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Abstract

The performance of the ONIOM (Our-own-N-layeredIntegrated molecularOrbital + molecularMechanics) approach utilizing 10 com
binations of two-layer ONIOM2 schemes has been tested for various sizes of faujasite clusters containing up to 84T tetrahedral
the complexes they form with ethylene, benzene, and ethylbenzene molecules. Interaction energies of the adsorbates with a 3T ba
cluster are calculated to be−8.14, −7.48, and−7.76 kcal/mol at B3LYP/6-31G(d,p) level of theory, respectively. The long-range eff
of the extended structure of zeolite were found to differentiate the stability of adsorption complexes that cannot be drawn from th
3T quantum cluster. The interaction energies of ethylene, benzene, and ethylbenzene molecules on the more realistic cluster,
ONIOM2(B3LYP/6-311++G(d,p):UFF) scheme are predicted to be−8.75, −15.17, and−21.08 kcal/mol, respectively, which compar
well with the experimental estimates of−9.1, −15.3, and−19.6 kcal/mol, respectively. This finding clearly demonstrates that the inte
tion between adsorbate and acidic zeolites does not depend only on the Brønsted group center but also on the lattice framework s
the adsorption site. The results obtained in this study suggest that the ONIOM approach, when carefully calibrated, is a comp
efficient and accurate method for studying adsorption of aromatics on zeolites.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Ethylene, benzene, and their derivatives, including et
benzene and styrene, are among the most important c
icals in the chemical industry. Ethylbenzene is, comm
cially, the largest volume derivatives of benzene. Over 9
of the world’s production of ethylbenzene is used in
manufacture of styrene, which is one of the most imp
tant industrial monomers. Other applications are paint
vents and pharmaceuticals [1]. The interaction between
ylene and benzene to ethylbenzene and the conversio
ethylbenzene to styrene are important industrial proce
The conventional processes of benzene alkylation are
ally catalyzed by AlCl3. This catalyst causes a number
problems concerning handling, safety, corrosion, and w
disposal [2]. An immense endeavor has been put into
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veloping alternative catalyst systems that are more env
mentally friendly. Nowadays the conventional AlCl3-based
processes have been progressively substituted with ze
based processes.

Zeolites are widely used in the petroleum and chem
industries as solid catalysts for a number of commerci
important hydrocarbon reactions due to their outstand
properties, i.e., Brønsted and Lewis acid sites, size-shap
lectivity, and thermal stability [3]. Using proton- and met
zeolites as the catalysts can increase the percentage yi
the required products and thus reduce the production
significantly. Zeolites have been used as effective cata
in converting many hydrocarbon materials to value-ad
products. The adsorptions of ethylene, benzene, and e
benzene on zeolites, which are the elementary steps o
catalytic processes, have been studied experimentally b
ing FTIR [4–7] and NMR [8,9]. The adsorption energy
ethylene on the acidic H-Y zeolite was determined to
−9.1 kcal/mol [6]. The differential enthalpies of adsor
tion of benzene and benzene derivatives on H-Y zeolite w
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found to increase in the following order: benzene< ethyl-
benzene< 1,4-diethylbenzene≈ 1,3-diethylbenzene [10].

Numerous theoretical models, including the periodic c
culations, have been proposed to study the crystalline
lite [11–19]. Nevertheless, zeolites that have a high imp
in industrial processes usually possess hundreds of atom
unit cell. This makes the use of sophisticated methods,
as periodic ab initio calculations, computationally too e
pensive and even impractical sometimes when very large
olites are concerned. Therefore, the electronic propertie
zeolites are usually modeled with quantum chemical m
ods for relatively small clusters where only the most imp
tant part of zeolites is focused [16–19]. With such limit
models, the effect of the framework which can significan
change the structure and energetics of the system, is
taken into account. The recent development of hybrid m
ods, such as embedded cluster or combined quantum
chanics/molecular mechanics (QM/MM) methods [13,
20–25], as well as the more general ONIOM method
brought a larger system within reach of obtaining accu
results [26,27].

Up to date, the ONIOM method is applied to the study
extended systems, for example, chemical reactions on
face [28–33], and in enzymes [34]. However, there are
reports of the ONIOM method on H-FAU zeolites interac
with aromatic hydrocarbons.

