
15
Reaction Mechanisms in Zeolite Catalysis

Xavier Rozanska and Rutger A. van Santen
Eindhoven University of Technology, Eindhoven, The Netherlands

I. INTRODUCTION

A zeolite is a natural or synthetic aluminosilicate crystal of which framework is composed
by the assembling of SiO4 and AlO4

� tetrahedral units (1–4). The tetravalent Si atoms
cannot only be substituted by AlIII, but also by 3- or 5-valent atoms, such as GaIII, FeIII,
or PV. If substitutions occur, cations are present to compensate for the framework charge.
The materials are acting as solid acids when the compensating cation is a proton. Zeolites
have been used for many years in several areas of chemistry because of their interesting
properties: first, they display ion exchange capability; and second, they have good
separation property (4,5). The separation of molecules originates from the ordered
structure of the zeolite micropores (Fig. 1) (6).

This relates to one of the most striking feature of this class of catalyst, which is shape
selectivity. The zeolitic selectivity is the result of (a) the difference in diffusivities of
reactants and products; (b) the difference in adsorption of reactants in zeolitic cavities of
different size and shape; and/or (c) transition state selectivity (6–10). Nowadays zeolite
catalysts are used in almost all petrochemical process (11,12). They have been first used as
catalyst at a large scale in the 1950s for alkane cracking in petroleum industry (13). They
favorably replaced previously employed alumina catalysts because of their better thermal
and mechanical stability. Their use in organic and bioorganic chemistry has also been
explored (14–17). Zeolites may be used in catalysis as an inert support for other catalyti-
cally active components (18–23) or they can be used as catalysts as such. We will consider
the latter case in this chapter and will limit ourselves to the case of Brønsted and Lewis
acidity (24). However, it must be mentioned that zeolites can display various types of
catalytic active sites (e.g., Brønsted acid, Lewis basic, or oxidation reaction active sites)
(25–28). Moreover, the possibility of anchoring of catalytic active sites in zeolites virtually
expands zeolite application to unlimited fields in catalysis (29–31).

Brønsted acidic sites can be generated in AlIII-substituted zeolites. These substitu-
tions lead to zeolite composition such as NaxAlxSi(1�x)O4. The maximal number of
substitution is limited by the Lowenstein rule: for a given substitution of Si by Al it is
not possible to achieve another substitution in the first silicon atom shell around the Al
atom (32). When Na+ of NaxAlxSi(1�x)O4 is ion exchanged with NH4

+ and the corre-
sponding obtained zeolite is heated, ammonia desorbs. The proton that is left behind binds
to a bridging Si-Al oxygen atom (Fig. 2). This proton shows acidic properties (33–36).
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Fig. 1 Some examples of zeolite structures (the dots depict the Connolly surfaces).
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The acidity of a proton-exchanged zeolite has been evaluated as corresponding to a
80% H2SO4 solution (37) with respect to Hammet acid definition (38,39). However, such a
comparison does not give any information on the details of the elementary reactions
induced by the acid. It has been thought for some time that acidic zeolites activate
molecules similarly as superacids do (40–42). But nowadays it is well established that this
is not the case. Contrary to homogeneous acids, which organize their molecules around a
protonated molecule in complex cluster structure (43), the zeolite framework shows a
limited ability to distort (3,44–46) in order to adapt its geometry to a charged species.
Charge separation is an energetically costly process (47). However, the limited flexibility of
the zeolite is essential (45,48). For instance, Yashonath, and Santikary (45,46) have shown
in their classical dynamic simulation study of molecular diffusion in the zeolite micropore
that the zeolite framework flexibility affects significantly diffusion when the molecules have
a size comparable with the micropore size. A hybrid semiempirical density functional
theory (DFT) periodic study of chabazite by Ugliengo et al. (49) illustrates the flexibility of
the zeolite crystal. Brønsted acidic sites are introduced in the periodic unit cell of
chabazite. The introduction of a Brønsted site is known to induce an increase of the unit
cell by around 10 Å3 (47,49). This increase of volume relates with the difference of volume

Fig. 2 Hydrogen bonded to an Si-Al bridging O atom in mordenite.
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between a SiO4 tetrahedron and a AlO3(OH) tetrahedron. The authors found that a linear
relationship between the volume of the unit cell as a function of the number of introduced
Brønsted acidic sites is not anymore followed above a Si/Al ratio of 3 (47). We will
describe in a subsequent section why and how this flexibility is essential in reactivity.

Zeolites are insulators characterized by small dielectric constant (typically qf5 in
fully dealuminated zeolites) (47,50–53). De Man et al. gave a better insight in the physical
properties of zeolite crystals in dynamic molecular simulation studies (50). As they used a
shell model in their calculations, it was possible to account for polarization. They observed
that long-range electrostatic contributions were significantly screened by polarization of
zeolitic oxygen atoms. They identified zeolites as ionic crystals showing highly covalent
character (50). With this model they could estimate that long-range electrostatic inter-
actions contribute only f5% to the calculated vibrational frequency differences (47,50).

It is now well established that infrared (IR) spectroscopic study of the acidic OH
frequency in contact with different bases is a more reliable method than that of Hammet
for investigating the acidic strength of the proton (54,55). Furthermore, the application of
Hammet measurements to a solid is in principle incorrect (56). However, the use of probe
molecules to investigate acidity of zeolites is not exempt from pitfalls (57,58), but will not
be discussed here.

The difference in induced mechanism by superacid and acidic zeolite has been
theoretically demonstrated by Kazansky and Senchenya (59) and Kramer et al. (60).
Earlier semiempirical studies had been done by Senchenya et al. (61–64). Haw et al. (37,65)

Fig. 3 Chemisorbed alkene or alkoxy species within zeolite.
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published experimental studies indicating that intermediate alkoxides are important.
They postulated that charged species within a zeolite cannot exist as free species but
rather as covalently bonded to the zeolite (Fig. 3). These chemisorbed species, namely,
alkoxy species in the case of chemisorbed alkenes, have been observed experimentally
(37,61–66). It is now well understood that zeolite chemistry is not ionic chemistry but a
covalent chemistry, and charged species are closely related to transition state structures.

The radii of the zeolite oxygen and silicon atoms are often considered to be close to
that of the ones observed for O�II and Si+IV ions from others crystals (4). The valence
formalism is indeed very conceptual. This concept is here employed to explain that guest
molecules mainly interact with zeolitic oxygen atoms and not the zeolite silicon atoms in
zeolite micropores. An analysis of the electronic density based on periodic DFT calcu-
lations of mordenite reveals the important electronic density depletion around the silicon
atoms to the benefit of the oxygen atoms (Fig. 4).

As long-range electrostatic contributions play a limited role, bonding within the
zeolite framework is mainly covalent with the ionic bonding contributing only for around

Fig. 4 Electronic density cutting planes in proton-exchanged mordenite as obtained from periodic
DFT calculations. Location of aluminum and proton is emphasized.
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10% (47,67–69). Short-range electrostatic contributions dominate over the interaction
energy of molecules with the zeolite host, and van der Waals contribution plays the main
role (57,70). Another important property of the zeolite framework is the ability of
electronic charges to be delocalized (71). Charge delocalization within the atoms of the
framework has been observed to reach several interatomic distances (71,72). As the zeolitic
oxygen atoms have a large radius, adsorbing molecules experience interactions only with
the zeolitic oxygen atoms (4,73).

In this chapter we will give a description of most of the basic mechanistic reaction
steps that are induced by zeolite catalysts. By analogy, these reaction steps can be extended
to most reactions in which zeolites are used. In parallel to the description of reaction
mechanisms, we will give further details on the zeolitic properties that are relevant to
molecular reactivity and that were introduced previously. Prior to start with the descrip-
tion of the reaction steps, we will briefly describe the theoretical methods and models at
hand to allow the investigation of these reaction steps and that have led to the current state
affairs. Additional comments and illustrations will follow in subsequent sections. But
before continuing, it we should recall what is considered the main aim of quantum
chemical calculations, i.e., an analysis of the energies of intermediate and transient states
of a reaction catalyzed by heterogeneous catalyst. The catalytic cycle helps in this
investigation (Fig. 5).

Quantum chemistry methods allow investigation of elementary reactions. However,
reactions constitute only a part of a heterogeneous catalytic cycle. It is important to realize
that the different stages depicted in Fig. 5 span different order-of-magnitude time scales, so
that a single theoretical method to describe the catalytic cycle cannot be applied.
Adsorption and diffusion of molecules can be better described using classical dynamic
(74–78) or Monte Carlo (79–82) simulations, whereas quantum chemical calculations are
mandatory to assess zeolite catalyst reactivity. Integration of all these data leads to a full
analysis of the catalytic cycle (83,84).

