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We here describe how to design vanadium-centred active sites at the inner surfaces of both well deÐned
microporous and well deÐned mesoporous siliceous hosts. Each type of vanadiaÈsilica catalyst has been
extensively characterised (in regard to surface area, pore size and hydrophobicity) and X-ray absorption
spectroscopy establishes the active site for these conversions to be a vanadyl group. These centres are
catalytically active under mild conditions for both the epoxidation of a typical alkene and the selective
oxidation of a typical alkane. Placing methyl groups in the vicinity of this active site signiÐcantly enhances the
catalytic performance towards epoxidation.

Introduction

Two recent experimental developments now make it feasible
to engineer atomically well deÐned active sites in inorganic
solids for processes such as the selective oxidation of hydro-
carbons. First, the ready preparation of both microporous
(pore diameters in the range 3È20 and mesoporous (20È500A� )

high-area siliceous solids into (or onto) which a wideA� )
variety of transition-metal ions may be incorporated.1h3
Second, relatively ready access to synchrotron radiation
which, coupled with appropriate catalytic reaction cells and
detection systems, enable the local environment of a metal-ion
centred active site to be determined by in situ X-ray absorp-
tion spectroscopy (XAS).4h8

One of us has previously described3,9,10 the preparation
and characterisation of a large family of so-called amorphous,
microporous mixed oxides, designated typically AMM-

(where X is the incorporated metal ion, n is theX
n
MeSi

y
Si

mol.% of the metal ion with respect to silicon and y is the
percentage of silicon atoms which contain a methyl
functionality). It has also been shown11,12 how the so-called
MCM-41 mesoporous silica may be functionalised with
organometallic precursors and converted to well deÐned,
single-site heterogeneous catalysts. This is particularly true of
TiIV-based epoxidation catalysts, that may be prepared and
fully characterised13 by XAS during both preparation and use.

Apart from titanium-based alkene oxidation catalysts,
vanadium-containing systems have attracted much of the
attention for both alkane oxidation and alkene epoxidation
catalysis. Recognising the power and further scope for
vanadium-based catalysts in the selective oxidation of hydro-
carbons,14,15 we set about engineering and characterising, in
atomic detail, the catalytically active sites situated inside both
the AMM- and MCM-type microporous and mesoporous sili-
ceous environments, respectively. Our other aims were to
assess and to modify the catalytic performance of these related
yet contrasting catalysts, for both the epoxidation of cyclo-

hexene and the partial oxidation of cyclohexane, as sum-
marised in Scheme 1.

Scheme 1

Experimental
Synthesis

Synthesis of The microporous amorp-AMM-V
5
MeSi

50
Si.

hous silica host (designated with aAMM-V5MeSi50Si),
V : MeSi : Si ratio of 5 : 50 : 45 was synthesised by a solÈgel
procedure, the transition metal being incorporated into the
bulk material during preparation. In a typical synthesis, 744
mg of VV trisisopropoxide was added to a stirred solution of
6.85 ml of tetraethoxysilane, 5.80 ml methyltrisethoxysilane
and 11.3 ml ethanol. This was followed by slow addition of
2.82 ml 8 M HCl. The sol, which gelled after ca. 4 days, was
dried at room temperature for an additional 6 days before
being calcined. The calcination procedure involved heating the
gel from room temperature to 65 ¡C at a rate 0.1 ¡C min~1,
holding the temperature constant for 5 h, then applying a
further heating stage to 250 ¡C, at a rate of 0.1 ¡C min~1, and
again holding the temperature at this level for 5 h.

Synthesis of A similar procedure was adopted,AMM-V
5
Si.

with the exception that 13.70 ml tetraethoxysilane was used
and no methyltrisethoxysilane. Gel formation took consider-
ably longer to occur, in this case ca. 6 days.

J. Chem. Soc., Faraday T rans., 1998, 94, 3177È3182 3177

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
98

. D
ow

nl
oa

de
d 

on
 1

9/
08

/2
01

4 
21

:0
0:

10
. 

