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The structures of the sites formed in the gas-solid reactions of VOCl3 with the surfaces of a fumed silica
(Aerosil) and a silica gel (Sylopol) were investigated by using X-ray absorption spectroscopy. XANES and
EXAFS analysis at the vanadium K-edge reveal that the sites have a uniform first coordination sphere regardless
of the origin or the extent of hydroxylation of the silica support (controlled by thermal treatment in vacuo at
100 and 500°C). Analysis of the second coordination sphere was limited by the lack of structural uniformity.
EXAFS curve-fitting confirmed that the sites aretSiOVOCl2, but revealed an unexpected asymmetry in the
V-Cl bond distances. The latter is suggested to be a manifestation of silicon-chloride interactions.

Introduction

Supported vanadium catalysts effect the partial oxidation of
hydrocarbons,1 as well as the partial reduction of NOx.2 Catalytic
activity requires the dispersion of vanadium on an oxide surface,
such as that of silica or alumina.3-5 Much effort has been
invested in understanding the structures of the active sites and
the nature of the metal-support interactions.6-9 These studies
are usually complicated by the presence of multiple vanadium
sites. Even in the relatively simple V/SiO2 system, which at
low loadings is believed to contain only (tSiO)3VdO sites,5,10

complexity in the vibrational spectrum has called into question
some assignments thought to be well-established.11

The use of volatile metal complexes to modify oxide surfaces
may result in better dispersion of the active sites than conven-
tional wetness impregnation or sol-gel methods. Thus, the gas-
solid reaction of VOCl3 with silica has been reported to generate
isolated vanadium sites, although these were described as a
mixture of tSiOVOCl2, (tSiO)2VOCl, and (tSiO)3VO,
distributed depending on the thermal pretreatment (and hence
degree of hydroxylation) of the silica surface.12,13The formation
of multiple sites is consistent with a model for the surface of
amorphous silica with randomly distributed hydroxyl groups.
Nevertheless, we found that grafting VOCl3 at ambient tem-
perature onto the surface of an Aerosil silica yields a material
whose vanadium sites are both isolated and uniform, regardless
of the extent of surface hydroxylation (controlled by heating,
from 25 to 500°C).14,15 From the amount of chemisorbed V
and the yield of HCl, we inferred that each accessible surface
hydroxyl reacts according to eq 1:

The formation of uniform grafted sites under these reaction
conditions was confirmed by51V MAS NMR. The spectrum of

VOCl3 chemisorbed at room temperature onto silica consists
of a single isotropic resonance, at-293 ppm.14 This chemical
shift, assigned totSiOVOCl2, agrees well with those of
analogous molecular complexes VOCl2(OiPr) (-307 ppm)16 and
[VOCl2(OCH2CH2OPh)] (-281 ppm),17 and excludes the pres-
ence of physisorbed VOCl3 (0 ppm), (tSiO)2VOCl (-540
ppm),18 and (tSiO)3VO (-676 to-736 ppm).19,20 A detailed
investigation of the magnetic shielding interactions and quad-
rupole interaction parameters of VOCl3-modified silica con-
firmed that the grafted vanadium exists in a distorted tetrahedral
environment.21

Although the techniques used thus far to investigate silica-
supported VOCl3 have defined the first coordination sphere of
the grafted vanadium, they have shed little light on the metal-
support interaction. In view of the interest in well-defined
heterogeneous catalysts, we applied X-ray absorption spectros-
copy (XAS) to the structural characterization of grafted VOCl3

and the nature of its silica interactions.

Experimental Section

Sample Preparation. The amorphous silicas used in this
study are Aerosil-200 (a fumed silica from Degussa) and Sylopol
952X-1836 (a silica gel from Grace-Davison). The Aerosil silica
(referred to hereafter as A200) has a surface area of (183( 1)
m2/g, a primary particle size of 12 nm, and no significant
microporosity. The Sylopol silica (referred to hereafter as
S952X), with a surface area of (249( 2) m2/g, is composed of
particles of average size 33µm, with a pore volume of 1.61
mL/g. Thermal pretreatment of each silica sample is indicated
by its appended number. For example, A200-100 denotes a
sample of Aerosil-200 treated at 100°C. To ensure reproduc-
ibility, each sample was heated under dynamic vacuum (<10-4

