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Abstract: Mo K-edge XAFS spectra
have been measured for ordered meso-
porous silica MCM-41 grafted with the
complexes [MoO2X2(thf)2] (X�Cl, Br).
For grafting reactions in the absence of
triethylamine, materials with 1 wt.%
Mo are obtained; the Mo K-edge EX-
AFS results indicate the co-existence of
isolated surface-fixed monomeric spe-
cies {MoO2[(�O)3SiO]2(thf)n} and
{MoO2[(�O)3SiO]X(thf)n}. When Et3N
is used in the grafting reactions, materi-
als with 4 wt.% Mo are obtained. The
EXAFS data for the material prepared
using [MoO2Cl2(thf)2] and Et3N indicate
the presence of dinuclear species with

two MoVI centres, each with two Mo�O
groups and each linked by one or two
oxo bridges (Mo ¥ ¥ ¥Mo 3.27 ä). The
molybdenum centres in the material
prepared using the dibromo complex
comprise mainly isolated four-coordi-
nate dioxomolybdenum(��) and trioxo-
molybdenum(��) monomeric species,
with a small contribution from dimeric
species. All materials were further char-

acterised in the solid state by powder
X-ray diffraction, N2 adsorption analy-
sis, MAS NMR (13C, 29Si) and FTIR
spectroscopy. The derivatised MCMs
perform differently as catalysts in the
liquid-phase oxidation of various olefins
and alcohols with tert-butyl hydroperox-
ide. The highest alkene epoxidation
activity was recorded for the catalysts
with low metal loading, whereas the
material containing oxo-bridged dimers
had the highest activity for oxidation of
alcohols. The recyclability of all the
catalysts was tested: the catalytic activ-
ity of the derivatised materials tended to
stabilize with ageing.
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Introduction

Silica and alumina substrates have been used for decades to
support transition-metal oxides for catalytic applications.[1]

These supports are attractive for their high specific surface
area, mechanical stability and promotion of well-dispersed
active sites.[2] In the last ten years or so, micelle-templated
inorganic oxides have emerged as promising alternatives[3]

mainly because, in addition to the characteristics mentioned
above, they exhibit an ordered array of uniform mesopores
that permit catalytic reactions in constrained environments
(for example, those involving bulky substrate and/or product
molecules).[4] Most of the work has been with silica-based
materials, in particular hexagonal mesoporous silicas such as
MCM-41,[5] SBA-3[6] and FSM-16,[7] and cubic mesoporous
silicas such as MCM-48[5] and SBA-1.[6] Like those of the
commonly used silica and alumina supports, the internal

surfaces of these materials contain reactive silanol groups that
can be used to prepare derivatised materials.[8] Functionalisa-
tion of ordered mesoporous silicas with transition-metal
oxides has been of particular interest. One approach is to
graft organometallic or metal-organic complexes onto the
support; this is followed by calcination to produce isolated
oxo ±metal species. Suitable precursors include metal alk-
oxides[9] or metallocenes.[10] The preparation of isolated MoVI

active sites on ordered mesoporous silica is especially
interesting, given that silica-supported molybdenum oxides
are widely used for a variety of selective oxidative dehydro-
genations such as the oxidation of methane to methanol and
formaldehyde.[11] Some of us recently reported a convenient
one-step procedure for the preparation of MoVI active sites on
MCM-41 and MCM-48,[12] involving direct grafting of com-
plexes [MoO2X2(thf)2] (X�Cl, Br) onto the purely siliceous
supports using dichloromethane as solvent. A subsequent
calcination step was not necessary. Preliminary tests showed
that the grafted materials were active as catalysts for the
epoxidation of cyclooctene with tert-butyl hydroperoxide
(TBHP) as the oxidant. It was assumed that the active sites
were surface-fixed monomeric species {MoO2[(�O)3-
SiO]X(thf)n}, although we had no direct spectroscopic evi-
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dence to support this conclusion (the materials were charac-
terised by elemental analysis, powder X-ray diffraction
(XRD), N2 adsorption, and magic-angle spinning (MAS)
NMR spectroscopy). In the present work, Mo K-edge X-ray
absorption fine structure (XAFS) spectroscopy and IR
spectroscopy have been used to probe the local structure of
supported Mo species in MCM-41 grafted with the bis(halo-
geno)dioxomolybdenum(��) complexes. We have also studied
the effect of using triethylamine in the grafting reactions to
activate the surface silanols and to sequester the HCl
liberated, and we report in detail on the activities of the
derivatised materials as catalysts for liquid-phase epoxidation
of cyclooctene with TBHP as the oxygen source, and the
oxidation of alcohols. The differences in the observed
catalytic behaviour are correlated with the variability in the
structures of the supported oxomolybdenum catalysts.

Results and Discussion

Textural characterisation : The MCM-41 sample was of higher
quality than the one used previously for grafting reactions
with complexes [MoO2X2(thf)2] (X�Cl (1), Br (2)).[12] Five
reflections that were observed in the powder X-ray diffraction
pattern (Figure 1) were indexed, assuming a hexagonal cell, as
(100), (110), (200), (210) and (300). The d value of the (100)
reflection is 35.7 ä, giving a lattice constant of a� 41.2 ä.
Treatment of calcined and dehydrated MCM-41 with a
dichloromethane solution of 1 or 2 (in excess) gave deriva-
tised materials with a metal loading of about 1 wt.%
(0.1 mmolg�1). This is the maximum that can be achieved in
the absence of agents to activate the surface silanol groups.
The loading corresponds to a surface coverage of 0.1 atom-
snm�2 (assuming the metal atom layer thickness to be
negligible and an average support surface area of
800 m2g�1). For comparison, the approximate abundance of
silanol groups on calcinedMCM-41 has been reported to be in
the range 1 ± 3 nm�2;[13] of these about 25% are free silanols
(involving single and geminal groups), and the rest are
hydrogen-bonded.[13a] Zhao et al. showed that only the free
silanol groups on MCM-41 are readily accessible to the
silylating agent, chlorotrimethylsilane.[13a] It can be assumed
therefore that the molybdenum complexes react only with
free silanol groups. The powder XRD patterns for the grafted
materials MCM-41/1 andMCM-41/2were quite similar to that
of pristine calcined MCM-41 (Figure 1), which indicates
retention of the long-range hexagonal symmetry. There was
a slight attenuation of XRD peak intensities. This is not
interpreted as a loss of crystallinity. Instead, it is likely that
there is a reduction in the X-ray scattering contrast between
the silica wall and pore-filling material.[14] When triethylamine
(Et3N) was used in the grafting reactions, materials with a
much higher metal loading were obtained (approximately
4 wt.% Mo, 0.4 mmolg�1), corresponding to a surface cover-
age of 0.3 atomsnm�2 (assuming an average support surface
area of 800 m2g�1). At least four reflections were observed in
the powder XRD patterns of MCM-41/1/Et3N and MCM-41/
2/Et3N. The peak intensities were reduced considerably

