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Theoretical study of the molecular hydrogen adsorption
and dissociation on different Zn(II) active sites of zeolites
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The adsorption and dissociation of hydrogen on Zn-exchanged zeolites has been studied theoretically by density functional theory
(DFT). Diverse types of active sites have been employed for the Zn cation, such as: placed on different rings (4T and 5T), in the
(ZnO)4 (in a cubic configuration cluster) and in the [Zn–O–Zn]2+ dimer complex. The Zn(II) cation is most exposed to probe mole-
cules when situated on 4T ring of zeolites. In this position, the cation activates the infrared stretching band of the hydrogen molecule,
which is not observed when Zn(II) sits on 5T rings. The assignment of the band shifts found in the experimental IR spectra of hy-
drogen adsorption, which were associated to the cation position in the zeolite framework, had to be revised following the results for
the calculated shifts. Larger shifts are associated to the cationic position at small rings. In the case for (ZnO)4 the dissociative ad-
sorption is more favorable. The calculated activation energy is the lowest among all sites studied. The results have also confirmed the
current proposal that ZnO microparticles are responsible for the large H–H stretching shift and the H2 dissociation on Zn(II) sites in
zeolites.
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1. Introduction

Zeolite catalysts are extensively used in petroleum refin-
ing, as well as in the petrochemical and chemical industries.
Recently, a number of new processes have been developed,
which are based on metal-loaded zeolites. For instance, Zn
zeolites have been used to promote dehydrogenation and
aromatization of alkanes, which are well addressed in the
literature [1–4].

The catalytic activity of the Zn(II) cation has been sub-
ject of a large number of studies [2,3,5–7]. The adsorption
of small molecules, especially molecular hydrogen, in com-
bination with vibrational spectroscopy has been widely used
to provide information on the adsorption mechanism [8–15].
Nevertheless, a better picture of the Zn(II) cation activity, at
certain position inside the zeolites, is still needed.

The present work presents systematically some insights
into the hydrogen adsorption on Zn-loaded zeolites. Apply-
ing ab initio DFT studies at a molecular level, the infrared
frequencies, the interaction and activation energies for the
hydrogen adsorption on different active sites have been cal-
culated and discussed.

2. Methods

Various active sites for Zn cations are studied for the mo-
lecular and dissociative adsorption of the dihydrogen mole-
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cule: [Zn–O–Zn]2+, (ZnO)4 and Zn2+ on different zeolite
“fragments” (4T and 5T rings). The [Zn–O–Zn]2+ site was
studied in combination with a different zeolite fragment: 5T
cluster. The (ZnO)4 model, however, was used without di-
rect interaction with the zeolite framework, see figure 1 (a)
and (b).

H termination of Si and Al groups has been chosen in-
stead of OH termination to avoid problems such as in-
tramolecular hydrogen bond formation, which results in the
creation of a non-acceptable model [16]. Clusters provide
qualitatively interesting results for the local interaction be-
tween the active site and the probe molecule. The use of such
clusters has been extensively discussed elsewhere [17–20].

The (ZnO)4 cubic structure has been chosen as a model
in order to mimic one of the different forms of ZnO clus-
ters encapsulated in zeolites [21,22]. This configuration was
studied previously by Han et al. [23] using grand canonical
Monte Carlo simulations in the β-cage of zeolite Y and by
the authors for the methane adsorption [24], providing inter-
esting results.

The choice of the basis set took into account the com-
putational needs with the use of extended models for fre-
quency and transition state calculations. All calculations,
therefore, have been performed using the following ba-
sis set combination: D95-Dunning/Huzinaga full double-
ζ for Al and Si atoms [25], double-ζ type plus polariza-
tion functions for Zn [26] and triple-ζ type plus polariza-
tion functions for H and O, as implemented in Gaussian
98 [27].

The B3LYP functional was used, since it gives acceptable
values for molecular vibrations [28], energies and geome-
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Figure 1. Zn(II) site models: (a) the zeolite rings, (b) (ZnO)4 and [Zn–O–Zn]2+.

tries [29–31]. Furthermore, this functional also has been re-
cently used to study proton donation [32], weak and strong
H bonds [33–35] with reliable results.

