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bstract

The structures and energetics associated with the adsorption of ethene and four butene isomers on H-ZSM-5 zeolite have been studied using
46T cluster and calculated at the ONIOM2(B3LYP/6-311++G(d,p):UFF) level. The adsorption energy for ethene-zeolite complex is predicted

o be −8.17 kcal/mol, which is in good agreement with the experimental data of −9.0 kcal/mol. The trend of the calculated adsorption energies
kcal/mol) for the butene isomers is as follows: 1-butene (−16.06) > cis-2-butene (−13.62) ∼= trans-2-butene (−13.25) > isobutene (−6.96). The
sobutene–zeolite complex is the least stable due to the greatest steric repulsion between the methyl substituents around the C C bond and zeolite
ramework; the more substituted the lower the adsorption energy. Although our own N-layered integrated molecular orbital and molecular mechanics
ONIOM) calculation results indicate that isobutene hardly approaches the acid site and has a weak interaction with the zeolite framework, NBO

nalysis shows that it has the maximum charge transfer from the active site and the largest stabilization energy. These findings explain the reason
hy ZSM-5 is selective towards isobutene produced from n-butene and indicate that the acidic proton from the zeolite is easy to transfer to

sobutene. Thus, further catalytic conversion of isobutene would be facile.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Isobutene is an important industrial chemical that is produced
uring the fractionation of refinery gases. The primary uses of
sobutene are in the production of polymers such as diisobuty-
ene, isobutylene trimers, butyl rubber, and others through skele-
al isomerization [1–11]. Skeletal isomerization of isobutene is
f considerable interest currently as it is a commercially impor-
ant precursor to methyl tertiary butyl ether (MTBE), an octane
nhancing fuel additive demanded worldwide for use in cleaner
urning gasoline. Traditionally, isobutene is produced from the
atalytic cracking of hydrocarbons in oil refineries; however,
hese sources cannot meet the increased demand. Consequently

here is an increasing interest in the isomerization of the much

ore abundant linear butenes as a new source of this branched
lefin.

∗ Corresponding author. Tel.: +66 29428900x323; fax: +66 29428900x324.
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Several experimental studies [10–15] have shown that zeo-
ites of medium pore size are excellent catalysts for the skeletal
somerization of isobutene. Zeolites containing 10-membered
ing small-pores such as ferrierite, ZSM-5, ZSM-22, ZSM-
7, MCM-22, have been shown to exhibit high selectivity for
keletal isomerization of butene isomers [9,16–18]. ZSM-5, for
xample, is found to be a quite promising catalyst, amongst
thers, with high selectivity toward isobutene [18]. Its selectiv-
ty has been assumed to be a result of two main factors: (1) the

edium strength acidity which primarily affects the activity and
2) the medium pore size, which allows skeletal isomerization
f linear butenes and minimizes oligomerization, possibly as a
esult of steric constraints and/or diffusion effects [19–24].

The adsorption of butene isomers to the acidic zeolite site
s the starting point for any study of the skeletal isomerization
f butenes. In this present paper we investigate the influence

f the topology of zeolite ZSM-5 on the adsorption of the four
utene isomers, using the combination of quantum mechanics
nd molecular mechanics. We also compare our results obtained
n the presence and absence of the zeolite framework to deter-

mailto:fscijrl@ku.ac.th
dx.doi.org/10.1016/j.molcata.2006.04.060
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Fig. 1. The ONIOM2 (a) and ONIOM3 (b) layers of the 46T model of H-ZSM-
5
a
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ine how significant the adsorption is affected by the steric
onstraints of the pore.

The goal of this study is to help the elucidation of the rea-
ons behind butene selectivity in ZSM-5 zeolite catalysts. Here,
e focus on the first step of this process, adsorption of the

ubstrates to the zeolite which must occur prior to the cat-
lytic reaction. We employ the ONIOM methodology to model
he 46T zeolite–substrate system as this allows us to represent
his large, complicated system at a reasonable computational
rice. In recent studies the ONIOM model has been success-
ully employed to study the adsorption of ethene, benzene and
thylbenzene over acidic faujasite and ZSM-5 zeolites [25–28]
iving us confidence in the method. The models used here con-
ist of an inner-layer of active region modeled by a small cluster
sing density functional theory to account for the interactions of
he adsorbates with the acid site of zeolite, and a large outer-layer
f the zeolite framework represented by a molecular mechanics
orce field to account for the van der Waals interactions due to
onfinement of the microporous structure [6,25,26,29–33].

