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Vanadyl tert-Butoxy Orthosilicate, OV[OSi(O'Bu)s]s: A
Model for Isolated Vanadyl Sites on Silica and a
Precursor to Vanadia—Silica Xerogels'
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The single source precursor OV[OSi(O'Bu)s]s was synthesized in high yield from OVCl;
and HOSI(O'Bu)s. This tri(alkoxy)siloxy complex was characterized by *H, 13C, 2°Si, and 5V
NMR, FT-Raman, FT-IR, EXAFS, and UV—vis spectroscopies and by mass spectrometry.
In the Raman spectrum of OV[OSi(O'Bu)s]s, V=0 (1038 cm™') and V-0 (651, 674, and 705
cm™1) vibrations were observed. The 5V NMR shift was observed at —777 ppm and the 2°Si
NMR resonance appears at —98 ppm. Thermolysis in n-octane at 180 °C resulted in formation
of a green gel which upon drying in air formed a xerogel with a surface area of 320 m? g1,
an average pore size of 140 A, and a total pore volume of 2.25 cm?3 g~2. The calcined xerogel
is similar to bulk V,0s in catalytic performance for propane oxidative dehydrogenation.

Introduction

The direct oxidation of organic compounds with mo-
lecular oxygen is typically nonselective and often leads
to C—C bond cleavage or complete combustion. For this
reason, studies on the selective oxidation of hydrocar-
bons have focused on metal oxide catalysts, which can
provide alternative (and more selective) oxidation path-
ways. The high oxidation potential for vanadium(V)
oxide and the ease with which vanadium can shuttle
between the +5, +4, and +3 oxidation states make
vanadium a popular element of choice for the active
component in heterogeneous oxidation catalysts.? For
example, vanadia—silica catalyzes selective oxidations
of light hydrocarbons at low vanadium loadings.?3 The
most ordered vanadia—silica systems include zeolitic
materials such as vanadium—silicalite, in which a small
percentage of the silicon is substituted by vanadium,*~°
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and vanadium-containing mesoporous materials.10-12
Hydrolytic (sol—gel type) methods have been used to
produce amorphous, vanadia-containing silica aerogels
and xerogels.’3-17 In addition, vanadia—silica catalysts
have been prepared by treating commercially available
silica with a variety of vanadia sources, followed by a
calcination step.%18-24

In general, vanadia—silica catalysts have proven
difficult to characterize. In some cases, this results from
the relatively low vanadium content in the material and/
or its presence in many forms (coordination environ-
ments, oxidation states, etc.). Nonetheless, many studies
have addressed the nature of the active single-site
vanadium species (1) present in these materials, and a
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Figure 1. Proposed geometries of isolated vanadium species
on a silica surface.

variety of structures have been proposed (see Figure
1).182324 Particular attention has been focused on a
tripodally anchored V=0 group (1a), which is the most
favored structure attributed to isolated vanadia cen-
ters,? but five-coordinate structures (1b and 1c) have
also been proposed.*~6 Clearly, molecular model com-
pounds in which the chemical composition and coordi-
nation sphere closely resemble those present in la
would offer valuable comparative data. Vanadium—
silicon molecular model compounds studied previously
in this context are [Ph3SiO]3VO (2)2%27 and (c-CgH11)7-
(Siz012)VO (3),%6 which exists in equilibrium with its
dimer (4).2628 Although these molecular species repre-
sent interesting structural models for isolated vanadyl
sites on silica, the presence of the organic substituents
on silicon has complicated the direct comparison of
spectroscopic data with vanadia—silica catalysts. Also,
with respect to development of molecular routes to well-
defined structures, the silicon—carbon bonds in 2—4
make these molecules unsuitable as direct precursors
to vanadia—silica materials.

In general, a challenging aspect of the synthesis of
tailored vanadia—silica catalysts is the development of
methods for the homogeneous incorporation of vana-
dium into the structure, particularly at high vanadium
loadings. Such high dispersions are difficult to achieve
by traditional wet impregnation methods, because crys-
talline V,0s domains tend to form under aqueous
conditions.3?42% An attractive alternative approach is
suggested by the single-source precursor route to mixed-
element oxides, which has been employed by our group
in the synthesis of a number of highly dispersed metal
oxide—silica materials.3°=34 For example, the group 4
tri(alkoxy)siloxy complexes M[OSi(O'Bu)s]4 (M = Ti, Zr,
Hf) convert readily to MO,-4SiO, materials with very
high surface areas, at temperatures as low as 135 °C
(eq 1).3031

135-225°C

M[OSi(O'Bu)3ls MO2+4Si0> (1)
-12C4Hg, -6H,0
M = Ti, Zr, Hf
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As part of this effort, our research has focused on the
synthesis of molecular single-source precursors to
vanadia—silica catalysts. For this purpose, we have
synthesized OV[OSi(O'Bu)z]s (5)%° and have recently
reported its cothermolysis with Zr(OCMe;Et), in organic
solvents to produce mesoporous catalysts for the oxida-
tive dehydrogenation (ODH) of propane.®637 In related
work, Neumann and co-workers have recently obtained
a vanadia—silica material via the presumed generation
of 5 (not isolated or characterized) in solution, followed
by removal of solvent and calcination of the residue at
250 °C.38 In this paper, we present details on the
synthesis and characterization of compound 5, which
serves as a useful model for surface sites of type 1a. In
addition, we have used the isolated compound as a
single-source precursor for the synthesis of a highly
porous vanadia—silica xerogel, which has been evalu-
ated as a catalyst for the ODH of propane.