Torr) at the designated temperature for a minimum of 4 h.
VOCl3 (99.999+%, Aldrich) was stored under vacuum in a

glass bulb equipped with a Teflon stopcock. Excess VOCl3 was
transferred onto the silica as the vapor, via an all-glass high
vacuum line equipped with ground glass stopcocks. VOCl3

reacts slowly with hydrocarbon-based vacuum greases. Although
this does not appear to affect the preparation of vanadium-
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tSiOH + VOCl3 f SiOVOCl2 + HCl (1)
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modified silicas, the grease was replaced frequently. Alternately,
the joints and stopcocks were greased with perfluorinated
Krytox, which is inert toward VOCl3. After desorption of
unreacted VOCl3 to a liquid N2 trap, the vanadium-modified
silica was obtained as a white powder. Exposure of the sample
to even traces of moisture during or after grafting was readily
detected, since it resulted in an immediate color change to
yellow.

Vanadium analysis was performed in air at the end of each
experiment. Each sample was weighed and stirred in 1.0 M H2-
SO4 to which 3.5% aqueous H2O2 (0.03 mL/mL sample
solution) was added to extract the vanadium as its peroxo
complex. The solution was filtered before recording its UV-
vis spectrum in a 1 cmquartz cuvette, referenced to a H2SO4/
H2O2 solution containing approximately the same concentration
of H2O2. Spectra were recorded on a Varian Cary 1E spectro-
photometer. The orange peroxovanadium complex has a distinct
peak in the visible atλmax ) 453 nm (ε ) 632 M-1 cm-1). A
calibration curve was prepared with standard solutions of
ammonium metavanadate.

On A200 pretreated at 100°C, the V loading was (2.98(
0.11) wt %, corresponding to (0.58( 0.02) mmol V/g silica.
When A200 was pretreated at 500°C, causing partial dehy-
droxylation of the silica surface, the V loading was (2.23(
0.13) wt %, or (0.44( 0.03) mmol V/g silica. Loadings on
S952X were higher for the same pretreatment temperature,
reflecting both its higher surface area and hydroxyl content.
After pretreatment at 100°C, the V loading was (5.84( 0.18)
wt %, or (1.15( 0.04) mmol V/g silica. After pretreatment at
500°C, the V loading was (4.14( 0.5) wt %, or (0.82( 0.01)
mmol V/g silica. Each reported metal loading is the average
measurement for at least 4 independently prepared samples.

XAS Spectrum Acquisition. Experiments were performed
at the Stanford Synchrotron Radiation Laboratory (SSRL) on
beamline BL2-3 (Bend), operated at 3.0 GeV with a current of
75-100 mA. X-rays were monochromatized via reflection from
Si(111) crystals through a 1 mmentrance slit. The incident beam
was detuned 40-50% to suppress harmonics. Samples were
mounted at 45° to the beam, to collect transmission and
fluorescence spectra simultaneously. The intensity of the incident
beam was measured with a He-filled ion chamber detector.
Transmitted X-rays were detected in a N2-filled ion chamber,
then passed through a vanadium calibration foil into a third,
N2-filled ion chamber. Fluorescence from the sample was
recorded with an Ar-purged Lytle detector without Soller slits.

Sample powders were held in aluminum plates with 35× 5
× 2 mm3 slots, between windows of 6.0µm polypropylene film
(Chemplex no. 425) affixed with double-sided tape to each side
of the plate. Loading of the sample holders was performed under
N2 in a glovebox, to prevent sample hydrolysis. Samples
instantly changed color from white to yellow, and eventually
to green, when exposed to atmospheric moisture. Spectroscopic
analysis of imperfectly sealed samples was thus readily avoided.
Spectra were recorded at room temperature, except where noted.
Low-temperature spectra were recorded in an Oxford Instru-
ments liquid He flow cryostat, in transmission mode, using
aluminum sample plates with 10× 4 × 2 mm3 window slots.
Three sweeps were acquired for each sample (total acquisition
time ∼1 h). The unprocessed spectra were then averaged to
improve the signal-to-noise ratio.