. Computational procedure

We have employed two different ONIOM strategies to inves-
igate four isomers of butene, 1-butene, cis-2-butene, trans-2-
utene, and isobutene in ZSM-5, in an effort to understand its
elective nature. In our previous study [26], the ONIOM methods
bviously showed a compromise between an accurate treatment
f the active site core and the zeolite framework as well as
he computational resource and time consumption. However,
t should be noted that the accuracy of this method depends
ignificantly on the choice of the level of calculations for the
nner- and outer-layers. To ensure the core and framework were
roperly treated we considered two different models (Fig. 1). In
he first models (Fig. 1a), which we term the ONIOM2 model, a

oderately sized active site region (represented with balls and
ticks) is described using a high-level of theory, and the extended
ramework (represented by lines) considered using a low-level.
he second model (Fig. 1b), which we term the ONIOM3 model,
onsists of a smaller representation of an active site region (rep-
esent by balls and sticks) treated at the high-level, and the
ntermediate region (represent by sticks) treated at the medium-
evel approach and the framework (represented by lines) treated
sing a low-level.

The total energies of the ONIOM2 and ONIOM3 systems can
e expressed within the framework of the ONIOM methodology
eveloped by Morokuma and his co-worker [34].

EONIOM2 = EReal
Low + (ECluster

High − ECluster
Low ),

EONIOM3 = EReal
Low + (EIntermediate

Medium − EIntermediate
Low )

−(ECluster
High − ECluster

Medium)

here the superscripts Real, Intermediate, and Cluster mean the

hole system, the intermediate layer, and the active site region,

espectively. Subscripts Low, Medium, and High mean low-,
edium-, and high-level methodologies used in the ONIOM

alculations.

l
5
t

; balls and sticks represent the high layer, sticks represent the medium layer
nd lines represent the low layer.

The zeolitic structures used in this study were modeled as fol-

ows: for the ONIOM2 system, a 10T ring core region of H-ZSM-

zeolite was modeled at the B3LYP/6-31G(d,p) level while
he remainder is treated using the universal force field (UFF)
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Table 1
The optimized geometric parameters of ONIOM2 and ONIOM3

ONIOM2 ONIOM3

Distances
O1–Hz 0.970 0.971
Al–Hz 2.307 2.345
Al–O1 1.855 1.852
Al–O2 1.669 1.665
Si1–O1 1.658 1.651
Si2–O2 1.584 1.579

Angles
∠O1–Al–O2 86.02 85.65
∠Al–O1–Si1 135.70 135.22

D

5
A
r
o
t
O
o

3

i
i
e
c
a
t

z
t
a
t
l
l
o
p
l
c
i
t
o
C
o
m
t

c

S. Namuangruk et al. / Journal of Molecul

f Rappe et al. [35], ONIOM2(B3LYP/6-31G(d,p):UFF). This
ystem was optimized in the presence of the four substrates. We
ubsequently reoptimized the cluster using a further ONIOM3
ystem where the core is separated into two parts. One, the 3T
egion, [≡SiO(H)Al(O)2OSi≡], the representation of an active
ite calculated at the MP2/6–31G(d,p) level, and two, the 7T
ing fragment connecting the 3T acidic site to complete the 10T
ore opening of the ZSM-5 zeolite is treated with the HF/3–21G
ethod. The rest of the extended framework is also treated
ith the UFF force field, ONIOM3(MP2/6–31G(d,p):HF/3-
1G:UFF).

All results are obtained from calculations by using the Gaus-
ian03 code [36]. During the structure optimization, only the
ctive site region [≡SiO(H)Al(O)2OSi≡], and the adsorbates
re allowed to relax. The single-point energy calculations at the
NIOM2(B3LYP/6-311++G(d,p):UFF)//ONIOM2(B3LYP/6-
1G(d,p):UFF) and ONIOM3(MP2/6-311++G(d,p):HF/6-
1G(d):UFF)//ONIOM3(MP2/6-31G(d,p): HF/3-21G:UFF)
evels are also carried out to obtain more reliable energies.