Results and Discussion

Synthesis and Characterization of 5. The reaction
of OVCI; with 3 equiv of (‘BuO)3SiOH in the presence
of pyridine gives 5 as a white opaque solid in 85% yield
after crystallization from dichloromethane (eq 2).3” This
compound is very soluble in nonpolar hydrocarbons, and
hydrolyzes slowly in air.

pyr OV[OSi(0BU)3ls )

-pyr*HCI 5

3 ('Bu0)3SiOH + OVCly

The UV—vis spectrum of 5 in hexane contains a broad
absorption band at 250 nm (¢ = 9.8 x 10° M~ cm™1),
assigned to an O — V ligand-to-metal charge-transfer
(LMCT) band. For isolated O3V=0 sites on silica, Amax
values of <350 nm have generally been reported.!! For
example, materials prepared by anchoring vanadyl
groups onto MCM-48 silica were proposed to contain
pseudotetrahedral O3VV=0 centers of type 1a, giving rise
to broad absorptions at 325 4 10 nm.1! The spectroscopic
properties of la were also investigated for discrete
vanadyl centers (0.005% mol vanadium) dispersed in a
silica xerogel matrix.1625:39 For these materials, LMCT
transitions observed at room temperature as unresolved
absorption shoulders at 235 nm (e = 5.2 x 103 M~tcm™1)
and 330 nm (e =5.0 x 102 M1 cm~1) were resolved into
spectral features at 240, 290, and 323 nm, at 14 K.253°
Stiegman and Scott characterized the lowest energy
band as involving promotion of an electron from an
orbital based on the Si-bonded oxygens to the metal
center and not, as previously assumed, a transition
involving only the V=0 group. The other two bands
were assigned as & — x* V=0 transitions.2>3% Our
observation of only one charge-transfer band, with a
similar molar absorptivity as the most intense OV(0Si);
chromophore of 1a (as prepared by Stiegman and Scott),
suggests that assignments for such bands in vanadia—
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Figure 2. Raman spectra of HOSi(O'Bu);, OV[OSi(O'Bu)s]s
(5), and OV(O'Pr)s.
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Figure 3. The six normal vibrational modes for the O=V(—
0)3 group.*344

silica materials may not be as straightforward as
previously believed.4°

It was of interest to examine the Raman spectrum of
5, since its OV(0SiOg3); core would seem to provide an
excellent model for isolated vanadyl groups on silica.
Previously, compounds 2 and 4 were studied in this
context, but bands for the V=0 and V—O-Si groups
were obscured by intense bands for the hydrocarbon
portions of these molecules.?® Assignments of the bands
for 5 were aided by comparisons with Raman spectra
for HOSIi(O'Bu); and OV(O'Pr); (Figure 2) and by
previous assignments for the spectrum of OV(OPr)3.41:42
Most apparent in the Raman spectrum of 5 is the
intense band at 1038 cm~!, which can be assigned to
the vz mode of a O=VO3; moiety (Figure 3).43* This
assignment is also consistent with those for simple
molecules such as OVX3; (X = F, Cl, Br)*~47 and OV-

(40) Also see: Luan, Z.; Xu, J.; He, H.; Klinowski, J.; Kevan, L. J.
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(OR)3 (R = Pr, 'Bu).*! Less intense bands at 1066 and
1010 cm~! may be due to a C—0O—Si stretching oscilla-
tion*448 and an asymmetric O—Si—O vibrational mode,
respectively.#44950 The related bands in HOSi(O'Bu)s;
appear to be those observed at 1032 and 1014 cm™?
(Figure 2). Note, however, that one of these bands may
also correspond to a CH3z wagging mode.*! Pairs of bands
at 914 and 545 cm™! (in 5) and 915 and 623 cm™! (in
HOSIi(O'Bu)3) are assigned as Si—O stretching vibra-
tiOﬂS.44'48’50

Comparisons of the Raman spectra of 5 and OV(O'-
Pr)s reveal striking similarities in the V-0 stretching
regions, with the latter alkoxide complex exhibiting
bands at lower frequencies (by 41—51 cm~1). Bands in
the Raman spectrum of 5 at 651, 674, and 705 cm™1,
which do not appear in the spectrum of HOSI(O!Bu)s
(Figure 2), are assigned to stretching and bending
modes involving the V—O bonds. On the basis of
comparisons with the Raman spectra of OVCl;, OVFs3,
and OV(O'Pr)s, the band at 651 cm~! is assigned to a v,
mode and the bands at 674 and 705 cm~! to v4 and 2vs
modes (Figure 3).4143747 In addition, V—O-Si vibra-
tional modes at ca. 910—970 cm~! were not observed,
as they are in the infrared spectrum (see below),
perhaps because the ionic character of these linkages
render them Raman-inactive.2528

For catalytic systems with surface species of type 1,
relatively intense, sharp bands in the Raman spectra
at 1035—1042 cm~! have been assigned to V=0 oscil-
lations.14242851.52 The identity of this band has also been
confirmed by 80 labeling.>! Recently, an in situ Raman
study of a 5% V,0s/SiO, material during methanol
oxidation revealed three Raman bands at 1069, 1029,
and 665 cm™1, which were assigned to C—0, V=0, and
V—O vibrations, respectively, for surface-bound
(Si—0)3-nV(O)(OCH3), (n =1 or 2).58 These assignments
are in agreement with those made for the molecular
complex 5.

