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ABSTRACT: Mesoporous nanocomposite frameworks of
chromium(III) oxide and 12-phosphomolybdic acid (PMA)
compounds were prepared via a “nanocasting” method, using
mesoporous silica SBA-15 as the template. Small-angle X-ray
scattering, transmission electron microscopy, and nitrogen
physisorption characterizations indicate that these materials
possess a well-ordered hexagonal mesostructure with high
content of PMA clusters (ug to 63 wt%) and large internal
surface area (up to 165 m gfl). The Keggin clusters are
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incorporated intact into the mesoporous walls forming a Cr,O;—PMA solid-solution structure, according to the X-ray diffraction
and X-ray photoelectron and ultraviolet—visible light (UV/vis) spectroscopy. These Cr,O3;—PMA nanocomposites demonstrated
strong potential for green oxidative processes, exhibiting high catalytic activity and durability in oxidation of 1-phenylethanol using

H,0, as an oxidant.
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B INTRODUCTION

Nanostructured arrays of transition-metal oxides having large
internal surface area and uniform pore size are of immense
interest for applications in catalysis, separation, magnetism,
chemical sensing, and optoelectronics." These materials bring
together the merits of ordered pore structure with the physical
characteristics inherent in inorganic framework. So far, various
well-ordered mesoporous transition-metal oxides, such as TiO,,
Zn0,, SnO,, ZrO,, Co304, Nb,Os, and WO3, and mixed metal
oxides, such as SrTiO;, MgTa,0s Cop;5TiossO1.85 Si(Al
Ti)O,4 ZrW,0g, and ALTiOs have been prepared.z_6 The
construction of these mesoporous materials is accomplished
using structure-directing molds of soft or hard templates, which
permit control over the framework composition and pore
geometry (e.g,, from wormholes to hexagonal to cubic). Re-
cently, mesoporous materials consisting of different types of
components have received significant attention, because of the
unusual and potentially useful properties. Compared to meso-
porous single-component metal oxides, nanocomposite struc-
tures can exhibit enhanced catalytic, magnetic, and electronic
properties by coupling disparate components of the framework.
Often, it is found that the close interaction between two or more
different species can impart complementary or synergistic com-
binations of properties to the framework, which makes it possible
to design novel nanomaterials with specific functionalities.*
Consequently, mesoporous metal-oxide composites are attrac-
tive for many applications in redox and photocatalysis, electro-
magnetism, biosensing, and solar energy conversion.””®
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An important and, synchronously, difficult goal in the area of
advanced catalytic materials is to design new structural materials
that combine high catalytic activity with regular mesoporosity. In
this context, porous architectures of well-defined metal—oxygen
molecular building units, such as metal-oxide and polyoxometa-
late compounds, offer interesting and exciting perspectives.
Polyoxometalates (POMs), transition metal—oxygen anion clus-
ters (especially of Mo, W, and V) are a large and rapidly growing
class of inorganic compounds with unprecedented molecular and
compositional diversity. These compounds exhibit fast and
reversible multielectron redox transformation and possess re-
markable thermal and hydrolytic stability, which make them
attractive for applications, especially in acid and oxidation
catalysis.”~'* Mesoporous structures that blend such disparate
features are expected to have improved catalytic performance
and possess additional characteristics as well, such as fast mass
transport kinetics and size-selective absorption.

Several studies have reported the inclusion of polyoxometa-
lates within the mesoporous silica, titania, and alumina frame-
work using surfactant-assisted sol—gel copolymerization of metal
oxide and POM species.B’14 However, despite these successful
efforts, the fabrication of mesoporous POM-containing transi-
tion-metal oxides with ordered pore structure remains an open
challenge. This is because the construction of such complex
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nanostructures requires precise control over the spatial arrange-
ment and cross-linking polymerization of different inorganic
oxide species at a mesoscopic level. Furthermore, high thermal
stability of the mesostructured framework is required in order to
avoid structural collapse after template removal.'®

Recently, some of us have proposed a hard-templating
approach to preparing three-dimensional mesostructured com-
posite frameworks of nanocrystalline Co304 and Keggin 12-
phosphotungstic acids (H;PW,040).'® These materials feature
a three-dimensional cubic mesostructure derived from the pore
structure of silica KIT-6 template, with framework wall composi-
tion (ie, 6—32 wt% in H3PW,,0, loading) appropriate to
decompose nitrous oxide into N, and O,. Herein, we extend this
approach to the synthesis of well-ordered mesoporous frame-
works composed of chromium(Ill) oxide (Cr,O;) and 12-
phosphomolybdic acid (H3PMo;,040, PMA) compounds using
hexagonal mesoporous SBA-135 silica as hard template. Cr,O3 has
been widely used as a catalyst for the oxidative dehydrogenation
and epoxidation of olefins and decomposition of toluene.'”'® In
particular, we used preformed silica mold to confine the growth
of the Cr,0;—PMA composite network and imprint mesopor-
osity after template removal. We demonstrate, for the first time,
the feasibility of the proposed synthesis method to achieve high
loading of PMA clusters in mesoporous metal-oxide frameworks.
These materials, with up to 63 wt % POM content, retain the
crystal structure of the silica template. The Cr,0;—PMA com-
posites are highly promising catalysts, showing excellent catalytic
activity and stability in oxidation of 1-phenylethanol using H,O,
as an oxidant.

