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Abstract: A periodic density functional theory (DFT) study of the isomerization reactions of toluene and
xylene catalyzed by acidic mordenite is reported. Monomolecular isomerization reactions have been considered
and analyzed. The different reaction pathways have been discussed in detail. The use of periodic structure
calculations allows consideration and analysis of zeolite electrostatic contributions and steric constraints that
occur within zeolite micropores. Major differences in the details of protonation reaction pathways are found
when periodic structures are used rather than small cluster models of the Brønsted acidic site. Complex
relationships are found between zeolite topology and reaction pathways.

1. Introduction

Zeolites are natural or synthetic silicon oxide crystals
composed of a network of SiO4 tetrahedral units which link
together by sharing oxygen atoms.1 The potential energy surface
of the zeolite Si-O-Si angles is rather flat1e which explains
the large variety of accessible micropore structures that can be
formed by zeolites. Zeolites have well-defined microporous
structures, which make them interesting agents for separation
purposes.1b,d,2Moreover, their mechanical and thermal properties
have given them an important position in heterogeneous
catalysis.3 In addition, zeolite-catalyzed reactions often display
high product selectivity.4 The selectivity finds its source in the
zeolite micropore structure with different consequences on the
course of a reaction.

A first, rather obvious, reason is the reactant selectivity. As
the zeolite micropore channels have a well-defined diameter,
reactants bigger than this diameter cannot enter the micropores
in order to react. Reactants smaller than the micropores will be
the only ones to get involved in reactions.

Once a reactant molecule has adsorbed within the zeolite
mouth, it needs to diffuse toward the active sites where reactions
will occur. This diffusion can be very dependent upon the size
and shape of the zeolite micropores as well as on the size of
the reactants or products. After reaction has occurred, the
products must diffuse away from the micropores.

These selective properties are not only valid in the case of
zeolite catalysts but also in the case of zeolite molecular sieves.

After reactants have adsorbed within the zeolite mouth and
diffused toward the actives sites, they must adsorb. Selective
adsorption can occur as a result of the local topology of the
active site, its immediate surroundings, and the reactant. This
selective adsorption of the reactants to the active sites results
in preferential reaction pathways.

Reaction transition states require specific geometry so that
reaction may proceed. They can be hampered or prohibited by
the available space around the catalytic active site.4 This effect
is designated as transition-state selectivity.

Selective diffusion of products and reactants can be better
investigated using classical dynamic or Monte Carlo simula-
tions,5 or experimental techniques,1c,6because of the time scale
of the processes. Quantum chemical calculations are required
to analyze molecular reactivity.

Quantum chemical periodic electronic structure calculations
provide an efficient way to describe the interaction between
guest molecules and the zeolite framework. The quantum-
chemical periodic structure codes have recently become even
more useful, since it has become possible to localize ap-
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proximate transition structures. This allows us to investigate
the effect of the zeolite framework on the course of a reaction.

In the zeolite framework, tetravalent silicon atoms of zeolite
crystals can be substituted with trivalent atoms such as AlIII .1-4

A cation has to be introduced at the same time to neutralize the
resulting negative framework charge. When the cation is a
proton, zeolites can act as solid acid catalysts. Such catalysts
are obtained when the M+ cation of a Mx[Al xSi1-xO2]‚nH2O
zeolite is ion-exchanged with NH4+. The heating of the NH4+-
exchanged zeolite induces NH3 to desorb, and a proton is left
behind. The proton binds to an oxygen atom that bridges an
aluminum atom and a silicon atom.

Contrary to homogeneous acids that organize their molecules
around charged species,7 zeolite frameworks have a limited
flexibility and cannot significantly alter their geometry in the
presence of strongly interacting charged species.8 Besides being
ionic crystals, zeolites are characterized by a small dielectric
constant (ε around 5)9 and show important Coulombic charge
screening.10 In the case of olefins adsorbed within zeolites, short-
range electrostatic interactions, such as dispersion, ion-quad-
rupole interaction and induced electrostatic interaction contribute
for up to 84% of the adsorption energy.10cThese properties make
it impossible for protonated hydrocarbon molecules to exist as
stable “free” charged species within zeolite micropores.1e,11

Instead, protonation reactions of hydrocarbons lead to chemi-
sorption with the formation of alkoxy orσ-bonded species.11

On the other hand, it is now well understood that hydrocarbon
reactions catalyzed by acidic zeolites involve transition states
of an ionic nature.1-4,12 Quantum chemical periodic structure
calculations give us the opportunity to investigate in a realistic
way the effect of the zeolite bulk electrostatic contribution on
transition states.

The isomerization reaction of xylene isomers catalyzed by
acidic zeolites shows a selectivity in favor ofpara-xylene.2-4,13-15

This xylene isomer is a more valuable product thanmeta-or
ortho-xylene as it is an important intermediate for terphthalic

acid, an important polymer monomer.4e In the first part of this
paper, the toluene isomerization reaction will be considered.
Isomerization reaction pathways of toluene will be extensively
investigated and will provide a basis for the study of the reaction
pathways of xylene isomers, to be discussed in next section.

The intramolecular isomerization reactions of toluene and
xylenes catalyzed by acidic mordenite (H-MOR) will be
analyzed in detail. Next to faujasite and ZSM-5, mordenite
(MOR) is one of the most commonly commercially used zeolites
in catalysis (see Figure 1).1-4 We have chosen mordenite
because the small unit cell facilitates the calculations. Mordenite
has two sets of intersecting channels: large channels subscribed
by 12 T-atoms that are straight and have a free diameter of 6.5
× 7.0 Å, and small side pocket channels subscribed by 8
T-atoms and oriented perpendicularly to the main channel and
that have a free diameter of 2.6× 5.7 Å. It has been shown
that aromatics isomerization catalyzed by acidic mordenite
occurs mainly via monomolecular processes (see Scheme 1).13

The intermolecular isomerization of aromatics within mordenite
is hampered by steric constraints and will therefore not be
considered. Despite the experimental4d,13-15 and theoretical16

demonstrations that intermolecular mechanisms are favored over
monomolecular isomerization, this reaction pathway is sup-
pressed in mordenite since it involves a diphenylmethane
intermediate that cannot fit easily in the straight channels of
MOR.13 It is well-known that transition-state selectivity alone
cannot explainpara-xylene selectivity in acidic zeolite cata-
lysts.17 It has been shown that product diffusivity plays also an
important role in the selectivity of the isomerization reactions
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Figure 1. Mordenite zeolite. This zeolite is characterized by large
parallel 12-membered rings that have smaller 8-membered ring side
pockets. It belongs to the class of the large micropore zeolites.
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of xylene isomers catalyzed by acidic zeolites. In this study,
the different reaction pathways of isomerization reactions in
relation to steric constraints due to the zeolite framework on
the reaction mechanism options will be investigated.