In this study, we present the results of using the ONIO
model to represent the complicated structure of zeolites
to study the adsorption of ethylene, benzene, and ethyl
zene, which is the first important step for a more comp
hensive study of alkylation reaction. Since the Brønsted
site is considered as the active site for the alkylation of b
zene [35–38] (although the adsorbates can be adsorb
other sites), we limit the investigation to adsorption at
Brønsted acid site. We are focusing on the systems of fa
site (H-FAU), which are of high importance in many indu
trial reactions. The faujasite’s unit cell of 576 atoms lim
the use of periodic calculation, thus we use the ONIO
method to model the active site of H-FAU, the Brønsted a
site. The adsorption of ethylene, benzene, and ethylben
on the H-FAU has been investigated, and the rational ch
of the levels of calculations for the ONIOM scheme has b
examined. The results are compared to experimental da
find efficient combinations to satisfactorily reproduce the
sorption energies of H-FAU zeolites. This should provide
with a better understanding of the role of H-FAU in cataly
ing the process of producing ethylbenzene.

2. Method

The cluster models were taken from the lattice struc
of faujasite zeolite [39]. The 3T cluster H3SiOAl(OH)2O(H)
SiH3 (Fig. 1) is considered as the smallest unit required
represent the active site of zeolite. One of the silicon ato
in faujasite zeolites is substituted by an aluminum atom,
r

t

-

-

-

t

e

a proton is added to one of the oxygen atoms bonded
rectly to the aluminum atom. There are four distinct bridg
configurations; the resulting structures will be called O1–
according to the usual convention for the oxygen atom
faujasite [39,40]. The Si–H bonds are fixed along the S
bonds of the faujasite framework [39]. The effect from t
framework structure of zeolite cannot be totally neglec
if more accurate results are required. Thus, the larger c
ters were proposed for representing the system of proton
faujasite (H-FAU). The 20T model, illustrated in Fig. 2,
the 12-membered-ring window connecting two superca
of faujasite, including eight more tetrahedral atoms at
base next to the Al atom. The largest 84T cluster, includ
two supercages, acts as a nanoscopic reaction vessel (F
where the adsorbates can be trapped inside.

Due to the limitation of computational resources and ti
consumption, the active region is treated more accura
with the ab initio method, while interaction in the rest of t
model is approximated by a less accurate method.

According to the two-layer ONIOM approach, the c
culation of energies can be simplified by treating the ac
region (i.e., the active Brønsted acidic site of a zeolite
alyst) with a high-level quantum mechanical (ab initio
density functional) approach, and the extended framew
environment with a less expensive level, the HF, semi
pirical, and molecular mechanics force fields methods.
total energy of the whole system can be expressed within
framework of the ONIOM methodology developed by M
rokuma and co-workers,

EONIOM2 = EReal
Low + (

ECluster
High − ECluster

Low

)
,

where the superscript Real means the whole system an
superscript Cluster means the active region, which woul
treated with the higher level of calculation. Subscripts H
and Low mean high- and low-level methodologies used
the ONIOM calculation. In this study, the high-level regi
is treated by the Hartree–Fock and the density functio
theory with the hybrid functional B3LYP. The remaind
is treated by molecular mechanics force fields (UFF) [4
semiempirical or the Hartree–Fock methods.

The accuracy of the QM/MM method, particularly th
ONIOM method, depends significantly on the choice of
level of calculations for high- and low-level regions. Pr
gressing through various types of quantum mechanics, s
empirical, and molecular mechanics methods, the exp
mental adsorption energy of the benzene/zeolite system
be used to validate the choice of methods. Using the B3
method for treating the quantum cluster, we varied the m
ods for the low-level region from the molecular mechan
force fields (UFF), semiempirical, over to the Hartree–F
methods. Using the experimental observation as a be
mark, we found that the UFF method provides reason
values corresponding to the experimental prediction. T
is due to the explicit consideration of van der Waals c
tribution, which is the dominant contribution in adsorptio
desorption in zeolites [42–47]. Therefore, the UFF met
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is the practical choice for the low-level methodology wh
the high-level region is treated by the B3LYP/6-31G(d
method.

