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Abstract
Scattered Wave SCF-Xα calculations were carried out on various Mo-containing cluster models in order

to find out the possibility of molybdenum incorporation in a zeolitic framework, containing ring systems as
secondary building units.  Four and six membered ring clusters were found to stabilize molybdenum in their
framework compared to that by linear chain models.  Comparison of relative stabilization energies for
corner and edge shared MoO4 moiety favoured the formation of the former one.  Calculated HOMO-LUMO
electronic transition for tetrahedrally coordinated molybdenum in Mo-containing ring clusters showed a
shift of 15 nm from that in Mo-containing linear chain clusters.  These results were compared with the
experimental results obtained from UV-DRS studies on Mo-MCM-41 catalyst.
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Introduction

Zeolites containing transition metal ions in their
framework exhibit unique catalytic properties in oxi-
dizing organic substrates with peroxides as oxidant
[1-4].  The first example of such catalysts was the
titanium silicalite-1 (TS-1), developed by Enichem
group [5].  TS-1 has been shown to selectively cata-
lyze a variety of organic substrates with 30% hydro-
gen peroxide under mild conditions provided the mol-
ecule could enter the relatively small pores of the zeo-
lite [1, 5-9].  An important development in this field is
the synthesis of transition metal-containing
mesoporous (M41S) molecular sieves [10-13].  The
benefits of the larger pores are manifested in the oxi-
dation of bulkier substrates with hydrogen peroxide
as well as the possibility of using hydroperoxides as
the oxygen source.

The catalytic properties of transition metal-contain-
ing zeolites or related molecular sieves in oxidation
reactions are due to the redox properties the metal
sites present in a confined microenvironment.  A num-
ber quantum chemical studies on titanium silicalites
have been attempted in order to find out the precise
nature, environment and physico-chemical properties
of these active metal centers.  De Man and Saucer

[14] carried out ab initio calculations on titanium
silicalite and showed that, structures with edge shared
TiO4 are unstable and the corner shared tetrahedral
titanium species are the preferred ones in the silicalite
framework.  They assigned the typical 960 cm-1 vi-
brational band to Ti-O-Si antisymmetric stretching
mode.  Sinclair and Catlow [15] have shown from the
Density Functional Theory (DFT) calculations that
titanyl groups can be formed from hydroxide forms
of four coordinated titanium (IV) sites in the presence
of small amount of protic solvents and though they
are short-lived, may be responsible for the oxidation
reactions.  Neurock and Manzer [16] studied the
mechanism of alkene epoxidation by hydrogen perox-
ide on titanium silicate, within the framework of non-
local DFT calculations.  They have shown that the
oxygen closest to the titanium site is the active site for
alkene activation.

Oxyfunctionalisation of alkanes and alkenes with
hydrogen peroxide on titanium and vanadium silicates
has been extensively studied in recent years and the
current status of this important reaction has been re-
viewed by Kumar et al [2]. Generally molybdenum-
containing catalysts are known to promote a variety
of hydrogenation, oxidation and metathesis reactions
[17-19].  Molybdenum-containing zeolites have been
evaluated for the epoxidation of cyclohexene by Dai
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and Lunsford [20] and the activity and selectivity of
these systems have been shown to be comparable to
the more active homogeneous catalysts like
MoO

2
(acac)

2
.  In our earlier investigation, it has also

been shown that molybdenum incorporation in
mesoporous MCM-41 results in unique oxidation ac-
tivity [21,22].  The aim of the present study is (i) to
examine the possibility of incorporation of molybde-
num into a zeolite framework either by direct synthe-
sis or by subsequent substitution; (ii) to explore the
coordination of molybdenum ions in framework and
(iii) to explain the nature of the absorption band at
242 nm , observed in the UV DRS spectra of Mo-
MCM-41 [22], using SW Xa calculations.