Figure 1. Powder XRD patterns of a) MCM-41, b) MCM-41/1 and
c) MCM-41/1/Et3N. Similar results were obtained for MCM-41/2 and
MCM-41/2/Et3N.

compared with those of MCM-41/1 orMCM-41/2, presumably
because of the higher metal loading.
The N2 adsorption ± desorption isotherms for the pristine

and modified MCM-41 samples were type IV as defined by
IUPAC, characteristic of mesoporous solids. All the isotherms
were reversible, with clear capillary condensation steps
indicating that the textural characteristics of the silica support
are preserved during the grafting experiments and that the
channels remain accessible. Figures 2 and 3 show isotherms
for MCM-41 before and after derivatisation of the silica
surface, with and without triethylamine treatment. The
modifications led to a decrease in the limiting N2 uptake at
high p/p0, and both the surface area and pore volume
decreased (Table 1). The plot of differential volume as a
function of pore width shows a relatively narrow pore size
distribution (PSD), with median pore diameters ranging from
2.9 to 3.2 nm for pristine MCM-41 and 2.6 to 3.2 nm for the
modified samples. The grafting procedure without Et3N
caused an increase in the width at half-height, indicating an
increase in pore heterogeneity (Figure 2). For the catalysts
prepared using Et3N, a shift of the maximum of the PSD curve
from 2.9 to 2.6 nm was observed upon surface modification
(Figure 3).

Spectroscopic characterisation : Figure 4 shows the 29Si MAS
and CP-MAS NMR spectra of pristine MCM-41, MCM-41/1
and MCM-41/1/Et3N. The 29Si MAS spectrum of the starting
material exhibits two broad overlapping peaks at ���102.0
and �109.0 ppm assigned to, respectively, Q3 and Q4 units of
the silica framework (Qn� Si(OSi)n(OH)4�n). A small pro-
portion of Q2 environments is also present (there is a faint
peak at ���92.5 ppm). The 29Si CP-MAS NMR spectrum
shows a marked increase in the relative intensity of the Q2 and
Q3 lines in comparison with the 29Si MAS spectrum, confirm-
ing that these silicons are attached to hydroxyl groups. In
agreement with those previously reported,[12] both the 29Si CP-
MAS and MAS NMR spectra show that upon functionalisa-
tion with 1 in the absence of Et3N, the relative intensity of the
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Figure 2. Nitrogen adsorption (�) ± desorption (�) isotherms at 77 K of
a) the parent MCM-41 and b) MCM-41/1, and the corresponding pore size
distribution (PSD) profiles.

Q3 (and Q2) peak(s) changes only slightly, consistent with the
low metal loading (approximately 1 wt.% Mo). For the
material prepared in the presence of triethylamine, the 29Si
CP-MAS NMR spectrum clearly shows a reduction in the Q3

and Q2 resonances, and a concomitant increase in the Q4

resonance. This indicates an extensive interaction of surface
silanols with triethylamine and/or the grafted molybdenum
species (consistent with the higher metal loading). The
materials MCM-41/2 and MCM-41/2/Et3N exhibited similar
29Si NMR spectra to those of MCM-41/1 andMCM-41/1/Et3N,
respectively (not shown). In the 13C CP-MAS NMR spectra of
MCM-41/1 and MCM-41/2 (not shown), lines observed at ��
24.7 and 68.0 ppm are assigned to coordinated THF mole-
cules. By contrast, 13C CP-MAS NMR showed that the grafted
materials MCM-41/1/Et3N and MCM-41/2/Et3N do not con-
tain THF, but do contain triethylammonium ions (lines at 7.6
and 46.6 ppm).
The precursor MCM-41 samples and derivatised materials

were also characterised by FTIR spectroscopy. Pristine
calcined MCM-41 presented a spectrum comparable with
that of MCM-48.[9f] Two framework bands for the asymmetric
stretch (�as) of the Si ±O± Si bonds are observed at 1235 and

Figure 3. Nitrogen adsorption (�) ± desorption (�) isotherms at 77 K of
a) the parent MCM-41 and b) MCM-41/1/Et3N, and the corresponding pore
size distribution (PSD) profiles.

1087 cm�1, with a weak peak at 1180 cm�1. A strong peak at
800 cm�1 is attributed to �sym of the Si ±O± Si bonds while a
broad band at 570 cm�1 is ascribed to the ™crystallinity peak∫
in zeolite synthesis, indicative of the formation of an ordered
network solid.[9f] An absorption at 963 cm�1 is assigned to the
Si ±O�� of a Si ±OH stretch. When MCM-41 was grafted with
1 or 2 in the absence of Et3N, these bands due to the support
did not change significantly in appearance or frequency.
Several new bands were observed; they are assigned to the
grafted species and/or their interaction with the host. The

Table 1. Textural parameters of MCM-41 samples determined from N2 isotherms
at 77 K.