All the stationary points were verified by frequency cal-
culations. These tests produce either no imaginary frequen-
cies, which is required for local minimum, or just one, which
is characteristic for transition states [36].

All frequencies used for the this study were scaled by
0.96, as suggested previously by Pople et al. [31] and Radom
et al. [37]. Although Gaussian 98 [27] evaluates only the
harmonic vibration frequencies, the comparison of such
values with experimental results showed to be very use-
ful in the analysis of the induced changes in the IR spec-
tra of the adsorbed probe molecules, for instance in the
study of the methane interaction cations exchanged in ze-
olites [24,38].

The basis set superposition error (BSSE) was verified us-
ing a counterpoise (CP) method [39]. The two-body method
was applied in all molecular adsorption cases and this cor-
rection was included in all energy values, when needed. No
symmetry constraints have been used for the configurations
studied.

3. Results and discussion

The results will be divided in different parts. In the first
one, the interaction of the molecular hydrogen with two dis-
tinct Zn2+ cation positions is analyzed. In the second part
the same study is followed for two other sites for the Zn(II)

cation in zeolites. In the last part the dissociation path of the
molecular hydrogen is discussed for all cases.

3.1. H2 as a probe for the Zn(II) siting

Two different positions of Zn2+ are analyzed in this part:
4T and 5T rings. The four-membered ring is found in several
zeolites, for instance faujasites and zeolite A. This position
corresponds to the SIII and SIII′ sites in these zeolites. The
second model represents the cation position in the other two
types of rings found in zeolites (5- and 6-membered rings),
commonly in ferrierite, ZSM-5 and faujasites.

The zinc cation is out of the plane of the oxygen atoms
in the 4T ring model (see figure 1(a)), as it has been already
mentioned in several different works [2,5,7,24,40]. The cat-
ion sits in a tetra-coordinated configuration, in which the
Zn–O distances are all equal to 2.00 Å, see table 1.

In the 5T ring, the Zn(II) cation sits in the plane of the
oxygen atoms, see figure 1(a). This relative position of the
cation can, however, be modified by using different descrip-
tions for the ring model [5,6]. If the atoms that form the
ring are frozen in their experimental position, the cation po-
sition is shown to be slightly out of the plane of the oxy-
gen atoms. Therefore, the cationic position depends on the
flexibility of the ring, as suggested previously by the au-
thors [41].

The oxygen atoms of the zeolite framework screen the
cation charge, decreasing its polarizing power. The strength
of this screening effect depends on the spatial arrangement
of these atoms. For this reason, one may expect that the
Zn(II) in the “real” 5-membered ring may be slightly more
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Table 1
The calculated distances of different Zn(II) systems, values in Å.

Zn–O Zn–H O(3)–H(b)

O(1) O(2) O(3) O(4) H(a) H(b)

4T ring
Active site 2.00 2.00 2.00 2.00 – – –
Adsorption complex 2.03 2.02 2.03 2.02 2.16 2.16 3.39
Transition state 2.01 2.02 2.54 2.02 1.74 1.91 1.35
Dissociative complex 2.12 2.09 2.10 2.10 1.54 – 0.96

5T ring
Active site 1.94 2.05 2.05 3.11 – – –
Adsorption complex 1.94 2.06 2.06 3.12 2.69 2.69 3.61
Dissociative complex 2.02 2.09 3.19 2.06 1.55 – 0.96

[Zn–O–Zn]2+ (for Zn(1))
Active site 2.02 1.90 1.77 – – –
Adsorption complex 2.02 1.90 1.78 – 3.57 –
Transition state 2.00 1.93 1.94 1.90 1.87 –
Dissociative complex 2.01 1.97 1.93 1.74 – 0.96

(ZnO)4
Active site 1.97 1.97 1.97 – – –
Adsorption complex (Zn site) 1.98 1.98 1.98 2.12 2.13 3.44
Adsorption complex (O site) 1.98 1.98 1.98 3.90 – 2.31
Transition state 1.94 1.94 2.27 1.86 1.86 1.56
Dissociative complex 1.98 1.98 3.61 1.53 – 0.95

Table 2
The calculated results for the adsorption of the dihydrogen molecule.

