
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 2997

www.rsc.org/materials PAPER

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

26
 F

eb
ru

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0J
M

03
39

5B
View Article Online / Journal Homepage / Table of Contents for this issue
Highly ordered mesoporous zirconia-polyoxometalate nanocomposite
materials for catalytic oxidation of alkenes

Gerasimos S. Armatas,*a Georgios Bilisb and Maria Louloudib

Received 8th October 2010, Accepted 29th November 2010

DOI: 10.1039/c0jm03395b
A series of well-ordered mesoporous ZrO2-based heteropoly acid nanocomposite frameworks has been

prepared through a surfactant-assisted sol–gel copolymerization route. The pore walls of these

materials consist of nanocrystalline tetragonal ZrO2 and Keggin-type 12-phosphomolybdic acid

(PMA) components with different PMA loadings, i.e. 12, 22 and 37 wt%. Small angle X-ray scattering,

high-resolution TEM and N2 physisorption measurements indicated mesoporous property in

hexagonal p6mm symmetry with large internal BET surface areas and narrow-sized pores. The

incorporated PMA clusters preserve intact their Keggin structure into the mesoporous frameworks

according to EDX, FT-IR and diffuse-reflectance UV/vis/NIR spectroscopy. The obtained ZrO2–PMA

nanocomposites demonstrated great application potential in oxidative catalysis, exhibiting exceptional

stability and catalytic activity in oxidation of alkenes using hydrogen peroxide as oxidant.
1. Introduction

The development of nanocomposite catalysts with large internal

surface area and well-ordered pore structure has been a challenge

for a long time. The synthesis of these materials is demanding

and requires precise control and manipulation of starting

building blocks on the nanoscale range. These materials can

blend different features into the inorganic structure such as

regular mesoporosity and high catalytic activity, which are

derived from starting components. For this reason, for example,

the construction of novel catalytic and magnetic materials

requires the use of appropriate building units that undergo fast

and reversible redox transformation and controllable localiza-

tion and delocalization of spin transitions.1

The metal–oxygen clusters of the early transition metals (V,

Nb, Mo, Ta, W) in their highest oxidation states, also known as

polyoxometalates (POMs), offer interesting and exciting

perspectives for this direction. The plethora of structural and

compositional types in these compounds makes them suitable for

applications in catalysis, magnetism, non-linear optics and

medicine.2 Among polyoxometalates, the Keggin-type anions

constituted by twelve corner and edge-sharing MO6 octahedrals

around a central XO4
3�/4� tetrahedron ({Xn+M12O40}(8�n)�, where

X ¼ P5+, As5+, Si4+, Ge4+ and M ¼ Mo6+, W6+) have stimulated

much attention over the last few decades.3 These clusters exhibit

strong Brønsted acidity, multi-stage redox activity and remark-

able thermal and hydrolytic stability, which are attractive
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properties especially in the field of acid and oxidation catalysis.

As an example, the 12-phosphotungstic (H3PW12O40, PTA) and

12-phosphomolybdic (H3PMo12O40, PMA) Keggin acids have

been used to a great extent in various industrially important

catalytic processes, including oxidative hydration and esterifi-

cation of olefins and catalytic oxidation of alcohols and

alkenes.2,4

However, the bulk POMs have low surface area (<10 m2 g�1)

and exhibit difficulties in separation from reaction media, which

significantly restrict their application in many catalytic reactions.

To overcome these limitations and, therefore, to improve the

catalytic performance, the POM clusters are dispersed on high-

surface-area nanoporous supports.5 Obvious advantages of

supported POMs over primary POM clusters are the easier

separation from reaction mixtures and recycling without losing

their catalytic activity. Supported POMs also offer larger cata-

lytically active surface area compared to the bulk solids and

better accessibility of reactants to the active sites. These qualities

would favor higher reaction rates and, thus, improvement in

catalytic efficiency (i.e. catalytic conversion/moles of catalyst/

reaction time).

Nanoporous POM-based materials are usually prepared by

wet impregnation of soluble POM clusters onto the surface of

inorganic supports such as porous silica,6 alumina,7 titania7 and

zirconia.8 Although this is a simple method which may yield

mesoporous solids with improved catalytic performance, the

impregnating synthesis suffers from several drawbacks such as

difficulties in homogeneous dispersion of POM units and pores

blocking of inorganic support. Also, it has been demonstrated

that the impregnated POM clusters are susceptible to leaching in

polar solvents when deposited on weak acid or neutral supports

(e.g. SiO2)9 or structure decomposition when deposited on
J. Mater. Chem., 2011, 21, 2997–3005 | 2997
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supports with strong basic character (e.g. Al2O3, MgO).10 The

inclusion of POMs in a mesoporous framework is a promising

synthetic approach for stable and highly active catalysts.11 So far,

the synthesis of mesoporous POM-based composites is mostly

based on surfactant-assisted sol–gel copolymerization of silicon

hydroxides (Si(OH)4) and POM anions. These materials feature

a silica-based heteropoly acid framework with large internal

surface area (>200 m2 g�1) and regular mesoporosity.9 However,

the POM clusters interact weakly with the silanol groups and,

therefore, they can be easily leached out from the walls when

a polar solvent or reactant is used.12 This decreases tremendously

the applicability of these materials especially in heterogeneous

catalysis.