Sample SBET [m2g�1] �SBET[a] [%] VP [cm3g�1] �VP[b] [%] dP [nm]

MCM-41-1 928 ± 0.69 ± 3.2
MCM-41/1 734 � 21 0.64 � 7 3.2
MCM-41/2 855 � 8 0.67 � 3 3.2
MCM-41-2 863 ± 0.58 ± 2.9
MCM-41/1/Et3N 760 � 12 0.55 � 5 2.6
MCM-41/2/Et3N 652 � 24 0.46 � 21 2.6

[a] Variation of surface area in relation to parent MCM-41. [b] Variation of total
pore volume in relation to parent MCM-41.
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Figure 4. 29Si MAS and CP-MAS NMR spectra of a) MCM-41, b) MCM-
41/1 and c) MCM-41/1/Et3N.

presence of THF is indicated by bands at 2890 and 2980 cm�1.
A weak shoulder at 918 cm�1 may be due to the asymmetric
stretch of the C±O±C bonds of THFor to aMo�O stretching
vibration (the latter usually occurs at �900 cm�1 for cis-
dioxomolybdenum(��) complexes). A second shoulder at
about 890 cm�1 is assigned to a Mo�O stretching vibration.
For comparison, the Mo�O stretching vibrations for the
precursor complex 2 appear at 904 cm�1 (asymmetric) and
942 cm�1 (symmetric). The FTIR spectra of MCM-41/1/Et3N
and MCM-41/2/Et3N show bands due to triethylammonium
ions (1398, 1475, 2492, 2690, 2726, 2790 and 2990 cm�1). The
absorption at 965 cm�1 due to the Si ±O�� of a Si ±OH stretch
is reduced to a weak intensity and a new band appears at
945 cm�1. In agreement with the 29Si NMR results, this
indicates a strong interaction of a large fraction of the surface
silanols with triethylamine and/or oxomolybdenum species.
Both samples also exhibit a shoulder at 918 cm�1 that is
assigned to a Mo�O stretching vibration (the 13C CP-MAS
NMR spectra showed that the samples do not contain THF).
The grafted material MCM-41/1/Et3N (but not MCM-41/2/
Et3N) exhibits a prominent shoulder at 885 cm�1. Considering
the Mo K-edge EXAFS data (described below), this band is
tentatively assigned to a Mo±O±Mo stretching vibration
(usually expected in the range 700 ± 900 cm�1).
EXAFS spectroscopy is perhaps the best technique to

probe the molecular structure of the molybdenum centres in
the grafted materials. However, where structural diversity of
metal species arises, the traditional approach to modelling the
resultant EXAFS spectrum can give only an indication of the
average structural environment. MoK-edge X-ray absorption
spectra were collected at room temperature in the solid state
for the precursor complexes 1 and 2, and the four derivatised
materials. The XANES data are shown in Figure 5. The
spectra for the precursor complexes are quite similar, both
exhibiting a rather weak pre-edge feature that is attributed to
a bound state transition (1s� 4d). The intensity of this peak

Figure 5. Mo K-edge XANES spectra of a) [MoO2Cl2(thf)2] (1),
b) [MoO2Br2(thf)2] (2), c) MCM-41/1, d) MCM-41/2, e) MCM-41/1/Et3N,
f) MCM-41/2/Et3N and g) Na2MoO4 ¥ 2H2O.

is usually strongest for molybdenum coordination systems
with non-inversion symmetry, such as tetrahedral geometry.[15]

Sodium molybdate, for example, exhibits an intense well-
resolved pre-edge peak (Figure 5). Any distortion of the
regular tetrahedral symmetry leads to a decrease in the peak
intensity. The XANES spectra of complexes 1 and 2 are
therefore consistent with the expected molybdenum coordi-
nation, that is, distorted octahedral geometry. The clear
differences in both amplitude and frequency between the
XANES oscillations of the precursor complexes and deriva-
tised materials demonstrate that the grafting process has
imposed changes in the local structural order around the
molybdenum centres. The increase in the intensity of the pre-
edge peak for the grafted materials indicates a change in the
molybdenum coordination geometry. Enhancement of this
transition has also been associated with an increasing number
of Mo�O bonds.[16]
Good quality EXAFS spectra were obtained up to 16 ±

20ä�1 for all the compounds examined. Analysis of the
EXAFS for 1 and 2 gave the expected first coordination
spheres of two oxygen atoms at 1.69 ± 1.70 ä (Mo±Ot),
approximately two oxygen atoms at 2.24 ± 2.26 ä (Mo ±
OTHF) and two halogen atoms at either 2.36 ä (Cl) or 2.52 ä
(Br) (Figures 6 and 7; Table 2). The Mo±Ot and Mo±X
distances are in agreement with those obtained by single-
crystal X-ray diffraction for Lewis base adducts [MoO2X2L2]
(L2� 2,2�-bipyridine, 2,2�-bipyrimidine).[18] If 1 was grafted
into MCM-41 (MCM-41/1), a substantially different model
was required for a reasonable fit to the Mo K-edge EXAFS,
comprising oxygen shells at 1.70, 1.93 and 2.24 ä (Figure 6b).
The first shell is extremely well defined and confirms the
presence of dioxo species. The appearance of the new shell at
1.93 ä, coupled with the fact that no acceptable fit could be
obtained for a chlorine shell at approximately 2.35 ä, is
consistent with the formation of Mo ±O±Si linkages (by
reaction of the complex with nucleophilic surface silanol
groups) (Figure 8). The refined coordination number for the
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Figure 6. Room-temperature Mo K-edge EXAFS and Fourier transforms
of a) 1, b) MCM-41/1 and c) MCM-41/1/Et3N. The solid lines represent the
experimental data and the broken lines show the best fits using the
parameters given in Table 2.

second oxygen shell is close to 1, lower than the expected
value of 2 for a bipodally anchored species. Static disorder in
the Mo ±Ob bonds may account for this discrepancy. Refine-
ment of coordination numbers and Debye ±Waller factors
simultaneously does not always give reliable results, owing to
the high correlation of the two parameters. Attempts to model
a Mo ¥ ¥ ¥Si distance (in the range 3 ± 4 ä) corresponding to a
Mo ±O±Si linkage were unsuccessful. This may again be due
to disorder in the Mo ±O±Si interactions. There are still THF
molecules coordinated to theMoVI centre, as evidenced by the
shell at 2.24 ä (in agreement with the 13C CP-MAS NMR
results). In the case of MCM-41 grafted with the dibromo
complex 2 (MCM-41/2), three oxygen shells were again in
evidence, corresponding to Mo±Ot, Mo ±Ob and Mo±OTHF
bonds. A fourth shell for bromine atoms was also included in
the final fit (coordination number� 0.6). The EXAFS results
for the grafted materials therefore indicate the coexistence of
isolated surface-fixed monomeric species {MoO2-
[(�O)3SiO]2(thf)n} (site A) and {MoO2[(�O)3SiO]X(thf)n}
(site B) (Figure 8). The relative population of monopodally
anchored species (B) seems to be higher for the grafted
material MCM-41/2, consistent with the greater lability of the
Cl ligands than the Br ligands in the precursor complexes 1
and 2.