2. Methods

The periodic density functional theory (DFT) Vienna ab initio
simulation package (VASP) has been used to perform all calculations.18

This program proved its efficiency in the description of zeolites.19-20

It has been used to perform structural studies of Brønsted acidic sites

in chabazite,19a gmelinite,19b,c and mordenite.19d Also, studies of the
adsorption of water,20a alkane,20b and benzene21 within zeolites have
been achieved. Recently, it was used to realize a study of the alkylation
of toluene with methanol.22

The large 12-membered ring mordenite has been used for this study
(see Figure 1).23 All atoms have been allowed to relax completely within
the periodic unit cell. This zeolite crystal has been extensively studied
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(b) Kresse, G.; Hafner, J.Phys. ReV. B 1994, 49, 14251-14269. (c) Kresse,
G.; Furthmüller, J. Comput. Mater. Sci.1996, 6, 15-50. (d) Kresse, G.;
Furthmüller, J. Phys. ReV. B 1996, 54, 11169-11186.

Scheme 1.Reaction Mechanisms of the Intra and Inter Isomerizations of Aromatics Catalyzed by Acidic Zeolite4d,e,15,16a

a The geometries between squared brackets are transition states.16
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using VASP.19d Furthermore, Vos et al.22 recently gave a complete
analysis of a reaction catalyzed by acidic mordenite. We have used a
similar mordenite unit cell in this study: the Si/Al ratio is 23, and the
dimensions of the unit cell area ) 13.648 Å,b ) 13.672 Å,c )
15.105,R ) 96.792°, â ) 90.003°, and γ ) 90.022°. The acidic
mordenite unit cell is composed of 146 atoms.

Using VASP the energy is obtained by solving the Kohn-Sham
equation with the Perdew-Zunger exchange-correlation functional.24

The results are corrected for nonlocality within the generalized gradient
approximation (GGA) with the Perdew-Wang 91 functional.25,26VASP
uses plane-waves basis sets and pseudopotentials:27 these result in a
decrease of computational costs. A cutoff of 300 eV and a Brillouin
zone sampling restricted to the G-point have been used. A quasi-Newton
forces minimization algorithm has been used for all geometries.
Convergence was assumed to be reached when forces were below 0.05
eV/Å.

The transition-state (TS) search method in VASP is the nudged
elastic band (NEB) method.28 This method also allows for the
exploration of the potential energy surface for other situations other
than transition states. Several geometries of the system are defined along
the investigated pathway (viz., diffusion, rotation, breaking and
formation of chemical bonds, etc.). These geometries or images are
optimized but only allowed to move in the direction perpendicular to
the current hypertangent defined by the normal vector between the
neighboring images. The different images or geometries of the system
are therefore connected by a nudged elastic band which induces extra
forces on the geometries of system to maintain the images along the
pre-established reaction pathway. We employed up to eight images
connected by the elastic band to analyze transition states or other
mechanisms. In the case of transition states, when forces of the images
of the atoms were below 0.08 eV/Å, the maximum energy geometry
was extracted, and the forces of this system were optimized separately
below 0.05 eV/Å. Artificial forces which are introduced by the elastic
band are removed from the atoms in this way. The NEB method has
been successfully applied to the analysis of CHx chemisorption and
reaction on a ruthenium surface29 and to the alkylation reaction of
toluene within acidic mordenite.22

To allow comparison with experimental data, interaction energies
have been corrected for the van der Waals energy dispersion contribu-
tion.21,22It is well-known that DFT methods within the GGA approach
do not properly describe the dispersion energy contribution.2828
Pelmenschikov et al.30d have shown, using DFT and MP2 calculations

to decompose the interaction energy, that the dispersion contribution
is of the order of ˜25 kJ/mol for an aromatic species adsorbed on a
neutral clay surface. The Coulombic contribution was less than half of
this value. Until now no calculations of large periodic zeolite systems
at the MP2 level have been reported. Demuth et al.21 and Vos et al.22

proposed that the dispersion contribution of aromatics physisorbed
within zeolite be estimated using an empirical 12-6 Lennard-Jones
potential. We used the parameters defined by Deka et al.31 for the
description of aromatics within full silicon zeolites. As parameters for
the repulsion and dispersion contributions were optimized together to
respect the well depth and equilibrium positionr0, they cannot be used
independently, even if estimates of the repulsion contribution to the
force field are not fully reliable.32 However, the repulsion contribution
is already taken into account in the chemical quantum energy
calculation; only the attractive contribution needs to be considered.
Therefore, we used the following relation to compute the van der Waals
energy:

The summation runs over the zeolitic atomsi and the aromatic atoms
j. r in corresponds to an inner cutoff below which the pair energy is not
computed. The van der Waals energy is checked forr in between 2 and
6 Å with a step∆r in ) 0.02 Å. The selected van der Waals energy
correction is the one yielding the lowest value as a function ofr in. The
zeolitic host is assumed to be a completely siliceous host for this
estimation. Aluminum atoms are replaced with silicon, and acidic
protons are removed. Periodic conditions are applied on the unit cell
that is made up of the aromatic species and the zeolite host. An external
cutoff of half the dimension of the unit cell limits the summation on
the pairsij. The zeolite framework is expanded up to 2× 2 × 2 unit
cells around one of the aromatic species. The volume of the mordenite
supercell is 27.296 Å3 × 27.344 Å3 × 30.204 Å3. In a classical dynamic
simulation of benzene and toluene within Y zeolite pores, Klein et al.33

decomposed the guest-host energy. They showed that the van der
Waals contribution remains almost constant along the minimum energy
pathway and that the electrostatic contributions, mainly Coulombic,
could better explain the preferred adsorption site of aromatic species
in zeolites. The importance of this electrostatic interaction is enhanced
when acidic sites are present. Furthermore, in the case of hydrocarbon
molecule reactions within acidic zeolite, it is well understood that
transition states are of ionic nature, increasing the weight of electrostatic
contribution in the identification of the structures.1-4,10 Demuth et al.21

show in their periodic DFT calculations study of benzene adsorption
within mordenite that GGA PW91 calculations with VASP were able
to give an accurate description of the non-van der Waals properties of
the system.