Fig. 5 The catalytic cycle of zeolite-catalyzed reaction.
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Concerning zeolite diffusion and adsorption of hydrocarbons, we will try to
summarize here the main features known from experiment and theory (75–78,82,85–90).
Due to the high charge screening, long-range electrostatic contribution within a zeolite is
small. The main contribution to the adsorption energy of apolar molecules in a zeolite is
the van der Waals contribution (70,86–90). This is important when one remembers that the
experimentally observed activation energy is an apparent activation energy, which in a
monomolecular reaction step can be related to the activation energy of an elementary step
according to the simple relation:

Eact
app ¼ Eact þ ð1� uÞEads ð1Þ

where Eact is the intrinsic activation energy of the elementary reaction step, u the coverage
of the molecule on the catalytic active site, and Eads the adsorption energy of the molecule
adsorbed to the active site (90,91). Another very important point is the effect of zeolite
cage on the adsorption energy (85,90). For a given molecule as a function of the size of the
zeolite cage it is reported that the adsorption energy increases with decrease of channel size
up to a certain limit where steric constraints due to the zeolitic wall lead to repulsive
adsorption. On the other hand, entropy decreases with the increase in adsorption energy as
the loss in mobility of molecule increases as well. Similar trends are found for a given
zeolite catalyst with an increase of molecule size (78). These effects of van der Waals nature
are dependent of zeolite microporosity and strongly alter overall reactivity and selectivity.

Quantum chemical calculations can provide information about the physical chem-
istry of molecules. Of main interest in catalysis is their ability to predict reaction rate
constants. Transition state theory is used for this purpose (92–94). According to this
theory, the rate expression of an elementary reaction step is:

rTST ¼ kT

h
exp

DS#

R

� �
exp � Eact

RT

� �
ð2Þ

where k is the Boltzmann’s constant, h is Planck’s constant, and R is the gas constant. T,
DS#, and Eact are temperature, activation entropy, and transition state energy barrier,
respectively. This expression is valid when the reaction time is long in comparison with the
thermal equilibration time of the reaction intermediates (95). The entropy of activation is
obtained from the normal mode frequencies of ground and transition states with:

DS# ¼ STS � SGS ð1Þ
and

S ¼ �k ln pf ¼ �k ln C i
1

1� exp � hri
kT

 � ð2Þ

where STS and SGS are the entropies of the transition and ground states, respectively. ri is
the ith frequency of vibration. pf stands for the partition function where i runs over the n
normal modes of vibration of the ground state and the n–1 modes of the transition state.
Expression (2) is rigorous within the harmonic approximation. The major advance of the
past decade is that using quantum chemical computation methods (96,97) it has become
possible to predict Eact as well as DS#. Moreover, assumptions on transition state
structures are no longer necessary. Transition state structures as well as reaction
coordinates are predicted, so that reaction energy pathways can be investigated and
reaction mechanisms analyzed (97).
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II. METHODS

In this section, we will describe the different theoretical methods available to investigate
zeolite reaction mechanism pathways. The most important achievement in theoretical
chemistry these last years, apart from the increasing power of computers, has been the
increasing application of DFT methods to chemistry (98–100). This makes feasible
calculations on systems of catalytic interest. Whereas in the Hartree-Fock (HF)–based
methods (mainly used before the introduction of DFT) electron exchange had to be
accounted for by computation of integrals that contain products of four orbitals, in DFT
these integrals are replaced by functionals that depend only on electron density. An
exchange correlation functional can be defined that accounts for exchange as well as
correlation energy. Correlation energy is the error made in HF-type theories by the use of
the mean field approximation for electronic motion. The unresolved problem yet is the
determination of a rigorously exact functional. For this reason all of the currently used
functionals are approximate. These methods gives results with an accuracy of the order of
5f20 kJ/mol. But as we will show later, discrepancies between theoretical calculation and
experiment can often be related rather to shortcomings in model assumptions rather than
to quantum chemical approximations.

Another problem arises from DFT-based methods in that the van der Waals
interaction is not properly computed (101–104). This can lead to severe error since the
interaction of adsorbate with zeolite wall depends sensitively on this contribution. But this
is dependent of the zeolitic property that one wants to evaluate. For instance, Song et al.
(105) recently achieved a theoretical and experimental study of the stability of carbenium
ions in zeolites. They used theoretical models for which the zeolite crystal is not described
to confirm their experimental results. Despite this shortcoming, they obtained good
agreement between experimental and theoretical data.

As previously mentioned, an important source of error in quantum chemistry
calculations issues from the assumptions in the model that is used to describe the zeolite
crystal. We will now overview the main methods used to model the catalyst.

A. Cluster Approach

We mentioned that bonding in zeolites is dominated by covalent bonding. Zeolite
properties can therefore be described as being mainly locally dependent. The cluster
approach method consists of using as a model of the zeolite framework a small fragment
intended to describe the zeolite active site (Fig. 6) (47,106–110). Terminal atoms of this
fragment have to be selected in order to respect observed charges and other atomic
properties of the catalytic active site (111–114). With such an approach long-range
electrostatic contributions as well as the steric interactions of the closest zeolitic atoms
on the reactive molecule are missing.

Surprisingly, this method gives results comparable with experimental data. The
frequency of vibration of the acidic proton alone (112–117) or in contact with probing
molecules (54,112–114,118–122) has been extensively investigated. Moreover, nuclear
magnetic resonance (NMR) shielding parameters of the Brønsted site atoms have been
computed (36,123–127). The relatively good agreement between theoretical and exper-
imental data roots from the covalent nature of zeolite lattice. Long-range contributions
have a limited effect on the energetic of the active site (53,67–69,90). However, short and
long electrostatic contributions have an influence on the physical and chemical properties
of a zeolite (128–131). Therefore, the cluster approach can only be considered as an
approximate model.
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The major advantage of the cluster approach is to give a small-scale model of a
catalytic site that results in a decrease in computational costs. Therefore, investigation of
mechanisms and reaction pathways is eased. It has been suggested to freeze terminal atoms
of the fragment (112–114,120) or to constrain active site atoms in a plane (132) to attempt
calculations with a larger and therefore more realistic cluster model. The idea with these
constraints is to simulate the rigidity of the zeolite framework or to maintain the zeolite-
like structure of the zeolitic molecular fragment. However, the use of such a method leads
to partially defined states of the systems: frequencies of vibration of the transition state as
well as the ground state are soiled by parasitic negative eigenvalues (34,114,133). Use of
frequency calculations on nonstationary systems leads to error (134). Rice et al. (133)
estimated that the error on free energies is around 20 kJ/mol for these partially relaxed
systems. Ferman et al. showed how use of fictitiously massive terminal atoms can remove
these artifacts (135).

Progress in computer power as well as in methods allows studies with increasingly
larger clusters (117,136). A large cluster model can partly allow for the zeolite framework
description. In particular, Zygmunt et al. (136) provided studies with large cluster, which
led to a deeper insight into reactions catalyzed by acidic zeolites. These large cluster
models can partly describe the effect of the zeolite framework (137,138).

B. Embedded Methods

One can use embedded methods to describe the interaction between the reactive system
composed by the molecule and by the cluster with the zeolite framework (137,138). A way
to describe the zeolite framework at a low computational cost is to use quantum mechanic-
molecular mechanic methods (QM/MM) (Fig. 7). With QM/MM, only the site of interest
(i.e., reactants and catalytic active site) is treated at a quantum mechanic level, whereas the
zeolite framework is described using classical force field equations (74). It becomes
possible to study the effect of steric constraints and electrostatic contributions that arise
from the zeolite wall close to the system of interest. A quantum chemically described

Fig. 6 Adsorption of propene on Brønsted site proton within mordenite (left) and in the case of a

Brønsted site model cluster (right).
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cluster is embedded in a zeolite superstructure and classical interactions, such as
Coulombic, van der Waals, and repulsive contributions, are evaluated between the atoms
of the quantum part and those of the classical part.

Physical and chemical properties of the acidic proton have been investigated (139–
142). The interaction with probe molecules has also been studied (143–146). Computed
vibration frequencies have been found to be significantly improved in comparison with
cluster approach results.

Methodological aspects are important with such methods. As the interactions
between the QM and the MM parts are based on semiempirical fixed sets of parameters,
the validity of the force field used is critical (74). It is also important to describe well the
incorporation of the QM part with the MM part. The quality of these methods depends on
the force fields parameters, the way the QM and MM parts are linked, and how QM and
MM parts affect each other. The main advantage of QM/MM is in presenting a limited
increase of required computer power as a function of the size of the system. The MM part
can be constituted by up to thousands of atoms (117,145,147). A drawback is that it is not
easy to define a priori what should be the size of the QM and MM parts. Ramanchandran

Fig. 7 Principle of the quantum mechanic/molecular mechanic (QM/MM) method applied to the
zeolitic case. Here the adsorption of methanol on a Brønsted site proton within a eight-membered

ring zeolite.
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et al. (72) observed in their periodic study that during transition state electron delocaliza-
tion from the Brønsted site to others zeolite framework oxygen atoms was an important
phenomenon. Then a large QM part is required that makes more costly calculations.
Another drawback of QM/MM is the complexity of the tuning, which can lead to
misleading results (147).

C. Periodic Method

Quantum chemical periodic methods constitute the ideal approach to describe periodic
structures such as crystals. No arbitrary cuts of the periodicity of a structure are necessary.
This leads to an accurate description of short- as well as long-range electrostatic
interactions. The application of these methods to the case of zeolite crystal, especially
acidic zeolite, gives many new insights (49,148–152). Moreover, with these methods studies
of the properties of zeolite structures with defects become possible (151). Comparison with
experimental data, namely, IR shift of the acidic OH vibration in contact with probe
molecules, has been investigated (153,154). Furthermore, the possibility of transition state
calculations (155–157) makes the use of these methods even more fascinating. They allow
study of reactivity in a more realistic environment. The advantage of the periodic
approach is that the entire system is described at a quantum chemical level. The
disadvantages are the heavy computational cost, which limits the size of the unit cell to
systems around 300 atoms, and the usual artifacts that are associated with periodic
boundary conditions (158). It is especially important to check the size of the unit cell in
relation to the property that is sought, as in most cases periodic QM methods are used to
analyze aperiodic systems, such as defects in solids or reactions. Next, others problems
originate from the DFT (101–103), as they will be explained in a later section.

