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ABSTRACT: The structures of alkali-exchanged faujasite (X–FAU, X � Li� or Na�

ion) and ZSM-5 (Li–ZSM-5) zeolites and their interactions with ethylene have been
investigated by means of quantum cluster and embedded cluster approaches at the
B3LYP/6-31G (d, p) level of theory. Inclusion of the Madelung potential from the zeolite
framework has a significant effect on the structure and interaction energies of the
adsorption complexes and leads to differentiation of different types of zeolites (ZSM-5
and FAU) that cannot be drawn from a typical quantum cluster model,
H3SiO(X)Al(OH)2OSiH3. The Li–ZSM-5 zeolite is predicted to have a higher Lewis
acidity and thus higher ethylene adsorption energy than the Li–FAU zeolites (16.4 vs.
14.4 kcal/mol), in good agreement with the known acidity trend of these two zeolites.
On the other hand, the cluster models give virtually the same adsorption energies for
both zeolite complexes (8.9 vs. 9.1 kcal/mol). For the larger cation-exchanged Na–FAU
complex, the adsorption energy (11.6 kcal/mol) is predicted to be lower than that of
Li–FAU zeolites, which compares well with the experimental estimate of about 9.6 kcal/
mol for ethylene adsorption on a less acidic Na–X zeolite. © 2003 Wiley Periodicals, Inc.
Int J Quantum Chem 94: 333–340, 2003
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Introduction

Z eolites are of prime importance as catalysts for
many industrial processes, due mainly to their

shape selectivity and acid sites [1–9]. Cation-ex-
changed zeolites have been found to be potential
catalysts for hydrocarbon reactions [10–19]. Of par-

ticular interest in this area of active research is the
alkene adsorption on alkali-exchanged zeolite,
which is the foundation of several industrially im-
portant reactions, namely, aromatization of olefins
[18], formation of ethylbenzene and styrene [19],
and the production of xylene [20].

The importance of metal-exchanged zeolites sug-
gests that a better understanding of the structure
and mechanistic properties at the molecular level of
the catalyst is certainly required [21]. A review ofCorrespondence to: J. Limtrakul; e-mail: fscijrl@ku.ac.th
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quantum chemical calculations applied to zeolites
and their interaction with unsaturated hydrocarbon
has been recently reported [22]. All early works of
adsorption of C2H4 on bare zeolite clusters were
limited to small model fragments that are not spe-
cific to a particular zeolite but represent a generic
tetrahedral subunit in an unconstrained environ-
ment [22–26]. It is known that small zeolitic clusters
may inadequately reflect adsorption complexes at
the active site and the cluster environment may
enhance binding energy and, hence, more accu-
rately predict the structures of reaction intermedi-
ates, transition states, and products [5, 27].

To include the effects of the zeolite framework
on adsorption of C2H4 in zeolites, a periodic elec-
trostatic structure method can be utilized [28–31].
This corresponds to the high loading case and is
often computationally expensive for most zeolites
due to their relatively large unit cells.

Alternatively, the embedded cluster approach [5,
9] provides a more practical methodology with lit-
tle additional computational cost when compared
to the bare cluster calculation. To the best of our
knowledge, no theoretical work regarding the met-
al-exchanged zeolite–ethylene complex has been
carried out so far.

In this study, we examine the effects of cations
and the zeolitic framework on the adsorption prop-
erties of ethylene in alkali-exchanged faujasite and
ZSM-5 using the embedded cluster methodology.

Methods

Zeolites have elementary building units of tetra-
hedral SiO4 and AlO4 commonly called T atoms. A
3-D framework of faujasite-type zeolite is built on
24-T cubo-octahedral sodalite cages linked via their
six-membered rings forming large cavities called
supercages [Fig. 1(a)]. On the other hand, the
ZSM-5 zeolite framework is built on connected pen-
tasil units forming straight and sinusoidal pore sys-
tems [Fig. 1(b)].

