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Introduction

Zeolites are excellent acid–base catalysts. Acid zeolites are
widely used in industrial catalysis both for their Brønsted
(Al�OH�Si) and Lewis (extra-framework aluminium spe-
cies) acidic properties. On the other hand, basic zeolites
have generated interest because of their selectivity in cataly-
sis[1–5] and their adsorption properties.[6,7] Their basicity is
usually ascribed to the framework oxygen atoms in line with
the general acid–base reaction shown in Scheme 1.

The basic oxygen of the zeolite is the oxygen atom that
bridges the silicon and aluminium atoms. Oxygen basicity
has been studied experimentally with probe molecules such
as pyrrole,[8,9] CH3OH and CH3I,

[10,11] and N2O4.
[12, 13] These

studies led to two well-known empirical rules: 1) Basicity in-
creases with the number of aluminium atoms in the lattice.
2) For a given amount of aluminium in the lattice, the basici-
ty increases as the size of the exchangeable cation increases.
Thus, the basicity sequence for the alkali cations is [Li+]-
Z< [Na+]-Z< [K+]-Z< [Rb+]-Z< [Cs+]-Z, in which Z
refers to the zeolite.

In basic zeolites the exchangeable cations are Lewis acid
centers. Therefore, any molecule in the zeolite can interact
with the Lewis acid sites and with the framework oxygen
atoms, which act as the basic sites. The separation of the
two effects and their independence or cooperativity towards
various processes is not straightforward. A better under-
standing of the role and interplay between these acidic and
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basic sites is a requisite for understanding the chemistry of
cation-exchanged zeolites.

Several theoretical and experimental studies have been
performed on cation-exchanged zeolites to characterize the
acidic and basic sites. Experimentally, pyrrole is used as a
probe molecule to measure the basicity of zeolites. The N�
H group interacts with the framework oxygen and the re-
sulting red shift of its stretching frequency is used as a mea-
sure of basicity.[8,9] In agreement with the above basicity
trend, it was observed that the NH group is more strongly
bound to the framework oxygen atoms in CsX than in
LiX.[14] The adsorption of pyrrole on an MT6 (T=Si or Al)
cluster has been investigated theoretically by DFT methods
for M=Li+ , Na+ , K+ , Rb+ , and Cs+ .[15] It was shown that
the cation–p complex was the most stable. The cation hard-
ness[16–18] was shown to be the driving force for the pyrrole
adsorption. Indeed the heat of adsorption increases linearly
with the electrostatic interaction between the cation and the
p negative charge of the pyrrole ring.

CorrÞa et al. investigated the elimination of a proton from
ethyl chloride to form ethene on basic zeolite by performing
DFT cluster calculations.[19] The activation barriers were
found to increase from Li+ to Cs+ . From the analysis of
charges and geometries they concluded that the reaction is
controlled by the Lewis acid–base interaction between the
alkali cation (acid) and the chloride anion (base). Thus, the
framework oxygen atoms are not involved in the process.
Later Noronha et al. drew the same conclusion for the con-
version of chloromethane into light olefins on cation ex-
changed ZSM-5.[20] The M–Cl electrostatic interaction, and
thus, the interaction of the adsorbed molecule with the
alkali metal cation, was shown to be the driving force for
the formation of the methoxide.

On the other hand, it has been shown that the interaction
with framework oxygen atoms can have a significant influ-
ence. The formation of methoxide from methanol and
methyl iodide, two molecules possessing a hard (OH) and
soft group (I), respectively, was again investigated. Experi-
mentally, the chemisorbed methoxides were used as probes
of the lattice oxygen basicity.[10,11,21] It was indeed observed
that the 13C MAS NMR spectroscopy chemical shift of the
methoxy groups depends linearly on the Sanderson electro-
negativity[22] of a given zeolite structure. The theoretical in-
vestigation of these reactions using the ONIOM model
showed two different trends for CH3OH and CH3I.

[23] For
CH3OH the activation barriers increase from Li+ to Cs+ , as
was observed in the studies of CorrÞa and Noronha.[19,20] For
CH3I the reverse trend was observed: The activation barrier
decreases from Li+ to Rb+ . The reason for this reverse
trend is the soft character of the iodide. This leads to a
weak interaction with the hard alkali cation. In this case the
interaction between CH3I and the basic oxygen atom pre-
vails over the interaction with the alkali cation.

These studies showed that the lattice oxygen atoms and
the exchangeable cations may have a different role with re-
spect to the considered reaction. The basicity of the zeolite
has also been studied experimentally with NO+ as a probe

molecule. The N2O4 disproportionation reaction generates
nitrosonium (NO+) and nitrate ions on the surface
(Scheme 2). The nitrate is stabilized by the alkali metal and

the nitrosonium ion coordinates to the negatively charged
lattice oxygen atoms. n ACHTUNGTRENNUNG(NO+) has been measured for both
zeolites Y and X. Typically, an X faujasite-type zeolite is de-
fined by a Si/Al ratio of 1.25. Zeolite Y has a typical Si/Al
ratio of 2.4–2.5. For both, the NO+ frequencies indicate that
the order of basicity increases as follows: [Li+]-Z< [Na+]-
Z< [K+]-Z< [Rb+]-Z< [Cs+]-Z.[13] The n ACHTUNGTRENNUNG(NO+) frequencies
are 15–50 cm�1 higher for zeolite Y than for zeolite X for
any given cation, in agreement with the higher basicity of
zeolite X.