All calculations have been performed by using Ga
sian98 code [48]. The basis set for the Hartree–Fock calc
tions is 3-21G, while the basis set 6-31G(d,p) is utilized
the B3LYP calculations. During the structure optimizati
only the active site region, [≡SiO(H)Al(O)2OSi≡], and the
adsorbate are allowed to relax.

In order to obtain more reliable interaction energies, b
sets superposition error (BSSE) corrections were also t
into account. In addition, the common practice of runnin
higher level single-point energy calculation at the geom
generated by use of a cheaper method is as effective as
forming all calculations at the higher level of theory. Th
using the optimized geometries produced by the B3LYP
31G(d,p), we carried out the single-point energy calculat
at the B3LYP/6-311++G(d,p) level.
r-

3. Results and discussion

For the purpose of clarity, we separate the discus
below into two sections. In one section we compare
ONIOM results with experimental results. In the other s
tion we focus mainly on the effects of the extended fram
work on the structural and energetic information of the in
action of ethylene, benzene, and ethylbenzene with H-F
zeolites.

3.1. Comparison of ONIOM results with experimental
results

Different two-layer ONIOM2 integrated schemes we
performed on the ethylene, benzene, and ethylbenzen
teraction with the different cluster models, as illustrated
Figs. 1–3. The faujasite zeolites were modeled by three
ferent aluminosilicate clusters containing up to 84T tetra
drally coordinated tetravalent atoms. Tables 1 and 2 list s
er

ON
ing to th
(a) (b) (c)

Fig. 1. Presentation of models of faujasite and interacting with adsorbates: (a) full 3T cluster model interacting with ethylene; (b) full 3T clustmodel
interacting with benzene; and (c) full 3T cluster model interacting with ethylbenzene.

(a) (b) (c)

Fig. 2. Presentation of models of faujasite and interacting with adsorbates: (a) ONIOM2 layer models of 20T cluster interacting with ethylene; (b)IOM2
layer models of 20T cluster interacting with benzene; and (c) ONIOM2 layer models of 20T cluster interacting with ethylbenzene. Atoms belonge
high-level regions are drawn as spheres.
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(b)

Fig. 3. Presentation of models of faujasite and interacting with adsorbates: (a) ONIOM2 layer models of 84T cluster interacting with ethylene; (b)IOM2
layer models of 84T cluster interacting with benzene; and (c) ONIOM2 layer models of 84T cluster interacting with ethylbenzene. Atoms belonge
high-level regions are drawn as spheres.
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selected structure parameters derived at 3T and 20T q
tum clusters and the different two-layer ONIOM2 integra
schemes.

To assess the sensitivity of the active site struc
with varying environments, we optimized the active s
[≡SiO(H)Al(O)2OSi≡], for all the clusters, while the re
maining atoms were kept fixed at the crystallographic p
tions. By comparing the structure between the full quan
cluster model of 3T and 20T models, it is seen that
cluster size environment has a little effect on the str
ture of the active site. The extended framework has
-effect of lengthening the O1–H bond distance (Brønsted
site) by 0.3 pm (full HF) and 0.2 pm (full B3LYP). In th
ONIOM2 schemes, specifically B3LYP/6-31G(d,p):HF
21G and B3LYP/6-31(d,p):UFF, the O1–H bond distan
are increased by 0.5 and 0.1 pm, respectively, thus enh
ing the acidity of the Brønsted acid site.

Further support for the reliability of the active site su
unit, [≡SiO(H)Al(O)2OSi≡], by our calculations is given
from NMR studies. Klinowski and co-workers have e
timated the internuclear distance between the alumin
and the proton nuclei in a Brønsted acid site,r(Al · · ·H),
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Fig. 3. Continued.

Table 1
Structural parameters of faujasite obtained at full HF/3-21G and various two-layer ONIOM2 schemes (bond distances in pm and bond angles in d

Parameters 3T 20T 84T

Full HF Full HF HF:MNDO HF:AM1 HF:PM3 HF:UFF HF:UFF

O1–H 96.8 97.2 96.9 97.0 96.8 96.8 96.8
Al–O1 184.2 185.6 183.0 183.2 185.8 180.5 180.5
Si–O1 171.9 170.1 171.3 167.5 172.1 169.4 169.4
� Al–O1–Si 127.4 129.4 126.9 124.1 125.5 126.0 126.0
Al–H 233.5 239.6 231.5 230.3 235.6 230.2 230.3

The HF is Hatree–Fock with 3-21G basis set.