We employed the clusters illustrated in Figures
2–4 as the models of interaction of unsaturated
hydrocarbon on alkali–metal-exchanged zeolites.
The models H3SiO(X)Al(OH)2OSiH3, where X � Li
and Na, will hereafter be referred to as [Li–FAU],
[Na–FAU], and [Li–ZSM-5], and their complexes,
H3SiO(X)Al(OH)2OSiH3/[C2H4], will be referred to
as [Li–FAU]/[C2H4], [Na–FAU]/[C2H4], and [Li–
ZSM-5]/[C2H4]. The bare quantum clusters are spe-
cifically modeled according to crystallographic

structures of active sites in faujasite [31] and ZSM-5
[32] zeolites. In these models, the dangling bonds of
the Si atoms are terminated by H atoms and the
SiOH bonds are aligned with the corresponding
SOO bonds of the structures of zeolites, respec-
tively. The naked alkali–cation/C2H4 adducts, Li�/
[C2H4] and Na�/[C2H4], are also included for com-
parison with the effect of the negative zeolite
oxygen framework surrounding the alkali cations.

In the embedded cluster model (cf. Fig. 5), the
static Madelung potential due to atoms outside of
the quantum cluster is represented by charges lo-
cated at the zeolite lattice sites. Charges close to the

FIGURE 1. Presentation of zeolite structure. (a) Struc-
ture of faujasite showing the supercage. (b) Structure of
ZSM-5 viewed from the straight direction. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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quantum cluster are treated explicitly, while the
Madelung potential from the remaining charges
from an infinite lattice is represented by a set of
surface charges that were derived from the surface
charge representation of external embedded poten-
tial (SCREEP) method. More details on our method
can be found elsewhere [5, 9]. For faujasite, the total
Madelung potential is represented by 288 explicit
charges and 960 surface charges, whereas for
ZSM-5 the potential is represented by 360 explicit
charges and 240 surface charges. With this small
number of point charges, the additional computa-
tional cost is often less than 5% when compared to
bare cluster calculations.

Geometry optimizations were carried out at the
B3LYP level using the 6-31G (d, p) basis with the
Gaussian 98 program [33]. The computations were
carried out on PC clusters at the KU Computing
Center and a DEC alpha station 250 workstation at

the Laboratory for Computational and Applied
Chemistry at Kasetsart University and a cluster of
IBM RISC/6000 workstations at the Henry Eyring
Center for Theoretical Chemistry, University of
Utah.

Results and Discussion

METAL-EXCHANGED FAUJASITE (X-FAU)

Li–Zeolite (Li–FAU)

Cluster and embedded cluster models for alkali–
metal-exchanged zeolites are shown in Figures

FIGURE 3. Na–FAU zeolite structures and their inter-
action with ethylene optimized at B3LYP/6-31G(d, p)
using embedding and cluster calculations (values in
parentheses); bond distances in pm. (a) Na–FAU. (b)
Na–FAU/C2H4. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.
com.]

FIGURE 2. Li–FAU zeolite structures and their interac-
tion with ethylene optimized at B3LYP/6-31G(d, p) us-
ing embedding and cluster calculations (values in pa-
rentheses); bond distances in pm. (a) Li–FAU. (b) Li–
FAU/C2H4. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.
com.]
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2(a)–4(a). Selected optimized geometric parameters
and atomic charges for bare quantum cluster and
embedded cluster models are documented in Ta-
bles I and II. For the Li–FAU zeolite [see Fig. 2(a)],
the alkali–metal cation does not bind with a partic-
ular bridging oxygen atom in the [AlO4]� but is
symmetrically bidentated to O1 and O2 of [AlO4]�

tetrahedron, in agreement with the previously re-
ported ESR experiment [34]. The interaction of the
cationic metal with the zeolite framework leads to
substantial perturbation of the active acidic site. In
particular, we found that the AlOO distances were
elongated by 2.3 pm, but by only 0.9 pm for the
AlOO2 and AlOO1 distances, respectively, while
the SiOO bonds were shortened by 3.6 and 4.0 pm
for the SiOO1 and SiOO2 bonds, respectively, but

there was no significant change for the O1OAlOO2
angle. A reciprocal effect is that the zeolite frame-
work reduces the Li charge. The charge on Li�

cation was reduced to 0.53, and 0.63 a.u. for the bare
cluster and the embedded models, respectively.
The increase of charges on Li cation is clearly ob-
served by the changes of charges on Al and Si
atoms of the Li–FAU complexes as compared to the
corresponding charges of their anionic framework
(cf. Table II). The Madelung potential was found to
have a significant effect on the structure of Li-ex-
changed FAU. In particular, it elongates the LiOAl
by 10.7 pm. The extent of Li. . .O distances in-
creased with the embedded model (Li. . .O1 � 185.1
pm vs. 191.4 pm and Li. . .O2 � 183.9 pm vs. 190.4
pm). This indicates that the Madelung field weak-
ens the attachment of the Li cation to the zeolite
framework, and thus reduces the strength of the
complexes, which is reflected by lower complex-
ation energy (�135.92 kcal/mol) of Li(I) and ze-
olitic anion than those obtained from the bare quan-
tum cluster (�160.78 kcal/mol).