Hardcastle and Wachs previously compared Raman
spectra for a series of reference vanadium compounds,
and they correlated the bond order and VO bond length
with Raman stretching frequencies.>* On the basis of
these correlations, the VO bond lengths and bond orders
for 5 are 1.58 + 0.02 A and 1.91, respectively, for the
V=0 bond, and 1.82 + 0.02 A and 0.92 for the V-0
single bonds. For comparison, the V=0 bond lengths
for compounds 2 and 4 are 1.572(2) and 1.564(8) A,26
respectively; thus they are identical to the V=0 bond
length for 5 derived from its 1038 cm~! Raman band
(within estimated standard deviations). The average
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Figure 4. Infrared spectra of HOSIi(O'Bu); and OV[OSi(O*-
BU)3]3 (5)

V-0 single bond lengths in 2 and 4 are 1.742 and 1.752
A, respectively, and thus shorter (by 0.07—0.08 A) than
the V—0 bond length derived from the Raman band of
5 at 651 cm~1. A V—0O bond length of ca. 1.72 A was
estimated for 1a from generalized valence bond calcula-
tions.?5

The infrared spectra of 5 and HOSIi(O'Bu); (in hexane,
at equivalent concentrations of OSi(O'Bu)sz groups) are
compared in Figure 4. The most intense peak in both
spectra is assigned as the Si—O—C stretching band at
ca. 1070 cm~1, which compares well to the assignment
made for this band in the Raman spectrum of 5 (1066
cm™1).4455 Many bands in the IR spectrum of 5 can be
assigned to the (‘BuO)3SiO ligands, but two equally
intense overlapping bands at 910 and 920 cm~! are
unique to the IR spectrum of 5. We assign both vibra-
tions to the Si—O—V linkage.%%5” The analogous vibra-
tions for sites of type 1 are usually assigned to a single
band at ca. 928—937 cm™1, overlapping with a silica
Si—OH band at 960 cm~1,1214.16.2549 The true assign-
ments of these bands are crucial because deconvolution
of the broad band observed at ca. 950 cm™! is used to
provide indications of the dispersity of vanadia in
silica.1214 From the spectra of Figure 4, it seems that
the broadness of IR bands typically assigned to Si—O—V
linkages of vanadia—silica materials can also be ex-
plained by the presence of two overlapping bands arising
solely from Si—O—V vibrations, rather than from over-
lapping Si—O—V and Si—O—H bands. In support of this,
Figure 4 shows that the intensity of the Si—O—H
bending vibration (905 cm™1) in the spectrum of HOSi-
(OBu)3 is relatively small compared to that of the
Si—0O—V vibrations (910, 920 cm™?) in the spectrum of
5. For this reason we believe that the Si—O—H band
may not significantly contribute to convolution of a
broad band observed at ca. 950 cm™ for vanadia—silica
materials dominated by vanadium environments of type
1a, with very low concentrations of SiOH sites. On the
basis of comparisons with the Raman spectrum of 5, a
small band at 672 cm™! (in the IR spectrum) should
probably be assigned to a v4 or 2vs vibrational mode for
the OVOg3 core (Figure 3), which according to symmetry
rules is both IR and Raman active (674 cm™%, Figure
2).4143-47 Two small peaks (at 1029 and 1010 cm™1)
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Figure 5. The near-edge EXAFS spectra of selected vanadium
compounds and 5.

appear in the region expected for the V=0 stretch (v3
mode, Figure 3). The peak at 1029 cm~! would cor-
respond most closely to the one assigned to this stretch
in the Raman spectrum (at 1038 cm—1),1245-47.56-59 The
band at 1010 cm~? (also observed in the Raman spec-
trum) is probably due to an O—Si—O vibration.4450
Repeated attempts to obtain a single crystal of 5
suitable for crystallographic X-ray analysis were unsuc-
cessful. Therefore, the local molecular structure of 5 was
examined by X-ray absorption spectroscopy. The vana-
dium K-edge absorption spectrum was recorded for OV-
[OSi(O'Bu)3]s and compared to those for NH;VO3; and
V,0s (compounds with known structures).89-62 It has
been shown in the literature that both near-edge
absorption spectra and EXAFS can provide information
on the local coordination of vanadium in its com-
pounds.2463.64 The near-edge spectrum of the complex
OV[O0Si(0O'Bu)s]s resembles that of NH;VO3, which is
often used as a V(+5) standard with tetrahedral coor-
dination (Figure 5). These data therefore support a
distorted tetrahedral coordination in OV[OSi(O'Bu)s]s.
The fine structure extracted from X-ray absorption
spectra for all compounds studied were transformed
from k space (k weighting 3, 1.88—12.86 borders in k
space, Hanning function, A1) to R space in order to
obtain the radial distribution function (RDF). The peaks
in the RDF are usually attributed to different coordina-
tion spheres around the vanadium absorber.%> The RDF
of OV[OSi(O'Bu)s3]; resembles that of NH4VO3; and
contains two peaks at the two different V—O bond
lengths expected in tetrahedral V> compounds. The
contribution to the fine structure coming from V—0O
coordination shells was isolated by inverse Fourier
transform of the RDF over the 0.85—2.30 A region and
fitted using single scattering analysis methods.®¢:67 The
phase and amplitude of the V—O coordination were
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Rev. B. 1984, 30, 5596.

