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a b s t r a c t

Four different cluster models of Mo(VI) methylidene centres in the HZSM-5 framework are investigated
with DFT. The positive charge on the MoO(CH2) fragment is higher for the Mo centre with two Al atoms
in its vicinity, compared to the models with only one Al site. The activity of two selected Mo centres
is examined by the calculation of the pathway of ethene metathesis. In both cases the cycloaddition of
eywords:
SM-5
olybdenum
etathesis
FT

ethene to the Mo methylidene centre proceeds easily. On the other hand, the cycloreverse step involves
a relatively high energy barrier for the Mo centre with one Al site in the vicinity, whereas the barrier
is low for the model with two T sites occupied by Al atoms. Moreover, the key molybdacyclobutane
intermediate is a thermodynamically stable species in the first case, but it is unstable in the second case.
Thus, a high metathesis activity is predicted if two Brønsted acid sites are replaced by the Mo centre. A
secondary molybdacyclobutane structure can be formed as well, but this species is less stable than the
ethylidene primary metallacycle.

. Introduction

Supported metal oxide catalysts are applied in large-scale indus-
rial processes involving metathesis of alkenes [1,2]. It is well
ecognised for rhenium oxide catalysts that higher acidity of the
upport favours their metathesis activity [2–4]. After replacement
f the acidic hydroxyl groups by rhenium oxide species, electron-
oor rhenium centres are formed which are the precursors of
he active sites. In the case of the heterogeneous Mo catalysts,
he relationship between the support properties and metathesis
ctivity is not so straightforward, because of more complex chem-
stry of surface molybdenum species, compared to the rhenium
pecies. Therefore, the properties of the supported Mo catalysts
re strongly dependent on a number of factors, involved in the
reparation and activation processes [2,5–12]. However, if vari-
usly supported Mo catalysts are prepared in the same manner,
olybdena–silica–alumina systems exhibit better activity than

he catalysts synthesized using alumina or silica, which are less
cidic than silica–alumina [10–12]. One can expect that Mo species
ocated in the zeolite framework are also able to catalyze alkene
etathesis. Indeed, Mo/HY [10] and Mo/HBeta [13] systems were
eported to be active in metathesis of C2–C4 alkenes. Our recent
xperimental studies showed that Mo/HZSM-5 catalyst can be
ffective in propene metathesis as well [14].
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The carbene mechanism [15,16] of olefin metathesis, involving
metal alkylidene and metallacyclobutane species, was confirmed
by a number of computational studies, for both homogeneous
[17–23] and heterogeneous systems [24–29]. The previous theo-
retical investigations of molybdena–alumina and molybdena–silica
catalysts showed that a specific location of Mo alkylidene species
on the support is decisive for their high metathesis activ-
ity [25–29]. Both local electronic properties of the support
and geometry of the active site strongly affect the activ-
ity.

This paper is a continuation of the previous theoretical studies
of supported Mo catalysts active in olefin metathesis [25–29]. In the
present work, Mo(VI) methylidene sites in the ZSM-5 framework
are modelled. Similarly to the earlier works [25,26,28,29], density
functional theory and cluster models are applied. Electronic and
geometrical properties of the considered Mo methylidene species
are discussed. The activity of two selected Mo centres is examined
by the calculation of the pathway of ethene metathesis.

2. Computational details

The cluster models containing 8, 11 and 12 tetrahedral sites
(T sites) are cut off from the orthorhombic ZSM-5 structure [30].

The dangling bonds have been saturated with hydrogens replacing
the removed T sites. The use of finite clusters to study the activ-
ity of the Mo species in the zeolite framework is justified by the
local nature of both support relaxation and the considered chem-
ical interactions. The cluster approach was applied in a number

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:jhandz@pk.edu.pl
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Fig. 1. Models of the Mo m

f other computational studies concerning the catalysts based on
SM-5 [31–35].

There are 12 crystallographically distinct T sites in the
rthorhombic ZSM-5 framework and the position of Al atoms is
till a subject under debate [35–41]. In this work, T2 and T6 sites
ave been chosen for the location of Al, in accordance with other
uthors [35,38–40]. Respective structures of the Mo centres have
een attached to the clusters.