View Article Online / Journal Homepage / Table of Contents for this issue

http://dx.doi.org/10.1039/A804429E
http://pubs.rsc.org/en/journals/journal/FT
http://pubs.rsc.org/en/journals/journal/FT?issueid=FT094020


Synthesis of MCM-41. This was synthesised using the
method of Rey et al.16 5 g Degussa Aerosil 200 silica was
slowly added to a solution of 21.3 g hexadecyl trimethyl
ammonium bromide that had been thoroughly mixed and
stirred with 28.75 ml water and 7.90 ml tetramethyl ammon-
ium hydroxide (25 wt.% solution in water). Once all the silica
was added, the resulting gel was stirred vigorously for at least
1 h, before being transferred to a polypropylene bottle, sealed
and placed in an oven at 90 ¡C for 24 h. The solidiÐed mixture
was then mixed thoroughly with distilled water, Ðltered o†
and washed with copious amounts of water to remove as
much surfactant as possible. The solid was then calcined by
Ðrst heating under nitrogen to 550 ¡C at a rate of 5 ¡C min~1
and holding the temperature at 550 ¡C for 1 h. The gas was
then changed to dry oxygen and the temperature held con-
stant for a further 6 h before cooling.

Synthesis of and 2 g of cal-V
2
CPMCM-41 V

4
CPMCM-41.

cined MCM-41 was dehydrated under vacuum for 2 h at
200 ¡C and allowed to cool to 40 ¡C. The solid was then mixed
thoroughly with 75 ml anhydrous chloroform under an argon
atmosphere to which 0.17 g (or 0.34 g for the 4% catalyst)

was subsequently added. After 1 h, 1 ml tri-VCp2Cl2ethylamine was added, and the mixture stirred under argon at
40 ¡C for 16 h. The pale-brown coloured solid was Ðltered o†
and washed with 250 ml chloroform. The calcination pro-
cedure involved heating the sample under nitrogen to 550 ¡C
at a rate of 5 ¡C min~1 and, after 30 min, changing the gas to
oxygen and holding the temperature at 550 ¡C for a further 3
h. The active catalyst so formed was white when fresh from
the oven, but gradually changed colour to yellow/orange on
exposure to the atmosphere. We note that a similar procedure
for synthesising a comparable catalyst has been reported.17

Synthesis of 0.5 g (2%) wasV
2
CMeMCM-41. V2CMCM-41

dehydrated under vacuum for 2 h at 200 ¡C. Once cooled to
40 ¡C, a solution of 0.075 ml chlorotrimethylsilane (Me3SiCl)
in 50 ml anhydrous chloroform was added, under an argon
atmosphere, and stirred at 40 ¡C for 16 h. The remaining green
solid was separated by Ðltration and washed with 250 ml chlo-
roform.

Characterisation
X-Ray di†raction. All the MCM-41 based catalysts were

characterised by XRD (Cu-Ka) employing a Siemens D-500
di†ractometer. They all showed the peaks characteristic of the
hexagonal form of MCM-41, with no evidence for extra-
framework formation of vanadium oxide or vanadate phases.

IR spectroscopy. In situ IR studies were performed using a
Perkin Elmer 1725X spectrometer employing a previously
reported in situ cell.18

XAS. In situ V K-edge XAS were recorded on station 8.1 at
the CLRC Daresbury Laboratory Synchrotron Radiation
Source, operating with a beam energy of 2 GeV and an
average current of ca. 200 mA. A double-crystal Si(111) mono-
chromator was employed, o†set to 50% of maximum beam
intensity for harmonic rejection. In a typical experiment 80
mg of the catalyst was pelletised and loaded into the in situ
cell described in an earlier publication.18 The catalysts were
calcined in pure oxygen at 550 ¡C prior to the room-
temperature data collection. Spectra were obtained in Ñuores-
cence mode using a Canberra 13 element solid state
Ñuorescence detector. Four spectra were collected and aver-
aged for each sample. EXCALIB (to add all the data sets and
convert the raw data to energy vs. absorption coefficient),
EXBROOK (for pre- and post-edge background subtraction)
and EXCURV92 (for detailed curve Ðtting analysis) suite of
programs were used to analyse the XAS. X-Ray absorption
near-edge structure (XANES) data presented in this work
were obtained using the EXBROOK program. The curve-

Ðtting procedure was carried out using the data without
Fourier Ðltering and the curved wave theory and multiple
scattering approach were adopted for the detailed extended
X-ray absorption Ðne structure (EXAFS) data analysis.