Zirconia (ZrO2) has received considerable attention because of

its semiconducting properties, high thermal stability, reducing

character and acid–base bifunctional activity.13 Owing to these

features, zirconia-based materials are potentially applicable in

redox and photo-catalysis. Recent studies have indicated that

mesoporous zirconia is suitable for supporting POM anions via

relatively strong chemical bonds.14 Indeed, the POM clusters

immobilized on ZrO2 can exhibit strong acid and redox char-

acter.15 To the best of our knowledge, no systematic synthesis of

zirconia-based POM composite frameworks with tunable

composition and ordered mesostructure has been reported.

Generally, the synthesis of mesoporous POM-based compos-

ites by sol–gel inclusion is a complicated and difficult procedure.

The low processability of POM clusters to create ordered

mesostructures and the difficulty in removing the surfactant

inside the pores are the main limitations towards open-pore

POM-based mesostructures. Furthermore, the POM anions can

perturb the long-range order of organic and inorganic aggregates

due to their tendency to interact strongly with the surfactant

micelles.16

Herein, we report the first example of periodically ordered

mesoporous frameworks consisting of nanocrystalline ZrO2 and

Keggin 12-phosphomolybdic acid compounds through a surfac-

tant-templating method. Pure mesoporous zirconia was also

prepared without addition of heteropoly acids. These materials

possess a well-ordered pore structure in hexagonal p6mm

symmetry with uniform mesopores. The mesoporous ZrO2–

PMA composites demonstrated great application potential in

‘‘green’’ organic synthesis, exhibiting exceptional stability and

catalytic activity in oxidation of alkenes using hydrogen peroxide

as oxidant.
2. Experimental

2.1 Chemical reagents

12-Phosphomolybdic acid (PMA) was purchased from Alfa

Aesar. This solid was heated at 100 �C for 4 h in air to eliminate

the excess of uncoordinated water molecules. When the 12-

phosphomolybdic acid was thermally treated, the color changes

from yellow to green, which can be interpreted by the formation

of Mo(V) species (i.e. formation of mixed-valence Hn>3PMo12O40

compounds).17 The weight proportion of water (�4.6%) on the

dried sample was determined by thermogravimetric analysis

(TGA), obtaining a molecular formula of H3PMo12O40$5H2O

(assuming that the protonation state of the polyanions has
2998 | J. Mater. Chem., 2011, 21, 2997–3005
a negligible effect on the formula weight). The alkenes used as

substrates were of high purity and commercially available from

Sigma-Aldrich.
2.2 Preparation of mesoporous ZrO2–PMA nanocomposites

In a typical preparation of mesoporous zirconia and ZrO2–PMA

composites, 0.5 g of triblock copolymer Pluronic F127

(EO106PO70EO106, Mav ¼ 12600, Sigma-Aldrich) was dissolved

in 10 ml of anhydrous ethanol (>99.5%), forming a clear solu-

tion. Then, 1.6 g (5 mmol) of zirconium oxide dichloride

(ZrOCl2$8H2O, Sigma-Aldrich) was added to the surfactant

solution and the mixture was stirred vigorously for �2 h at room

temperature. After this, a clear solution of PMA in 1 ml ethanol

was added dropwise and the resulting mixture was allowed to

continue stirring at room temperature for another �10 min. The

homogeneous sol underwent solvent evaporation at 40 �C for 3

days and the foam-like product was dried at 100 �C under

vacuum for 12 h. The template was removed by calcination at

250 �C with a heating rate of 0.5 �C min�1 and held for 4 h and,

then, at 350 �C with a heating rate of 0.5 �C min�1 and held for

6 h in air. A series of mesoporous ZrO2–PMA composites,

designated as ZPMA(w), with PMA loadings (w) of 12, 22 and 37

wt% was prepared by using 0.05, 0.1 and 0.2 mmol of 12-phos-

phomolybdic acid, respectively. Mesoporous zirconia (meso-

ZrO2) was also prepared following a procedure similar to that

described above, without the presence of 12-phosphormolybdic

acid. For comparative studies, the impregnated PMA sample,

designated by PMA(37)/ZrO2, was also prepared by suspending

0.1 g of mesoporous zirconia (dried at 150 �C) in 5 ml of ethanol

containing 30 mg of PMA. The slurry was vigorously stirred for

1 h and the solvent was evaporated slowly at 60 �C. The solid

product was dried at 100 �C overnight and then calcined at 350
�C for 6 h in air. The PMA content of the impregnated PMA(37)/

ZrO2 sample was close to that of the ZPMA(37) composite.
2.3 Physical characterization

Small-angle X-ray scattering (SAXS) patterns were recorded on

a Rigaku S-MAX 3000 high-brilliance system equipped with

a two-dimensional wire detector and a Cu (l ¼ 1.54098 Å)

rotating anode operated at 80 kV and 40 mA (0.01 < q < 0.6 Å�1).

Measurements were performed by transmission in samples that

were gently ground and held in a quartz capillary tube (I.D.

