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A cluster model for Zn/ZSM-5 zeolite is proposed, which consists of an oxygen-bridged [Zn–O–Zn]2+ moiety attached to two
framework aluminum ions of two adjacent ZSM-5 5-rings. Its stability and catalytic activity in ethane dehydrogenation were considered
using the DFT method and compared with those for single Zn2+ ions in the same rings. It is shown that the oxygen-bridged Zn2+ pair
is rather reactive towards ethane dissociation and that the rate-limiting step is release of hydrogen.
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1. Introduction

Since the early studies by Boudart et al. [1–3] the pos-
sibility of the formation of redox ion pairs in zeolites by
ion exchange has drawn attention. They proposed for the
Fe(II)/Fe(III) redox couple in Y zeolite that the redox prop-
erties of this binuclear ion system are due to elimination or
addition of the bridging oxygen atom in the ion pair system
[Fe–O–Fe]4+ [3]. The bridging position of the oxygen in
the Fe/Y zeolite was confirmed by M̈ossbauer [3] and IR [4]
studies. Another reason for interest in such a species relates
to studies of cationic exchange in high-silica zeolites and
especially to an understanding of the overexchange phe-
nomenon [5]. A number of studies have been devoted to
demonstrate experimentally the existence of [Cu–O–Cu]2+

structures in highly loaded Cu/ZSM-5 [5–13]. Redox prop-
erties of these species make them active in N2O decompo-
sition and reduction [14]. The observation of isothermal
oscillations of N2O decomposition over Cu/ZSM-5 cata-
lysts is usually interpreted as a consequence of a change in
reductive and oxidative properties of nitrous oxide in the
interaction with the [Cu–O–Cu]2+ structure as a function
of oxygen concentration [15–17]. Recently, considerable
attention was paid to studies of the activity of Fe/ZSM-5
zeolites in the selective catalytic reduction of NOx [18,19]
and the binuclear [HOFe–O–FeOH]2+ structure was sug-
gested as an active site [19]. XAFS, FTIR, ESR, H2-TPR
and CO-TPR studies supported the hypothesis about the
formation of bridged binuclear iron clusters in Fe/ZSM-5
prepared by sublimation of FeCl3 [20,21]. Oscillations
of N2O decomposition were also observed for these cat-
alysts [22]. In this case the oscillations were observed only
in the presence of water. Nevertheless, there is evidence
that the oscillations are related to chemical transformations
of the binuclear [Fe–O–Fe]x+ structure in the course of the
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reaction. Apparently, the binuclear sites are also the cause
of the peculiarities of the O2 isotope exchange in these
systems [23], which are not observed in the catalysts pre-
pared by impregnation where the majority of iron is usually
present as Fe2O3 particles. Studies of the reactivity of the
selective oxidation site (α-oxygen), which is formed upon
low-temperature N2O decomposition, lead the authors to
relate this to monooxygenase-like behavior for the oxida-
tion of saturated hydrocarbons, in particular methane. By
analogy with the known binuclear Fe-containing structure
of the active site of MMO the active site in Fe/ZSM-5 has
been suggested also to be a binuclear oxo-complex.

The probability of formation of bridged binuclear com-
plexes of exchanged cations is related, in the first place,
to the Si/Al ratio and to the nature of Al distribution in
the zeolite framework. Experimental observations of such
structures in Cu/ZSM-5 and Fe/ZSM-5 lead to the conclu-
sion that this property of the zeolite matrix may also show
up in the case of other multi-valent cations.

Recently, Zn-containing zeolites, and especially Zn/
ZSM-5, attracted much attention due to their catalytic ac-
tivity in the reactions of dehydrogenation of light alkanes
and aromatization of hydrocarbons [24,25]. Considerable
efforts have been devoted to clarifying the structure of the
Zn2+-ion oxide species in these systems and to the de-
termination of their catalytically active forms [20,26,27].
Among them the binuclear form [Zn–O–Zn]2+ has been
proposed [25] to account for the overexchange phenom-
enon in Zn-exchanged ZSM-5 zeolites. Unfortunately, due
to the complexity of the systems, many problems concern-
ing the state and chemical activity of zinc ion species in
these zeolite systems remain. Most authors came to the
conclusion that the dehydrogenating ability of the Zn com-
ponent is important in catalytic conversion of alkanes in
zeolite systems [24–27]. The role of the zinc ions has been
ascribed to an enhancing of the recombination of hydrogen
atoms and desorption of H2 [26,27].
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176 A.L. Yakovlev et al. / Oxygen-bridged Zn2+ ion pairs in Zn/ZSM-5