The number and distribution of the cations over different
sites of the framework may influence the adsorption and re-
action processes. In faujasite zeolite, adsorption and reaction
take place in the supercage. The cationic sites available for
adsorption are sites II and III. Thus, in zeolite X the alkali
cations occupy sites II and III. It has very recently been
shown by periodic DFT calculations that these cations coop-
erate to stabilize NO3

�, whereas the NO+ cations interact
with the lattice oxygen atoms.[24] In this study the computed
NO+ stretching frequencies were found to be in fair agree-
ment with the experimental values.

In the present work we extended this study to zeolite Y
exchanged with Na+ , K+ , and Rb+ . Because of the lower
cation content of zeolite Y compared with X, site III has a
lower probability of population, except for Rb+ ; this cation
is too large to enter the sodalite cages and hexagonal
prisms.[25] Thus, in RbY, Na+ cations occupy sites I and I’,
whereas Rb+ cations occupy sites II and III (see Figure 1).
Several XRD studies on K+-exchanged Y zeolites have
shown that site II always contains a cation, but site III occu-
pancy could not be demonstrated experimentally.[26] For
NaY it has been shown by statistical models combined with
XRD studies that for a typical Si/Al ratio of Y zeolite, no
cations are present at site III.[27,28]

We have investigated in detail the role of alkali cations
and framework oxygen atoms in the disproportionation of
N2O4 on NaY, KY, and RbY. Three models were considered
for each cationic form. Model SIIa corresponds to the ad-
sorption of N2O4 on site II with one cation at site III. In
model SIIb the adsorption occurs on site II without any cat-
ions at site III. And in model SIII N2O4 is adsorbed on site
III. The adsorption of NO+ on different sites and the corre-
sponding NO+ frequencies have also been computed and
will be discussed in the context of zeolite basicity.

Scheme 2.
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Methods and Model

Periodic density functional theory (DFT) as implemented in the Vienna
Ab Initio Simulation Package[29,30] was used to compute equilibrium
structures, their energies, and the vibrational frequencies of N2O4 adsorp-
tion complexes within alkali-exchanged zeolite Y. All calculations were
performed by using the projected augmented waves (PAW) method to
describe electron–ion interactions[31,32] and the Perdew–Wang (PW91)
form of the generalized gradient approximation for the exchange and
correlation energies.[33] Brillouin zone-sampling was restricted to the G

point.[34] The kinetic energy cutoff was fixed at 400 eV. Full geometry op-
timizations were performed by using a conjugated gradient algorithm.
Convergence was assumed to have been reached when the forces on each
atom were below 0.05 eVN�1.

Vibrational frequencies of the adsorbed N2O4 species were calculated by
using the finite difference method as implemented in VASP. Small dis-
placements (0.02 N) of atoms from the N2O4 species and zeolitic ions in-
volved in direct interaction with N2O4 were used to estimate the numeri-
cal Hessian matrix. The rest of the zeolitic atoms were kept fixed at their
equilibrium positions.

The adsorption energies of N2O4 and the disproportionation products in
the zeolite were computed relative to the energy of the free zeolite and
to the energy of N2O4 in a vacuum by using Equation (1).

DE ¼ Ecomplex�E0,zeolite�E0,N2O4

One drawback of DFT methods is that the dispersion interaction is not
taken into account. Several recent studies have shown the importance of
dispersion forces.[35,36] However, in our systems most of the interactions
involve charged molecules and so are electrostatic in nature. Dispersion
forces are thus assumed to have a minor influence on the trends resulting
from our models.

A rhombohedral cell with 144 atoms (48 silicon and 96 oxygen) was
used. Fourteen silicon atoms were substituted uniformly through the cell
by aluminium atoms according to the Lçwenstein rule to give a Si/Al
ratio of 2.43 and a chemical composition of M14Al14Si34O96. Fourteen
alkali cations were placed in the cell as follows: nine cations at site II,
two at site I, two at site I’, and one at site III (Figure 1). For the model
without any cation at site III (SIIb), the site III cation was moved to the
corresponding site I’ site. Thus, there are nine cations at site II, two at
site I, and three at site I’.

The cell parameters were first optimized in the absence of N2O4 for the
three alkali cations (Table 1). These parameters were maintained for all
of the other structures with adsorbed N2O4 and the disproportionation in-

termediates and products. The free N2O4 molecule was optimized in a
20P20P20 N3 cell (Figure 2).

From an XRD study of NaY zeolites, the SI–O3, SII–O2, SII–O4, SIII–
O1, and SIII–O4 distances were determined to be around 2.69, 2.25, 2.93,
2.37, and 2.86 N, respectively.[37] For KY, the SI–O3, SI’–O, SII–O, and
SIII–O distances are in the ranges 2.53–2.97, 2.58–2.86, 2.69, and 2.89 N,
respectively.[38] These distances are in reasonably good agreement with
our data (Table 2).

