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Abstract For Zn>* cations in ZnZSM-5 zeolite unusual type
of cationic positions, formed by two distantly placed frame-
work aluminium atoms, is considered. Some extent of struc-
tural destabilization of cations in these cationic positions in
comparison with traditional localization should result in pro-
moted Lewis activity and adsorption activity of these sites.
The last ones are manifested in the significantly increased IR
low frequency shifts for adsorbed molecules and in their abil-
ity for heterolytic dissociation at elevating temperature. DFT
cluster quantum chemical modeling of light alkane adsorp-
tion on Zn’>* in ZnZSM-5 zeolites confirms these conjec-
tures in full agreement with recent experiments. Similar to
the previously considered dihydrogen and methane molecule
adsorption, we present here the calculations of ethane molec-
ular and dissociative adsorption on these sites. It is shown that
the unusually large ethane IR frequency shift recently ob-
served in ZnZSM-5 zeolite can result from adsorptive inter-
action of CoHg with Zn?* stabilized in a cationic position with
distantly placed aluminium ions. The dissociative adsorption
of ethane molecules with the formation of bridged hydroxyl
group and Zn—C,Hs structure is considered and an activa-
tion energy of ethylene formation from the alkyl fragment is
evaluated.

Keywords Ethane - Adsorption - Heterolytic dissociation -
ZnZSM-5 zeolites - DFT

G.M. Zhidomirov () - A.A. Shubin

Boreskov Institute of Catalysis,

Siberian Branch of the Russian Academy of Sciences,
(Pr. Akad. Lavrentieva 5), Novosibirsk 630090, Russia
E-mail: Zhi@catalysis.nsk.su

V.B. Kazansky
Zelinsky Institute of Organic Chemistry of Russian Academy of
Sciences, (Leninsky prospect 47), Moscow 117913, Russia

R.A. van Santen
Schuit Institute of Catalysis, Eindhoven University of Technology,
P.O. Box 513, 5600 MB, Eindhoven, The Netherlands

1 Introduction

Zinc-containing high-silica zeolites are known as an effective
catalysts for dehydrogenation and aromatization of light alk-
anes [1-3]. Significant efforts have been devoted to clear
up the role of Zn-active components during these processes
[3-5]. At present, there is the consensus that zinc cationic
species are essentially important for acceleration of paraffin
dehydrogenation — the first step of alkanes’ aromatization
reaction. In principle, different cites of Zn>* ion stabiliza-
tion in zeolites can be realized: stabilization in the small (4—
6)-membered zeolite rings with two aluminium atoms in the
ring, the binuclear [Zn—-O—-Zn]** structures, and the extra-
framework zinc oxide clusters (ZnO),. Relative appearance
of these forms should depend on the zeolite type and its Si/Al
module, zinc loading, the procedure of active component
introduction, and on subsequent thermo-chemical treatment
[6]. Comparison of the activity of these forms in the dehy-
drogenation of alkanes is important for understanding the
catalytic properties of Zn high-silica zeolites. Most research
suggests the main role of Zn>* ion species in cationic posi-
tions of zeolites [3-5,7]. Theoretical study of the reaction
path of ethane dehydrogenation on Zn>* cation stabilized in
four-membered zeolitic ring was carried out in [7]. It was
concluded that the “alkyl” path of ethane activation is most
probable, while the first step of this process should be het-
erolytic dissociation of C;Hg into CoH5 and H*. This step
in the reaction of ethane molecule on Zn>* ion placed at
various ring cationic positions of ZSM-5 zeolite has been
considered in [8]. Qualitative correlation between decreased
stability of the zinc cation in the cationic sites and increased
activity of these sites in the reaction was found. Stabilization
energy (Est) of Zn’>* has been evaluated as the enthalpy of
the reaction

Zn*"/Z + Hy = Zn° + 2HT/Z, (1)
where 2 H* / Z is the hydrogen form of the cationic position.

Generally speaking, there are two main factors responsible
for the destabilization of cation position and increase in the
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Fig. 1 Structure I. The suggested active site with two distantly sepa-
rated Al lattice ions placed in different zeolite rings
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Fig. 2 Structure II. a First strong adsorption form for ethane mole-
cule. b Calculated IR frequencies with their intensities and simulated
IR spectrum (with all DFT computed vibrational frequencies scaled
by factor 0.964) for this structure. IR spectrum of free C,Hg molecule
calculated at the same DFT level is presented for comparison by the
dashed line

B v, cm’” intensities,
km mol”
28283  135.5 "
2978.9 5.8
3051.7 14.7 i
3097.2 23 it
31233 150, | i
3131.7 57§y f