1 mm). The sample to detector distance and the center of the

beam were precisely determined by calibration with Ag-behenate

diffraction standard (d001 ¼ 58.38 Å). The diffraction intensities

of two-dimensional collected images were integrated to yield one-

dimensional diffraction patterns as a function of q vector with

the FIT2D program.18 Scattering data were corrected for dark

current and empty tube scattering. Nitrogen adsorption–

desorption isotherms were measured at 77 K on a Micromeritics

TriStar II 3020 sorption analyzer. Before the measurements the

samples were outgassed at 150 �C under vacuum (<10�5 Torr) for

15 h. The surface areas were calculated using the Brunauer–

Emmett–Teller (BET) method19 on the adsorption data in the

relative pressure range of 0.05–0.2. The total pore volumes were

derived from the adsorbed amount at the relative pressure of

P/Po ¼ 0.95 and the pore size distributions were calculated from
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 (a) SAXS and (b) wide-angle XRD patterns of mesoporous

materials: (i) meso-ZrO2, (ii) ZPMA(12), (iii) ZPMA(22) and (iv)

ZPMA(37).
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the adsorption branch of the isotherms using the NLDFT

method.20 Transmission electron microscopy (TEM) was carried

out on a JEOL JEM-2100 electron microscope equipped with

a LaB6 filament and operating at 200 kV. The samples were first

gently ground, suspended in ethanol by sonication and then

picked up on a Cu grid covered with a carbon film. Quantitative

microprobe analyses were performed on a JEOL JSM-6390LV

scanning electron microscope (SEM) equipped with an INCA

PentaFETx3 (Oxford Instruments) energy dispersive X-ray

(EDX) spectroscopy detector. Data acquisition was performed

with an accelerating voltage of 20 kV and 60 s accumulation

time. The wide-angle XRD data were recorded on an Inel X-ray

diffractometer (40 kV, 20 mA) equipped with Ni-filtered Cu Ka

radiation (l ¼ 1.5405 Å) in Debye–Scherrer geometry. Infrared

spectra of solid samples were obtained on a Thermo Nicolet 6700

FT-IR spectrometer. Spectra were obtained on fine powders in

diffused reflectance (DRIFT) mode under nitrogen atmosphere

and averaging 254 interferograms with a resolution of 2 cm�1.

UV/vis/NIR diffuse reflectance spectra were recorded at room

temperature on a Shimadzu UV-3101PC double-beam, double

monochromator spectrophotometer, using powder BaSO4 as

a 100% reflectance standard. Reflectance data were converted

to absorption (a/S) according to the Kubelka–Munk equation:

a/S ¼ (1 � R)2/(2R), where R is the reflectance, and a and S are

the absorption and scattering coefficients, respectively.

2.4 Catalytic reactions

Catalytic reactions were carried out in 5 ml glass vials equipped

with stirring bars. The reaction was initiated by slowly adding

(within a period of 5 min) the oxidant H2O2 into a CH3CN

solution containing the catalyst and the substrate at 50 �C. As an

internal standard, acetophenone or bromobenzene was used. The

products of the reaction were identified and quantified on a Shi-

madzu GC-17A gas chromatograph coupled with a GCMS-

QP5000 mass spectrometer, by withdrawing small aliquots from

the reaction mixture. The yields reported herein are based on the

amount of oxidant H2O2 introduced. To establish the identity of

the products unequivocally, the retention times and spectral data

were compared to those of commercially available compounds.

Blank experiments showed that without catalyst the oxidative

reactions do not take place.

3. Results and discussion

3.1 Synthesis and structural characterization

The synthesis of mesoporous ZrO2-based phosphomolybdic acid

materials was accomplished by controlled cross-linking poly-

merization of zirconium oxide dichloride (ZrOCl2) and PMA

compounds in the presence of nonionic triblock (ethylene

oxide)106-b-(propylene oxide)70-b-(ethylene oxide)106 copolymer

surfactant. The synthetic procedure involves evaporation-

induced cooperative assembly of inorganic species and surfac-

tants in ethanolic solution. In this process, the Zr–OH groups of

zirconium oxides maybe protonated in the acid medium of PMA

giving (^Zr–OH2
+)x{Hn�xPMo12O40} compounds by an acid–

base reaction. Such ionic compounds can interact via electro-

static and hydrogen bonding interactions with the hydrophilic

poly(ethylene oxide) segments of the surfactant forming
This journal is ª The Royal Society of Chemistry 2011
mesostructured arrays of inorganic–organic components. By

varying the amount of PMA used in the sol–gel process, a series

of ordered mesoporous ZPMA(w) materials having different

loadings (w ¼ 12, 22 and 37 wt%) of PMA clusters was obtained.

Note that the ZrOCl2 precursor was found to be suitable for the

construction of well-organized mesostructures. Attempts to

prepare mesoporous ZrO2–PMA composites using other zirco-

nium compounds, like zirconium n-alkoxide (Zr(OBu)4) and

zirconium chloride (ZrCl4), resulted in somewhat disordered

mesostructures. Also, addition of HCl as an inhibitor agent to

the zirconium oxo-hydroxides condensation does not improve

the long-range order, and gives mesoporous with wormhole-like

pore structure.