III. SOME SIMPLE ELEMENTARY REACTION STEPS

We will now compare results obtained when different methods are used, namely, QM/
MM and periodic QM vs. cluster approaches. This gives us the opportunity to point
out the consequences of the use of molecular cluster as a model for zeolite catalytic
active site.

As a first example, we will analyze the activation of ethylene by an acidic zeolite. This
gives a good illustration of a zeolite-induced reaction: emphasis on alkoxy intermediate
formation will be given. The second example concerns methanol. Reactions with methanol
and ethylene are initiated by a protonation step. The last example will be the mono-
molecular isomerization of toluene.

A. Activation of Ethylene

This process leads from ethylene hydrogen bonded to the acidic site to the formation of an
ethyl alkoxy species (Fig. 8). Kazansky and Senchenya (59) were the first to achieve an ab
initio theoretical study of this reaction step. Some of the most recent studies in which this
reaction step has also been considered are summarized in Table 1 (34,147,159–161). One
may see the large differences between results as a function of cluster model as well as of
theoretical method used. Zygmunt et al. (120) and Civalleri et al. (121) investigated the
dependence of results on the theoretical method for adsorption of small systems to a
zeolitic cluster. Their conclusion is that the B3LYP method (162–164) gives better results
than MP2. Justified by these results the B3LYP method is one of the most commonly used
approaches the study of zeolitic reactivity, in competition with the MP2 method. One
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deduces from Table 1 that the activation energy barrier of ethyl alkoxy formation from
ethylene in the cluster approach is Eact = 100 F 10 kJ/mol.

However, it is important to realize that none of these studies used the same cluster.
Curtiss et al. (136,165–168) have shown how cluster size and terminal groups can effect the
deprotonation energy of a Brønsted acidic site. In general, a slow convergence is obtained
for the deprotonation energies as a function of cluster size. However, an elegant procedure
exists that allows for a prediction of the limit (114). For elementary reaction steps that
involve an acidic proton the activation energy Eact depends on the energy difference
between the energy of formation of the cationic state Ecat of the molecule and the
deprotonation energy Edep of the cluster:

EactcðEcat � EdepÞ ð3Þ
This relation implies that Eact varies linearly as a function of the deprotonation

energy of the cluster. The plot of Eact as a function of Edep should result, according to the

Fig. 8 Mechanism of the chemisorption of ethylene activated by a zeolitic Brønsted acidic site.
k-complex refers to the D2(C=C) adsorption of ethylene on the acidic proton, whereas j-complex
refers to the chemisorbed complex or ethoxy species.

Table 1 Activation Energy of the Chemisorption of Ethylene Mechanism Activated by an Acidic

Zeolite Catalyst (Eact) and Difference in Energy Between the j Complex and the k Complex (Ej�k)
(see Fig. 8)

Approach Cluster Method Ref.
Eact

(kJ/mol)
Ej�k

(kJ/mol)

Cluster Al[(OHSiH3)(OSiH3)(H)2] HF/6-31g* 159 146 —

Cluster Al[(OHSiH3)(OSiH3)(H)2] MP2/6-31g*//HF/3-21g 159 100 —
Cluster Al[(OHSiH3)(OSiH3)(H)2] BLYP/6-31g* 159 62 —
Cluster Al[(OHSiH3)(OSiH3)(H)2] HF/6-31g*//HF/3-21g 34 163 �50

Cluster Al[(OHSiH3)(OSiH3)(H)2] MP2/6-31g*//HF/3-21g 34 96 �75
Cluster Al[(OHSiH3)(OSiH3)(H)2] MP2/6-31g*//HF/3-21g 160 128 �71
Cluster Al[(OHSiH3)(OSiH3)(OH)2] B3LYP/6-311+

g**//B3LYP/6-31g*

161 101 �28

Cluster Al[(OHSiH3)(OSiH3)2(OH)] MP2/6-31g*//HF/6-31g* 147 110 �89
Embedded Al[(OHSiH3)(OSiH3)2(OH)] MP2/6-31g*//HF/6-31g* 147 123 �49
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Brønsted-Evans-Polanyi relation, in a straight line that can be extrapolated to actual
deprotonation energy of acidic zeolite (165–168).

Beside the relative insensitivity of the activation energies of this reaction step on
cluster size, it can be seen that the energy difference of the alkoxy species or j-adsorbed
cation (169,170) and ethylene adsorbed to the acidic proton or k complex varies
significantly. The energy difference Ej�k spans from �30 to �90 kJ/mol. Ethylene or
propylene are unstable with respect to protonation within acidic zeolite (66,167,168), so
that a negative value for this energy difference is expected.

The data for the critical geometry parameters of the transition states are gathered in
Table 2. One can see that geometries obtained by the HF method are similar to geometries
obtained by DFT methods. On the other hand, it appears that between HF and DFT
methods one finds almost constant differences (D(O1-Ha) f 0.1 Å, D(Ha-C1) f �0.05 Å,
and D(C2-O2) f 0.2 Å). With all methods the proton is closer to the ethylene C atom than
the initial zeolitic oxygen atom: as a function of the methods and cluster used for
the calculations the difference between the distances (Ha-C1)–(O1-Ha) is f 0.20–0.05 Å.
The value of the (C2-O2) distance bond in the transition state structure remains relatively
far from the value it will eventually reach: (C2-O2) is f 2.2–2.5 Å, whereas it becomes
f 1.5 Å for the ethoxy species. The ethylene geometry is very close to the geometry of a
carbenium as for other olefins in the transition state (Fig. 9).

Table 2 Critical Geometry Distances of the Ethylene Chemisorption Reaction Transition Statea

Approach Cluster Method Ref. O1-Ha Ha-C1 C2-O2

Cluster Al[(OHSiH3)(OSiH3)(H)2] HF/6-31g* 158 1.45 1.25 2.42
Cluster Al[(OHSiH3)(OSiH3)(H)2] BLYP/6-31g* 158 1.37 1.30 2.22
Cluster Al[(OHSiH3)(OSiH3)(H)2] HF/3-21g 160 1.20 1.40 1.99
Cluster Al[(OHSiH3)(OSiH3)(OH)2] RB3LYP/6-31g* 161 1.35 1.30 2.17

Cluster Al[(OHSiH3)(OSiH3)2(OH)] HF/6-31g* 147 1.44 1.27 2.45
Embedded Al[(OHSiH3)(OSiH3)2(OH)] HF/6-31g* 147 1.46 1.24 2.36

a Distances are in Å. Atom labels are the same as those used in Fig. 8.

Fig. 9 Front view geometries of propenium in vacuum (left) and of protonated propylene

as involved in the chemisorption transition state structure catalyzed by a proton-exchanged zeolite
(not shown) (right). Propylene transition state structure is very close to the propenium structure.
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B. Methanol Transmethylation

We will now focus on the condensation of two methanol molecules leading to the
formation of water and ethanol.

The transmethylation reaction between two methanol molecules catalyzed by an
acidic zeolite is initiated by a proton jump to a methanol oxygen atom. This reaction
pathway has been investigated by Blaszkowski and Van Santen (171) and by Sauer et al.
(172). Blaszkowski and Van Santen used a cluster to represent the zeolitic Brønsted acidic
site, whereas Sauer et al. used a QM/MM approach. Despite the use of different
approaches, no noticeable difference has been observed in the structure of the transition
state or in the reactant and product structures (Fig. 10). The transition state can be
considered as methanol and water sandwiching a methenium ion. The transition state has
a clear ionic nature. The carbenium ion interacts strongly with the deprotonated Brønsted
acidic site as the latter carries a negative charge.

The activation energy barrier computed in the cluster approach is 310 kJ/mol, but it
decreases to 180 kJ/mol when a QM/MMmethod is used (Table 3). This decrease of nearly
42% of the activation energy is, according to Sauer et al. (172), a consequence of the ionic
nature of the transition state, which is stabilized by the zeolitic framework oxygen atoms,
on which a net negative charge remains distributed.

The study of Sauer et al. (172) allows introduction of an additional important point.
They found the transition state structure by a constrained ab-initio molecular dynamic
(MD) study: MD simulations were performed for six different values of the C-C distances.

Fig. 10 Mechanism of the concerted transmethylation between two methanol molecules catalyzed
by an acidic zeolite leading to formation of ethanol and water.

Table 3 Activation Energy Barrier of the Ethanol and Water Formation Reaction from Two

Methanol Molecules Catalyzed by an Acidic Zeolite (Eact) and Energy Difference Between the
Products and the Reactants (Ep�r) (see Fig. 10)

Approach Cluster Method Ref
Eact

(kJ/mol)
Ep�r

(kJ/mol)

Cluster Al[(HOH)(OH)3] BP(LDA)//DZP/DZ 171 310 �53

QM/MM Al[(OHSiH3)(OSiH3)(OH)2] B3LYP//TZP/DZP 172 180 —
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They observed that as soon as the C-C distance elongates the zeolitic proton is
immediately transferred to the methanol dimer. This indicates that a different activation
process than of in Figure 10 occurs This process is indeed more closely related to the
mechanism depicted in Fig. 11.

