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The cation-� cloud interaction and the zeolite basicity concept�
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Abstract—Two adsorption complexes between pyrrole and alkaline T6 zeolite clusters were studied theoretically using DFT
method. Results show that at B3LYP/6-311+G**//B3LYP/6-31G* the oxygen atoms in LiT6 are, in average, more charged than
in CsT6. The cation-� complex is more stable than the complex possessing a hydrogen bond between T6 clusters and pyrrole.
Correlations between alkaline cation hardness and �Hadsorption (kcal/mol) showed a linear correlation for both complexes,
indicating that the driving force for pyrrole adsorption is cation hardness.
© 2003 Elsevier Ltd. All rights reserved.

Zeolites are aluminosilicates with a tridimensional
structure that form channels and cages of molecular
dimensions. The aluminum atoms in the zeolite frame-
work are tetracoordinated, hence developing a negative
charge on the structure, which is compensated by
extraframework cations of different charges. Ion
exchange techniques are usually employed for changing
the cationic species and can be used to yield acid or
basic zeolites, depending on the nature of the counter
ion: zeolites with protons and metal ions generate acid
or basic sites, respectively.1,2

Zeolites can be used to accomodate organic molecules
since their properties can be varied in host–guest sys-
tems. The importance of cation-� interactions has been
thoroughly documented for biological systems3–8 and it
is now believed that it might also be an important
factor in controlling the properties of the organic probe
molecules inside zeolites. This proposal is sustained by
results showing that the photophysical behavior of
organic chromophores are directly related to the coun-
ter ions nature and the presence of adsorbed water.9

In solid materials it is believed that basicity is due to
the charge on the oxygen atoms, which in turn is either
related to the cation eletropositivity or to the Si/Al
ratio. Attempts to correlate basicity with structural
zeolite parameters using both computational and exper-
imental methodologies have been carried out with
probe molecules such as pyrrole (N�H stretching vibra-
tion),10–12 methanol (OH stretching vibration),13,14

methyl viologen and I2 (charge transfer in UV–vis),15,16

chlorocarbon adsorption (1H NMR)17–20 and CO and
CO2 adsorption.21–24 Regardless of the differences in
probes and methodologies, the quantity measured cor-
relates in all cases quite well with the zeolite oxygen
charges, obtained by applying Sanderson’s equalization
principle.

Theoretical methods based on quantum mechanics
(DFT) have been employed to investigate the concept
of basic centers in solid materials.25–27 Results show
that the Mulliken oxygen charge does not change sig-
nificantly from the Na+ to Cs+ counter ion.28 This
means that Sanderson’s principle should not be an
adequate tool for estimating the zeolite oxygen charges.

Figure 1. Pyrrole adsorption modes on MT6.
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Furthermore, one cannot expect the equalization princi-
ple to reproduce molecular complexity since it cannot
accommodate differences associated with isomerism.

The present study evaluated charges and energetic
profiles for pyrrole adsorption on the alkaline metal�T6

(MT6, SIII site) clusters, in order to clarify the main
aspects concerning the adsorption of organic probes on
zeolites. The framework of alkaline metal�T6 (MT6)
was taken from a complete faujasite cage, manually
constructed based on X-ray diffraction results.

The structure geometries were fully optimized (Fig. 1)
and they were characterized by the absence of imagi-
nary frequencies, after vibrational analysis on the opti-
mized geometries. Calculations of free and adsorbed
reactants, as well their respective charges, were per-
formed at B3LYP/6-311+G**//B3LYP/6-31G* and
with Lanl2dz for K, Rb and Cs level methodology.
Zero-point and thermal corrections at 298 K were
calculated utilizing the frequencies computed at the
B3LYP/6-31G*. In all structures charges at the atomic
centers were calculated by fitting to the density derived
electrostatic potential with the CHelpG scheme.28 All
calculations were performed using the GAUSSIAN 94
package.29 The level of theory employed here has been
proved to be adequate in determining both zeolite
geometric parameters, and activation barriers for reac-
tions within zeolite cages and the energetics associated
with cation-� interactions.30,31

Results and discussion

Calculations show that pyrrole adsorbs on alkaline
metals MT6 cluster by two different modes (Fig. 1). The
first mode involves a complex with a hydrogen bond
being formed between the probe molecule and the
zeolite cluster (Mode 1), whereas the second one shows
only the interaction between the pyrrole � cloud and
the alkaline metals (Mode 2).