The interaction between a butene molecule and an acidic site
as analyzed by the natural bond orbital analysis (NBO) [37].
he energetic stabilization due to donor–acceptor interactions
an be estimated by the second-order perturbation theory:

E(2)
�→�∗ = −2

〈
�|F̂ |�∗〉2

ε�∗ − ε�

here � is the filled (donor) orbital, �* is the unfilled (acceptor)
rbital, F̂ the Fock operator, and ε� and ε�* are the NBO orbital
nergies of donor and acceptor orbitals. The quantity of charge q
ransferred associated with � → �* interactions between donor
nd acceptor orbitals is:

∼= |�E
(2)
�→�∗|

ε�∗ → ε�

∼10−3 e) which is typically much less than that required for
ormation of an ion pair.

. Results and discussion

.1. Active site models

Two different ONIOM schemes, ONIOM2 and ONIOM3,
ave been performed as the zeolite models for the study of
utene/zeolite adsorption complexes. The important geometric
arameters of the two models are listed in Table 1. It is seen
hat, geometric parameters for the ONIOM2 structure, the active
ite of which contains 10T atoms (calculated by B3LYP), is
lightly different from those for the ONIOM3 structure where
he active site is separated into a 3T region (calculated by

P2) and connecting 7T atoms (calculated by HF). Indeed, the
NIOM3 structure shows the shorter bond distance, Al–O1,
l–O2, Si–O1, and Si–O2, than the ONIOM2 structure.

The supporting information for the reliability of the active site

s given from the NMR studies. Klinowski and his co-workers
38] have estimated the internuclear distance between aluminum
nd proton nuclei in a Brønsted acid site, r(Al· · ·H), of H-ZSM-

o
(
o
b

∠Al–O2–Si2 118.90 119.33

istances are in angstroms and angles are in degrees.

to be 2.48 ± 0.04 Å. Our calculations have shown that the
l–Hz distance for the ONIOM3 of 2.345 Å gives more compa-

able results to experimental data than that for the OMIOM2
f 2.307 Å. However, the O–Hz bond lengths of both struc-
ures are nearly identical. Therefore, we use both ONIOM2 and
NIOM3 structures as the zeolite models for the further study
f butene/zeolite adsorption complexes.

.2. Adsorption structures

Theoretical studies [39,40] indicated that the relative stabil-
ty of the complex formed by the adsorption of the two butene
somers on the bare zeolite cluster is; 1-butene > isobutene. How-
ver, these results were based on gas phase clusters, so it is not
lear how the crystalline framework of the zeolite will affect the
dsorption process. Therefore, to justify this point, we included
he zeolite framework effect via the ONIOM method.

The optimized structures for the adsorption of the
eolite–butene complexes are illustrated in Fig. 2. It is noted
hat the adsorption of olefins on zeolite can be isomerization
t the active site where the Brønsted acid proton interacts with
he C C double bond of olefins [13]. The acidic proton in zeo-
ite points to the centre of the C C double bond, resulting in the
engthening of the C C bond as a consequence of the weakening
f the � bond of the olefins and the O–Hz bond of zeolite. This
henomenon can be described by the charge transfer and stabi-
ization energy between alkenes and zeolite (Table 2), which are
alculated by NBO analysis [37] (cf. Fig. 2). For all of the butene
somers adsorbed on the Brønsted acid of zeolite, NBO calcula-
ions show that there are modes of charge q transfer due to the
rbital interaction between the � bonding (donor) orbital of the

C bond of butene with the �* antibonding (acceptor) orbital
f O–Hz bond of zeolite. The stabilization energies of these
odes are proportional to the quantity of charge q transferred;

he more charge transferred the larger stabilization energies.
Table 2 shows the trend of quantity of charge transferred asso-

iated with the interaction between the �C C and the �*O–Hz

rbitals; isobutene (0.013) > 1-butene (0.012) > cis-2-butene
0.009) > trans-2-butene (0.003), which corresponds to the trend
f the associated stabilization energy: isobutene (5.23) > 1-
utene (5.04) > trans-2-butene (3.76) > cis-2-butene (1.26), and
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ig. 2. Overlapping between the � bonding orbital of C1=C2 and �* antibo
is-2-butene; (c) trans-2-butene; (d) isobutene.