Figure 7. Room-temperature Mo K-edge EXAFS and Fourier transforms
of a) 2, b) MCM-41/2 and c) MCM-41/2/Et3N. The solid lines represent the
experimental data and the broken lines show the best fits using the
parameters given in Table 2.

Table 2. Mo K-edge EXAFS-derived structural parameters for 1, 2 and deriva-
tised MCM-41 materials.

Compound Atom CN[a] r [ä] 2�2 [b] [ä2] Ef[c] [eV] R[d] [%]

1 O 2.0(1) 1.692(2) 0.0023(2) � 1.2(7) 26.2
O 2.5(7) 2.242(13) 0.0257(51)
Cl 1.8(2) 2.355(2) 0.0053(3)

2 O 2.1(1) 1.696(2) 0.0022(2) � 3.4(6) 18.0
O 2.2(3) 2.262(7) 0.0114(16)
Br 1.8(1) 2.515(2) 0.0055(2)

MCM-41/1 O 2.0(1) 1.695(2) 0.0044(3) 4.3(7) 31.2
O 1.0(2) 1.927(7) 0.0076(14)
O 1.4(4) 2.240(15) 0.0210(49)

MCM-41/2 O 2.0(1) 1.689(2) 0.0036(2) 1.5(7) 28.6
O 1.0(3) 1.929(6) 0.0061(10)
O 2.0(5) 2.275(13) 0.0262(47)
Br 0.6(1) 2.526(5) 0.0084(7)

MCM-41/1/Et3N O 2.0(1) 1.695(2) 0.0048(2) 5.4(4) 25.9
O 1.5(2) 1.924(4) 0.0101(10)
Mo 1.4(2) 3.274(3) 0.0083(3)
O 0.8(2) 2.310(14) 0.0127(36)

MCM-41/2/Et3N O 2.5(1) 1.714(2) 0.0043(2) 4.1(4) 25.8
O 1.0(1) 1.940(4) 0.0043(7)
Mo 0.3(2) 3.255(14) 0.0093(23)

[a] CN�Coordination number. Values in parentheses are statistical errors
generated in EXCURVE. The true errors in coordination numbers are likely to
be of the order of 20%, and those for the interatomic distances �1.5%.[17]
[b] Debye ±Waller factor; �� root-mean-square internuclear separation.
[c] Ef� edge position (Fermi energy), relative to calculated vacuum zero.
[d] R� (� [�theory��exptl]k 3dk/[�exptl]k 3dk)� 100%.
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The inclusion of triethyla-
mine in the grafting reaction
of [MoO2Cl2(thf)2] with MCM-
41 results in an EXAFS spec-
trum that is very different from
that of MCM-41/1 (Figure 6c).
An intense new peak is present
in the Fourier transform (FT)
above 3 ä. This was best mod-
elled as 1.4 molybdenum atoms
at 3.27 ä. In the final fit, 1.69,
1.92 and 2.31 ä Mo±O distan-
ces were also included (Ta-
ble 2). The goodness-of-fit R
factor decreased from 27.6 to
25.9% upon addition of the
oxygen shell at 2.31 ä. A sim-
ilar improvement in the fit was
obtained by fitting one nitrogen
at 2.34 ä instead of the oxygen
shell at 2.31 ä. Therefore the
presence of coordinated trie-
thylamine molecules cannot be
ruled out. No evidence was
found for a shell at approxi-

mately 2.25 ä for coordinated THF molecules. The results
indicate that the Mo centres formed in MCM-41/1/Et3N are
largely dinuclear species with twoMoVI centres, each with two
Mo�O groups and each linked by one or two oxo bridges
(Figure 9). Mono-oxo-bridged [Mo2O5]2� entities, for exam-
ple, oxalate complexes M2[Mo2O5(C2O4)2(H2O)2] (M�Na, K,
Rb, Cs), are quite common in oxomolybdenum(��) chemis-
try.[19] Dioxo-bridged fragments [Mo2O6] with Mo ¥ ¥ ¥Mo
3.27 ä have been structurally characterised in catalysts
prepared by immobilisation of species derived from [MoO2-
(acac)2] on a polystyrene N-hydroxypropyl aminomethylpyr-
idine resin.[20] The EXAFS-derived coordination number for

Figure 9. Representation of the predominant species present in MCM-41
derivatised with the complexes 1 and 2 in the presence of Et3N, as
evidenced by Mo K-edge XAFS spectroscopy.

the Mo ¥ ¥ ¥Mo shell is clearly higher than the ideal value of 1
for a dimeric species. It was thought that this might be due to
multiple scattering involving the Mo ±Ob ±Mo unit, despite
the rather acute Mo±O±Mo angle (approximately 117�
assuming equal Mo ±Ob bond lengths of 1.92 ä). However,
inclusion of multiple scattering in the calculations for the
Mo ±Ob ±Mo unit (with the coordination numbers fixed at
1.0) resulted in a worse fit to the EXAFS. The initial single
scattering approach was therefore retained. The FT of the
room-temperature Mo K-EXAFS of MCM-41/1/Et3N con-
tains a weak peak above 4.5 ä. This was best fitted as
about one molybdenum atom at 4.70 ä. The existence of this
shell would suggest a contribution from polymeric species
in addition to the dimeric species described above (possibly
explaining the calculated coordination number of 1.4
for the Mo ¥ ¥ ¥Mo shell). However, the shell is not included
in the final four-shell model because the improvement
in the fit was modest (R� 25.2%) and there were un-
acceptably large statistical errors in the refined struc-
tural parameters (90% in the coordination number, for
example).
The Mo K-edge EXAFS results for the grafted material