B EXPERIMENTAL SECTION

Synthesis. Hexagonal mesoporous SBA-1S silica was prepared
under hydrothermal treatment at 100 °C for 24 h, according to the
established procedure.'® Mesoporous Cr,O3 and CrPMA(w) compo-
sites were prepared using SBA-15 as a hard template. In a typical
synthesis, 0.2 g of SBA-1S silica was dispersed in a clear solution of
2 mL ethanol containing 1 mmol of Cr(NO3);-9H,0 and quantitative
amount of H3PMoy,049+ 26H,0. The mixture was ultrasonicated (100
kHz, 300 W) at 30 °C until complete ethanol evaporation (~2 h), and
the resulting solid was heated to 300 °C (ramp rate = 1° min ') for 10 h.
The impregnation and decomposition steps were repeated twice to
achieve high loading and the obtained material was calcined in air to
400 °C (ramp rate = 1° min~ ") for 6 h. The silica template was removed
by chemical etching with 5 wt% HF aqueous solution at room
temperature. The black material was collected by filtration, washed with
water and ethanol several times, and dried at 80 °C for 24 h. A series of
mesoporous CrPMA(w) composites (where w refers to the weight
percentage of PMA loading in the framework, i.e., w = 18, 30, 39, 52, and
63 wt %) were prepared, using 23, 47, 64, 117, and 165 mg of PMA,
respectively. Mesoporous Cr,O3 (meso-Cr,0O3) material was prepared in
a similar procedure, without the addition of 12-phosphomolybdic acid.
Nonporous Cr,03 loaded with 52 wt % PMA, denoted as 52% PMA/
Cr,03, was prepared in a similar procedure to CrPMA(S2), but without
a silica template.

Characterization. Small-angle X-ray scattering (SAXS) patterns
were collected on a Rigaku Model S-MAX 3000 high-brilliance system
equipped with two-dimensional wire detector and an Cu (4 = 1.54098
A) rotating anode operated at 80 kV and 40 mA (0.01 A~' < ¢ < 0.6
A™"). Measurements were performed by transmission in samples that
were ground and held in a quartz capillary tube (inner diameter (ID) of
1 mm). The sample-to-detector distance and the center of the beam
were precisely determined by calibration with Ag-behenate diffraction

standard (dgo; = 58.38 A). The diffraction intensities of two-dimensional
(2D) collected images were integrated to yield one-dimensional (1D)
diffraction patterns, as a function of the angle 20, with the FIT2D
program.”® Scattering data were corrected for dark current and empty
tube scattering. The wide-angle XRD patterns were recorded on a
Rigaku Model D/max-2400 X-ray diffractometer (40 kV and 20 mA)
equipped with a pyrolytic graphite monochromator giving Cu Ka,
radiation (4 = 1.540S5 A) in Bragg—Brentano geometry. Data acquisition
was performed in the 26 range of 20°—80° with a scanning step size of
0.02 and count time of 3 s. Nitrogen adsorption—desorption isotherms
were measured at 77 K on a Micromeritics Model TriStar II 3020
volumetric analyzer. All the samples were degassed overnight at 130 °C
under vacuum (<10 Torr) prior to measurement. The specific surface
areas were calculated using the Brumauer—Emmett—Teller (BET)*!
method on the adsorption data in the relative pressure (P/P,) range of
0.05—0.20. The total pore volumes were calculated from the adsorbed
amount at the relative pressure of 0.95, and the pore size distributions
were calculated from the adsorption branch of the isotherms, using the
nonlocal density function theory (NLDFT)** method. The relative
standard deviations of the BET surface area and the total pore volume
were <3%. Transmission electron microscopy (TEM) was performed
using a JEOL Model JEM-2100 electron microscope equipped with a
LaBg filament and operated at an accelerated voltage of 200 kV. The
samples were first gently ground, ultrasonically dispersed in ethanol, and
then picked up on a carbon-coated Formvar copper grid. Elemental
microprobe analyses were performed on a JEOL Model JSM-6390LV
scanning electron microscopy (SEM) system that was equipped with an
Oxford INCA PentaFET-x3 energy-dispersive X-ray spectroscopy
(EDS) detector. Data acquisition was performed with an accelerating
voltage of 20 kV and an accumulation time of 60 s. Infrared spectra of the
samples were recorded with KBr, using a Perkin—Elmer Model Spec-
trum-BX FT-IR spectrometer. Spectra were obtained on averaging 100
interferograms with a resolution of 2 cm . UV/vis diffuse reflectance
spectra were taken using a Perkin—Elmer Lambda 950 optical spectro-
photometer, using an integrating sphere. A BaSO, powder was used as a
100% reflectance standard. Reflectance data were converted to absorp-
tion (a/S) data, according to the Kubelka—Munk equation:

a (1— R)’