2600 2700 2800 2900 3000 3100

v, cm” (scaled by 0.964)

Fig. 3 Structure III. a Second strong adsorption form for ethane mol-
ecule. b Calculated IR frequencies with their intensities and simulated
IR spectrum (scaled as in Fig. 2) for this structure

Lewis acidity of the Zn?*: steric hindrance of the cation
adsorption due to the structural peculiarities of the site and
the decrease in adsorption interaction, which could be asso-
ciated with mutual sitting of two aluminium charge com-
pensating ions in the zeolite lattice. An example of the first
one is Zn>* stabilized in a four-membered zeolite ring in
comparison with Zn?>* stabilized in a five-membered ring
[8]. The importance of the second of these factors became
clear after recent DRIFT studies of H, [9,10] and CHy [11]
adsorption on ZnZSM-5 zeolites with various zeolite mod-
ules. It was concluded that stabilization of two-valent Zn>*
cation at one aluminium ion is possible with distant placing of
the second charge compensating aluminium ion. Unusually
large red frequency shifts were found for adsorbed H; (220-
230cm™") and CH4 (110 cm™") molecules. In addition, their
heterolytic dissociation was observed after a moderate eleva-
tion in temperature [9—11]. All of these data were explained
by promoted activation of adsorbed molecules on the above
mentioned unusually strong Lewis active sites with distantly
placed aluminium ions. Theoretical studies [12, 13] confirm
such suggestion. Earlier [14], a zeolite fragment with dis-
tantly placed (more than 7.5 A) two-lattice aluminium jons
was also considered as a cation position for the stabiliza-
tion of binuclear form [Zn—O—-Zn]?*. Such a binuclear struc-
ture with extralattice oxygen has been identified in [6] and
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Fig.4 Structure I'V. a First dissociative adsorption form for ethane mol-
ecule. b Calculated IR frequencies with their intensities and simulated
IR spectrum(scaled as in Fig. 2) for this structure

suggested in [3] to account for the overexchange phenomena
in the zinc exchanged zeolites. Simultaneously, we demon-
strated in [14] the possibility of single Zn?* ion stabilization
in such cationic positions (the last one was termed as Z4Zn)
and discussed the unusual chemical properties of this site.
Lowering stability and high reactivity of these cationic posi-
tions were revealed, but the study of H, and CH,4 adsorption
and perturbation of their IR frequency bands were not carried
out. Such calculations have been subsequently performed and
a large adsorption low-frequency shift (—254 cm™!) for the
stretching vibration band of H; [12] and abnormally high-
frequency shift (—107 cm™") of symmetric (A) stretching
band of CH4 molecule have been found [13]. It has been
shown earlier that such large shift of vibration frequencies
could not be explained for H, [15] and CH,4 [16] by inter-
action of these molecules with traditional forms of zinc ion
species in high-silica zeolites. At the same time, calculations
showed that Zn>* ions in the cationic positions considered
here can produce large perturbations of IR vibration frequen-
cies of adsorbed molecules in agreement with experiments.
We suggest that it is important confirmation of the reliability
of cationic positions with distantly placed lattice aluminium
ions for two-valent metal ions [10].

Recently, a DRIFT study of ethane adsorption and dehy-
drogenation on ZnZSM-5 zeolite has been performed [17].
In parallel to a similar study for methane [11], besides an

v, cm™ (scaled by 0.964)

Fig. 5 Structure V. a Second dissociative adsorption form for ethane
molecule. b Calculated IR frequencies with their intensities and simu-
lated IR spectrum(scaled as in Fig. 2) for this structure

observation of weak adsorption species, strong ethane adsorp-
tion form was found. This form has very intensive broad IR
band and a frequency which is more than 200cm~! lower
than those of the C-H stretching vibrations of gaseous or
physically adsorbed ethane molecules. Heterolytic dissocia-
tion of this strong adsorption form initiated by the increase
in temperature results in a zinc ethyl fragment and acid-
bridged hydroxyl group. Subsequent elevation in the tem-
perature gives rise to the decomposition of ethyl fragment
and to the formation of zinc hydride and ethylene. Here, we
are going to show that cluster model DFT calculations of ad-
sorbed and dissociated forms of ethane molecule on Z4Zn
site are in agreement with the above cited [17] DRIFT study
of the strongly adsorbed ethane species. In this work, we use
the same cluster model of Z4Zn site as in previous studies of
H; [12] and CHy4 [13] adsorption.