The calculations have been performed at the hybrid DFT level,
sing the B3LYP functional [42,43]. The LANL2DZ basis set, includ-

ng the Hay–Wadt effective core potential [44] is applied for
olybdenum, whereas other atoms are described by the Dunning-
uzinaga full double-� basis set [45]. This basis combination is used

or the geometry optimisation carried out by employing the Berny
lgorithm with redundant internal coordinates [46]. The positions
f the bottom atoms of the zeolite cluster and all the terminat-
ng hydrogens were frozen during the geometry optimisation. The
otential energy minima and the localised transition states are con-
rmed by the analysis of the harmonic vibrational frequencies.
he zero-point energy corrections are calculated for each struc-
ure. Single point energy calculations for the optimised structures
ave been performed using the LANL2DZ basis set for molybdenum
nd the D95(d,p) basis set for other atoms. At this level of the-
ry, electronic properties of the active Mo centres have been also
nalysed, by using the Mulliken population analysis (MPA) [47],
he natural population analysis (NPA) [48,49] and the Mayer bond-
rder indices [50]. This methodology was successfully applied in
he previous works on supported Mo catalysts for alkene metathe-
is [25,26,28,29].

All of the calculations have been done with the GAUSSIAN 03
uite of programs [51]. For the graphic presentation of the systems,
he GaussView 4.0 software [52] has been used.

. Results and discussion
.1. Models of surface Mo methylidene sites

Four different models of the Mo(VI) methylidene centres in
ZSM-5 are proposed (Fig. 1). All clusters include the same two 5T
lidene centres in HZSM-5.

rings connected to each other by a common Si–O–Al bridge. In the
starting geometries, the molybdenum was pseudo-tetrahedrally
coordinated, analogously to the active metathesis sites on alumina
[25–27] and silica [28,29]. The Mo atom was twofold bonded to the
surface. After the geometry optimisation, the molybdenum is three-
fold bonded to the surface and possesses one methylidene ligand
and one oxo ligand.

In the first structure, 1a, the Mo centre is attached to a 11T clus-
ter, in which one T site (T2 in the initial geometry) is occupied
by aluminium. The structures 1b and 1c represent the same Mo
methylidene site, but the latter cluster is more advanced. In both
cases, one Al site is present in the model. Finally, in the system 1d,
two T sites (T2 and T6) are occupied by Al atoms. This is the only
difference between the zeolite fragments of the structures 1c and
1d (Fig. 1).

The concentration of Al–O–Si–O–Al pairs (model 1d) in the
ZSM-5 framework depends on the Si/Al ratio [53–55]. A stochas-
tic simulation indicated a significant fraction of Al atoms situated
at these sites [53]. On the other hand, experimental investigations
showed that the distribution of Al atoms in the ZSM-5 framework
is not controlled by statistical rules but is influenced by the synthe-
sis procedure [41,54]. The fraction of Al atoms in the Al–O–Si–O–Al
sequences is rather low or negligible in typical ZSM-5 materials,
but this fraction is significant for ZSM-5 zeolite with an unusually
high Al concentration (Si/Al = 8.1) [55]. Al–O–Si–O–Al sites were
also assumed in a number of theoretical models describing ZSM-5-
based catalytic systems [31–34].

The lengths of the carbene bond are very similar for all of the
models proposed, but the Mo C bond-order for the centre 1d is a
little lower than in the case of the other systems (Table 1). Gener-
ally, the presently calculated Mo C distances are very close to the
carbene bond lengths predicted for metathesis-active Mo sites on
alumina [25,26] and silica [28,29] as well as are similar to those
calculated for Mo methylidene sites in HBeta zeolite [56,57]. The

lengths and orders of formally double Mo O bonds for 1a–1c sys-
tems are almost identical to each other, while the corresponding
bond for 1d is a bit stronger. This can be understood by the fact
that the average strength of the single Mo–O bonds is lower for
the latter model, compared to the rest of the systems (Table 1).
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Table 1
Selected atomic distances R (Å) and bond orders P for the Mo methylidene species.

1a 1b 1c 1d

R P R P R P R P

Mo–C1 1.895 1.64 1.899 1.64 1.897 1.65 1.896 1.60
Mo–O1 1.705 2.08 1.704 2.07 1.704 2.08 1.695 2.15
Mo–O2 2.084 0.76 – – – – – –
Mo–O3 2.051 0.48 2.173 0.43 2.151 0.40 – –
Mo–O4 2.255 0.39 2.137 0.45 2.127 0.45 2.272 0.51
Mo–O5 – – 2.048 0.77 2.035 0.78 – –
Mo–O6 – – – – – – 2.088 0.49
Mo–O7 – – – – – – 2.292 0.43

Table 2
Selected charges for the Mo methylidene species.