S 2R

where R is the reflectance, a the absorption coefficient, and S the
scattering coefficient. X-ray photoelectron spectroscopy (XPS) was
performed on an Omicron ESCA system that was equipped with a
monochromated Al Ka X-ray (1486.6 eV) source with a 1.5-mm beam
diameter and operated at 300 W. A low-energy electron flood gun was
employed for charge neutralization. Samples were analyzed at pressures
below 2 x 10 ® Torr, with a pass energy of 25 eV and a takeoff angle of
45°. All binding energies were calibrated by assuming the binding energy
of the C 1s peak at 284.6 eV. Prior to XPS measurement, the powders
were pressed to form a pellet, and then the pellet was put into the entry-
load chamber to pump for 2 h. The relative atomic composition was
determined from the acquired spectra after background subtraction
(linear-type) by integrating the Cr 2ps/, and Mo 3ds/, peaks and
dividing by its sensitivity factor. The sensitivity factors of the Cr 2ps,
(7.6) and Mo 3ds,, (5.8) signals are provided by spectral data processor
(SDP) software v4.3. Peak fitting of XPS spectra was performed using
the XPSPEAK v4.1 software.

Catalytic Oxidation of 1-Phenylethanol. The catalytic reac-
tions were carried out in an open cap vial that was equipped with a
Teflon septum. The reaction mixture was heated at 50 °C, in the
presence of 4 equiv of H,O,. In all experiments, HPLC-grade acetoni-
trile has been used as the solvent. The reaction mixture (2 mL)
contained 0.05 M of substrate and an amount of catalyst corresponding
to S X 107> M of HyPMo,,04 for CrPMA(w) and PMA or Cr,O5 for
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Figure 1. (a) Small-angle X-ray scattering (SAXS) and (b) wide-angle
X-ray diffraction (XRD) patterns of mesoporous samples: meso-Cr,0;
(pattern i), CrPMA(18) (pattern ii), CrPMA(30) (pattern iii),
CrPMA(39) (pattern iv), CrPMA(S2) (pattern v), and CrPMA(63)
(pattern vi). The indexing of the Bragg peaks in XRD is consistent with
the rhombohedral structure of Cr,O; (space group: R3c, lattice con-
stants: a = b = 0.496 nm and ¢ = 1.359 nm).

meso-Cr,O3. The catalytic grains were kept in suspension by vigorous
magnetic stirring, and the reaction mixture was monitored by gas chroma-
tography—mass spectrometry (GC-MS) and "H NMR spectroscopy.
Nuclear magnetic resonance (IH NMR and “*C NMR) spectra were
recorded on a Bruker Model AMX 300 MHz spectrometer, in CDCl;. Gas
chromatography—mass spectroscopy (GC-MS) analysis was performed on
a Shimadzu Model GC MSQPS050A apparatus that was equipped with a
30-m HP-S capillar column and a Model 5971A MS detector.

B RESULTS AND DISCUSSION

Synthesis and Structural Characterization. To produce the
Cr,O;—PMA composites, we used ultrasound-assisted wet impreg-
nation of chromium nitrate (Cr(NO3)3+9H,0) and PMA precur-
sors into the pore channels of SBA-15 silica™ This process was
found to be the key in producing mesostructured solid-solution
frameworks with high loading of PMA clusters and large internal
surface area. By adjusting the quantity of 12-phosphomolybdic acid,
mesoporous structures feature different loading of PMA, ranging
from 18 wt % to 63 wt %. Ordered mesoporous CrPMA (w)—where
w is the weight percentage content of PMA—were obtained after
inverse replica solidification of chromium oxide, following removal of
the silica template through chemical etching with HF solution.

The chemical composition of mesoporous replicas was deter-
mined with energy-dispersive X-ray spectroscopy (EDS). Ele-
mental EDS data for CrPMA(w) indicated the expected PMA
content from the stoichiometry of reactions (that is, 18, 30, 39,
52, and 63 wt %; see Table SI in the Supporting Information).
This implies that the chromium nitrate and PMA precursors were
fully incorporated into the pores of SBA-15, as well as the as-
prepared mesostructures are stable for PMA leaching in aqueous
HF solution. Meanwhile, the absence of any trace of silicon in
EDS spectra suggests the complete elimination of the silica mold.

