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Three-dimensionally ordered macroporous (3DOM) silica materials functionalized with
highly dispersed polyoxometalate clusters have been prepared via direct synthesis. Lacunary
y-decatungstosilicate clusters were incorporated into the wall structures of macroporous silica
by reaction of the clusters in acidic solution with tetraethoxysilane, with or without addition
of the polyfunctional linking group 1,2-bis(triethoxysilyl)ethane, followed by condensation
around polystyrene colloidal crystals. Removal of the polystyrene template by extraction
with a tetrahydrofuran/acetone solution produced the porous hybrid materials. The products
were characterized by IR, solid-state 2°Si and *C NMR, scanning electron microscopy (SEM),
transmission electron microscopy, X-ray energy-dispersive spectroscopy, and chemical
analysis. The polyoxometalate clusters remained intact in the hybrid structures and were
nearly molecularly dispersed throughout the walls of the 3DOM materials. High incorporation
levels of cluster were obtained, with no bulk particles on the external surfaces. The materials
were demonstrated to exhibit catalytic activity for the epoxidation of cyclooctene with an

anhydrous H,O,/t-BuOH solution at room temperature.

Introduction

In recent years, the compositions of three-dimension-
ally ordered macroporous (3DOM) materials prepared
by colloidal crystal templating have grown to include a
large assortment of metal oxides, metals, alloys, poly-
mers, and other compositions.!™* The interest in
macroporous materials lies in their potential utility as
catalyst supports,>6 separation materials,”® battery
materials,® thermal insulators,!° and three-dimensional
photonic crystals with optical band gaps.1>12 Properties
of 3DOM materials can be tailored by modifying their
chemical composition and surface morphology. In the
case of macroporous silicates, modifications have in-
cluded organic functionalization3*2 and dual templating

to produce meso-/macroporous systems,314-17 meso-/
macroporous dye-functionalized silica,’® and macroporous
silicates with zeolitic microporous frameworks.19-21

In the current work, 3DOM silicates were modified
by the incorporation of polyoxometalates (POMSs) into
the wall structures using a direct synthesis approach.
The motivation for this work lies in the novel properties
that POMs may introduce to the 3DOM materials.?223
The unique redox activities and high electron densities
of POMs have led to their use as catalysts,242> stains
for electron microscopy,? and photo- and electrochromic
materials.2” Numerous investigations of POMs depos-
ited on porous supports or entrapped in polymeric
networks have been conducted, and these topics have
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been recently reviewed.242527-31 |n contrast, relatively
few have involved the covalent incorporation of POMs
into macromolecular hybrid materials.32738 A class of
POM that is particularly attractive for the preparation
of hybrid materials is the lacunary POM. Lacunary
POMs, such as the mono- and divacant tungstosilicates
SiW11030%~ and SiW10036,8~ are “unsaturated” Keggin
(SiW12040%7) fragments.223° Lacunary POMs have po-
tential for forming hybrid materials due to nucleophilic
surface oxygen atoms at the vacant site, which allow
the covalent grafting of electrophilic groups, such as
RSi3+, RP02+, RSI’]3+, RGe3+, and RTi3+_22,3lf34,38,40750
In each case, the organic functionality is linked to the
POM surface by E—O—W bridges (E = Si'V, PY, Sn'V,
Ge'V, or Ti"V), resulting in the saturation of the POM
surface. Hybrid POM-based polymeric materials have
been synthesized in this manner by functionalization
of the lacunary POMs y-SiW;00368~ and a-SiW;1039%~
with reactive organic groups (vinyl, allyl, methacryl,
and styryl), which were further polymerized with or
without the presence of a cross-linking agent,33:3438 or
by reaction of the clusters with bifunctional coupling
molecules.3*

The present study reports the preparation of 3DOM
silica materials functionalized by polyoxometalates us-
ing direct synthesis procedures. The lacunary tungsto-
silicate cluster y-SiW;0036%~ was the POM chosen for
these preparations because of its demonstrated reactiv-
ity toward siloxanes (Figure 1).5° Two methods were
explored. In the first, the y-decatungstosilicate cluster
was reacted with the bifunctional linking molecule 1,2-
bis(triethoxysilyl)ethane (BTSE) under acidic conditions,
followed by condensing with tetraethoxysilane (TEOS)
in the presence of a polystyrene colloidal crystal tem-
plate. In the second approach, TEOS was reacted
directly with y-decatungstosilicate under acidic condi-
tions, followed by condensation around polystyrene
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Figure 1. Reaction of organotrialkoxysilanes with the y-deca-
tungstosilicate cluster. Adapted from ref 50.