he net charge transfer determined by NPA in the butene
olecule: isobutene (0.02452) > 1-butene (0.02439) > trans-2-
utene (0.01664) > cis-2-butene (0.00713). Moreover, we also
ound that these results correspond to the trend of the shortest
· · ·Hz distances; isobutene (2.303) > 1-butene (2.384) > cis-2-
utene (2.425) > trans-2-butene (2.487) (see Table 3b). These

t

d
b

able 2
he NBO analysis represented the magnitude of transferred electron and stabilizati
NIOM2(B3LYP/6-31G(d,p):UFF)

NIOM2 1-Butene tr

lectron transfera 0.01205 0
tabilization energyb (kcal/mol) 5.04 1

et chargesc 0.02439 0

a Electron density transfer from the � bonding of the C C bond of butene to �* an
b The stabilization energy due to the mode of electron transfer from the � bonding
c Net charge transfer determined by NPA in butene molecule.
orbital of O–Hz for adsorption complexes of zeolite with (a) 1-butene; (b)

ndings indicate that the alkene which is closer to the acidic
roton of zeolite would prefer the charge transfer and result in

he higher stabilization energy.

The fact is that, the less the bond order the longer the bond
istance and vice versa, and the causes of the reducing of the
ond order are: (1) the loss of electron occupancy in the bonding

on energy for butene isomers adsorbed on a 46T cluster model calculated at

ans-2-Butene cis-2-Butene Isobutene

.00301 0.00930 0.01290

.26 3.76 5.23

.00713 0.01664 0.02452

tibonding of O–Hz of zeolite.
of the C C bond of butene to �* antibonding of O–Hz of zeolite.
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Table 3
Optimized geometric parameters of alkenes of the 46T cluster model calculated at (a) ONIOM2(B3LYP/6-31G(d,p):UFF) level and (b) ONIOM3(MP2/6-
31G(d,p):HF/3-21G:UFF)

Ethene 1-Butene trans-2-Butene cis-2-Butene Isobutene

Part (a)
Distances

C1=C2 1.341 1.344 1.346 1.348 1.344
C1–Hz 2.303 2.335 2.313 2.403 2.241
C2–Hz 2.348 2.347 2.358 2.490 2.641
O1–Hz 0.981 0.985 0.987 0.981 0.984
C2–O2 3.310 3.462 3.072 3.196 3.562
Al–O1 1.837 1.835 1.834 1.835 1.836
Al–O2 1.664 1.663 1.663 1.661 1.665
Si1–O1 1.647 1.649 1.649 1.650 1.649
Si2–O2 1.573 1.572 1.571 1.571 1.573

Angles
∠Al–O1–Hz 111.93 111.97 112.06 112.35 112.34
∠Al–O2–C2 111.07 113.52 122.40 116.60 117.91
∠O2–C2–C1 71.75 65.13 94.08 72.99 69.61
∠O1–Al–O2 86.50 86.50 86.60 86.80 86.40
∠Si1–O1–Al 120.90 133.00 132.60 133.10 133.10
∠Si2–O2–Al 134.00 120.90 121.20 121.40 120.30

Part (b)
Distances

C1=C2 1.335 1.338 1.340 1.343 1.342
C1–Hz 2.433 2.384 2.487 2.425 2.303
C2–Hz 2.524 2.671 2.590 2.621 2.806
O1–Hz 0.978 0.981 0.981 0.981 0.983
C2–O2 3.734 3.850 3.674 3.319 3.712
Al–O1 1.843 1.839 1.839 1.839 1.843
Al–O2 1.668 1.667 1.665 1.664 1.667
Si1–O1 1.654 1.655 1.656 1.656 1.655
Si2–O2 1.578 1.576 1.576 1.576 1.576

Angles
∠Al–O1–Hz 109.31 109.52 109.58 109.93 109.06
∠Al–O2–C2 109.68 111.78 114.17 116.17 117.81
∠O2–C2–C1 69.98 60.08 70.26 70.57 63.97
∠O1–Al–O2 86.70 86.80 87.00 87.10 86.80
∠Si1–O1–Al 120.30 133.70 133.70 133.70 133.80
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∠Si2–O2–Al 134.40 120.10

istances are in angstroms and angles are in degrees.

rbital and (2) the gain in electron occupancy in the antibond-
ng orbital. We can explain the elongation of the O–Hz and

