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Abstract—The catalytic activity of oxidized GaO/HZSM-5 in the reaction of alkane dehydrogenation can
be due to hydrogenated gallium oxide clusters stabilized in the cationic positions of the zeolite. The binuclear
gallium oxide clusters [Ga202]2+ in oxidized gallium-substituted high-silica zeolite HZSM-5, which are iso-
meric to two gallyl ions [GaO]* stabilized on two spatially separated lattice aluminum ions, were considered
using the DFT method within the framework of a cluster approach. It was found that, even in the case of a
relatively large distance between these aluminum ions, gallium oxide particles in oxidized GaO/HZSM-5 can
occur as charged planar [G3202]2+ four-membered rings. These cluster particles exhibited a high affinity to
hydrogen, and they were readily hydrogenated with the retention of their structural integrity. It was demon-
strated that this partially hydrogenated cluster could be responsible for the catalytic process of ethane dehy-
drogenation. In the first step, ethane dissociatively added to the [Ga202H2]2Jr cluster. Then, the ethylene
molecule was eliminated from the resulting intermediate to leave the [Ga202H4]2+ cluster. The cycle was
closed by the elimination of a hydrogen molecule with the formation of the initial structure of [Ga202H2]2+.

DOI: 10.1134/S0023158409050188

INTRODUCTION

Gallium-containing zeolites ZSM-5 are efficient
catalysts for the dehydrogenation of light alkanes to
alkenes followed by aromatization [1]. On this basis,
the commercial Cyclar process was implemented [2].
However, in spite of great efforts made by researchers,
the structure of the active centers of these catalysts
remains open to question. In this context, the oxidized
form of GaO/HZSM-5 catalysts is the most ambigu-
ous. Interest in this problem is also stimulated by the
facts that, as found previously, the introduction of O,
into a reaction mixture resulted in an increase in the
rate of reaction [3] and the oxidized GaO/HZSM-5
samples exhibited a noticeably higher rate of reaction
than reduced ones [4]. Initially, the structure of gallyl
ions [GaO]" that might appear at first glance to be
obvious was proposed as an oxidized gallium species
stabilized in zeolite [5]. These cations consist of a gal-
lium atom with a formal charge of +3, which is par-
tially neutralized by an oxygen atom with a formal
charge of —2 to give the resulting charge of +1, which
is compensated by a negatively charged aluminum tet-
rahedron of zeolite. It was hypothesized that [GaO]*
cations exhibit high catalytic activity in the reaction of
ethane dehydrogenation [6, 7]. The mechanism of this

reaction on zeolites was studied previously with the
use of computation methods [8, 9].

Since then, the structure of gallyl ions [GaO]* has
been widely used to interpret experimental results
[10—12] and to perform theoretical calculations [9,
13, 14]. Both the high activity of this structure, for
example, in the heterolytic dissociation of light
alkanes, and serious problems in the regeneration of
this structure in the course of closing a catalytic cycle
were noted in theoretical studies [9, 14]. In particular,
for this reason, it was concluded that the [GaO]* spe-
cies cannot be a catalytic site for the reaction of ethane
dehydrogenation [15]. The high chemical activity of
gallyl cations implies their instability and possible evo-
lution into other species, for example, by dimerization
with the formation of binuclear gallium oxide clusters.

In the majority of publications, the possibility of
formation of polynuclear gallium clusters in zeolites
was only mentioned for a long time. However, this idea
began to develop in recent years. For example, Rozan-
ska et al. [16] reported a theoretical study of the for-
mation of binuclear gallium hydride clusters in
mordenite. Hensen et al. [17] discussed the stability of
binuclear gallium hydride—hydroxide clusters. They
calculated that these clusters can be formed by the
dimerization of neighboring [HGaOH]" cations and
Ga' upon the treatment of gallium-substituted
HZSM-5 with water. They also noted that these clus-
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Fig. 1. Optimized structure of the active center with two
separated GaO™ cationic fragments arranged at different
aluminum tetrahedrons in zeolite.

ters can exhibit activity in alkane dehydrogenation.
Zhidomirov et al. [18] noted that there is a clearly pro-
nounced tendency to the formation of [Ga,0,]**
binuclear oxide particles from two [GaO]* cations in
the case of their occurrence in a zeolite ring. The pre-
viously found [17, 18] structures of binuclear clusters
exhibited a common feature: gallium and oxygen
atoms formed a Ga,0, four-membered ring with alter-
nating atoms, which can be considered as two con-
densed GaO particles.