Data Analysis.XANES and EXAFS spectra were analyzed
with WinXAS (v. 3.1).22 Energy calibration was performed by
using the spectrum of the V calibration foil (K-edge 5465.0
eV),23 recorded simultaneously for each sample. Spectra were

background corrected by subtracting a linear fit to the preedge
region extrapolated the length of the entire spectrum, and then
normalized by a 7th degree polynomial fitted to the postedge
region. Each XANES region was extracted from a complete
XAS spectrum to include data up to 150 eV after the K-edge.
Preedge peak heights and positions were computed via a least-
squares fit of the XANES region with a Lorentzian function
for the normalized K-edge and an arctan function for the pre-
peaks.

EXAFS spectra werek3-weighted and fitted by a polynomial
spline with 6 knots between 1.0 and 16.1 Å-1. Subtraction of
this spline decreases contributions from low-frequency atomic
X-ray absorption fine structure (AXAFS).24 A Hanning window
was applied to the first and last 10% of the data range before
Fourier transformation toR-space. Thek-space spectra were
fitted to single-scattering paths with use of the EXAFS equation,
eq 2, with least-squares refinement.25

For each shell,N is the number of scatterers in theith shell at
a distanceR from the absorber. The Debye-Waller factor,σ2,
is the root-mean-squared relative displacement of the scatterer,
λ is the mean-free path of the photoelectron, andφ(k) is its
phase shift. Phase shift and backscattering amplitude functions
were calculated with FEFF 8.2.26,27Starting distances for curve
fits were obtained from crystal structure parameters of model
compounds.

The residualR is defined by eq 3, whereøobs(ki) is the
experimental data andøcalc(ki) is the calculated EXAFS.

R cannot be used to assess improvement in the fit relative to
an increase in the number of variable parameters. Instead, a
ø2-like statistic such asε2 can be used to normalize the deviation
at each data point, using the variance at that point (σi

2), and to
introduce a penalty for an increased number of degrees of
freedomν, eq 4.28

N represents the number of data points being fitted whileν is
the difference between the number of independent data points,
Nidp, and the number of variable parameters,Nvar. Nidp is
calculated with eq 5:

where∆k is the energy range of useful EXAFS (ink-space)
and ∆R is the region of meaningful data in the Fourier
transformed spectrum.29 The most restrictive case requires the
valueb ) 0, but values of 1 or 2 have also been proposed.30,31
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In practice, calculatingε2 is difficult and potentially unreli-
able, since the variance at each data point introduces both
statistical and nonstatistical errors into the fit. Instead, we used
an F-test to evaluate the improvement in the fit, eq 6.32-34

The value ofε for a given fit is calculated with eq 7.

Results and Discussion

XANES Analysis. Normalized V K-edge XANES spectra
of VOCl3-modified A200-100, A200-500, S952X-100, and
S952X-500, as well the vanadium metal calibration foil, are
shown in Figure 1. Energy scales were calibrated at the first
inflection point (K-edge) in the foil calibration spectrum (5465.0
eV). The K-edges of the VOCl3/silica samples are shifted by
ca. 18 eV to higher energy relative to the foil, within the range
of K-edge energies reported for known V(V) compounds.35 The
XANES regions for all four samples are indistinguishable,
indicating that their electronic structures and site symmetries
are the same.

The number and positions of the preedge features are most
easily discerned in a first derivative representation of the
XANES region, Figure 2. There is a prominent preedge peak
(B) with a low-energy shoulder (A) in the XANES region. These
features arise from K-edge dipolar transitions to the (largely
nonbonding) 3d orbitals. The displacement of the most intense
preedge peak from the energy of the foil K-edge, 4.9 eV, is
consistent with preedge positions in other four- and five-
coordinate V(V) materials, Table 1.35,36A shoulder on the main
absorption edge (C) appears at ca. 13 eV from the foil K-edge.
This feature may be a 1sf 4p shakedown transition.37 The
direct 1sf 4p transition, expected at ca. 22 eV from the foil
K-edge,35,36 is likely masked by the main absorption edge.