Methodology and model

The utility of SCF-Xa method for rapid and bigger
cluster calculations of the electronic structure of vari-
ous complex molecules is well known in the literature
[23-26].  In SW Xa method, the molecule or cluster is
geometrically divided into three regions: spherical re-
gion I surrounding each atom, in the interstitial re-
gion II between the spheres and the region III outside
a large sphere enclosing the entire molecule.  This
assumption of muffin-tin potentials allows one to in-
troduce a rapidly convergent partial-wave represen-
tation of the molecular orbital wave functions.
Though this method makes it inadequate to describe
finite molecules, it is found to be useful for the esti-
mation of one-electron spectroscopic properties [27],
especially for condensed systems.  Therefore, the SW
Xa method has been extensively used for the predic-
tion of the electrical, optical and magnetic properties
of complex molecules and materials, especially those
containing transition elements [28-30].

Spin-restricted Scattered Wave SCF-Xa method
was employed for various calculations presented
in this communication within the framework of
cluster model approximation.  Norman overlapping
sphere concept was used; the exchange parameters
for various elements were taken from Schwarz table
[31] and that of outer sphere as a weighted aver-
age.  Ring systems, which are known to be the build-
ing blocks for zeolitic systems, were chosen for
cluster models (Fig. 1).  In all the clusters the dan-
gling bonds were terminated by hydroxyl groups.
Si-O bond distance is taken as 0.161 nm, O-H dis-
tance as 0.098 nm and O-T-O (T represents Si or
Mo) angle was kept in-between 140-170° depend-
ing on the model.  In molybdenum containing sys-
tems Mo-O bond distance is kept at 0.19 and 0.17
nm for single and double bond respectively for tet-
rahedrally coordinated sites and 0.19 nm for octa-
hedrally coordinated sites.  Radii of all the atomic
spheres were optimized to satisfy the Virial theo-
rem.  It should be pointed out that the numerical
results reported in this communication can best be
regarded as indicative of main trend that can be
considered in terms of MO perturbations and of
their relative magnitudes.

Results and discussion

Energies and relative stabilities

Energies of all the clusters shown in Fig. 1 were
calculated and are given in Table 1.  Relative stability
of molybdenum in various cluster models was evalu-
ated from the energy of formation of the models from
corresponding monomeric species.  For this purpose
the following type of reactions were considered.

            2 SiO4H4   +   MoO4H2    →   Si2MoO10H6    +   2 H2O               (1)

            4 SiO4H4   +   MoO4H2    →   Si4MoO16H10    +   4 H2O               (2)

            3 SiO4H4   +   MoO4H2    →   Si3MoO12H6   +   4 H2O                 (3)

            5 SiO4H4   +   MoO4H2      →    Si5MoO18H10   +   6 H2O              (4)

Formation energies of the models containing mo-
lybdenum were compared with that of pure siliceous
systems.  Negative values of formation energies com-
parable to that of pure siliceous system show the pos-
sibility of molybdenum incorporation.  These energy

changes may be interpreted in terms of the internal
energy changes for the above hypothetical processes.
If the entropy factor is neglected [32], the order of inter-
action between molecules in the above processes should
provide a minimum energy for the resulting lattice.

Possibility of Mo Substitution in Mesoporous Materials2
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Fig. 1.  Schematic representation of various cluster models considered for calculation.
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Table 1
  Total energies and formation energies of various cluster models.
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Within the approximations employed this is
achieved by successive realization of the most
energetically favorable interactions.  As follows
from the Table 1 the most favorable interactions
are for the reactions forming ring systems.
Considering the formation energy per T-O-T (T
represents Si or Mo) linkages formed, which is
given in Table 2, can appropriately compare relative
stability of different clusters.  The formation

energies per T-O-T linkages for molybdenum in ring
systems are found to be more negative than that
for molybdenum in linear chain systems.  This in-
dicates the stabilization of molybdenum centers in
ring systems compared to that in linear chain sys-
tems.  So, a zeolitic material which generally has
ring systems in its framework, can provide a better
matrix for molybdenum incorporation than that by
amorphous silica.

1 Formation Energy = [Total Energy of the products - Total Energy of the reactants] for reactions of the type (a) to (d).