The mesoscopic order of the title materials was investigated
with small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM). The SAXS patterns of the meso-
porous Cr,O; and CrPMA(18) samples show three intense
diffraction peaks in the scattering vector q (q = 4t sin (6/1),

4 8 121620 4 8 121620 4 8 12 16 20
Energy (keV)

Figure 2. (a—f) TEM images of mesoporous CrPMA(18) (panelsaandb),
CrPMA(39) (panels c and d), and CrPMA(63) (panels e and f), viewed
along the [ 110]-direction (left) and along the [001]-direction (right panel) of
the hexagonal structure. Inset in each micrograph shows the corresponding
SAED pattern. (g) TEM-EDS spectra of mesoporous CrPMA(18), CrPMA-
(39), and CrPMA(63) samples. The copper peaks result from the TEM
Cu grid.

where 20 is the scattering angle) range of 0.6—1.4 nm~ ', which
can be attributed to the 100, 110, and 200 Bragg reflections of the
hexagonal p6mm symmetry (see Figure 1a). These SAXS profiles
are similar to that of SBA-1S (see Figure S1 in the Supporting
Information), suggesting that thus-prepared replicas maintain
the highly ordered mesostructure of the silica template. How-
ever, a decrease of the structural ordering with increasing the
PMA content is inferred for high-PMA-loading CrPMA (w) (w =
30, 39, 52, and 63 wt%) samples, judging from the lower
intensity of the 100 and 200 diffractions and the absence of the
110 diffraction peak. The angular position of the 100 diffractions
is associated with an interplanar distance (d = 27/q) of d ~
9.1—9.2 nm, which gives a hexagonal lattice parameter (a,) at
~10.5—10.6 nm. These lattice parameters are almost equal to
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that of the pristine SBA-15 (10.6 nm), indicating perfect
replication of the silica porous structure.

The wide-angle X-ray diffraction (XRD) patterns, in Figure 1b,
display several sharp diffraction peaks for mesoporous Cr,O; and
CrPMA(18), which can be indexed to the rhombohedra R3¢
symmetry of Cr,Oj; with lattice parameters a = b = 0.496 nm and
¢ = 1.359 nm (Internation Centre for Diffraction Data (ICDD)
Powder Diffraction File (PDF) Card No. 82-1484).>* The well-
resolved XRD diffractions suggest that the chromium nitrate
precursor was completely converted to crystalline Cr,03.>
Surprisingly, the CrPMA composites loaded with 30—63 wt %
of PMA show a systematic decrease in the relative intensity of
X-ray reflections that is indicative of lower Cr,O5 crystallinity.
Indeed, the wall structure of the CrPMA(S2) and CrPMA(63)
compounds lacked long-range atomic order, as indicated by the
absence of Bragg diffractions in wide-angle XRD. It is likely that
the PMA clusters are well-mixed with chromium oxide com-
pounds, leading to restrictions in the formation of Cr,Oj3 crystal-
lites during the heat-treatment process. The absence of
H;3;PMo;,0, crystalline phase in wide-angle XRD patterns
supports evidence that the PMA clusters are homogeneously
dispersed in mesoporous frameworks. However, the presence of
too low amounts of nanometer-sized PMA aggregates within the
mesoporous samples cannot be excluded.

Figures 2a—f display typical TEM images of mesoporous
CrPMA(18), CrPMA(39), and CrPMA(63). The TEM images
of CrPMA(18) and CrPMA(39) samples depict a well-ordered
arrangement of uniform nanorods in hexagonal symmetry.
However, such structural ordering is barely attained on CrPMA-
(63), where a rather irregular mesostructure is indicated. De-
tailed analysis of TEM images suggested that the as-obtained
nanorods have a cross-section size of ~7 nm, which reflect the
mesopore diameter of SBA-1S (ca. 7.2 nm; see Figure S2 in the
Supporting Information). The crystalline nature of the frame-
work walls is further investigated with selected-area electron
diffraction (SAED), indicating a varying degree of Cr, O3 crystal-
linity that strongly related to the PMA content (Figures 2a—f,
insets). In particular, the CrPMA(18) sample exhibits a well-
defined multicrystalline diffraction pattern, showing a series of
spotted Debye—Scherrer diffraction rings. These diffractions are
indexed, most closely, according to the rhombohedral R3c
structure of Cr,O; However, the mesoporous CrPMA(39)
sample exhibits a poorly crystalline diffraction pattern that
corresponds to the semicrystalline Cr,Oz phase, while the
CrPMA(63) exhibit broad and diffusive scattering rings char-
acteristic of amorphous structure. These results are consistent
with the wide-angle XRD data. Elemental TEM-EDS analysis
acquired on a thin area of mesoporous frameworks indicated a
homogeneous distribution of Cr and Mo elements with Cr/Mo
atomic ratio that corresponds to PMA loadings of ~17.2, ~38.3,
and ~61.2 wt % for the CrPMA(18), CrPMA(39), and CrPMA-
(63) samples, respectively, as expected from the nominal com-
positions (see Figure 2g).