In this work, we consider an analogous complex
with two [GaO]™" cations, but with a longer distance
between charge-compensating lattice aluminum
atoms (>7 A) arranged at conjugated five-membered
zeolite rings. We calculated the reaction mechanism of
ethane dehydrogenation on the proposed binuclear
cluster structure and demonstrated that the reaction of
C—H bond cleavage and the recombination removal of
hydrogen occurred on the partially hydrogenated form
of this cluster with appropriate energy barriers.

INVESTIGATION TECHNIQUES

In this study, the crystal lattice of zeolite ZSM-5
was simulated with a cluster built from two rings each
containing five silicon atoms and conjugated via oxy-
gen and two silicon atoms bound to it. The accurate
positions of silicon and oxygen atoms were taken from
the structure of ZSM-5 (MFI orthorhombic lattice)
found by X-ray diffraction [19]. One silicon atom in
each of the zeolite rings was replaced by aluminum
atoms (Fig. 1). Hydrogen atoms were added to silicon
and aluminum atoms; these hydrogen atoms were ori-
ented along the external Si—O and AI-O dangling
bonds at initially specified distances of 1.47 and
1.58 A, respectively, which were subsequently opti-
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Fig. 2. Optimized structure of the four-membered cyclic
cluster Ga,0, oriented perpendicularly to the AlO, plane
of zeolite lattice.

mized. Four model structures with the general formula
Ga,0, were arranged onto this framework: two sepa-
rated [GaO]* ions, planar four-membered rings
formed by alternating gallium and oxygen atoms, and
a linear peroxide cluster as a chain formed so that gal-
lium atoms were joined through two oxygen atoms
(Ga—0—0-—Ga). The structures were arranged on the
zeolite framework so that gallium atoms were oriented
to the oxygens of aluminum tetrahedrons.

Quantum chemical calculations were performed by
the density functional theory (DFT) using the GAUS-
SIAN 03 program [20] with TCP Linda. The hybrid
B3LYP functional [21—23] was used; the D95 basis set
was used for hydrogen, silicon, and aluminum atoms,
whereas the 6-31G* basis set was chosen for gallium,
oxygen, and carbon.

The geometric parameters of the structures were
optimized in two steps. At the first step, the framework
was frozen and only the Si—H and Al—H distances
between the terminal hydrogen atoms and framework
silicon and aluminum atoms were optimized. The
resulting coordinates of hydrogen atoms were used for
the subsequent calculations. At the next step, the Car-
tesian coordinates of hydrogen atoms were frozen and
all of the other atoms were set free. In the optimization
of hydrogenated cluster structures and their deriva-
tives, the coordinates of framework atoms in the zeo-
lite lattice were fixed in addition to terminal hydrogen
atoms. The transition states of elementary reactions
were found using the QST2 and QST3 algorithms [24,
25] in the frozen framework with testing the reactants
and products along the reaction coordinate.

RESULTS AND DISCUSSIONS

The gallium oxide cluster structures with a formal
charge of +2 were formed by the association of two
[GaO]*ions (Figs. 1—3). The charge was compensated
by two lattice aluminum atoms arranged at a distance
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Fig. 3. Structure of the unstable peroxide chain Ga,0,
obtained after the first step of optimization.

of 7.2—7.5 A from each other, which were put in place
of silicon atoms in a zeolite cluster of eight tetrahe-
drons. The cationic cluster structures were arranged as
a planar quasi-square four-membered ring with alter-
nating Ga and O atoms (Fig. 2) and as a [GaOOGa]**
chain cluster (Fig. 3) of the peroxide type. For com-
parison, a structure with two separated [GaO]* cations
at corresponding cationic positions was calculated as a
model (Fig. 1).

As a result of the geometry optimization, consider-
able structure rearrangements did not occur only in
the structure containing two [Ga=O]* oxo ions
(Fig. 1). Although the chain structure retained its
shape after the first step of optimization (Fig. 3), they
deformed after the second step so that both of the oxy-
gen atoms were above a gallium atom to form the cat-
ionic pair of [GaO,]* and Ga* (Fig. 4). The distance
between these oxygen atoms was 1.58 A, which is
almost 0.4 A longer than that in molecular oxygen
(Table 1). The square-planar [Ga,0,]*" was elevated
over the framework and oriented perpendicularly to its

KUZ’MIN et al.