The mesoscopic order of the title materials was confirmed with

small-angle X-ray scattering (SAXS) and transmission electron

microscopy (TEM). The SAXS patterns of template-free meso-

porous zirconia (meso-ZrO2) and ZPMA(w) composites showed

an intense diffraction peak at a q scattering vector (¼4p sin q/l,

where 2q is the scattering angle) range of 0.70–0.80 nm�1 and two

weak but well-resolved diffraction peaks around 1.13–1.56 nm�1

range with a q-value ratio of 1 : O3 : O4 (Fig. 1a). These peaks

can be indexed as the 100, 110 and 200 Bragg reflections of the

2D hexagonal p6mm structure. The broadening of the main

diffraction peaks of ZPMA(w) relative to the mesoporous

zirconia implies a decrease in the coherent domain size in

composite mesostructures. The position of 100 diffractions is

associated with an interplanar distance (d ¼ 2p/q) from 7.89 to

9 nm, which gives a hexagonal lattice parameter (ao) from �9.1

to �10.4 nm. In Fig. 1b, the wide-angle X-ray diffraction (XRD)

patterns of mesoporous samples showed several weak diffraction

peaks in the 2q range of 30–75�, which can be indexed as the 011,

110, 012, 112, 121, 202 and 220 Bragg reflections of tetragonal

ZrO2 phase (PDF no. 50-1089). The weakness of these peaks

makes it difficult to determine the crystallite size, however, their

broadness obviously indicates the nanocrystalline property of

these materials. Generally, the tetragonal phase of ZrO2 is

thermodynamically unstable at room temperature and it can be

stabilized in ZrO2 nanocrystallites of coherent size below 30

nm.21 The absence of diffraction peaks associated with the
J. Mater. Chem., 2011, 21, 2997–3005 | 2999

http://dx.doi.org/10.1039/c0jm03395b


D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

26
 F

eb
ru

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0J
M

03
39

5B

View Article Online
crystalline phase of PMA in wide-angle XRD patterns implies

rather a high dispersion of these clusters into the frameworks.

Fig. 2a–d display typical TEM images and the corresponding

fast-Fourier transform (FFT) patterns obtained from meso-

porous ZPMA(12) and ZPMA(37) samples. The TEM images

clearly show a long-range hexagonal arrangement of parallel

pore channels along the [001] and [110] directions, providing

further evidence for the well-ordered 2D hexagonal p6mm mes-

ostructure. TEM analysis indicates an average pore-to-pore

distance of �9.2 and �10.3 nm and pore diameter of �5 nm for

mesoporous ZPMA(12) and ZPMA(37), respectively. This gives

an estimation for the pore wall thickness at �4.2 nm for

ZPMA(12) and �5.3 nm for ZPMA(37), in very good agreement

with the results from SAXS and N2 porosimetry (see below). A

multicrystalline feature of the pore wall structure of ZPMA(12)

was also evidenced with select-area electron diffraction (SAED),

Fig. 2e. The SAED pattern shows a series of spotted Debye–
Fig. 2 Typical TEM images and the corresponding fast Fourier trans-

form patterns (insets) of the mesoporous (a and b) ZPMA(12) and (c and

d) ZPMA(37) taken along the [001] (a and c) and [110] (b and d) zone

axes, showing the hexagonal array of uniform pore channels. (e) SAED

pattern taken along a thin area of mesoporous ZPMA(12). The red lines

show the Debye–Scherrer rings of tetragonal ZrO2 phase (a ¼ 3.6008 Å

and c ¼ 5.1793 Å; space group: P42/nmc). EDX spectra obtained on

TEM for mesoporous ZPMA(12) (f) and ZPMA(37) (g) samples. The

copper peaks result from the TEM grid.

3000 | J. Mater. Chem., 2011, 21, 2997–3005
Scherrer diffraction rings, which are reasonably assigned to the

tetragonal P42/nmc crystal structure of ZrO2.

To ascertain the presence of phosphomolybdic acids within the

inorganic frameworks, we also determined the elemental

composition of the local structure of ZPMA(12) and ZPMA(37)

samples by TEM energy dispersive X-ray (EDX) analysis. The

TEM-EDX spectra acquired across a thin area of the meso-

porous structures indicate a Zr/Mo atomic ratio of �8.90 and

�2.14 for mesoporous ZPMA(12) and ZPMA(37), respectively

(Fig. 2f and g). These ratios correspond to a weight percentage of

PMA loading at�12.2 for ZPMA(12) and�36.5 for ZPMA(37),

which are consistent very well with the nominal compositions.

This suggests that the PMA clusters are mainly located within the

frameworks and not aggregated as a separated phase.