MCM-41/2/Et3N show that the surface chemistry of the
dibromo complex is very different from that of the dichloro
complex when triethylamine is present to activate the surface
silanols. These differences are very evident in both the
EXAFS spectra and Fourier transforms (Figure 7). For
example, the FT of the Mo K-edge EXAFS of MCM-41/2/
Et3N contains only a weak peak at about 3.3 ä, compared
with the very intense peak observed for the grafted material
MCM-41/1/Et3N. The EXAFS data for MCM-41/2/Et3N were
initially modelled by oxygen shells at 1.71 ä and 1.94 ä (R
factor� 27.1%). No acceptable fit could be obtained for a
bromine shell at approximately 2.5 ä. A modest improve-
ment in the fit was obtained by addition of a shell for
molybdenum atoms (CN� 0.3) at 3.26 ä (R factor� 25.8%;
Table 2). The contribution of this shell to the overall fit is
clearly much less than that observed for the corresponding
shell in the fit to the EXAFS of MCM-41/1/Et3N. In fact, a
reasonable fit could also be obtained by modelling about one
silicon atom at 3.33 ä instead of the molybdenum shell. These
results indicate that the surface species in MCM-41/2/Et3N
comprise mainly isolated monomers, with perhaps a small
contribution from dimers. The EXAFS-derived bond distance
and coordination number for the terminal oxo ligands (1.71 ä,
2.5) are significant, since the other grafted materials and
precursor complexes 1 and 2 yielded consistent values of
1.695� 0.005 ä and 2.0� 0.1. The average coordination
number of 2.5 suggests the presence of some trioxomolybde-
num(��) species. Anions of the type [XMoO3]� are known to
exist (in aqueous solution, for example), but very few
complexes have been isolated and characterised.[21±23] Arzou-
manian et al. obtained crystals of the complex [PPh4][Mo-
(�1-1,3,5-C6H2Me3)(O3)] suitable for structure determination
by X-ray diffraction.[24] The Mo ±O bond lengths were found
to be 1.720� 0.003 ä. Figure 10 illustrates a possible mech-
anism for the formation of trioxomolybdenum(��) species on
the surface of MCM-41, starting from an immobilised species
{MoO2[(�O)3SiO]2}.

Figure 8. Representation of
the predominant species pres-
ent inMCM-41 derivatised with
the complexes 1 and 2 in the
absence of Et3N, as evidenced
by Mo K-edge XAFS spectro-
scopy.
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Figure 10. Possible mechanism for the formation of surface-fixed trioxo-
molybdenum(��) species in the grafted material MCM-41/2/Et3N.

Catalytic epoxidation of olefins : The behaviour of the
derivatised MCM-41 materials as catalysts or catalyst pre-
cursors for the liquid-phase epoxidation of olefins was
investigated using cyclooctene as a model substrate and tert-
butyl hydroperoxide (TBHP) as the mono-oxygen source, at
55 �C under air, without additional solvent. All materials
catalysed the oxidation of cyclooctene to the corresponding
epoxide, and no reaction took place without catalyst. In the
first catalytic runs, the systems containing materials MCM-41/
1 and MCM-41/2 exhibited excellent catalytic activity and
selectivity, with conversion of substrate reaching more than
90% within a few hours (Figure 11; Table 3). This perform-

Figure 11. Conversion versus time curves for the oxidation of cyclooctene
with TBHP in the presence of a) MCM-41/1, b) MCM-41/2, c) MCM-41/1/
Et3N and d) MCM-41/2/Et3N (�, 1st run; � , 2nd run; �, 3rd run).

ance was much better than that usually observed in homoge-
neous-phase reaction for solvent adducts [MoO2X2S2] (X�
Cl, Br).[25] For example, under reaction conditions similar to
those used in the present work, conversion of cyclooctene in
the presence of the dibromo complex [MoO2Br2(CH3CN)2]
quickly reached about 65% but did not proceed significantly
further.[25] This was attributed to the pronounced water
sensitivity of the complex.
The MCM-41/1 and MCM-41/2 samples were prepared

according to the procedure described in ref. [12] and had
similar molybdenum loadings (approximately 1 wt.%). How-
ever, in the present study the catalysts were considerably
more active in cyclooctene epoxidation than those prepared in
the previous work. This can only be attributed to the much

improved long-range structural order (as evidenced by the
presence of five reflections in the powder XRD pattern)
resulting from the different method by which the host
material used here was prepared. The higher catalytic activity
may have resulted from improved adsorption characteristics.
Oyama et al. , for example, reported that the silica surface of
silica-supported molybdenum materials participated in the
oxidation of methanol by holding reaction intermediates,
indicating that the storage capacity of the support can affect
the overall activity.[11a]

The recyclability of MCM-41/1 and MCM-41/2 for cyclo-
octene epoxidation was studied by using the catalysts in
second and third reaction runs (Figure 11; Table 3). In both
cases a loss of activity was observed from the first to the
second runs, while catalytic activity was almost completely
retained from the second to the third runs. Selectivity to the
epoxide remained very high (Table 3). It is possible that, in the
first run, the epoxidation reaction took place within the
mesopores of the silica support, involving a relatively small
number of highly active oxomolybdenum centres. The active
species may have been deactivated (and/or leached into
solution) during the course of the reaction, leading to a
decrease in activity for the recycled catalyst. As noted above,
the catalytic activity and kinetic profiles for the first runs were
very different from those usually associated with complexes of
the type [MoO2X2(thf)2]; this suggests that the ordered
mesoporous support still plays a part in the reaction. For the
second and third runs the reactions appeared to be truly
heterogeneous, involving oxomolybdenum species covalently
anchored to the support. For a given catalytic run, the
activities of the catalysts derived from either complex 1 or 2
were similar. In accordance with the EXAFS results, this
suggests that the halogeno ligands had been at least partially
removed during the grafting reactions, since dichloro com-
plexes [MoO2Cl2S2] usually exhibit higher activity (because of
the increased electrophilicity of the metal centre) than the
corresponding dibromo complexes.[26]

The catalytic performance of MCM-41/1 was also tested in
the epoxidation of other olefins, since cyclooctene has high
reactivity and a low tendency towards epoxide opening. The

Table 3. Cyclooctene epoxidation using TBHP in the presence of MCM-41
materials.