The nitrogen physisorption measurements of silica-free repli-
cas show Type IV isotherms with a pronounced condensation
step in the relative pressure (P/P,) range of ~0.2—0.3, especially
for pure Cr,O3 and CrPMA(w) composites with low PMA
content (w = 18, 30, and 39 wt%), indicating narrow-sized
mesopores (see Figure 3). The lack of a hysteresis loop between
the adsorption and desorption branches of meso-Cr,O; and
CrPMA(18) indicates negligible pore blocking effects and corro-
borates the tubular pore structure. While the peculiar H,-type
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Figure 3. Nitrogen adsorption (closed symbols) and desorption (open
symbols) isotherms at 77 K of mesoporous (a) meso-Cr,Os, (b)
CrPMA(18), (c) CrPMA(30), (d) CrPMA(39), (e) CrPMA(52), and
(f) CrPMA(63). The NLDFT pore size distributions calculated from the
adsorption branches are shown in the insets.

hysteresis loop observed for high-PMA-loading CrPMA(w) (w =
30—63 wt %) samples implies, rather, the presence of an inter-
connected pore network with large mesopores (4—12 nm).>® The
small uptake of the adsorption isotherms at P/P, > 0.8 is associated
with the capillary condesation of nitrogen in large voids between the
particles. Such an interparticle porosity presumably originates
because of the large volume contraction from Cr(NO3);+9H,O
precursor to Cr,O; oxide (ca. 64.6%, based on mass density) that
results in incomplete filling of the SBA-15 nanopores. The meso-
porous Cr,Oj3 exhibited a BET surface area of 99 m’ g7l and a total
pore volume of 0.13 cm® g~ ', which is one of the largest observed so
far for this system. However, the mesoporous CrPMA(w) compo-
sites exhibited BET surface areas in the range of 58—165m”g ' and
total pore volumes in the range of 0.08—0.19 cm® g~ '. The surface
area of CrPMA(w) increased as the loading of PMA was increased
from 18 wt % to 39 wt %, possibly because of the lower density of
included PMA clusters (4.0 g cm ™), compared to that of chromium
oxide (52 g cm ™). The reduction of the surface area and pore
volume for CrPMA(52) and CrPMA(63) can be attributed to the
rather irregular pore structure, because of the incomplete inter-
connection of nanorods (see below). Given the heavier elements
that compose the frameworks, these surface areas are reasonable and
correspond to silica equivalent surface areas of 117—356 m* g~ .
Pore size distribution analysis with the nonlocal density
functional theory (NLDFT) shows one maximum at ~4 nm
for mesoporous Cr,O3 and CrPMA(18) and two maxima at
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Table 1. Textural Properties of Mesoporous Cr,03 (meso-Cr,03) and CrPMA(w) Composites

sample surface area® (m” g ') pore volume® (cm® g ")
meso-Cr,O5 99 (235) 0.13
CrPMA(18) 64 (145) 0.08
CrPMA(30) 147 (324) 0.16
CrPMA(39) 165 (356) 0.19
CrPMA(52) 138 (288) 0.16
CrPMA(63) 58 (117) 0.08

pore size (nm)

4.1
3.9
3.3,6.5
33,64
33,64
33,69

dyoo-spacing (nm) unit cell’ (nm) wall thickness, WT* (nm)

9.267 10.6 6.5
9.159 10.6 6.7
9.186 10.6 7.3
9.146 10.6 7.3
9.132 10.5 7.2
9.093 10.5 7.2

“Values given in parentheses indicate the silica equivalent surface areas, based on skeletal mass density (i.e., the ratio of the mass to the volume occupied
by the sample excluding the volume of interparticle voids and any open pores) calculations and assuming skeletal density of silica, Cr,O3, and PMA
(equalto2.2,5.2,and 4.0 g cm 3, respectively). b Cumulative pore volume at P/P, = 0.95. “ The unit-cell parameter, given by a = (2/ V3)d100- 9 The
framework wall thickness given by WT = ay — D,,, where Dj, is the pore size. The standard deviations of unit-cell size and framework wall thickness are

each +0.1 nm.