colloidal crystals. The polystyrene template was subse-
quently removed from the materials by refluxing in a
THF/acetone solution. The materials were characterized
and structural features are described based on IR, solid-
state MAS NMR, scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray energy-
dispersive spectroscopy (EDS), and chemical analysis.
The direct syntheses produced ordered macroporous
silica materials with high loadings of polyoxometalates
incorporated nearly homogeneously throughout the wall
structures. The materials formed by the two methods
are described and compared. The method of template
removal (by solvent extraction) was found to be impor-
tant for retention of the POM unit and for incorporation
of POMs within the wall structures. In contrast, the
method of calcination for removal of the polystyrene
template decomposed the POMs and produced large
particles of a tungsten oxide species on the outside
surface of the macroporous silicate. The catalytic activi-
ties of the POM-functionalized silica materials were
tested for the epoxidation of cyclooctene and the results
were compared to nonfunctionalized materials.

Experimental Section

Materials. Monodisperse polystyrene (PS) spheres were
synthesized and packed into colloidal crystals by centrifugation
as described previously.?® PS spheres used in the syntheses
had diameters of 297 + 5 nm (for POM-SiO,A) and 330 £ 10
nm (for POM-SiO;B). Macroporous silica (S3DOM SiO,) was
prepared according to literature methods.?* All macroporous
samples had amorphous silica walls, which results in a broad
distribution of mesoporosity and surface areas ranging from
150 to 250 m?/g.® The preparation of Kg[y-SiW10036]:12H,0
(y-SiW10036) has been described previously.®® Reagents were
obtained from the following sources: tetraethoxysilane (TEOS),
tetrahydrofuran (THF), HCI (37%), cis-cyclooctene, and man-
ganese dioxide were from Aldrich; absolute ethanol was from
Aaper Alcohol and Chemical Co.; acetone was from Pharmco
Products Inc.; 1,2-bis(triethoxysilyl)ethane (BTSE) was from
Gelest; H,0, (30% aqueous solution), tert-butanol, and anhy-
drous magnesium sulfate were from Mallinckrodt. All chemi-
cals were used as received without further purification. Water
used in all syntheses was distilled and deionized to 17.7 MQ-
cm.

Synthesis of POM-SiO,A. y-Decatungstosilicate cluster-
functionalized 3DOM materials containing bis(silyl)ethane-
linking molecules were synthesized from mixtures of typical
molar composition 53.2:4.00:1.00:660:203:22.9 TEOS:BTSE:
Kg[V—SinoC)ge]'lZHzO:HzO:Eth&ﬂOl:HC' (Figure ZA) V—SinoO3e
was stirred with H,O in a small vial at room temperature.
BTSE, ethanol, and HCI were thoroughly mixed in a separate
container and then added to the y-SiW;0036 mixture with
vigorous stirring. The pH of the resulting solution was ~1.
The solution turned clear yellow after a few minutes of stirring.
The solution was covered and stirred for 4 h at room temper-
ature. TEOS was added to the vial, and the sample was stirred
for 3 min. The solution was then applied dropwise to com-
pletely cover millimeter-thick layers of dried PS sphere col-
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Figure 2. (A) Synthesis of POM-SiOA. (B) Structural control
of POM-SiO, materials by polystyrene colloidal crystal tem-
plating.

loidal crystals, which were crushed and deposited on filter
paper in a Buchner funnel with suction applied (Figure 2B).
The composite sample was allowed to dry in air at room
temperature for 24 h. PS was removed from the sample by
extraction for 5 days in a refluxing solution of 1:1 (v/v) THF
and acetone. The white powder product was recovered by
filtration and washed with THF/acetone and then acetone. The
mean macropore size was 234 + 10 nm.

Typical analysis (wt %) for POM-SiOA: 22% Si, 22% W,
8% C. Calculated for POM-SiO,A: 1.2 wt % C from organo-
silane (BTSE) based on synthesis gel ratio and Si analysis;
1.6% of the Si is from y-SiW10036 (based on synthesis gel ratio),
1.5% (based on Si and W analysis). The majority of the excess
carbon in POM-SiO,A was due to incomplete removal of the
polystyrene template. Approximately 99% of the polystyrene
was removed by the solvent extraction process. Washing the
samples with water did not change the W loading.

