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Isolated quadruply bonded dimolybdenum(II,II) complexes have been grafted onto the surface of hexagonal

MCM-41 mesoporous silica by diffusion of an excess of the complex salts [Mo2(MeCN)10][BF4]4, [Mo2(m-

O2CMe)2(MeCN)6][BF4]2 and [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2 into calcined and dehydrated MCM-41

in dry acetonitrile at room temperature. The physical properties of the resulting unstable materials, together

with the nature of the host±guest interactions and the structure of supported molybdenum species, have been

characterised by means of elemental analysis, powder X-ray diffraction, N2 adsorption, FTIR and MAS NMR

(13C, 29Si, 31P) spectroscopy.

Introduction

Complexes containing the quadruply bonded dimolybde-
num(II,II) [Mo±Mo]4z core are precursors to effective catalysts
for a number of different organic transformations.1 McCann
and co-workers showed that complexes carrying labile nitrile
ligands are ef®cient homogeneous and supported or unsup-
ported heterogeneous catalysts for the ring-opening metathesis
polymerisation of norbornene,2 the polymerisation of cyclo-
pentadiene and dicyclopentadiene,3 and the polymerisation of
phenylacetylene.1 These studies were limited to cis-[Mo2(m-
O2CMe)2(MeCN)6][BF4]2, [Mo2(MeCN)10][BF4]4, and their
SiO2-®xed derivatives. A very recent investigation shows that
a broader variety of dimolybdenum complexes exhibit excellent
activity as initiators in cationic polymerisation reactions.4

The initial anchoring of the [Mo±Mo]4z complexes to SiO2

was thought to occur at the surface silanol (MSi±OH) groups on
removal of labile MeCN ligands from the complexes. However,
these materials were not well characterised and there was no
direct physical evidence for the exact nature of the ®nal
molybdenum species on the surface, that is, whether the Mo±
Mo bond was retained (as observed for [Mo2(m-O2CMe)4]±
SiO2

5) or broken to give mononuclear species (as reported for
[Mo2(C3H5)4]±SiO2

6).
There is now considerable interest in the application of the

new generation of mesoporous siliceous and nonsiliceous
oxides as catalyst support materials.7 MCM-41 is one member
of this family.8 A generally accepted structural model for
MCM-41 materials consists of a hexagonal arrangement of
cylindrical pores embedded in a matrix of amorphous silica.
The pore diameters are tuneable in the range 20±100 AÊ and the
best materials have high surface areas (1000 m2 g21), high pore
volumes (1 cm3 g21) and very narrow pore size distributions.
They therefore have properties intermediate between those of
amorphous refractory oxides and microporous crystalline
molecular sieves. Like the commonly used silica and alumina
supports, the inner surfaces of MCM-41 are covered with
nucleophilic silanol groups which enable the immobilisation of
transition metal catalysts by direct grafting with organo-
metallic and transition metal complexes.

In this article we present a study of the heterogenisation of
the dimolybdenum complexes [Mo2(MeCN)10][BF4]4, [Mo2(m-

O2CMe)2(MeCN)6][BF4]2 and [Mo2(m-O2CMe)2(dppa)2-
(MeCN)2][BF4]2 on the surface of purely siliceous MCM-41.
The supported materials have been characterised by elemental
analysis, powder X-ray diffraction (XRD), N2 adsorption
studies, FTIR and solid-state magic angle spinning (MAS)
NMR (13C, 29Si, 31P) spectroscopy.

Experimental

General

All preparations and manipulations were performed using
standard Schlenk techniques under an oxygen-free and water-
free nitrogen atmosphere. Commercial grade solvents were
dried and deoxygenated by re¯uxing for at least 24 h over
appropriate drying agents under nitrogen atmosphere and
freshly distilled prior to use.