~3.3 nm and ~6.5—7 nm for high-PMA-loading CrPMA (w)
(w = 30—63 wt %) samples (Figure 3, insets). The pore size at
~3—4 nm comes from the wall thickness of the silica template
(ca. 3 nm; see Figure S2 in the Supporting Information), whereas
the latter (ca. 7 nm) is attributed to the large voids between
partially interconnected nanorods. Considering the large dia-
meter of phosphomolybdates (~1.3 nm),”” the PMA clusters
may block the small-sized complementary pores (<1 nm) within
the silica walls after infiltration. In this case, the interconnectivity
between the adjacent mesopores is low (because of the closed
complementary channels); therefore, the original structural
symmetry cannot be well-retained after the template removal.
The pore size obtained from the NLDFT analysis, together with
the pore-to-pore distance (a,) obtained from XRD data, indicate
a framework wall thickness of ~6.5—7 nm, which is in very good
agreement with that observed from TEM. Table 1 summarizes all
the textural parameters of mesoporous Cr,O3 and CrPMA(w)
materials.

Spectroscopy. The structure of mesoporous Cr,0O3 and CrPMA-
(w) composite was also studied by Fourier transform-infrared (FT-
IR) and diffuse reflectance ultraviolet—visible (UV/vis) spectrosco-
py- The FT-IR spectra of CrPMA(w) show the characteristic
absorption peaks at ~947 and ~879 cm™ ', which correspond to
Vas(Mo=0y) and v,(Mo— O, —Mo) stretching vibration bands of
PMA Keggin cluster, respectively (see Figure S3 in the Supporting
Information).”® Compared with the bulk PMA, these vibration
bands are bathochromic/red-shifted by more than 5—20 cmfl,
which is assigned to the strong conjugated interactions between the
terminal (Mo=0,) and bridged (Mo—O,—Mo) oxygen atoms of
PMA polyanions and chromium oxide matrix. The intense absorption
at ~1077 cm ™' can be ascribed to v,((P—0,) stretching mode of
distorted PO, central unit. These results support that the Keggin
structure of PMA is retained intact within the composite frameworks.

The diffuse reflectance UV/vis spectra of mesoporous CrPMA-
(w) show an absorption peak at ~316—318 nm, which corresponds
to the O(—II)—Mo(VI) charge-transfer in Mo—O—Mo bond of
the PMA clusters (see Figure S4 in the Supporting Information).”
This absorption exhibits a remarkable bathochromic shift, with
respect to the bulk PMA (~302 nm), possible due to the binding of
molecular PMA units to the chromium oxide network. All the
CrPMA(w) samples showed a broad absorption peak at ~468—
470 nm and a weak shoulder at ~513—516 nm, which can be
assigned to the crystal-field d—d transitions (*A, g—’4T1 o) of 6-fold
coordinated Cr(IIT) in Cr,O5.>° The optical spectrum of mesoporous
Cr,Oj5 suggests the potential presence of Cr(VI) species within the
Cr,0;. In particular, the absorption peak at ~348 is assigned to the
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Figure 4. X-ray photoelectron spectroscopy (XPS) spectrum of meso-
porous CrPMA(63), showing the characteristic peaks of Cr, Mo, P and
O. The insets show high-resolution Mo 3ds,—3d5, and Cr 2p5 5 —2p1 2
core-level photoelectron spectra (open circles represent raw data, red
lines denote fitted lines, and blue/green lines represent deconvoluted
lines).

ligand—metal charge transfer O(—II)—Cr(VI) process and the
feature at ~598 nm is attributed to the “A, g—’4T2 ¢ transition of
Cr(III) in octahedral symmetry.' These peaks are hardly observed in
mesoporous CrPMA(w), because of the strong absorptions by the
PMA heteropoly acids.

XPS experiments were performed to probe the chemical state
of the Cr and Mo atoms in mesoporous frameworks. Figure 4
shows the XPS survey spectrum and high-resolution XPS spectra
of Cr 2p and Mo 3d core-level signals for CrPMA(63). The Cr 2p
XPS spectrum could be resolved in two sets of spin—orbit
doublets of Cr 2p3/, and 2p; /, signals, which leads to a reliable
fitting. Although the peaks at 576.3 and 585.4 eV were referred to
Cr(III) ions, the second doublet at 577.2 and 587.0 eV was
ascribed to the presence of Cr(IV) and/or Cr(IlI) hydroxyl
species (i.e., Cr(OH);) within the Cr,O; oxide.*** The XPS
deconvoluted peaks of Mo 3ds, and 3d; , with binding energies
at 232.4 and 235.6 eV are attributed to high-valence Mo(VI) and
those at 230.4 and 233.4 eV are attributed to reduced Mo (V)
ions, respectively.>* Generally, the binding energy of an atom
increases as the oxidation state increases.” Based on the area
contributions and sensitivity factors of Cr 2p;,, and Mo 3ds,,
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Table 2. Oxidation of 1-Phenylethanol with 30% H,0, Cat-
alyzed by Mesoporous Cr,03 (meso-Cr,03) and CrPMA(w)
Composites and Homogeneous PMA Compound”