Synthesis of POM-SiO;B. y-Decatungstosilicate cluster-
functionalized 3DOM silica materials (without bis(silyl)ethane
linkers) were prepared from mixtures of typical molar com-
position 33.3:1.00:413:127:14.4 TEOS:Kg[y-SiW10036]-12H,0:
H,0:ethanol:HCI. y-SiW10036 was stirred with H,O in a small
vial at room temperature. TEOS, ethanol, and HCI were
thoroughly mixed in a separate container and then added to
the y-SiW10036 mixture with vigorous stirring. The pH of the
resulting solution was ~1. The sample was stirred for 3 min.
The solution was then applied to PS spheres and extracted
with THF/acetone as described above. The mean macropore
size was 265 + 10 nm. As an alternative template removal
technique, the as-synthesized sample was calcined in air at
500 °C for 5 h. This treatment decomposed the polyoxometalate
clusters, producing a bulk tungsten oxide species on the
surface of the macroporous material. All further references to
POM-SiO;B apply to the solvent-extracted material, unless
specifically stated otherwise.

Typical analysis (wt %) for POM-SiO;B: 17% Si, 28% W,
7% C. Calculated for POM-SiO,B: 2.9% of the Si is from
y-SiW10036 (based on synthesis gel ratio), 2.5% (based on Si
and W analysis). All of the C in POM-SiO;B was due to
incomplete removal of the polystyrene template. Approxi-
mately 99% of the polystyrene was removed by the solvent
extraction process. Washing the samples with water did not
change the W loading.

Schroden et al.

Characterization. Infrared spectroscopy was performed on
a Nicolet Magna-IR 760 spectrometer with mid-IR and far-IR
capability. Spectra were obtained using the powdered samples
in FT-IR grade KBr pellets for the mid-IR range and spectro-
photometric grade polyethylene pellets for the far-IR range.
Solid-state NMR spectra were obtained on a Chemagnetics
CMX-400 Infinity spectrometer at room temperature with a
7.5-mm zirconia rotor spinning at 4 kHz. *3C CP MAS NMR
experiments (100.63 MHz, 4-us *H 90° pulse width, 2-s pulse
delay) used a hexamethylbenzene standard. *H->*Si CP MAS
NMR spectra (79.49 MHz, 3.5-us *H 90° pulse width, 4-s pulse
delay) used a PDMS standard, and #°Si MAS NMR, single-
pulse, spectra (79.49 MHz, 3-us pulse width, 40-s pulse delay)
used a tetramethylsilane standard. Scanning electron micro-
graphs (SEM) were obtained on a Hitachi S-800 scanning
electron microscope operating at 4 kV. Samples for SEM were
dusted on an adhesive conductive carbon disk attached to an
aluminum mount. X-ray energy-dispersive spectra (EDS) were
acquired using an Oxford Link eXL X-ray energy-dispersive
spectrometer. Transmission electron micrographs (TEM) were
obtained on a Philips CM30 transmission electron microscope
operating at 300 kV with a LaBs filament. Samples for TEM
were prepared by sonicating the powder in absolute ethanol
for 30 min and then depositing five drops of the suspension
on a holey carbon film. Images were recorded on a slow-scan
CCD camera. EDS spectra were recorded on an EDAX PV9900.
Multiple spectra were acquired, and the ratios between peak
intensities did not vary significantly between samples. The Cu
signals in the spectra are from the specimen support grid.
Elemental analyses were performed for Si and W at the
Geochemical Lab, University of Minnesota, Minneapolis, MN,
and for C at Atlantic Microlab Inc., Norcross, GA. Gas
chromatography (GC) was performed on a Hewlett-Packard
5890A gas chromatograph (oven temperature 80 °C, injector
temperature 100 °C, detector temperature 200 °C, He carrier
gas, 5 mL/min flow rate), with an FID detector and a J & W
Scientific DB-5 column (film thickness 1.5 um, length 15 m,
inner diameter 0.53 mm).