Powder X-ray diffraction data were collected on a Philips
X'pert diffractometer using Cu-Ka radiation ®ltered by Ni
(l~1.5418 AÊ ). Microanalyses were performed at the TU
Munich. Infrared spectra were recorded on a Unican Mattson
Mod 7000 FTIR spectrophotometer using KBr pellets and/or
solutions. 29Si and 13C NMR spectra were recorded at 79.49
and 100.62 MHz respectively, on a (9.4 T) Bruker MSL 400P
spectrometer. 29Si MAS NMR spectra were recorded with 40³
pulses, spinning rates of 5.0±5.5 kHz and 60 s recycle delays.
29Si CP MAS NMR spectra were recorded with 5.5 ms pulses, a
spinning rate of 5.0 kHz and 4 s recycle delays. 13C CP MAS
NMR spectra were recorded with 4.5 ms pulses, a spinning rate
of 8 kHz and 4 s recycle delays. Chemical shifts are quoted in
parts per million from TMS. 31P MAS NMR spectra were
recorded at 162 MHz, using 45³ pulses with recycle delays of
60 s and a spinning rate of 14 kHz. Chemical shifts are quoted
in parts per million from H3PO4 (85%).

Nitrogen adsorption isotherms were recorded using a CI
electronics MK2-M5 microbalance connected to a vacuum
manifold line. The pristine MCM-41 starting material was
dehydrated overnight at 723 K to an ultimate pressure of
1024 mbar and then cooled to room temperature prior to
adsorption. Extra care with the functionalised materials was
necessary due to the possibility of aerial oxidation, therefore
transfer to the balance and outgassing of the system was rapid.
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A lower dehydration temperature (413 K) was used with these
samples to further minimise destruction of the functionalities.
Nitrogen isotherms were then recorded at 77 K. Equilibration
of each data point was monitored using CI electronics'
Labweigh software and the pressure monitored using an
Edwards Barocel pressure sensor. Speci®c surface areas were
determined from the linear part of the BET plot (P/Po~0.05±
0.3).

[Mo2(MeCN)10][BF4]4 was prepared according to the
literature procedure.9 13C CP MAS NMR (25 ³C): d
(ppm)~149.5, 148.1 (MeCN, equatorial), 123.6 (MeCN,
axial), 3.5, 0.8 (MeCN; equatorial and axial).

[Mo2(m-O2CMe)2(MeCN)6][BF4]2 was prepared according to
the literature procedure.10,11 13C CP MAS NMR (25 ³C): d
(ppm)~187.6 (O2CMe), 148.9, 146.5 (MeCN), 121.9, 119.7,
118.3 (MeCN), 22.68 (O2CMe ), 5.0, 2.1, 20.1 (MeCN).

[Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2 was prepared
according to the literature procedure.11 13C CP MAS NMR
(25 ³C): d (ppm)~189.3 (s, O2CMe), 134.2, 131.1, 129.5 (dppa),
24.6, 22.4 (s, O2CMe ), 1.9, 0.1 (MeCN). 31P MAS NMR
spectrum (25 ³C): d (ppm)~82.6.

Purely siliceous MCM-41 was synthesised as described
previously using [(C14H29)NMe3]Br as the templating agent.8

After calcination (540 ³C/6 h), the material was characterised
by XRD, N2 adsorption and IR spectroscopy. Prior to the
grafting experiments, calcined MCM-41 was activated at
160 ³C in vacuo (1022 Pa) for 3 hours. This treatment is
suf®cient to achieve complete thermodesorption of physically
adsorbed water molecules from the silica surface.12

Preparation of [Mo2(MeCN)10][BF4]4±MCM-41 (1)

Calcined MCM-41 (0.5 g) was dehydrated and treated with a
0.012 M solution of [Mo2(MeCN)10][BF4]4 in MeCN (30 mL).
The mixture was stirred at room temperature for 2 days. The
solution was ®ltered off and the blue solid washed four times
with 20 mL portions of MeCN, before drying in vacuum
(1022 Pa) at room temperature for several hours. Gradually,
over a period of several days, the product became blue±violet.
Exposure of a sample to air resulted in a colour change to grey±
brown within a few minutes. Elemental analysis indicated
2.36 mass% Mo. IR (KBr, n/cm21): 3742 w, 3455 vs, 2946 m,
2322 w, 2298 m, 2266 m, 1647 s, 1409 s, 1377 s, 1233 vs, 1084 vs,
966 s, 793 m, 743 m, 668 m, 549 w, 458 vs.