1 Formation energy (given in Table 1) divided by the number of T-O-T
  linkages formed in the reactions of the type (a) to (b).
2 Substitution Energy = [Total Energy of the products - Total Energy of the reactants] for reactions (e) to (h).
1 Rydberg = 1.31 Õ 103 KJ/mole
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Table 2
  Relative stabilization energy.
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Direct substitution of molybdenum in the silicate
matrix is modeled by considering the reaction of
MoO4H2 with the pure siliceous system to give the
corresponding molybdenum-containing system as
shown below.  It is found that direct substitution is
energetically unfavorable for ring systems when

compared to molybdenum in linear chain systems.
This can be a proof for the stabilization of molyb-
denum centers in a silicate matrix through direct
synthesis rather than direct substitution in an
already prepared silicate matrix of a zeolitic sys-
tem.

   Si3O10H8   +  MoO4H2   →   Si2MoO10H6   +  SiO4H4                                             (5)

   Si5O16H12  +  MoO4H2   →  Si4MoO16H10   +  SiO4H4                        (6)

                                           Si4O12H8  +  MoO4H2  →  Si3MoO12H6  +  SiO4H4   (7)

                                           Si6O18H12  +  MoO4H2   →  Si5MoO18H10   +  SiO4H4   (8)

In order to find out the possibility of formation of
edge shared molybdenum species instead of corner
sharing the following reactions were considered where

the cluster SiMoO6H2 having edge shared MoO4 moi-
ety reacts with SiO4H4 to give the corresponding spe-
cies with corner shared MoO4 moiety.

                                       SiMoO6H2   +   SiO4H4   →   Si2MoO10H6                      (9)

                                      SiMoO6H2 +   3 SiO4H4     →   Si4MoO16H10   +   2 H2O            (10)

                                        SiMoO6H2  +   2 SiO4H4     →   Si3MoO12H6     +   2 H2O   (11)

                                      SiMoO6H2 +   4 SiO4H4  →   Si5MoO18H10  +   4 H2O            (12)

The reaction energies for all these cases were found
to be negative (Table 3) and it was more so for the
ring systems indicating the lower stability of
SiMoO6H2 cluster.  So the edge sharing of MoO4

moiety is unlikely, which is further supported by the
low energy of formation for SiMoO6H2 cluster (Table
1).  De Man and Sauer have reported similar results
for titanium-containing zeolites [14].

noitcaeR noitcaerfoygrenE 1 ).dyR(

)9( 2555.0-

)01( 2927.1-

)11( 5306.2-

)21( 5755.4-

Table 3
  Stability of edge sharing MoO4 moiety.

1 Energy of reaction = [Total Energy of the products -
Total Energy of the reactants] for reactions (9) to (12).

Ground state electronic structure

The SW SCF-Xa computed ground state electronic
energy levels of the various molybdenum-containing
clusters are represented in Fig. 2.  The valence levels
can be distinctly grouped into four groups according
to the constituent orbitals.  Group (1) and (2)
comprising of purely Mo 4s and Mo 4p orbitals
respectively.  Group (3) levels have contributions from
Si 3s and O 2s orbitals.  The last group (4) constitutes
O 2p, Si 3s and Mo 4d bonding and nonbonding
orbitals.  In group (4) the upper levels are of 2p orbitals
of bridged (Ob) and terminal (Ot) oxygens connected
to molybdenum and the lower levels are of Si 3p, Mo
4d and O 2p orbitals.  The distinct feature of these
energy levels is that with increasing cluster size, the
valence levels coalesce to form bands.

Table 4 gives the individual atomic orbital
contributions to the HOMO and LUMO levels.  The
atomic orbital distribution indicates that LUMO is
mainly constituted of molybdenum 4d orbital, whereas

R.K. Rana et al. 5
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Fig. 2.  Molecular orbital energy levels for various molybdenum-containing cluster models.