FIGURE 5. SCREEP embedded cluster model. [Color
figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

FIGURE 4. Li–ZSM-5 zeolite structures and their in-
teraction with ethylene optimized at the B3LYP/6-
31G(d, p) level using embedding and cluster calcula-
tions (values in parentheses); bond distances in pm. (a)
Li–ZSM-5. (b) Li–ZSM-5/C2H4. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

KETRAT AND LIMTRAKUL

336 VOL. 94, NO. 6



Na–Zeolite (Na–FAU)

A similar trend has been observed for the Na–
FAU complex [see Fig. 3(a)] (cf. Tables I and II).
The charges on the Na� cation within the zeolite
models are 0.67 and 0.73 for cluster and embed-
ded cluster models, respectively. The Na. . .O dis-
tances are elongated with the embedded model
(Na. . .O1 � 218.4 pm vs. 226.6 pm and
Na. . .O2 � 216.9 pm vs. 225.3 pm). The calcu-
lated Na. . .Al distance of the embedded model is
12.9 pm larger than that of the bare cluster, indi-
cating that the embedding environment weakens
the attachment of the metal cation to the zeolite
framework. Regarding the energetics of the Na–
FAU complexes, the complexation energy of
the Na cation to the zeolitic framework leads
to change in the geometric structures (the

O1OAlOO2 bond angles and X�OAl distances,
the distance between the cation and the A1 atom
of zeolite framework, are increased with the in-
creasing cationic size). These are, as expected,
smaller than those for the Li–FAU complex (cf.
Table II). The complexation energies of the mono-
valent ions Li� and Na� that are bound to a
zeolitic framework are �135.92 (Li–FAU) and
�118.19 (Na–FAU) kcal/mol at the embedded
cluster models, following the conventional elec-
trostatic trend. We found that the extended struc-
ture decreases the complexation energy by 24.86
kcal/mol in the Li–FAU and by 17.43 kcal/mol in
the Na–FAU zeolites. This implies that the com-
plexation energy of alkali cation bound to FAU
zeolites cannot be obtained accurately by small
bare quantum cluster models.

TABLE I ______________________________________________________________________________________________
B3LYP/6-31G(d, p)-optimized geometric parameters of the Li–ZSM-5, Li–FAU, and Na–FAU zeolites systems.

Parameters

[Li–ZSM-5] [Li–FAU] [Na–FAU]

Bare Embedded Bare Embedded Bare Embedded

X�OAl 253.7 266.9 249.8 260.5 288.3 301.2
X�OO1 182.0 190.5 185.1 191.4 218.4 226.6
X�OO2 180.5 187.8 183.9 190.4 216.9 225.3
O1-X�-O2 88.4 83.5 92.2 88.6 76.8 73.6
AlOO1 176.8 178.5 180.2 181.1 179.3 180.4
AlOO2 177.1 178.3 180.8 183.1 180.0 182.3
O1-Al-O2 91.1 89.9 94.9 94.2 97.6 96.5
SiOO2 164.3 160.7 166.7 162.7 165.1 161.3
SiOO1 164.1 160.0 166.6 163.0 164.8 161.5
qX� 0.52 0.63 0.53 0.63 0.67 0.73

Bond lengths are in pm and bond angles in degrees.

TABLE II ______________________________________________________________________________________________
Atomic charges of Li–FAU and Na–FAU complexes.

Atoms

Bare cluster Embedded cluster

Isolated Li–FAU Na–FAU Isolated Li–FAU Na–FAU

Si1 0.67 0.74 0.74 1.34 1.23 1.23
Si2 0.69 0.73 0.73 1.27 1.25 1.23
O1 �0.66 �0.79 �0.76 �0.61 �0.75 �0.72
O2 �0.67 �0.79 �0.77 �0.61 �0.75 �0.73
Al 0.80 0.99 0.89 0.76 0.90 0.83
Cation 1.00 0.53 0.67 1.00 0.63 0.73

Complexation energy
(kcal/mol) — �160.78 �135.62 — �135.42 �118.19
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INTERACTION OF METAL-EXCHANGED
FAUJASITE (X–FAU) WITH ETHYLENE

Interaction of Li–Zeolite (Li–FAU) with
Ethylene

Cluster and embedded cluster models for the
adsorption of ethylene on alkali metal-exchanged
zeolites are illustrated in Figures 2(b)–4(b). Selected
geometric parameters of the adduct complexes are
listed in Table III. Adsorption energies have been
evaluated by employing different models and are
given in Table IV.