So far, there were very few published studies with cal-
culations of binuclear oxygen-bridged metal complexes in
zeolites. First of all, the work of Sayle et al. [28,29]
should be mentioned. Low-energy configuration of cop-
per oxide species has been identified by static atomistic
simulation techniques. A rather high probability of forma-
tion of Cu(II)–OH–Cu(I) bridge structures was found [28]
and a detailed analysis of stability and structure of this
species was carried out [29]. Teraishi et al. [30] studied
the coordination and structure of single Cu ions and binu-
clear copper species in ZSM-5 zeolite by means of MD and
ab initio cluster model simulations. Goodman et al. [31]
studied chemical reduction of O- and O2-bridged cations
in CuZSM-5 by H2, CO, and NO, as well as their autore-
duction, using simple cluster models and DFT approach.
Recently, the stability of the Pd(II)–O–Pd(II) structure in
6-rings of ZSM-5 was studied by Rice et al. [32].

In our previous paper we presented results for the ethane
dehydrogenation reaction on a single Zn2+ ion attached to a
cluster representing a ZSM-5 site [33]. Here we present the
results of a theoretical study of the structure and reactivity
of binuclear [Zn–O–Zn]2+ complexes, as well as single
Zn2+ ions, in contact with a large cluster geometrically
related to the ZSM-5 support. As an example of the alkane
activation on this site we have carried out calculations on
intermediates of the ethane dehydrogenation reaction.

2. Computation details

The density functional (DF) calculations were performed
using the ADF v2.3 package. TZ + VP basis sets were
used throughout (type IV basis sets in ADF). Geometry
optimization was carried out employing the local density
approximation (LDA) [34]. At LDA geometry the energy
was computed at GGA level using the exchange–correlation
functional of Perdew and Wang [35].

The basic cluster model Z consists of two 5-member
rings representing part of the wall of the straight channel
of the ZSM-5 structure. The placement of the cluster in
ZSM-5 structure can be pictured from figure 1. The non-
equivalent lattice positions of silicon atoms in the ZSM-5
structure [36] are shown as Txx. The cluster contains both
Si12 and Si9, which are often believed to be locations for
silicon substitution by aluminum. H forms of Al-substituted
clusters (models ZsH2 and ZdH2, where the subscript “s”
or “d” stands for “same” and “different” , respectively, see
below) were calculated. In the ZsH2 model aluminum ions
are placed in the same ring (Si6 and Si12 are substituted)
and are separated by one silicon–oxygen tetrahedron, while
in ZdH2 they are in different rings (Si9 and Si12 are sub-
stituted) and are separated by two such tetrahedra. The
site ZsH2 provides a possibility to replace two charge-
compensating protons by one two-valent cation, such as
Zn2+ (ZsZn model). In principle, this is also possible for
the site ZdH2, which was also calculated (ZdZn model), but
the large distance between farthest AlO4 tetrahedron and

Zn2+ ion creates an energetically unfavorable charge sepa-
ration. To avoid this situation, another ZnO molecule may
serve as a bridge between these charge centers, resulting in
a [ZnOZn]2+ moiety as a big counter-ion (ZdZn2O model).
In principle, it is possible that more ZnO molecules serve
as bridges if the separation between framework Al ions is
larger.

The interaction of Zn-containing clusters with alkanes
was studied using ethane as an example. For the cluster
ZsZn, with only one Zn cation, it was previously found
that ethane activation results in a [ZnC2H5]+ cation and
zeolitic bridging OH group, i.e., the “alkyl route” of the re-
action [37]. In contrast to the ZsZn cluster, ethane dissoci-
ation on the cluster ZdZn2O may result either in the cluster
Zd(ZnOH)(ZnC2H5) or in the cluster Zd(H)(ZnOZnC2H5)
or in the cluster Zd(Zn(OC2H5)ZnH). The difference be-
tween the first two models is in the place of attachment of
the hydrogen atom from the ethane molecule: in the former
it is bound to the bridging oxygen between Zn ions, whereas
in the latter it is bound to framework oxygen between Al
and Si. In the third model ethyl is bound to the extra-lattice
bridging oxygen and H is at one of the zinc atoms. We have
also calculated models which can be considered as resulting
either from ethylene desorption from the previous models
or from dissociation of hydrogen on Zn/ZSM-5. These are
the Zd(ZnOH)(ZnH), Zd(H)(ZnH), and Zs(H)(ZnH) cluster
models, which correspond to ZdZn2O, ZdZn, and ZsZn sub-
strate clusters, respectively.