(61) Evans, H. T., Jr. Z. Kristallogr. Kristallgeom. Kristallphys.
Kristallchem. 1960, 114, 257.

(62) Bystrom, A.; Willhelmi, K.-A.; Brotzen, O. Acta Chem. Scand.
1950, 4, 1119.

(63) Yoshida, S.; Tanaka, T.; Nishimura, Y.; Mizutani, H.; Funabiki,
T. In Proceedings of the 9™ International Congress on Catalysis,
Calgary, Canada, 1988, Vol. 3, 1473.

(64) Zhang, S. G.; Higashimoto, S.; Yamashita, H.; Anpo, M. J. Phys.
Chem. B 1998, 102, 5590.

(65) X-ray Absorption: Principles, Applications, Techniques of EX-
AFS, SEXAFS and XANES; Koningsberger, D. C., Prins, R., Eds.,
Wiley-Interscience: New York, 1988.



2970 Chem. Mater., Vol. 11, No. 10, 1999

0.2

0.15

FT(Chi(k) k °

0.05

Radius (angstrom)

Figure 6. The radial distribution functions derived from the
simulated EXAFS spectra of 2 (x) and 4 (- -), fit to the radial
distribution functions of 5 obtained from an experimental
EXAFS spectrum (—).

calculated ab initio using the FEFF7 code and the
atomic coordinates from the molecular structures of the
complexes (Ph3SiO)3VO (2)%627 and [(c-CeH11)7(Si7012)-
Vo]2 (4)_26,66—69

The simulated EXAFS were fit to the filtered experi-
mental spectra of OV[OSi(O'Bu)s]s (Figure 6). The
V=0 and V-0 bond lengths were found to be longer in
5 (1.596 and 1.770 A, respectively) than in 2 (V=0,
1.572(2) A; V-0, 1.74 A, average) and 4 (V=0, 1.564
(8) A; V—0, 1.75 A, average).2627 This is consistent with
the trends in bond lengths predicted from the Raman
spectra.

The solution 57V NMR spectrum of 5 consists of a
single, very sharp signal at —777 ppm (w1, = 65 Hz).
This chemical shift is at relatively high field compared
to those assigned to 4-coordinate vanadium atoms in 1
(for which various values such as —560,> —605,2 and
—710 £ 10 ppm?8 have been reported), 2 (=725 ppm),2°
3 (—676 ppm, w1 = 510 Hz),2% and 4 (—710 ppm, w1
= 430 Hz).?5 For structurally similar monomeric ortho-
vanadates (M3VO,), chemical shifts are observed to
move to higher fields as the V—0O bond length of the
salts is increased.* Thus, for TI3VO,, d(V—0) = 1.61—
1.62 A and 6 = —480 ppm and for K3VO, d(V—0) =
1.66—1.68 A and 6 = —550 ppm. On the basis of these
51V NMR chemical shifts, the V—0O bond lengths for
vanadia—silicalite were estimated to be ca. 1.60 A for
one bond (V=0) and ca. 1.65 A for the other three bonds
(V—0).4 If this correlation is valid,’® the relatively high
field chemical shift of 5 can be explained by rather long
V-0 bond lengths, which is consistent with the low
stretching frequencies observed for the V—0 bond and
with the position of the O-shells in the XAS radial
distribution function.*"* Also, the narrow line width is
consistent with a tetrahedral environment that is less
distorted than those observed in 3 and 4.4

(66) Rehr, J. J.; Mustre de Leon, J.; Zabinsky, S. I.; Albers, R. C. J.
Am. Chem. Soc. 1991, 113, 5135.

(67) Mustre de Leon, J.; Rehr, J. J.; Zabinsky, S. I.; Albers, R. C.
Phys. Rev. B. 1991, 44, 4146.

(68) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller,
M. J. Phys. Rev. B. 1995, 52, 2995.

(69) Rehr, J.J.; Albers, R. C.; Zabinsky, S. I. Phys. Rev. Lett. 1992,
69, 3397.

(70) Recently the correlation between V—O distances and 'V NMR
isotropic chemical shifts (diso) has been questioned. For further details,
see: Skibsted, J.; Jacobsen, C. J. H.; Jakobsen, H. J. Inorg. Chem. 1998,
37, 3083.

(71) An alternate interpretation for the 52V NMR shift of 5 is based
on structural parameters, in particular V—0-Si bond angles.?¢
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Figure 7. Thermal gravimetric analysis (TGA) trace of 5.

The 2°Si NMR spectrum of 5 contains a broad reso-
nance at —98 ppm (w12 = 192 Hz). For comparison, the
29Si NMR resonances for the Si—O—V groups of 3 occur
at —63.51 ppm (w12 = 29 Hz), and the analogous shifts
for the dimer 4 were observed at —64.51 and —64.75
ppm (w12 = 29 Hz).26 The 2°Si NMR chemical shifts of
mesoporous vanadium silicates containing 4-coordinate
vanadium(V) were observed at —91, —101, and —111
ppm for Q2, Q3, and Q* sites, respectively.’2 The 29Si
chemical shift of 5 is therefore very similar (3 ppm to
lower field) to that reported for surface sites of type 1a.