Since the pioneering work of Haag et al.,34 it is well established
that for zeolitic catalyzed reactions the apparent activation energy is
related to the adsorption energy. In the case of a monomolecular
reaction, one expresses the apparent activation energy as:

whereEact is the activation energy (or intrinsic activation energy),Θ
the coverage of the reactant on the catalytically active site, andEads

the adsorption energy of the reactant on the active site. The apparent
activation energy expression is demonstrated to be rigorously correct
in cases whereΘ can be described by Langmuir adsorption and
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B 2000, 104, 3364-3369.
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Chem.1999, 20, 12-22. (d) Pelmenschikov, A.; Leszczynski, J.J. Phys.
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EvdW(r in) ) ∑(Aij /r ij
12 - Bij /r ij

6) (1)

appEact ) Eact + (1 - Θ) Eads (2)
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competitive product or intermediate adsorption can be ignored.35 From
eq 2 it appears clearly that a good estimate ofEadsis required. The van
der Waals energy contribution of the periodic geometry has therefore
been estimated using eq 1.

3. Results

3.1. Toluene Isomerization.In this part toluene isomerization
reactions catalyzed by acidic mordenite will be investigated.
The monomolecular isomerization reaction of toluene is believed
to occur following two reaction pathways.15,16,36 It can be
achieved through a methyl shift reaction step (shift mechanism)
or via benzene and a methoxy intermediate (disproportionation
mechanism) (see Scheme 1).

Both reaction pathways are initiated when toluene adsorbs
on a proton site within a mordenite micropore. In our calcula-
tions it is found that toluene adopts anη2(CC) adsorption mode
with respect to the acidic site (Ads•tol) (see Figures 2 and 3).
A toluene CdC bond interacts with the acidic proton (HaC3 )
2.64 Å and HaC4 ) 2.74 Å) (see Table 1). The toluene methyl
group is oriented in the 12-membered ring channel direction.
The adsorption energy of toluene is-31 kJ/mol in the absence

of the van der Waals energy correction. This value is lowm but
this is not surprising as DFT methods do not describe the
dispersion contributions correctly.20b,21,22,30It is well-known that
the adsorption of aromatics within zeolite is dominated by van
der Waals contributions.31,37

Toluene is protonated before it isomerizes. It was shown
before by zeolite small cluster appoach theoretical studies that
the protonated state is a transient state.8,12,16,22DFT periodic
calculations gives us the opportunity to check the zeolite
framework electrostatic effect on the protonation step. The
nudged elastic band method allows an analysis of the protona-
tion. Eight images are used to investigate toluene protonation
on the CR aromatic ring position with respect to the methyl
group. An increase of the energy for the different images along
the elastic band is observed as a function of the distance O1Ha.
Force minimization of an intermediate geometry between
adsorbed toluene and protonated toluene leads to a stable zero-
forces (forces below 0.05 eV/Å) geometry (Pro•tol) (see Figure
3). For this transient state the toluene methyl group and the
hydrogen atom Ha did not reach their equilibrium positions as
expected for a Wheland complex geometry. Force minimization
of protonated toluene givesC•tol1 geometry (see Figure 3).
The dihedral angle C1C2C3C7 is 144.1° and 132° for Pro•tol
andC•tol1 respectively (see Tables 1 and 2). For HaC2C3C7

(33) Klein, H.; Kirschhoch, C.; Fuess, H.J. Phys. Chem.1994, 98,
12345-12360.

(34) Haag W. O.Zeolites and Related Microporous Materials, State of
the Art 1994, Weitkamp, H. G, Karge, H., Pfeifer, H., Ho¨lderich, W., Eds.;
Elsevier Science: Amsterdam, 1994; pp 1375-1394.

(35) Van Santen, R. A.; Niemanstverdriet, J. W.Chemical Kinetics and
Catalysis; Plenum Press: New York, 1995.

Figure 2. Geometry of toluene adsorbed on acidic site of H-MOR as
obtained from the periodic calculations. The labels used in this Figure
will be the same for all others geometries: these constitute the reference.
In the case of xylene isomers the extra methyl group carbon atom will
be C8.

Table 1. Selected Bond Lengths (Å), Angles (degrees) and
Dihedral Angles (degrees) of Adsorbed Complex, Transient Species
and Transition State for the Isomerization Reaction of Toluene
Catalyzed by Acidic Mordenite as Obtained from the Periodic
Calculationsa

Ads•tol Pro•tol C•tol2 TS•shift•tol1

AlO1 1.9 AlO1 1.78 AlO1 1.73 AlO1 1.73
AlO2 1.69 AlO2 1.72 AlO2 1.73 AlO2 1.72
AlO3 1.7 AlO3 1.72 AlO3 1.74 AlO3 1.74
AlO4 1.69 AlO4 1.71 AlO4 1.71 AlO4 1.71
AlO1Si1 135.9 AlO1Si1 135.1 AlO1Si1 147.3 AlO1Si1 143.7
HaO1 0.99 HaO1 1.79 HaO1 2.57 HaO1 2.48
HaC3 2.64 HaC2 1.19 HaC2 1.1 C1C2 1.89
HaC4 2.74 C1C2 1.53 C1C2 1.63 C1C3 1.85
C1C2 1.5 C1C2C3C7 144.1 C1O3 2.96 C1O3 3.06
O1HaC3 132.5 HaC2C3C7 -103.5 H3O2 2.92 C1O2 3.02
O1HaC4 144.2 C1C2C3C7 108.3 H3O2 2.8
AlO1Ha 107.2 HaC2C3C7 -140.2 C1C2C3 66

C1C3C2 69
C1C2C3C4 99.8

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 3 for the configurations.