Protonation and proton back-donation mechanisms constitute the rate-limiting steps
of reaction in a few cases. They are, however, mandatory steps for inducing a reaction,
and, as explained previously, they influence the transition state structure [see Eq. (5)],
although they are not directly involved in it. Protonation and proton back-donation
mechanisms will appear also in the next section.

C. Monomolecular Isomerization of Toluene

In the two previous sections, the interaction of the transition state structures with the
zeolite framework catalyst has been discussed. It appears that elementary reaction steps
remain essentially the same when QM/MM calculations are compared with cluster
approach calculations. However, zeolite framework energy contribution may lead to more
dramatic changes. To illustrate this point, the equivalent transition state structures for
periodic and cluster calculations obtained in the study of toluene isomerization are of
interest (Fig. 12) (173,174).

Let us study in more detail the periodic and cluster approach data that were obtained
in these theoretical studies (173,174). As can be seen in Fig. 12, the geometries of transition

Fig. 11 Detail of the transition state of the concerted transmethylation between two methanol

molecules catalyzed by an acidic zeolite.
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states appear to be relatively unaffected by the presence of the zeolite framework. A large
difference between these two transition states is found for their activation energies: Eact =
180 kJ/mol in the periodic approach calculations and Eact = 280 kJ/mol in the cluster
approach calculations. This important stabilization in the periodic structure has important
consequences for the reaction pathway of isomerization (Fig. 13). Investigation of the
activation of toluene by proton attack reveals a completely different picture than that

Fig. 13 Reaction energy diagrams of the shift isomerization reaction of toluene catalyzed by acid
zeolite. The diagrams using solid lines refer to the cluster approach results, and the ones using dashed
lines to the periodic calculations results (in kJ/mol).

Fig. 12 Geometries of the shift isomerization transition states of toluene catalyzed by acidic zeolite

as obtained from the cluster approach method (left) and the periodic structure method (right).
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Fig. 14 (a) Catalytic cycle of the monomolecular methyl shift isomerization of toluene catalyzed by
a proton-exchanged zeolite as obtained from cluster approach calculations (Ref. 174). (b) Catalytic

cycle of the monomolecular methyl shift isomerization of toluene catalyzed by a proton-exchanged
zeolite as obtained from periodic DFT calculations (Ref. 175).
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obtained with the cluster approach. However, in the periodic structure, the protonation
step of toluene becomes an inflection point in the reaction pathway, corresponding to a
metastable Wheland complex.

Formation of the phenoxy intermediate (i.e., the equivalent of alkoxy species in the
case of aromatic) turns out to be unlikely as this intermediate has a similar energy in the
cluster approach, whereas protonation and Wheland complex energy levels differ by
+110 kJ/mol with respect to physisorbed toluene.

Zeolite framework stabilization uniformly affects all transition states and charged
transient intermediates, and does not affect the neutral intermediates. This large stabiliza-
tion of transition state structure was found to be similar in other reactions in which
toluene is involved (173–175).

The effect of zeolite framework on the reaction is not limited to stabilization of the
charged species as we described in the previous sections. One of the conclusions to be
drawn from Fig. 12 is that the effect of zeolite framework can sometimes be quite subtle
and not straightforward. A comparison between periodic and cluster calculations of the
full catalytic cycle reveals the importance of the zeolite framework effect in the reaction
(Fig. 14).

Elsewhere we have shown for the overall catalytic cycle that restoration of the
catalytic site can occur in a single reaction step or after a series of reaction steps (173–175).
The zeolitic catalytic cycle can be considered, like other catalytic cycles, to be composed of
an initiation, a propagation, and a termination. The difference between the reaction energy
diagram of different cycles is key in understanding zeolite catalyst selectivity. In the
catalytic cycles of toluene isomerization obtained in the cluster approach and periodic
calculations, one finds that the methyl shift transition state structure remains in essence the
same but there is a strong energy stabilization. On the other hand, the initiation step in the
cycle is strongly affected (i.e., toluene protonation in this example).

IV. CLUSTER APPROACH STUDIES

We gave some initial insights of the mechanisms of reactions induced by acidic zeolites in
the previous part. It appears that to represent the acidic site the electrostatic interactions
cannot be described accurately when using cluster models of small size. On the other
hand, cluster approach geometries are in good agreement with the geometries obtained via
more realistic approaches. This makes the cluster approach quite useful though energeti-
cally inaccurate; it can allow identification of preferred reactions pathways that may be
difficult to investigate with more advanced techniques due to the large size of the system
involved or the important number of accessible reaction pathways. Only a few examples
of reaction pathway investigations with QM/MM or periodic methods exist. It is
predictable that the cluster approach will be used less and less in the incoming years.
However, several factors increase the probability that the cluster approach will not
immediately fall out of use (176):

It is a less demanding time and memory method than others that require the use of
large parallel computers.

The results obtained with this method correspond to average zeolite results in the
absence of steric constraints. This can be seen as a drawback of such a method. On
the other hand, it provides an elegant way to provide steric constraint blank case.

Results of periodic or QM/MM methods so far indicate that in the absence of steric
constraints the energy levels of charged intermediates and transition states are
uniformly shifted downward (147,173–175,177). Qualitative comparison of
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cluster approach activation energies for a given system is therefore believed to
remain valid.

We will next present some of the most important reactions catalyzed by acidic
zeolite. We will limit this description to relatively small hydrocarbon molecules that are
activated by a zeolite. This gives us the opportunity to introduce reaction mechanisms as
they have been found to occur in zeolites according to quantum chemistry. The extensive
studies of different reaction pathways obtained for methanol and hydrocarbon activation
will be described. Furthermore, we will illustrate other predictive uses of the cluster
approach method. The case of Zn2+- and Ga2+-doped Lewis acidic site will be
introduced. These studies reflect the achievements and capabilities of cluster-based
methods. Moreover, they allow a discussion of specific concepts of zeolite catalysts such
as carbenium and carbonium ion transition states, Brønsted and Lewis catalytic active site,
as well as ancillary molecules helping to stabilize the transition state.

A. Hydrocarbons

Numerous studies have been published on alkane or alkene activation by acidic zeolites
(34,132,160,161,178–188). We will give an overview of the different mechanisms that occur

Table 4 Cluster Approach Activation Energies for Hydrocarbons Activated by Acidic Zeolite

Molecule Reaction Ref. Eact (kJ/mol)a

Methane Hydrid transfer 34 335
Methane H exchange 178 130

Ethane Cracking 34 325
179 300
136 310

Ethane Dehydrogenation 161 310
179 305

Ethane H exchange 178 165

Ethylene Chemisorption 34 100
160 130
147 110

Propane Hydrid transfer 34 230

Propane Cracking 34 320
Propane Isomerization 160 280
Propane Ring formation 34 320

180 230
Propene Chemisorption 160 115

147 90

Butane Crackingb 34 250–320b

181 150–220b

Butane Isomerization 160 260

Butene Chemisorption 34 65
160 100
147 70

Butene Isomerization 132 250

a Activation energies have been rounded up or down.
b Butane cracking reaction can be achieved following different pathways (cracking into methane and propane or

ethane and ethane), which explains the defined range.
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when hydrocarbons contact with a zeolite catalytic active site in this part. The concept of
carbenium and carbonium ion transition states will be explained. Isomerization, hydride
transfer, and cracking mechanisms of small alkane and/or alkene will be described.

Some reactions that have been theoretically investigated are summarized in Table 4.

1. Ethane

First the case of ethane activation by the zeolite catalyst will be considered. The Brønsted
acidic zeolite may initiate different reactions with ethane, i.e., cracking and dehydrogen-
ation. Ethane isomerization is not relevant because it produces the same molecule. On the
other hand, we will describe another interesting reaction: the hydrogen–deuterium
exchange reaction. This mechanism is the less energy-demanding reaction, as can be seen
in Table 4.

The mechanism of acid proton site exchange can be achieved directly (172) or may
proceed induced via an H-carrying molecule (178,179,182). The reaction pathway of
hydrogen exchange via ethane is depicted in Fig. 15. Ethane is initially adsorbed to an
acidic proton. The proton conjugates with a carbon atom. One notes that the transition
state structure is closely related to a carbonium species. Ethane finally loses its excess
hydrogen in a concerted motion to the benefit of a Lewis base oxygen atom.

One finds a lower activation energy barrier than the direct hydrogen hop between
two zeolite Lewis base oxygen atoms when the hydrogen jump mechanism is assisted via
polar intermediate hydrogen donor molecules. In particular, Ryder et al. (178) investigated
this mediated hydrogen exchange mechanism. They found that the decrease of Eact of
proton exchange reaction is approximately a linear function with respect to the deproto-
nation energy (Edep) of the molecule involved.

A mechanism other than hydrogen exchange may result from this proton activation
when the proton jumps toward the ethane carbon atom. The C-C bond can be activated
with formation of the carbonium ion and dissociation occurs. This leads to the protolytic
cracking of ethane (Fig. 16) (136,179–181,183). The transition structure does involve a
different carbonium-like structure as for the hydrogen exchange reaction. It can be
described as (H3C-H-CH3)

+complex in interaction with a deprotonated Brønsted acid site
unit. The transition state evolves to the formation of methane and a methyl alkoxy species.