System Adsorption Adsorption Frequency, d(H–H)
energy energy + Zpe + BSSE �ν (Å)

(kJ mol−1) (kJ mol−1) (cm−1)

H2 – – 0 0.742
(ZnO)4 (Zn) −9.95 +1.53 −174 0.753
(ZnO)4 (O) −5.68 +3.05 −113 0.747
4T ring −14.6 −1.70 −157 0.752
5T ring −2.74 +8.27 −54 0.745
[Zn–O–Zn]2+ −4.86 +3.46 −99 0.746

active than the one at full optimized structure and that the
molecular hydrogen will interact stronger with the cation at
the 4-membered than at the 5-membered ring. Hence, the
hydrogen has been used as a probe for the distinct structural
cationic position experimentally [11,42].

The comparison of the adsorption energy, H–H bond dis-
tance and shift of the H–H stretching frequency draws a
complete picture of the relative strength of the interaction
between H2 and the cation.

For instance, the H–H stretching frequency has a large
shift when the H2 interacts with the more exposed Zn(II),
see table 2. The shift calculated at the 4T ring position is
about three times larger than at the 5T ring.

In a recent work, Kazansky et al. [14] probed ZnNaY ze-
olites with H2, and a large shift (�ν = −123 cm−1) was
obtained for the stretching vibration of the H–H bond. This
shift only occurred when Zn(II) was exchanged on the orig-
inal NaY zeolite, therefore this band was assigned to Zn(II)
at the position SII, which corresponds to the 6-ring window
in the supercage. This value is larger than the one obtained
for the adsorption of H2 on the 5-membered ring but similar

to the one obtained at the 4-membered ring position (SIII),
see table 2.

Seidel et al. [43] have also studied ZnNaY catalysts,
which have been prepared by solid-state ion exchange. Both
SII and SIII cationic positions are occupied at high overall
cation exchange. Furthermore, in the samples obtained by
wet exchange the concentration of Zn(II) ions in the SIII
position exhibits a similar behavior. Seff et al. [44] have
modified completely two different NaX zeolite crystals, one
partially dehydrated and the other fully hydrated, by wet ex-
change of Zn(NO3)2. In both cases, one of the most popu-
lated sites for the Zn cation is the SIII. Therefore, one may
conclude that this large shift (�ν = −123 cm−1) is better
assigned to the H2 adsorption close to the 4-membered ring
in the supercage.

In respect to the relative position of the H2 molecule to
the Zn cation, both sites show the same feature: the mole-
cule interacts with the active site similarly to an η2 bonded
complex, see figure 2(a). The Zn–H distances are shorter for
the case of the 4T ring. One may also notice that in the latter
case, the Zn–O distances increased by 0.02 Å, see table 1.
In the 5-membered ring case there were no changes in these
distances upon the H2 adsorption. These results confirm the
weak interaction between the molecule and the Zn(II) cation
in the 5T ring.

Similar adsorption configuration has been reported for the
molecular hydrogen complexes with transition metals [45–
48], which is called a non-classical configuration for the
transition-metal hydride. The H–H distance for this non-
classical geometry has its value within 0.8–1.12 Å in several
complexes [46,47].

The calculated value for the H–H bond length of the H2
molecule adsorbed at the 4T ring is slightly shorter than the
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Figure 2. Molecular adsorption of H2 on the Zn(II) site models: (a) the zeolite rings, (b) the (ZnO)4 models, (c) the [Zn–O–Zn]2+.

previous range. Nevertheless, one may notice that the H–H
bond has been already stretched by 0.01 Å (see table 2) from
the gas phase configuration, which confirms the interaction
with the cation.