In the present calculations we use the cluster approach,
where dangling bonds at Si and Al atoms were terminated
with hydrogen atoms. The geometry optimization proce-
dure used was as follows. First, the coordinates of all atoms
except those of boundary hydrogens were frozen at the lat-
tice positions [36] and for the latter the direction to the
absent lattice oxygen was maintained and only T–H bond
lengths were varied, where T = Si or Al. For the models
ZsH2 and ZdH2 the coordinates of H atoms of bridging OH
groups were also optimized during this step. This proce-
dure was performed only for Z (purely siliceous), ZsH2,

Figure 1. Purely siliceous basic cluster model Z. Crystallographically
distinct positions of silicon atoms in ZSM-5 lattice are presented as Txx.
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and ZdH2 models. For all other models the positions of
boundary H atoms were kept fixed either as in the model
ZsH2 or as in ZdH2 depending on the positions of aluminum
ions. After that, the Cartesian coordinates of the boundary
H atoms were kept frozen and the rest was optimized.

It is important to discuss here the effect of freezing
boundary atoms for different models and its dependence
on basis sets. We optimized the geometry of the model Z
with frozen boundary H atoms using three basis set types:
double-ζ (type II in ADF), double-ζ + VP (type III), and
triple-ζ + VP (type IV). The optimized Si–O distances are
longer than the experimental ones resulting in some short-
ening of Si–H bonds compared to the previously optimized,
which, in turn, results in non-zero forces on the boundary
atoms. The magnitude of these forces can be a measure of
the “adequateness” of the basis set in question. The com-
parison shows a substantial decrease (usually by a factor of
two) in these forces when a basis set with polarization func-
tions (III or IV) is applied. Therefore, the error introduced
by freezing the positions of boundary atoms is smaller with
larger basis sets. This was the main reason why we have
chosen the type IV basis set in this work.

The largest impact of the freezing of boundary H atoms
on accuracy of the results should occur in the case of Al-
substituted models because of the significant difference be-
tween Al–O distances in Zs,dX models and the correspond-
ing Si–O distances in the Z model. In this case the largest
forces are acting on the frozen H atoms bound directly
to aluminum. However, the magnitude of the forces is
not much larger (approximately by a factor of two) than
in the case of the purely siliceous cluster model Z. Be-
sides that, the forces are consistent between different ZdX
and ZsX models, so that introduced errors are substantially
canceled.

3. Results and discussion

In table 1 some resulting distances in the first coordi-
nation sphere of zinc after geometry optimization of Zn-
exchanged clusters are presented. For atom numbers see
the corresponding figures pointed out in the first column.

3.1. Formation of Zn/ZSM-5

Zn/ZSM-5 can be prepared by various means: ion ex-
change [38], incipient wetness impregnation [26], Zn sub-
limation [39], ZnCl2 sublimation with subsequent wash-
ing [20] or solid-state ion exchange with ZnO [40] or metal-
lic Zn [41]. Since the Zn form of a zeolite may be prepared
by deposition of gaseous ZnO onto its H form, it is worth-
while to consider the reaction

Z–H2 + xZnO→ Z–ZnxOx−1 + H2O

where in our case x = 1 or 2, Z = Zd, Zs. The correspond-
ing reaction energies for different x and Z are presented
in the table 2 in the rows 2, 9, 10, and 16. Alternatively