Sample TOF[a] Conv.[b] [%] Selectivity to
[mmolg�1cat h�1] cyclooctene

oxide [%]

MCM-41/1 (1st run) 38 100 100
MCM-41/1 (2nd run) 6 86 100
MCM-41/1 (3rd run) 5 76 100
MCM-41/2 (1st run) 32 100 100
MCM-41/2 (2nd run) 6 84 100
MCM-41/2 (3rd run) 5 72 100
MCM-41/1/Et3N (1st run) 5 56 80[c]

MCM-41/1/Et3N (2nd run) 1 34 94[c]

MCM-41/1/Et3N (3rd run) 1 29 93[c]

MCM-41/2/Et3N (1st run) 1 49 100
MCM-41/2/Et3N (2nd run) 1 27 100
MCM-41/2/Et3N (3rd run) 1 23 100

[a] Turnover frequency calculated after 1h of reaction. [b] Cyclooctene
conversion after 24 h. [c] 1,2-Cyclooctanediol was formed.
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values of turnover frequency (TOF) and olefin conversion are
shown in Figure 12. This catalyst oxidises 1-octene, trans-2-
octene and cyclododecene with excellent product selectivity,
the corresponding epoxide being the only observed product.
In the oxidation of �-pinene, pinene oxide and campholenic
aldehyde are produced each with 50% selectivity, at 20%
conversion. MCM-41/1 is less reactive towards the terminal
carbon ± carbon double bond of 1-octene than to a more
substituted olefin (with a more nucleophilic double bond)
such as trans-2-octene. For bulkier substrates such as cyclo-
dodecene, the reaction is slower than for cyclooctene.

Figure 12. Oxidation of olefins using TBHP at 55 �C in the presence of
MCM-41/1. The turnover frequency (TOF) was calculated at 1 h after the
start of reaction and the substrate conversion at 24 h for cyclooctene
(Cy8�); cyclododecene (Cy12�), 1-octene (1nC8�); trans-2-octene
(2nC8�); �-pinene (Pinene).

The materials prepared in the presence of triethylamine,
MCM-41/1/Et3N and MCM-41/2/Et3N gave worse results for
the catalytic epoxidation of cyclooctene than those prepared
in the absence of the amine. For MCM-41/1/Et3N, the activity
for the first run was higher than that for MCM-41/2/Et3N, but
for the second run there was a decrease in activity and both
systems exhibited similar kinetic curves (Figure 11). The poor
results were probably a consequence of the high metal
loadings (approximately 4 wt.%). As discussed above, the
EXAFS data point to the presence of oxo-bridged dinuclear
species in as-made MCM-41/1/Et3N. This may only represent
the resting structure of the catalyst; that is, transformation to
active monometallic species may take place in the presence of
TBHP.[20] Leaching of active mononuclear species into
solution would account for the drop in activity between the
second and third runs. The system containingMCM-41/1/Et3N
is also unusual in that 1,2-cyclooctanediol is always formed as
a secondary reaction product. Epoxide ring opening occurs
when the Lewis acidity, provided by the MoVI metal centre
and required for peroxide activation, suffices for converting
the epoxide into the diol. If the interaction of Et3N with the
surface results in an increase in protonic acid strength of some
silanol groups able to decompose the epoxide, then ring
opening should also be observed in the presence of MCM-41/
2/Et3N, which is not the case. The production of 1,2-cyclo-
octanediol must instead be due to the formation of certain
oxomolybdenum species during the reaction. A better under-

standing of this mechanism would require more detailed
spectroscopic studies in situ, which are probably not worth-
while because of the relatively poor catalytic performance.

Catalytic oxidation of alcohols : The oxidation of alcohols to
carbonyl compounds and carboxylic acids is a fundamental
synthetic transformation. Molybdenum oxide-based catalysts
have been used successfully as catalysts for the gas-phase
oxidative dehydrogenation (ODH) of alcohols.[10d, 11a] Ruthe-
nium complexes can oxidise alcohols effectively in the
presence of basic TBHP; the reaction gives active intermedi-
ate tert-butylperoxoruthenium species, RuOO(tBu), which
are proton acceptors.[27] Species of this nature are also formed
by the reaction of TBHP with molybdenum complexes
[MoO2X2L2] (X�Cl, Br, CH3), where L2 is a Lewis base
ligand.[18] Hence, we studied the catalytic potential of the
derivatised MCM-41 materials in the liquid-phase oxidation
of a range of primary and secondary benzylic and aliphatic
alcohols, namely benzyl alcohol, sec-phenethyl alcohol, cyclo-
hexanol, cyclooctanol, cyclohexylmethanol, 1-cyclohexyletha-
nol, 1-octanol and (1R,2S,5R)-(�)-menthol. Control experi-
ments were performed without a catalyst and, where neces-
sary, the net conversion with catalyst was calculated by
subtracting the non-catalytic contribution from the observed
conversion (Table 4). Without TBHP no alcohol oxidation
was observed. Pristine MCM-41 had no significant catalytic
activity. All derivatised materials exhibited poor activity in
the oxidation of primary aliphatic alcohols such as 1-octanol
and cyclohexylmethanol, giving less than 3% conversion to
the corresponding aldehyde. The most outstanding results
were those obtained for the oxidation of secondary aliphatic
and benzylic alcohols in the presence of MCM-41/1/Et3N.
Conversions at 24 h ranged from 43% to 59% and the
corresponding carbonyl products were mainly formed (Ta-
ble 4). A maximum TOF of 5.9 mmol (g�1 cat)h�1 was ob-
served for the oxidation of benzyl alcohol to benzaldehyde
and benzoic acid (Figure 13). The latter was a secondary