Table 2. Selected Bond Lengths (Å), Angles (degrees), and
Dihedral Angles (degrees) of Transient Species and Transition State
for the Isomerization Reaction of Toluene Catalyzed by Acidic
Mordenite as Obtained from the Periodic Calculationsa

C•tol1 TS•shift•tol2 σ-complex

AlO1 1.73 AlO1 1.73 AlO1 1.71
AlO2 1.73 AlO2 1.72 AlO2 1.84
AlO3 1.75 AlO3 1.73 AlO3 1.73
AlO4 1.71 AlO4 1.73 AlO4 1.7
AlO1Si1 146.3 AlO1Si1 143 AlO1Si1 144.7
HaO1 2.74 C1C2 1.91 AlO2Si2 130.7
HaC2 1.12 C1C7 1.91 AlO2C3 107.3
C1C2 1.56 C7O2 3.75 O2C3 1.8
C1C2C3C7 132 C2O3 4.38 HaC2 1.1
HaC2C3C7 -115.1 C1C2C7 68 H3C3 1.09

C1C7C2 68.2 C1C2 1.56
C1C2C7C6 99.4 O2C3C2C7 100

C1C2C3C4 99.5

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 3 for the configurations.
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the angle is-103.5° and -115.1° for Pro•tol and C•tol1,
respectively. The energy level ofProt•tol is +108 kJ/mol with
respect to adsorbed toluene. In the case ofC_tol1 it is +111
kJ/mol. It clearly appears that toluene protonation does not
correspond to a transition state but rather to an inflection point
on the reaction pathway toward isomerization.

We will consider first the shift isomerization reaction. We
defined a reaction pathway that corresponds to a mechanism as
observed in the case of cluster approach results (see Figure 4).16b

Another protonated toluene geometry is defined (seeC•tol2
in Figure 3). This intermediate corresponds to the geometry that
is adopted by toluene before the methyl shift reaction step
occurs. The energy level ofC•tol2 is +135 kJ/mol with respect
to adsorbed toluene.

The existence of theσ-bonded species or a phenoxy inter-
mediate has been probed (seeσ-complex in Figure 3 and Table
2). The alkoxy species resulting from a proton attack are
observed to be more stable than the physisorbed state in the
case of olefins.11 In the case of toluene the phenoxy intermediate
is +150 kJ/mol higher in energy than the adsorbed state. This
energy level is similar to that obtained using the cluster approach
method (+150 vs +152 kJ/mol).16b This intermediate is,
however, less stable than protonated toluene as in the case of
the C•tol1 andC•tol2 geometries. From theC•tol2 geom-
etry, an eight-images NEB system was defined to localize the
shift isomerization maximum energy. The obtained top energy
geometry has been optimized using a quasi-Newton forces
minimization algorithm afterward. This procedure leads to the
transition stateTS•shift•tol1 (maximum in energy and zero
forces) of the shift isomerization reaction (see Figure 3 and

Table 1). In this transition state the shifting methyl group
occupies an intermediate localization between the toluene
aromatic ring carbon atoms C2 and C3 (C1C2 ) 1.89 Å, C1C3

) 1.85 Å, C1C2C3 ) 66°, and C1C3C2 ) 69°). The plane that
is defined by atoms C1, C2, and C3 is almost perpendicular to
the toluene aromatic ring (C1C2C3C4 ) 99.8°). Furthermore,
the shifting methyl group is located at equal distances from the
Brønsted site oxygen atoms O2 and O3 (C1O2 ) 3.02 Å and
C1O3 ) 3.06 Å). The activation energy of this isomerization
reaction with respect toAds•tol is +179 kJ/mol.Pro•tol,
C•tol1 andC•tol2 do not correspond to minima but rather to
transient situations that show zero-forces.

The shift isomerization reaction path without further reori-
entation of protonated toluene was followed from theC•tol1
geometry (see Figure 3 and Table 2). The transition-state
geometryTS•shift•tol2 was obtained (see Figure 3). The
aromatic ring interacts with the Brønsted site oxygen atoms
through a CdC bond (C7O2 ) 3.75 Å and C2O3 ) 4.38 Å) in
this transition state. The position of the shifting methyl group
with respect to the aromatic ring is very similar to the position
in the case ofTS•shift•tol1 (C1C2 ) C1C7 ) 1.91 Å and
C1C2C3C7 ) 99.4°). Interestingly, the activation energy obtained
with this reaction pathway (TS•shift•tol2) is equal to the
previous one (TS•shift•tol1) (Eact ) +179 kJ/mol).38

Next, we consider the isomerization reaction path that
proceeds via a methyl alkoxy and benzene intermediate. This
intermediate is obtained after the disproportionation reaction
of toluene. A second disproportionation reaction step generates

(36) (a) Cortes, A.; Corma, A.J. Catal. 1978, 51, 338-344. (b)
Beschmann, K.; Riekert, L.J. Catal.1993, 141, 548-565.

Figure 3. Front and side views of the intermediates and transition states for the isomerization reaction pathways of toluene catalyzed by acidic
mordenite as obtained from the periodic calculations. All geometries have been gathered in this single scheme.
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isomerized toluene. Once protonation of toluene has occurred,
the transient charged species reorients itself to present its methyl
group to a Brønsted site oxygen atom (seeC•tol3 in Figure 3
and Table 3). This configuration (+130 kJ/mol aboveAds•tol.
C•tol3) is used as a starting configuration to define an eight-
images NEB that connects this geometry to both the methoxy
group and benzene. These calculations allow for the identifica-
tion of the disproportionation transition stateTS•dispro•tol
(see Figure 3 and Table 3). This transition state can be described
as a methylenium carbocation that is sandwiched between
benzene and the deprotonated Brønsted site. The bonds between
the methyl group carbon atom and the aromatic ring carbon
atom C2 and the Brønsted site oxygen atom O3 are not yet
formed (C1C2 ) 2.18 Å and C1O3 ) 2.12 Å) (see Table 3).
The activation energy of this reaction step is+182 kJ/mol with

respect toAds•tol. This transition state leads to the formation
of methoxy and benzene (seeInt•dispro in Figure 3). This
intermediate is not very stable. It is+87 kJ/mol aboveAds•tol.
Benzene can desorb from methoxy, change its orientation and
even diffuse away. TheTS•dispro•tol reverse-mechanism
restores a toluene molecule (Eact ) +95 kJ/mol).

3.2. Xylene Isomerization.We will now extend the calcula-
tions to the study ofpara-, meta-,andortho-xylenes isomer-
ization reactions catalyzed by acidic mordenite.