Catalytic Testing. The POM-SiO,A and POM-SiO;B
materials were tested for catalytic activity in the epoxidation
of cyclooctene with anhydrous H,O./t-BuOH at room temper-
ature according to literature methods,>! and the results were
compared to an experiment with a 3DOM SiO; catalyst and
a blank experiment. Anhydrous H,O,/t-BuOH was prepared
by mixing 200 mL of t-BuOH and 60 mL of H,O, (30% aqueous
solution) with excess anhydrous MgSQ,.5! Catalytic tests were
performed by stirring the catalyst (130 mg) in a flask with
anhydrous H,0,/t-BuOH (8 mL) and cis-cyclooctene (0.5 mL)
for 24 h. Samples were then filtered to remove the catalyst
and quenched with MnO,. The products and reaction progress
were monitored by GC.

Results and Discussion

Product Characterization. IR Spectra. The IR
spectra of the as-synthesized POM-SiO, materials are
dominated by PS absorptions. The PS template was
extracted in refluxing THF/acetone, and its removal was
monitored by IR. After 5 days most of the PS was
removed, with the majority of the PS features absent
from the spectra of the extracted materials. The most
intense PS bands did not disappear completely, indicat-
ing that some PS remained in the POM-SiO, materials.
However, these bands were significantly reduced in
intensity.

The y-decatungstosilicate cluster displays a charac-
teristic infrared fingerprint in the region from ca. 1000
to 300 cm™13% The cluster fingerprint is partially
obscured in the POM-SiO, materials because of the

(51) Briot, E.; Piquemal, J.; Vennat, M.; Brégeault, J.; Chottard,
G.; Manoli, J. J. Mater. Chem. 2000, 10, 953—958.
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Figure 3. Far-IR spectrum of POM-SiOA.

presence of strong IR bands from the silica frame-
work. Intense and broad stretching vibrations at ca.
1100 cm ™! va5ym(Si—0O—Si), 950 cm~* »(Si—OH), and 800
cm ™ v5ym(Si—0O—Si), and bending vibration at 440 cm™1!
0(Si—0O—Si) are observed for the POM-SiO, materials
because of the silica framework.>2 These silica bands
hinder characterization of the polyoxometalate species
in the mid-IR region of the spectra. The far-IR region,
however, contains peaks specific to the nature of the
polyoxometalate species that allow identification of the
cluster in the hybrid materials. Relevant bands for the
Ksg[y-SiW10036]-12H,0 cluster precursor in the far-IR
region are observed at 556 cm™! da5ym(Si—0) and 359,
318, and 306 cM™! Jasym(W—0—W).2% POM-SiO-A dis-
plays IR bands at 554 cm™! das,m(Si—0) and 364, 335,
and 310 cm™? dasym(W—0O—W) (Figure 3). POM-SiO,B
displays similar bands at 555 cm™ dasym(Si—0O) and
365, 333, and 309 cm ™! dasym(W—O—W). The presence
of absorptions for dasym(Si—0) characteristic of y-SiW1003
in the POM-SiO, materials confirms retention of the
polyoxometalate structure in the hybrid materials. The
shifting of dasym(W—O—W) bands to higher frequencies,
compared to the cluster precursor, is attributed to
saturation of the polyoxometalate moiety through the
fixation of siloxane units. Similar shifts have been
observed upon functionalization of the y-SiW;003¢ poly-
oxometalate by grafting molecular species.384850 The IR
results suggest that the structural integrity of the
polyoxometalates has been preserved and the clusters
are chemically bound to the hybrid 3DOM materials.
Further confirmation of the nature of POM species
present in the materials is provided by 2°Si MAS NMR
experiments (see below).

As an alternative template removal technique, the as-
synthesized POM-SiO,B materials were calcined in air
at 500 °C for 5 h. This technique completely removed
the polystyrene from the structure (IR); however, it
also appears to have decomposed the polyoxometalate
clusters to an unidentified tungsten oxide species. The
IR spectrum of the calcined material displays bands at
362, 338, 330, and 299 cm~%, which are likely due to

(52) Brinker, C. J.; Scherer, G. W. Sol—Gel Science: the Physics
and Chemistry of Sol—Gel Processing; Academic Press: San Diego,
1990.
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tungsten—oxygen deformations. No band was observed
for the dasym(Si—O) stretch characteristic of y-SiW1¢Ozs,
which indicates decomposition of the POM clusters.