Figure 13. Oxidation of alcohols using TBHP at 55 �C in the presence of
MCM-41/1/Et3N. The TOF was calculated at 1 h after the start of reaction
of 1-octanol (1-nC8OH), cyclooctanol (Cy8OH), cyclohexanol (Cy6OH),
1-cyclohexylethanol (Cy6EtOH), cyclohexylmethanol (Cy6MeOH), ben-
zyl alcohol (BzOH), sec-phenethyl alcohol (PhEtOH) and (1R,2S,5R)-(�)-
menthol (menthol).
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product resulting from the consecutive oxidation of benzal-
dehyde. This stepwise oxidation of benzyl alcohol was
confirmed by carrying out the oxidation of benzaldehyde in
the presence of MCM-41/1/Et3N, which yielded 94% benzoic
acid after 24 h.
The recyclability of MCM-41/1/Et3N for cyclooctanol

oxidation is comparable with that observed for cyclooctene
epoxidation (Figure 14). Metal leaching was less than 5%.
Water is a possible by-product formed in ODH, which may
contribute to solvation of some metal species. Also shown in
Figure 14 are the results obtained for cyclooctanol oxidation
in the presence of the precursor complex [MoO2Cl2(thf)2],
with a 1% molar ratio of catalyst/substrate. The kinetic curve
is almost identical to that obtained without catalyst. This is
another indication that the grafted metal species in MCM-41/
1/Et3N have a structure quite different from that of the
precursor dioxomolybdenum(��) complex.
For the reactions studied here, the formation of the

aldehyde or ketone results from a nucleophilic attack on the
alcohol group. Hence, the nucleophilic oxygen species should
show high enough basicity to abstract hydrogen from the
alcohol molecule. A distinctive feature of theMCM-41/1/Et3N

Figure 14. Conversion versus time curves for the oxidation of cyclooctanol
using TBHP in the presence of MCM-41/1/Et3N (�, 1st run; � , 2nd run; �,
3rd run); [MoO2Cl2(thf)2] (�) and without a catalyst ( ± ).

catalyst is the presence of oxo-bridged Mo dimers. Since the
presence of other Mo species cannot be ruled out, it cannot be
assumed that those species are totally responsible for the
observed ODH activity. As mentioned above, dinuclear
species may be partly transformed into monometallic species
in the presence of TBHP. Marchi et al. studied the surface
species of silica-supported molybdenum catalysts,[28] and
reported that doping of the silica surface with sodium
modified the surface properties, generating some species with
molybdenum in tetrahedral coordination, which may be more
reducible at lower temperatures than those formed on non-
doped silica. Kikutani, in detailed EXAFS and UV/Vis
spectroscopic studies on silica-supported molybdenum cata-
lysts for the conversion of ethanol, showed that the reduction
of the catalysts by the alcohol is a complicated process in
which at least two distinctive states may be involved.[29] These
findings indicate that a full understanding of the mechanisms
of alcohol oxidation on supported catalysts is complicated and
requires in-situ characterisation techniques and possibly
labelled compounds.

Concluding Remarks

Mesoporous silica MCM-41 derivatised with oxomolybde-
num(��) species can be prepared in a straightforward manner
by grafting calcined MCM-41 with the complexes
[MoO2X2(thf)2] (X�Cl, Br). EXAFS spectroscopy shows
that these species are composed of isolated dioxomolybde-
num(��) groups at low loadings. The high dispersion of active
sites appears to promote good catalytic activity for the
epoxidation of olefins by TBHP. At higher loading, achieved
using triethylamine to activate the surface silanol groups, the
material formed with the dichloro complex contains dimeric
or polymeric species. At the same high loading, the material
formed with the dibromo complex contains more mononu-
clear than dinuclear sites, revealing that the complex has a
quite different reactivity and surface chemistry. The materials

Table 4. Alcohol oxidations using TBHP at 55 �C in the presence of MCM-41
materials.

Substrate Catalyst Conversion[a] [%] Selectivity
to carbonyl[b] [%]

Cy8OH MCM-41/1 7 100
MCM-41/2 7 100
MCM-41/1/Et3N (1st run) 53 100
MCM-41/1/Et3N (2nd run) 48 100
MCM-41/1/Et3N (3rd run) 38 100
MCM-41/2/Et3N ± ±
no catalyst 29 100

Cy6OH MCM-41/1 ± ±
MCM-41/2 2 100
MCM-41/1/Et3N 48 100
MCM-41/2/Et3N ± ±
no catalyst 11 100

Cy6EtOH MCM-41/1 6 100
MCM-41/2 5 100
MCM-41/1/Et3N 43 100
MCM-41/2/Et3N 2 100
no catalyst 12 100

PhEtOH MCM-41/1 4 100
MCM-41/2 6 100
MCM-41/1/Et3N 59 100
MCM-41/2/Et3N 8 100
no catalyst 10 100

BzOH MCM-41/1 2 89[c]

MCM-41/2 12 85[c]

MCM-41/1/Et3N 45 67[c]

MCM-41/2/Et3N 19 100
no catalyst 11 87[c]

menthol MCM-41/1 10 100
MCM-41/2 ± ±
MCM-41/1/Et3N 10 100
MCM-41/2/Et3N ± ±
no catalyst 2 100

[a] Substrate conversion after 24 h. In the presence of a catalyst the net
conversion was corrected by subtracting the non-catalytic contribution from the
observed conversion. [b] Calculated as: (number of moles of carbonyl product
formed)/(total number of moles of products formed)� 100. [c] Benzoic acid was
formed.
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with the high metal loadings were not very active as catalysts
for olefin epoxidation, but good results were obtained for the
oxidation of secondary aliphatic and benzylic alcohols using
the material containing oxo-bridged dimers. The actual
catalytic species is likely to be formed by cleavage of the
Mo ±O±Mo bond by TBHP.

Experimental Section

Catalyst preparation : All preparations and manipulations were carried out
using standard Schlenk techniques under nitrogen. Solvents were dried by
standard procedures (THF, hexane and diethyl ether with Na/benzophe-
none; CH2Cl2 with CaH2), distilled under nitrogen and kept over 4 ä
molecular sieves. MoO2Cl2 and MoO2Br2 were obtained from Aldrich and
used as received. The solvent adducts 1 and 2 were prepared as described
previously.[30] Purely siliceous MCM-41 was synthesised using
[(C14H29)N(CH3)3]Br as the templating agent.[31] Before the grafting
experiments, physisorbed water was removed from calcined MCM-41 by
heating it at 180 �C in vacuo (10�2 Pa) for 2 h.