This different stretching value can be explained by the
separation between the probe molecule and the cation, which
is large enough to prevent the interaction of the H2 (σ ) bond-
ing electrons with the empty orbital of the cation and the
metal d electrons to engage in a back donation, which weak-
ens the H–H bond [46].

Interaction of H2 with distinct cationic sites
The low Al content found in several zeolites suggests that

two Al atoms may not sit in the same neighborhood. There-

fore, different models from the Zn(II) cation [3,7,49] have
been proposed for the active form of zinc in such zeolites:
Zn(OH)+ [40,50,51], [Zn–O–Zn]2+ [3] and, more recently,
associated to ZnO microparticles [14,15].

In order to analyze the interaction between the H2 mole-
cule with the ZnO microparticles, a (ZnO)4 model was used,
see figure 1(b). The stability of this model has been calcu-
lated by comparing the required energy to form the Zn(II)
sites, at the 5T ring position [24]. The stability was shown
to depend on the size of the microparticles, which has been
recently confirmed by experimental studies [21,22].

This model has an exposed Zn(II) cation, which interacts
with the probe molecule similarly to the 4-membered ring
position. Both values found for the shift of the H–H stretch-
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ing frequency and the change in the H–H bond length are in
agreement, see table 2.

Kazansky et al. [10,14,15] have shown for Zn-containing
ZSM5 that hydrogen IR spectra demonstrated a strong per-
turbation of the symmetric stretching vibration mode upon
adsorption: about −208 cm−1 for the 3ZnO/HZSM5 zeo-
lites [10] and −223 cm−1 for Zn/HZSM5 prepared by in-
cipient wetness impregnation. Such strong perturbation was
assigned to the interaction with Lewis-base pairs on the
surface of nanometric clusters. The calculated shift was
�ν = −174 cm−1 for the hydrogen interaction with Zn(II),
which is closer to these experimental values. Therefore, it is
possible to conclude that indeed this large shift is caused by
the ZnO nanoparticles.

The H2 molecule also binds in the η2 type configuration,
see figure 2(b). The Zn–H distances are slightly shorter than
those previously found for the Zn(II) at the 4T ring, see ta-
ble 1. The Zn–O distance, however, does not show any per-
turbation after the interaction with the probe molecule.

The H–H bond suffers similar stretching as seen previ-
ously for the adsorption at the 4-membered ring position.
The optimized bond length is smaller than the value of 0.8 Å
(the lowest value for the H–H distance in the non-classical
configuration), which is again due to separation between
probe molecule and the Zn(II) cation.

It is well known that standard quantum chemical calcula-
tions usually give exaggerated values of the binding energies
of weakly bonded complexes due to the finite basis set ap-
proximation [39]. To prevent this overestimation, the BSSE
correction has been applied. One may observe in table 2 that
the same trend is observed for the adsorption energy values
(corrected or not) and for the shifts of the H–H stretching
frequency. Two points should be noticed here, the positive
values for the corrected adsorption energies and the large
shift calculated for the case of the (ZnO)4 model. These re-
sults may be explained by the very small value for the inter-
action energy that the H2 molecule has with all studied sites,
which are within the accuracy of the calculations, and by the
overestimation of the BSSE correction that the CP method
usually provides [52]. No improvement has been obtained
when these systems were recalculated using the more ex-
pensive MP2 method.

In addition, the H2 molecule can interact with the oxy-
gen atoms, which are more exposed than the ones from the
framework, see figure 2(b). The final configuration is dif-
ferent from the one found previously. The H2 is adsorbed
by following the end-on mode. This adsorption is weaker
than the one found for the Zn(II) site, see table 2. Therefore,
this indicates that the H2 will adsorb preferentially on the Zn
cation of the ZnO microparticles.

The other model studied is the [Zn–O–Zn]2+ site, which
is represented here interacting with a 5T cluster model (see
figure 1(b)). This 5T cluster represents part of the large rings
of zeolites, for instance, the 10-membered ring of ZSM5.
Shubin et al. [6] also used this active site for calculations but
between two different 5T rings of ZSM5. The [Zn–O–Zn]2+

site was shown to be more stable than the (ZnO)4 micropar-
ticle [24].