29Si MAS NMR spectrum exhibited two broad resonances at
d~2101.9 (Q3) and d~2110.1 (Q4). Deconvolution/integra-
tion gave a Q3/Q4 ratio of 0.26. 29Si CP MAS NMR spectrum
exhibited three broad resonances at d~293.7 (Q2), d~2100.5
(Q3) and d~2109.9 (Q4). 13C CP MAS NMR (25 ³C): d
(ppm)~140.0 (MeCN, equatorial), 120 (MeCN, axial), 1.6,
21.5 (MeCN).

Preparation of [Mo2(m-O2CMe)2(MeCN)6][BF4]2±MCM-41 (2)

Calcined MCM-41 (0.4 g) was dehydrated and treated with a
0.014 M solution of [Mo2(m-O2CMe)2(MeCN)6][BF4]2 in
MeCN (20 mL). The mixture was stirred at room temperature
for 2 days. The solution was ®ltered off and the pink solid
washed four times with 20 mL portions of MeCN, before
drying in vacuo (1022 Pa) at room temperature for several
hours. Exposure of a sample to air resulted in an immediate
(v30 seconds) colour change to grey±brown. Elemental
analysis indicated 3.62 mass% Mo. IR (KBr, n/cm21): 3455
vs, 2984 m, 2941 m, 2894 m, 2298 w, 2266 w, 1656 s, 1531 m,
1489 m, 1444 s, 1387 s, 1232 vs, 1083 vs, 966 m, 797 m, 752 m,
673 w, 591 w, 554 w, 460 vs.

29Si MAS NMR spectrum exhibited one broad resonance at
d~2109.8 (Q4). 29Si CP MAS NMR spectrum exhibited three
broad resonances at d~291.8 (Q2), d~2101.2 (Q3) and
d~2109.3 (Q4). 13C CP MAS NMR (25 ³C): d (ppm)~186.5

(s, O2CMe), 146.0 (MeCN), 129.4 (MeCN), 19.4 (s, O2CMe),
4.7, 2.2, 1.0, 20.70 (MeCN).

Preparation of [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2±
MCM-41 (3)

Calcined MCM-41 (0.5 g) was dehydrated and treated with a
0.011 M solution of [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2
in MeCN (20 mL). The mixture was stirred at room
temperature for 2 days. The solution was ®ltered off and the
pink solid washed three times with 30 mL portions of MeCN,
before drying in vacuo (1022 Pa) at room temperature for
several hours. Gradually, over a period of several days, the
product became pink±light brown. Exposure of a sample to air
resulted in a colour change to grey within one to two hours.
Elemental analysis indicated 2.21 mass% Mo. IR (KBr,
n/cm21): 3742 vw, 3457 vs, 2926 m, 2857 m, 2264 w, 1656 s,
1592 m, 1483 m, 1440 vs, 1410 s, 1236 vs, 1083 vs, 967 m, 797 s,
743 m, 697 m, 669 m, 527 m, 455 vs.

29Si MAS NMR spectrum exhibited one broad resonance at
d~2109.6 (Q4). 29Si CP MAS NMR spectrum exhibited two
broad resonances at d~2101.0 (Q3) and d~2109.7 (Q4). 13C
CP MAS NMR (25 ³C): d (ppm)~176.3 (s, O2CMe), 130.2,
128.7 (dppa), 13.0 (s, O2CMe ), 21.4 (MeCN). 31P MAS NMR
spectrum (25 ³C): d (ppm)~87.3.

Results and discussion

Synthesis and textural characterisation

The supported materials [Mo2(MeCN)10][BF4]4±MCM-41 (1),
[Mo2(m-O2CMe)2(MeCN)6][BF4]2±MCM-41 (2) and [Mo2(m-
O2CMe)2(dppa)2(MeCN)2][BF4]2±MCM-41 (3) [dppa~bis(di-
phenylphosphine)amine] were prepared by diffusion of an
excess of the complex salts [Mo2(MeCN)10][BF4]4 (1a),9

[Mo2(m-O2CMe)2(MeCN)6][BF4]2 (2a),10,11 and [Mo2(m-
O2CMe)2(dppa)2(MeCN)2][BF4]2 (3a),11 into calcined and
dehydrated MCM-41 in dry acetonitrile at room temperature.
The powders were washed repeatedly with acetonitrile to
remove unreacted 1a (deep blue), 2a (red) and 3a (red±purple).