C bonds in butene adsorption complex on account of the
* antibonding orbital of the O–Hz bond. It is partially filled
y electrons from the � bonding orbital of C C bond of butene;
he less the bond order, the longer the O–Hz and C C bonds.
hese observations are confirmed by the geometric parameters

n Table 3a and b.
The optimized geometric parameters of the butene isomers

ver the 46T cluster model of ZSM-5 zeolite are calculated
y using both the ONIOM3(MP2/6-31G(d,p):HF/3-21G:UFF)
nd the ONIOM2(B3LYP/6-31G(d,p):UFF) methods (Fig. 3 and
able 3a and b). The obtained results show that the smaller the
lkyl groups around the C C bond, which will result in less

teric hindrance, the greater the association with the zeolite acid
ite. This manifests itself in terms of shorter C· · ·Hz distance
nd a longer C C bond in the butene. In general, we see the
ame trends at both levels of theory, with the most significant

O
C
f
b

120.30 121.00 120.50

ifference relating to the C· · ·Hz distances. At the ONIOM3
evel, these distances are maintained at a similar length, unlike
t the ONIOM2 level where they differ more significantly. An
xception of this is isobutene, which is a result of unfavorable
teric effects.

For 1-butene, cis- and trans-2-butenes, the sp2 hybridized
arbon atoms of olefins and the atoms or groups attached to
hese carbons all lie in the same plane. Isobutene, on the other
and, must lie at right angles to the plane adopted by the other
hree isomers in order to minimize unfavourable steric contact.
t both levels of theory, the C C bonds of the substrates are

ound to be slightly elongated compared to those in the iso-
ated gas phase substrate in the following decreasing order:
-butene > trans-2-butene > cis-2-butnene ≈ isobutene. For the

NIOM2 level, we see a corresponding increase in the average
· · ·Hz distances (C1· · ·Hz and C2· · ·Hz) where the distances

ollow the following trend: 1-butene ∼= trans-2-butene < cis-2-
utene ∼= isobutene.
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ig. 3. The optimized structures of (a) 1-butene; (b) cis-2-butene; (c) tran
NIOM2(B3LYP/6-31G(d,p):UFF). The numbers in parentheses are calculated

In all cases, the zeolite O–Hz distance is elongated; how-
ver, surprisingly it is more so with isobutene. Furthermore,
hile isobutene hardly approaches the zeolite, it has the short-

st Hz· · ·C distance and one of the longest O–Hz distances, but
he largest stabilization energy and the most charge transfer.
his seems to indicate that proton transfer from the zeolite to

sobutene would be more facile, thus making its catalytic con-
ersion more facile.

The geometric parameters of butene isomers on the active
ite of the 46T models calculated using ONIOM2 and ONIOM3
ethods are found to be significantly altered compared to those

n 3T zeolite clusters calculated elsewhere [41,42]. This specif-
cally relates to the conformation of the substrates relative to
he zeolite, where the greater conformational freedom leads to
ess realistic structures. These include the elongation of the C C
onds and the O–Hz bonds. This indicates that the framework
s important in defining the conformation of binding for spe-
ific substrates. However, the optimized parameters of the C C
onds of the adsorbed butenes and of the O–Hz groups in the
-complex are similar to those in isolated butene. The key simi-
arities are that the C C bond of any substrate will be lengthened
lightly on account of the increased overlap between the � bond-
ng orbitals of the alkenes and the O–Hz bonding orbital of acidic
eolite. The C1· · ·Hz and C2· · ·Hz bonds are expected to be

d
a
z
b

tene; (d) isobutene on the active site of 46T models calculated by using
sing ONIOM3(MP2/6-31G(d,p):HF/3-21G:UFF).

early identical for ideally bound substrates, which implies that
he interaction between the acidic proton and both carbon atoms
s symmetric (Fig. 3). Furthermore, the elongation of the zeolitic
roton O–Hz bond will make transfer of a proton to the substrate
ore facile [43,44], thereby allowing the catalytic reaction to

roceed.