The mesoporosity of template-free zirconia and ZPMA(w)

materials was probed with nitrogen physisorption measure-

ments. All samples reveal N2 adsorption–desorption isotherms of

type-IV according to the IUPAC classification, with a distinct

condensation step at a relative pressure (P/Po) range of �0.4 to

0.5, suggesting narrow sized mesopores (Fig. 3). The small

hysteresis loop between the adsorption and desorption branches

resembles those of H1 and H2-type and it is consistent with the

presence of intermediate pore channels between cylindrical and
Fig. 3 (a) Nitrogen adsorption–desorption isotherms at 77 K of meso-

porous zirconia (meso-ZrO2) and ZPMA(w) composites. For clarity, the

isotherms of meso-ZrO2 are offset along the y axis by �5 cm3 g�1. (b)

NLDFT pore size distributions calculated from adsorption branches.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 FT-IR spectra of (a) bulk PMA and mesoporous (b) ZPMA(12),

(c) ZPMA(22), (d) ZPMA(37) and (e) meso-ZrO2 materials.
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cage-like shapes.22 It is plausible some of the PMA clusters to be

located near the surface of mesoporous walls, creating small

undulations into the pore channels. The mesoporous zirconia has

a Brunauer–Emmett–Teller (BET) surface area of 56 m2 g�1 and

a pore volume of 0.06 cm3 g�1, while mesoporous ZPMA(w)

composites were found to have higher BET surface areas in the

range 60–103 m2 g�1 and a pore volume in the range 0.04–0.07

cm3 g�1 (Table 1). It is noticeable that the surface area of

ZPMA(w) increases as the loading of PMA clusters increases.

This signifies the role of heteropoly acids in self-assembly

process, where it is believed that the PMA anions are engaged in

specific (van der Waals and/or hydrogen bonding) interactions

with the surfactant micelles, promoting the formation of ordered

mesostructures with higher porosity. All the textural properties

of the mesoporous zirconia and ZPMA(w) composites are given

in Table 1.

The non-local density function theory (NLDFT) analysis of

the adsorption branches of mesoporous zirconia and ZPMA(w)

composites revealed a quite narrow distribution of the pore sizes,

as indicated from the full-width at half maximum (FWHM) of

the peaks, with the peak maximum being in the range 4.2–6.2 nm.

Despite being templated by the same surfactant, the pore sizes in

ZPMA(w) composites are smaller than that obtained in meso-

porous zirconia, reflecting the strong interactions of the anionic

PMo12O40
n� clusters and (^Zr–OH2

+)x{Hn�xPMo12O40} species

with the surfactant. The NLDFT pore diameters together with

the pore-to-pore distance (ao) from SAXS analysis indicate

a framework wall thickness from �3.3 to �5.4 nm. It can be

observed that the size of pore wall thickness is strongly related to

the PMA loading (w) and continuously increases as the content

of PMA in composite structures is increased (see Table 1). This

systematic variation of wall thickness with the PMA loading

clearly supports the fact that the phosphomolybdic acids are an

integral part of the mesoporous frameworks.

3.2 Spectroscopy

The Fourier transform-infrared (FT-IR) spectroscopy is a very

sensitive technique to detect the vibrations of metal–oxygen

bonds and, thus, can provide important information for the

molecular structure of PMA clusters. The FT-IR spectra of pure

PMA and mesoporous zirconia and ZPMA(w) composites are

shown in Fig. 4. The PMA solid exhibited the characteristic

absorption bands at �1066, �968, �872 and �778 cm�1, which

are attributed to the stretching mode of P–O bonds in the PO4

tetrahedron, Mo]O terminal bonds, Mo–Ob–Mo bridge bonds

between the corner-sharing MoO6 octahedra and Mo–Oc–Mo

bridge bonds between the edge-sharing MoO6 octahedra,

respectively.23 The weak absorption band at �593 cm�1 is
Table 1 Textural properties of mesoporous zirconia (meso-ZrO2) and ZPM

Sample Surface area/m2 g�1 Pore volumea/cm3 g�1 Po

meso-ZrO2 56 0.06 6.
ZPMA(12) 60 0.04 4.
ZPMA(22) 88 0.05 4.
ZPMA(37) 103 0.07 5.

a Cumulative pore volume at relative pressure P/P0¼ 0.95. b In parenthesis: th
parameter is given by a0 ¼ (2/O3)d100. d The framework wall thickness is give

This journal is ª The Royal Society of Chemistry 2011
assigned to the stretching vibration mode of O–P–O bonds.23b

Compared to the pristine PMA clusters, the ZPMA(w) indicated

a considerable bathochromic shift (�30 cm�1) of the Mo]O and

Mo–Oc–Mo absorption bands at �956 and �764 cm�1 respec-

tively, suggesting strong binding of PMA Keggin units to the

zirconia matrix. The intense absorption peak at �1102 cm�1 is

ascribed to the P–O stretching mode of the distorted PO4 central

unit while the vibrational features at 760–780 cm�1 and �580

cm�1 are assigned to the Zr–O and Zr–O–Zr stretching modes of

tetragonal zirconia.24

The electronic structure of PMA clusters in the framework of

ZPMA(w) was probed with ultraviolet-visible-near IR (UV/vis/

NIR) spectroscopy. Fig. 5 depicts the diffuse reflectance UV/vis/

NIR spectra of pure PMA and mesoporous zirconia and

ZPMA(w) materials. The PMA exhibits the characteristic

absorption peaks at �46 � 103 (217 nm) and�32 � 103 (313 nm)