From the O4�M distances on MT6 shown in Table 1,
two slightly different cation sites related to Site III can
be observed. While Li�O4 is 1.945 A� apart, we find a

value of 3.241 A� for Cs�O4. The results show that Na+,
Li+ and K+ are closer to oxygens O4 and O5 (almost
symmetrically), while Rb+ and Cs+ are located above O7

and closer to O6, in the middle of SIII site.

In Mode 1, the NH distances are relatively constant,
varying by only 0.002 A� (Table 1), while for Mode 2 a
0.006 A� variation can be seen. This means that NH
bond in the pyrrole molecule is not sensitive to zeolite
charge. Observing the angle � (not shown in Table 1)
formed between the pyrrole plane and the counter ions,
it can be seen that for Rb+ and Cs+ this angle reaches
90°, which is probably due to a drastic reduction of the
cation’s hardness. The M�Al distances can also evi-
dence the strong interaction between metal cations and
pyrrole � cloud. In Mode 1 the M�Al distances are
increased by an average of 0.07 A� . Notwithstanding,
these elongations are more evident when going from
MT6 to Mode 2, where we find an average of 0.15 A�
increase. These results show that a non-hydrogen
bonded adsorption mode for pyrrole on MT6 (Mode 2)
causes cations to be pushed away from the zeolite
framework.

Table 1 shows the energy profiles for the pyrrole
adsorption modes. It can be seen that in Mode 1 the
strongest interaction is obtained with LiT6 (−12.8 kcal/
mol) and it decreases continuously, reaching a mini-
mum with Cs+ (−7.2 kcal/mol). In Mode 2, only pyrrole
adsorption on LiT6 is less stable than Mode 1, varying
by 0.4 kcal/mol (where O1 is the least charged). From
NaT6 to CsT6, Mode 2 is the most stable structure. This
trend shows that, although O1 in CsT6 has a more
pronounced charge than the other oxygen atoms in the
framework, this is not necessarily the driving force for
adsorption. In pyrrole�MT6, the most important inter-
action is a cation-� cloud.

It is interesting to note the binding energy magnitudes
in Table 1. As can be seen, both modes are, as
expected, much less exothermic than vapor phase calcu-
lations for aromatics compounds.32,33 In this sense, it is
clear that alkaline cations are quite well coordinated in
zeolite SIII site. Thus, in this study, the cation-� inter-
action can be assigned as a kind of intermolecular
interaction, rather than a chemical bonding.

Table 1. Geometric and energetic parameters for pyrrole adsorption on MT6

Mode 1MT6 Mode 2

Al�Ma O4�Ma O7�Ma Al�Ma O4�Ma N�Ha M�Pyrroleb B.E.c Al�MaCation M�Pyrroleb O4�Ma N�Ha B.E.c

2.632 1.945 3.142 −12.41.015Li 2.1152.648 2.1552.714−12.82.1311.0191.945
2.719 −12.3Na 1.0192.3512.5243.016−9.02.5121.0182.3392.9583.6912.338
3.118 2.795 4.061 3.165 2.802 1.017K 2.952 −8.1 3.477 2.927 2.750 1.018 −8.7

