To
confirm the absence of leaching of V2PA ions from the immo-
bilized system into the reaction medium during the reaction,
catalyzing the AN oxidation as a homogeneous system, the re-
action was carried out at 80 °C for 3 h (the same conditions used
in the recycling study), after which the catalyst was removed
by filtration at high temperature. The conversion of AN to AQ
was 25%. The reaction was continued for another 3 h with the
filtrate only; the results are shown in Fig. 10. AN conversion re-
mained the same after 3 h. We can conclude that the oxidation
of AN is catalyzed by immobilized catalyst and is not due to
leaching of V2PA ions into the medium during the reaction.

4. Conclusion

We have successfully prepared molybdovanadophosphoric
acid immobilized onto amine-functionalized MCM-41, MCM-
48, and SBA-15 mesoporous silica and evaluated them by dif-
ferent techniques, including SAXS and TEM analysis, reveal-
ing the structural integrity of the immobilized catalysts. The
immobilized catalysts were active in AN oxidation with TBHP
in benzene solvent to give 100% AQ selectivity. Our investiga-
tion demonstrates that molybdovanadophosphoric acid immo-

bilized on mesoporous silica can be used for selective oxida-
tion of AN to AQ under milder liquid phase oxidation condi-
tions.
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