For the Li–FAU/C2H4 zeolite [see Fig. 2(b)], the
optimized Li. . .C2H4 distances between Li cation to
the midpoint of the CAC bond are found to be
233.3 and 237.6 pm, and the corresponding energies
are 14.35 and 9.08 kcal/mol with basis set superpo-

sition error (BSSE) correction for the embedded
cluster and quantum cluster, respectively. It is in-
teresting to compare the adsorption of C2H4 on
Li–FAU zeolite with the case where the zeolite
framework is absent, i.e., in the naked Li–C2H4

system. As expected, C2H4 binds more strongly by
a factor of 2 to the Li� cation (23.15 kcal/mol) than
in the Li–FAU zeolite in the binding energy. The
simple naked Li–C2H4 model obviously overesti-
mates the interaction of C2H4 in a real Li-ex-
changed–FAU system due to the large electrostatic
field generated by the naked Li cation. The bare
cluster model causes a large reduction of the posi-
tive charge of the Li cation and, thus, possibly
underestimates the interaction of C2H4 with the
Li-exchanged–FAU system. The embedding envi-
ronment improves the results of the bare cluster

TABLE III _____________________________________________________________________________________________
B3LYP/6-31G(d, p)-optimized geometric parameters of the complex of ethylene with naked Li�,
Li–ZSM-5, Li–FAU, naked Na� and Na–FAU zeolites.

Parameters

Li�/C2H4 Li–ZSM-5/C2H4 Li–FAU/C2H4 Na�/C2H4 Na–FAU/C2H4

Naked Bare Embedded Bare Embedded Naked Bare Embedded

CACa 134.5 133.8 134.3 133.8 134.1 134.3 133.7 134.0
X�OC1 238.3 245.0 245.2 248.9 242.9 272.2 284.4 278.0
X�OC2 238.5 246.5 242.5 244.7 242.5 272.2 281.4 275.8
X�O(CAC)b 228.7 236.5 233.1 237.6 233.3 263.8 274.9 268.6
AlOX� — 256.2 269.5 252.9 263.6 — 290.2 303.6
X�OO1 — 184.5 194.6 187.3 194.6 — 219.9 228.0
X�OO2 — 182.5 190.8 187.2 193.8 — 219.0 228.6
O1-X�-O2 — 87.0 82.2 90.5 86.9 — 76.0 72.7
AlOO1 — 176.3 177.8 179.7 180.5 — 179.0 180.0
AlOO2 — 176.7 177.7 180.2 182.5 — 179.6 181.9
O1-Al-O2 — 91.4 90.4 95.3 94.8 — 97.8 96.7
SiOO1 — 163.5 159.3 166.1 162.5 — 164.5 161.2
SiOO2 — 163.9 160.3 166.1 161.8 — 164.8 160.8
qX� 0.69 0.30 0.36 0.32 0.36 0.77 0.52 0.54

Bond lengths are in pm and bond angles in degrees.
a The calculated B3LYP/6-31G(d, p) of CAC bond distance in the gas phase is 133.0 pm.
b The distances between Li cation to the midpoint of the CAC bond.

TABLE IV _____________________________________________________________________________________________
Calculated adsorption energies (kcal/mol) of C2H4 on naked Li�, Na�, bare quantum cluster, and embedded
cluster model of Li–ZSM-5, Li–FAU, and Na–FAU zeolites.

Li�/
C2H4 Li–ZSM-5/C2H4 Li–FAU/C2H4

Na�/
C2H4 Na–FAU/C2H4

Naked Bare Embedded Bare Embedded Naked Bare Embedded

�E �24.83 �11.55 �18.98 �11.58 �16.87 �17.76 �9.42 �13.76
�EBSSE �23.15 �8.94 �16.41 �9.08 �14.35 �15.97 �7.35 �11.63
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model. One can see that the adsorption energy of
the embedded cluster model lies between those of
the bare quantum cluster model and the simple
naked Li/C2H4 system.