Solid-State NMR. To confirm incorporation and con-
nection of the POMs with the 3DOM silica framework,
the POM-SiO, materials were analyzed by solid-state
29Si MAS NMR. The y-decatungstosilicate cluster dis-
plays a characteristic peak at —85.2 ppm due to the
central Si(OW),4 unit. The 2°Si MAS NMR spectra of the
POM-SiO, materials are given in Figure 4. Peak
positions (ppm) and their respective assignments for
POM-SiO,A are as follows: —110.6, Q* (Si*(OSi)4);
—100.9, Q3 (Si*(OSi)3(OH)); —91.1, Q? (Si*(0Si)2(OH),);
—86.4, central SiO, of cluster; broad feature from —44
to —68, T" (Si*(R)(OSi)n(OH)3-n). Peak positions (ppm)
and assignments for POM-SiO,B are as follows: —110.5,
Q:*—100.8, Q3; —91.1, Q?; —84.5, central SiO, of cluster.
The appearance of cluster Si peaks in the spectra
indicates incorporation of the POMs into the materials.
The presence of Q2 and Q® peaks in the 2°Si NMR
spectra of the POM-SiO, materials is indicative of
surface silanol groups and incomplete condensation of
the silica frameworks (POM-SiO,A integrated areas of
Q peaks: 8% QZ?, 50% Q3, 42% Q;* POM-SiO,B: 8% Q?,
49% QS3, 43% Q4. These results, however, are typical
for solvent-extracted 3DOM silicates. The series of T"
peaks in the 2°Si NMR spectra of POM-SiO,A arise
from the organosiloxane linker. The T" peaks are only
slightly resolved, with approximate peak positions for
T1, T2, and T3 (based on deconvolution) at —46, —55,
and —64 ppm, respectively. Incorporation of the organo-
siloxane units into the structure of POM-SiO>A was
also confirmed by 13C CP MAS NMR, with a strong
resonance present at 5 ppm, which was attributed to
the Si—CH,CH,—Si group.

The nature of the cluster species present in the
macroporous silica frameworks can be determined by
comparison of the results for the single-pulse and
1H-29Si cross-polarization (CP) NMR spectra. In the CP
experiment, the intensities of the Si peaks are enhanced
by polarization transfer from the abundant 'H nuclei
to the rare 2°Si nuclei, provided that the silicon nuclei
are near protons.>® This results in a considerable
improvement in the signal-to-noise (S/N) ratio of the 2°Si
NMR spectra and selective enhancement of the signals
for Si nuclei with nearby protons (e.g., silicon atoms in
aT"or Q'73, but not in a Q* environment).5® The single-
pulse 2°Si MAS NMR spectrum of POM-SiO,A (Figure
4A) has a small shoulder in the expected position of the
cluster Si. The low quantity of cluster Si compared to
structural Si of the silica framework is responsible for
the low intensity of the peak. The cluster peak is clearly
observed in the CP spectrum (Figure 4B). The presence
of this peak confirms retention of the POM cluster in
the hybrid macroporous material. The shift in position
of the peak from the parent cluster is consistent with
the grafting of organosiloxane units onto the POM
surface.5° The clearly defined central Si cluster peak in
the CP spectrum of POM-SiO,A, compared to its single-
pulse spectrum, may be due in part to the overall higher
S/N observed for the CP experiment. In addition, the
more intense POM central Si peak in the CP spectrum

(53) Engelhardt, G.; Michel, D. High-Resolution Solid-State NMR
of Silicates and Zeolites; Wiley: Norwich, 1987.
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Figure 4. 2°Si MAS NMR: (A) POM-SiOA (single pulse),
(B) POM-SiO,A (*H-2Si CP), (C) POM-SiO,B (single pulse),
and (D) POM-SiO;B (*H-?°Si CP).

is likely due to grafted organosiloxane groups, which
have protons present in the organic groups that are close
enough to transfer magnetization and enhance this
signal in the CP experiment. This notion is supported
by the 2°Si NMR results for the POM-SiO,B sample

Schroden et al.