cm�1 which are attributed to the O(II) / Mo(VI) charge transfer

in Mo]O and Mo–O–Mo bonds, respectively.15 The broad

electronic absorption at �42 � 103 cm�1 (238 nm) possibly

corresponds to the electron transition from occupied p-orbitals

of O(II) to unoccupied d-orbitals of Mo(V). Further evidence for
A(w) composites

re sizeb/nm d100-Spacing/nm Unit cellc/nm WTd/nm

2 (3.7) 8.235 9.5 3.3
9 (3.3) 8.256 9.5 4.6
2 (2.9) 7.864 9.1 4.9
0 (4.1) 9.001 10.4 5.4

e full-width of the half maximum of pore size distributions. c The unit cell
n by WT ¼ a0 � D, where D is the pore size.

J. Mater. Chem., 2011, 21, 2997–3005 | 3001
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Fig. 5 Diffuse reflectance UV/vis/NIR spectra of (a) bulk PMA, (b)

meso-ZrO2, and mesoporous (c) ZPMA(12), (d) ZPMA(22) and (e)

ZPMA(37) materials.

Scheme 1 Oxidation reactions of alkenes (R ¼ H–, CH3–; Ph ¼ C6H5–)

catalyzed by ZPMA(37).
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the partially reduced form of PMA clusters were obtained by the

two absorption bands at �14 � 103 (714 nm) and �8.4 � 103

(1190 nm) cm�1, which can be assigned to the d–d transition of

the Mo(V) octahedron and the Mo(V)-to-Mo(VI) intervalence

transition within the {PMo12O40}n� cluster, respectively.25

Compared to pure PMA, the ZPMA(w) composites exhibit

a strong hypsochromic shift in oxygen-to-molybdenum absorp-

tions at �48 � 103 (208 nm) and �35 to 36 � 103 (270–285 nm)

cm�1 respectively, which may be consistent with the quantum

confinement due to the molecular dispersion of PMA within the

zirconia network.26 This is in line with the results from TEM-

EDX and wide-angle XRD. Although Mo(V) species in the

composite ZPMA(w) frameworks are expected due to the

incorporated PMA clusters, their presence was clearly evident in

the highest loading sample ZPMA(37), judging from the prom-

inent absorptions at �15 � 103 (667 nm) and �10 � 103 (1000

nm) cm�1. The weak shoulder at �39 � 103 cm�1 (256 nm) in

absorption spectra of ZPMA(w) can be attributed to the charge

transfer from valence (O 2p) to conduction band (Zr 4d) of ZrO2.

These absorption bands are significantly bathochromic shifted

compared to the mesoporous zirconia (�41� 103 cm�1, 244 nm),

implying altered electronic structure due to the incorporated

PMA clusters.27
Fig. 6 Cyclooctene conversion as a function of reaction time in aceto-

nitrile at 50 �C catalyzed by ZPMA(37). The various molar ratios of

catalyst/H2O2/cyclooctene substrate are provided in legend. Conversions

are given as mol% of produced cyclooctene epoxide based on the amount

of oxidant introduced.
3.3 Catalytic reactivity

The mesoporous ZPMA(w) composites were tested in catalytic

oxidation of various alkenes using hydrogen peroxide as oxidant

(Scheme 1). The hydrogen peroxide is a preferable oxidant for
3002 | J. Mater. Chem., 2011, 21, 2997–3005
industrial uses because of its high oxygen donor efficiency, low

cost and environmentally friendly considerations.28 All the

oxidation reactions were performed using catalyst/H2O2 (30 wt%

in water)/substrate molar ratios of 1 : 50 : 250 in acetonitrile,

which proved to be an optimum condition for this system. The

optimization was deducted from kinetic profiles of the cyclo-

octene epoxidation using ZPMA(37) catalyst at 50 �C (Fig. 6).

The time courses of cyclooctene oxidation, in Fig. 6, also indicate

that higher catalyst-to-substrate molar ratios promote faster

reactions at the beginning, which after a period reaches a satu-

ration of conversion. This observation can be explained on the

basis of the reactivity of POM clusters with substrates. It has

been reported that hydrocarbons in large amounts may be

absorbed onto the surface of heteropoly acids that block the

active sites, thus decreasing the reaction rate.29 The decrease of

the conversion rate with time can be attributed to the lower

concentration of reactants that are available for catalysis during

the reaction progress. Next, efforts were directed to investigate

the effect of PMA loading of ZPMA(w) on hydrogen peroxide

mediated catalytic oxidation using cyclooctene as a probe. These

results revealed a systematic increase of the catalytic activity as

the amount of the incorporated PMA increases (see Table 2).

