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A DFT study of ethane activation over cadmium exchanged ZSM-5 zeolite shows that the interaction of C,Hg with the Cd?* sites
results in a strongly perturbed molecular adsorption leading to heterolytic cleavage of the C—H bond with a moderate activation

barrier.

High silica zeolites modified with transition metal ions possess
unique chemical properties. For instance, zinc and gallium
exchanged ZSM-5 zeolites catalyze the dehydrogenation and
aromatization of light alkanes.! It was suggested that the high
activity of Zn?* ions in high silica zeolites is due to their unique
location resulting in very strong polarization of the adsorbed
light alkanes, which facilitates heterolytic C-H bond cleavage.?
Another related and very interesting material is CdZSM-5,
which is the most active of the cationic zeolites for hydration
of acetylene.? It also exhibits a four times higher activity than
GaZSM-5 in C,H, dehydrogenation.* The low temperature
DRIFTS study of H, adsorption on CdZSM-5 revealed that
different cationic species are being formed within the zeolite
depending on the method of preparation.® It was also found
that H, molecules heterolytically dissociate on this catalyst.
The proposed active sites are isolated Cd2* cations stabilized at
distant anionic sites in ZSM-5. Note that Cd?** and Zn?* ions
have very similar electronegativity, while the ionic radius of
cadmium is 0.2 A larger than that of bivalent zinc.® A larger
cation is less shielded by the surrounding lattice oxygens.
Recently, we have shown that this results in a stronger electro-
static field of the exchanged cation and, hence, leads to the
stronger polarization of adsorbed molecules.”# Thus, one can
expect that Cd?* ions exchanged to ZSM-5 zeolite will exhibit
even more pronounced unusual adsorption and enhanced catalytic
properties as compared to the ZnZSM-5.

Here we present a DFT study of C,H, activation over isolated
Cd?* ions stabilized in ZSM-5 zeolite. Two adjacent five-rings
from the wall of the straight channel of ZSM-5 have been
suggested as a possible cationic site for the cadmium ion.
A CdAlLSigOgH,, cluster was chosen for subsequent DFT
modeling.* Aluminum atoms were placed in T12 and T8 lattice
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Figure 1 Optimized structures of (a) Cd Z, and (b) Cd Z cluster models.
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Figure 2 Optimized structures of (a) C,H,/Cd Z; and (b) C,H¢/Cd Z
adsorption complexes.

positions!’ to model a charge-alternating Z; cation site with
distant anionic sites [Figure 1(a)], whereas the next nearest T12
and T6 lattice positions were occupied with aluminum atoms to
model the conventional ion-exchange site Z  [Figure 1(b)].
Molecular C,Hg adsorbed on the exchanged cadmium cation
is a precursor to subsequent chemical activation. The ethane
molecule coordinates to the Cd Z, and Cd Z clusters with two
hydrogen atoms from one methyl group (n2-coordination), as
shown in Figure 2. The calculated adsorption energies are
27 and 49 kJ mol-!, respectively, for Cd Z, and Cd Z,. The four-
fold coordination of Cd by the lattice oxygen atoms remains
unchanged after ethane adsorption. However, all of the Cd-O
bonds become somewhat longer, and the Cd?* partially leaves
the cation site towards the adsorbed molecule (Table 1). More
important changes are observed in the geometry of the C,Hg
species. The C—H bonds directly interacting with the exchanged
cation are elongated in comparison with the corresponding bonds
of gas-phase ethane. In addition, the respective H(1)-C(1)-H(2)
bond angles increase remarkably upon adsorption (Table 1).

 The starting geometry of the clusters corresponded to the real lattice of
the ZSM-5 zeolite according to X-ray diffraction data.” For convenience,
we choose the outer H-atoms as a rigid container for the model. DFT,
with the B3LYP!? hybride functional was used to perform all of the
calculations. Geometry optimizations and saddle point searches were all
performed using the Gaussian 03 program.'! The DGDZVP!? basis set
was used for the Cd atom, whereas the C,H, and the zeolitic oxygen
atoms were described by the 6-311G(d,p) basis set. Al and Si atoms as
well as the boundary H atoms were treated by the D95-Dunning/
Huzinaga basis set.!3 Special restrictions were imposed on the procedure
of optimization of the positions of the boundary H-atoms as described in
ref. 14. All of the energies obtained from the DFT calculations used for
estimating the reaction heats and the activation barriers were corrected
for the zero-point energy.
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Table 1 Selected geometry parameters [interatomic distances/A and H(1)-C(1)-H(2) bond angle/°] for the C,H¢“ adsorption complexes and the respective

free adsorption sites.

Cd-O(1) Cd-0(2) Cd-0(4) Cd-0(5) C-H(1) C-H(2) Cd-H(1) Cd-H(2) LH(1)-C(1)-H(2)
CdZ, 2.229 2.194 2314 2316 — — — — —
C,H¢/Cd Z, 2.251 2.211 2.373 2.364 1.103 1.119 2.385 2216 114.0°
CdZ 2.283 2.194 2.208 2272 — — — — —
C,H¢/Cd Z, 2.302 2.207 2.231 2.299 1.101 1.110 2.461 2332 112.7°

“The calculated C-H bond length in the gas phase of C,Hy is equal to 1.094 A; the H-C—H bond angle is equal to 107.5°.

The effective transfer of electron density from ethane to the
Cd>?* cation equals 0.124 and 0.173 electrons,’ respectively, for
the C,Hy/Cd Z; and C,H/Cd Z,; complexes. The smaller charge
transfer and the weaker C,H, adsorption reflect a lower Lewis
acidity of the cadmium cations stabilized in the conventional
ion-exchange sites (Z,). Therefore, one expects a lower chemical
activity of these species. This supports the assumption that the
heterolytic dissociation of H, occurs over cadmium ions, which
compensate the negative charges of distant aluminum-occupied
oxygen tetrahedra.’