When isolated and dried in vacuo at ambient temperature, 1
is light blue but the colour slowly changes to blue±violet over a
period of several days to a few weeks storage under a nitrogen
atmosphere at room temperature. Material 2 is initially dark
pink±purple and this colour is maintained with storage under a
nitrogen atmosphere. In contrast, McCann and co-workers
obtained purple and brown products after reacting 1a and 2a
respectively with silica in acetonitrile for 7±10 days.2 Both 1
and 2 are very unstable and exposure to air results in
transformation to brown±grey powders within several minutes.
This parallels the behaviour of the precursor complexes 1a and
2a which decompose to brownish residues when exposed to
air.9,11 When isolated, 3 is pink but the colour gradually
changes to pink±light brown over a period of several days to
weeks storage under nitrogen at ambient temperature. At any
stage the powder is sensitive and when exposed to air becomes
grey within a few hours. This is in marked contrast to the
precursor complex 3a which is relatively air and moisture
insensitive.

Elemental analysis indicated that 1, 2 and 3 contained 2.36,
3.62 and 2.21 mass% Mo respectively. It follows that the
surface coverage of Mo atoms in these materials is approxi-
mately in the range 2.9610225 mol nm22 (0.17 Mo atoms per
nm2) to 4.7610225 mol nm22 (0.28 Mo atoms per nm2)
respectively. With the molybdenum±molybdenum bond
intact, the high end of this range corresponds to a surface
coverage of one dimolybdenum species per 700 AÊ 2. The
surface-®xed species are therefore isolated and well dispersed
on the silica surface, a distinct advantage as far as supported
catalysts are concerned. McCann et al. did not report loadings
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or any structural characterisation for their SiO2-®xed Mo±Mo
complexes 1a and 2a.2,3 It was however inferred from catalytic
results that substantial structural and electronic changes had
occurred upon binding the salts to the support material. The
authors proposed that the surface ®xation occurred at pendant
silanol groups upon removal of labile MeCN ligands from the
complexes.

The colours of complexes 1a±3a get lighter when the
complexes are supported on MCM-41. This moderate colour
change shows that the structures of the compounds do not
undergo signi®cant changes during the ®xation process, as the
colours of (Mo2)4z-derivatives are very sensitive to changes of
the ligand environment.13 The replacement of two equatorial
acetonitrile ligands by one acetamidato substituent in the case
of compound 1a, for example, changes the colour from deep
blue to red±violet.14 However, exchanges of axial ligands are of
less importance for the colours of the complexes.15 This implies
that the reaction of the complexes with surface OH groups of
MCM-41 either involves only the replacement of axial nitrile
ligands or not more than one equatorial nitrile molecule. This
would suggest a relatively weak coordination of the complexes
to the MCM-41 surface (Scheme 1).

Powder XRD. The XRD pattern of the parent calcined
(pristine) MCM-41 contains the characteristic and intense low
angle peak at d~35.74 AÊ which can be indexed as the d100

re¯ection on a hexagonal unit cell (a~2d100/d3~41.27 AÊ ,
Fig. 1). The pattern also displays a broad secondary feature at
about 4.6³ 2h where (110) and (200) re¯ections would be

expected for a hexagonally ordered material such as MCM-41.
The absence of resolved peaks indicates that any structural
order of the material did not extend over a long range. A very
similar result was obtained by Schmidt et al. for a purely
siliceous MCM-41 prepared as in this work using the surfactant
[(C14H29)NMe3]Br.16