Fig. 4. Optimized structure with Ga* and GaO;r cations

obtained after the subsequent optimization of the gallium
peroxide chain (Fig. 3).

plane (Fig. 2); in this case, one of the Ga atoms moved
away from the position over the oxygens of aluminum
so that the entire [Ga,0,]** structure was over only
one of the aluminum atoms. The localization of the
[Ga,0,]*" ring was either coplanar (Fig. 5) or perpen-
dicular (Fig. 2) to the AlO, plane. Geometrically, the
planar four-membered Ga,0O, ring (Figs. 2, 5) was an
almost perfect square with an insignificant deforma-
tion due to a small shift of the external Ga atom to the
center of the square.

A minimum Ga—O distance of 1.68 A (Table 1) and
a maximum distance of 4.69 A between gallium atoms
were found in the structure shown in Fig. 1.

The lowest energy was found for the structure with
separated [GaO]* fragments (Table 2). In this case, the
energy of the coplanar form of the adsorbed square
cluster was higher by only 0.1 kcal/mol. The energies
of the other isomeric structures were only slightly
higher than the above values. Thus, the energies of the
perpendicularly oriented square cluster and the struc-
ture with both oxygen atoms at one gallium atom were
higher than the energy of the first structure by 3.9 and
5.1 kcal/mol, respectively. However, the difference in
energies was not so great to unambiguously suggest the

Table 1. Optimized bond lengths and interatomic distances (in A) for the proposed cluster structures, as compared with the tra-

ditional representation of two gallyl ions

Two separated Ga=0 fragments (perpendGiE(l:%J(l)azrlr}ifnogriente d) Ga,0, ring (coplanar) | Ga* and Ga O;
Ga—Ga 4.96 2.53 2.59 3.89
0-0 4.32 2.73 2.73 1.58
Ga(1)—0(1) 1.68 1.82 2.00 1.84
Ga(1)—0(2) 5.22 1.83 1.95 1.94
Ga(2)—0(1) 4.56 1.90 1.79 3.31
Ga(2)—0(2) 1.68 1.90 1.79 2.24
Ga(1)—Al(1) 2.88 7.34 3.00 3.00
Ga(2)—Al(2) 2.80 2.78 6.28 3.38
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predominance of the first form. It is more likely that
the simultaneous coexistence of various oxidized gal-
lium forms, including small oxide clusters, adsorbed
on zeolite channel walls can be assumed.

Our previous calculations [26] demonstrated that
the gallyl ions [GaO]* readily move around an alumi-
num tetrahedron with an activation energy of
18.6 kcal/mol. The high mobility of these ions on a
support can result in the orientation of two [GaO]*
dipole fragments toward one another; in turn, this ori-
entation will facilitate the trapping of one gallyl by the
other to form a condensed oxide particle of [Ga,0,]**.
Another mechanism of the formation of a square
Ga,0, particle in the oxidation of gallium-substituted
zeolite can also be proposed. At the first step, gallium
is oxidized to form a [GaO,|* particle (Fig. 4), which
can result from the adsorption of molecular oxygen by
gallium or the consecutive oxidation by two equiva-
lents of N,O [27]. Then, the gallium cation migrates to
the [GaO,]* particle with the formation of the result-
ing square cluster.

Next, we considered the binuclear cyclic cluster
[Ga,0,]*" as an active catalytic site in alkane dehydro-
genation reactions. Before the simulation of the over-
all mechanism of a catalytic reaction, we studied the
interaction of this cluster with molecular hydrogen
because it is believed that the activation of the recom-
bination removal of hydrogen is the main function of
gallium in gallium—zeolite catalysts [1]. The hydrogen
molecule can be added to the cluster in a number of
manners to obtain a set of dihydrides (Fig. 6) with dif-
ferent energies of formation (dissociative adsorption
of hydrogen), which are summarized in Table 3. Evi-
dently, this process is strongly exothermic except for
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Fig. 5. Optimized structure of the four-membered cyclic
cluster Ga,O, coplanar to the AlO, plane of zeolite lattice.

the case of structure II (Fig. 6). For example, the energy
of adsorption for channel I is AE = —77.1 kcal/mol
(Table 3). The activation energy of this process is only
12.6 kcal/mol, whereas the activation energy of hydro-
gen desorption from resulting dihydride 1 is
89.7 kcal/mol (Table 4). On this basis, we can con-
clude that the adsorption of the first H, molecule on
[Ga,0,]*" occurs readily and almost irreversibly.
Hence, it follows that the [Ga,O,H,]** cluster cannot
efficiently release H, after the completion of an ethane
dehydrogenation cycle and the desorption of an ethyl-
ene molecule in the case of the simulation of this reac-
tion on the [Ga,0,]** center. Next, we consider the
formation of a tetrahydride cluster (Fig. 7a). The sec-
ond hydrogen molecule is analogously arranged on a
cluster: one of the hydrogen atoms added to the free

