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Abstract

We have investigated theoretically the interaction ofcis-2-butene with a Brönsted acid site (BAS) embedded within a ring
of 10 tetrahedral zeolite cluster (T10-OH). Calculations were performed at ab Initio SCF-MO level with the STO-3G basis set.
Cs symmetry restriction was imposed for the optimization geometry of the T10-OH cluster, and no symmetry restriction was
assumed for thecis-2-butene–HO-T10 interaction. This interaction first leads to the formation of a molecular complex, where
the C=C is weakly coordinated to the proton of the BAS. Then, a hexa-cyclic transition state involving the coordination of one
C atom of the C=C to one oxygen atom next neighbor of the OH group and the other C atom to the acid proton. Finally, an
intermediate secondary alkoxy complex is formed. The alkoxide structure is a very stable complex, dominated by a covalent
C–O bonding between the C atom and zeolite oxygen atoms.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reaction of isomerization ofn-butene to pro-
duce isobutene proceeds with high selectivity and
yield over a variety of medium pore zeolites. Ferrierite
zeolite possessing a 10-ring and 8-ring pore system
has been the subject of a great deal of work[1]. Both
the strength and density of the Brönsted acid sites and
the spaciousness of the channel system of this kind
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of zeolites, have been invoked as the reason for the
high selectivity towards the isobutene formation. Two
main mechanisms for this reaction have been pro-
posed: (i) monomolecular and (ii) bimolecular. In the
monomolecular mechanism, the direct isomerization
of n-butene goes through the formation of a primary
carbenium ion intermediate[2]. In the bimolecular
one, the reaction begins with an oligomerization of
n-butene to octene followed by cracking of the octene
to isobutene[3]. In the latter case more cracking prod-
ucts, such as propene, pentene and hexenes, are ex-
pected[4]. By contrast the monomolecular mechanism
should lead to a higher selectivity to isobutene as has
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Fig. 1. Secondary C4 carbenium ion.

been, in fact, observed. In addition to these statements,
a pseudo-monomolecular mechanism has been also
advanced in order to explain the coke participation in
the selective skeletal isomerization ofn-butene[1g].

Recently, a very interesting work, aimed to iden-
tify the precursor species of the butene–isobutene
conversion over H-ferrierite, was carried out us-
ing IR and UV–Vis spectroscopies[5a]. This study
showed that the isomerization of 1-butene to 2-cis,
and 2-trans-butene occurs through a bimolecular
route in the temperature range from 300 to 673 K. A
relevant feature from this study is the proposal of a
secondary carbenium ion C4 (Fig. 1) charged species
[5b], obtained by butene protonation, followed by the
formation of an alkoxide-like saturated-chain inter-
mediate bonded to the zeolite framework by a bond
having a prevalently covalent character[5]. All seems
to point out towards the fact that the molecular route
to isobutene depends mainly upon the temperature
and the acid sites concentration. Thus, high temper-
atures (ca. 773 K) and high Si/Al ratios favors the
monomolecular mechanism, whereas the bimolec-
ular one is facilitated at the opposite conditions

Fig. 2. T3 zeolite cluster.

(low Si/Al ratios and low temperatures)[1]. However,
it is important to note that the experimental condi-
tions of the reaction (reaction temperature,n-butene
partial pressures, etc.) also influence the activity and
selectivity of the particular H-ferrierite employed for
the isomerization of butenes[1g]. For example, high
selectivity to isobutene formation has been found
over H-ferrierite with low Si/Al ratio at high temper-
atures (ca. 623 K)[1g] without the expectation of an
explicit monomolecular mechanism. In this sense, a
great deal of experimental work has been reported in
order to gain insight into the details of the proposed
isomerization mechanisms[1].