Other possible mechanisms are also initiated by the acidic proton jump toward an
alkane hydrogen atom. These reactions lead to ethane or propane dehydrogenation and

Fig. 15 Mechanisms and geometries involved in the hydrogen exchange supported by ethane of a
Brønsted acidic site. In the center is depicted the transition state structure, whereas left and right
structures correspond to ground states.
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formation of ethylene or propylene (161,179). Two different mechanisms—a concerted
one and a stepwise one—have been reported (Fig. 17) (161). The acidic proton jumps
toward an ethane hydrogen atom in the case of the concerted mechanism. The C-H bond,
which is nearest to the ‘‘attacked’’ hydrogen atom, weakens in return and the carbon atom
behaves as a carbenium carbon atom. The excess of electron on the acidic Brønsted site
oxygen atoms induces at the same time a weakening of the C-H bond of the next nearest
carbon atom to the carbon involved in the acidic protonation mechanism. The C-C bond

Fig. 17 Mechanisms and geometries involved in the dehydrogenation reaction of ethane catalyzed
by acidic zeolite leading to the formation of ethylene or ethyl alkoxy species. Mechanism in the top

corresponds to concerted mechanism whereas bottom mechanism corresponds to stepwise
mechanism. (Adapted from Ref. 161).

Fig. 16 Mechanisms and geometries involved in the cracking reaction of ethane catalyzed by acidic

zeolite leading to the formation of ethane and ethyl alkoxy species.
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starts its evolution to a C=C bond in a concerted motion. Protonation of a hydrogen
atom and proton back-donation to a zeolite Lewis base oxygen atom are achieved at the
same time, leading to the formation of a restored catalytic site, H2, and ethylene. Aside
from this mechanism, a stepwise mechanism can also be achieved. A proton jump toward
an ethane hydrogen atom leads directly to formation of H2 for this mechanism. The
transition state structure shows an almost fully formed H2 molecule, whereas the carbon
atom that loses its H is close to a carbenium ion type of atom in this situation. This C atom
interacts with an oxygen atom that is in the neighborhood of the initial deprotonated
oxygen atom. The transition state structure evolves, and the carbenium ion is stabilized by
formation of an alkoxy bond with a zeolite Lewis base oxygen atom of the catalytic active
site. The consecutive step of this mechanism is the reverse mechanism of the alkoxy species
formation from ethylene (Fig. 8).

As mentioned previously, protonation of ethylene that eventually undergoes for-
mation of an alkoxy species is a more favorable situation than bonding of an olefin
hydrogen to an acidic proton. The alkoxy species binds covalently to an atom of the
zeolite wall and does not exist as a free carbenium species.

Most of the C-H and C-C activation reactions require activation energies of
approximatively 300 kJ/mol (Table 4). This suggests strong competition among the
different reaction steps.

2. Propane

Acidic zeolite catalysts can activate propane similarly to ethane. The resulting reactions
are hydrogen exchange and dehydrogenation (Fig. 18). The cracking reaction can also

Fig. 18 Mechanisms and geometries of hydrogen exchange and dehydrogenation reactions of
propane catalyzed by acidic zeolite.
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occur (184). The reaction leads either to the formation of ethane and methyl alkoxy or
methane and ethyl alkoxy for propane. Other reactions can also be considered, i.e.,
cyclopropane ring closure and h scission. Chemisorption of propylene shows small
difference in comparison with ethylene mechanism.

The propane protolytic cracking can be initiated by a proton attack on two
nonequivalent accessible carbon atoms: A primary and secondary carbonium cation
transition state structures can be obtained (Fig. 19) (34,181,183). The primary carbonium
cation transition state leads to formation of methyl alkoxy and ethane. On the other hand,
the secondary carbonium transition state leads to formation of ethyl alkoxy and methane.
One notes that ethyl alkoxy species may be decomposed, which will generate olefin
(ethylene). Collins and O’Malley (181,183) analyzed the different reactions that may occur
in alkane cracking. Their findings are that the secondary carbonium-like transition state is
more likely to occur than the primary carbonium-like transition state (DEact f 20 kJ/mol).
They have also shown that the products of secondary carbonium ion transition structure
are less stable than primary carbonium transition state ones. They computed the rate of
protolysis of the primary and secondary C-C bonds and they found a good agreement with
experimental data.

We mentioned that propylene chemisorption is comparable to ethylene chemisorp-
tion (147,160). However, the Eact of the propylene protonation reaction is about 20 kJ/mol
lower than for ethylene. This difference in activation energy results from the fact that,
contrary to the reaction with ethylene, the transient intermediate of propylene reaction has
two options. The transition state can be a primary carbenium ion transition state or a

Fig. 19 Mechanisms and geometries of protolytic cracking reaction of propane catalyzed by acidic
zeolite.

Copyright © 2003 Marcel Dekker, Inc.



secondary carbenium ion transition state (Fig. 20). In the former case, the reaction leads to
formation of a linear propyl alkoxy species, or n-propoxy, whereas it is isopropyl alkoxy in
the later case, or i-propoxy. Eact for n-propyl alkoxy species formation is similar to
ethylene chemisorption activation energy.

A b-scission mechanism can be imagined from the propyl alkoxy species (Fig. 21)
(34,185). This mechanism may be considered as activated by a Lewis basic oxygen atom.
The transition state structure shows a methyl carbenium ion sandwiched between ethylene
and a deprotonated acidic site. This reaction introduces the dual possibility of activation
by acidic zeolite where Brønsted acidic sites as well as Lewis basic sites are present. Only a
few theoretical studies of a reaction initiated or catalyzed by a zeolite Lewis basic site are
available. Beta scission and cracking reactions are among them.

Finally, skeletal isomerization of olefins can also occur. Two different mechanisms of
skeletal isomerization have been proposed (Fig. 22) (160,180). The first reaction path

Fig. 20 Mechanisms and geometries of propylene chemisorption reactions.

Fig. 21 Mechanism and geometries of propyl alkoxy species b-scission reaction catalyzed by
proton-exchanged zeolite.
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follows a mechanism closely related to the one that has been proposed to occur in a
superacid. The charged protonated olefins do, however, exist as stable alkoxy species in a
zeolite. The isomerization is initiated by a weakening of the alkoxy bond that allows the
evolution of the system toward the transition state structure. The transition state geometry
of this reaction step is very close to the transition state structure of the b-scission reaction.
The Brønsted proton is not directly involved in both structures. A methyl carbenium ion
interacts with ethylene during both reaction steps. The difference is the position of the
carbenium ion with respect to the deprotonated acidic site: for the b-scission mechanism
the methyl carbenium is sandwiched between ethylene and deprotonated acidic site,
whereas it is sandwiched between methyl carbenium and deprotonated acidic site for shift
isomerization of ethylene. This mechanism may, however, issue from an inadequate cluster
model to perform these calculations. One may assume that the use of cluster model
[Al(OHSiH3)(OSiH3)2(OH)] instead of cluster model [Al(OHSiH3)(OSiH3)(H)2] should
lead to a transition structure comparable with the one obtained in the case of the
isomerization of toluene transition state structure (Fig. 23).

A specific mechanism has been shown to occur for skeletal isomerization of propene
(Fig. 22). Cyclopropane is involved as intermediate in this mechanism. The transition state
structure of this reaction pathway is characterized by breaking of the alkoxy bond while
the C-C bond is in formation. Once ring closure is achieved, proton back-donation to the
acidic site follows. Cyclopropane rotates, changes its orientation (not shown in Fig. 22)
with respect to the acidic site, and a reverse mechanism is achieved that can be considered
as formation of an isomer of the initial propyl alkoxy species. This isomerization reaction
can be checked using enriched isotopic propene.

Fig. 22 Mechanisms and geometries of propyl alkoxy skeletal isomerization reactions within
zeolite.
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A last mechanism that illustrates other possibilities of reactions is the oligomeriza-
tion of propene by isopropyl alkoxy. Reactions between alkene and alkane will not be
described here in detail. We refer to a theoretical study of Boronat et al. (186) that was
recently published. Similar to the previous mechanistic pathways, one finds that the oligo-
merization mechanism follows the reaction pathway depicted in Fig. 24. The reaction is in
essence an alkylation reaction of protonated propylene by propylene. Similar reaction
steps are encountered for the alkylation reaction of benzene by propylene (66) or for other
olefins (187).

Fig. 23 Geometry of the transition state for the shift isomerization reaction of toluene catalyzed by
acidic zeolite.

Fig. 24 Mechanisms and geometries of oligomerization between two propylene molecules

catalyzed by acidic zeolite. The first step of this mechanism corresponds to propylene chemisorption
reaction (not shown).
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Described reaction paths give an overview of the main zeolite-catalyzed reaction
steps. It can be seen that the Eact of these reactions for the same class of olefin or alkane
are all very similar. Of importance is the order of the carbocation that is involved in the
structure of the transition state. It can be observed that activation energies follow the same
ordering as the energy ordering of primary, secondary, and tertiary carbocations. For
transition states that involve carbocations of the same nature that means that the

Fig. 25 Reactions between two methanol molecules catalyzed by acidic zeolite.