Table 4
Atomic orbital contributions to HOMO and LUMO.
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1  For Mo3O10H2 and Mo3O16H14, Mo 4d atomic orbital contributions are from all the three molybdenums.
2  Atomic orbital contribution from single oxygen atom out of two such equivalent atoms connected to molybdenum (For
Mo3O10H2, the two terminal oxygens are connected to the central molybdenum and for Mo3O16H14 there are four such
equivalent atoms bridging the central molybdenum and hydrogen).
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HOMO has maximum contribution from 2p orbitals
of oxygen connected to molybdenum.  Considering
the type of oxygens contributing to the HOMO and
LUMO levels, it reveals that Ot has more contribution
than Ob.  Thus among the two types of oxygen
connected to molybdenum Ot can be the active site
during the redox processes.  This is in contrast to the
results obtained by Taketa et al. [33], where their SW
SCF-Xa calculations on heteropolyanions of molyb-
denum show that the bridged oxygen (Ob) is the
reactive site.  This is because of the octahedral
coordination of molybdenum in heteropolyanions.
Also it can be seen from the O 2p orbital contributions
to HOMO and LUMO of MoO4H2 and MoO6H6,
where molybdenum is in tetrahedral and octahedral
coordination respectively.  In case of MoO4H4 both
HOMO and LUMO have similar contributions from
Ob and Ot 2p orbitals and as the hydrogen is substi-
tuted by silicate chains (refer to Si2MoO10H6,
Si4MoO16H10, Si3MoO12H6 and Si5MoO18H10) the
contribution from Ob 2p orbital decreases.  Whereas,

in case of MoO6H6 cluster, both HOMO and LUMO
are constituted of purely Ob 2p orbitals.

Atomic charge distributions

The absolute values of Mulikane charges are not
well defined in the SW SCF-Xa formalism [34], as it
is dependent on the percentage of overlap of the atomic
spheres and sphere radii.  Therefore the relative trends
are only meaningful than the absolute values.  Table
5 and 6 give the charges on different atoms in molyb-
denum-containing and siliceous cluster models
respectively. In the monomer the charges are less
localized compare to other clusters.  Upon molybde-
num incorporation a change in the charge distribution
is observed similar to the results reported by De Man
and Sauer [14] in Mulikane population analyses for
titanium incorporation.  For molybdenum-containing
clusters a decrease in the net charge on molybdenum
in linear system from that in monomer is observed.
This further decreases from the linear to ring sys-
tems though the decrease is smaller. For the bridged
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Table 6
  Atomic charge distribution in siliceous cluster models.

Table 5
  Atomic charge distribution in molybdenum-containing cluster models.
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oxygens, connected to molybdenum, there is a increase
in the negative charge from monomer to linear and
then ring systems.  However, for the terminal oxygens,
connected to molybdenum, an opposite trend is ob-
served.  Net charges on the nearest neighbor silicon
atoms are found to decrease from linear to ring sys-
tems.  Comparison of silicon charges for pure sili-
ceous and molybdenum-containing clusters indicates
that upon molybdenum incorporation the charge on
silicon increases.  As the positive charge on molybde-
num and negative charge on the terminal oxygens de-
crease in the order monomer < linear < ring systems,
one should expect a increase in the transition energy
for ligand to metal charge transfer transition [35].  This
has been discussed in the next section.

HUMOÕLUMO electronic transition

From the molecular orbitals, HOMOÕLUMO ex-
citation energies were calculated according to the tran-
sition state theory [23] for various molybdenum-
containing cluster models and are given in Table 6.
Atomic orbital contributions from various atoms to
the HOMO and LUMO levels are given in Table 4.
The atomic orbital distribution indicates that LUMO
is mainly constituted of molybdenum 4d orbital,
whereas HOMO has maximum contribution from 2p
orbitals of oxygen connected to molybdenum.  So the
HOMOÕLUMO excitation is basically ligand-metal
charge transfer type.  The results thus obtained were
compared with the experimental results obtained from
UV-DRS studies on Mo-MCM-41.