At theoretical level, the mechanism of the isomer-
ization reaction ofn-butene in zeolites has been stud-
ied by Boronat et al.[6]. These authors have used the
density functional theory[7] to carried out their cal-
culations, where for the zeolite model was used the
H3Si(O)AlH2(OH)SiH3 cluster (T3) (Fig. 2), which
consists of two Si and one Al tetrahedral[6]. It was
found that the double bond isomerization goes to a
concerted mechanism, where the OH hydroxyl group
of the zeolite protonates the double bond of 1-butene
and the neighboring O atom abstracts a hydrogen from
the olefin, restoring the zeolite active site and giving
the adsorbed 2-butene. Additionally, for the skeletal
isomerization of 1-butene a three steps mechanism was
proposed. The first one involves the protonation of the
adsorbed 1-butene to give a secondary alkoxy inter-
mediate. Then, this alkoxy is converted to a branched
primary alkoxide through a cyclic transition state, and
finally desorption of the primary alkoxide occurs to
give isobutene. These alkoxide intermediates consist
of C4 charged species bonded to the O atom neigh-
boring to the BAS.



H. Soscun et al. / Journal of Molecular Catalysis A: Chemical 192 (2003) 63–72 65

These results obtained with small zeolite clusters
are good starting point for understand at electronic
level the main interactions that dominate the reaction
mechanisms in zeolites. However, for a complete de-
scription of the overall interactions between the inter-
acting molecule and a zeolite system, the real zeolite
structure need to be approached by an accurate repre-
sentation of the zeolite model. This aspect has to be
very well addressed because that besides to the ab-
sorption process, additional interactions between the
sorbate and different zeolite atomic sites from the ze-
olite environment are also able to occur.

In the present work, we report a theoretical investi-
gation about the chemical interaction ofcis-2-butene
molecule with a model of 10-member-ring zeolite
cluster, consisting of nine silicon atoms, one alu-
minum tetrahedral(Si/Al = 9) and one BAS, desig-
nated as T10-OH (10 M-R) as shown inFig. 3. This
cluster was theoretically constructed with the aim
of representing the Brönsted acid activity of the OH
group in ferrierites and similar 10 M-R. Furthermore,
this T10 cluster is able to give different interactions
with thecis-2-butene molecule in order to gain insight
in the mechanism of skeletal isomerization of butenes
in 10 M-R zeolites. This study includes full geometry
optimization of the T10-OH cluster, thecis-2-butene
molecule, and the complete T10-OH–cis-2-butene in-
teraction. This interaction leads to the formation of
an stable secondary C4 alkoxide through an adsorbed
cis-butene–zeolite complex. Further calculations are
to be done to consider an ulterior stage involving
methyl jump and proton transfer from the alkoxide

Fig. 3. Structure of T10-OH zeolite cluster.

intermediate to the zeolite cluster to form isobutene
and to restore the BAS.

2. Calculation details

In this work, we have constructed a T10-OH ring
for modeling the active site of the ferrierite and 10
M-R zeolite structures. This 10-ring is formed by
one Brönsted acid site hydroxyl group and nine sili-
con atoms linked with O atoms and saturated with H
atoms, where the structural formula of this cluster is
(SiH2)9(O)9Al(OH) with Cs symmetry. The calcula-
tions for the T10-OH–cis-2-butene interaction started
by approaching thecis-2-butene molecule to the BAS
region of the zeolite cluster without imposing symme-
try restriction. This condition was followed in order
to allow freedom to thecis-2-butene molecule into the
T10-ring, because it has been shown from adsorption
studies and Monte-Carlo simulations that the reaction
between a sorbate molecule and the zeolite structure
is not restricted to only one ring[8]. The full ge-
ometry optimization of the complex interaction were
performed at Hartree–Fock level and the STO-3G
basis set[9]. It is important to note that STO-3G is
a minimum basis set, and is not accurate enough for
energetic calculations, however, according to the size
of the system is a good starting point for the structural
studies of the zeolitic system we are dealing with.

In the optimization geometry process, the initial
stage or intermediary of the interaction between
T10-OH and thecis-2-butene is a molecular adsorp-
tion complex between the T10-OH cluster and the
double bond –C=C– of thecis-2-butene, where this
double bond interacts directly with the H atom of
the BAS oz zeolite; and the following step leads to
the formation of a cyclic 6-member transition state
structure. The final product is the carbenium ion C4
secondary alkoxide, referred as T10-O-sec-butyl com-
pound. This final complex was further optimized with
the 3-21G∗ basis set[10] at Hartree–Fock level and
then was optimized by using density functional theory
DFT [7] with the B3LYP [11] hybrid approach and
the 3-21G∗ basis set. This DFT methodology account
for the exchange and correlation electronic effects,
that are significant for the interaction were bonds
are broken and new ones are formed. These calcula-
tions were performed for estimating more accurately
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the energies and the structures of the stable final
species.