Specifically, the ZPMA(12) and ZPMA(22) showed respectively
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Epoxidation of cyclooctene with H2O2 catalyzed by the series of
ZPMA(w)a

Catalyst PMA loadingb (wt%) Conversionc (%) TOFd/h�1

meso-ZrO2 0 <1 —
ZPMA(12) 12.2 5 3
ZPMA(22) 22.4 22 11
ZPMA(37) 37.2 80 41

a Reaction conditions: 2.5 mmol of cyclooctene, 0.01 mmol of catalyst, 0.5
mmol of H2O2 (30 wt% in water), 3 ml CH3CN, 50 �C, 1 h. b PMA loading
based on the nominal compositions. c Conversion is given as mol% of
initial quantity of oxidant used. d Turnover frequency, TOF, is based
on moles of cyclooctene converted in time t per moles of H3PMo12O40.
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�5% and �22% yields of cyclooctene epoxide, while the highest

loading sample ZPMA(37) reached a maximum catalytic yield of

�80%. Therefore, we used the ZPMA(37) material for all further

catalytic studies. As might be expected the mesoporous zirconia

does not exhibit any catalytic activity and, therefore, the

observed catalytic conversions by ZPMA(w) are attributed to the

incorporated PMA clusters.

Table 3 summarized the results of the catalytic oxidation of

various alkenes catalyzed by heterogeneous ZPMA(37) as well as

homogeneous PMA catalyst. It can be observed that the

ZPMA(37) achieves 100% selective epoxidation of cyclooctene

with high yield (�82%). Indeed, this reaction proceeds very fast

(TOF z 41 h�1) without the induction period. Oxidation of
Table 3 Epoxidation of alkenes with H2O2 catalyzed by heterogeneous ZPM

Substrate Conversionb (%)

Cyclooctene

82 (99)c

Cyclohexene

30 (39)

Methyl-cyclohexene

26 (35)

Styrene

30 (34)

Methyl-styrene

28 (65)

a Reaction conditions: 2.5 mmol of substrate, 0.01 mmol of catalyst, 0.5 mmol
catalytic activity and selectivity of homogeneous H3PMo12O40 catalyst are g
introduced oxidant. c Turnover frequency, TOF: moles of products per mol
determined based on moles of desired product per mo
epoxide : benzylacetaldehyde : benzaldehyde. g Selective formation of epoxid

This journal is ª The Royal Society of Chemistry 2011
cyclohexene and methyl-cyclohexene gave moderate conversions

of �30% and �26% respectively, forming epoxide and allylic

oxidation products. Interestingly, in the case of methyl-cyclo-

hexene, the ZPMA(37) catalyst promotes the epoxidation reac-

tion vs. allylic oxidation with remarkable selectivity (�81%). The

oxidation reactions of styrene and methyl-styrene showed

a remarkably selective formation of benzaldehyde over epoxide

products, however, with moderate yields, implying an oxidative

C]C cleavage followed by allylic oxidation. Notably, no diol or

acetophenone derivatives were observed as byproducts in these

reactions; however, in homogeneous medium, the catalytic

oxidations of styrene and methyl-styrene produce additionally

considerable amounts of benzylacetaldehyde and benzylme-

thylketone respectively. The selectivity of ZPMA(37) catalyst to

conjugated benzaldehyde was found to be �95% for styrene and

�61% for methyl-styrene. This suggests an oxidative cleavage of

the carbon–carbon double bond of styrene instead of epoxida-

tion, which is less favored in substrates with electron-donating

(e.g. methyl) groups substituted on the double bond. Taking into

account that methyl-substituted alkenes, as methyl-cyclohexene

and methyl-styrene, promote epoxidation reaction vs. allylic

oxidation or double bond cleavage, an electrophilic character of

the active catalytic unit is suggested.

ZPMA(37) displays comparable or even higher catalytic effi-

ciency than that of other high-performance heterogeneous POM-

based catalysts. For example, (Xn+MW11O39)�(10�n) (where X ¼
P5+, Si4+; M ¼ Co2+, Cu2+, Ni2+, Mn2+/3+) anions immobilized on
A(37) and homogeneous PMA catalystsa

TOFc/h�1

Selectivitye

epoxide : alcohol : ketone

41.0d(49.5)d 100 : 0 : 0 (100 : 0 : 0)

7.5 (9.7) 47 : 43 : 10 (38 : 44 : 18)

6.5 (8.5) 81 : 8 : 11 (76 : 12 : 12)

7.5 (8.7) 5 : 0 : 95f(4 : 10 : 86)f

7.0 (16.3) 39 : 61 : 0g(20 : 57 : 23)g

of H2O2 (30 wt% in water), 3 ml CH3CN, 50 �C, 2 h. In parenthesis: the
iven. b Total conversion: the amounts of formed products based on the

es of H3PMo12O40 per hour. d Reaction time: 1 h. e Product selectivity
les of all obtained products. f Selective formation of
e : benzaldehyde : benzylmethylketone.

J. Mater. Chem., 2011, 21, 2997–3005 | 3003
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Fig. 8 Infrared spectrum of four times reused ZPMA(37) catalyst,

showing intense peaks at �957 and �766 cm�1 that are attributed to the

stretching vibration bands of Mo]O and Mo–O–Mo bonds, respec-

tively. The intense peak at �1108 cm�1 is assigned to the P–O stretching

vibration bands of the distorted PMo12O40
3� Keggin structure.
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modified SBA-15 silica showed ca. 16–56% conversion of styrene

with moderate to high selectivity (�76 to 97%) for benzaldehyde

with H2O2, but in 12 h.30 Recently, zirconia catalyst impregnated

lacunary (PW11O40)7� anions was demonstrated for the oxida-

tion of styrene.31 This catalyst gives very good activity and

selectivity, showing �41% styrene conversion with high benzal-

dehyde selectivity (>99%) after 4 h. Overall, the ZPMA(37)

showed remarkable efficacy in oxidation of the examined alkene

as indicated from the conversion degrees and the turnover

frequencies for all the catalytic reactions (Table 3).