Hydrophobicity measurements.9 The hydrophobicity
index,19 HI, is the ratio of the masses of competitively
adsorbed octane and water. The higher the HI the more
hydrophobic the catalyst. In order to determine the HI for
these catalysts, the material (150 mg) was heated, prior to the
measurement to 250 ¡C in a constant stream of Ar. For the
adsorption experiment a stream of Ar, kept at a constant tem-
perature of 30 ¡C, was saturated with equal masses of octane
and water. The unadsorbed gases were measured by gas chro-
matography (GC) over a period of several h in order to deter-
mine the adsorbed quantities of water and octane.

Argon physisorption. These measurements were collected on
an Omnisorb 360 (Coulter) apparatus. The samples were out-
gassed, prior to the measurement, at 523 K and 10~4 mbar for
12 h. Adsorption isotherms were recorded using a static volu-
metric technique with a starting pressure of 5 Torr, which was
increased by a factor of 1.05 for every dosage step. Ar was
adsorbed at a temperature of 87.4 K. The pore-size distribu-
tions were calculated for the microporous samples using the
HorvathÈKawazoe model while, for the mesoporous materials
the BarrettÈJoynerÈHalenda theory was applied.20

Catalysis

Cyclohexane oxidation reactions. The catalysts were heated
to a temperature of 400 ¡C for 5 h in a constant stream of Ar
to remove all traces of water. A 3 M solution of TBHP in
nonane (2 ml) was mixed with cyclohexane (6.48 ml) giving a
cyclohexane to TBHP ratio of 6 : 1. The mixture was degassed
before use by bubbling Ar through it overnight. 20 mg of the
catalyst and the reaction mixture were added to a glass micro-
reactor equipped with a magnetic stirrer, and was heated to
70 ¡C. Conversion was followed by GC.

Cyclohexene oxidation reactions. These were performed
using 2 ml cyclohexene, 1 ml TBHP (80% solution in di-tert-
butyl peroxide), 6.5 ml acetonitrile, 0.5 ml mesitylene (as an
internal GC standard) and 75 mg catalyst. The reactions were
carried out at 30 ¡C under an argon atmosphere, using
undried reagents and catalyst. Since it has been reported that
vanadium may leach into solution, even under water-free con-
ditions, causing homogeneous rather than heterogeneous
catalysis,21,22 great care was taken to investigate the nature of
our catalytic systems. To prove the heterogeneous character of
the reactions, the solid catalyst was either centrifuged and
separated (cyclohexane oxidation reactions) or Ðltered o†
(cyclohexene oxidation reactions) after 60 min. No further
activity was observed in the remaining liquid showing that the
results obtained are not due to species leached into solution.
In addition, the catalyst was heated with one of the com-
ponents (i.e. either neat cyclohexane or neat tert-butyl
hydroperoxide) for 3 h, after which the solid catalyst was
removed by centrifugation. The missing component was then
added to the solution and the conversion of the homogeneous
mixture followed by GC. No catalysis was observed, and
hence the catalytic reactions are truly heterogeneous.

Results and discussion
The mesoporous silica, MCM-41, was modiÐed with vana-
dium via a vanadocene dichloride precursor, two distinct
loadings being used with V : Si ratios of 2 : 100 and 4 : 100. (By
analogy with our earlier work12 on Ti-loaded MCM-41, using
titanocene dichloride, these materials are designated
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Fig. 1 Vanadium K-edge XANES spectra of (a) (b) theVCp2Cl2 ,
uncalcined vanadium-modiÐed MCM-41 material, CpV2CMCM-41,
(c) and (d)NH4VO3 V2O5 .