The (100) re¯ection practically disappears on derivatisation
with the complex [Mo2(MeCN)10][BF4]4 (1a) (Fig. 1). Identical
results were obtained with the other two complexes, [Mo2(m-
O2CMe)2(MeCN)6][BF4]2 (2a) and [Mo2(m-O2CMe)2(dppa)2-
(MeCN)2][BF4]2 (3a). It has been shown that the intensity of
the X-ray peaks in derivatised mesoporous solids decreases
with decreasing `scattering contrast' and is zero when the
scattering powers of the silica wall and the pore ®lling material
are similar.17 This reduction in X-ray contrast might erro-
neously be interpreted as a severe loss of crystallinity. A
qualitative indication that the pore structure in the [Mo±Mo]-
derivatised materials was still intact was obtained after
calcination of a sample of MCM-41 derivatised with 1a (air:
540 ³C, 24 h) resulted in restoration of the d100 peak to almost
the same position and intensity as observed for the pristine
MCM-41 (d~33.57 AÊ , a~38.76 AÊ , Fig. 1). The decrease in the
unit cell parameter suggests a strong interaction between the
mesoporous walls and the molybdenum centers. A similar
observation was reported when hexane solutions of
(OiPr)3VLO were reacted with a mesoporous, cubic MCM-48
support.18 It was suggested that oxovanadium functional
groups, multiply coordinated via (Si±O±V) bridges to the
walls, could tend to curve the silica walls. In calcined 1, a pore-

Scheme 1
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size shrinkage could be caused by the generation of isolated
MoO4 and/or polymeric oxomolybdenum species on the
surface. Such species have been structurally characterised
previously on the surface of calcined molybdocene-grafted
MCM-41.19 The formation of these species may also have
caused a slight decrease in the long-range order of the material
and therefore explain why calcination of compound 1 did not
fully restore the intensity of the d100 re¯ection to that observed
for pristine MCM-41.

N2 adsorption studies. The N2 adsorption±desorption iso-
therm for the pristine MCM-41 at 77 K is similar to that
reported previously for MCM-41-type mesoporous solids
[Fig. 2(a)]. It is de®ned as a reversible Type IV isotherm in
the IUPAC classi®cation,20 and until now has only been
encountered for MCM-41 materials.16,21 At low relative
pressures (P/Po¡0.3) the adsorbed volume increases linearly
with increasing pressureÐthis region corresponds to a mono-
layer±multilayer adsorption on the pore walls. Between
P/Po~0.3 and 0.4 there is a sharp increase in the adsorbed
volume, attributed to capillary condensation. At higher relative
pressures multilayer adsorption takes place on the external
surface, resulting in a gradual linear increase of the adsorbed
volume. The BET speci®c surface area was calculated as
1035 m2 g21, with the cross-sectional area of a N2 molecule
taken as 16.2 AÊ 2.

Reversible Type IV isotherms similar to the pristine MCM-
41 were obtained for the three functionalised solids, providing
strong evidence that the mesoporous structure of the silica
support was retained throughout the grafting process and that

the channels remained accessible [Fig. 2(b±d)]. The BET
speci®c surface areas were calculated as 795, 780 and
880 m2 g21 for 1, 2 and 3 respectively. The main difference
between these isotherms and that of the starting material is in
the limiting uptake at high P/Po. For example, the total
volumes of adsorbed N2 at 77 K and P/Po~0.6 are 0.74, 0.57,
0.51 and 0.53 cm3 g21 for parent calcined MCM-41, 1, 2 and 3
respectively. This approximate 30% decrease in the total
volume of adsorbed N2 can be attributed to successful grafting
of the molybdenum complex fragments on the internal surfaces
of the silica support.

To investigate how the dimolybdenum complexes react and
bind with the mesoporous silica, we have studied the materials
using solid-state MAS NMR (13C, 29Si, 31P) and FTIR
spectroscopy.

Solid-state NMR and FTIR spectroscopy

Fig. 3 shows the 29Si MAS and CP MAS NMR spectra of
pristine MCM-41 and [Mo2(MeCN)10][BF4]4±MCM-41 (1).
The 29Si MAS spectrum of the starting material exhibits two
broad overlapping peaks at d~2101.3 and 2109.8 assigned to,
respectively, Q3 and Q4 units of the silica framework
[Q3/Q4~1.0, Qn~Si(OSi)n(OH)42n]. Even given the ca. 8%
error inherent in spectral deconvolution, the Q3/Q4 population
ratio re¯ects the extent of silanol condensation, indicating the
large number of OH groups present at the surface.22 A small
amount of Q2, as a faint peak at approximately d~292, is also
present. 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, con®rming that these
silicons are attached to hydroxy groups. The successful
anchoring of the complex 1a at the channel surface is
demonstrated by Fig. 3(B). Both 29Si MAS (Q3/Q4~0.26)
and CP MAS NMR spectra clearly show the diminished
relative intensity of the Q2 and Q3 peaks, indicating the
esteri®cation of the free hydroxy groups by substitution of the
MeCN ligands in the complexes. A decrease in the population
of isolated OH groups was further con®rmed qualitatively by a
decrease in the relative intensity of the sharp IR absorption
band at 3742 cm21 associated with free OH groups on the silica
surface (Fig. 4).23 In the OH stretching region a very broad