Table 2
Structural parameters of faujasite obtained at full B3LYP/6-31G(d,p) and various ONIOM2 schemes (bond distances in pm and bond angles in de

Parameters 3T 20T 84T

Full B3LYP Full B3LYP B3LYP:HF B3LYP:MNDO B3LYP:AM1 B3LYP:PM3 B3LYP:UFF B3LYP:UFF

O1–H 96.7 96.9 97.2 96.8 96.8 96.7 96.8 96.8
Al–O1 191.6 191.4 193.7 190.1 191.1 193.8 186.0 186.0
Si–O1 170.9 170.4 168.2 170.5 166.0 170.8 168.6 168.6
� Al–O1–Si 126.7 128.4 129.0 126.0 122.6 123.9 125.6 125.5
Al–H 246.0 250.8 254.3 243.4 244.6 249.6 240.0 240.2

The B3LYP is density functional theory with 6-31G(d,p) basis set; HF is Hartree–Fock with 3-21G basis set.
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of faujasite [49] to be 238.0 ± 4 pm, whereas our com
putedr(Al · · ·H) distance of 20T cluster is evaluated to
240.0 pm at B3LYP/6-31G(d,p). It is noted that the co
putedr(Al · · ·H) distances are underestimated in the ca
of HF/3-21G combining with the semiempirical and mole
ular mechanics force fields [HF/3-21G:MNDO (231.5 pm
HF/3-21G:AM1 (230.3 pm), HF/3-21G:PM3 (235.6 pm
and HF/3-21G:UFF (230.2 pm)]. In comparison with t
experimental data, the computedr(Al · · ·H) distances us
ing the ONIOM2 scheme are well represented gener
by the B3LYP/6-31G(d,p), but not by the HF/3-21G whi
gives the r(Al · · ·H) too small distances, specifically
the HF/3-21G:UFF (230.2 pm) vs B3LYP/6-31G(d,p):U
(240.0 pm). The largest model of 84T at the B3LYP
31G(d,p):UFF shows structure parameters consistent
those of the 20T model. This suggests that B3LYP sho
be employed for a high-level model. Since the ONIOM
(B3LYP:UFF) method gives a good structural represe
tion of the Brønsted acid site and the UFF force field is a
a theoretically appropriate method for representing the
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s set; HF
Table 3
Structure parameters for adsorbate/zeolite cluster complexes, where adsorbates are ethylene, benzene, and ethylbenzene

Methods Parameters 3T 20T

Ethylene Benzene Ethylbenzene Ethylene Benzene Ethylben

HF O1–H 97.7 97.5 97.6 98.9 98.1 98.4
Al–O1 183.1 182.9 182.8 184.2 184.3 184.0
Si–O1 171.0 171.1 171.0 169.1 169.5 169.4
� Al–O1–Si 127.5 127.7 127.7 129.5 129.3 127.6
C1–H 226.3 220.6 217.2 219.4 244.0 220.8
C2–H 226.5 224.8 225.8 227.4 252.0 250.6
C=C 132.1 138.9 138.9 132.4 138.8 139.5
qH 0.51 0.53 0.54 0.53 0.53 0.54
qO1(H) −1.01 −1.01 −1.01 −1.03 −1.02 −1.02
qO2 −1.10 −1.10 −1.10 −1.12 −1.12 −1.12

B3LYP O1–H 98.5 98.0 98.2 99.3 98.4 97.9
Al–O1 189.9 189.8 189.7 189.1 189.6 189.9
Si–O1 170.0 170.1 170.1 169.0 169.9 170.6
� Al–O1–Si 126.2 126.5 126.4 128.2 127.7 127.5
C1–H 218.6 221.4 217.7 210.8 228.0 262.8
C2–H 219.4 224.2 224.8 217.1 255.8 273.7
C=C 133.7 140.1 140.0 133.8 140.2 140.5
qH 0.36 0.38 0.38 0.37 0.38 0.38
qO1(H) −0.66 −0.66 −0.66 −0.67 −0.66 −0.66
qO2 −0.71 −0.71 −0.71 −0.68 −0.68 −0.69

The zeolite clusters are 3T, 20T (bond distances in pm and bond angles in degrees). The B3LYP is density functional theory with 6-31G(d,p) basiis
Hatree–Fock with 3-21G basis set.
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fect of extended framework for this purpose (as discus
above) only the ONIOM models with the UFF force fie
will be discussed in detail hereafter.