1a 1b 1c 1d

MPA NPA MPA NPA MPA NPA MPA NPA

O
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Table 3
Selected atomic distances for the minima (2a, 4a, 6a) and the transition states (3a,
5a) involved in the pathway of ethene metathesis on the Mo methylidene centre 1a.

2a 3a 4a 5a 6a

Mo–C1 1.920 1.947 2.024 2.078 2.192
Mo–C3 2.407 2.238 2.083 2.175 2.205
Mo–O1 1.708 1.709 1.715 1.709 1.700
Mo–O2 1.996 2.007 2.006 2.058 2.114
Mo–O3 2.111 2.098 2.082 2.003 2.035
q(Mo) 1.33 1.52 1.31 1.49 1.32 1.50 1.25 1.47
q(C1) −0.64 −0.51 −0.60 −0.46 −0.63 −0.50 −0.54 −0.36
q(MoOCH2) 0.71 0.97 0.71 0.98 0.70 0.95 0.80 1.14

ne can also notice that both the geometries and bond indices are
lmost the same for the sites 1b and 1c, despite the fact that 1b is
simplified variant of 1c.

In Table 2, charges obtained by the Mulliken and natural popula-
ion analyses are listed. While the values given by each method are
bviously different, the same trends are observed. It can be noticed
hat the respective charges for the systems 1a–1c are quite similar
o each other but those for 1d are more different. Especially, the
ositive charge on the MoO(CH2) fragment of 1d is clearly higher
han the corresponding values for the other systems, indicating a
elatively more electron-withdrawing ability of the support in the
ase of 1d, compared to 1a–1c. It is explained by the fact that in 1d

he MoO(CH2) fragment with the formal charge of 2+ substituted
wo protons from bridge hydroxyl groups, whereas the formation
f the 1a–1c models can be regarded as a replacement of one pro-
on from a bridge hydroxyl group and one proton from a less acidic
erminal silanol group [58] by the MoO(CH2) centre (Fig. 1). As the

Fig. 2. The minima (2a, 4a, 6a) and the transition states (3a, 5a) involved in
Mo–O4 3.736 3.726 3.776 3.281 2.360
C1–C2 2.650 2.171 1.653 1.590 1.533
C2–C3 1.392 1.441 1.588 1.542 1.530

bridge oxygen is less basic than the terminal one, the calculated
positive charge on the MoO(CH2) fragment in 1d is higher than in
1a–1c.

It was previously shown that, among other factors, higher pos-
itive charge on the MoO(CH2) moiety favours the reactivity of the
Mo site toward alkene [25,26]. Actually, for all models considered
in this work, the charges on the MoO(CH2) fragments are relatively
high—comparable or higher than the corresponding charges cal-
culated for the most active Mo methylidene species on alumina
[25,26] and silica [28].

As the above results indicate that the properties of the Mo
methylidene centres 1a–1c are more or less similar, the models
1a and 1d have been chosen for further studies of the metathesis
activity of the Mo sites in HZSM-5.

3.2. Metathesis activity of the Mo centres

All intermediates and transition states involved in ethene
metathesis proceeding on the Mo site 1a are shown in Fig. 2.
At the initial stage of the nucleophilic ethene attack, an
ethene–molybdenamethylidene complex 2a is formed. A signifi-

cant reconstruction of the Mo centre is observed at this step. The
Mo–O4 bond, being the weakest among the single Mo–O bonds in
the system 1a (Table 1), is now broken (Table 3), enabling an excel-
lent exposition of the carbene bond toward approaching ethene.
The calculated Mo–C3 distance (2.407 Å) for the ethene complex

the pathway of ethene metathesis on the Mo methylidene centre 1a.
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s shorter than the corresponding values theoretically obtained for
nalogous Mo complexes on alumina [25,26] and silica [29]. This
ndicates a relatively strong interaction between the molybdenum
nd the ethene molecule, which is additionally confirmed by the
longation of the Mo–C1 bond, compared to 1a (Tables 1 and 3),
nd the increase of the C2–C3 distance (1.392 Å), in comparison
ith a free ethene molecule (1.348 Å).