Comparative studies on the oxidation of alkenes using the

homogeneous PMA catalyst under the same reaction conditions

showed that heterogeneous ZPMA(37) exhibits similar catalytic

activity than the pure PMA solid. However, the oxidation reac-

tion by PMA is a homogeneous process since these clusters are

very soluble in acetonitrile. These findings support the fact that

the zirconia matrix embeds the PMA heteropoly acids without

affecting their redox properties and catalytic performance.

The stability of mesoporous ZPMA(37) was examined by

repeated recovering–reusing of the catalyst in oxidation reaction

of cyclooctene. In each catalytic cycle, the catalyst was recovered

by centrifugation, washed with fresh acetonitrile several times

and dried at ambient conditions. The ZPMA(37) showed excel-

lent reusability without significant loss of the catalytic activity

and selectivity (�82% cyclooctene conversion, �44 h�1 TOF,

100% selectivity) even after four repeated catalytic cycles (Fig. 7).

Scanning electron microscopy (SEM) EDX microanalysis

acquired on four times reused sample showed an average Zr/Mo

atomic ratio of �1.95 that corresponds to a percentage of PMA

loading at �38.7 wt%. This value is very close to that expected

from the stoichiometric composition (i.e. 37.2 wt%). Further-

more, the FT-IR spectrum of this sample showed the charac-

teristic Mo]O and Mo–O–Mo vibration bands at �957 and

�766 cm�1 respectively, reflecting the Keggin structure of the

incorporated PMA clusters (Fig. 8). These results clearly support

the high durability of the ZPMA(37) catalyst under the specific

conditions.
Fig. 7 Recycle studies of mesoporous ZPMA(37) and impregnated

PMA(37)/ZrO2 catalysts. Reaction conditions: 2.5 mmol of cyclooctene,

0.01 mmol of catalyst, 0.5 mmol of H2O2 (30 wt% in water), 3 ml CH3CN,

50 �C, 1 h.

3004 | J. Mater. Chem., 2011, 21, 2997–3005
For comparison we also prepared mesoporous PMA(37)/ZrO2

material by impregnating 37 wt% of 12-phosphomolybdic acid

on the surface of mesoporous zirconia (meso-ZrO2). This mate-

rial demonstrates similar PMA content to that of ZPMA(37) and

its recyclability was studied under the same reaction conditions.

It was found that the impregnated PMA(37)/ZrO2 catalyst

exhibits an excellent yield (�99%) in cyclooctene epoxide in first

two catalytic cycles, but its catalytic performance significantly

dropped after the third (�43%) and fourth (�15%) catalytic runs

(see Fig. 7). These results together with the light green colored

filtrates after the separation of solid catalyst witness a significant

leaching of PMA during the oxidation reactions. Indeed, the

observed catalysis, especially in the first and second run, should

be predominantly homogeneous in nature due to the leached

PMA clusters. SEM-EDX elemental microanalysis on recovered

catalyst indicates a Zr/Mo atomic ratio of �8.58 that corre-

sponds to a weight percentage of PMA loading at �12.6 wt%.

This suggests a considerable loss of PMA clusters (�66%) from

the PMA(37)/ZrO2 solid under the present conditions.

4. Conclusion

A series of mesoporous composite frameworks containing

zirconium oxide and 12-phosphomolybdic acid compounds was

prepared by using the evaporation-induced cooperative assembly

method. The synthetic procedure involved controlled cross-

linking copolymerization of zirconium oxo-hydroxide species

and PMA anions in the presence of nonionic block copolymer

surfactants. The obtained materials possess a well-ordered

hexagonal mesostructure with large pore widths (ca. 4–6 nm).

The pore walls constituted by nanocrystalline ZrO2 and Keggin

PMA clusters with different PMA loadings (i.e. 12, 22 and 37

wt%). FT-IR and UV/vis/NIR spectroscopy demonstrated that

the Keggin structure of PMA clusters is preserved intact into the

mesoporous frameworks, forming a solid solution with the ZrO2

species. Catalytic studies showed that the resulting mesoporous
This journal is ª The Royal Society of Chemistry 2011
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ZrO2–PMA materials are active in the oxidation reaction of

various industrially important alkenes using hydrogen peroxide

as oxygen donor. The ZrO2 loaded with �37 wt% of PMA

demonstrates remarkable catalytic activities which are compa-

rable to those of free PMA clusters, while exhibiting exceptional

durability and reusability in oxidation reactions, more than

analogously impregnated catalysts. These results indicate that

such materials should have great application potential in

oxidation catalysis. Because of the well-ordered pore structure,

size- and shape-selective catalysis may also be envisioned.
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