Rb 3.344 3.001 4.290 3.378 3.071 1.017 3.231 −7.5 3.646 3.191 3.061 1.022 −9.1
1.017 3.491 −7.2 3.866 3.449 3.312Cs 1.0233.573 −8.73.244 4.475 3.590 3.241

a Distances in A� .
b Distances metal�pyrrole in A� .
c Binding energies in kcal/mol.
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The computed N�H frequencies from Modes 1 and 2
are in opposite directions. In Mode 1 there is a fre-
quency increase from Li to Cs (Li=3325, Na=3341,
K=3353, Rb=3361 and Cs=3354 cm−1), while in
Mode 2 an opposite trend is found (Li=3404, Na=
3334, K=3358, Rb=3270 and Cs=3255 cm−1). In fact,
the Mode 2 trend corresponds with the experimentally
observed for Y zeolites (LiY=3435, NaY=3390, KY=
3320, RbY=3280 and CsY=3240 cm−1).16 Moreover,
O1 charges increase in the inverse direction to the
Mode 2 NH frequencies, once again as expected from
the experimental results.

Table 1 also shows the metal�pyrrole distances in Mode
1 and Mode 2 (M�pyrrole). As can be seen, in both
cases this parameter enhances from Li+ to Cs+, and for
the same counter ion these values are quite similar. This
indicates that regardless of hydrogen bond in Mode 1,
the driving force between the probe and the zeolite
cluster is the cation-� interaction.

The oxygen atoms O3, O4, O5 and O7, generally possess
the highest charges in the alkaline series (LiT6, O5,
q=−0.905e), decreasing continuously from Li to Cs
(CsT6, O5, q=−0.822e) (Table 2, supplementary mate-
rial). It is interesting to note that these oxygen atoms
are closest to the metal cations Li+, Na+ and K+. The
atoms O1, O2 and O6 are the least charged on MT6

clusters (and farthest from Li+, Na+ and K+), creating a
charge gradient in the zeolite framework. As the dis-
tance O1�M diminishes from Li to Cs, the charges on
O1, O2 and O6 increase continuously, suggesting that
the closer the oxygen atom is to the metal cation, the
higher its charge will be (this effect is evident for
qO5�qO6>qO2>qO1). Examining the charges in O4

and O5 one can see that in both adsorption modes the
absolute values decreases, although the reduction is
more evident in Mode 2. Also from Table 1 we also
note that Mode 2 is responsible for a greater increase of
M�Al distances, caused by a preferential interaction
between the cations and the pyrrole molecule. These
results indicate that Mode 2 better illustrates charge
transfer in alkaline metal cation than Mode 1. This
statement can also be confirmed by observing that, in
Mode 2, the counter ions possess lower positive charge
due to a better interaction with the organic probe
(Table 2, supplementary material).

All computed values correlate quite well with the nature
of the cation. In fact, a good correlation between
computed cation hardness (from cation charge/volume
ratios) and Mode 1 heat of adsorption (�H°) was
found with r2=0.988. Other good correlations were
also found: Plotting Mode 1 heat of adsorption (�H°)
and NH Mode 1 stretching frequencies, gives r2=0.918,
and by a linear plot with O1 ab initio computed charge
and cation hardness, an r2=0.994 correlation was
obtained. Moreover, correlating O1 charges with NH
Mode 1 stretching frequencies, gives an r2=0.927 cor-
relation. Other good correlations can also be obtained
with Mode 2. Thus, since O1 charges correlates with
NH frequencies and cation hardness, it follows that
cation hardness correlates with NH frequencies. In fact,

this indicates that such measurements are cross correla-
tions. It is important to address here that, for Mode 2,
both heat of adsorption (�H°) and NH frequencies
have negative slopes when plotted with O1 charges, but
for Mode 1, the slopes have opposite signs. Such results
indicate that experimental measurements are obtained
when a cation-� interaction like Mode 2 is the most
important binding mode.

The results presented here show that the most stable
pyrrole adsorption structure is controlled by a cation-�
type interaction, instead of being governed by oxygen
charges (regardless of it being computed by Sanderson’s
equalization principle).
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