The ethene complex 2a can rearrange to the molybdacyclobu-
ane complex 4a via the transition state 3a (Fig. 2). Similarly
o analogous transition structures investigated previously for the

olybdena–alumina and molybdena–silica systems [25–29], the
ormation of the Mo–C3 bond in 3a is more advanced than the
ormation of the C1–C2 bond (Table 3). The molybdacyclobutane
ntermediate 4a has a slightly unsymmetrical and puckered ring
Mo–C3–C1–C2 dihedral angle = 172◦).

The further step in the metathesis mechanism—
ycloreversion—is approximately the reverse reaction for the
ycloaddition discussed above. Instead, the molybdacyclobutane
a can rearrange to the conformation 6a, through the transition
tate 5a (Fig. 2). This conversion can be considered as a side step of
he catalytic cycle of ethene metathesis, because 6a splits to the Mo

ethylidene centre and an ethene molecule in two steps, via the
ntermediate 4a. The structure 6a can be described as a molybdacy-
lobutane complex with a puckered ring (Mo–C3–C1–C2 dihedral
ngle = 155◦) and distorted pentagonal pyramidal geometry. The
eak Mo–O4 bond is again recovered in 6a (Table 3). The ring is

lmost symmetrical with the Mo–C and C–C distances close to the
orresponding bond lengths for theoretically investigated square
yramidal molybdacyclobutanes [17,18,25–29] that are also the
econdarily formed molybdacyclobutane complexes.

The energy diagram of ethene metathesis on the Mo site 1a
s presented in Fig. 3. The formation of the ethene complex 2a is
learly exothermic. Its further conversion to the molybdacyclobu-
ane 4a, which is the most stable structure on the reaction pathway,
s characterised by a very low activation barrier (5 kJ mol−1). How-
ver, splitting of the molybdacyclobutane ring to reproduce the

o methylidene centre 1a require an energy cost of 62 kJ mol−1.
comparable energy barrier is therefore involved to obtain a new
ethylidene centre and a free ethene molecule as the product of the
etathesis reaction. The calculated Gibbs free energy of the inter-
ediate 4a, relative to the reactants (Mo methylidene + ethene), is

Fig. 4. The minima (2d, 4d, 6d) and the transition states (3d, 5d) involved in
Fig. 3. Energy profiles (kJ mol−1) for ethene metathesis on the Mo methylidene
centres 1a and 1d.

quite negative (−25 kJ mol−1), indicating a thermodynamically sta-
ble structure. Therefore, the Mo methylidene centre 1a is predicted
to be rather moderately active in alkene metathesis.

The transformation of the molybdacyclobutane 4a to the pen-
tagonal pyramidal structure 6a is a slightly endothermic step
(7 kJ mol−1) with a low activation barrier (18 kJ mol−1). In con-
trast to alkene metathesis on the molybdena–alumina [25–27] and
molybdena–silica systems [28,29], the secondary molybdacyclobu-
tane 6a does not play an important role in the kinetics of the
metathesis reaction, because it is less stable than the primarily
formed molybdacyclobutane complex 4a.

The intermediates and transition states on the pathway of
ethene metathesis proceeding on the Mo centre 1d (Fig. 4) are
analogous to those concerning the site 1a. In the initial ethene
complex 2d, the Mo–O7 bond is broken and the position of the car-
bene bond enables the attack of an ethene molecule. The Mo–C3
and C1–C2 distances calculated for 2d are shorter than those for 2a
(Tables 3 and 4). The molybdacyclobutane 4d, having an almost flat
ring (Mo–C3–C1–C2 dihedral angle = 176◦), is directly formed from
2d via the transition structure 3d. Again, further rearrangement

of the primary molybdacyclobutane 4d to the secondary one 6d is
possible and involves the transition state 5d. Similarly to 6a, the six-
coordinate molybdacyclobutane complex 6d has a puckered ring
(dihedral Mo–C3–C1–C2 angle = 149◦). The molybdenum atom in
5d and 6d is again threefold bonded to the surface, like in the start-

the pathway of ethene metathesis on the Mo methylidene centre 1d.



110 J. Handzlik / Journal of Molecular Catalysi

Table 4
Selected atomic distances for the minima (2d, 4d, 6d) and the transition states (3d,
5d) involved in the pathway of ethene metathesis on the Mo methylidene centre
1d.