Spectral Changes upon Hydrolysis.Dramatic changes in
the XANES region were noted when the VOCl3/silica samples

were exposed to air. When a sample of vanadium-modified
S952X-100 was exposed to air for 20 min, its color changed
from white to yellow. After air exposure for 2 days, the
completely hydrolyzed sample was green. The evolution of the
XANES region during sample decomposition is shown in Figure
3. The normalized intensity of the preedge peak (B, Figure 2)
decreases, from 0.67 in the intact sample to 0.53 in the

Figure 1. Comparison of vanadium K-edge XANES regions for V
metal calibration foil and VOCl3-modified silicas.

Figure 2. First derivative of the XANES region for VOCl3-modified
S952X-500. The energy scale is relative to the V foil K-edge (5645.0
eV).

TABLE 1: Peak Positionsa in V K-edge XANES

sample A Bb C main edge ref

VOCl3/A200-100 2.3 4.8 (0.66) 13.2 18.4c this work
VOCl3/A200-500 2.4 4.9 (0.67) 13.1 18.3c this work
VOCl3/S952X-100 2.4 4.9 (0.67) 12.8 18.2c this work
VOCl3/S952X-500 2.3 4.9(0.69) 12.9 18.4c this work
VOCl3/S952X-100,

decomposed
- 1.9 (0.53) 15.9c this work

V2O5 2.6 5.6 15.1 35
2.9 6.1 (0.62) 16.6 5

5.6 16.6 38
4.6 (0.74) 36

NH4VO3 3.0 4.8 12.1 17.2 35
3.3 5.6 (0.89) 18.0 5

4.8 18.0 38
3.8 (0.92) 36

V2O5/SiO2, hydrated 6.0 (0.56) 16.7 5
V2O5/SiO2, dehydrated 3.3 6.0 (0.76) 18.9 5

a Relative to V foil calibration standard (5465.0 eV). The uncertainty
in peak positions is estimated to be(0.2 eV. b Values in parentheses
represent the peak intensity, normalized to the step height of the K-edge.
c Main edge position calculated by Lorentzian least-squares fitting (see
the Experimental Section).

Figure 3. Evolution of V K-edge XANES spectra for vanadium-
modified S952X-100 during hydrolysis: (bottom) intact sample;
(middle) partially hydrolyzed sample, exposed to air for 20 min; (top)
completely hydrolyzed sample, exposed to air for 2 days.

F ) [(ε2
2 - ε1

2)/2]/[ε2
2/ν] (6)
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N
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completely hydrolyzed sample, while the shoulder (A, Figure
2) on the preedge peak disappears. The K-edge shoulder (C,
Figure 2) becomes less prominent, while a new feature, assigned
to the 1sf 4p transition, appears at 21 eV. The spectrum of
the fully hydrolyzed sample is similar to that of hydrated V2O5/
SiO2.35,36

Principal component XANES analysis was used to estimate
the extent of hydrolysis in incompletely hydrolyzed samples.39

The spectrum of the partially decomposed yellow sample
described above (air exposed for 20 min) contains 41% of the
characteristic features of the fully hydrolyzed sample, while the
“intact” sample is less than 2% hydrolyzed. The extent of
hydrolysis evident in the spectra of the other “intact” samples
(i.e., VOCl3-modified S952X-500, A200-500, and A200-100)
is 1%, 4%, and 2.5%, respectively. These values were assumed
to be statistically insignificant for the purposes of EXAFS
analysis.

EXAFS Analysis of the First Coordination Sphere.The
Fourier transformedk3-weighted EXAFS for each of the VOCl3-
modified silicas are compared in Figure 4. The spectra are nearly
identical belowR ) 2.5 Å, confirming that all samples have
the same first coordination sphere for vanadium. The EXAFS
for VOCl3-modified S952X-500 was fitted to single-scattering
models containing two oxygen shells (terminal, bridging), one
chlorine shell and one silicon shell, Scheme 1. Only model I
refined successfully to the EXAFS data. Attempts to refine the
data to a monochloro complex, (tSiO)2VOCl (model II), or a
tripodally supported vanadyl site, (tSiO)3VO (model III), were
unsuccessful. Incorporation of a third oxygen shell representing
coordinated siloxane ligands, as in (tSiO)(tSi2O)nVOCl2, did
not lead to an improved fit. Fits to the dinuclear models
[VOCl2]2(µ-OSit)2 and [tSiOVOCl]2(µ-Cl)2 also failed to
converge. Refinement of the single-scatteringtSiOVOCl2
model to data for other VOCl3-modified silicas gives identical
atomic path fits, within statistical uncertainty (see the Supporting
Information). Thus we conclude that model I best describes the
first coordination sphere of vanadium in VOCl3-modified silicas.