To estimate the oxygen basicity, the electrostatic potential was computed
for the free optimized zeolite structures to localize the most basic site as
well as the values of the electrostatic potential in given locations. The
electrostatic potential has already been successfully used to describe the
basicity of oxygen atoms in previous cluster calculations.[23,39–41] For this
purpose, high-precision single-point calculations were carried out on the
optimized structures. The kinetic energy cutoff was augmented to 525 eV.
Then the electrostatic potential map, projected over an isodensity surface
(0.01 a.u.), was visualized by using the OpenDx software.[42] A homemade
algorithm was used to locate the minimum of the electrostatic potential
and to obtain the values at given locations.

Results

Three models have been considered. Model SIIa refers to
the adsorption of N2O4 on a site II cation with a cation on

Figure 1. Structure of faujasite zeolite Y showing the location of sites I,
I’, II, and III.

Table 1. Cell Parameters and metal–oxygen distances for cells containing
Na+ , K+ , and Rb+ cations.

Cell lengths[a] [N] Cell angles[b] [8]

Na+ 17.57 60
K+ 17.72 60
Rb+ 17.80 60

[a] The cell lengths a, b, and c are equal, that is, a=b=c. [b] The cell
angles a, b, and g are equal, that is, a=b =g.

Figure 2. N2O4 geometry optimized in the 20P20P20 N3 supercell with
VASP.

Table 2. Ranges of the metal–oxygen distances for cation sites I, I’, II,
and III.

Na+ K+ Rb+

M(SI)–O3 2.36–2.62 2.80–2.93 2.85–3.14
M ACHTUNGTRENNUNG(SI’)–O 2.27–2.32 2.74–2.85 2.94–3.05
M ACHTUNGTRENNUNG(SII)–O2 2.27–2.39 2.71–2.89 2.83–3.12
M ACHTUNGTRENNUNG(SII)–O4 2.70–3.20 2.80–3.23 2.89–3.27
M ACHTUNGTRENNUNG(SIII)–O1 2.37–2.54 2.79–3.23 2.99–3.27
M ACHTUNGTRENNUNG(SIII)–O4 2.55–2.95 2.87–3.30 3.01–3.53

[a] Distances are given in N. The number of the oxygen corresponds to
the four types of oxygen atoms of the TOT bonds (tetrahedral�O�tetra-
hedral bonds).
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site III. Model SIIb corresponds to the adsorption on a
site II cation without a cation on site III. In the SIII model,
N2O4 is adsorbed on the site III cation. We call the primary
interaction the interaction between N2O4 and the cation on
which the molecule is adsorbed: a site II cation for the SII
models and a site III cation for the SIII model. In the case
of the SIIa model, secondary interactions arise with site II
and III cations. For the SIIb and SIII models, secondary in-
teractions involve only site II cations.

N2O4 adsorption : The geometries of the N2O4 adsorption
complexes are shown in Figure 3 and the adsorption ener-
gies are given in Table 3. Upon adsorption in the supercage
of zeolite Y, N2O4 interacts only with alkali cations. Oxygen
atoms are not involved. This is indicative of a predominant
M+ ···N2O4 electrostatic interaction. The adsorption of N2O4

leads to elongation of the N�O bonds and to shortening of
the N�N bond compared with the gas-phase geometry
(Figure 2).

The primary interactions, with the site II cations for the
SII models and with the site III cation for the SIII model,
constitute the major contribution to the stabilization of the
adsorbed N2O4. For all of the models, the strength of the pri-
mary interaction decreases in the order Na+>K+>Rb+ , in

accordance with the M+�O distances. This is in line with the
electrostatic field and Lewis acidity of the cations. The sec-
ondary interactions, between N2O4 and the other site II and
III cations present in the supercage, increase in number and
strength in the reverse order: Na+<K+<Rb+ (see the dis-
tances in Figure 3). The contribution of the secondary inter-
actions to the stabilization energy is the strongest for RbY,
resulting in a better stabilization of the adsorbed N2O4.

For the SII models with Na+ and K+ , the secondary inter-
actions are insignificant due to a large separation between
N2O4 and the cations (large M+�O distances). As a result,
the stabilization energies are almost the same. For Rb+ the
secondary interactions exhibit M+�O distances similar to

those of the primary interac-
tions. The strength of the sec-
ondary interaction is thus simi-
lar to the primary interactions.
The larger number of secon-
dary interactions for Rb+ leads
to better stabilization than
with Na+ and K+ (Table 3).

For the SIIb model, without
any cation at site III, the M+

···N2O4 distances at site II are
shorter by about 0.1 N than
those in the SIIa model. The
primary interaction is thus re-
inforced. By comparing the en-
ergies of the SIIa and SIIb
models, we can evaluate the
effect of the site III cation,
which is not present in the
SIIb model. The effect is only
noticeable for Rb+ and is quite
weak: The structure is
2 kJmol�1 more stable in the
presence of the site III cation.