(which does not contain organosiloxane units). The
single-pulse 2°Si MAS NMR spectrum of POM-SiO,B
(Figure 4C) exhibits a peak at —84.5 ppm, which
has been assigned to the central SiO4 unit of the
POM cluster. The clearly defined cluster peak in this
sample was attributed to the higher fraction of cluster
Si in the POM-SiO,;B material compared to that in
POM-SIiO,A. This peak is not present in the corre-
sponding CP spectrum (Figure 4D), as expected because
of the absence of protons near the cluster Si. Repeated
experiments and NMR analysis have produced the
same results. The presence of cluster peaks in the
29Si MAS NMR spectra of the POM-SiO, materials
confirms retention of the POM in the hybrid materials.
The shifts in peak positions of the cluster Si and the
contrasting results observed for POM-SiO,A and POM-
SiO,B in the 2°Si MAS NMR experiments suggest that
different modes of linking have occurred, with the
polyoxometalate clusters in POM-SiO,A attached to the
silica framework through organosiloxane linkages.
SEM and EDS. Scanning electron microscopy (SEM)
was used to assess the order of the POM-SiO; materials
and to provide a preliminary determination of the
homogeneity of the POM species throughout the silica
framework. An examination of both the secondary
electron (SE) and backscattered electron (BSE) images
of the materials allows determination of whether the
POMs are incorporated into the 3DOM silica structures.
BSEs respond to composition, local specimen inclination
and topology, crystallography, and internal magnetic
fields.>* Composition is the most important factor in the
qualitative assessment of this material by BSE imaging.
The ratio of the number of BSEs to electrons incident
on the sample from the beam is called the BSE coef-
ficient or 5. The relationship between » and atomic
number, Z, has been fit empirically.5® For atomically
homogeneous mixtures, n follows a simple rule of
mixtures based on the relative mass concentrations of
each species.?® Tungsten(VI) oxide has an average BSE
coefficient of 0.40, while 7ayq = 0.38 for y-SiW19036 and
navg = 0.13 for SiO,. Therefore, areas that have POM
clusters or decomposition products thereof separate from
the 3DOM silica structure appear approximately 3 times
brighter in the BSE images. This effect is demonstrated
by the SEM images of a sample of POM-SiO,B that
has been calcined to remove the polystyrene template
(Figure 5A—D). The left images (Figure 5A,C) are low-
and high-magnification SE images, and the right images
(Figure 5B,D) are BSE images for the corresponding
areas of the sample. A bulk crystalline species is
observed protruding from the surface of the sample.
These crystalline domains are observed by their topology
in the SE images. The BSE images show that they are
probably tungsten-rich because they appear signifi-
cantly brighter than the surrounding silica matrix.
These domains are likely a tungsten(VI) oxide species

(54) Goldstein, J. I.; Newbury, D. E.; Echlin, P.; Joy, D. C.; Romig,
A. D., Jr.; Lyman, C. E.; Fiori, C.; Lifshin, E. Scanning Electron
Microscopy and X-ray Microanalysis: A Text for Biologists, Materials
Scientists, and Geologists; 2nd ed.; Plenum Press: New York, 1992,

(55) Reuter, W. lonization function and its application to the electron
probe analysis of thin films; Shinoda, G., Kohra, K., Ichinokawa, T.,
Eds.; University of Tokyo Press: Tokyo, 1972; pp 121—130.

(56) Heinrich, K. F. J. Electron probe microanalysis by specimen
current measurement; Castaing, R., Deschamps, P., Philibert, J., Eds.;
Hermann: Paris, 1966; pp 159—167.
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Figure 5. SEM: (A) calcined POM-SiO,B (low-magnification
SE image), (B) calcined POM-SiO,B (low-magnification BSE
image), (C) calcined POM-SiO;B (high-magnification SE
image), (D) calcined POM-SiO,B (high-magnification BSE

image), (E) POM-SiO,A (SE), (F) POM-SiO,A (BSE), (G)
POM-SiO,B (SE), and (H) POM-SiO,B (BSE).

formed from the thermal decomposition of the polyoxo-
metalates.

SEM analysis of the solvent-extracted POM-SiOA
(Figure 5E,F) and POM-SiO,B (Figure 5G,H) materials
showed no distinct cluster or tungsten oxide aggregates
in the SE or BSE images. The X-ray energy-dispersive
spectra (EDS) of these materials showed the presence
of tungsten in the sample; therefore, the size of any
tungstate species in the materials must be below the
spatial resolution of the SEM. The absence of bright
regions in the BSE images indicates that the POMs are
highly dispersed throughout the structure.