.3. Adsorption energies

The adsorption energy is one of the most valuable data
btained from experimental observation which can be used
o validate the theoretical data. Unfortunately, butene rapidly
ligomerizes on H-ZSM-5 catalyst even at room temperature
45]. Thus, the adsorption energy could not so far be mea-
ured. It has been reported that the experimental data of ethene
dsorption on H-faujasite zeolite is −9.0 kcal/mol [46]. How-
ver, we calculated the ethylene/H-ZSM-5 adsorption energy of
8.17 kcal/mol, slightly lower than expected due to H-ZSM-5

eolite being generally more acidic than H-faujasite.
The further supporting result was found from molecular
ynamics (MD) simulations [6]. Jousse et al. predicted that
dsorption energies for butene isomers adsorption on silicalite
eolite are indistinguishable, but give the trend as follows: 1-
utene (−44.7 kJ/mol) > trans-2-butene (−43.6 kJ/mol) ∼= cis-
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-butene (−43.4 kJ/mol) > isobutene (−39.3 kJ/mol). In addi-
ion, the adsorption energy of ethene, 1-butene and isobutene
valuated from gas phase QM calculations carried out by
oronat et al. [41] are also predicted to be −6.14 kcal/mol

or ethene, −8.24 kcal/mol for 1-butene and −5.62 kcal/mol for
sobutene. It is rather small, which may be due to the small zeolite
luster size used. Recently, Nieminen et al. [47] have reported
he adsorption energy of ethene, 1-butene and isobutene by using
hybrid QM/MM study. Their adsorption energies are −8.61,
10.77, and −9.81 kcal/mol for ethene, 1-butene and isobutene,

espectively.
In this study, the adsorption energies of the four butene iso-

ers: 1-butene, trans-2-butene, cis-2-butene and isobutene can
e differentiated by the ONIOM2 calculations. The trend of the
alculated adsorption energies for butene isomers is: 1-butene
−16.60 kcal/mol) > trans-2-butene (−13.25 kcal/mol) ∼= cis-2-
utene (−13.62 kcal/mol) > isobutene (−6.96 kcal/mol). These
esults are comparable to the ethene adsorption energy of
8.17 kcal/mol and give the same trend as earlier studies.
Comparison between the ONIOM2 and the ONIOM3 calcu-

ations are also taken into account. The ONIOM2 adsorption
nergies are smaller than those of the ONIOM3, which are due
o the different methods used in the QM core layer, while the
ize effects of the framework are identical. Table 4a and b shows
he breakdown of the ONIOM adsorption energy for partitioning
he energy taken from the QM core and the framework compo-
ent. The zeolite–ethene adsorption energy from the QM core
s only −5.34 kcal/mol, which underestimates the experimen-
al data of −9.0 kcal/mol. The more reliable results are attained
hen the framework component energy is taken into account

−10.77 kcal/mol). Therefore, the effect of the zeolites frame-
ork introduced when the ONIOM method is used is crucial

or describing the structure and energetic of the butene adsorp-
ion complex. Furthermore, the QM core adsorption energy of
thene (−5.34 kcal/mol) is almost equivalent to that of 1-butene

−5.77 kcal/mol). However, the adsorption energy of ethene and
-butene can be obviously differentiated in the presence of the
ramework component in the ONIOM model. More to the point,

t
s
i

able 4
he adsorption energies (kcal/mol) of alkenes at the 46T cluster model calculated at (a)
1G:UFF) levels

Ethene 1-Butene

art (a)
�Eads −10.77 −17.14
Breakdown QM core −5.34 −5.77
Framework −5.43 −11.37
�Eads SPa −8.17 −16.06

art (b)
�Eads −13.93 −23.87
Breakdown QM core −8.95 −13.18
Framework −4.98 −10.69
�Eads SPb −12.72 −22.89

lso shown are the adsorption energies from the core and framework components.
a Single point at ONIOM2(B3LYP/6-311++G(d,p):UFF)//ONIOM2(B3LYP/6-31G
b Single point at ONIOM3(MP2/6-311++G(d,p):HF/6-31G(d):UFF)//ONIOM2(MP
talysis A: Chemical 256 (2006) 113–121 119

he ONIOM scheme suggests that the adsorption energies of cis-
nd trans-2-butene are almost equivalent.