The optimized structure of this model is symmetric and
remains in this way after increasing the size of the cluster
model up to a 8-membered ring [24]. This site does not have
an exposed Zn(II) cation, therefore one could expect weaker
interaction with the H2.

Interestingly, the probe molecule interacts with the bridge
oxygen from this site, in a similar way to the oxygen atom
of the (ZnO)4 model, see figure 2(c). Both positions induce
similar IR shifts and H–H bond stretching in the H2 molecule
(see table 2), which leads to the conclusion that H2, indeed,
interacts weakly with both sites.

The distance between the Si atom (Si(1)) of the 5T clus-
ter, which represents the zeolite framework, and the H(a) of
the H2 molecule is very large, about 6.63 Å see figure 2(c).
If one considers the dimensions of the ZSM5 pore (5.3 ×
5.6 Å), it is possible to suggest that the probe molecule will
suffer some steric constraints from the zeolite framework
upon adsorption on this site.

3.2. Dissociation of H2

The dissociative adsorption of hydrogen was also studied
for all sites, see figure 3 (a) and (b). The transition state and
the activation energy, however, have been calculated only for
the sites with which the H2 molecule has strong interaction,
see figure 4 (a) and (b).

One may note in table 3 that the dissociation energy has
only a positive value for the 5-membered ring case, which
confirms that the Zn(II) at this position does not activate the
H2 molecule. This result is in complete agreement with the
experimental evidence, which indicates that the Zn2+ cat-
ion located at the 6-membered ring of zeolite Y does not
dissociate this molecule at room temperature nor at elevated
temperatures up to 573 K [15].

In the case of the 4-membered ring, this energy value is
negative, which indicates that the product of the dissocia-
tion is more stable. On the other hand, there is a slight high
activation energy, which indicates that this dissociation is
activated.

Moreover, there is an active participation of the oxygen
atom of the framework during this dissociation, see the dis-
tance O(3)–H(b) in table 1. This is in very good agreement
with the recent studies of the adsorption of H2 on Ag+-
exchanged zeolites A and Y [53].

Frash et al. [2] had calculated the activation energy of the
inverse reaction in their study of alkyl activation of ethane
by Zn(II) cations in zeolites. They also used the 4T ring as
a model for the active site and the activation energy value
found was in good agreement with the value calculated here.

The dissociation of the H2 molecule on Zn(II) may
be an interesting alternative for the hydrogenation of hy-
drocarbons. Such process has been studied by different
groups [54–56] for Na+ zeolites. In [54] the first step for
such reaction was suggested as the heterolytic dissociative
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Figure 3. Dissociative adsorption of H2 on the Zn(II) site models: (a) the zeolite rings, (b) (ZnO)4 and [Zn–O–Zn]2+.

(a)

(b)

Figure 4. Transition state of the H2 dissociation on the Zn(II) site models: (a) the 4T ring and (ZnO)4, (b) [Zn–O–Zn]2+.

adsorption of the hydrogen molecule, which agrees with the
latter proposal.

Regardless of the adsorption mode (on the Zn(II) cation
or the oxygen atom) in the case of the (ZnO)4 model, the
dissociation energy has a large negative value, see table 3. In

the same way, the activation energy is the lowest calculated
in this work. Therefore, one may conclude that the H2, most
likely, will prefer to dissociate in such sites.

The value of the dissociation energy may be slightly
lower than the one shown in table 3 due to possible geometric
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Table 3
The dissociation energies of the dihydrogen molecule.

System Dissociation Activation
energy + Zpe energy + Zpe

(kJ mol−1) (kJ mol−1)

(ZnO)4 (Zn) −140 23
(ZnO)4 (O) −145 30
4T ring −11 75
5T ring +45 –
[Zn–O–Zn]2+ −60 82

constraints from the zeolite framework. The optimized
geometry is an open structure, see figure 3(b). The dis-
tance between H(Zn–H) and H(OH group) is 4.48 Å, which
is slightly smaller than the pore diameter of the ZSM5
(5.3 × 5.6 Å).