and respectively). XAS was usedV2CMCM-41 V4CMCM-41
to characterise the local environment of the vanadium centres.
XANES spectra are shown in Fig. 1 and 2, while typical
extended EXAFS spectra are shown in Fig. 3. The extracted
bond distances and angles can be seen in Table 1. Comparing
the XANES spectra (Fig. 1) of the vanadocene dichloride
starting material, the uncalcined VCMCM-41 samples
(henceforth referred to as orCpV2CMCM-41 CpV4CMCM-41
depending on the vanadium loading) and other oxide stan-

Fig. 2 Vanadium K-edge XANES spectra of (a) (b)AMM-V5Si,
(c) (d) and (e)AMM-V5MeV50Si, V4CMCM-41, V2CMCM-41

V2CMeMCM-41.

dards, notably ammonium vanadate and vana-(NH4VO3)dium pentoxide it is clear that, Ðrstly, vanadium(V2O5),centres are oxidised to the 5] state during the grafting pro-
cedure and, secondly, there exists a vanadyl bond which gives
rise to an intense pre-edge feature.23 The best Ðt to the
EXAFS spectrum of involved a Cp ligandCpV2CMCM-41
still attached to the vanadium centre, a vanadyl moiety,
VxO, and two links to the surface in the form of VwOwSi
bonds. On calcination of both the MCM-41 supported

Table 1 Structural data for the catalysts determined by in situ vanadium K-edge EXAFS analysis

Number and
type of Distance Angle

Catalyst of atoms /A� a 2p2/A� 2 /degrees

AMM-V5Si 1 O 1.54 0.007
3 O 1.75 0.010
1.5 Si 3.15 0.013 140
1.5 Si 3.31 0.013 160

AMM-V5MeSi50Si 1 O 1.57 0.003
3 O 1.75 0.007
1.5 Si 3.15 0.012 141
1.5 Si 3.30 0.012 160

V2CMCM-41 1 O 1.56 0.001
3 O 1.76 0.003
1.5 Si 3.16 0.009 140
1.5 Si 3.30 0.009 159

V4CMCM-41 1 O 1.55 0.003
3 O 1.76 0.006
1.5 Si 3.16 0.011 140
1.5 Si 3.29 0.001 158

V2CMeMCM-41 1 O 1.55 0.001
3 O 1.74 0.007
1.5 Si 3.15 0.014 142
1.5 Si 3.30 0.014 161

OxV(OSiPh3)3b 1 O 1.572
3 O 1.743 1.745 1.739
3 Si 3.260 3.349 3.312

a Typical errors in EXASF-derived bond distances are ca. ^0.02 b Single-crystal X-ray di†raction data taken from ref. 24.A� .
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Fig. 3 (a) Vanadium K-edge EXAFS spectra and (b) associated
Fourier transforms of (ÈÈÈ) Experimental spectrum,V2CMCM-41.
(É É É É É É É) theoretical best Ðt. The inset shows the immediate atomic
environment around the vanadium centres.

materials in oxygen, the intense pre-edge feature in the
XANES region is retained, while EXAFS reveals that the Cp
ligand is no longer present and an extra VwOwSi link has
been created, i.e. a VV centre with a short (1.55 vanadylA� )
bond and three longer VwOwSi linkages to the MCM-41
surface, with VwO distances of 1.77 Such a vanadiumA� .
environment has recently been characterised crystallo-
graphically by Feher and Walzer,24 as a vanadyl centre
attached to a silsesquioxane cage via three VwOwSi bonds.
The reported bond distances of this soluble analogue are
almost identical to those reported here for the silica-supported
species. The loading of vanadium does not appear to alter the
nature of the active sites, there being no evidence for the for-
mation of VwOwV links. From the resolution of the EXAFS
technique, this means that the amount of vanadium existing as
dimeric and oligomeric species is less than ca. 10% of the total
amount of vanadium present. On methylation of the

catalyst, this supported vanadyl species againV2CMCM-41
does not seem to be a†ected. With the AMM materials (both
methylated and non-methylated), the same vanadium environ-

ment is also present. Thus, from analysis of the XANES (Fig.
2) and the EXAFS spectra (Fig. 3), all the catalysts contain the
same type of vanadium centre, i.e. a supported vanadyl site, as
shown in the inset to Fig. 3. Further evidence supporting the
fact that VV centres are involved comes from EPR spectros-
copy, which shows that there is no detectable signal for the
MCM-41 supported materials, while a very weak resonance
(consistent with the presence of small amounts of VIV
centres)25 is observed for the methylated AMM-V5MeSi50Si
catalyst.