Fig. 26 Details of the mechanisms involved in the different achievable reactions catalyzed by acidic
zeolite between two methanol molecules, namely, concerted [1a] and consecutive [1b] mechanism of
dimethyl ether and water formation and concerted [2a] and consecutive [2b] mechanisms of ethanol
and water formation reactions.
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selectivity for a specific reaction will be controlled by structural recognition or external
parameters such as pressure, temperature, loading, composition, and Si/Al ratio (which
determines the acidity of the zeolite catalyst).

B. Methanol

One of the most important reactions involving methanol is the methanol-to-gasoline
(MTG) reaction (171,172,188–190). This zeolite-catalyzed reaction converts methanol
molecules to synthetic fuel. The large number of experimental studies on this reaction
has led to several mechanistic proposals (191–196), which have been followed up by
theoretical chemistry studies. In particular, Blaszkowski and Van Santen (171) provided
an investigation of most of the reaction pathways that can be proposed for this system.

We will consider the different reaction paths that can be found when two methanol
molecules are activated by a Brønsted acidic site in this part (Fig. 25). The four reaction
pathways depicted in Fig. 26 constitute the initial steps in the MTG reaction. The case of
ethanol and water formation from two methanol molecules has already been partially
described in a previous section. Once dimethyl ether (DME) or ethanol is formed, it
undergoes other reactions that lead to the formation of synthetic gasoline (171). The
reaction pathways that have to be followed by the methanol molecules to form DME or
ethanol are summarized in Fig. 26 (171,189). One notes that for the DME formation
reaction two reaction pathways are available. The first one leads to DME formation
according to a concerted mechanism [1a], whereas the other, known as the consecutive
mechanism [1b], is decomposed into a several-step reaction route. A concerted [2a] as well
as a consecutive mechanism [2b] can also be proposed for ethanol and water formation.

Table 5 Activation Energy Barriers of the Reactions Between Two Methanol Molecules Catalyzed
by an Acid Zeolite Catalysta

Reaction

pathway Ref. Limiting TSb Reactantsc Productsc
Eact

(kJ/mol)

[1a] 189 TS1 Methanol (2), ZOH DME, water, ZOH 145
[1b] 189 TS1 Methanol, ZOH Water, ZOCH3 215
[1b] 190 TS1 Methanol, ZOH,

and methanol

Water, ZOCH3

and methanol

130

[1b] 189 TS2 Methanol, ZOCH3 DME, ZOH 200
[1b] — TS2 Methanol, ZOCH3

and water

DME, ZOH, and water 140d

[2a] 171 TS1 Methanol (2), ZOH Ethanol, water, ZOH 310
[2b] 171 TS2 Methanol, ZOCH3 Ethanol, ZOH 319
[2b] 171 TS2 Methanol, ZOCH3,

and water

Ethanol, ZOH, and water 251

a The reactions lead to the formation of dimethyl ether (DME) and water according to a concerted mechanism

[1a] or a consecutive mechanism [1b], or to the formation of ethanol and water in a concerted way [2a] or in a

consecutive way [2b]. Moreover, the effect of an assistant molecule to transition state of consecutive mechanism

is presented.
b See Fig. 26 for the transition state label definition.
c Reactants, products, and assistant molecule (in italic if any) of the considered transition state. The labels in this

table are the same than in Fig. 26.
d This value is estimated according to the DEact obtained in the case of the transition state TS2 for the reaction

pathway [2b].
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Fig. 27 Reaction energy diagrams of the DME and water formation reaction from two methanol
molecules catalyzed by acidic zeolite for the concerted mechanism [1a] and the consecutive

mechanism [1b]. Values are in kJ/mol. (Adapted from Refs. 171 and 189.)
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For the concerted mechanisms, reactants interact and react together in one step, and
the products are formed, i.e., DME and water or ethanol and water. All activation
energies for these steps are given in Table 5. It appears that DME formation is more
favorable than ethanol formation (Eact = 145 vs. 310 kJ/mol) (171,189).

In the case of the consecutive reaction path one has to distinguish two different cases.
Blaszkowski and Van Santen (189) did not consider in their first study of DME formation
the effect of a partnership molecule, which does not directly participate in the reaction but
assists with its achievement. They analyzed the effect of an assistant water molecule in
another study involving methanol (171). The analogous effect of coadsorbed methanol on
the reaction pathway (TS1,1b) can be extracted from the study of Sinclair and Catlow
(190). It appears that such transition state–assisting molecules (i.e., methanol and water)
have a strong impact on the transition state structure. To analyze this we will first consider
the reaction pathway in the absence of an assisting molecule. Second, we will consider the
impact of an assisting molecule on the transition state.

It can be seen that a concerted mechanism is preferred over the consecutive
mechanism (DEact = f70 and f10 kJ/mol for reaction pathways 1 and 2, respectively)
when no assisting molecule is involved in the elementary reaction step (Table 5 and
Fig. 27). This changes if an assisting molecule helps the consecutive mechanism transition
state. The assisting molecule is present in the reaction media; water and methanol have
been considered. Water or methanol stabilizes the energies of the transition state structure
by 70–85 kJ/mol (Fig. 28). The order of the preferred reaction pathways is modified, and
the consecutive mechanism becomes more favorable than the concerted mechanism.

Fig. 28 Effect of assistant molecule on the concerted mechanisms (values in kJ/mol).
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However, ethanol and water formation remains more difficult to achieve than DME and
water formation.

These results confirm that DME is an important intermediate in the MTG process.
Concerning the mechanism of DME formation, it appears that both concerted and
consecutive factors are mechanisms of formation of DME. The cluster approach indicates
that experimental parameters, such as pressure and loading, may direct the reaction to one
or the other reaction pathway. At high loading the consecutive mechanism should be more
favorable than the concerted mechanism. Ryder et al. (178) recently demonstrated for the
proton exchange reaction that assisting molecules can have a considerable effect on the
rate of reaction even at very low loading (water at concentration of 1 ppm is enough to
induce an assisted transition state). They demonstrated that the strongest impact of an
assisting molecule occurs at low temperature. Differentiation between concerted vs.
stepwise mechanisms in the presence or absence of transition state assisting molecules
has also been observed in a study of Barbosa and Van Santen (197). They additionally
developed an empirical relation that quantifies the decrease of Eact as a function of the
number of water molecules involved in stabilization of transition state energy.

We introduced here the concept of the assisted transition state. This concept is very
different from the concept of solvation effect. The assisted transition state concept means
formation of a cluster or associated complex that stabilizes the transition state structure

Fig. 29 Reaction energy diagram and mechanisms of the ethane dehydrogenation reaction
catalyzed by H-zeolite leading to the formation of H2 and ethylene. (Adapted from Ref. 161.)
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(16,197), whereas the solvation effect is associated with modification of the dielectric
properties of the medium (due to the presence of a dipolar solvent in the zeolitic
micropore), which alters the reactivity of the zeolite catalyst (3,198–200).

C. Comparison of Activation by Brønsted and Lewis Acidic Sites

We will now describe the ethane dehydrogenation reaction catalyzed by different kinds of
zeolitic catalytic sites. This reaction has been well investigated, so that comparison of
reaction pathways catalyzed by Brønsted acidic zeolite (161), sodium zeolite (161), Zn-
exchanged zeolite (201), and Ga-exchanged zeolite (202,203) can be made. One should
mention that other reactions with other metal-exchanged zeolites, i.e., Zn (204,205), Cu
(206–208), Co (206,207), and Fe (209), have also been studied in recent years.

From the theoretical studies of Senger and Radom (161), and Frash and Van Santen
(201,202), we will consider only those reaction pathways that the authors have demon-
strated to be the most favorable. The ethane dehydrogenation reaction catalyzed by the
Brønsted acidic zeolite has previously been described (Fig. 17). The full reaction pathway
of this reaction is shown in Fig. 29. Apart from an analysis of this reaction, Senger and
Radom also investigated ethane dehydrogenation catalyzed by Na-zeolite (Fig. 30). One
observes in the figure that the predicted transition state structure is very close to the tran-
sition state structure found for the H-zeolite. The activation energy for dehydrogenation

Fig. 30 Reaction energy diagram and mechanisms of the ethane dehydrogenation reaction
catalyzed by Na-zeolite leading to the formation of H2 and ethylene. (Adapted from Ref. 161.)
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of ethane catalyzed by Na-zeolite is 326 kJ/mol. This study shows that Na-zeolite has the
capability to catalyze dehydrogenation of alkane, although it is a more difficult process
than for H-zeolite catalyst. Unfortunately, the reaction pathway sketched in Fig. 30 is
incomplete as the transition state does not connect reactant and product. It is possible that
other reaction steps exist.

Zn- and Ga-exchanged zeolites are important industrial catalysts as they show
enhanced activity (210,211). Zn-exchanged zeolite has been the subject of more studies
than Ga-exchanged zeolite, as it is more environment friendly. In particular, Barbosa and
Van Santen (204,205) gave a detailed description of geometries and reactivity of Zn-
zeolite. Their findings are that Zn2+ does not enhance Brønsted acidity but allows for the
existence of a new Lewis site. This induces new opportunities of mechanisms for ethane
dehydrogenation reaction pathway as can be seen in Fig. 31 (201).