All calculations were carried out with the Gaussian
98 [12] suite of program on Silicon Graphics Origine
2000 workstations.

3. Results and discussions

3.1. Geometric structures, energetic and
charge distribution

For the present work, we have fully optimized a Cs
structure of 10 tetrahedral zeolite ring with only one
Brönsted acid site that is designated as T10-OH clus-
ter. The optimization of this ring has been performed
at the HF/STO-3G level of theory, and the relevant

Table 1
Relevant optimized geometric parameters ofcis-2-butene, T10-OH,cis-2-butene–HO-T10 andsec-2-butyl–O-T10 complexes

cis-2-Butene T10-OH cis-2-Butene–HO-T10 TS sec-Butene–O-T10

Bond distances (Å)
C1–C2 1.524 1.521, 1.496a 1.557 1.549, 1.514b

C2–C3 1.312 1.522, 1.497a 1.542 1.556, 1.519b

C3–C4 1.314, 1.343a 1.541 1.549, 1.524b

Al1–O2 1.931, 1.626c 1.766, 1.970a 1.786 1.720, 1.741b

O2–Si3 1.697, 1.469–1.731d 1.741, 1.701a 1.617 1.653, 1.630b

O2–H4 0.950 0.970, 0.994a 1.266, 1.219e

Al1–O5 1.718, 1.626c 1.645, 1.745a 1.625 1.661, 1.991b

Si3–O6 1.621, 1.613c, 1.469–1.731d 1.676 1.746 1.966
O5–Si7 1.603 1.619, 1.637a 1.577 1.612, 1.707b

O6–Si8 1.638 1.627 1.720 1.705
H4–C2 2.572, 2.162a

H4–C3 2.636, 2.097a 1.274
C2–O6 1.464 1.446, 1.477b

Bond angles (◦)
C3–C2–C1 124.7 128.0 128.7 113.8
Al1–O2–Si3 127.4 107.6, 127.3a 122.8 100.7, 149.8b

O2–Si3–O6 105.0, 109.5c, 97.7–120.9d 88.4 99.1 89.8
O5–Al1–O2 97.2, 109.5c 113.1, 96.3a 100.8 118.7, 102.5b

Si3–O2–H4 119.2 118.6, 118.1a 129.3
Si3–O6–Si8 146.4, 148.2–157.9c, 148.2–168.6d 129.3 122.7 122.7
Al1–O5–Si7 148.6, 153.6c 134.1, 146.4a 173.2 133.5, 115.6b

O6–C2–C3 108.7 136.1
H4–C3–C2 109.3
Si3–O6–C2 116.3, 117.4b

a Calculated structure for 2-butene and T3 zeolite cluster, Ref.[5].
b Calculated structure for the secondary alkoxy intermediate between 2-butene and T3, Ref.[5].
c Relevant geometric parameters on the zeolite ferrierite[13a].
d Relevant geometric parameters on the siliceous ferrierite[13b].
e Calculated distance in transition state from olefin chemisorption[17].