For the SIII model, secon-
dary interactions contribute ac-
tively to the stabilization of
N2O4, whatever the alkali
cation. The stabilization is con-
sequently larger than that in
the SII models. The N2O4 dis-
tances to the primary cation
are all shorter in the SIIIFigure 3. Geometries (distances in N) of the N2O4-adsorbed molecule.

Table 3. Adsorption energies [kJmol�1] of the adsorbed N2O4 molecule
and the [NOd + ONO2

d�] complex.

Na+ K+ Rb+

N2O4

DE ACHTUNGTRENNUNG(SIIa) �11 �11 �18
DE ACHTUNGTRENNUNG(SIIb) �11 �10 �16
DE ACHTUNGTRENNUNG(SIII) �33 �16 �29
[NOd + ONO2

d�]
DE ACHTUNGTRENNUNG(SIIa) 25 �1 �14
DE ACHTUNGTRENNUNG(SIIb) 27 38 33
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model than in the SIIa and SIIb models (Figure 3). This
shows that the primary interaction of N2O4 with a site III
cation is stronger in the SIII model than the primary inter-
action with a site II cation in the SII models. The effect of
the site III cation is thus larger than that of the site II
cation.

NaY provides a more stable complex in the SIII model
than in the SII models. The interaction between N2O4 and
the site III Na+ cation is quite strong. The smallest distance
observed between N2O4 and the alkali metal is 2.71 N. An-
other strong secondary interaction arises with a site II cation
(Na�O=2.91 N). With K+ and Rb+ the secondary interac-
tions do not provide a better stabilization of N2O4. In the
case of the adsorption of N2O4 on the site III Na+ cation,
the primary interaction and the Lewis acidity prevail over
the effect of the multiple interactions in KY and RbY.

ONONO2 adsorption : The ONONO2 isomer consists of a
NOd+ part covalently bound by the nitrogen atom to one of
the oxygen atoms of the NO3

d� moiety. This complex has al-
ready been characterized in the gas phase by QM calcula-
tions.[43] It is considered here to be an intermediate of the
N2O4 disproportionation reaction before the separation of
N2O4 into NO+ and NO3

�. The geometries of the adsorbed
complexes are shown in Figure 4; the energies can be found
in Table 3.

No reasonable geometries were found for the SIII model.
The only geometry we were able to optimize shows two
NO2 radicals, which is incorrect for a closed-shell calcula-
tion; therefore, they are not considered herein. The fact that
no geometry was found for an intermediate of the dispro-
portionation reaction suggests that there is no stable struc-
ture of the ONd+�ONO2

d� complex on the site III cation.
The multiple interactions with the cations may directly lead
to separation into NO3

� and NO+ .
In the SII models, NOd+ interacts with the surface oxygen

atoms of the supercage and NO3
d� interacts with the alkali

cations. For NaY, NO3
d� interacts only with the primary cat-

ions. For KY and RbY, secondary interactions increase in
number and strength and result in a better stabilization, sim-
ilar to the case of the N2O4 adsorption complex. In the SIIa
model, the shortest distance between the NOd+ moiety and
the zeolite lattice oxygen atoms are 3.14, 3.03, and 2.80 N
for Na+ , K+ , and Rb+ , respectively. In SIIb they are 3.14,
2.80, and 2.88 N, respectively (the distance for Rb+ is not
shown in Figure 4). The interactions between NOd+ and the
lattice oxygen, and between NO3

d� and the alkali cation,
both increase with the size of the metal. As a consequence,
NO3

d� and NOd+ become increasingly separated in the
series Na+<K+<Rb+ , as indicated by the distances be-
tween NOd+ and NO3

d� of 1.77, 1.89, and 1.94 N, respective-
ly (Figure 4).

In the SIIb model, the structures are unstable (Table 3)
due to the absence of the site III cation. This cation is neces-
sary to stabilize NO3

d�.

NO+ and NO3
� adsorption : The separated NO+ and NO3

�

ion pair was optimized in the supercage of faujasite Y. NO3
�

interacts with the exchangeable cations, whereas NO+ inter-
acts with the negative framework oxygen atoms through the
nitrogen atom. The three models, SIIa, SIIb, and SIII, refer
to the adsorption of NO3

� at sites II and III. In addition to
these three models, we considered two possible configura-
tions for the orientation of NO+ and NO3

�. In the SII
models, NO+ is in the same plane (first configuration) or or-
thogonal to NO3

� (second configuration; see Figures 5 and
6, respectively). In the case of the SIII model, the difference
lies in the coordination mode of NO+ . NO+ is coordinated
to two oxygen atoms in the first configuration and to four
lattice oxygen atoms in the second configuration. The ener-
gies and NO+ stretching frequencies are summarized in
Table 4.