2 Computation details

Two adjacent five-rings on the wall of the straight channel of
ZSM-5 zeolite have been suggested as a possible cationic
site for the zinc ion with Al atoms placed in Ty, and Tg
lattice positions [20]. The ZnAl,SicO9H7, was chosen for
subsequent DFT modeling. The quantum chemical compu-
tations were carried out within the gradient-corrected density
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Table 1 Some atom-atom distances for calculated structures I-IX*
I I 111 v \ VI Vil VIII IX

Zn-03) 1.973 2.014 2.003 1.973 1.971 1.974 1.981 2.022 1.951
Zn—Oyy) 1.916 1.952 1.957 2.022 2.021 2.020 2.010 2.041 1.995
Zn-0Os) 2.019 2.112 2.090 3.516 3.436 3.540 3.985 3.796 3.467
Zn-O) 2.081 2.133 2.142 3.544 3.511 3.552 3.777 3.686 3.522
Zn—C) 2.388 2.400 1.940 1.941 1.942 2.055 2.529
Zn—C ) 3.475 3.465 2.881 2.912 2.942 2.151 2.453
Zn-H(y) 1.686 1.541 1.513
Ow-Hqy 0.965 0.966 0.965 0.965 0.966 0.965

u—<Co 1.532 1.529 1.537 1.536 1.535 1.432 1.339

#For isolated C,H¢ and C,H4 molecules computed at B3LYP DFT level with 6-311G** basis set, C—C distances are 1.530A and 1.327A,

respectively
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Fig. 6 Structure VI. a Third dissociative adsorption form for ethane
molecule. b Calculated IR frequencies with their intensities and simu-
lated IR spectrum(scaled as in Fig. 2) for this structure

functional theory (DFT) using the GAUSSIAN-98 program
[18]. In the present study, a B3LYP functional was used to
estimate electron exchange and correlation contributions to
energy. It contains the Hartree—Fock exchange, the mixture
of exchange and correlation functionals including gradient
corrections of the electron density, and the carefully chosen
empirical parameters that have been obtained from fitting the
calculated results to the accurate experimental data. Nowa-
days, such a hybrid B3LYP method is very often used in
chemical applications [19]. This approach was also rather
successful in our earlier studies of Zn containing zeolites

Fig. 7 Structure VIIL The transition state structure for 8-H transfer to

the Zn ion. This transition state connects structure VI with structure
VIII

[12,13]. In the course of simulation of C,Hg interaction with
azinc ion at the zeolite cationic position, the 6-31G* basis set
was used for zinc and 6-311G** basis set for the C,Hg, the
zeolite oxygen atoms, and the hydrogen atoms of the bridging
hydroxyl groups. Al and Si atoms of the zeolite framework,
as well as (H*) hydrogen atoms saturating the broken Si—O
bonds, were treated by the D95-Dunning/Huzinaga basis set.
Such a compromised choice allowed us to save computational
time and, at the same time, to use the extended models for the
frequency calculations without significant loss of accuracy.
Special restrictions were imposed on the optimization
of positions of the boundary H* atoms. At the first step of
the optimization procedure, the geometry of ZnAl,SisOgH7,
zeolite cluster was fixed according to experimental X-ray
diffraction data [20]. Only Si-H* and Al-H* bond distances
were optimized, while the positions of other atoms (except
Zn), as well as directions of O—H* bonds, were kept fixed
according to crystallographic data. The Zn>* ion was allowed
to move freely in the zeolite structure. Subsequent second
step of optimization was performed with fixed positions of
H* atoms. Positions of H* atoms obtained for ZnAl,SisOyH7,
cluster after the first step of this optimization procedure were
saved and kept fixed in the subsequent restricted geometry
optimizations of H-forms and other zeolite structures with
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Table 2 Mulliken charges for calculated structures I-IX*

I I 111 v \4 VI VII VIII IX
Zn 0.984 0.953 0.933 0.797 0.818 0.799 0.777 0.618 0.660
Al 1.067 1.082 1.068 1.096 1.098 1.095 1.096 1.095 1.095
Al 1.157 1.157 1.146 1.143 1.151 1.149 1.158 1.133 1.131
Oq) —1.061 —1.075 —1.067 —0.896 —0.898 —0.896 —-0.897 —0.899 —0.896
O -1.110 —-1.122 -1.110 —1.148 —1.156 —1.149 —1.148 —1.146 —1.149
O —1.149 —1.148 —1.150 —1.169 —1.170 —1.171 —1.168 —1.178 —1.176
Ow —1.138 —1.143 —1.145 —1.152 —1.153 —1.150 —1.144 —1.154 —1.160
O¢s) —-1.139 —1.144 —1.143 —1.093 —1.100 —1.093 —1.084 —1.086 —1.093
O —1.149 —1.160 —1.155 —1.115 —1.117 —1.114 —1.114 —1.114 —1.113
Cay —-0.416 —0.428 —0.535 —0.543 —0.541 —0.489 —0.256
Ce —0.301 —0.284 —0.300 —0.307 —0.285 —0.252 —0.303
Hq 0.162 0.101 0.363 0.364 0.363 0.363 0.365 0.363
Hp) 0.138 0.153 0.114 0.101 0.089 —-0.192 —-0.172 —0.131
Hg) 0.165 0.170 0.106 0.115 0.112 0.142 0.174
Hy) 0.071 0.154 0.112 0.104 0.117 0.137 0.158
Hes) 0.175 0.146 0.102 0.100 0.104 0.169 0.150
H) 0.121 0.120 0.101 0.111 0.104 0.177 0.163