Though there are other possible transitions, only
HOMOÕLUMO transition has been considered for
comparison purposes.  Even if HOMOÕLUMO tran-
sition were to be symmetry forbidden, there are gen-
erally other allowed transitions with almost same
energy.  The possibility of several transitions with same
energy leads to the broadening of the absorption band,
which is experimentally observed [20].  It is seen that
the LUMO states are mainly contributed by Mo 4d
wave functions and to an extent by 2p of terminal
oxygens, while the HOMO level is mainly formed from
2p states of oxygen atoms.  This type of charge distri-
bution indicates that Mo-O oscillators are involved in
the LMCT transition.  If the contribution to HOMO
were to be pure from oxygen 2p and that of pure Mo
4d then it will give rise to strong LMCT absorption.
In view of the poor resolution of the observed absorp-
tion spectrum, consideration of an average of the al-
lowed and forbidden transitions may be sufficient for
accounting for the observed transitions.

Calculated wavelengths for HOMOÕLUMO tran-
sitions in the clusters (MoO4H2, Mo3O10H2) having
molybdenum in tetrahedral coordination are found to
be lower than that for molybdenum in octahedral
coordination (MoO6H6, Mo3O16H14) [35].  There is a
red shift from monomer to trimer in both tetrahedral
and octahedral coordinated species.  This can be seen
from the HOMO and LUMO energy levels, as
monomer units are added up, both the levels are sta-
bilized with the LUMO being more stabilized
compared to HOMO.  This stabilization of the LUMO
level could be due to the decrease in its antibonding
character as the orbital contributions from oxide
ligands are decreased.

There was a shift of around 15 nm towards the lower
wavelength for Mo in ring systems from Mo in linear
chain systems (Table 7).

Table 7
  Calculated wavelengths for HOMO-LUMO

 electron transition.
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Thus the shift of 10 nm towards lower wavelength
for the band due to isolated MoO4 species, which was
observed in the UV-DRS spectrum for Mo-MCM-41
[22] with respect to the spectrum for MoO

3
 supported

on siliceous MCM-41, can be due to the Mo present
in a ring system in case of Mo-MCM-41.  It can be
seen from the Table 7 that the transition wavelength
shifts towards the lower side as the number of SiO4

units increases in the clusters.  However, this shift
from the linear Si2MoO10H6 cluster to ring systems
(Si3MoO12H6 and Si5MoO18H10) was higher than that
from the same linear Si2MoO10H5 to linear
Si4MoO16H10 cluster.  This may be because of the dif-
ference in the arrangement of SiO4 units around MoO4
unit in the two systems.  In case of MoO3 supported
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on siliceous MCM-41 the corresponding band can be
due to the Mo present in linear chain since the possi-
bility of direct substitution in linear chain systems is
energetically more favorable.

Redox properties

From the energies of HOMO and LUMO for vari-
ous clusters, given in Table 4, redox properties of the
corresponding systems can be evaluated.  LUMO for
ring systems are found to be destabilized compared to
that for linear chain systems. This indicates that mo-
lybdenum in linear chain has better capacity for oxi-
dation than molybdenum in ring systems.  However,
because of lower stability of molybdenum in linear
chain than Mo-containing ring systems, the later may
prove to be a better system for catalytic use.

Conclusions

Formation energies calculated from the total energies
obtained from SW SCF-Xα calculations on various
cluster models containing molybdenum, show that ring
systems are more stable than the linear chain systems.
However, when molybdenum is directly substituted
in an existing silicate matrix, the system is destabi-
lized for ring systems compared to that for linear chain
systems.  From this it is inferred that for molybdenum
incorporation in a silicate matrix, direct synthesis is
preferable rather than direct substitution.  Corner
shared MoO4 moiety was found to be energetically
favorable compared to the corresponding edge shared
species.  The shift of the band at lower wavelength,
seen in the UV-DRS studies on Mo-MCM-41 and
supported molybdena on purely siliceous MCM-41,
can be explained from the results obtained from
HOMOÕLUMO electronic transitions calculated for
various molybdenum containing clusters.  From the
comparison of both relative stability and LUMO
energy levels, it is found that molybdenum in a ring
system will be a better system than the linear chain
systems for catalytic use.
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