Structure stabilization : As seen above, the primary interac-
tions decrease in the order Na+>K+>Rb+ . However, the
strength and number of secondary interactions increases in
the reverse order: Na+<K+<Rb+ . These multiple interac-
tions lead to a better stabilization. Secondary interactions
are naturally observed for adsorption on the site III cation

Figure 4. Geometries (distances in N) of the ONd+�ONO2
d�-adsorbed

isomer.
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because of the proximity of site II cations, whatever the
alkali cation. As a result, stable structures are found for all
cationic forms of the SIII model and for RbY in the SIIa
model because of strong interactions between the NO3

�

moiety and the site III cation. The N2O4 disproportionation
is thus only possible if an exchangeable cation is present at
site III. This shows that the stabilization is driven by the
NO3

�···M+ interaction.
We can see that for all the cations in the two different

configurations, the distances between NO3
� and the site III

cation are always shorter by about 0.1 N than the NO3
�-

site II cation distances. The interaction with the site III
cation is stronger than the interaction with the site II cation
due to less effective shielding of the site III cations by lattice
oxygen atoms. Indeed, the site III alkali cation is coordinat-
ed to only four framework oxygen atoms instead of six for
the site II cations. The efficiency of the shielding of the ex-
changeable cations has recently been shown to influence the
stabilization of adsorbed molecules on low-silica zeolites
modified with hard Lewis acids.[44,45] The importance of the
site III cation can also be observed from the differences in
the computed interaction energies between the SIIa and
SIIb models with KY and RbY. The presence of the site III

cation in SIIa leads to a great-
er stabilization: more than
70 kJmol�1 in RbY (for both
configurations).

NO+–framework-oxygen inter-
action : In the first configura-
tion of the SIIa model, the dis-
tance between NO+ and the
closest framework oxygen de-
creases from Na+ (2.39 N) to
K+ (2.19 N) and Rb+ (2.15 N).
For the SIII model the shortest
distance varies only very slight-
ly for Na+ , K+ , and Rb+ (D=

0.03 N; Figure 5). The distance
from NO+ to the second clos-
est oxygen atom also decreases
from Na+ (2.48 N) to K+

(2.35 N) and Rb+ (2.27 N).
The same trend is observed for
the SIIa model in the second
configuration (Figure 6). For
the SIII model the shortest dis-
tance from NO+ to the closest
framework oxygen is found for
Rb+ and there is a only a
small difference between the
Na+ and K+ structures (D=

0.03 N). According to this
data, the interaction between
NO+ and the framework
oxygen atoms increases in the
order Na+<K+ <Rb+ .

The NO+ stretching frequency (Table 4) decreases in the
order Na+>K+>Rb+ for all of the optimized structures
(except for SIIb, second configuration). This also indicates
an increasing interaction between NO+ and the framework
oxygen as the size of the alkali cation increases. These re-
sults are in agreement with the experimentally observed fre-
quencies of 2090, 1973, and 1968 cm�1 for NaY, KY, and
RbY, respectively.[13] The frequencies computed for the most
stable structures, the SIII model and the first configuration,
are close to those obtained experimentally.

In the case of the SII models we see that the planar orien-
tation between NO+ and NO3

� (first configuration) is more
stable than the orthogonal one (second configuration; see
Table 4). In the SIII models the energy difference between
the two configurations indicates that the coordination of
NO+ to two oxygen atoms (first configuration) leads to a
better stabilization than in the four-coordinated mode
(second configuration).

Figure 5. Geometries (distances in N) of the NO+- and NO3
�-adsorbed molecules in the first configuration.
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Discussion

In the disproportionation of N2O4 on cation-exchanged zeo-
lites, both basic and acid sites are involved. The exchange-
ACHTUNGTRENNUNGable cations are the Lewis acids, whereas the framework
oxygen atoms are the basic sites. In previous studies, the re-
activity of the alkali cations has been attributed to their
Lewis acidity, which increases in the order Cs+ <Rb+<K+

<Na+<Li+ .[15,19,20] On the
other hand, the basicity of the
framework oxygen atoms has
been shown experimentally to
increase with the size of the
exchangeable cations.[13] After
N2O4 disproportionation, the
characteristic vibrational fre-
quencies of NO+ and NO3

�

depend on the nature of the
exchangeable cation. In partic-
ular, the NO+ stretching fre-
quencies are used to probe the
basicity of the zeolites.[12]

Adsorption and disproportio-
nation of N2O4 : N2O4 adsorp-
tion in the zeolite Y supercage
leads to stable structures. Only
extra-framework cations are
involved in the adsorption
complex. The most stable
structures are found when
N2O4 is adsorbed on the site III
cation. Stable structures corre-
sponding to the intermediate
NOd+ONO2

d� could not be
found for adsorption on the
site III cation probably due to
a strong interaction of NO3

d�

with cations, which leads to
direct separation into NO+

and NO3
�. After disproportio-

nation, NO+ and NO3
� strongly interact with framework

oxygen atoms and exchangeable alkali atoms, respectively.
Stable structures are found only when NO3

� is adsorbed on
the site III cation. We conclude that the disproportionation
of N2O4 into NO+ and NO3

� in the supercage of zeolite Y is
feasible and exo-energetic only when a cation is present at
site III.