The coordination numbers obtained from the initial fit of the
S952X-500 data were very close ((10%) to the integer values
expected for uniformtSiOVOCl2 sites (Table 1, Supporting
Information), with the exception of the V-Si path (see below).
Therefore, to reduce the number of independent variables in
the fit, coordination numbers were subsequently fixed at their
integer values. For each path, the following free variables were
then sequentially refined: path length (R), Debye-Waller factor
(σ2), and inner potential energy (E0). E0 was constrained for
each type of absorber-scatterer pair, e.g., all V-O paths. The
amplitude reduction factor (So

2) was calculated as a global
variable in the fit refinement. Fit parameters are summarized
in Table 2. The fitted VdO and V-O distances, at 1.57 and
1.78 Å, respectively, are consistent with those for VOCl3 and
vanadyl silanolates, Table 3. When the chloride paths are
constrained to be equivalent, the V-Cl bond lengths emerge at
2.16 Å, with an associated Debye-Waller factorσ2 of 0.0116
Å2. The bond distance obtained for the V-Cl path is comparable
to known vanadyl chlorides (2.12-2.17 Å), Table 3, yet the
Debye-Waller factor is an order of magnitude larger than
expected (see below).

Multiple scattering paths were added to thetSiOVOCl2
model in an attempt to gain more information about bond angles.
Addition of chlorine-chlorine and vanadyl oxygen-chlorine
multiple scattering paths did not enhance the fit. Indeed, the
spectra show little intensity at 3.0 and 3.8 Å, where V-O-Cl
and V-Cl-Cl multiple scattering paths were observed in the
gas-phase electron scattering of VOCl3.40 Destructive interfer-
ence may cause multiple scattering contributions to be less
apparent in EXAFS spectra.41

Second Coordination Sphere Analysis.When the coordina-
tion number for the silicon shell was freely refined, we obtained
the smaller than expected value of 0.68 (Table S1, Supporting
Information). When the coordination number is fixed at 1, the
fitted V-Si distance is 3.13 Å, and has a large associated
Debye-Waller factor (σ2 ) 0.0275 Å2), Table 2. Although the
V-Si path is poorly resolved, the fitted distance of 3.13 Å is
nevertheless comparable to the V-Si distance of 3.13 Å in
[VOCl(OSitBu)2]3. Assuming an Si-O distance of 1.61 Å,45

the fitted V-Si and V-O distances require a Si-O-V angle
of (136( 30)°. This value compares well to those for molecular
vanadium silanolates: for example, the silsesquioxane dimer
[(c-C6H11)7(Si8O12)VO]2 has Si-O-V angles of 136.0°, 145.6°,
and 146.4°,48 while a cyclic V(IV) silanolate has Si-O-V
angles of 134.0° and 135.6°.49 Noncyclic silanolates tend to have
much larger Si-O-V angles, ca. 153° for VO(OSiPh3)3,19,45

possibly due to dπ-pπ overlap. Such overlap is unlikely for the

Figure 4. Fourier transformedk3-weighted EXAFS of VOCl3-modified
silicas: (a) S952X-500; (b) S952X-100; (c) A200-500; and (d) A200-
100.

SCHEME 1: Model Surface Species Refined to EXAFS
Data.