The adsorption configuration mode for thepara-xylene isomer
is η2(CC) (HaC3 ) 2.61 Å and HaC4 ) 2.72 Å) (see Table 4)
with both methyl groups oriented along the large 12-membered
ring channel (seeAds•pxy in Figure 5). The adsorption energy
is -37 kJ/mol. The preferred adsorption geometries allow less
interactions between the xylene methyl groups and the zeolite
walls (seeAds•mxy andAds•oxy in Figure 5). The xylene
molecule adopts aη2(CC) adsorption mode (for adsorbedmeta-
xylene (Ads•mxy), HaC3 ) 2.48 Å and HaC4 ) 2.84 Å and
for adsorbedortho-xylene (Ads•oxy), HaC3 ) 2.41 Å and HaC4

) 2.44 Å) (see Tables 5 and 6). The adsorption energies for
meta-xylene andortho-xylene are-30 kJ/mol and-32 kJ/mol,
respectively.Ads•oxy and Ads•mxy are less stable than
Ads•pxy. This is mainly explained by the geometries of the
xylene molecules and by the curvature of the zeolite wall close
to the acidic site. Interaction with an acidic proton located on
the oxygen atom O2 gives similar differences of adsorption
energy for all three xylene molecules. The adsorption energies

Figure 4. Transition-state geometry of the toluene shift isomerization
reaction as obtained using a cluster approach method.16b

Table 3. Selected Bond Lengths (Å), Angles (degrees), and
Dihedral Angles (degrees) of Transient Species, Transition State,
and Intermediate for the Isomerization Reaction of Toluene
Catalyzed by Acidic Mordenite as Obtained from the Periodic
Calculations

C•tol3 TS•dispro•tol Int •dispro•tol

AlO1 1.73 AlO1 1.72 AlO1 1.69
AlO2 1.72 AlO2 1.71 AlO2 1.69
AlO3 1.74 AlO3 1.8 AlO3 1.92
AlO4 1.72 AlO4 1.7 AlO4 1.7
AlO1Si1 142.7 AlO1Si1 145.7 AlO1Si1 149.1
C1C2 1.61 C1C2 2.18 C1C2 3.22
HaC2 1.1 C1O3 2.12 C1O3 1.49
C1O1 3.31 O3C2 4.3 O3C2 4.59
C1O3 3.06 AlO3Si3 138.4 AlO3Si3 133.5
O3C2 4.58 O3C1C2 177
C1C2C3C4 105.5
HaC2C3C4 -143

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 3 for the configurations.

Table 4. Selected Bond Lengths (Å), Angles (degrees), and
Dihedral Angles (degrees) of Adsorbed Complex and Transient
Species for the Isomerization Reaction ofpara-Xylene Catalyzed
within Acidic Mordenite as Obtained from the Periodic
Calculationsa

Ads•pxy C•pxy

AlO1 1.9 AlO1 1.72
AlO2 1.69 AlO2 1.72
AlO3 1.7 AlO3 1.74
AlO4 1.69 AlO4 1.73
AlO1Si1 135.9 AlO1Si1 142.9
O1Ha 0.99 HaC2 1.12
HaC3 2.61 HaC1 3.32
HaC4 2.72 HaO3 3.06
C1C2 1.5 C1C2 1.57
O1HaC3 134.3 C1C2C3C4 127.4
O1HaC4 145.7 HaC2C3C4 -119.1

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 5 for the configurations.

Table 5. Selected Bond Lengths (Å), Angles (degrees) and
Dihedral Angles (degrees) of Adsorbed Complex, Transient Species
and Transition State for the Isomerization Reaction ofmeta-Xylene
Catalyzed by Acidic Mordenite as Obtained from the Periodic
Calculations

Ads•mxy C•mxy TS•shift•mp•xy2

AlO1 1.9 AlO1 1.73 AlO1 1.73
AlO2 1.68 AlO2 1.72 AlO2 1.72
AlO3 1.7 AlO3 1.74 AlO3 1.73
AlO4 169 AlO4 1.72 AlO4 1.73
AlO1Si1 132.4 AlO1Si1 142.5 AlO1Si1 143.1
O1Ha 0.99 HaC2 1.11 C1C2 1.9
HaC3 2.48 HaO1 3.36 C1C3 1.93
HaC4 2.84 HaO3 3.14 O1C2 4.49
C1C2 1.5 C1C2 1.58 O2C2 4.15
O1HaC3 148.1 C1C2C3C4 123.2 O3C2 4.39
O1HaC4 142.3 HaC2C3C4 -124.4 C1C2C3 69.4

C1C3C2 66.9
C1C2C3C4 99

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 5 for the configurations.
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for para-xylene,meta-xylene, andortho-xylene on this acidic
site are-36,-23, and-30 kJ/mol, respectively. As this other
adsorption site does not result in more stable configurations, it
was not considered further. Xylene molecules are sufficiently
small compared with the dimension of mordenite channels to
be accommodated within the micropore structure. The differ-
ences between adsorption energies for the three isomers result
from the local topology of the Brønsted site.

The protonation reaction steps show the same trend as in the
case of toluene. The protonation reaction steps correspond to

inflection points on the reaction pathways for all isomers. Only
the details for the protonated xylene molecules are reported here.
Protonation ofortho-xylene is endothermic with respect to its
π-adsorption mode with a value of+88 kJ/mol aboveAds•oxy
(seeC•oxy in Figure 5). Protonatedmeta-(C•mxy) andpara-
xylene (C•pxy) have comparable energies. The protonated
species energies are+95 and+98 kJ/mol respectively with
respect to their correspondent ground adsorption states.

Shift isomerization reactions and the isomerization reaction
via a disproportionation reaction step of xylene isomers have
been considered as was done for toluene. Two different shift
isomerization reaction pathways have been considered.

Concerningortho-xylene the shift isomerization reaction leads
to the formation ofmeta-xylene. The first transition state relates
to a mechanism similar to that obtained via cluster studies (see
TS•shift•mo•xy1 in Figure 5). One can see that the
nonparticipating methyl group is in relatively close proximity
to the zeolite atoms in this transition state. The geometry of
the TS shows asymmetry (C1C2 ) 1.90 Å, C1C3 ) 1.83 Å,
H3O1 ) 2.49 Å and HaO2 ) 2.82 Å) (see Table 7). The
activation energy of this reaction step is+184 kJ/mol with
respect to adsorbedortho-xylene. The transition state, that
follows immediately the protonation step without reorientation
of the aromatic molecule, has a lower energy (Eact is 14 kJ/mol
lower). It can be seen in Figure 5 that this reaction step allows
the nonparticipating methyl group to avoid close interaction with
the zeolite wall (seeTS•shift•mo•xy2 in Figure 5). The
shifting methyl group inTS•shift•mo•xy2 occupies a posi-
tion that is analogous to that inTS•shift•mo•xy1 (C1C2 )
1.94 Å and C1C3 ) 1.88 Å) (see Table 6).

Figure 5. Front and side views of the intermediates and transition states for the shift isomerization reaction pathways of xylene molecules catalyzed
by acidic mordenite as obtained from the periodic calculations.