Table 2. Relative energies (in kcal/mol) of various [GaZOQ]”r cluster structures, as compared with separated GaO™ cations

e S?Fgﬁggtfa_o (perpengiiilcl)azrlr;fnc%riemed) Ga,0, ring (coplanar) | Ga* and GaO;
[Ga=O0]" + [Ga=0]" - -39 —0.1 =5.1
Ga,0, ring (perpendicular) 3.9 — 3.8 —1.2
Ga,0, ring (coplanar) 0.1 —3.8 — -5.0
Ga® + [GaO,]" 5.1 1.2 5.0 —

Table 3. Relative electronic energies (AE) of the proposed cluster dihydrides and the tetrahydride, as compared with the initial
[Ga202]2+ cluster with consideration for the energies of hydrogen molecules

Structure

AE, kcal/mol

Dihydride (Fig. 6, I)
Dihydride (Fig. 6, IT)
Dihydride (Fig. 6, III)
Dihydride (Fig. 6, IV)
Tetrahydride (Fig. 7a)

=77.1

30.0
—68.3
-92.9
—96.6

KINETICS AND CATALYSIS Vol. 50  No.5 2009
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Fig. 6. Isomeric [Ga202H2]2+ dihydrides obtained upon the adsorption of a hydrogen molecule onto the four-membered ring

[Ga,0,]*".

bridging oxygen atom, and the other, to the terminal
GaH group to form the symmetrical tetrahydride
[Ga(OH),GaH,|**. This reaction is also exothermic
but not as strongly as the addition of the first hydrogen
molecule, and the energy of the system changed by —
19.5 kcal/mol (Table 3). The reaction has a relatively
low activation barrier (23.8 kcal/mol), which resulted
in an activation energy of 43.3 kcal/mol for the elimi-
nation of a hydrogen molecule from the tetrahydride
(Table 4). Thus, we conclude that the removal of H,
from [Ga,0,H,]** is possible, and we can consider the
reaction mechanism of ethane dehydrogenation on
the hydrogenated cluster [Ga,O,H,]** rather than on
[Ga,0,]*" (Table 5).

We found the structure of the dissociative adsorp-
tion of an ethane molecule on the hydrogenated clus-
ter. In this case, the ethyl fragment was bound to the
external gallium atom, whereas hydrogen was bound
to the bridging oxygen atom (Fig. 7b). This structure
resulted from the reaction

Z-[GaO(OH)GaH] + C,Hj
— Z-[Ga(OH),GaH—C,Hj],

which occurred with an energy gain of —9.1 kcal/mol
and an activation energy of 32.8 kcal/mol (Table 5).
Next, we considered the elimination of the ethylene
molecule

Table 4. Energies (AE) and electronic activation barriers (£,) of the consecutive hydrogenation reactions of the cyclic cluster
[Ga202]2+ (with the specified geometry parameters of transition states)

Reaction

Ga—H distance in TS, A
O—H distance in TS, A
H—H distance in TS, A

Activation energy of the forward reaction
E,, kcal/mol

Activation energy of the reverse reaction
Ea , kcal/mol

AFE, kcal/mol

[G3202]2+ + H2 — [G3202H2]2+ [Ga202H2]2+ + H2 —_— [Ga202H4]2+
1.91 1.85
1.49 1.34
0.91 0.99
12.6 23.8
89.7 43.3
=771 —19.5

Table 5. Energies (AE) and electronic activation barriers (£,) of the reaction of ethane dehydrogenation on the hydrogenated

four-membered cluster [Ga,O,H,|**

Activation energy Activation energy
Reaction of the forward of the reverse reaction " AE,
reaction E,, kcal/mol E, , kcal/mol cal/mol
Z-1Ga,0,H,] + C,Hg — Z-[Ga,0,H3—C,Hs] 32.8 41.8 -9.1
Z-[G3202H3—C2H5] —_— Z—[G3202H4] + C2H4 46.5 14.7 31.8
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Fig. 7. Derivatives of the cyclic cluster [G3202]2+: (a) tet-
rahydride and (b) ethane molecule adsorbed on the hydro-
genated cluster.