Pyrolytic Conversion of 5 to a V/Si/O Xerogel.
Thermolysis of the vanadyl orthosilicate 5 was first
monitored by slow heating in a sealed capillary (under
nitrogen) using a melting point apparatus. The opaque
white powder melted at 108—110 °C, and continued
heating at about 3 °C min—! led to the evolution of gas,
presumed to be isobutene, at ca. 290 °C. The rate of gas
evolution increased rapidly above 300 °C, and at about
310 °C the melt foamed, solidified, and then rapidly
turned black, suggesting that 5 melts well below its
thermal decomposition temperature. The thermal gravi-
metric analysis (TGA) curve for 5 (Figure 7) revealed a
gradual weight loss between 100 and 200 °C, followed
by a dramatic weight loss above 200 °C. The final
ceramic yield of 19.4% at 600 °C is considerably less
than the theoretical yield (31.7% for V,05-6Si05), but
this may be explained by the loss of (‘BuO)3;SiOH as a
volatile elimination product. Indeed, when the ther-
molysis was carried out on a preparative scale in a tube
furnace (under a flow of either O, or N>), considerable
amounts of (‘BuO)3;SiOH were recovered as a sublimate
on the cooler walls of the quartz tube. This behavior
differs from that of Zr[OSi(O'Bu)s]4, which thermally
decomposes without melting or subliming.3!

The thermolysis of 5 in n-octane solution was carried
out in a flame-sealed, heavy-walled Pyrex tube (eq 3)

o 180 °C, n-octane
OV[OSi(O'Bu)3ls

5 5 days

VSigOJOH), + 9C4Hg + 2zHz0 @)

in order to inhibit loss of (‘BuO)3;SiOH in the ceramic
conversion. After 5 days of heating at ca. 180 °C,
thermolysis resulted in the formation of a dark-green
opaque gel. After air-drying for 5 days, the sample was
placed under vacuum overnight at 120 °C and then
calcined under a flow of oxygen at 500 °C for 3 h. This
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Figure 8. Infrared spectrum of the V/Si/O xerogel.

procedure yielded 0.302 g of the xerogel (from 1.00 g of
5) as a finely divided, dark-green powder. The ceramic
yield is therefore similar to that expected for formation
of V205:6Si0; (31.7%).

The IR spectrum of the V/Si/O xerogel (Figure 8)
resembles that of vanadia—substituted silicalite with
MFI1 (ZSM-5) topology.>*° Asymmetric Si—O—Si stretches
are observed at 1080 and 1180 (shoulder) cm™1, and
lattice vibrations for silica appear at 560 and 450 cm~1.5
A small shoulder at 1010 cm~! may be assigned to a
V=0 vibration, and the band at 940 cm~! appears to
correspond to a V—0O-Si stretching mode which over-
laps with the Si—OH vibration (also see previous
discussions of the band assignments for 5).12.14.56-59 A
deconvolution of these bands and interpretation of the
vanadia dispersion by the method described by Dutoit
and Baiker resulted in a Si—O—V/Si—O—Si peak area
ratio of 0.12, which may be compared to values of up to
0.11 observed for 10% (w/w) V,0s—SiO; aerogels.'* This
suggests a nonoptimal dispersion of vanadium in the
case of the V/Si/O xerogel formed from the pyrolysis
of 5.

To establish the nature of the coordination sphere
about vanadium, the ligand-to-metal charge-transfer
(LMCT) band of the V/Si/O xerogel was studied by DR—
UV—vis spectroscopy. The position of the LMCT absorp-
tion edge correlates with the vanadium coordination
number, as shown by Wokaun et al.'8 For the uncalcined
VISi/O xerogel, an absorption edge at ca. 2.9 eV is
consistent with the presence of 5-coordinate vanadium
or amorphous V,0s. Upon calcination at 500 °C, the
VI/Si/O xerogel develops an additional absorption edge
at about 2.3 eV, indicating the presence of significant
amounts of distorted 6-coordinate vanadium in large
domains, as also found in crystalline V,0s. The observed
structural rearrangements are probably catalyzed by
small amounts of water (a reaction product), which may
induce hydrolysis of V—0—V and V—0O-—Si species and
enhance the mobility of vanadia in the composite.11.72
Related chemistry was observed for 5, which reacted
with 1 equiv of water in diethyl ether/benzene-ds. No
partial hydrolysis products were observed, and V;0s
(isolated as a precipitate), HOSi(O'Bu)z, and unhydro-
lyzed 5 (both identified by 'H NMR spectroscopy) were
the only observed products. This behavior is consistent
with the known hydrothermal reactivity of V—0O-Si
bonds, and with the tendency for hydrated vanadium
oxide species to convert readily to V,0s in the presence
of silica.11:14295273 |n contrast, 4-coordinate vanadia
embedded in an ordered silica matrix, as in zeolitic
vanadium silicalite, is apparently less sensitive to
hydration.>%* Unfortunately, we could not establish

(72) Inumaru, K.; Okuhara, T.; Misono, M. Chem. Lett. 1990, 1207.
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Figure 9. Powder X-ray diffraction patterns of VV/Si/O xerogels
(a) heated at 120 °C, (b) calcined at 350 °C, and (c) calcined at
750 °C.

the relative amount of 4-coordinate vanadium by
DR—-UV-—vis spectroscopy, as the weak bands expected
for this type of center are easily obscured by the more
intense lower energy absorption edge for 5-coordinate
vanadium: the UV—vis absorption edge for 5 is at 4.2
eV, while those for distorted 5-coordinate/6-coordinate
vanadium species typically appear at 2.3—2.9 eV.18