Table 6. Selected Bond Lengths (Å), Angles (degrees), and
Dihedral Angles (degrees) of Adsorbed Complex, Transient Species
and Transition State for the Isomerization Reaction ofortho-Xylene
Catalyzed by Acidic Mordenite as Obtained from the Periodic
Calculations

Ads•oxy C•oxy TS•shift•mo•xy2

AlO1 1.9 AlO1 1.73 AlO1 1.73
AlO2 1.69 AlO2 1.72 AlO2 1.72
AlO3 1.7 AlO3 1.74 AlO3 1.74
AlO4 1.7 AlO4 1.72 AlO4 1.73
AlO1Si1 133.6 AlO1Si1 142.6 AlO1Si1 143.1
O1Ha 0.99 HaC2 1.1 C1C2 1.94
HaC3 2.41 HaC1 3.36 C1C3 1.88
HaC4 2.44 HaO3 3.13 O1C2 4.48
C1C2 1.5 C1C2 1.58 O2C2 4.14
O1HaC3 142.5 C1C2C3C4 123.1 O3C2 4.36
O1HaC4 154.6 HaC2C3C4 -124.2 C1C2C3 65.9

C1C3C2 70.2
C1C2C3C4 100.6

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 5 for the configurations.
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In the case of thepara-xylene tometa-xylene transition state,
analogous to that obtained via the cluster approach, steric
constraints contribute even more to destabilization of the
transient species than in the previous case (seeTS•shift•mp
•xy1 in Figure 5). The nonparticipating methyl group is in very
close interaction with the zeolite wall in this TS. This results
in short distances between the aromatic ring and the Brønsted
site oxygen atoms (H3O1 ) 2.25 Å and HaO2 ) 2.77 Å) (see
Table 7). The position of the shifting methyl is also nonsym-
metrical with respect to C2 and C3 carbon atoms but opposite
with respect toTS•shift•mo•xy1 or TS•shift•mo•xy2
(C1C2 ) 1.84 Å and C1C3 ) 1.91 Å). TS•shift•mp•xy1
shows a significant activation energy due to the steric constraints
experienced by the aromatic species (Eact ) +224 kJ/mol with
respect to adsorbedpara-xylene). The shift isomerization
reaction that occurs prior to reorientation of the xylene molecule
shows negligible steric interactions between the nonparticipating
methyl group and the zeolite wall (seeTS•shift•mp•xy2 in
Figure 5). The activation energy is 53 kJ/mol lower in
comparison withTS•shift•mp•xy1 (Eact ) +171 kJ/mol with
respect to adsorbedpara-xylene). ForTS•shift•mp•xy2 the
shifting methyl group is located at an intermediate position
between C2 and C3 (C1C2 ) 1.90 Å and C1C3 ) 1.93 Å) (see
Table 5).

The transition states of the isomerization reaction that proceed
via the disproportionation reaction have been considered for the
three xylene isomers. The position of the jumping methyl group

is very similar for the different transition states. This is also
the case for the position of the aromatic ring with respect to
the Brønsted site oxygen atoms (see Table 8). However, the
activation energy difference is around 15 kJ/mol. This difference
is not due to steric constraints. As is seen in Figure 6 the
nonparticipating methyl groups are not in close proximity to
the zeolite wall (seeTS•dispro•pxy, TS•dispro•mxy and
TS•dispro•oxy for reactions ofpara-xylene,meta-xylene, and
ortho-xylene, respectively, in Figure 6). The activation energy
for TS•dispro•oxy is the lowest one, withEact ) +164 kJ/
mol with respect to adsorbedortho-xylene. In the case of
TS•dispro•pxy andTS•dispro•mxy the activation energies
are+174 and+187 kJ/mol with respect to adsorbedpara-xylene
andmeta-xylene, respectively.

Only the most stable configuration of the product of this
reaction is shown (seeInt•dispro•xy in Figure 6).Int•dispro
•xy represents a methoxy group and a toluene molecule formed
after the disproportionation reaction ofortho-xylene. It is+78,
+86, and+76 kJ/mol with respect to adsorbedortho-, para-,
andmeta-xylene, respectively. The configuration of the inter-
mediate formed after the disproportionation reaction ofpara-
xylene is 2 kJ/mol less stable thanInt•dispro•xy, whereas it
is 14 kJ/mol less stable in the case ofmeta-xylene.

Except for ortho-xylene the isomerization reactions via
disproportionation mechanism show higher activation energies
than the shift isomerization reactions.

4. Discussion

Toluene Isomerization.The reaction energy diagrams cor-
responding to the three different reaction pathways of the toluene

Figure 6. Front and side views of the intermediates and transition states for the isomerization reaction via disproportionation reaction pathway of
xylene molecules catalyzed by acidic mordenite as obtained from the periodic calculations.

Table 7. Selected Bond Lengths (Å), Angles (degrees), and
Dihedral Angles (degrees) of Transition States for the Isomerization
Reaction of Xylene Isomers Catalyzed by Acidic Mordenite as
Obtained from the Periodic Calculationsa

TS•shift•mo•xy1 TS•shift•mp•xy1

AlO1 1.73 AlO1 1.74
AlO2 1.72 AlO2 1.71
AlO3 1.74 AlO3 1.74
AlO4 1.71 AlO4 1.72
AlO1Si1 143.9 AlO1Si1 144.8
C1C2 1.9 C1C2 1.84
C1C3 1.83 C1C3 1.91
C1O3 3.03 C1O3 3
C1O1 3.52 C1O1 3.02
H3O1 2.49 H3O1 2.25
HaO2 2.82 HaO2 2.77
C1C2C3 64.9 C1C2C3 70.2
C1C3C2 70.2 C1C3C2 65.2
C1C2C3C4 99.1 C1C2C3C4 96.7

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 5 for the configurations.