Interaction of Na–Zeolite (Na–FAU) with
Ethylene

For the cluster model [see Fig. 3(b)], the adsorp-
tion energy of Na–FAU/C2H4 complexes is calcu-
lated to be 7.35 kcal/mol lower than that of the
Li–FAU/C2H4 complex (9.08 kcal/mol); this may
be attributed to its large cationic size (relative to
Li�), which causes its interactions to be weaker
than that of the Li complex. We found that the
Madelung potential increases the adsorption en-
ergy by 5.27 kcal/mol in the Li–FAU and by 4.28
kcal/mol in the Na–FAU zeolites. With the inclu-
sion of BSSE correction and the effects of the Made-
lung potential, we predict that the Li–FAU/C2H4
complex is more stable by about 2.72 kcal/mol
compared to the Na–FAU/C2H4 complex. The ad-
sorption energy is predicted to be 11.63 kcal/mol
for the embedded cluster model of the Na–FAU/
C2H4, which compares well with the experimental
value of 9.6 kcal/mol for the less acidic Na–X zeo-
lite complex [35]. The lower adsorption energy in
Na–X zeolite, which is an aluminum-rich faujasite
zeolite with an Si/Al ratio in a range of 1–1.5,
corresponds to the lower acid strength of the Na–X
zeolite because the acid strength of zeolite de-
creases as the aluminum content increases.

Effect of the Zeolite Framework on the
Adsorption Properties of Ethylene

Another point of interest is the comparison of the
results obtained using both cluster and embedded
cluster models for exploring the different types of
zeolites (faujasite and ZSM-5). Faujasite is consid-
ered a large-pore-size zeolite with a pore diameter
of 74 pm and spacious supercages with a diameter
of 130 pm, while ZSM-5 is a middle-pore-size zeo-
lite with a pore diameter of about 50 pm. Although
the two types of zeolites have different crystal
structures (see Fig. 1), the cluster models give vir-
tually the same adsorption energies (9.08 vs. 8.94
kcal/mol) for both Li–FAU/C2H4 [cf. Fig. 2(b)] and
Li–ZSM-5/C2H4 [cf. Fig. 4(b)] complexes as listed in
Table IV.

We found that inclusion of the Madelung poten-
tial increases the adsorption energy by 7.47 and 5.27
kcal/mol for the Li–ZSM-5 and Li–FAU zeolites,

respectively. With the inclusion of BSSE correction
and the effects of the Madelung potential, the Li–
ZSM-5/C2H4 complex is more stable by about 2.06
kcal/mol as compared to the Li–FAU/C2H4 com-
plex. Thus, the Madelung potential was found to
reveal that adsorption properties of zeolite do not
depend only on the acidic site center but also on the
framework structure where the acidic site is lo-
cated.

Conclusion

The structures of alkali-exchanged faujasite (X–
FAU, X � Li�, or Na� ion) and ZSM-5 (Li–ZSM-5)
zeolites and their interaction with ethylene have
been investigated by means of both the quantum
cluster and embedded cluster approaches at the
B3LYP/6-31G (d, p) level of theory. The effects of
the Madelung potential were found to be impor-
tant. The bare quantum cluster is too small to ac-
count for the extended structure and, therefore,
yields almost the same binding energies (8.94 vs.
9.08 kcal/mol) for both Li–ZSM-5/C2H4 and Li–
FAU/C2H4 complexes. On the other hand, the
binding energy derived from the embedded model
of Li–ZSM-5/C2H4 is calculated to be 16.41 kcal/
mol, which is larger than that obtained from the
Li–FAU complex (14.35 kcal/mol), indicating that
the metal-exchanged ZSM-5 is more acidic than the
metal-exchanged FAU zeolites and leads to a better
agreement with the experimental observation. The
ion (X). . .Al distance increases with the increase in
ionic radii. The predicted adsorption energy for
Na–FAU/C2H4 (11.63 kcal/mol) is comparable
with the experimental estimate of about 9.6 kcal/
mol for ethylene adsorbed on Na–X zeolite. The
results obtained in the present study suggest that
the embedded cluster approach yields a more ac-
curate and practical model than the bare quantum
cluster for exploring the zeolite framework and cat-
alytic properties.
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