Fig. 2 N2 adsorption±desorption isotherms recorded at 77 K of MCM-
41 samples: (a) as synthesised; (b) functionalised with
[Mo2(MeCN)10][BF4]4; (c) functionalised with [Mo2(m-O2CMe)2-
(MeCN)6][BF4]2; (d) functionalised with [Mo2(m-O2CMe)2(dppa)2-
(MeCN)2][BF4]2. Triangles denote adsorption and circles correspond
to desorption.

Fig. 3 29Si CP MAS and MAS NMR of MCM-41 at room
temperature: (A) as synthesised; (B) functionalised with
[Mo2(MeCN)10][BF4]4.

Fig. 1 Powder XRD of MCM-41: (A) as synthesised; (B) functionalised
with 1a; (C) 1 calcined at 540 ³C, 24 h.
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absorption band is also observed at ca. 3600 cm21, assigned to
water and/or hydrogen-bonded SiOH groups. Similar results
were obtained for 2 and 3.

The 29Si CP MAS NMR spectrum of 1 shows that there are
still a large number of unreacted Q3 silicon atoms in the
composite material. Similar results were obtained with
ferrocenyl-modi®ed MCM-41 and MCM-48, prepared via
ring-opening reaction of the strained [1]ferrocenophane
[Fe{(g-C5H4)2SiMe2}].24 These silanol groups may be con-
tained within the wall framework and sequestered from
electrophilic attack. In addition, there may be a large
number of hydrogen bonded Q3 silanols present at the surface,
(SiO)3SiÐOH±OHÐSi(SiO)3, which are unreactive to the
dimolybdenum complexes. These types of silanols have
previously been shown to be inert to silylating agents, for
example.23 In a detailed study of the surface chemistry of
MCM-41, Zhao et al. determined the number of silanol groups
per nm2 to be 2.5 for a material which was prepared and treated
in a similar way to ours (as-synthesised sample calcined at
540 ³C for 24 h in air, then dried at 110 ³C for 24 h in vacuo).23

Our sample was calcined at the same temperature for 6 h in air,
then dehydrated and outgassed at 160 ³C for 3 h in vacuo prior
to solvent impregnation of the complexes 1a±3a. Zhao et al.
estimated that 0.7 of the silanol groups were isolated single
hydroxy groups and the remainder were hydrogen bonded
silanols with a small contribution from geminal silanols.
Furthermore, an FTIR study showed that outgassing tem-
peratures of 200 ³C or higher were required before dehydrox-
ylation of hydrogen-bonded and geminal SiOH groups took
place to a signi®cant extent, to form siloxane bonds and
simultaneously more free SiOH groups. Dehydroxylation of
single SiOH groups is impossible since they are too far apart
(0.5 nm) and such a process would necessarily involve the
unfavourable formation of highly strained linked structures.

In our derivatised materials, the surface coverage of Mo
atoms is in the range 0.15 to 0.3 nm22, somewhat lower than
the above value for the concentration of free hydroxy groups
on the surface of pristine MCM-41. The low loading could be
due to steric crowding of the guest complexes which may
prevent reaction with a large fraction of surface silanol sites. In
general it has been estimated that 8±27% of the silicon atoms in
MCM-41 have pendant OH groups and that the average

separation of these groups is in the range 5 to 10 AÊ . It seems
unlikely therefore that the dimolybdenum complexes could
undergo bipodal anchoring to the silica surface, as suggested by
McCann et al. for silica-®xed 1a and 2a.1±3 Monopodal
anchoring, as depicted in Scheme 1, seems more plausible as the
dominant mechanism for surface attachment. A similar
conclusion was reached for MCM-41 and MCM-48 modi®ed
with the ansa-bridged titanocene [SiMe2{(g5-C5H4)2}]TiCl2.