TEM and EDS. The POM-SiO; materials were also
examined by transmission electron microscopy (TEM).
The particles of POM-SiO,A were extremely well
ordered (as evidenced by the image in Figure 6A). The
TEM image in Figure 6A shows the microstructure of
POM-SIiO,A. The walls appear as the dark, skeletal

Chem. Mater., Vol. 13, No. 3, 2001 1079

Figure 6. TEM images showing (A) ordered porous structure
of POM-SIiOA, (B) POM clusters (which appear as dark spots)
highly dispersed on a thin section of the framework of POM-
SiO,A, (C) ordered porous structure of POM-SiO,B, and (D)
POM clusters highly dispersed on a thin section of the
framework of POM-SiO,B.

structure. The image in Figure 6B is a close-up of the
wall structure, showing the high molecular weight
clusters, which appear as 1—2-nm dark spots on the thin
section of wall. During the sample’s exposure to the
electron beam during analysis, the dark spots associated
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Figure 7. X-ray energy-dispersive spectra (EDS) taken in the
TEM of (A) POM-SiO,A and (B) POM-SiO;B.

with incorporated cluster species grew visibly. At the
start of the analysis, the dark spots were nearly
indistinguishable from the amorphous silica back-
ground. After a few minutes of exposure to the electron
beam, the clusters grew to the size that they appear in
the image in Figure 6B and then stopped expanding.
Therefore, the initial size of this species is probably less
than 2 nm, suggesting a nearly molecular dispersion of
POM clusters throughout the silica framework, given
the size of a POM cluster is ca. 1 nm.

TEM analysis of POM-SiO,B showed similar features
(Figure 6C,D), although the silica framework possessed
less long-range order. The high-magnification image
(Figure 6D) also clearly showed a high loading of
clusters dispersed throughout the structure. The EDS
spectra of the POM-SiO;, materials are given in Figure
7. These spectra showed the presence of tungsten in the
materials, indicating that the POMs have been incor-
porated into the silica frameworks. The Cu signals arise
from the sample holder.

Structure and Composition. Characterization of
the POM-SiO, materials indicated that the syntheses
produced three-dimensionally ordered macroporous ma-
terials with high loadings of highly dispersed polyoxo-
metalates covalently incorporated within the wall struc-
tures. IR and solid-state 2°Si MAS NMR of the POM-
SiO; materials confirmed that the polyoxometalates
remained intact in the hybrid macroporous silica ma-
terials. Both POM-SiO>A and POM-SiO,B exhibited
IR and 2°Si NMR peaks that were characteristic of the
central Si(OW), unit of the y-SiW1003s POM. The shifts
to higher frequency, as compared with the starting
POM, of the cluster bands in the IR spectra can be
attributed to saturation of the POM moieties through
grafting of siloxane units and, therefore, linking to the
silicate structure. The opposite shifts in position of the
cluster Si peak in the 2°Si NMR spectra of POM-SiO,A
vs POM-SiO,B are consistent with different modes of
POM linking. In the POM-SiO2A material, y-SiW10036
was pre-reacted with the bifunctional bis(silyl)ethane
group prior to condensation with the silica network. The
organic groups provided a method of linking the clusters
to the silicate structure. In the case of POM-SiO;,B, the
lacunary POM cluster was condensed directly with the
silica structure. The different methods of cluster linking
in the two materials was confirmed by the single-pulse
and CP 2°Si MAS NMR techniques, which indicated that
the clusters in POM-SiO,A were likely linked to the
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Table 1. Catalysis Results for the Epoxidation of
Cyclooctene with Anhydrous H;O,/t-BuOH over
Various Catalysts?

W content cyclooctene
catalyst (wt %) conversion (%)
POM-SiOA 22 11
POM-SiO;B 28 24
3DOM SiO, 0 0
blank 0 0

a Conversion is based on substrate. Selectivity is 100% for the
epoxide.

silica framework by bis(silyl)ethane groups, whereas the
clusters in POM-SiO,B condensed directly with the
silica matrix.

As a further test of linking of the clusters to the
silicate framework, the POM-SiO, materials were
washed with large amounts of water. Unlike other
systems in which POMs have been supported on porous
solids using impregnation techniques,®” washing with
water did not result in the leaching of POMs from the
solids. Tungsten loading (elemental analysis) and IR
spectra of washed samples remained the same.