Surface areas and pore volumes, as deduced from the
adsorption isotherms, are listed in Table 2 and shown in Fig.
4. T -plot analysis of the sorption data conÐrm that the
MCM-41 materials do not contain any micropores. The HIs
for and are very similar (1.6V4CMCM-41 AMM-V5MeSi50Si
and 1.7, respectively), but when was methylatedV2CMCM-41
using as described in the Experimental section, toMe3SiCl,
form its hydrophobicity rose dramatically toV2CMeMCM-41,
3.9, demonstrating the large inÑuence of the methyl groups on
the nature of the surface. The non-methylated AMM-V5Si
catalyst has the smallest value of 0.2. The lower values for the
AMM materials are almost certainly a result of their smaller
pore sizes which interact more with the probe molecules
(octane and water) compared to the larger pore MCM-41
based catalysts.

Both the vanadium-modiÐed AMM and MCM-41
materials were tested for catalytic performance using mild
conditions. They are catalytically active towards the oxidation
of cyclohexane and cyclohexene in the presence of tert-butyl
hydroperoxide (see Tables 3 and 4). In the oxidation of cyclo-
hexane, all the catalysts show almost identical selectivity, with
cyclohexanol and cyclohexanone being the major products.
This similarity is rather surprising in view of the distinctly
di†erent pore sizes involved. In order to conÐrm that this
similarity in selectivity is not due to any leached metal ions,
we carried out an independent experiment by Ðltering o† the

Table 2 Physical characteristics of the silica-based catalysts

Surface area Pore size Hydrophobicity
/m2 g~1 /A� index

AMM-V5Si 497 8.5a 0.2
AMM-V5MeSi50Si 541 6.5a 1.7
V4CMCM-41 673 28.8b 1.6
V2CMeMCM-41 (2%) È È 3.9

Maximum of the pore-size distribution as determined by : a HorvathÈ
Kawazoe method and b BJH method.

Fig. 4 Argon adsorption isotherms of andV4CMCM-41 AMM-
The inset shows the BarrettÈJoynerÈHalenda and theV5MeSi50Si.

HorvathÈKawazoe treatment, respectively, and the pore-size distribu-
tion in each material.
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Table 3 Oxidation characteristics for cyclohexane after 70 h at
70 ¡Ca

Conversion to Conversion to Conversion to
cyclohexanol cyclohexanone other products

(%) (%) (%)

V2CMCM-41 0.60 1.93 1.3
V4CMCM-41 0.65 1.91 0.8
V2CMeMCM-41 0.58 1.93 0.9
AMM-V5Si 0.90 1.97 0.8
AMM-V5MeSi50Si 0.94 2.14 0.9

a 6.5 ml cyclohexane, 2 ml TBHP (3 M solution in nonane), 20 mg
catalyst.

catalyst at 70 ¡C and continuing the reaction. There was no
further catalytic conversion of cyclohexane, and furthermore,
ICP chemical analysis yielded no evidence for any leached
vanadium in the liquid phase, obtained after catalytic experi-
ments (once again the catalyst was Ðltered at 70 ¡C). Thus it is
clear from these two tests that the catalytic conversion is
e†ected only by the solid catalyst. Neither a higher concentra-
tion of vanadium MCM-41 catalyst nor a more hydrophobic
character of the MCM-41 surface had an inÑuence on the

Fig. 5 Total cyclohexane conversion versus time, in the presence of
either orV4CMCM-41 (=) AMM-V5MeSi50Si (…).