3.2. Interactions of ethylene, benzene, and ethylbenzene
with faujasite zeolites

Some structural parameters of the adsorption compl
calculated at finite clusters and at different ONIOM mod
(HF:UFF and B3LYP:UFF) are tabulated in Tables 3 and
respectively. Table 3 presents the comparison between
3T and 20T cluster models of the adsorption complexes
dicating that adsorption does not significantly perturb str
tures of the adsorbed molecules or the zeolites due to
weak interactions between the hydrocarbons and the ze
Increasing cluster size has only a small effect on the struc
of the active site, but significantly affects the orientation
the adsorbed molecules. For the small cluster models, th
sorbed molecules are Pi-bonded to the active site with alm
equal bond distances between the two double-bond car
and the Brønsted proton. For the 20T cluster models
teractions with the extended framework cause the adso
molecules to move farther from the acid proton and lose
symmetrical bidentated structures.

Table 4 shows structure parameters of the adsorp
complexes calculated with the ONIOM2 method using 2
and 84T models showing that structures of the acid site
not affected by the increase of cluster sizes by enlarging
UFF outer layer. Similar to what was observed with the
quantum calculations at 20T, the adsorption does not
nificantly change the structures of the adsorbed molecu
Upon the adsorption of hydrocarbon on the acid site,
.

-

s

.

changes in Mulliken charges on acidic proton and bridg
oxygen are minute. Increasing the quantum cluster size f
3T to 20T does not have any effect on the Mulliken char
on the acidic proton and its nearby oxygen atom (cf.
ble 3). The same results are also observed for the ONI
models (cf. Table 4). This suggests that the distribution
electron in the active region is not sensitive to the size of
cluster. However, significant changes in the orientation
the adsorbed molecules compared to the full quantum
culations of 20T models at B3LYP are observed. With
84T ONIOM model at B3YLP:UFF, the adsorbed ethyle
is moved slightly farther from the acid site and symme
cally bidentated to the Brønsted proton, while the adsor
benzene and ethylbenzene are moved significantly clos
the zeolitic proton, possibly due to the confinement effec
the pore structure represented by the UFF force field.

The adsorption energy is one of the most valuable d
obtained from experimental observation which can be u
to validate the theoretical data. The adsorption energie
ethylene, benzene, and ethylbenzene on H-FAU zeolites
culated from different models, as discussed above, and
those from the ONIOM models using the semiempirical a
molecular mechanics force fields for the outer layer are
sented in Table 5.

Using the 3T cluster model, the DFT methods pred
the adsorption energies of ethylene, benzene, and ethy
zene to be−8.14,−7.48, and−7.76 kcal/mol, respectively.
This is in contradiction with the experimental results. T
adsorption energy of ethylene on the acidic H-FAU z
lite was determined to be−9.1 kcal/mol [6]. The adsorp-
tion energies of benzene and ethylbenzene on H-FAU
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Table 4
Structure parameters for adsorbate/zeolite cluster complexes, where adsorbates are ethylene, benzene, and ethylbenzene

Methods Parameters 20T 84T

Ethylene Benzene Ethylbenzene Ethylene Benzene Ethylben

HF:UFF O1–H 97.7 97.3 97.5 97.9 97.3 97.5
Al–O1 179.7 179.7 179.4 179.6 179.4 179.4
Si–O1 168.7 168.9 168.8 168.7 168.9 168.9
� Al–O1–Si 126.2 126.4 126.3 126.2 126.5 126.4
C1–H 218.9 225.8 220.7 223.4 222.5 226.0
C2–H 236.0 228.3 239.8 224.7 267.4 235.7
C=C 132.2 139.0 138.8 132.2 138.7 138.9
qH 0.52 0.53 0.54 0.52 0.53 0.54
qO1(H) −1.02 −1.01 −1.02 −1.03 −1.01 −1.02
qO2 −1.11 −1.11 −1.11 −1.11 −1.11 −1.11