2d 3d 4d 5d 6d

Mo–C1 1.915 1.925 2.060 2.130 2.240
Mo–C3 2.321 2.227 2.036 2.114 2.244
Mo–O1 1.699 1.700 1.703 1.710 1.699
Mo–O4 2.153 2.129 2.142 2.142 2.294
Mo–O6 2.173 2.193 2.211 2.254 2.168
Mo–O7 3.605 3.646 3.616 3.962 3.914
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Mo–O8 3.488 3.459 2.633 2.335 2.135
C1–C2 2.507 2.204 1.584 1.553 1.528
C2–C3 1.406 1.439 1.658 1.574 1.526

ng structure 1d, but here the third bond formed is Mo–O8, instead
f the Mo–O7 bond in the Mo methylidene centre 1d (Figs. 1 and 4).

In contrast to the metathesis pathway on the Mo centre 1a, the
ormation of the ethene complex 2d is hardly exothermic (Fig. 3).
he further step leading to the molybdacyclobutane complex 4d is
lmost barrierless and involves an energy gain of 20 kJ mol−1. The
nergy barrier of the cycloreversion step is quite low (25 kJ mol−1),
uggesting a high metathesis activity of the Mo site 1d. More-
ver, the intermediate 4d is unstable relative to the reactants
1d + ethene) in terms of the Gibbs free energy, by 14 kJ mol−1. The
uckered molybdacyclobutane 6d is slightly less stable than 4d, by
kJ mol−1, and is formed with the activation barrier of 28 kJ mol−1.
hus, the metathesis step (cycloreversion) is kinetically favoured
ver the rearrangement of the intermediate 4d into its isomer 6d,
lthough the calculated difference in the barriers heights is not very
ignificant.

Therefore, the Mo structure 1d is a very good candidate
or a metathesis-active site. The calculated activation energy of
he cycloaddition step is close to zero, whereas the molybda-
yclobutane intermediate easily splits to the alkene molecule
nd the alkylidene site. Moreover, the secondary metallacycle
roduct is less stable than the primary one and its formation

s kinetically unfavoured, compared to the desired cyclorever-
ion step. The structure 1d is predicted to be rather more
ctive in alkene metathesis than theoretically studied Mo sites
n molybdena–alumina [25–27] and molybdena–silica [28,29] sys-
ems. The structure 1d can be also considered as a model of the Mo

ethylidene centre bonded to any silica–alumina support. Thus,
he present results are well consistent with the recent experimental
ndings [11,12] showing that the molybdena–silica–alumina cata-

ysts with low molybdenum loadings exhibit much higher metathe-
is activity than the molybdena–alumina and molybdena–silica
ystems.

. Conclusions

Four different cluster models of Mo(VI) methylidene centres
ocated in the HZSM-5 framework have been proposed and theo-
etically investigated with DFT. Whereas their geometries are more
r less similar, the positive charge on the MoO(CH2) fragment is
learly higher for the Mo centre having two Al atoms in the vicin-
ty, compared to the models with only one T site occupied by Al
tom. This confirms a relatively more electron-withdrawing ability
f the support in the former case.

The activity of two selected Mo methylidene centres has been
xamined by the calculation of the pathway of ethene metathesis.
n both cases the cycloaddition step proceeds easily, which can be

xplained by reduced electron density on the Mo site, as well as by
favourable reconstruction of the methylidene centre at the ini-

ial stage of the reaction. On the other hand, the cycloreverse step
esulting in ethene release involves a relatively high energy barrier

[

[
[

[

s A: Chemical 316 (2010) 106–111

for the Mo centre with one Al site in the neighbourhood, whereas
the barrier is quite low for the model with two T sites occupied by
Al atoms. Moreover, the key molybdacyclobutane intermediate is
a thermodynamically stable species in the first case, but it is unsta-
ble in the second case. A secondary molybdacyclobutane structure
can be formed as well; however, in both cases it is less stable than
the primary metallacycle. Hence, on the basis of these results, a
high metathesis activity is predicted if two Brønsted acid sites are
replaced by the Mo centre.

The present work confirms the previous findings, both exper-
imental [11,12] and theoretical [25–29], indicating a strong
influence of the local properties of the support on the metathesis
activity of the Mo sites.
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