Fig. 6 Schematic illustration, based on X-ray absorption and the
other data presented herein, of the nature of the catalytically active
site in (left) VCMCM-41 ; (right) and (centre)AMM-V5MeSi50Si
VCMeMCM-41.

reaction rate. However, the initial rates of reaction are notably
di†erent, with the MCM-41-supported samples giving a faster
initial rate relative to the AMM materials (see inset of Fig. 5).
Since the selectivities and Ðnal conversions are comparable,
the initial rate di†erence must be attributed to the more effi-
cient di†usion in the mesopores of the MCM-41 material. For
the cyclohexene epoxidation reaction, the catalysts show dif-
ferent degrees of both activity and selectivity, with the non-
methylated catalysts causing signiÐcant ““ ring-openingÏÏ of the
cyclohexene oxide to cyclohexan-1,2-diol. In the case of
VCMeMCM-41, the oxidation rate is signiÐcantly enhanced
compared to the non-methylated VCMCM-41, attributable to
the formerÏs higher hydrophobicity, and the epoxide selectivity
is simultaneously dramatically increased. This enhancement in
selectivity is also observed with comparedAMM-V5MeSi50Si
to Therefore, the methyl groups in both theAMM-V5Si.
AMM and MCM-41 vanadium-modiÐed materials not only
confer additional hydrophobicity, but also block acidic centres
responsible for the hydrolysis that converts the epoxide to the
diol. In contrast to the andV2CMCM-41 V2CMeMCM-41
catalysts, however, the catalyst is not moreAMM-V5MeSi50Si
active than the non-methylated catalyst. It is unclear precisely
why this should be so, although it is possible that the methyl
groups will increase steric e†ects within the micropores
(consistent with the experimentally determined pore sizes, as
listed in Table 2) which may hinder the passage of cyclo-
hexene through the methylated material to a greater extent.
Since the completion of this work we have seen the paper of
Tatsumi et al.26 who also detail the e†ects of hydrophobicity
introduced by methyl groups on the oxidation catalysis.

These results indicate that di†erences in selectivity are due
to the presence of methyl groups which, somehow, signiÐ-
cantly reduce the acid-catalysed ring opening of cyclohexene
oxide to the diol, and are not due to di†erences in the tran-
sition state caused by steric constraints. In order to conÐrm
this, an acidic vanadyl-exchanged ZSM-5 catalyst was
employed in a cyclohexene epoxidation reaction. The resulting
diol to epoxide ratio of ca. 10 : 1 was the highest of all the
catalysts studied.

Conclusions
In summary, we Ðnd that two quite di†erent preparations of
vanadium-containing silica-based, high-area meso- and micro-
porous solids (as illustrated in Fig. 6), which are both cata-
lytically active in the selective oxidation of two distinct types
of hydrocarbons, have a vanadyl group as the active centre, as
depicted in Fig. 3. Although all the catalysts behave similarly
towards cyclohexane oxidation, there are distinct di†erences
in their mode of action towards epoxidation of cyclohexene,
the most important being the presence of methyl groups on
the catalyst surface and their consequent e†ects on the
product selectivity. Plausible mechanisms for hydrocarbon
oxidation at a VxO active centre have previously been pro-
posed, suggesting that alkoxyl radicals are responsible for
alkane oxidation and a heterolytic, non-radical mechanism is

Table 4 Oxidation characteristics for cyclohexene after 6 h at 30 ¡Ca

Conversion to Conversion to Conversion to
epoxide cyclohexan-1,2-diol other products

(selectivity) (selectivity) (selectivity)
(%) (%) (%)

V2CMCM-41 1.57 (44.07) 1.78 (49.97) 0.21 (5.96)
V4CMCM-41 1.25 (34.88) 2.06 (57.53) 0.27 (7.59)
V2CMeMCM-41 3.54 (72.84) 0.99 (20.46) 0.33 (6.70)
AMM-V5Si 1.00 (39.32) 0.95 (37.52) 0.59 (23.16)
AMM-V5MeSi50Si 1.32 (79.33) 0.21 (12.42) 0.14 (8.25)

a 6.5 ml acetonitrile, 2 ml cyclohexene, 1 ml TBHP, 0.5 ml mesitylene (internal GC standard), 75 mg catalyst.
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involved in alkene epoxidation.27h29 Our results are consis-
tent with these mechanistic interpretations.
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