B3LYP:UFF O1–H 98.9 98.2 98.3 98.9 98.0 98.1
Al–O1 184.3 185.1 184.6 184.4 184.9 184.6
Si–O1 167.5 168.2 168.1 167.6 168.4 168.1
� Al–O1–Si 125.3 124.9 125.0 125.3 124.9 125.2
C1–H 214.6 217.3 215.4 214.5 219.1 229.7
C2–H 214.7 239.7 236.1 215.2 259.4 231.0
C=C 133.7 140.3 140.0 133.8 140.1 140.0
qH 0.37 0.38 0.39 0.37 0.38 0.38
qO1(H) −0.64 −0.63 −0.63 −0.64 −0.63 −0.63
qO2 −0.71 −0.69 −0.69 −0.71 −0.70 −0.70

The zeolite clusters are 20T, 84T (bond distances in pm and bond angles in degrees). The B3LYP is density functional theory with 6-31G(d,p) basF is
Hatree–Fock with 3-21G basis set.

Table 5
Binding energy of ethylene, benzene, and ethylbenzene on the Brønsted proton of faujasite zeolites (binding energy in kcal/mol)

Methods/models 3T 20T 84T

Ethylene Benzene Ethylbenzene Ethylene Benzene Ethylbenzene Ethylene Benzene Ethyl

B3LYP/6-31G(d,p) −8.14 −7.48 −7.76 −10.93a −14.28a −15.90a – – –
B3LYP/6-31G(d,p):UFF – – – −10.78 −14.94 −18.35 −11.49 −17.15 −22.99
B3LYP/6-31G(d,p)+BSSEd −7.61 −6.54 −6.69 −10.25 −13.93 −17.30 −10.96 −16.15 −21.94
B3LYP/6-311++G(d,p)b −5.39 −5.35 −5.78 −8.03 −12.23 −16.40 −8.75 −15.17 −21.08
HF/3-21G −8.37 −9.49 −9.88 −10.90 −13.16 −17.23 – – –
HF/3-21G:UFF – – – −10.48 −16.76 −19.73 −11.43 −18.33 −24.09
HF/3-21G+BSSEd −7.85 −8.42 −8.29 −10.05 −15.74 −18.50 −10.91 −17.21 −22.84
HF/6-311++G(d,p)c −3.28 −3.47 −3.91 −6.21 −10.51 −11.74 −6.54 −13.69 −19.65
B3LYP/6-31G(d,p):HF/3-21G – – – −10.98 −11.40 −12.00 – – –
B3LYP/6-31G(d,p):MNDO – – – −6.99 −3.37 −3.23 – – –
B3LYP/6-31G(d,p):AM1 – – – −7.67 −4.49 −4.99 – – –
B3LYP/6-31G(d,p):PM3 – – – −5.41 −1.95 −1.13 – – –
HF/3-21G:MNDO – – – −7.10 −5.67 −5.65 – – –
HF/3-21G:AM1 – – – −7.34 −6.50 −7.25 – – –
HF/3-21G:PM3 – – – −5.63 −4.31 −4.12 – – –

Experimental adsorption energies of ethylene on H-FAU is−9.1 kcal/mol, taken from Ref. [6]. Experimental adsorption energies of benzene and ethylbe
on H-FAU are−15.3l and−19.6 kcal/mol, respectively, taken from Ref. [10].

a Mixed basis sets of 6-31G(d,p) and 3-21G.
b Indicates single-point energy at indicated level of theory on the optimized B3LYP/6-31G(d,p): UFF structure.
c Indicates single-point energy at indicated level of theory on optimized HF/3-21G: UFF structure.
d Basis set superposition error corrected.
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−19.6 ± 1 kcal/mol, respectively, indicating that the e
thalpy of adsorption (�H ads) of benzene is less than th
of ethylbenzene [10].