OH ]
Catalyst
—_—
H,0,, 50 °C
catalyst conversion’ (%) turnover frequency, TOF® (h™")

meso-Cr, O3 10 11
CrPMA(18) 2 2
CrPMA(30) 36 43
CrPMA(39) 51 7
CrPMA(52) 85 (54)¢ 105 (67)°
CrPMA(63) 87 103
PMA 9 10

“Reaction conditions: 0.1 mmol of 1-phenylethanol, 0.01 mmol of
catalyst, 4 equivalent of H,0, (30% aqueous), 2 mL CH;CN, 50 °C, §
min. ” Conversion is given in terms of mol % of initial quantity of
oxidant used. “ Turnover frequency (TOF) is based on the number of
moles of 1-phenylethanol converted per mole of HyPMo;,049 (Cr,04
for meso-Cr,03) per unit time. 4 Conversion and TOF of a nonporous
52% PMA/Cr, 03 solid.

peaks, the Cr/Mo atomic ratio was estimated to be 53:47, which
gives a weight percentage of PMA content at ~64 wt %, in very
good agreement with the EDS results.

Catalytic Activity. The catalytic activity of mesoporous re-
plicas has been assessed by studying the oxidation of 1-phenyl-
ethanol as a model reaction. The selective oxidation of non-
activated alcohols, such as allylic and alicyclic alcohols, under
mild conditions is a challenging issue for production of fine
chemicals and pharmaceuticals.*® All the heterogeneous catalytic
reactions were carried out under the same conditions, using 0.05 M
of alcohol and an amount of mesoporous replicas corresponding to
5 x 10~ M of PMA for CrPMA(w) or Cr,O; for meso-Cr,O5, and
an excess of hydrogen peroxide as an oxidant (4 equiv, based on
alcohol amount).*” The CrPMA(w) composites are good catalysts
for the selective oxidation of 1-phenylethanol, affording moderate to
excellent yield of acetophenone within a short reaction time. As
shown in Table 2, the catalytic activity is highly dependent on the
amount of included PMA clusters and increases with increasing
PMA loading. Indeed, the CrPMA catalysts loaded with 52 and 63
wt % of PMA achieved excellent conversion (ca. 85%—87%) and
selectivity (100%) within only S min. Interestingly, these catalysts
convert 1-phenylethanol to acetophenone in almost quantitative
yields (>96%) within 10 min. No byproducts, such as benzoic acid
or ethylbenzene, were detected under the investigated conditions.
The pseudo-first-order reaction rate, together with the high reaction
rate constants indicated for the CrPMA(52) (k=0.283 min™ ') and
CrPMA(63) (k= 0.325 min~ ) catalysts, suggests that the reaction
proceeds very fast via the formation of a metal-peroxo complex (e.g,
Mo—0O—0—H), followed a rate-determining step of 1-phenyletha-
nol oxidation (see Figure SS in the Supporting Information).
Among the catalysts tested, the CrPMA(52) sample was found to
be the most effective for the oxidation of 1-phenylethanol, giving a
higher turnover frequency (TOF) of 103 h™'. The catalytic
efficiency of the CrPMA(52) sample exceeds the efficiency of other
high-performance catalysts that were reported to be active in oxidation

100 : : : : 120
80
9

2\0./ 60 - —_
S 80 <
(2]
o 40- w
2 =
© 20 %

04 0

1 2 3 4
Number of reuse

Figure 5. Recycle studies of mesoporous CrPMA(S2) catalyst.
(Reaction conditions: 0.1 mmol of 1-phenylethanol, 0.01 mmol of
catalyst, 4 equiv of H,O, (30% aqueous), 2 mL CH;CN, 50 °C, S min.)

of 1-phenylethanol, but in prolonged time, at high temperature, and/
or in the presence of harmful bases as co-catalysts (e.g, KOH,
pyridine). These include the homogeneous [LMn(u-O)sMnL]-
(PFg), and [LMn(u-O)sMnL],[SiW1,040], where L is 1,4,7-tri-
methyl-1,4,7-triazacyclononane) (~94%—95% conv. in 3 h),*®
0s3(CO) 1o(u-H), (~60% conv. in 10 h),*® and [(C;,H,3sNO)Pb-
(OAC)], (~99% conv. with pyridine in 24 h)* compounds, the Pd
and Pt (~98% conv. in 24 h)*" nanoclusters and the Au/TiO,, Au/
CeO,, Au/SiO,, and Au/MgO (~18%—99% conv. in 3—10 h),*
AuyoPbso/TiO, (~98% conv. in 0.5 h at 90 °C),* Au/Ga;ALO,
(~99% conv. in 15 h)** and Pd/SBA-15 (~97% conv. in 10 h)*
nanocomposites. These results clearly support the superior catalytic
performance of the CrPMA(S2) material in the oxidation of
nonactivated alcohols, such as 1-phenylethanol.