TABLE 2: EXAFS Fits a for Single Scattering Paths in the
tSiOVOCl2 Model (equivalent chlorides) Fitted against Data
from VOCl 3-Modified S952X-500

spectrum
recorded at 295 Kc

spectrum
recorded at 20 Kd

path CNb
bond

length, Å σ2, Å2 E0, eV
bond

length, Å σ2, Å2 E0, eV

VdO 1 1.57 0.00036-7.58 1.58 0.00244-5.55
V-O 1 1.78 0.00155-7.58 1.78 0.00014-5.55
V-Cl 2 2.16 0.01156-2.52 2.16 0.00951-3.22
V-Si 1 3.13 0.02753 4.68 3.21 0.01456 3.77

a Errors for first-shell scattering fits calculated against EXAFS data,
in the absence of systematic fitting uncertainties, are generally to be
accepted as follows: bond lengths(0.02 Å, σ2 (20%, E0 (20%.42

b Coordination numbers fixed (see text).c So
2 ) 0.88, residual) 19.51

for this model optimization.d So
2 ) 0.91, residual) 22.03 for this

model optimization.
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highly electron-withdrawing silica ligand. Furthermore, the
EXAFS suggests that the Si-O-V angle intSiOVOCl2 is not
linear, since the intensities of multiple scattering paths are
significantly enhanced for angles approaching 180°, due to the
focusing effect.50

We attempted to amplify scattering from the V-Si path using
cryogenic cooling to minimize thermal disorder.51 Thek-space
and R-space EXAFS spectra of VOCl3-modified S952X-500,
recorded at 295 and 20 K, are compared in Figure 5. Paths
associated with the first coordination sphere did not vary beyond
their uncertainties from the model refinement to the room
temperature data. No additional features were apparent in the
data collected at the cryogenic temperature. We conclude that
the absence of features in the pseudoradial distribution beyond
2.5 Å for VOCl3/silica materials is a consequence not of thermal
motions but of a lack of structural uniformity beyond the first
coordination sphere in thetSiOVOCl2 sites. Unexpectedly, the
Debye-Waller factors did not decrease for the fit to the
cryogenic data relative to the room temperature fit. This is likely
a consequence of the lower signal-to-noise ratio in the former
dataset, which arises because the use of the cryostat requires
collection in transmission mode rather than fluorescence and
with a smaller beam spot.

Chloride Asymmetry. The tSiOVOCl2 model with two
equidistant chloride ligands generates a reasonable fit to the
experimental data. However, when the V-Cl distances are

allowed to vary independently, the fit to the V-Cl paths
improves substantially (σ2 values of 0.00060 and 0.00089 Å2,
compared to 0.0116 Å2 for the model with equivalent chlorides).
The fitted V-Cl distances are 2.10 and 2.22 Å, Table 4. The
0.12 Å asymmetry is much greater than the uncertainty for each
path ((0.02 Å).42,52 The large Debye-Waller factor, 0.0116
Å2, generated by the fit to the model with equidistant chlorides
is likely a consequence of attempting to accommodate both the

Figure 5. Single-scattering refinement of thetSiOVOCl2 model (equivalent chlorides) to EXAFS of (a) VOCl3/S952X-500 at 295 K and (b) at
20 K, in k3-weighted EXAFSk-space (top) and inR-space (bottom). Red line: experimental data. Blue line: calculated fit.

TABLE 3: Bond Distances (Å) in Structurally Characterized Vanadyl Chlorides and Silanolates

compound VdO V-Cl V-O V-Si method ref

VOCl3 (solid) 1.562 2.125 XRD 43
2.124 XRD 44

VOCl3 (gas) 1.570 2.142 electron scattering 40
VO(OSiPh3)3 1.564 1.743 3.3(4) XRD 45

1.745
1.739

[(c-C6H11)7(Si8O12)VO]2 1.564 1.772 not reported XRD 19
1.737
1.746

[VOCl(O2SitBu2)]3 1.589 2.1717 1.727 3.13 XRD 46
VOCl2(OCH2CH2OPh) 1.5703 2.1570 1.7134 XRD 17