Increasing the cluster size from 3T to 20T clusters,
calculated adsorption energies (�Eads) of ethylene, ben
zene, and ethylbenzene interacted with zeolites are
differentiated (Table 5). Tests on the 20T clusters sh
that the ONIOM2 schemes, only the ONIOM2(B3LYP
31G(d,p):UFF) but not other ONIOM2 schemes, can
compared favorably with the full HF and B3LYP leve
of theory. Using semiempirical methods, i.e., AM1, PM
and MNDO for the outer layer, the wrong trend of�Eads

is observed as compared to the experimental data.
ONIOM2 model can substantially reduce the compu
tional expense. For example, the single-point calcula
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of the 20T/ethylene complex on an SGI machine (Ori
200) requires about 5 min (computational time) for
ONIOM2(B3LYP:UFF) method whereas, the full quantu
cluster requires more than 50 min. This again confirms
the cost-effective ONIOM2 strategy should be utilized
obtain an accurate description of the system.

Increasing the cluster size from 20T up to the more
alistic model, 84T, by enlarging the outer layer, the diff
ences between each adsorption energy are pronounced
adsorption energies of ethylene, benzene, and ethylben
calculated from the 84T cluster using ONIOM2 (B3LYP/
31G(d,p):UFF) are calculated to be−11.49, −17.15, and
−22.99 kcal/mol, respectively. These interaction energ
are somewhat overestimated as compared to the experi
tal results. Including the basis set correction by single-p
calculations at the higher basis set, 6-311++G(d,p), the cor-
responding interaction energies are predicted to be of−8.75,
−15.17, and−21.08 kcal/mol. The BSSE corrections wer
also performed and gave similar results as the single-p
calculations at the high basis set (see Table 5). These re
are in good agreement with the experiment [6,10]. Howe
one may question if the energy could change if the mo
becomes bigger and bigger. To ensure the convergen
the ONIOM model, the structure optimization of a larg
model of 336T with ethylbenzene has been carried ou
the HF:UFF level of calculation. The adsorption energy
−24.60 kcal/mol from the 336T model is almost identic
to the 24.09 kcal/mol from the 84T model at the same lev
of calculation, indicating that the use of the 84T ONIO
model is practical and increasing the model size would
have any profound effect on the energetics of the system

It is noted that the choices of the methods using the h
and low-levels in the ONIOM scheme and also the size
the inner and outer regions are arbitrary. The size of the
ner region employed in this study (3T cluster) is suffici
to represent the acid property of zeolites while small eno
to guarantee that the van der Waals interactions betwee
hydrocarbon and the zeolite are well accounted for by
UFF force field, which is better than the DFT for this pu
pose [45–47]. Using the larger inner region, which may
quire the use of the MP2 level of theory in place of DFT, w
be advantageous in searching for the transition state lea
from ethylene and benzene to ethylbenzene. This chall
ing reaction is being actively pursued. From the struct
and adsorption energy point of views, the B3LYP comb
ing the UFF force fields method as a lower level is cons
ered to be one of the best combinations for the ONIO
scheme. This efficient scheme provides a cost-effective c
putational strategy for treating the effects of a large exten
framework structure.

4. Conclusions

The adsorption of ethylene, benzene, and ethylben
on H-FAU zeolites has been investigated with three
e
e

-

s

f

ferent cluster sizes and methods comprising various t
level ONIOM2 schemes. The bare 3T B3LYP/6-31G(d
quantum cluster approach predicts the ethylene/H-F
benzene/H-FAU, and ethylbenzene/H-FAU complexes
have the binding energies of−8.14,−7.48, and−7.76 kcal/
mol, respectively. The effect of the zeolite framework
modeled on the ONIOM2 method. We found that the
tended framework significantly enhances their adsorp
energy of adsorbates to the zeolites. In particular, the
nal predicted adsorption energies of−8.75, −15.17, and
−21.08 kcal/mol, for the ethylene/H-FAU, benzene/H-FAU
and ethylbenzene/H-FAU complexes were calculated by
ONIOM2(B3LYP/6-311++G(d,p):UFF) scheme. This effi
cient scheme performs superbly when compared with the
perimental estimates of−9.1, −15.3, and−19.6 kcal/mol,
respectively. The results obtained in the present study
gest that the ONIOM approach yields a more accurate
practical model in studying the adsorption of unsatura
hydrocarbons on zeolites.
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