1-Butene is predicted to bind to the zeolite more effec-
ively than other butene isomers because it interacts with the
eolite environment more strongly and does not suffer as sig-
ificantly as the conformational energy penalty on entering
he relatively restrictive zeolite cavity as the others. The dis-
ortion of the substrates on entering the zeolite is caused by
he difference between the gas phase optimal energy and the
ingle point energy of the substrate from the zeolite conforma-
ion. The differences are 0.17, 0.16, 0.31 and 1.30 kcal/mol for
-butene, trans-2-butene and cis-2-butene and isobutene, respec-
ively. Thus, trans-2-butene and cis-2-butene are predicted to
ind to the zeolite approximately 2–3 kcal/mol less effectively
han 1-butene, which can be explained by its weaker interaction
ith the zeolite environment. Similarly, isobutene is predicted

o bind more weakly to the zeolite than to the other substrates
ormed in the active site at both levels of theory on account of
ts lower interaction energy with the zeolite environment, which
s a result of the high energy distortion conformation. This sug-
ests that the more substituents attached to these small olefins,
he more weakly bound they will be.

In summary, the adsorption energy for a butene molecule
n a zeolite catalyst arises from the interaction of a butene
olecule with the active site and a butene molecule with the

eolite framework as well. For the isobutene molecule, hav-
ng the most steric hindrance makes it hard to be reoriented to
pproach the acidic site while being the smallest in an accessible
hape causes a small van der Waals interaction with the zeolite
ramework. On the other hand, the information from the NBO
nalysis (Table 1) shows the charge transfer from the � bond-
ng (donor) orbital in the C C bond of the isobutene molecule
o the �* antibonding (acceptor) orbital of O–Hz bond of zeo-
ite. Even though it possesses the smallest adsorption energy,
he isobutene molecule delivers the highest electron popula-

ion to the zeolite (0.02452 e) which corresponds to the highest
tabilization energy (5.23 kcal/mol) compared to other butene
somers. It could be clarified that in order to minimize an unfa-

ONIOM2(B3LYP/6-31G(d,p):UFF) and (b) ONIOM3(MP2/6-31G(d,p):HF/3-

trans-2-Butene cis-2-Butene Isobutene

−15.16 −14.76 −9.23
−3.94 −4.52 −2.59

−11.22 −10.24 −6.34
−13.25 −13.62 −6.96

−20.93 −20.33 −14.30
−13.21 −10.24 −8.23
−7.72 −10.09 −6.07

−17.97 −17.97 −12.07

(d,p):UFF) level.
2/6-31G(d,p):HF/3-21G:UFF) level.
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orable steric contact, the isobutene molecule must readjust
tself with a suitable direction to the acidic proton of zeolite.
ccording to this situation, the C1 atom would prefer to be

eaning toward the Hz atom while the C2 atom has to move out
rom the active site. These provide an asymmetric configuration
f the isobutene adsorbed on the active site with small adsorp-
ion energy. However, the smallest C1· · ·Hz distance (2.303 Å)
ould enhance the donor–acceptor electron transfer between the

sobutene molecule and the zeolite leading to a more electron
opulation on �*O–Hz orbital and would make isobutene more
acile to be protonated, even with the smallest adsorption energy.

. Conclusions

We have shown that adsorption energies obtained from the
alculations using ONIOM3 were found to be higher than those
rom ONIOM2. The ONIOM2 calculation gives the adsorption
nergy of the ethene adsorption complex of −8.17 kcal/mol,
hich is in good agreement with the experimental data of
9.0 kcal/mol. The predicted adsorption energies of the butene

somers are −16.06, −13.62, −13.25, −6.96 kcal/mol for 1-
utene, cis-2-butene, trans-2-butene and isobutene, respectively.
he ONIOM method can differentiate the adsorption energies
etween ethene and 1-butene on zeolite while the QM core layer
ives the same adsorption energies. However, the combination
f the QM core and the framework component predicts that the
dsorption energies of cis- and trans-2-butenes are the same.

The results from this study show that the framework com-
uted using the ONIOM methodology is crucial in describing
he structure and adsorption of butene isomers probed on the
eolite catalyst system. The adsorption energy of isobutene is
redicted to be the smallest as compared to the other and this
ay help to explain the selectivity of ZSM-5 toward isobutene

s this substrate is in a destabilized state. This is reinforced by
he fact that the isobutene–zeolite complex seems to be in a less
ctive state than the others. This is currently under investigation
n our laboratory.
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