In addition to the geometry changes, the interaction of ethane
with the positively charged Cd?* ion results in a strong polari-
zation of the adsorbed C,Hq. These perturbations affect the
vibrational properties of the C,H¢ species in the adsorption
complexes. The calculated IR spectra of C-H vibrations of
the C,H¢/Cd Z, and C,Hy4/Cd Z; are shown in Figure 3. Note
that, although the method and the model used have some
deficiencies for modeling of the hydrocarbon—zeolite system,
it was shown® that thus simulated IR spectra of the adsorbed
light alkanes well agree with the experimental ones and repro-
duce all their qualitative features. One can see that both spectra
contain five slightly perturbed bands with frequencies close to
those observed in the gas phase (2960-3130 cm™!), whereas
for each of the complexes one band (at 2874 or 2777 cm™,
respectively, for the Zg or Z; site) is very strongly red-shifted
and exhibits a very high relative intensity compared with those
of the other C-H stretching bands. This band corresponds
mainly to the displacements of the H(1) and H(2) from the C-H
bonds directly interacting with the Cd?* ion. Due to the exces-
sive positive charge of the cadmium ion in the Z; site, the
polarization of the adsorbed C,Hg in this case is much stronger
than for the Cd Z; model. This, along with the stronger Lewis
acidity of the Cd Z; site, results in about 100 cm~' stronger
red shift, as well as remarkably higher intensity of this band, as
compared to the Cd Z, case. Recently, using the C,Hy adsorp-
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Figure 3 Calculated IR frequencies (v/cm™!) of C-H stretching vibra-
tions with their intensities (Int./km mol-'); simulated IR spectrum for
(1) C,H¢/Cd Z,, (2) C,H/Cd Z structures and (3) free C,H¢ based on the
DFT computed vibrational frequencies scaled by a factor of 0.964.

§ Mulliken atomic charges calculated for the optimized adsorption
complexes were used for estimation of the effective electron transfer.

tion on ZnZSM-5 zeolite as an example, it was shown that
such a strong perturbation of adsorbed molecules leads to their
chemical activation at higher temperatures.>? The calculated
red shift and the intensity of the low frequency C-H stretching
vibration in the C,H¢/Cd Z, complex are significantly higher
than those for the similar complex with the Zn?* cation.!6
Thus, one can expect that cadmium cations stabilized in the
charge-alternating cation sites of high silica zeolites will be at
least as active but most probably even more active than the
respective sites in ZnZSM-5 for light alkanes activation.

The appearance of the low-frequency C—H vibration is
evidence of a significant weakening of the corresponding
chemical bonds. Therefore, one expects facilitation of the dis-
sociation of the adsorbed molecules. Chemical activation of the
adsorbed ethane proceeds via heterolytic C—H bond cleavage
resulting in the formation of a Brgnsted acid proton and cadmium-
alkyl group. In case of the Cd Z, model, two different pathways
are possible, which differ in the mechanism of H abstraction
from C,H¢ by either O(4) or O(6) zeolite oxygen (Figure 4).
When Cd** is stabilized in the Z, cation site, the pathway
resulting in formation of Brgnsted acid site attached to the O(4)
atom is strongly unfavoured due to the repulsion of the two
adjacent positively charged species (H* and [Cd-Et]*). The
geometry optimization of the corresponding product leads to
an improbable structure.

The lowest activation energy is found for ethane dissociation
on the Cd Z; site (TS1, AE™ 113 kJ mol!). Taking into account
the strong molecular adsorption of ethane (49 kJ mol™!), the
overall activation energy for the formation of species 1 is
equal to 64 kJ mol-!. These barriers are much lower than those
calculated within the same model for ethane activation over
GaZSM-5 (210 kJ mol").'* This suggests a significantly higher
activity of CdZSM-5 zeolite, which is in agreement with experi-
mental data.* The true activation energies for both pathways
of the heterolytic dissociation of ethane over Cd Z, model are
slightly higher. In addition, the molecular adsorption to Cd Z,
is weaker (27 kJ mol™!) and the dissociation is facilitated to a
lesser extent. In contrast to the Cd Z;, the basicity of the O(4)
atom in the Cd Z; site is high; therefore, the H-abstraction by
this atom leads to formation of a rather strong O-H bond. The
resulting energy gain dominates the energy loss due to repulsive
interaction between the positively charged H* and [Cd-Et]*
ions. Therefore, corresponding product 2 of C,H¢ dissociation
is rather stable. On the other hand, abstraction of the proton to
another zeolite ring, which is favoured for the Cd Z;, exhibits
a remarkably higher activation energy and results in the forma-
tion of unstable structure 3 (Figure 4). Thus, the activation of
C,H, over Cd?* ions stabilized in conventional ion-exchanged
sites of ZSM-5 is both kinetically and thermodynamically less
favourable compared to the case of stabilization at the distant
anionic sites.

Summarizing the above results, based on the DFT cluster
modeling, we predict a CdZSM-5 zeolite to be highly active
for alkane activation. Molecular adsorption of ethane to the
exchanged cations results in formation of rather stable 6-CH
complexes. The subsequent heterolytic dissociation of C,Hg is
a favourable process, and we predict it to occur at moderate
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Figure 4 Activation of ethane over Cd** in ZSM-5 zeolite.

temperatures. Depending on the local environment of Cd?* in
the zeolite, these complexes exhibit different vibrational and
chemical properties. Thus, we believe that using IR spectro-
scopy of light alkanes adsorption as a molecular probe one can
distinguish different location of Cd?* in ZSM-5.
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