The vanadium K-edge absorption spectrum was re-
corded for the V,05-6SiO, xerogel derived from 5 and
it was compared to those of NH4;VO3; and V,0s5 (see
Figure 5).60-62 The near-edge normalized X-ray absorp-
tion spectrum for this sample looks almost identical to
that for V,0s, suggesting similar vanadium centers for
both samples.60-62 The RDFs of standard vanadium
compounds and the xerogel were compared, and it was
found that the xerogel RDF resembles that of a mixture
of V,0s5 (major component) and OV[OSi(O'Bu)s]s (minor
component). This was supported by the fitting of the
near-edge EXAFS spectra of the V,05-6SiO, xerogel
with a linear combination of the spectra of V,0s and
OV[O0Si(0O'Bu)s]s, with the predominant species being
V,0s. These results are consistent with the vanadium
coordination geometry previously proposed from
DR—-UV—vis spectra.

The calcined V/Si/O xerogel was studied by 2°Si MAS
NMR spectroscopy in order to determine the dispersion
of vanadia in silica. If the local vanadium coordination
sphere did not change during ceramic conversion, only
Q3 silicon sites would be observed (with isotropic 2°Si
chemical shift values of ca. —101 ppm).*2 Inhomogene-
ities in the sample would give rise to Q* sites, with an
expected chemical shift of ca. —111 ppm. Deconvolution
of the 2°Si MAS NMR spectrum into three bands
resulted in Q?, Q3, and Q* peaks at —94, —101, and —109
ppm, with peak area ratios of 17:48:35, respectively. The
presence of the signal at —109 ppm, assigned to Q* sites,
indicates that disproportionation of the V—0O-Si link-
ages into V—0O—V and Si—O-—Si connectivities has
occurred during calcination at 500 °C.

Differential thermal analysis (DTA) of the uncalcined,
dried V/Si/O xerogel showed exotherms at 368 and 390—
400 °C, which likely reflect the crystallization and
further phase transitions of V,0s. The melt transition
for crystalline V05 was observed at 672 °C,”* and the
cooling scan revealed a crystallization exotherm for V,0s
at 308 °C. The formation of crystalline V,Os upon
calcination of V/Si/O was also confirmed by powder
X-ray diffraction, as shown in Figure 9. The powder

(73) Jehng, J.-M.; Deo, G.; Weckhuysen, B. M.; Wachs, I. E. J. Mol.
Catal. A 1996, 110, 41.

(74) Sohn, J. R.; Cho, S. C.; Pae, Y. I.; Hayashi, S. J. Catal. 1996,
159, 170.



2972 Chem. Mater., Vol. 11, No. 10, 1999

[ b3
N [=]
(=} [=]
1.1

2404

1604

BET Surface Area (nfg™)
©
=S
1

o

0 200 400 600 800 1000
Temperature (°C)

Figure 10. Surface area dependence of the V/Si/O xerogel on
calcination temperature.

X-ray pattern of the dried sample (120 °C, vacuum)
shows one small broad peak at 26 = 25.5°, correspond-
ing to a d-spacing of 3.49 A, and a broad halo centered
around 20 = 25°. After calcination at 500 °C, peaks
corresponding to crystalline V.05 are clearly evident;
these peaks sharpen and increase in intensity after the
sample is taken to 750 °C.

On the basis of nitrogen BET isotherms for the
uncalcined V/Si/O xerogel (type IV with a type H1
hysteresis), the pore structure resembles that of vana-
dia—silica aerogels.’375 The uncalcined xerogel is me-
soporous, having a surface area of 320 m? g~! and a total
pore volume of 2.25 cm® g~1. The average pore size is
140 A, but the pore size distribution is bimodal with
maxima at about 80 and 200 A. The dependence of the
V/Si/O surface area on the calcination temperature
(Figure 10) shows that the xerogel surface area remains
constant upon thermal treatment up to about 500 °C
(the surface area of the xerogel was 311 m? gt after
calcination at 500 °C). After calcination at higher
temperatures, the material shows a decrease in surface
area, and when calcined above the melting point tem-
perature of V,0s (ca. 674 °C),” the material sinters to
a surface area of only 8 m? g=1. Note that the surface
area we observe is much greater than that reported by
Neumann for material obtained by heating “OV[OSi-
(O'Bu)sls” (generated in solution in the presence of
excess HOSIi(O™Bu)3) to ca. 250 °C (25 £ 5 m2 g71).38

Oxidative Dehydrogenation of Propane Cata-
lyzed by the V/Si/O Xerogel. Vanadium silicalite is
one of the most efficient catalysts for propane oxidative
dehydrogenation (eq 4).1 In an earlier study we showed

1 catalyst
CH3CHoCH; + /o Op

HoC=CHCHz + Hy0 (4)
that the cothermolysis of 5 with Zr(OCMe;Et), led to
active and selective catalysts for the oxidative dehydro-
genation (ODH) of propane.3” We also tested the V,0s-
6Si0; (34 wt % V,0s5) xerogel that had been calcined at
500 °C for its catalytic properties.