#For isolated C,He molecule computed at B3LYP DFT level with 6-311G** basis set, C—C Mulliken charges are —0.317 and 0.106 for C and H
atoms, respectively. For isolated C,H4 molecule, corresponding charges are —0.219 and 0.109

Fig. 9 Structure IX. The result of ethylene desorption from structure
VIII

Fig. 8 Structure VIIL. The first product (which contains zinc hydride
and adsorbed ethylene) of 8-H transfer to the Zn ion reaction for struc-
ture VI

two connected 5-membered rings. For calculation of vibra-
tional frequencies, all bond saturating H* atoms were released
but their masses were set to a very large value (1000000).

3 Results and discussion

The cluster model of the active site with two distantly sep-
arated lattice Al atoms, which are placed in two adjacent
zeolite rings, is shown in Fig. 1. Zn?>* ion is localized near
Al (3, atom with the Zn—Al,,, distance equal to 2.866 A and a
rather long Zn—Al(;y distance to the second aluminum atom
of 6.170A. The most interesting interatomic distances and
Mulliken charges for this and subsequent structures are col-
lected in Tables 1 and 2, respectively. It is evident from
these results that Zn is coordinated by four most closely

surrounding oxygen atoms with slightly shorter distances to
two of them bounded to Al(y). Two forms of ethane adsorp-
tion that are shown in Figs. 2 and 3 by structures II and
I correspond to two local minima with very close adsorp-
tion energies. They can be approximately converted to each
other by rotation of ethane molecules around the Zn—Cy
bond. The adsorption energies for both structures are equal
to 13.4 and 12.2 kcal/mol, respectively, with the small pref-
erence of structure II. After ethane adsorption, the fourfold
coordination of Zn by the lattice oxygen atoms remains un-
changed; however, all four Zn—O distances became some-
what longer (see Figs. 2, 3 and Table 1). Effective transfer of
electron density from ethane to the adsorption site is equal to
0.115 electron that is in agreement with the slight decrease in
the positive charge of Zn ion (Table 2). This indicates appre-
ciable Lewis acidity of the considered active site involving
the Zn*? ion in a cationic position with distantly placed alu-
minum ions. It was shown earlier [14] that such peculiarity
of active site really promotes its Lewis acidity. The electron
transfer to Zn>* from adsorbed ethane is about 0.015 electron
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Structure |
and C,Hg Structure VI
Structure Il )
ructure
\
(C,Hg adsorption) \ 324

Structure VII
(TS)

Structure 1X
and C,H,

Structure VIII
(C,H, adsorption)

Fig. 10 Reaction energy diagram of ethylene formation. Reaction path (shown in dash) between structure II and structure VI should include
several additional steps (not shown in this figure) corresponding to heterolytic dissociation of C,Hg and subsequent proton migration similar to

those considered in [12] for H,. All values in kcal/mol

larger than for the previously studied methane adsorption
[13]. Ethane adsorption also results in strong polarization
of adsorbed molecules and in significant change in charge
distribution resulting from interaction with zinc cations (see
Table 2).

The calculated C—H stretching frequencies of adsorbed
ethane and intensities of corresponding IR bands are indi-
cated in Figs. 2, 3. The simulated IR spectra carried out using
the scaled 0.964 calculated frequencies are shown in these
figures by the solid lines, while the corresponding IR bands
are slightly artificially broadened. For comparison purposes,
scaled in the same manner, IR spectrum of free ethane mol-
ecules (shown by the broken line) was also calculated at the
same DFT level.