The stabilization of N2O4 and the [NO3
� NO+] complex is

governed by the interaction with cations. The strength of the
primary interactions parallels the Lewis acidity of the cat-
ions. Secondary interactions increase in number and strength
with the size of the cation. The stronger the secondary inter-
actions, the weaker the primary interactions become. In the
case of K+ and Rb+ , the sum of the two interactions results
in an increase in the adsorption energies, which means that
the secondary interactions dominate. In the case of Na+ , the
strength of the primary interactions (Lewis acidity) is still
dominant for the N2O4 adsorption and for the ion-pair ad-
sorption with NO+ in the second configuration. We con-
clude that both the Lewis acidity of the cations and the
number of interactions with cations determine the overall
stabilization. This contradicts previous theoretical studies
which showed that the driving force of several reactions cat-
alyzed by zeolites is the Lewis acidity of the exchangeable

Figure 6. Geometries (distances in N) of the NO+- and NO3
�-adsorbed molecules in the second configuration.

Table 4. Adsorption energies [kJmol�1] and frequencies [cm�1] of the ad-
sorbed NO+ and NO3

� species.

Na+ K+ Rb+

1st configuration
SIIa DE 66 24 �25

n ACHTUNGTRENNUNG(NO+) 2045 2026 1964
SIIb DE 62 63 47

n ACHTUNGTRENNUNG(NO+) 2050 2037 1950
SIII DE �30 �40 �50

n ACHTUNGTRENNUNG(NO+) 2007 1986 1967
2nd configuration
SIIa DE 107 46 �13

n ACHTUNGTRENNUNG(NO+) 2015 2009 2001
SIIb DE 104 64 77

n ACHTUNGTRENNUNG(NO+) 1978 2038 2001
SIII DE �20 �16 �31

n ACHTUNGTRENNUNG(NO+) 2027 1961 1939
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cations.[19,20] One notes that these studies were performed by
using cluster DFT calculations and therefore the influence
of other exchangeable cations in the zeolite matrix were ne-
glected.

The stronger interaction of N2O4 or NO3
� with the site III

cation than with the site II cation is due to two reasons:
1) Multiple interactions naturally arise upon adsorption on
site III because of the proximity of the site III cation with
the site II cations. For adsorption on site II, the SII models,
the other site II cations in the supercage are too far away to
stabilize the molecule. 2) The strength of the interaction
with the site III cation is greater than with the site II cations.
Indeed, a site III cation is more exposed in the supercage, it
is less shielded by surface oxygen atoms, and it creates a
stronger electrostatic field.[44] This was also observed in our
study of zeolite X and confirms the dominant role played by
the site III cation.[24]

Oxygen basicity : In the product structure, NO+ interacts
through its nitrogen atom with the lattice oxygen atoms,
which carry the negative charge of the aluminium tetrahe-
dron. The exchangeable cations interact both with lattice
oxygen atoms and NO3

�. One can note the interplay be-
tween NO3

� stabilization by the cations and the NO+ stabi-
lization on lattice oxygen atoms. The stronger the cation···
NO3

� interaction, the weaker the cation···framework oxygen
interaction becomes. The strength of the former interaction
decreases in the order Rb+>K+>Na+ , whereas the reverse
is valid for the latter: Na+ >K+ >Rb+ . This means that the
negative charge of the framework oxygen atoms is less well
screened in the case of Rb+ than in the case of Na+ . As a
result, the NO+–framework-oxygen interaction is larger for
larger cations. In other words, NO+ interacts with more neg-
atively charged oxygen atoms in the case of RbY than in the
case of NaY. We conclude that the negatively charged
framework oxygen atoms are more accessible in the case of
large cations.

NO+ is a 14-electron molecule with fully occupied p orbi-
tals and empty p* orbitals. Upon NO+ adsorption some
charge is transferred to the p* orbital of NO+ . The N�O
bond weakens and the corresponding stretching frequency
decreases. The decrease observed in the NO+ frequencies
along with increasing cation size can therefore be related to
the amount of charge transferred from the framework
oxygen atoms. The amount of charge transfer is proportional
to the amount of charge on the oxygen and thus proportion-
al to the basicity. In conclusion, the basicity can be probed
by the NO+ frequency measurements.

The experimentally measured frequencies are 2090, 1973,
and 1968 cm�1 for NaY, KY, and RbY, respectively.[13] In the
most stable complexes with K+ and Rb+ , that is, model SIII
of the first configuration, the computed frequencies are
close to the experimental ones. For Na+ the difference be-
tween the experimental and computed values is large, 2090
and 2007 cm�1, respectively. The value obtained experimen-
tally for Na+ (2090 cm�1) was noted as being surprisingly
large by Thibault-Starzyk et al.[13] They hypothesized that

their NaY sample still contained traces of water, but this has
to be verified by experiment. The value expected from a
correlation between the frequencies and the hardness of the
cations is 2020 cm�1. This value is close to that determined
in our calculations.