geometric parameters are shown inFig. 5. The main
features of this structure, the O–H, Si–O and Al–O
length bonds and the H–Si–O, O–Si–O, Al–O–Si
and Si–O–Si bond angles, are reported inTable 1.
Because of ferrierite is an excellent catalyst for the
isomerization ofn-butene to isobutene, we compare
the structural features of the optimized T10-OH clus-
ter with those of ferrierite experimental structure.
The ferrierite is a zeolite that can be found in natural
form and can be also synthesized. The structure of a
natural ferrierite Mg-rich material was determined by
X-ray data by Vaughan[13a]and later the structure of
the siliceous ferrierite was reported by Weigel et al.
[13b]. The network of this zeolite is based on 5-ring
building units, forming 10-ring channels with diame-
ters of 5.4 × 4.2 Å2, that are interconnected by cages
with 8-ring channels, which pore diameters are of
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4.8 × 3.5 Å2. The diameter of the cages is about
7 Å. The relevant experimental geometric parameters
for the ferrierite structure and the siliceous one are
reported also inTable 1. These values show that the
theoretical Si–O, Al–O, Si–O–Si and Al–O–Si bond
features of the T10-OH cluster are within the range
of the experimental determined parameters in the real
zeolite, with the exception of the Al–O bond dis-
tance, which value in T10-OH is 1.931 Å, and in the
ferrierite is about 1.626 Å. This difference in about
0.30 Å can be explained in terms that the strength of
the Al–O bond in real zeolites are increased by the
effects of the crystal electrostatic interactions. These
interactions produce a shortening of the corresponding
bonds. With respect to the size of the T10-OH ring,
was found that their dimensions are 8.05× 7.65 Å2,
and considering the value of 1.4 Å as the van der
Waals radius of oxygen, the diameter of this pore is
5.25× 4.85 Å2. These results show that the optimized
T10-OH ring is slightly bigger in about 2.80 Å2 than
the corresponding to a 10 M-R ferrierite. In general,
the structural pattern between the T10-OH cluster and
ferrierite, and similar 10-membered zeolite rings is
good enough for the calculations presented here.

For consistency reasons, we have also optimized
the geometry ofcis-2-butene, which HF/STO-3G
relevant parameters are depicted inFig. 4. The in-
teraction of cis-2-butene with the T10-OH zeolite
cluster is dominated by a bonding between the C=C
of cis-2-butene and the proton of the OH hydroxyl
group of the zeolite, giving the�-adsorption com-
plex (cis-2-butene–HO-T10) that is shown inFig. 6.
Fig. 6ashows the details of optimized structural pa-
rameters in the region of the interaction andFig. 6b
shows a full view of the absorption structure of the
cis-2-butene molecule into the 10 M-R zeolite model.
In addition, the relevant optimized geometric param-
eters of cis-2-butene–HO-T10 complex structures
are also displayed inTable 1. The details of the lo-
cal structure of this complex are in agreement with

Fig. 4. cis-2-Butene structure.

Fig. 5. HF/STO-3G optimized geometric parameters of the BAS
of T10-OH zeolite cluster.

previous theoretical results[6,14,15]. How there was
not symmetry restriction for the complex optimiza-
tion, was found that the adsorption of the cis-2-butene
molecule produces a significant distortion in the T10
ring, forcing the Si(OH)Al moiety to move the OH
hydroxyl group out of the plane of the T10 zeolite,
and the organic frame is out of the ring plane as
well. A cause of this interaction, the zeolite struc-
ture is hardly perturbed during the formation of
the cis-2-butene–HO-T10 complex, particularly the
bonds close to the BAS. Comparing the geomet-
ric parameters depicted inFig. 5 (Table 1) with the
corresponding ones inFig. 6 (Table 1), significant
geometric variations resulting from the perturbation
of thecis-2-butene molecule can be observed. In par-
ticular, it is important to note the shortening of the
Al1–O2, Al1–O5, and the increasing of the C2–C3,
O2–Si3, O2–H4, Si3–O6 and O5–Si7 bonds. The OH
acid bond length varies from 0.950 to 0.970 Å. Addi-
tionally, important perturbations occurs with the bond
angles around the acid site, such as the Al1–O2–Si3,
which value from the isolated cluster switching from
136.1◦ to 107.6◦ in the complex. The latter value
is very close to the optimum T–O–T bond angle of
109.5◦ expected for the tetrahedral angles between
hybrid sp3 orbitals. It means that the zeolite cluster
acquires stability by interacting withcis-2-butene to
form the complex shown inFig. 6. The O5–Al1–O2
also approaches to the optimum tetrahedral angles by
passing from 94.7◦ to 113.1◦. As a result of the pre-
vious angles modifications, a smaller change in the
Si3–O2–H4 angle from 112.6◦ to 118.6◦ also occurs.
Similar variations in the zeolite structure have been
reported for the theoretical calculation of the inter-
action of 2-butene with a T3 zeolite cluster[6]. The
relevant geometric parameters of these calculations
are also reported inTable 1for comparison.
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Fig. 6. (a) Local details of the adsorption�-complex struc-
ture (cis-2-butene–HO-T10) of the interaction ofcis-2-butene and
T10-OH zeolite cluster; (b) full view of the adsorption�-complex
structure (cis-2-butene–HO-T10).