25

However, it is worth noting that tripodal anchoring of
organometallic fragments to the surface of MCM-41 has
been reported, for example with Cp2TiCl2-grafted MCM-41.26

The 13C CP MAS NMR spectrum of [Mo2(MeCN)10][BF4]4±
MCM-41 (1) exhibits two broad peaks at d ca. 140 and 120
attributed to MeCN and two peaks at d~1.6 and 21.5
attributed to equatorial and axial MeCN, respectively
[Fig. 5(B)]. Material 1 is very air and moisture sensitive and
on several occasions our sample began to decompose during
packing of the NMR rotor and spectrum acquisition resulting
in many broad peaks in the region d~3.0 to 0.5. Compared to
the 13C CP MAS NMR spectrum of the complex
[Mo2(MeCN)10][BF4]4 (1a), these peaks are shifted further
up®eld. The isotropic chemical shifts of 1a are at d~149.5 and
148.0 (MeCN, equatorial), around d~123.6 (MeCN, axial),
and d~3.5 and 0.8 attributed to the equatorial and axial
MeCN, respectively [Fig. 5(A)]. The IR spectrum of 1 contains
in the nitrile region three stretches at 2322, 2298 and 2266 cm21

[Fig. 6(A), Table 1]. These are shifted to signi®cantly lower
wavenumbers compared to the corresponding bands for 1a
(2359, 2322, 2293 cm21), indicating a weakening of the bond.

The room-temperature solid state 13C CP MAS NMR
spectrum of [Mo2(m-O2CMe)2(MeCN)6][BF4]2±MCM-41 (2) is
shown in Fig. 7. Five broad resonances are observed at d ca.
186, 146, 129, 19 and 2 attributed to C±O, MeCN, O2CMe and
MeCN, respectively. All these signals are broader than those of
the related crystalline compound [Mo2(m-O2CMe)2-
(MeCN)6][BF4]2 (2a). The broadness is due to the range of

Fig. 4 FTIR spectra in the range 4000±2500 cm21 of the samples: (A)
pure calcined MCM-41 (dehydrated at 160 ³C in vacuo for 3 h); (B)
MCM-41 functionalised with [Mo2(MeCN)10][BF4]4; (C) MCM-41
functionalised with [Mo2(m-O2CMe)2(MeCN)6][BF4]2; (D) MCM-41
functionalised with [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2.

Fig. 5 13C CP MAS NMR at room temperature: (A)
[Mo2(MeCN)10][BF4]4, 1450 transients; (B) [Mo2(MeCN)10][BF4]4±
MCM-41, 22 352 transients. * denotes spinning sidebands.

J. Mater. Chem., 2000, 10, 1395±1401 1399



chemically different environments in which the molecule is
located. A large number of scans were required to obtain these
spectra. In the 13C CP MAS NMR spectrum of the complex 2a
®ve peaks are observed at d~187.6, 148 (doublet), 121
(doublet), 22.7 and 2.1 (multiplet) attributed to C±O, MeCN
(equatorial and axial), O2CMe and MeCN (equatorial and
axial), respectively. The IR spectrum of the solid 2 (KBr
matrix) contains the carboxylate nasym (OCO) and nsym (OCO)
vibrations at 1489 and 1440 cm21, respectively (Table 1). The
presence of the bridging acetates is a clear indication that the
molybdenum±molybdenum bond is intact. Weak bands
attributable to the MeCN ligands are present at 2298 and
2266 cm21. Complex 2a exhibits two nitrile vibrations in
similar positions (2288, 2259 cm21) and a third one at
2319 cm21, not observed in the spectrum of 2.