ZdZn and ZsZn can be obtained via reactions 10 and 17,
respectively, which represent the formation of Zn/ZSM-5
via interaction of the zeolitic H form with metallic zinc
vapor. A few points are worth to be mentioned here. As
expected, the stabilization of a single zinc ion in a 5-ring
with two Al ions is better than with one. The difference
amounts to 30 kcal/mol (compare rows 9 and 16 in ta-
ble 2). This can be attributed to the effect of unfavorable
charge separation due to large distance between the nega-
tively charged remote Al–O tetrahedron and the Zn2+ ion in
the case of ZdZn formation. The second ZnO molecule ad-
sorbed on ZdZn closes this distance, which results in more
stable ZdZn2O complex. The energy of ZnO adsorption
was calculated to −90 kcal/mol, indicating that two ZnO
molecules will rather form one ZdZn2O site than two sep-
arate such as ZdZn. Another indication of the instability of
the ZdZn site is its reactivity towards water: the energy of
reaction 12 (table 2) is −33 kcal/mol. These results indi-
cate that Zd(H)(ZnOH) will be a primary product when a
ZnO molecule reacts with a ZdH2 site, the reaction energy
being −108 kcal/mol (sum of rows 9 and 12, table 2). In-
terestingly, this value is close to the energy of reaction 16,
the formation of the ZsZn site. The ZdZn2O is also reac-
tive towards water, however in this case the hydration of
the site is less exothermic: the energy gain is 24 kcal/mol.

We could not find in the literature any indication about
the structure of gaseous zinc oxide. Thus we decided to
calculate the relative stability of the intrazeolite particles
also to the zinc oxide dimer Zn2O2. Since the heat of
ZnO dimerization is calculated to be −92.5 kcal/mol, the
energy of reaction 2 (table 2) has to be corrected by this
value. Thus, the energy of the reaction ZdH2 + Zn2O2 →
ZdZn2O + H2O is −73.5 kcal/mol, still very exothermic.

Comparison of the local geometry of Zn ions surround-
ing in ZdZn and ZsZn reveals a few interesting points. As
one can expect the zinc ion in the ZsZn structure is co-
ordinated to four oxygen ions (see table 1 and figure 2).
However in the case of ZdZn, despite the presence of only
one Al-centered tetrahedron in the vicinity of the Zn ion,
it is also coordinated to four framework oxygens (see ta-
ble 1 for distances and figure 2 for atom numbering). In-
terestingly, the distances Zn–O(2) and Zn–O(5) in ZdZn are
as short as in ZsZn although in ZdZn the two O ions are
bound to silicon not aluminum. This strong Zn–O(2) inter-
action caused changes in T–O bonds in the chain T9–O(4)–
T6–O(2), namely, T9–O(4) and T6–O(2) became longer by
0.15 Å and O(4)–T6 became shorter by 0.08 Å compared to
other Al–O and Si–O bonds. Thus, the distortions in the
framework bonds facilitate the stabilization of the Zn ion
in such an unusual situation.

The most important parameter that correlates with the
cations reactivity at different positions is their Lewis acidity.
Some calculated quantities, such as the relative position of
the lowest unoccupied molecular orbital (LUMO) and for-
mal atomic charges, can give an indication of the strength of
the Lewis acid in question. For example, a lower position
of the LUMO and higher positive charge correspond to a
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Table 1
Optimized interatomic distances in the first coordination sphere of zinc
ions (R < 2.5 Å) for all calculated Zn-containing models. For atom num-

bers see corresponding figures pointed out in the first column.

Model Interatomic distances at Zn (Å)

ZsZn Zn–O2 1.93 Zn–O5 2.04
figure 2 Zn–O3 1.92 Zn–O6 2.03

ZdZn Zn–O2 1.93 Zn–O5 2.28
Zn–O3 1.95 Zn–O6 1.92

ZdZn2O Zn1–O2 2.18 Zn2–O5 2.16
figure 3 Zn1–O3 2.00 Zn2–O7 1.94

Zn1–O6 2.03 Zn2–O9 2.43
Zn1–O10 1.83 Zn2–O10 1.79

Zs(H)(ZnC2H5) Zn–O3 2.04 Zn–C1 1.92
figure 4 Zn–O6 1.96

Zd(H)(ZnC2H5) Zn–O3 2.07 Zn–C1 1.92
Zn–O6 1.96

Zd(ZnOH)(ZnC2H5) Zn1–O3 2.05 Zn2–O4 2.19
figure 5 Zn1–O6 1.95 Zn2–O5 2.15

Zn1–C1 1.91 Zn2–O7 1.94
Zn2–O10 1.80

Zd(H)(ZnOZnC2H5) Zn1–O3 2.23 Zn2–O5 2.17
figure 6 Zn1–O6 2.02 Zn2–O7 1.93

Zn1–O10 2.10 Zn2–O9 2.23
Zn1–C1 1.97 Zn2–O10 1.79

Zd(Zn(OC2H5)ZnH) Zn1–O2 2.16 Zn2–O4 2.22
Zn1–O6 1.97 Zn2–O5 1.93
Zn1–O10 2.05 Zn2–O7 1.90
Zn1–H 1.54 Zn2–O9 2.25