How was mentioned, because of thecis-2-butene
adsorption, and by steric repulsion of this molecule
with the rest of the ring, the BAS is moved to lies out
of the ring plane and in consequence no important in-
teractions between the sorbate and the adjacent oxygen
atoms to the BAS of the T10 M-R are present. These
results suggest that the formation of the�-complex in
the real zeolite must be located in the zeolite cages
where more space it is available, and not restricted to
a particular window channel. At this point it is impor-
tant to analyze the adsorption and diffusion of hydro-
carbon in zeolites. In this context, Jousse et al.[16]
have been reported significant studies about molec-
ular dynamic simulation of the interaction of butene
isomers in different zeolite structures. These authors
have shown that the interactions between butenes and

zeolites can be explained in terms of confinement ef-
fects and the shape complementarity between them. In
particular, it was found that the minimum energy for
the butenes adsorption in ferrierite is reached when
these molecules are located at the intersection of the
zeolite channels, with distortion of the BAS network
[16]. Our results are in agreement with these studies
about the tendency of thecis-butene molecule to goes
out of the ring zeolite plane.

Table 2report the values of the total energiesET of
the involved species at the HF level. With this level of
theory, the calculated binding energy (Eb) for thecis-2-
butene–HO-T10 complex is about−54.7 kcal/mol. In
spite of the fact that the absolute value of this calcula-
tion is far from reality, the negative value the binding
energy indicates that the interaction ofcis-2-butene
with the zeolite cluster is of adsorptive character as has
been found for theoretical studies of ethane[14,15],
2-butene [6] and molecular dynamic calculations,
which interaction energy is−11.07 kcal/mol[16].

Further interaction of 2-cis-butene with the zeo-
lite cluster leads to the formation of the transition
state (TS) shown inFig. 7. The part (a) of this figure
shows a local view of the TS structure and details of
the relevant optimized geometric parameters, whereas
Fig. 7b shows a general picture of the location of
the TS into the T10 M-R zeolite. Relevant optimized
geometric parameters of this TS calculation are also
quoted in Table 1. The structure of this transition
state shown inFig. 7 consists of a 6-member cycle in
which the atoms O2–H4–C3–C2–O6–Si3 are the ver-
tices of the hexagon. The nature of transition states
related to processes of hydrocarbon conversion, in-
cluding the adsorption of olefins, have been studied by
Rigby et al.[17] by using quantum mechanic meth-
ods. These authors have found that these TS involve
five or six ring structures formed between the O–Al–O
atoms of the zeolite clusters and two or three C or
H atoms of the organic compound. These findings
have been verified by Boronat et al.[6] and more re-
cently by Senger et al.[15]. In our model, we have
found similar TS structure, but the six ring structure
is formed between the O–Si–O atoms and the two
C atoms of the hydrocarbon. Structurally, these TS
are similar in nature. For instance, the calculated dis-
tance between the O atom of the zeolite moiety and
the transferring H, O2–H4, is 1.266 Å (seeFig. 7a),
whereas it is 1.219 Å for the corresponding to the
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Table 2
Total energiesET (Hartree), binding energyEb (kcal/mol), activation energyEa (kcal/mol), energy for the process of formation of the
alkoxide complexEf , and relevant atomic charges (Q/e) of cis-2-butene, T10-OH,cis-2-butene–HO-T10 andsec-2-butyl–O-T10 complexes