For the material [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2±
MCM-41 (3) the bridging acetato complex is clearly identi®ed
by nasym (OCO) at 1483 cm21 and the very strong nsym (OCO) at
1440 cm21 in the IR spectrum (Table 1). The C±C and C±H
vibrations attributed to the dppa ligand are very similar to the
initial complex. Only one nitrile vibration was observed in the
IR spectrum, at 2264 cm21. Complex 3a has one main band in
this region (2255 cm21). The 31P MAS spectrum of 3 (not
shown) exhibits a broad singlet for the coordinated dppa ligand
at d~87.3, shifted down®eld slightly from that observed
for the free complex [Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2

(d~82.6, free dppa exhibits a chemical shift of d~42.0 ppm27).
The difference between these shifts is small and this suggests
that the interaction between the complex 3a and MCM-41 has
only a minor effect on the shielding of the phosphorus nuclei. It
may be inferred therefore that binding of the complex to the
silica surface occurs by substitution of a surface silanol group
for an axial acetonitrile molecule in the complex, as depicted in
Scheme 1. It is known that in complexes of the type Mo2(m-
O2CMe)2(dppa)2X2 (X~Cl, Br, I) the nature of the axially
coordinated halo ligands has little in¯uence on the 31P MAS
chemical shifts (the Mo±X distances are comparatively long,
indicating only weak Mo±halo interactions).27 Similarly, in
complex 3a, a long axial Mo±N distance indicates that the
acetonitrile molecules might very easily be replaced by stronger
donors. 31P MAS NMR studies of 3 also suggested that one
phosphorus-containing by-product is formed (d~29.3) which
we attribute to a decomposition product (e.g. phosphine
oxide).

The 13C CP MAS NMR spectrum of 3 exhibits a weak broad
peak at 176.2 (C±O), two sharp resonances at 130.9 and 128.7
(phenyl groups) and two well-de®ned singlets at 13.0 (MeCO2)
and 21.4 (MeCN) (Fig. 8).

Fig. 6 FTIR spectra in the range 2400±2200 cm21 of the samples: (A)
MCM-41 functionalised with 1a; (B) [Mo2(MeCN)10][BF4]4 (1a); (C)
MCM-41 functionalised with 2a (D); [Mo2(m-O2CMe)2(MeCN)6][BF4]2
(2a); (E) MCM-41 functionalised with 3a; (F) [Mo2(m-O2CMe)2-
(dppa)2(MeCN)2][BF4]2 (3a).

Table 1 Selected IR data for the complexes 1a±3a and corresponding MCM-41-supported derivatives (KBr discs, nmax in cm21)

n(CMN) nasym(CO2) nsym(CO2)

[Mo2(MeCN)10][BF4]4 1a 2359, 2322, 2293, 2276sh, 2253 Ð Ð
[Mo2(MeCN)10][BF4]4±MCM-41 1 2322, 2298, 2266 Ð Ð
[Mo2(m-O2CMe)2(MeCN)6][BF4]2 2a 2288, 2259, 2319 1501 1444
[Mo2(m-O2CMe)2(MeCN)6][BF4]2±MCM-41 2 2298, 2266 1489 1440
[Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2 3a 2291, 2262sh, 2255, 2249sh 1482 1436
[Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2±MCM-41 3 2264 1483 1440

Fig. 7 13C CP MAS NMR at room temperature: (A) [Mo2(m-
O2CMe)2(MeCN)6][BF4]2, 14 889 transients; (B) [Mo2(m-O2CMe)2-
(MeCN)6][BF4]2±MCM-41, 16 680 transients. * denotes spinning
sidebands.
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Conclusions

The quadruply bonded dimolybdenum complex salts
[Mo2(MeCN)10][BF4]4, [Mo2(m-O2CMe)2(MeCN)6][BF4]2 and
[Mo2(m-O2CMe)2(dppa)2(MeCN)2][BF4]2 react with purely
siliceous MCM-41 in acetonitrile to give unstable composite
materials in which solvent-stabilised cationic molybdenum
fragments are isolated and well dispersed on the silica surface.
Powder XRD and N2 adsorption studies con®rm that the
textural properties of the high surface area mesoporous host
are retained throughout the grafting process. Solid-state MAS
NMR and IR spectroscopy indicate that the mechanism of
surface attachment involves the displacement of labile
acetonitrile ligands, most likely in the axially coordinated
position, from the complexes by reaction with isolated
nucleophilic silanol groups at the silica surface. In can be
inferred from the spectral data that the molybdenum±
molybdenum bond is intact in all the functionalised solids
and that the complexes undergo only a weak interaction with
the surface. Investigations are ongoing to further probe the
structure of the supported molybdenum species and to test the
materials as catalysts for catalytic polymerisation reactions.
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