The most remarkable feature of the calculated spectra of
the strong molecular form of ethane adsorption is the very
intense lines at 2720 cm™! for structure IT and at 2726 cm™!
for structure III that are very strongly red shifted in com-
parison with the spectrum of the free ethane. Positions and
intensities of these lines are in good agreement with those
for the experimentally observed most strongly red-shifted IR
band at 2727 cm™! in the experimentally observed spectrum
of the strong molecular form of ethane adsorption reported in
[17]. Several much weaker C—H stretching bands that were
observed in [17] in the region of 2800-3000 cm™~' are also
associated with this form of adsorption. According to our cal-
culations for structure I, their scaled frequencies are at the
following: 2849, 2942, 2982, 3010, and 3016 cm™! positions
(see Fig. 2). The calculated spectrum of structure III is quite
similar with the only exception that the band at 2872 cm™! for

structure IT was shifted to 2848 cm™! for structure IIL. The
calculated IR spectra in general quite nicely fit the experimen-
tal results, with the only exception for the 2816 cm~! band
that is absent in the theoretical spectra. This discrepancy is
most likely connected with contribution to the experimentally
observed spectrum of a weaker form of ethane adsorption.

Heating of a ZnZSM-5 zeolite with adsorbed ethane at
423 K destroys the strong molecular form of ethane adsorp-
tion. Instead, it results in heterolytic dissociation of ethane
with the formation of a Zn—ethyl fragment and the bridging
hydroxyl group [17]. We were able to find at least three differ-
entisomers of dissociatively adsorbed ethane with practically
the same total energies. They are presented in Figs. 4, 5, and
6.

As follows from these figures, dissociation of the strong
form of molecular ethane adsorption results in the formation
of Zn—C bonds with simultaneous weakening of two weaker
Zn-0 bonds with Al atom (see Table 1). Reduction of the
active site makes itself evident in an appreciable decrease in
the positive charge of Zn ion (Table 2). The calculated C-H
stretching frequencies for all of dissociated structures IV, V,
and VI are very similar and are in a reasonable agreement
with those experimentally observed. For example, for struc-
ture IV in Fig. 4 they are equal to 2896 cm™!, 2920 cm™~' and
several much weaker bands at 2944, 2954, 2974 cm™ ", while
the experimentally observed vibrational frequencies reported
in Ref. [17] are equal to 2874, 2958 and 2010 cm™.

Prolonged evacuation of the sample with the dissociative-
ly adsorbed ethane at 523 K results in the formation of eth-
ylene and in appearance of a Zn—H bond with the stretching
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frequency of 1934 cm~! [17]. We considered the 8-H transfer
to the Zn ion as is presented by structure VI. The calcu-
lated geometry of the corresponding transition state is shown
in Fig. 7. The estimated activation energy of 48.0 kcal/mol
seems to be rather reasonable. During the formation of such
TS, the Zn—C(;) and Zn—-C 2 bond distances are equalized,
while the C—C bond becomes shorter by 0.1A and a new
Zn-H bond with hydride character is forming (see in this
connection structure VII in Fig. 7 and Tables 1 and 2). The
first product of the reaction is structure VIII (Fig. 8), which
contains zinc hydride and adsorbed ethylene coordinated by
the 7- bonding with the zinc ion. The energy of this struc-
ture is by 26.8 kcal/mol lower than that of the transition
state VII.

Desorption of ethylene results in structure IX (Fig. 9),
which contains the bridging hydroxyl group and the zinc hy-
dride group. The calculated desorption energy of ethylene
is equal to 8.3 kcal/mole, while the calculated Zn—H stretch
frequency of 1881 cm™! is in reasonable agreement with the
experimental value of 1934 cm™~!. It is quite remarkable that
adsorption of ethylene (structure VIII) decreased the Zn—H
frequency to 1788 cm™!. The reaction energy diagram sum-
marizing results of calculations for some structures is pre-
sented in Fig. 10.

4 Conclusion

An unusual type of localization in high-silica zeolites of
bivalent metal ions at two distantly separated lattice alumi-
num atoms was considered. The consecutive stages of ethane
dehydrogenation by these sites, including the strong molec-
ular adsorption, of ethane, its subsequent heterolytic disso-
ciative adsorption, and ethylene formation via splitting of
hydride ions from ethyl fragments, were analyzed via DFT
cluster calculations. The obtained results indicated that the
unusually large low-frequency shift of stretching frequency
of one of IR C-H stretching bands that was recently ob-
served for ethane adsorption by a ZnZSM-5 zeolite is con-
nected with perturbation of C,Hg by Zn>* ions at such sites
with promoted Lewis acidity. At least, two possible molecular
adsorption forms and three heterolytically dissociated struc-
tures were found. C-H vibrational frequencies for all these
reaction intermediates were calculated. They are in reason-
able agreement with the experimental results.
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