The propene selectivity as a function of propane
conversion is shown in Figure 11. The selectivities and
activities for propene formation, extrapolated to 0%
propane conversion, were 86.6% and 2.1 mmol g~ h™!
at 400 °C, 82.1% and 5.6 mmol g~* h~! at 450 °C, and
73.2% and 19 mmol g~ h~1 at 500 °C. The selectivity
at 0% conversion provides an intrinsic value containing
no contribution from the secondary combustion of pro-

(75) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.;
Pierotti, R. A.; Rouquérol, J.; Siemieniewska, T. Pure Appl. Chem.
1985, 57, 603.
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Figure 11. Propane ODH catalysis results for the V/Si/O
xerogel catalyst calcined at 500 °C. Reactions conditions: 0.025
g of catalyst, 0.500 g of quartz chips, ambient pressure, feed
ratio O,/CsHg/He of 8:25:200, flow rate range 30—233 mL
min~1.

pene, which results in the observed decrease in selectiv-
ity with conversion.”®77 The activities may also be
expressed on the basis of moles of vanadium (rather
than grams of catalyst), as 0.16 mmol (mol V)1 st at
400 °C, 0.42 mmol (mol V)~ s~ 1 at 450 °C, and 1.4 mmol
(mol V)~1 s71 at 500 °C. Extrapolating these values to
333 °C (Ea = 93 kJ mol~1), we obtain a rate of 0.025
mmol (mol V)~1 s~1 at this temperature, and this allows
us to compare our catalyst to other systems. An analo-
gous system with 15 wt % V.05, prepared by the
incipient wetness impregnation of ammonium meta-
vanadate onto silica, exhibited a lower selectivity and
a similar activity [67% and 0.031 mmol (mol V)~1 s71,
under similar reaction conditions].”® Furthermore, the
latter catalyst has a lower surface area (251 m2 g—1)
after being treated under an identical temperature
regime and clearly contains V05 crystallites (by XRD
and DR—UV—vis and Raman spectroscopy).”” This
suggests that our procedure for preparing catalysts may
have advantages over more traditional, impregnation
methods. The V,05-6SiO, xerogel is also similar to bulk
V,0s in its ODH of propane (which exhibits a selectivity
of about 80%, with a catalyst surface area of 3 m2 g—1)
and rapidly declining selectivity with increasing conver-
sions.377

Conclusion

The binary vanadia—silica precursor 5 provides a good
model for isolated vanadia on silica and avoids the
problems associated with carbon-containing ligands in
previous model complexes 2—4. Characterization data
for 5 provides a firmer basis for the spectroscopic
characterization of isolated vanadyl sites on silica. For
example, Raman spectroscopy allowed assignment of the
O=V vibration at 1038 cm~! and clearly revealed a band
that can be assigned to the symmetric V—O stretch (at
651 cm™1). These frequencies allow estimation of the V=
O and V-0 bond lengths for 5, which were in good
agreement with the values obtained from XAS studies.

(76) Khodakov, A.; Olthof, B.; Bell, A. T_; Iglesia, E. J. Catal. 1999,
181, 205.

(77) Khodakov, A.; Yang, J.; Su, S.; Iglesia, E.; Bell, A. T. J. Catal.
1998, 177, 343.
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The IR spectrum for 5 indicates that two bands of equal
intensity exist for the stretching frequencies of Si—O—V
and that IR bands attributed to the V=0 and V-0
bonds are relatively weak.

Thermolysis of 5 forms water, which catalyzes V—O—
Si cleavage and the formation of V—0O—V bonds. As a
result, the new material formed from 5 (after calcination
at 500 °C) does not consist of isolated 4-coordinate
vanadium in a matrix of silica as in 5, but mainly of
5-coordinate V,0s and silica as shown by DR—UV—vis
and 2°Si NMR spectroscopies, XAS, and powder X-ray
diffraction. Thus in this case, the single-source precursor
does not appear to give a highly dispersed mixed-
element sample. This might be an artifact of the high
vanadium loading, and dilution by other precursor
species might be highly beneficial in this regard. Previ-
ous work showed that if metal alkoxides are added to
the heated solution of 5, water is removed in situ and
highly dispersed ternary metal oxides, which are good
catalysts for oxidative dehydrogenation of propane, can
be obtained from the precursor 5.3637 Future work will
focus on the production of ternary V/Si/M/O xerogels via
a thermolysis—hydrolysis procedure using 5 and metal
alkoxides.

Experimental Section

General. DR—UV-vis measurements (Cary 4 UV—Visible
spectrophotometer from Varian) were performed on powder
films with MgO as a background reference for the V/Si/O
xerogel and in transmittance mode on hexane solutions of 5.
Raman spectra (Hololab series 5000 from Kaiser Optical
Systems Inc.) were recorded with samples (in powered or liquid
form) encased in glass capillaries, using a laser (60 mW, 532
nm). FT-IR (Mattson Infinity Series FTIR) was performed in
transmission mode on hexane solutions of HOSi(O'Bu); and 5
and as a KBr pellet for the V/Si/O xerogel. Solution *H and
13C NMR spectra were measured with an AMX 300 MHz NMR
spectrometer from Bruker. Solution 5V and ?°Si NMR spectra
were obtained with a DRX 500 Bruker NMR spectrometer.
29Si MAS NMR spectra were measured on a 400 MHz Varian
solid-state spectrometer at an operating frequency of 79.48
MHz and were carried out by Dr. Tim Burrow at the Univer-
sity of Toronto. Nitrogen BET surface area analysis was
performed on an Autosorb 6 from Qauntachrome. Combustion
analyses and mass spectrometry were carried out in the
College of Chemistry’s Microanalytical Facility at the Univer-
sity of California, Berkeley. All manipulations were carried
out with dried solvents under an atmosphere of nitrogen using
Schlenk line techniques or an inert glovebox, unless indicated
otherwise.