Ethane adsorption on Zn-exchanged zeolite is followed by ethane dissociation in this
reaction pathway. An ethane C-H bond dissociates heterolitically on the Zny+Oy�Lewis
pair. The resulting alkyl [CH3CH2]

�fragment binds to Zn as H binds to the zeolite Lewis
oxygen atom. This induces in return the breaking of the Zn-O Lewis pair bond. The next
step that occurs is initiated by a weakening of C-H bond of CH3 (resulting in Cy+Hy�).
Zn2+ induces polarization of the H atom to Hy�, which allows for the breaking of Zn-Ca

of Zn-C2H5 as H jumps from Ch to Zn. Ethylene is formed and released away from the

Fig. 31 Reaction energy diagram and mechanisms of the ethane dehydrogenation reaction

catalyzed by Zn-zeolite leading to the formation of H2 and ethylene. (Adapted from Ref. 201.)
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catalytic site. Two hydrogen atoms remain on the active site. They are connected to the
Lewis Zn atom and to the Lewis O atom, respectively. The last step of this reaction
pathway is reconstitution of the catalytic site, which is achieved with formation of H2

molecule. The limiting step in the ethane dehydrogenation pathway is the formation of
ethylene. It can be achieved with an activation energy of 223 kJ/mol, i.e., 65 kJ/mol lower
than for the activation energy computed for H-zeolite-catalyzed reaction.

Another exchanged zeolite that has been studied is Ga-exchanged zeolite (202).
Gallium has been taken in this study as a [GaH2]

+ species that connects via Ga two Lewis
basic oxygen atoms. The reaction pathway has been explored. A reaction energy diagram
as well as geometries of ground and transition states can be found in Fig. 32. The initial
step of this reaction pathway is adsorption and dissociation of ethane. Thus, following
some intermediates and transient structures, leads to formation of [H-Ga-C2H5]

+, which
is connected to two zeolite Lewis oxygen atoms and a molecule of H2 that diffuses away.
The hydrocarbon molecule loses a hydrogen atom to the benefit of Ga with formation of
ethylene. The activation energy barrier of the rate-limiting step for this reaction is 254 kJ/
mol. Contrary to Zn-exchanged zeolite, for Ga-exchanged zeolite the release of H2

molecule occurs prior to ethylene release.
These studies provide a very important source of reaction concepts in zeolite

catalysis. Prediction of the activation energies as well as the geometries of transition
states and intermediates gives helpful qualitative information to experimental chemistry.

Fig. 32 Reaction energy diagram and mechanisms of the ethane dehydrogenation reaction
catalyzed by Ga-zeolite leading to the formation of H2 and ethylene. (Adapted from Ref. 202.)
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V. BEYOND THE CLUSTER APPROACH

In a previous part, we described the effects of embedding on the olefin chemisorption
reactions as well as the differences on alkylation reactions involving two methanol
molecules found with the cluster approach and QM/MM methods. Toluene isomerization
in cluster model and periodic approaches were also described. We will now complete the
picture of reaction steps in zeolite catalysis when more realistic methods than the cluster
approach are employed. A correct description of electrostatic contributions as well as the
steric constraints experienced by the reactive molecules with the zeolite framework atoms
will lead to a better understanding of zeolite catalysis. The methods based on the cluster
approach appear to be suitable tools that can describe the reactivity of a zeolite Brønsted
acidic site and the structure of reaction intermediates. They cannot provide a descrip-
tion that includes effects of the micropores. Steric constraints can be easily evaluated
from simple topological considerations (212). However, their proper description is a key
to the explanation of zeolite catalyst selectivity (6–10). It has been previously mentioned
that electrostatic contributions due to cavity atoms on transition states structures
change the shape of reaction energy diagrams dramatically. Additional examples will
now be given.

A. Alkane and Olefin

Only a few reactivity studies using embedded or periodical methods can be found in the
literature. Some results that will support the discussion regarding the electrostatic contri-
bution of the crystal framework to transition states are given in Table 6. No steric con-
straints on the reactivity are expected in these examples as the reactants and transition states
fit without hindrance in the comparatively relatively large micropores of the considered
zeolites.

The first example consists of the zeolite proton-exchange reaction via CD4 in H-Y
zeolite (213). The authors performed semiconstraint cluster approach calculations fol-
lowed by embedded approach calculations in this study. They found that the so-called
long-range electrostatic contribution contributes to a decrease of up to 30 kJ/mol of the
activation energy barriers. Comparison of the transition state geometries between cluster

Table 6 Some Reported Values of Cluster Approach vs. Embedded Approach Activation Energies

Model Level of theory Ref. Reaction Eact (kJ/mol)

Site 1 Site 2
3T cluster BH&HLYP/6-31g** 213 Zeolite H exchange via

CD4 in H-Y
157 151

Embedded 129 141

5T cluster B3LYP/6-31g* 136 Ethane cracking in
H-ZSM-5

278

58T cluster 218

3T cluster MP2/6-31g*//HF/6-31g* 147 Propylene chemisorption
in H-CHA

87

Embedded 95

1T BP(LDA)//DZP/DZ 171 Transmethylation between 2
methanol in H-CHA

310

Embedded B3LYP//TZP/DZP 172 180
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and embedded approaches does not show crucial differences in the transition state
geometries. The long-range electrostatic contribution induces a slightly more favorable
ionic nature for the transition states: they are shifted by f0.1 Å away from the Brønsted
acidic site. The same trend is obtained in a QM/MM study of Sinclair et al. (147).
Transition states geometries are slightly altered when the zeolite framework is described.
Another important point in these studies (147,213) is the strong dependence of the
activation energy barriers on the local topology of the Brønsted site. Similar results have
been also obtained by Sauer et al. (172) in a study of proton-exchange reaction in zeolites
H-CHA and H-FAU. We will not enter in the description of the zeolite supports as it
leads the discussion to a level of detail that is not relevant here. We may mention that
their studies show that more stable zeolite protons do not induce more reactive zeolite
protons. In Vollmer’s study (213), the differences in activation energy barrier for the
hydrogen exchange reaction is 6 kJ/mol and 12 kJ/mol between two different sites for the
cluster approach and the embedded approach, respectively. Energy differences of this
order of magnitude are large enough to induce reaction to selectively take place at specific
catalytic sites.

The zeolite electrostatic contribution has been investigated in closer detail in a study
of Zygmunt et al. (136). The authors performed cluster approach calculations on the
ethane cracking reaction (Fig. 13). They expanded the cluster, according to reported X-ray
data concerning ZSM-5 zeolite, in order to make an evaluation of the electrostatic
contribution, and performed single-point energy calculations using the enlarged clusters.
Such an elegant method must of course be handled with caution as it cannot account for
steric constraints or describe the exact evaluation of the zeolite framework contribution to
the transition state structure. The zeolite framework and the adsorbate(s) cannot
accommodate their geometries to one another with this model, which can substantially
affect energy levels of reactant, transition state, and product. These large cluster approach
calculations show an interesting property: the electrostatic contribution of the zeolite
framework to the transition state issues from a limited number of atoms, in close
proximity to the transition state (Fig. 33).

The ethane cracking activation energy barrier is stabilized up to 60 kJ/mol.
However, the fact that a relatively limited number of atoms can account for the zeolite
framework electrostatic contribution must be tempered: Sauer and colleagues (117) have
shown that even a cluster of 150 atoms cannot successfully be used to describe all acidic
sites of a zeolite.

Boronat et al. (177) also confirm these results. They performed cluster and single-
point energy periodic calculations of ethane-ethene charged complex in H-CHA. Their data
are not reported here as they did not perform transition state calculations. They found that
the zeolite framework contribution on protonated species is limited to the neighboring
atoms around the charged species. They investigated especially the nature of the inter-
actions between the charged species and the zeolite framework atoms; these interactions
mainly reveal hydrogen bonding behavior.

The effect of the zeolite framework atoms becomes more important as the size of
transition state increases. Then, associative mechanisms are favored (72) (Table 6) because
of the induced dipoles on the zeolitic oxygen atoms that are created by the carbocationic
transition states. Larger carbocationic transition states allow more zeolitic oxygen to get
involved (72).

Periodic calculations of propylene chemisorption within H-CHA in Ref. 214 yield
interesting results, which illustrate how zeolitic atoms in the surrounding transition state
participate in its stabilization. By putting various degrees of constraint on the zeolite
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framework atoms, dramatic consequences on the energetics of the reaction are found
(Table 7).

It can be seen in this table that the zeolite atom positions or, in other words, the
zeolite framework flexibility strongly affects the transition state and the alkoxy species. We
mentioned that stabilization of carbocationic transition states, which is the case for the
transition state in the propylene chemisorption of propylene, is dominated by short-range
electrostatic contributions (72,136). When it is recalled that adsorbed molecules in zeolite
micropores experience interactions only with zeolitic oxygen atoms, the relative agreement
of the activation energies for a system fully optimized and for a system for which only
zeolitic oxygen atoms are optimized is not very surprising. The absence of flexibility of all
zeolitic atoms (i.e., silicon and oxygen atoms) gives rise to an almost 100% increase of the
activation energy barrier. One notes that the activation energy is close to that obtained
using a small zeolite cluster when the zeolite framework is fixed (Tables 4 and 7). Con-
cerning the energy of the chemisorbed alkene, the zeolite framework relaxation is even more
important, and as soon as constraints are settled on zeolitic atoms, the reaction energy
changes significantly. The more disturbing result is obtained for the system in which the
zeolite framework is not optimized. In that case, the reaction is no longer exothermic but
rather is endothermic.