Theoretical assessment of oxygen basicity : Intrinsic basicity
is defined as the density of negative charge on the frame-
work oxygen atoms.[1] As mentioned above, all framework
oxygen atoms carry negative charge and are potential basic
sites. But only the oxygen atoms that acquire the highest
negative charge have a true basic character and are consid-
ered to be basic sites. These are the oxygen atoms of the
aluminium tetrahedron. Thus, the basicity will depend on
the amount of aluminium substitution in the framework and
on their distribution. It is an intrinsic property of the zeolite
framework, irrespective of the nature of the cation.

Several theoretical calculations have been devoted to the
evaluation of the negative charge of lattice oxygen atoms.
Heidler et al.[7] computed the negative charge by using the
electronegativity equalization method (EEM). They ob-
served increasing negative charge on the oxygen with in-
creasing cation size. The net atomic charge computed from
various population analyses does not reproduce this
trend.[23,40,46, 47] On the other hand, the electrostatic potential
(ESP) computed around a given atom is by definition the in-
teraction between a positive charge and the electron density
of the considered atom. It can be used to evaluate indirectly
the negative charge carried by the atom. The ESP on cluster
models of cation-exchanged zeolites has been shown to be a
good descriptor of lattice oxygen basicity and successfully
reproduces the effect of cation size on basicity.[23,40]

We have evaluated the basicity of two adsorption sites of
NO+ by computing the ESP on the corresponding lattice
oxygen atoms of the SIII models. In the first configuration
NO+ is coordinated to two oxygen atoms (Figure 5); this is
the most stable configuration. In the second configuration
NO+ is coordinated to four oxygen atoms (Figure 6).
Table 5 shows the ESP values computed on the two- and

four-fold NO+ coordination sites computed by periodic cal-
culations. The most negative values correspond to the larg-
est basicity. The two-fold site shows the most negative ESP
values. Thus, the two-fold site is more basic than the four-
fold site. This leads to a better stabilization of NO+ , as can
be seen by comparing the adsorption energies (Table 4).
This can be explained by the distribution of the aluminium
and the geometrical parameters. For the two-fold site, each

Table 5. Electrostatic potentials computed for the two- and four-fold
sites.

Electrostatic potential [kJmol�1]
Two-fold Four-fold

Na+ �627 �606
K+ �589 �571
Rb+ �595 �579

Chem. Eur. J. 2008, 14, 5168 – 5177 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 5175

FULL PAPERReactivity and Basicity of Zeolites

www.chemeurj.org


NO+-coordinating oxygen atom is bound to an aluminium
atom. For the four-fold site, only two of the four NO+-coor-
dinating oxygen atoms are bound to an aluminium atom.
The distance between these oxygen atoms is smaller for the
two-fold site (2.65, 2.67, and 2.69 N for Na+ , K+ , and Rb+ ,
respectively) than for the four-fold site (3.90, 3.99, and
4.01 N for Na+ , K+ , and Rb+ , respectively). Therefore, the
interaction of NO+ with the two oxygen atoms is stronger
for the two-fold site. In comparison, for the four-fold site,
NO+ cannot interact as strongly with the two oxygen atoms
of the aluminium tetrahedron because of the larger distan-
ces. The two-fold site is a more basic site.

In a topological study on the silicon/aluminium ordering
in zeolite frameworks, Barthomeuf[48,49] studied the frame-
work-induced basicity. The strength of the basic sites was
evaluated with respect to the distribution of the AlO4 tetra-
hedra and to the number of TOT bonds separating two
AlO4 tetrahedra. It was shown that the basicity of a given
cluster decreases when more TOT bonds separate two AlO4

tetrahedra. In our case, in the two-fold site the AlO4 are
separated by two TOT bonds: AlOSiOAlO. In the four-fold
site the AlO4 are separated by three TOT bonds: AlOSiO-
SiOAlO. According to these rules the two-fold site is more
basic than the four-fold site, in agreement with the ESP cal-
culations and the adsorption energies.

Note that the ESP values for Na+ are overestimated com-
pared with the values for K+ and Rb+ . This may be due to
the parameters we used for the pseudopotential of the alkali
atoms. For each alkali cation the semicore p states were
treated as valence states. In addition to the fact that the
local pseudopotential was determined differently for Na+

compared with K+ and Rb+ , this leads to a large decrease
in the energy cutoff from Na+ to K+ . To increase the accu-
racy of the calculations with the PAW pseudopotential, the s
states should be included in the valence states for K+ and
Rb+ . This is, however, the subject of a subsequent work on
the evaluation of the electronic properties of atoms by using
PAWs. On the other hand, the ESPs computed by cluster
calculations reproduce well the basicity sequence: Na+<K+

<Rb+ (data not shown). In conclusion, the ESP is a good
tool for evaluating the basicity of a given site in zeolites.

Comparison between zeolites X and Y: The NO+ stretching
frequencies obtained experimentally and computationally
for zeolites X and Y are shown in Table 6. When NO+ is ad-
sorbed on a basic oxygen atom, electron transfer from the

basic oxygen to the p* orbitals of NO+ occurs. The greater
the electron transfer, the lower the NO+ stretching frequen-
cy and the more basic is the oxygen atom. This is reflected
well in the experimental NO+ frequencies, which reveal that
zeolite X is more basic than Y and that for both X and Y
the basicity increases from Na+ to K+ to Rb+ . Thus, lattice
oxygen atoms are more negatively charged and more basic
when the cation size increases. The computed frequencies
follow the expected trend with respect to the alkali cat-
ions.[24] However, the computed frequencies for zeolite X
are all larger than those obtained for zeolite Y in disagree-
ment with experimental results. The frequencies were calcu-
lated in exactly the same way in these two studies. So, this is
unlikely to be the cause of the discrepancy.