X-ray absorption measurements were carried out at Stan-
ford Synchrotron Radiation Laboratory (SSRL) using beamline
2—3. X-ray detection was performed in the transmission mode
using two ion chambers and a double crystal (Si11l) mono-
chromator at the K-edge of vanadium (5463 eV). X-ray absorp-
tion data for the vanadium catalysts and standard compounds
(distorted square pyramidal V,Os and tetrahedral NH,VO3)%:62
were analyzed using WinXas 97 (v 1.1) software.”®® The
inflection point in the K-edge was taken as the edge energy.
The pre-edge region of the spectrum was fitted by a straight
line and extrapolated to the edge energy. In the post-edge
region, a polynomial spline fit to the nonoscillatory component
of the spectrum was extrapolated to the edge energy. The
difference between the two extrapolated values is a measure

(78) Ressler, T. J. de Physique 1V 1997, 7, 269.
(79) Ressler, T. J. Synch. Rad. 1998, 5, 118.
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of the increase in absorption characteristic of the K-edge and
is commonly known as the absorption jump. The complete
spectrum was normalized to this quantity.60.65.8081

Catalysis. Selectivities and conversion measurements were
carried out in a fixed-bed quartz reactor using 0.025 g of
catalyst mixed with 0.500 g of quartz chips. The reactions were
carried out under ambient pressure with a feed ratio O,/CsHsg/
He of 8:25:200. Propane conversion was varied by manipulat-
ing the flow rate between 30 and 233 mL min~t. The C3Hsg
and O, conversions were below 4 and 10%, respectively.

Online analysis of reactants and products was performed
using a Hewlett-Packard 5880 gas chromatograph equipped
with a carboxen column. Only CsHg, H2O, CO, and CO, were
detected as reaction products.

OV[OSi(O'Bu)s]s (5). At room temperature, 1.156 g of
OVCl; (6.7 mmol) was added rapidly to a vigorously stirred
solution of 1.7 mL of pyridine (21 mmol) and 5.28 g (20 mmol)
of HOSIi(O'Bu); in 75 mL of benzene. Stirring was continued
for 24 h, after which the pyridinium hydrochloride was
separated by filtration and washed with 50 mL of hexanes.
After removal of the volatile material from the combined
filtrate and extracts, the resulting solid was dried under
vacuum for 2 h to give the product in 92% yield (5.25 g) as a
white crystalline powder. The compound thus isolated may
contain small amounts of HOSi(O'Bu); as an impurity. Further
purification was accomplished by recrystallization from 20 mL
of CH,CI; at —40 °C, to give 4.85 g of analytically pure OV-
[OSi(OBu)s); (85%): mp 108—110 °C; Anal. Calcd for C3sHgiO13-
SiV: C, 50.44; H, 9.52. Found: C, 50.58; H, 9.59. 'H NMR (300
MHz, benzene-ds) 6 1.51 (s); *3C NMR (75.5 MHz, benzene-de)
0 31.89, 73.35; 2°Si NMR (99.35 MHz, benzene-ds) 6 —98; 5V
NMR (105 MHz, benzene-ds) 6 —777; UV—vis (hexane) 250
nm, € 9.8 x 103 M~t cm™; IR (hexane, Csl) 1388 w, 1366 m,
1243 m, 1191 m, 1073 vs, 1029 w sh, 1010 w sh, 920 s, 910 s,
833 w, 810 vw, 705 w, 672 vw, 502 w sh, 477 m cm~%; Raman
(solid) 2979 vs, 2928 vs, 2780 w, 2714 m, 1451 s, 1367 vw,
1244 m, 1190 w, 1066 w sh, 1038 s, 1010 w sh, 914 s, 834 w,
808 s, 705 w sh, 674 w sh, 651 m, 545 s, 465 m, 433 vw, 370
w, 337 vw, 260 w, 231 w, 183 w cm™!; MS (ElI, 40 eV) 991
(V[OSIi(O'Bu)s]a — 2 CH2C(CHs3),), 935 (V[OSi(O'Bu)s]ls — 3
CH,C(CHy),), 857 (HOV[OSi(O'Bu)s]s), 841 (HV[OSi(O'BU)s]a).

V/Si/O Xerogel. Inside a glovebox, a thick-walled 100 mL
Pyrex tube with a narrow neck, fitted with a stopcock, was
charged with 1.00 g of 5 and 8 mL of n-octane. The solution
was subjected to two freeze—pump—thaw cycles and the tube
was sealed with a flame. The complete tube with its contents
was placed in an oven heated to 180 °C. After 4 days a green-
black opaque gel had formed. After heating an additional 24
h, the tube and its contents were cooled to room temperature.
The octane solvent was allowed to evaporate in air over 5 days,
and the resulting deep green solid powder was dried under
vacuum at 120 °C for 15 h. The sample was then calcined
under an atmosphere of oxygen at 500 °C for 3 h. Thus 0.302
g of V/Si/O was isolated (95% yield, assuming the formation
of V,SisO17). Measurements and catalysis were performed with
the calcined material unless stated otherwise.
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