Elemental analysis of the POM-SiO, materials showed
that, while the molar concentration of POMs was
relatively low, the weight percentage of POMs was very
high (22 wt % W for POM-SiO,A and 28 wt % W for
POM-Si0O,B) because of their large molecular weight.
EDS confirmed that the high cluster loading was due
to POMs incorporated within the macroporous silica
frameworks of POM-SiO,A and POM-SiO;B. TEM
analysis of the extracted materials showed a nearly
homogeneous distribution of POM clusters throughout
the silica walls. This was not the case, however, for a
sample of POM-SiO,B that was calcined to remove the
polystyrene template. For this sample, a bulk tungsten
oxide phase separated from the silica framework.

Catalytic Activity. The catalytic activities of POM-
SiO,A and POM-SiO,B were tested for the epoxidation
of cyclooctene with anhydrous H,O»/tert-butyl alcohol
at room temperature. An experiment with a pure-silica
macroporous sample (3DOM SiO,) and a blank experi-
ment with no catalyst were carried out for comparison.
The results are listed in Table 1. Both POM-SiO»A and
POM-SiO,B were catalytically active for the epoxida-
tion of cyclooctene. In both cases the selectivity was
100% for the epoxide. In contrast, the 3DOM SiO, and
blank experiments resulted in no cyclooctene conversion.
Chemical analysis of the used catalysts showed that
there was no leaching of W from the POM-SiO, materi-
als during the catalytic tests. IR indicated that the
polyoxometalate species in POM-SiO,A remained intact
following catalytic testing, with retention of the char-
acteristic absorptions. In contrast, the polyoxometalate
in POM-SiO;B experienced partial degradation with
the appearance of new IR bands at 325 and 245 cm™1,
in addition to the original bands, which can be at-
tributed to tungsten oxide absorptions. A higher conver-
sion of cyclooctene to the epoxide, based on the sub-
strate, was observed for POM-SiO,B (24%) than for
POM-SIO2A (11%). This difference was more than
predicted by the higher POM loading of POM-SiO,B
(28 wt % W) compared to that of POM-SiO2A (22 wt %

(57) van Bekkum, H.; Kloetstra, K. R. Stud. Surf. Sci. Catal. 1998,
117, 171-182.
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W) and indicated that POM-SiO,B was the more
effective catalyst for this conversion. POM catalysts that
more readily decompose by the H,O, co-oxidant are
known to be more effective epoxidation catalysts, with
epoxidation yields qualitatively correlating with the rate
of POM degradation by H,0,.47:585° The different yields
observed for the POM-SiO, catalyzed epoxidations
could, therefore, be explained by a greater degradation
of the POM species in POM-SiO;,B during the reaction,
which was confirmed by IR of the used catalyst. This
result suggests that the y-SiW;003s POM was stabilized
to H,0O, degradation by the grafting of organosiloxane
units to its surface.

Conclusion

Two methods have been presented for the synthesis
of novel three-dimensionally ordered macroporous silica
materials functionalized by polyoxometalates. The
syntheses utilized the reactivity of lacunary polyoxo-
metalates toward siloxanes to incorporate POMs into

(58) Aubry, C.; Chottard, G.; Platzer, N.; Brégeault, J.; Thouvenot,
R.; Chauveau, F.; Huet, C.; Ledon, H. Inorg. Chem. 1991, 30, 4409—
4415.

(59) Duncan, D. C.; Chambers, R. C.; Hecht, E.; Hill, C. L. J. Am.
Chem. Soc. 1995, 117, 681—691.
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3DOM silica materials by condensation with the silicate
framework around polystyrene colloidal crystal tem-
plates with or without the presence of bifunctional
organosiloxane linkers. The polystyrene was removed
from the samples by solvent extraction to produce
hybrid macroporous materials containing structurally
intact POMs. Alternatively, calcination to remove the
polystyrene template led to decomposition of the POMs
and aggregation of a bulk tungsten oxide species on the
surface of the structure. The direct synthesis procedures
allowed for high loadings and a uniform dispersion of
POMs throughout the materials. The polyoxometalates
remained catalytically active in the hybrid materials,
as demonstrated by a test reaction of the epoxidation
of cyclooctene with hydrogen peroxide as a co-oxidant.
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