Fig. 33 Single-point energy evaluation of the stabilization of the activation energy barrier of the

ethane cracking reaction catalyzed by acidic zeolite as a function of the number atoms of the cluster
(hydrogen atoms are not considered) (136). The dashed line is added to illustrate the relatively fast
convergence of stabilization. The energy oscillations of the single-point energy values are normal for

a discrete expansion of the cluster size. (Adapted from Ref. 136.)
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Table 7 Effect of the Absence of the Zeolite Framework Relaxation in the Propylene

Chemisorption in Chabazite as Observed from Periodic DFT Calculationsa

1 2 3 4 5

Eads �21 �20 �19 �17 �16
Eact +56 +60 +62 +70 +91
DEj�k �27 �23 �14 +10 +23

a All values in kJ/mol.

1: The unit cell and atomic positions are fully optimized.

2: All atomic positions are optimized in the constant volume and size Chabazite unit cell.

3: Si atoms except the first four ones around the aluminum atom are fixed in the constant volume and size

Chabazite unit cell.

4: The positions of H, C, Al, and four O and four Si around the aluminum atom are optimized in the constant

volume and size Chabazite unit cell.

5: The positions of H, C, Al, and four O around the aluminum atom are optimized in the constant volume and

size Chabazite unit cell.

Source: Ref. 214.

Fig. 34 Geometries and mechanisms of the alkylation reaction of toluene by methanol catalyzed
by acidic zeolite leading to the formation (top to bottom) of p-xylene, m-xylene and o-xylene and

water. (Adapted from Ref. 215.)
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B. Aromatics

To complete and extend the picture of reactivity within a zeolite we will now describe the
data of Vos et al. (215). They performed a cluster approach and periodic approach study
of the alkylation reaction of toluene with methanol (216) catalyzed by H-MOR, which
leads to the formation of xylene isomers. The corresponding reaction mechanism is
depicted in Fig. 34.

This reaction is interesting from a practical and methodological point of view. As the
worldwide production of toluene is more greater than the actual needs, it is worthwhile to
transform this low-value product to a more valuable product. Xylenes, especially p-xylene,
are more interesting products because they enter in the chain production of textile
synthetic polymers (9,11). This reaction is also pertinent to consider for another purpose:
it is experimentally known to show selectivity for p-xylene isomer when it is catalyzed by
zeolite, and has served as support in the discussion of zeolite catalyst selectivity for many
years (6–11). It serves us also to show the analogy that can be made between the reaction
steps on small molecules and more complex systems. The reaction mechanisms depicted
in Fig. 34 are highly comparable with the mechanisms observed in the MTG reaction
(Fig. 9).

The zeolite framework electrostatic contribution can be estimated to be f70 kJ/mol
when periodic and cluster approach results are compared (Table 7). But contrary to cluster
approach calculations, and in agreement with experimental data (217,218), a global
minimum that cannot be described with a small size cluster was found (Fig. 35).

Fig. 35 Global minimum geometry of toluene and water adsorbed within H-MOR on the acidic
proton water. (Adapted from Ref. 215.)
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This structure of lower energy level must be used to calculate the activation energy
barriers (219) and not the local minima that lay closer to the transition states (Fig. 36).

The steric constraints are different for the three xylene isomers’ formation and
completely change the reaction energy diagrams. The relative order of formation of the
isomers is ortho = para > meta for the cluster approach calculations as it is pre-
dicted using the hard–soft acid–base (HSAB) principle (220–223) in the absence
of steric constraints. The order becomes para > ortho > meta in the case of the peri-
odic calculations.

However, study of the local minima that are reached prior to the transition states is
relevant. These systems give us the opportunity to evaluate the contribution of steric
constraints. Computation of the activation energies for these systems gives the same
relative ordering as predicted with the cluster approach. This means that transition state
selectivity can be related with some local minima (212). The empirical Polanyi-Evans-
Brønsted relation (24,224,225) is extremely useful in estimating energy destabilization of
transition states by steric constraints. Additional periodic calculations fully confirm the

Fig. 36 Geometries of the transition states leading to the formation of p-xylene (Ts_p), m-xylene
(Ts_m), and o-xylene (Ts_o) and water from toluene and methanol catalyzed by H-MOR water.

(Adapted from Ref. 215.)
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validity of the use of the Polanyi-Evans-Brønsted relation to estimate transition state steric
constraints in zeolites (173–175,226).

The theoretical data of activation energy of toluene alkylation with methanol are
interesting despite the fact that they cannot provide a full explanation of zeolite-catalyzed
reactions. It is shown with these data that transition state shape-selectivity favors the
formation of p-xylene isomer in mordenite. However, as previously described in Sec. III.C,
the description of this reaction can be done by adopting the catalytic cycle formalism.
Then one realizes that nothing prevents, a priori, multialkylation from occurring. It is
likely, considering the fact that steric constraints already play an important role in xylene
isomer formation, that such reactions will be prohibited within mordenite micropores
when reaction goes to trialkylated benzenes.

In addition, other reactions can be achieved. For instance, isomerization reactions of
xylene isomers may occur. Two main reaction routes have been reported in isomerization
of alkylated aromatics catalyzed by protonic zeolite (173,227). The first one can be
qualified as a monomolecular (or intramolecular) isomerization reaction route. In the
second one, a supplementary aromatic molecule gets involved in the reaction. Therefore,
the second reaction route is labeled a bimolecular (or intermolecular) isomerization
reaction route. For each of these routes isomerization may proceed via two reaction
pathways (173–175,227).

As demonstrated by Rozanska et al. (174,175) in agreement with experimental data
(227,228), the bimolecular reaction route is difficult in mordenite zeolite as steric
constraints on transition state complexes are high. We will not describe the mechanisms
of this reaction route, except that they are the more likely mechanisms in larger micropore
zeolites (227,228). On the other hand, monomolecular isomerization reactions occur in
mordenite zeolite. Rozanska et al. (175) achieved a periodic DFT study of these reactions
on toluene and xylene isomers catalyzed by protonic mordenite. They employed the same
methodology as in the study of alkylation of toluene with methanol catalyzed by protonic
mordenite of Vos et al. (215), which allows a full comparison between the data that have
been obtained (Table 8). The values of isomerization activation energies are summarized in
Fig. 37.

Considering these data, one can predict that the fraction of p-xylene should increase
when isomerization takes place. However, this is a qualitative estimation that can be
verified. It is possible to employ kinetic Monte Carlo methods to get a better estimate on
the reactions (229–231). As previously mentioned in the introduction and in Ref. 83, one
needs additional parameters that are not provided by quantum chemical calculations to

Table 8 Activation Energies of the Xylene Isomers Formation for the Alkylation Reaction of
Toluene by Methanol Catalyzed by H-MOR (in kJ/mol)

Model Theory level p-Xylene m-Xylene o-Xylene

3T cluster MPWPW91/6-31g* 167 173 164
Periodic PZPW91/plane wave 92a 100a 93a

Periodic PZPW91/plane wave 128b 151b 143b

a The activation energies are evaluated between the transition state structure and the local minima with

adsorption configurations as obtained from cluster approach results (see Fig. 34).
b The activation energies are evaluated between the transition state structures and the global minimum (see Fig. 35).

Source: Ref. 215.
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initiate kinetic Monte Carlo studies (83,229–231). These parameters are diffusion con-
stants and adsorption energies of the reactants and products in the mordenite micropores.
These data can be obtained from theoretical calculations or from experimental data.

VI. CONCLUDING REMARKS

We presented an overview of the current status of understanding of reaction mecha-
nisms in zeolite catalysis. Using small hydrocarbon molecules, the main reaction
mechanisms that can be induced by zeolite catalysts have been described. However,
larger hydrocarbon molecule studies require realistic modeling of the zeolite micropores,
as steric constraint contribution cannot be longer ignored. Recent studies have been
useful to allow an understanding of the zeolitic framework electrostatic contributions on
transition structures. Simple approaches such as point charge modeling or QM/MM
method allow the electrostatic contribution to be realistically described. In the case of
sterically hindered systems in zeolite channels, it seems that periodic methods could be
considered as potentially more accurate, as repulsive contributions are treated in a
purely quantum way.

A more realistic description of the zeolite catalysts will allow an increasing possibility
of comparison with experimental data. This will lead to better and more detailed insight
into the mechanisms induced by zeolite catalysts. The current status reached in this
domain is already relatively high. But at this present day, the selectivity of reactions that

Fig. 37 Catalytic cycle and reaction mechanisms in methyl shift isomerization of alkylated

aromatics. The activation energies, in kJ/mol, have been obtained in periodic density functional
theory studies of toluene and xylene isomers catalyzed by proton-exchanged mordenite. (Adapted
from Ref. 174.)

Copyright © 2003 Marcel Dekker, Inc.



are catalyzed by zeolites is still not fully understood. The growing effort toward the
development of new methods coming with the increase in the power of computers offers
the capability to investigate the source of heterogeneous catalysis selectivity by studying
systems of increasing complexity.
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