Table 8. Selected Bond Lengths (Å), Angles (degrees) and
Dihedral Angles (degrees) of Intermediate and Transition States for
the Isomerization Reaction of Xylene Isomers Catalyzed by Acidic
Mordenite as Obtained from the Periodic Calculationsa

TS•dispro•oxy TS•dispro•mxy TS•dispro•pxy Int•dispro•xy

AlO1 1.72 AlO1 1.71 AlO1 1.71 AlO1 1.69
AlO2 1.71 AlO2 1.71 AlO2 1.71 AlO2 1.69
AlO3 1.8 AlO3 1.8 AlO3 1.8 AlO3 1.92
AlO4 1.7 AlO4 1.71 AlO4 1.71 AlO4 1.7
AlO1Si1 145.8 AlO1Si1 145.8 AlO1Si1 145.5 AlO1Si1 149
C1C2 2.22 C1C2 2.19 C1C2 2.22 C1C2 3.22
C1O3 2.07 C1O3 2.12 C1O3 2.09 C1O3 1.5
O3C2 4.29 O3C2 4.31 O3C2 4.3 O3C2 4.6
AlO3Si3 137.5 AlO3Si3 137.7 AlO3Si3 137.3 AlO3Si3 133.4
O3C1C2 177 O3C1C2 176.7 O3C1C2 174

a The labels used in this table are defined in Figure 2 for the atoms
and in Figure 6 for the configurations
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isomerization reaction are depicted in Figure 7. The rota-
tional energy barriers of the protonated species around itsC2

axis have been estimated using experimental data in this
figure.17a,39 As mentioned in the Methods section the toluene
adsorption energy has been corrected for the van der Waals
dispersion energy contribution. This energy contribution is
estimated to be-85 kJ/mol. The corrected adsorption energy
of toluene isEads ) -116 kJ/mol, in good agreement with
reported data.31,40 The apparent activation energy for the
isomerization reaction can be calculated using eq 2. It varies
between around+60 to+120 kJ/mol for a coverageΘ between
0 and 0.5.

Interestingly, it appears impossible to discriminate between
the two reaction pathways (see Table 9). Such results were also
obtained using cluster approach calculations.16b This illustrates

a drawback and an advantage of the cluster approach. On one
hand the cluster approach method dramatically overestimates
activation energies. On the other hand it conserves the relative
order of activation energies, making this method suitable for
qualitative comparative reactivity studies. However, small-size
cluster models are unable to describe reaction pathways that
proceed through mechanisms such as theTS•shift•tol2
transition state. The shifting methenium ion is stabilized by
zeolitic oxygen atoms other than those of the Brønsted site in
this reaction pathway (see Figure 8). A close look at the
electronic density of the Brønsted site oxygen atoms and other
zeolitic oxygen atoms shows that all neighboring zeolitic atoms
can play a role in the stabilization of cation nature transition
state (see Figure 9).39 This stabilization appears to occur via
weak hydrogen bonds. This is in agreement with earlier
observations.42

(37) (a) Bezuz, A. A.; Kiselev, A. G.; Loptakin, A. A.; Quang Du, P.J.
Chem. Soc., Faraday Trans. 21978, 74, 367-379. (b) Meinander, N.;
Tabisz, G. C.J. Chem. Phys.1983, 79, 416-421. (c) Lachet, V.; Boutin,
A.; Tavitian, B.; Fuchs, A. H.Langmuir1999, 15, 8678-8685.

(38) All values have been rounded up to kJ/mol in this study.

(39) (a) Jobic, H.; Bee, M.; Renoupez, A.Surf. Sci.1984, 140, 307-
320. (b) Sato, T.; Kunimori, K.; Hayashi, S.Phys. Chem. Chem. Phys.1999,
1, 3839-3843.

Figure 7. Reaction energy diagrams of toluene catalyzed by acidic mordenite for the shift isomerization reaction according to a mechanism similar
to as obtained in cluster calculation (top), the shift isomerization reaction that occurs immediately after the protonation step (middle) and the
isomerization reaction via disproportionation reaction step (bottom). All values are in kJ/mol. The labels used in this Figure are the same as in
Figure 3.
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The zeolite framework stabilization is very important for
charged species or carbocationic transient species. Compared
with40 cluster approach data16b it is approximately 100 kJ/mol
(35% of the activation energy in absence of zeolite framework
electrostatic contribution). An estimate of the energy of the state
equivalent toC•tol2 was obtained in a previous cluster study.
The energy of this species was+240 kJ/mol with respect to
adsorbed toluene.C•tol2 is +135 kJ/mol with respect to
adsorbed toluene for the present periodic study. Again, the
zeolite framework stabilization is about 100 kJ/mol. This is in

agreement with the findings of Boronat et al.42aThey concluded
in a periodic embedding procedure study of charged species
within a zeolite that the zeolitic electrostatic contribution
uniformly shifts the energy levels of charged species downward,
whereas neutral species energy levels remained unchanged.
Neutral species are found in this study also to have energies
similar to those calculated using a cluster approach. The phenoxy
intermediate is+150 kJ/mol in this study, whereas it is+152
kJ/mol for the cluster approach method.16b However, in our
present study the zeolite framework stabilization of charged
species and transition states is energetically similar.

It has been previously mentioned that it is impossible to select
a preferred reaction pathway. A lot of details have been given

(40) (a) Chen, Y.-H.; Hwang, L.-P.J. Phys. Chem. B1999, 103, 5070-
5080. (b) Waghmode, S. B.; Bharathi, P.; Sivasanker, S.; Vetrivel, R.
Microporous Mesoporous Mater.2000, 38, 433-443.

Table 9. Activation Energies of the Reactions Considered in This Study as Obtained from the DFT Periodic Calculations (at 0 K, in kJ/mol)

reaction disproportionation methyl shift isomerization

toluenea 179b 179
o-xylenea 164c 168
m-xylenea 174c 168d

161e

p-xylenea 187c 171
benzene+ CH3-MOR f toluene+ H-MOR 95 -
toluene+ CH3-MOR f o-xylene+ H-MOR 86 -
toluene+ CH3-MOR f m-xylene+ H-MOR 96 -
toluene+ CH3-MOR f p-Xylene+ H-MOR 101 -

a Reaction catalyzed by H-MOR.b The disproportionation reaction leads to the formation of benzene and CH3-MOR. c The disproportionation
reaction leads to the formation of toluene and CH3-MOR. d The product of this reaction iso-xylene.e The product of this reaction isp-xylene.

Figure 8. Detail of the geometry of the transition stateTS•shift•tol2. The shifting methenium ion is in close interaction with the zeolitic oxygen
atoms that belong to the 8-membered side pocket. These atoms are in the opposite side of the MOR 12-membered ring with respect to the Brønsted
site. Distances are in Å.