In a typical grafting experiment, a solution of [MoO2X2(thf)2] (1 mmol) in
CH2Cl2 (10 mL) was added to a stirred suspension of dry MCM-41 (1.0 g) in
CH2Cl2 (10 mL). For MCM-41/1 and MCM-41/2, the reaction mixture was
stirred at ambient temperature overnight. For MCM-41/1/Et3N and MCM-
41/2/Et3N, freshly distilled triethylamine (0.3 mL, 1.8 mmol) was added
dropwise 30 min after the addition of the [MoO2X2(thf)2] solution. The
reaction mixture was then stirred at ambient temperature overnight. The
derivatised silicas were isolated by filtration, washed repeatedly with
CH2Cl2, and dried in vacuo at ambient temperature for several hours.

MCM-41/1: elemental analysis found (%) for: Mo 1.1; IR (KBr):
�� � 2982(w), 2886(w), 1230(s), 1077(vs), 965(m), 917(sh), 889(sh), 800(m),
573(m), 459(s).

MCM-41/2 : elemental analysis found (%) for: Mo 0.5; IR (KBr):
�� � 2979(w), 2894(w), 1226(s), 1071(vs), 956(m), 918(sh), 891(sh), 802(m),
567(m), 453(s).

MCM-41/1/Et3N : elemental analysis found (%) for: Mo 4.0; IR (KBr):
�� � 2990(m), 2793(m), 2730(m), 2693(m), 2494(m), 1474(m), 1398(m),
1385(w), 1233(s), 1080(vs), 949(m), 918(sh), 885(sh), 804(m), 577(m),
459(s).

MCM-41/2/Et3N : elemental analysis found (%) for: Mo 3.9; IR (KBr):
�� � 2986(m), 2787(m), 2726(m), 2689(m), 2490(m), 1475(m), 1398(m),
1385(w), 1079(vs), 965(w), 945 (m), 919(sh), 803(s), 566(m), 449(s).

Physical measurements : The molybdenum content in the samples was
determined by ICP-AES. Powder XRD data were collected on a Philips
X×pert diffractometer using CuK� radiation filtered by Ni. Data were
collected at room temperature between 2�	 2�	 12� with a step size of
0.02� and a count time of 5 s/step. IR spectra in transmission mode were
measured with a Mattson Mod 7000 FTIR spectrometer using KBr pellets.
13C and 29Si NMR spectra were recorded at 100.62 and 79.49 MHz,
respectively, on a (9.4 T) Bruker Avance 400 spectrometer. 29Si MAS NMR
spectra were recorded with 40� pulses, spinning rates of 5.0 ± 5.5 kHz, and
60 s recycle delays. 29Si CP-MAS NMR spectra were recorded with 5.5 �s
1H 90� pulses, 8 ms contact time, a spinning rate of 4.5 kHz and 4 s recycle
delays. 13C CP-MASNMR spectra were recorded with a 4.5 �s 1H 90� pulse,
2 ms contact time, a spinning rate of 8 kHz and 4 s recycle delays. Chemical
shifts are stated in parts per million from tetramethylsilane (TMS).

Nitrogen adsorption ± desorption isotherms were measured at 77 K in a
gravimetric adsorption apparatus equipped with a CI electronic MK2-M5
microbalance and an Edwards Barocel pressure sensor. The out-gassing
temperature was raised slowly (1 Kmin�1) to 723 K for the pristine MCM-
41 samples and to 413 K for the derivatised materials (to minimise
destruction of the functionalities), and maintained at that temperature
overnight at a residual pressure of approximately 10�4 mbar. The specific
surface areas (SBET) were calculated by applying the BET equation. The
specific total pore volume (micropore plus mesopore, VP) was estimated
from the N2 uptake at p/p0� 0.95. The pore size distribution (PSD) curves
(the differential volume adsorbed with respect to the differential pore size
per unit mass, plotted against pore width) were computed from the

desorption branch of the experimental isotherms by a method based on the
area of the pore walls.[32, 33] Assuming open cylindrical pores with radius rp
and zero contact angle, and correcting for the thickness of the layer already
adsorbed, rp can be calculated by summing the Kelvin radius and the
statistical average thickness (t, calculated using the Halsey equation) of the
adsorbed layer.

Mo K-edge X-ray absorption spectra were measured at room temperature
in transmission mode on beamline BM29 at the ESRF (Grenoble),[34]

operating at 6 GeV in 2³3 filling mode with typical currents of 170 ±
200 mA. One scan was performed for each sample and set up to record
the pre-edge at 5 eV steps and the post-edge region in 0.025 ± 0.05ä�1 steps,
giving a total acquisition time of approximately 45 min per scan. The order-
sorting double Si(311) crystal monochromator was detuned by 40% to
ensure harmonic rejection. Solid samples were diluted with BN and pressed
into 13 mm pellets. Ionisation chamber detectors were filled with Kr to give
30% absorbing I0 (incidence) and 70% absorbing It (transmission). The
programs EXCALIB and EXBACK (SRS Daresbury Laboratory, UK)
were used in the usual manner for calibration and background subtraction
of the raw data. EXAFS curve-fitting analyses, by least-squares refinement
of the non-Fourier filtered k3-weighted EXAFS data, were carried out
using the program EXCURVE (version EXCURV98[35]), applying fast
curved wave theory.[36] Phase shifts were obtained within this program using
ab-initio calculations based on the Hedin ±Lundqvist/von Barth scheme.
The calculations were performed with single scattering only.

Catalytic oxidation reactions : The liquid-phase oxidation of cyclooctene
was carried out at 55 �C under an air atmosphere, in a micro reaction vessel
equipped with a magnetic stirrer. The reactor was loaded with catalyst
(175 mg), cyclooctene (7.3 mmol) and tert-butyl hydroperoxide (11 mmol)
as oxidant (5.5� in decane). Samples were withdrawn periodically and
analysed using a gas chromatograph (Varian 3800) equipped with a
capillary column (DB-5, 30 m� 0.25 mm for olefin epoxidation and CP
WAX 52CB, 30 m� 0.53 mm for alcohol oxidation) and a flame ionisation
detector. The products were quantified using calibration curves and n-
nonane or undecane as internal standard (added after the reaction).
Catalysts were recycled by recovering the solids by filtration, washing them
thoroughly with dichloromethane and drying them at room temperature
overnight.
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