Zn2–O10 1.84

Zs(H)(ZnH) Zn–O3 2.01 Zn–H1 1.52
figure 7 Zn–O6 1.97

Zd(H)(ZnH) Zn–O3 2.00 Zn–H1 1.50
Zn–O6 1.94

Zd(ZnOH)(ZnH) Zn1–O2 2.49 Zn2–O4 2.15
figure 8 Zn1–O3 2.26 Zn2–O5 2.24

Zn1–O6 2.03 Zn2–O7 1.90
Zn1–O10 2.29 Zn2–O10 1.82
Zn1–H1 1.54

Figure 2. The cluster model ZsZn in which Al substitutes Si at T12 and
T6. Zn2+ is used as a counter-ion.

Table 2
Calculated reaction energies of steps of the active sites formation and

ethane dehydrogenation.

No. Reaction ∆E (reaction)
(kcal/mol)

1 ZdH2 + 2ZnCl2→Zd(ZnCl)2 + 2HCl 34
2 ZdH2 + 2ZnO→ZdZn2O + H2O −166
3 ZdZn2O + H2O→Zd(ZnOH)(ZnOH) −24
4 ZdZn2O + C2H6→Zd(ZnOH)(ZnC2H5) −18
5 ZdZn2O + C2H6→Zd(H)(ZnOZnC2H5) 28
6 ZdZn2O + C2H6→Zd(Zn(OC2H5)ZnH) 37
7 Zd(ZnOH)(ZnC2H5)→Zd(ZnOH)(ZnH)+C2H4 20
8 Zd(ZnOH)(ZnH)→ZdZn2O + H2 38

9 ZdH2 + ZnO→ZdZn + H2O −75
10 ZdZn + ZnO→ZdZn2O −91
11 ZdH2 + Zn→ZdZn + H2 10
12 ZdZn + H2O→Zd(H)(ZnOH) −33
13 ZdZn + C2H6→Zd(H)(ZnC2H5) −26
14 Zd(H)(ZnC2H5)→Zd(H)(ZnH) + C2H4 34
15 Zd(H)(ZnH)→ZdZn + H2 33

16 ZsH2 + ZnO→ZsZn + H2O −105
17 ZsH2 + Zn→ZsZn + H2 −19
18 ZsZn + C2H6→Zs(H)(ZnC2H5) 7
19 Zs(H)(ZnC2H5)→Zs(H)(ZnH) + C2H4 27
20 Zs(H)(ZnH)→ZsZn + H2 7

stronger Lewis acid site in a row of similar sites. Calculated
LUMO energies for ZdZn2O (−2.8 eV), ZsZn (−3.2 eV),
and ZdZn (−4.1 eV) clearly indicate that Lewis acidity
strongly increases in this order. Mulliken charges on Zn
ions for ZdZn2O (0.78 a.u.) and ZsZn (0.87 a.u.) corre-
late with a LUMO position. Surprisingly, the Zn formal
charge in the ZdZn cluster is of the same magnitude as in
ZsZn (0.87 a.u.). This also shows the unusual electronic
properties of this site.

3.2. Reactivity

As a test of reactivity of the sites we calculated inter-
mediates of the ethane dehydrogenation reaction according
to the mechanism proposed in [42] based on the kinetic
data analysis. DFT modeling of this mechanism was previ-
ously reported for the case of Zn2+ in a zeolitic 4-ring [37].
The mechanism comprises the alkane dissociative adsorp-
tion, alkene desorption, and hydrogen recombination and
desorption with restoration of the initial site, in this order.
The energies of dissociative adsorption of ethane and hy-
drogen molecules on the sites are presented in table 2 and
clearly shows the activity dependence on stability of the
sites in the row ZsZn, ZdZn2O, and ZdZn. The most stable
Zn2+ ion in the cationic position of the 5-membered ring re-
veals an energetic effect, which qualitatively agrees (taking
into account larger basis sets used in this work) with that
previously found for different Zn-containing 5-membered
rings in the ZSM-5 structure [33]. In contrast to this
site the binuclear structure ZdZn2O is much more ac-
tive in these reactions due to substantially higher basicity
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Figure 3. The cluster model ZdZn2O in which Al substitutes Si at T12
and T9. [ZnOZn]2+ is used as a counter-ion.