For comparison, the corresponding homogeneous reaction
was also carried out, under the same conditions described above.
In all cases, the heterogeneous reactions were found to proceed
faster than the corresponding homogeneous. The results, in
Table 2, demonstrate the superior catalytic activity of mesopor-
ous CrPMA(w) composites, compared to the homogeneous
PMA compound or even to the mesoporous Cr,O3. Note that
no oxidation products were observed when blank experiments
were run in the absence of a catalyst. The enhanced catalytic
activity can be regarded as a result of synergetic interactions
between the PMA clusters and Cr,O; matrix (e.g, via
Cr—O—Mo bonds). Nevertheless, the good dispersion of
PMA and large efficient surface area are also other important
parameters which cannot be definitively ruled out. To examine
the role of ordered mesostructure on catalytic performance, we
also prepared Cr,Oj catalyst loaded with 52 wt % of PMA (52%
PMA/Cr,03), which is similar to CrPMA(52), but without a
silica template. The 52% PMA/Cr,O3 compound possesses a
bulklike, nonporous, structure (BET surface area ~ 5.5 m’ gfl)
and its catalytic activity was studied under the same reaction
conditions. Interestingly, this material exhibited moderate cata-
lytic activity (~54% conversion, TOF ~ 67 h™') that is
remarkably lower than that of the CrPMA(52) sample, probably
because of the lower reaction rate causing the smaller efficient
surface area and disordered pore structure.

Furthermore, the CrPMA(52) catalyst can be reused four
times without a significant loss of catalytic activity (~81%—85%
conversion, ~98—103 h™' TOF) and selectivity (100%), see
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Figure 5. After each catalytic run, the catalyst was isolated by
filtration, washed with acetonitrile, and dried under ambient
conditions. Elemental EDS microanalysis and FT-IR spectros-
copy corroborate the retention of PMA Keggin units within the
mesoporous structure of reused sample, thereby confirming high
durability and recyclability. The EDS spectra showed average
Cr/P/Mo atomic ratios of ~22.1:1.3:12, which correspond to a
PMA content of ~52.1 wt %, which is almost equal to that of
fresh catalyst (~52.4 wt%). The FT-IR spectra displayed the
characteristic v,,(Mo=0y) and v,((Mo—QO,—Mo) vibration
bands at ~946 and ~880 cm ' respectively, reflecting the
Keggin structure of the 12-phosphomolybdic acids (see Figure
S6 in the Supporting Infomation).

B CONCLUSIONS

In summary, we have successfully prepared novel mesoporous
Cr,03—phosphomolybdic acid (PMA) solid solution frameworks
through an ultrasound-assisted hard-templating approach. This
method represents an important step toward the synthesis of
ordered mesoporous transition-metal oxides loaded with large
amount of POM clusters. The resulting materials possess Cr,O3—
PMA framework composition with different PMA cluster contents,
ranging from 18 wt % to 63 wt %. The composites displayed three-
dimensional (3D) hexagonal structure, high surface area (58—165
m”g '), and large mesopores (ca. 3—4 and 7 nm). These materials
have important implications for oxidative catalytic processes includ-
ing H,0,-mediated oxidation of 1-phenylethanol. The CrPMA
composites, we report here, undergo very fast oxidation of 1-phe-
nylethanol (within S min) with high catalytic activity (ca. 85%
—87%) and selectivity (100%), and show very good recyclability
and durability. The easy separation from the reaction mixture, along
with the high activity, stability, and retained activity in subsequent
catalytic cycles, makes these materials suitable for small-scale
synthesis. For this reason, further extension of the present synthesis
method to other mesoporous POM-containing transition-metal
oxides as “green” catalysts is currently being explored.

B ASSOCIATED CONTENT

© Ssupporting Information. Analytical data of mesoporous
CrPMA(w) composites, SAXS pattern, N, adsorption—desorp-
tion isotherms at 77 K and NLDFT pore size distribution of
mesoporous SBA-15, FT-IR and diffuse reflectance UV/vis spectra
of mesoporous meso-Cr,O3 and CrPMA(w), kinetic profiles of
CrPMA(S2) and CrPMA(63) catalysts, and FT-IR spectrum of
four-times-reused CrPMA(S52) catalyst. This material is available
free of charge via the Internet at http://pubs.acs.org.
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