Z-[Ga(OH),GaH-C,H,]
- Z—[Ga(OH)zGaH2] + C2H4.

The energy of this process was 46.5 kcal/mol (Table 5),
which was lower than or comparable with the results
obtained for other active centers (Table 6). Finally, the
active center [Ga,O,H,]*>* was regenerated from
[Ga,0,H,]** by the removal of a hydrogen molecule,
which occurred with a previously found activation
energy of 43.3 kcal/mol (Table 4). This allowed us to
close the catalytic cycle (Fig. 8).

Evidently, ethane dehydrogenation on the pro-
posed cluster occurs with a lower activation barrier
than on Ga* and [GaH,]|* active centers in reduced
samples [6] (Table 6). Joshi and Thomson [28] pro-
posed a reaction mechanism for ethane dehydrogena-
tion on [GaH]?* particles, which simulate active cen-
ters in the reduced state of a gallium—zeolite catalyst
and demonstrated that the catalytic activity of this
center depends on the distance between aluminum
atoms in the zeolite lattice. Table 6 summarizes the
energy characteristics of the ethane dehydrogenation
reaction on one of these preferable centers [28]. Com-
paring these data with our results, we can state that the
key activation energy on our hydrogenated cluster
[Ga,O,H,]*" is close to that found by Joshi and Thom-

son [28]. Thus, based on our data, we can propose the
above cluster as a model oxidized catalytic site in the
sample of GaO/HZSM-5 and explain the high rate of
catalytic reaction on the oxidized form of gallium-
substituted zeolite.

CONCLUSIONS

We hypothesized that the binuclear gallium oxide
clusters [Ga,0,]** stabilized on an aluminum tetrahe-
dron at a comparatively distant arrangement of the
second lattice aluminum ion can serve as active cata-
Iytic sites for alkane dehydrogenation reactions in oxi-
dized high-silica zeolites GaO/HZSM-5. The speci-
fied cluster structure is isomeric to two gallyl ions
[GaO]" stabilized on two spatially separated lattice
aluminum ions. We calculated the reaction mecha-
nism of ethane dehydrogenation on this binuclear gal-
lium oxide cluster. We found that molecular hydrogen
readily undergoes dissociative adsorption on the gal-
lium oxide cluster to give dihydrides, which can act as
active catalytic sites for alkane dehydrogenation reac-
tions. Note that the hydrogen-free gallium oxide clus-
ter cannot be a model of the catalytic site for the cata-
Iytic reactions of alkane dehydrogenation because it
has a very high affinity to hydrogen and cannot be
regenerated by hydrogen removal from the hydride
form. However, the situation changes for a partially
hydrogenated cluster, for example, for dihydride spe-
cies. We evaluated the activation energy of the ethane
dehydrogenation reaction based on the activation
energies of the dissociative adsorption of ethane and
the removal of ethylene from the test hydride cluster.
We compared the results with published data and con-
cluded that the test reaction can occur on the pro-
posed cluster. It is likely that the formation of such

Table 6. Reaction kinetics of ethane dehydrogenation on various model active centers

Parameter 777 [Ga,0,H,1** |Z7[GaH,|*| Z~Ga** |Z [GaH,]"**|Z> [GaH]*"**
Energy of the dissociative adsorption —-9.1 8.1 1.14 1.14 10.5
of ethane, kcal/mol
Activation energy of the dissociative 32.8 46.1 52.0 48.6 19.7
adsorption of ethane, kcal/mol
Activation energy of the removal of ethylene, 46.5 61.2 53.3 61.7 36.7
kcal/mol
Activation energy of the removal of hydrogen, 43.3 46.1 53.3 48.6 47.4
kcal/mol
Maximum activation energy, kcal/mol 56.9 69.5 55.7 62.8 62.4

* Data from [6].
** Data from [28].

KINETICS AND CATALYSIS Vol. 50  No.5 2009
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Fig. 8. Catalytic cycle of the mechanism of ethane dehydrogenation on a partially hydrogenated gallium oxide cluster
([GaZOZH4]2+ can be considered as the starting structure, whereas [G61202H2]2+ and [GazozH3C2H5]2+ can be considered as

less stable intermediates).

polynuclear gallium oxide—hydroxide structures at the
cationic positions of zeolite is responsible for the high
activity of oxidized gallium-substituted zeolites ZSM-
5 in alkane dehydrogenation reactions.
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