cis-2-Butene T10-OH cis-2-Butene–HO-T10 TS sec-Butene–O-T10

ET −154.241981,
−155.242057a,
−156.368447b

−3708.481528,
−3735.117329a,
−3745.244791b

−3862.8106723 −3862.693877 3862.831929,−3890.431438a,
−3901.700161b

Eb −54.7
Ea 18.6
Ef −68.3,−23.7c, −45.2a, −54.5b

Q/e
C1 −0.187 −0.189 −0.220 −0.205,−0.194d, −0.655e, −0.570f

C2 −0.060 −0.077 +0.093 +0.086,+0.083d, +0.052e, 0.025f

C3 −0.060 −0.081 −0.187 −0.123,−0.101d, −0.504e, −0.368f

C4 −0.187 −0.207 −0.191 −0.179,−0.180d, −0.605e, −0.568f

Al1 +1.190 +1.235 +1.185 +1.163,+1.182e

O2 −0.508 −0.539 −0.600 −0.670,−0.797e

Si3 +1.067 +1.107 +1.017 +1.015,+1.284e

H4 +0.255 +0.248 +0.212
O5 −0.727 −0.701
O6 −0.652 −0.684 −0.473 −0.448,−0.812e, −0.551f

Si7 +1.035
Si8 +1.063 +1.119 +1.050,+1.050e

a HF/3-21G∗ (this work).
b B3LYP/3-21G∗ (this work).
c DFT value for the formation of 2-butyl in a T3 zeolite cluster, Ref.[6].
d HF/STO-3G values of thesec-butenol molecule.
e HF/3-21G∗ atomic charge values with HF/3-21G∗ optimized geometry.
f HF/2-21G∗ atomic charge values of thesec-butenol with HF/3-21G∗ optimized geometry.

olefin chemisorption with the formation of a O–Al–O
TS ring [17].

In the formation of the TS ofFig. 7, the energetic
exigencies are lowered because of one oxygen atom
adjacent to the hydroxyl group has the possibility of in-
teracting with one C atom of the C=C of cis-2-butene.
In fact,Table 2contains the total energy value for this
TS, that using as references the energy of the cluster
and the isolatedcis-2-butene, the corresponding acti-
vation energy (Ea) is about 18.6 kcal/mol. This value
is in concordance with theoretical values of different
TS from the interaction between butenes and zeolite
clusters[6], and it is also consistent with the range of
activation energy values of reaction mechanisms for
hydrocarbon conversion in zeolites[17].

The following and last step that we have considered
in the present work is the formation of the saturated-
chain alkoxide intermediate shown inFig. 8, by break-
ing the H4–O2 bond and consolidating the C2–O6
bond. This kind of intermediate was also invoked by

Pazé et al.[5] to explain the formation of saturated
hydrocarbon during the transformation of 1-butene.
Fig. 8ashows the details of the alkoxide and zeolite
structure, andFig. 8bshows a full vision of the alkox-
ide species linked to the 10 M-R zeolite. Relevant
geometric parameters are inserted inFig. 8and quoted
in Table 1. These results are similar to other theo-
retical ethene–zeolite calculations. In particular, the
interaction of linear butanes[6] and ethylene[14,15]
with T3 cluster lead to the formation of intermediate
alkoxides with similar structures, where the complex
is dominated by the formation of a C–O bond. In
the present work, we have calculated the length of
the C–O bond as to be 1.446 Å. The corresponding
reported lengths for ethyl-zeolite[15] is 1.469 Å and
for the 2-butyl-zeolite[6] is 1.477 Å, that are in good
agreement with our results.Table 1also shows the rel-
evant geometric parameters obtained for the secondary
alkoxy intermediate in Ref.[6]. Despite of the differ-
ences in the level of calculations performed in Ref.[6]
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Fig. 7. (a) Transition state of the conversion ofcis-2-butene to
the sec-2-butyl over the T10-OH zeolite cluster (6-membered ring
TS); (b) full view of the 6-membered ring transition state of the
conversion ofcis-2-butene to thesec-2-butyl over the T10-OH
zeolite cluster.

(ab Initio and DFT calculations with an extended ba-
sis set), the agreement with our results is remarkable.