At a more fundamental level the differences between zeo-
lites X and Y lie in the number of cations and aluminium
tetrahedra per supercage. In our zeolite Y cell we have 14
aluminium tetrahedra and alkali cations, whereas the X cell
comprises 22 aluminium and alkali metal ions. In zeolite Y
there are four cations at site II and one at site III. In zeolite
X there were four cations at each of the sites II and III. An-
other important factor is the distribution of the aluminium
tetrahedral. A systematic study of the number and distribu-
tion of aluminium tetrahedra is necessary to see what the
effect is on the NO+ frequencies and on the basicity.

The adsorption energies of zeolite X (Table 6) are larger
than those of zeolite Y because all the III sites contain a
cation and the number of stabilizing interactions is higher. It
was observed that secondary interactions dominate in all of
the complexes and that the stabilization decreases in the
order RbX>KX>NaX.[24] One exception was found for the
separated complex [NO3

� NO+], for which the stabilization
decreases in the sequence KX>RbX>NaX. K+ has the
same number of secondary interactions with NO3

� as Rb+ ,
but a larger Lewis acidity (primary interaction). This is
probably the reason for the sequence of the computed stabi-
lization energies.

Conclusions

Our theoretical data on the disproportionation of N2O4 in
the supercages of zeolites X[22] and Y reveal 1) the necessity
to have an alkali cation at site III, 2) the cooperation be-
tween site II and III cations in the stabilization of NO3

�,
and 3) the competition between the number of interactions
and the Lewis acidity of the cations. In addition, Na+ is the
smallest cation we have investigated and its Lewis acidity is
the highest. However, not all Na+ cations in the supercage
can cooperate to stabilize NO3

� ; only two cations cooperate
to stabilize NO3

� in the adsorption on site III. The larger
Rb+ cations, which are not as strongly bound to sites II and
III, all participate in NO3

� stabilization. As a consequence,
in the case of Na+ , NO+ interacts with the supercage sur-
face, the negative charge of which is partially screened by
the Na+ cations. The Rb+ cations, on the other hand, are
only slightly interacting with the surface oxygen atoms. The

Table 6. Adsorption energies and experimental and computed stretching fre-
quencies of adsorbed NO+ .[a]

Zeolite Y Zeolite X
n ACHTUNGTRENNUNG(NO+)exptl

[cm�1]
n ACHTUNGTRENNUNG(NO+)theory

[cm�1]
DE
[kJmol�1]

n ACHTUNGTRENNUNG(NO+)exptl

[cm�1]
n ACHTUNGTRENNUNG(NO+)theory

[cm�1]
DE
[kJmol�1]

Na+ 2090 2007 �30 1976 2023 �69
K+ 1973 1986 �40 1927 1991 �91
Rb+ 1968 1967 �50 1903 1991 �82

[a] Experimental frequencies are taken from refs. [12, 13], those computed for X
zeolite are taken from ref. [24].
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NO+ ···OACHTUNGTRENNUNG(surface) interaction is then maximal for Rb�Y-ex-
changed zeolites, and much lower in the case of Na�Y. This
conclusion is also applicable to zeolite X. The experimental-
ly observed increase in basicity in the series Na+<K+<

Rb+ can be ascribed to the above statements. It is based on
the interplay of NO3

� stabilization by cations, which increas-
es with their size, and of the strength of the interaction be-
tween NO+ and basic oxygen atoms, which also increases
with the size of the cations.

The first consequence of our reasoning is that in the ab-
sence of site III cations the N2O4 disproportionation reac-
tion cannot occur. In dehydrated zeolite Y, Na+ and K+ are
not found at site III in XRD measurements.[26–28] However,
N2O4 disproportionation was observed.[13] We postulate
three reasons for this discrepancy: 1) small amounts of Na+

and K+ , undetectable by powder XRD, are localized at site
III, 2) the presence of N2O4 and its disproportionation prod-
ucts (NO+ and NO3

�) induces cation migration into site III,
and 3) our model structure is not exactly identical to the ex-
perimental structures in terms of aluminium and alkali
cation distribution. Clearly there is room for experimental
research to find the minimum Si/Al ratio in faujasite-type
zeolites at which N2O4 disproportionation will occur, that is,
at which there are cations at site III.

Our study has highlighted the importance of the electric
field of cations in zeolitic cavities and of the cooperative
effect of these cations. These phenomena lead to the hetero-
lytic dissociation of molecules such as N2O4, but also to the
stabilization of charge-transfer states between two co-ad-
sorbed molecules, such as olefins and O2.

[50] It might well be
that ionic species are very important intermediates in base-
catalyzed reactions in zeolitic cavities.
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