2.1715
VO[OSi(OtBu)3]3 1.596 1.770 not detected EXAFS 47

TABLE 4: EXAFS Fits a,b for Single Scattering Paths of the
tSiOVOCl2 Model (inequivalent chlorides) to Data
Collected for VOCl3/S952X-500 at 295 K, with and without
Fourier Filtering c

unfiltered datad filtered datae

path bond length, Å σ2, Å2 E0, eV bond length, Å σ2, Å2

VdO 1.59 0.00231 -0.39 1.59 0.00093
V-O 1.78 0.00074 -0.39 1.78 0.00087
V-Cl 2.10 0.00060 -1.44 2.10 0.00067
V-Cl 2.22 0.00089 -1.44 2.22 0.00104

a Errors for first-shell scattering fits calculated against EXAFS data,
in the absence of systematic fitting uncertainties, are generally to be
accepted as follows: bond lengths(0.02 Å, σ2 (20%, E0 (20%.42

b All coordination numbers were fixed at 1 (see text).c Back-
transformed range for Fourier filtering:R ) 0.80-2.2 Å, k ) 1.0-
16.1 Å-1. The resolution of the data is estimated to be 0.10 Å from
∆R) π/2∆k, see ref 55.d Residual for this curve fit: 15.37.e Residual
for this curve fit: 16.45.
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short and long V-Cl paths at their average distance, 2.16 Å,
with a large broadening parameter.53

The inner potential correctionsE0 are also smaller for both
the V-O and V-Cl paths in the inequivalent chloride fit,
compared to the equivalent chloride fit. Typically, smaller
refined values forE0 are expected for models which better
describe the data.54 Evidence for chloride asymmetry was found
in the EXAFS fits for all of the VOCl3/silica samples (see the
Supporting Information).

For the S952X-500 curve fits, the residual decreases from
19.51 to 15.37 when the chloride symmetry is removed,
indicating better agreement with the experimental data. How-
ever, an increase in fit quality is expected solely as a result of
the increased number of variable parameters. Therefore, statisti-
cal analysis was performed to assess the improvement in the
fit independent of the number of variables. First, spectra were
back-Fourier transformed fromR ) 0.8 to 2.3 Å, to isolate
contributions from the first-shell scatterers (i.e., VO2Cl2). Model
refinements were constrained to reduceNvar by fixing So

2 at
0.96 (an average value obtained in previous fits) and by not
refiningE0 (i.e., fixing it at 0). Therefore, the values ofNvar are
6 and 8 for the equidistant and inequivalent V-Cl fits,
respectively. The result of fitting the filtered EXAFS data is
shown in Figure 6, with curve fit parameters summarized in
Table 4. Bond lengths are identical with those in fits to unfiltered
data. The difference between the equivalent and nonequivalent
curve fits is best seen overlaid on the filteredk3-weighted
wavevectors, Figure 7.

With ∆k ) 15.1 Å-1, ∆R ) 1.5 Å, andb ) 0, the number
of degrees of freedomν is (14.3- Nvar). The values ofε are
therefore 1.18 and 0.64 (see the Experimental Section) for the
equivalent and inequivalent chloride fits, respectively. TheF-test
returns a value of 7.20 for comparison of the fits to the VOCl3/
S952X-500 data recorded at 295 K. The criticalF value, at the
P ) 0.05 level, forν ≈ 6 is 5.14.56 Therefore, inclusion of two
V-Cl shells is warranted.F-test values of 5.38, 6.46, and 8.24
were obtained for inequivalent chloride fits for VOCl3 grafted
onto S952X-100, A200-500, and A200-100, respectively.

Structurally characterized molecular analogues of the surface
site tSiOVOCl2, i.e., V(O)Cl2(OR) complexes, are rare.57,58

VOCl2(OCH2CH2OPh) displays a much smaller chloride asym-
metry, with V-Cl distances at 2.1570 and 2.1715 Å.17 The V-
(V) center in (VVOCl2)(µ-O)(VIVOCl)(9-fluorenone)2(H2O) also
has only slightly asymmetric chloride distances, at 2.1792 and
2.187 Å.58 The origin of the much greater chloride asymmetry
in tSiOVOCl2 is proposed to be a consequence of the
interaction of one chloride ligand with a silicon atom of the
silica surface. Silicon is known to expand its coordination

number to five, especially by interaction with halide ions.59-63

Such an interaction may presage full transfer of chlorine to the
silica surface, as was suggested to explain the slow evolution
of the IR spectra of grafted SOCl2,64 TiCl4,65 and VOCl3.65 A
related transformation oftSiOMoCl4 was reported to yield
MoOCl3(g) and, presumably,tSiCl.66 The nature of the apparent
vanadium-chlorine asymmetry is the subject of an ongoing
investigation.
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