The total energy for the alkoxy complex structure
it is also depicted inTable 1, and the formation en-
ergy (Ef ) of the sec-butene–O-T10 alkoxy complex,
calculated taking as reference the isolated T10-OH
cluster and thecis-2-butene species, has a value of
−68.3 kcal/mol as compared with−23.7 kcal/mol
obtained for the case of the 2-butyl-T3 cluster[6].
The differences are due to deficiencies in the basis
sets, the methods and the kind of zeolite cluster. Fur-
ther optimization calculations at the HF/3-21G∗ and
B3LTP/3-21G∗ levels were performed for the involved
species in the formation of thesec-butene–O-T10
alkoxy complex, which values of total energies are
also reported inTable 1. These energies give for the

Fig. 8. (a) Structure of the T10-OH–sec-2-butyl complex (in-
termediate alkoxide); (b) full view of the structure of the
T10-OH–sec-2-butyl complex (intermediate alkoxide).

process of alkoxide formation the values of−45.2
and−54.5 kcal/mol, respectively.

3.2. Atomic charges

The atomic charges from the Mulliken analysis of
the species involved in the interactioncis-2-butene–
T10-OH are shown inTable 2. These figures can
only be used as a reasonable reference because they
change with the method employed and the basis sets,
and cannot be experimentally verified for molecules,
but can be evaluated experimentally from X-ray deter-
minations in crystal structures[18]. However, in the
present work Mulliken atomic charges are very useful
for understanding at electronic level the changes oc-
curring in both the zeolite cluster and thecis-2-butene
molecule as a result of their mutual interaction leading
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to the formation of the alkoxide intermediate. In the
initial adsorption process for the formation of the
cis-2-butene–OH-T10 structure ofFig. 6, the atomic
charges on the C atoms of thecis-2-butene adsorbed
on the zeolite atoms, resemble those of the isolated
olefin and the isolated zeolite. No significant varia-
tions in these charges were observed. However, the
formation of the transition sate ofFig. 7, important
changes were observed in the atomic charges of C2
and in the O6 atoms. C2 is the carbon atom changing
from sp2 to sp3 hybridization and its electron charge
is being partially transferred to atom C3, i.e., in turn,
receiving the acidic proton from the zeolite. In this
case, the positive charge is concentrated on the C2
atom of the organic fragment, how has been verified
by van Santeen and coworkers[17]. Additionally, O6
becomes less negative as a result of the formation
of the O6–C2 bond. Simultaneously, the atom O2, as
expected, increases its negative charge. For the rest of
the atoms, only small variations are observed in the
atomic charge distribution.

For the formation of the alkoxy complex the ten-
dencies observed during the TS formation, previously
described, are maintained. InTable 2, the values of the
atomic charges at the HF/3-21G∗ level for this com-
plex are also presented. The variations are evident be-
tween the HF/STO-3G and HF/3-21G∗ charges, but
the tendencies in the charge transference remain the
same. Similar pattern for these charges has been re-
ported elsewhere[6]. Additionally, atomic charges of
thesec-butenol molecule calculated using HF/STO-3G
and HF/3-21G∗ are also given inTable 2for compar-
ison purposes. It seems to be clear the similarities be-
tween thesec-butenol molecule and the alkoxide com-
plex. This charge distribution study also suggests that
the nature of the alkoxide–zeolite bond is prevalently
covalent, in agreement with previous findings[6,17].

4. Conclusions

The interaction betweencis-2-butene with a zeolite
10-membered ring acid site, has been investigated
by theoretical calculations performed at ab Initio
SCF-MO level with the STO-3G basis set. A Brönsted
site embedded within a 10-tetrahedral ring-cluster
(T10-OH) was used as a the zeolite model. For the op-
timization geometry of the T10-OH cluster Cs symme-

try restriction was imposed. For thecis-2-butene–HO-
T10 interaction no symmetry restriction was assumed.
It was first observed the formation of an adsorbed
molecular complex where the C=C of thecis-2-butene
is coordinated to the BAS trough a�-like adduct.
Then, further interaction leading to a secondary alkoxy
complex occurred. This alkoxide species was formed
through a cyclic 6-membered O–Si–O transition state
TS. In this cycle the hydrogen atom, the oxygen of the
OH group and the one adjacent to it, the framework
Si atom between both oxygen atoms and the two C
atoms of the C=C, conform the vertices of the result-
ing hexagon. Calculations have shown hat the alkoxy
intermediate is a very stable complex dominated by
a covalent C–O bonding. The study of the interaction
energy, activation energy, the formation of the alkoxy
complex, and the atomic charge distribution results are
in agreement with previous theoretical calculations.
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