Figure 4. The cluster Zs(H)(ZnC2H5) resulted from dissociation of a C2H6

molecule on the cluster ZsZn.

Figure 5. The cluster Zd(ZnOH)(ZnC2H5) resulted from dissociation of a
C2H6 molecule on the cluster ZdZn2O.

Figure 6. The cluster Zd(H)(ZnOZnC2H5) resulted from dissociation of a
C2H6 molecule on the cluster ZdZn2O.

Figure 7. The cluster Zd(H)(ZnH) resulted from dissociation of an H2

molecule on the cluster ZdZn.

Figure 8. The cluster Zd(ZnOH)(ZnH) resulted from dissociation of a
C2H6 molecule on the cluster ZdZn2O.
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of the extra-lattice oxygen compared to framework O ions.
The difference in Mulliken charges between them is about
0.2 a.u. This results in exothermicity of ethane and hy-
drogen dissociation giving Zd(ZnOH)(ZnC2H5) (table 2,
reaction 4) and Zd(ZnOH)(ZnH) (table 2, reverse reac-
tion 8). It is essential that the alternative “carbanion”
route in the ethane dissociation with the formation of
Zd(Zn(OC2H5)ZnH), reaction 6, is unfavorable. The routes
of ethane dissociation preserving ZnOZn fragment with for-
mation of ZnOZnC2H5 or ZnOZnH structures are also un-
favorable, see for example reaction 5. The unstable site
ZdZn reveals a further increase in the activity in dissocia-
tive adsorption of ethane and hydrogen.

Ethylene elimination, as well as subsequent hydrogen
recombination closing the catalytic cycle ethane dehydro-
genation, are endothermic for all considered sites (reac-
tions 7, l4, 19, and 8, 15, 20, respectively). Formation
of ethene from ethane is least unfavorable on a ZdZn2O
center, but desorption of hydrogen for this site is the most
difficult. For ZdZn both these reaction steps are strongly
unfavorable.

As was found in this study, the energetically most unfa-
vorable step in ethane dehydrogenation reaction on oxygen-
bridged Zn–O–Zn ion pair sites is hydrogen removal. The
same was concluded by Bell et al. for alkane dehydro-
genation on a ZGa(OH)2 site in Ga-ZSM-5 [43]. The au-
thors [43] suggested a substitution reaction as the final step
of the catalytic cycle. For the case of Zn-ZSM-5 it can be
written as follows:

Zd(ZnOH)(ZnH) + C2H6 → Zd(ZnOH)(ZnC2H5) + H2

and one of the further processes may be

Zd(ZnOH)(ZnC2H5) + C2H6

→ Zd(ZnOC2H5)(ZnC2H5) + H2

which opens the path for the oligomerisation process.

4. Conclusions

For high-silica zeolites with homogeneous aluminum
distribution the probability to find two Al ions in one ring
is low. Thus the structures including two Al ions in ad-
jacent rings must be of importance. A cluster model Zd

consisting of two 5-rings with one T atom in each ring sub-
stituted by aluminum is proposed. The model represents a
fragment of the wall of a ZSM-5 straight channel. The
structure of a zinc cation in this position, the ZdZn model,
was calculated using the DFT approach. A remarkably low
stability of this cluster, compared to that with two Al ions
in one ring (ZsZn model), was found. The ZdZn structure
is strongly inclined to form oxygen-bridged [Zn–O–Zn]2+

cation (ZdZn2O structure).
The ZdZn2O site is rather reactive towards water, hydro-

gen, and ethane dissociation. Comparison of different prod-
ucts of ethane dissociative adsorption on ZdZn2O showed
that formation of the Zd(ZnOH)(ZnC2H5) product is most

favorable. Subsequent steps of ethane dehydrogenation on
ZdZn2O were studied and it was concluded that the most
difficult step is the release of hydrogen. In parallel with
Bell et al. [43] we suggest that the substitution mechanism
of the hydrogen removal should play a role. Similar results
were obtained for the ZdZn model: ethane dissociation is
very exothermic, even more than in the case of ZdZn2O,
hydrogen desorption is very endothermic, and, unlike the
ZdZn2O case, ethylene desorption is also very endother-
mic. The calculations for the ZsZn model are in qualitative
agreement with our previous results [33] for ethane dehy-
drogenation on Zn2+ stabilized in one zeolitic ring.
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