The oxygen atom has also an active role in the dissocia-
tion process similarly to the case of the 4T ring, as one may
see from the transition state configurations (see figure 4(a))
and the O(3)–H(b) distances (see table 1).

Kazansky et al. [10,13,15] have proposed that this site is
responsible for the dissociation of H2 and of other nonpolar
molecules like methane. Such site should be related to a
form of acid–base Zn2+–O2− pairs. The calculated results
are in complete agreement with this suggestion.

The authors have previously shown by theoretical calcu-
lations that methane also preferred a dissociative adsorption
on such system but the large experimental shift in the C–H
stretching frequency upon adsorption was not observed [24].

For the [Zn–O–Zn]2+ site, the dissociation process is also
favorable but not as for the (ZnO)4 model. The activation en-
ergy is the highest calculated here, therefore the dissociation
reaction is strongly activated, in a similar way to the 4T ring
case.

Similarly to the other cases studied here, the participa-
tion of the oxygen atom from the [Zn–O–Zn]2+ site is very
important. One may compare the O(3)–H(b) distance and
the transition state structures, see table 1 and figure 4 (a)
and (b).

The symmetric arrangement found in the optimized
geometry, see figure 3(b), has been tested previously and re-
mains symmetric regardless of the size of the model [24].

In addition, the stretching frequencies of the ZnH and OH
groups formed during the dissociation reaction have been
studied, see table 4. The value found for the OH stretch-
ing in the (ZnO)4 site is close to the value for the Brønsted
site, which was calculated for a 4T cluster model, see table 4
(entry 4T (H+)). This similarity could lead to a misinterpre-
tation of this band for Zn(II)-exchanged zeolites, produced
using ZnO particles. The same occurs to the OH stretch-
ing values of the other models. This indicates that such
frequency cannot be used as a fingerprint of these Zn(II)
sites.

On the other hand, the values of the Zn–H stretching are
different enough to discriminate these sites, see table 4. It
should be noticed here that the values for the Zn–H stretch-
ing found for bulk ZnO [13], 1610 and 1589 cm−1, are

Table 4
The OH and ZnH stretching frequencies for different clusters,

values in cm−1.

System OH stretching Zn–H stretching

(ZnO)4 3709 1787
4T ring 3681 1809
5T ring 3683 1755
4T (H+) 3727 –
[Zn–O–Zn]2+ 3697 1259

smaller than the one found here. This could be understood
due the fact that the (ZnO)4 model does not represent the
bulk ZnO.

4. Conclusions

The adsorption and dissociation of molecular hydrogen
on Zn-exchanged zeolites has been studied theoretically by
density functional theory (DFT). Diverse types of active sites
have been employed for the Zn cation, such as: placed on
different rings (4T and 5T), in the (ZnO)4 (in a cubic config-
uration cluster) and in the [Zn–O–Zn]2+ dimer complex.

The Zn(II) cation is most exposed to probe molecules
when sitting on the 4T ring of the zeolites. In this posi-
tion, the cation activates the stretching frequency of the H–
H bond. Such activation is not observed when the cation is
placed in the 5T ring.

The assignment of some bands shifts found in the ex-
perimental IR spectra of hydrogen adsorption, which were
associated to the cation position in the zeolite framework,
had to be revised following the results for the calculated
shifts. Larger shifts are associated with the cationic position
at small rings.

Hydrogen prefers to adsorb physically on Zn(II) at 4T
rings. Its dissociative process requires an activation energy
of 56 kJ mol−1. This is not the case for the (ZnO)4 model,
for which dissociative adsorption is more favorable.

The [Zn–O–Zn]2+ site is thermodynamically more stable
than the (ZnO)4 structure. However, the hydrogen interacts
weakly with the former model, having the highest activation
energy for dissociation.

The calculations confirmed the experimental proposal
[10,13–15] that the ZnO microparticles loaded in zeolites are
responsible for the large shift found for the H–H stretching
frequency and the H2 dissociation.
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