Reaction Pathways of Toluene and Xylene Isomers J. Am. Chem. Soc., Vol. 123, No. 31, 20017665



for the reaction pathways of toluene. The most important one
is that the isomerization transition states are the most demanding
steps. Prior to the transition states, several nonstable intermedi-
ates have been found that can be considered as landmarks that
characterize the differences among the three reaction pathways.
They influence the choices of transition-state geometries.
According to transition-state theory such intermediates do not
have an influence on the transition state that will be pre-
ferred.35,43

Xylene Isomerization. The dispersion energy contribution
has been calculated for all periodic geometries of xylene
isomers. All dispersion energy data are within-95 ( 5 kJ/mol
if the xylene species isortho-, meta-,or para-xylene. Therefore,
the periodic energies of the xylene molecules have been
corrected with this single value.44 The absence of an energy
difference in xylene isomer adsorption energies has also been
obtained by Deka et al.31b They performed classical dynamic
simulations of xylene molecules adsorbed within various
dealuminated zeolites, among which was mordenite.

The reaction energy diagrams of the isomerization reaction
of xylene are depicted in Figure 10. Xylenes isomerization
reaction activation energies are summarized in Table 9.

Concerning the isomerization reaction path via dispropor-
tionation, the order of the activation energies follows the same
order as the hard-soft acid-base (HSAB) prediction for the
methylation reaction of toluene catalyzed by zeolite.45 The
easiest methylation positions on toluene have been predicted
to beortho > meta> para. Vos et al.22 have recently shown
that this order can be affected by zeolite steric constraints. The
aromatic molecules have enough space within the mordenite
channels to avoid constraints on the transition states in the case
of the disproportionation reaction of xylene molecules. Fur-
thermore, the transition states that have been considered in this
study are not characterized by topological restraints as in the
case of the methylation reaction of toluene with methanol
catalyzed by acidic zeolite. Therefore, the HSAB predicted order
holds.

A different picture from that deduced from cluster calcula-
tions16b is obtained in the case of the shift isomerization reaction.
Contrary to that observed in toluene isomerization reactions,
the nonparticipating methyl group suffers from the close

(41) Ramachandran, S.; Lenz, T. G.; Skiff, W. M.; Rappe´, A. K. J. Phys.
Chem.1996, 100, 5898-5907.

(42) (a) Boronat, M.; Zicovich-Wilson, C. M.; Corma, A.; Viruela, P.
Phys. Chem. Chem. Phys.1999, 1, 537-543. (b) Vollmer, J. M.; Truong,
T. N. J. Phys. Chem. B2000, 104, 6308-6312. (43) Parmon, V. N.Catal. Today1999, 51, 435-456.

Figure 9. (a) Electron density cutting planes of acidic mordenite. The scale is not mentioned but respects a linear scaling of the data. The locations
of aluminum and proton have been emphasized. It can be seen that electron density around Brønsted site oxygen atoms is only slightly more
important than the electron density around other zeolitic oxygen atoms. (b) Polarization of the electronic density inTS•shift•tol1 (left) and
TS•shift•tol2 (right). The polarization due to the transition states appears to affect all close-by zeolitic oxygen atoms.
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proximity to the zeolite wall in the xylene isomerization reaction.
No difference for toluene activation energy was observed. Now
differentiation occurs. It is particularly important formeta-
para-xylene isomerization (seeTS•shift•mp•xy1 in Figure
5). In contrast,TS•shift•mp•xy2 andTS•shift•mo•xy2
do not show evidence of steric constraints. Their energy levels
are lower or similar to that of disproportionation reaction
transition states. Clearly, the xylene molecules reaction pathways
that involve the shift isomerization mechanism for xylene, as
predicted via cluster calculations, are disfavored. The activation
energy differences are 16 and 53 kJ/mol forTS•shift•mo•xy
andTS•shift•mp•xy, respectively. One can estimate that the
shift isomerization reaction pathway occurs according to the
shift isomerization which follows the protonation step without
further reorientation of xylene.

The reaction energy diagram ofortho-xylene isomerization
reactions indicates that competition exists between shift isomer-
ization and isomerization via disproportionation reaction mech-
anisms. The difference between the activation energies is only
2 kJ/mol. Formeta-xylene andpara-xylene, shift isomerization
is preferred. The differences in activation energies are 11 and
16 kJ/mol respectively in favor of the shift isomerization reaction

pathway. Themeta-xylene isomerization reactions lead as easily
to ortho-xylene (Eact ) +168 kJ/mol) as topara-xylene (Eact

) +163 kJ/mol). Similarly, isomerization reactions ofortho-
xylene andpara-xylene are equally difficult to achieve (Eact’s
are+164 and+171, respectively). Regarding these results, no
transition-state selectivity is predicted for xylene isomerization
reactions catalyzed by acidic mordenite (see Table 9).

The evaluation of the apparent activation energies using eq
2 gives data between+40 to +100 kJ/mol forΘ between 0
and 0.5 (appEact ) +36,+40, and+39 kJ/mol forortho-xylene,
meta-xylene, andpara-xylene andΘ ) 0). These are in very
good agreement with experimental data that have been reported
to be around 40 kJ/mol.15b,46

5. Conclusions

In this theoretical study we have shown how a combination
of steric constraints and electrostatic contributions of zeolitic
atoms can affect the reaction pathways of intramolecular
isomerization reactions of toluene and xylene isomers. Isomer-
ization reactions may proceed according to different reaction
pathways which do not show energetic differences in the absence
of steric constraints. It has been observed that zeolitic channel
oxygen atoms play an important role in the stabilization of the
transition states. The location of the transition sates with respect
to the Brønsted site can be altered completely if the zeolitic
topology allows a more efficient way to stabilize the transient
species. Apart from this, the reaction mechanisms obtained via
the cluster approach and periodic calculations remain, in essence,
similar. Small cluster calculations have been proven to give good
qualitative results compared with periodic results. Differences
result from the fact that zeolitic micropore oxygen atoms are
not passive spectators but rather participate actively in the
catalysis of reactions. The contribution of the zeolitic oxygen
atoms appears to be of short-range nature.

The presence of steric constraints has been shown to inhibit
the possibility that isomerization of toluene and xylene proceed
via some reaction pathways. Destabilization of transition states
is up to 50 kJ/mol although aromatics can fit without difficulty
inside the mordenite large pores. Steric constraints are strongly
dependent on the transition-state structure as well as on the
zeolite topology.47

The results obtained in this study provide with a new insight
in solid acid heterogeneous catalysis. A good agreement has
been obtained with experimental data.
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Figure 10. Reaction energy diagrams ofortho-xylene (top),para-
xylene (middle), andmeta-xylene (bottom) catalyzed by acidic morden-
ite. All values are in kJ/mol. The labels used in this Figure are the
same as in Figures 5 and 6.
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