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The reactivity of acidic zeolites to the activation of hydrocarbons is
used to illustrate different modeling approaches applied to catalysis.
Quantum-chemical calculations of transition-state and ground-state
energies can be used to determine elementary rate constants. But to
predict overall kinetics, quantum-mechanical studies have to be com-
plemented with statistical methods to compute adsorption isotherms
and diffusion constants as a function of micropore occupation. The
relatively low turnover frequencies of zeolite-catalyzed reactions com-
pared to superacid-catalyzed reactions are due mainly to high activa-
tion energies of the elementary rate constants of the proton-activated
reactions. These high values are counteracted by the significant in-
teraction energies of hydrocarbons with the zeolite micropore wall
dominated by van der Waals interactions. ©C 2001 Academic Press.
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I. Introduction

Predictability of activity, selectivity, and stability based on known struc-
tures of catalysts can be considered the main aim of the theoretical ap-
proaches applied to catalysis. Here, for a particular class of heterogeneous
catalysts, namely, acidic zeolites, we present the theoretical approaches that
are available to accomplish this goal, which lead to a better understand-
ing of molecular motion within the zeolitic micropores and the reactivity of
zeolitic protons. It is not our aim to introduce the methods as such, since
introductory treatments on those can be found elsewhere. Rather we focus
on their application and use to solve questions on mechanisms and reactivity
in zeolites. The discussion is focused on an understanding of the kinetics of
zeolite-catalyzed reactions.

We use the activation of linear alkanes and their conversion to isomers and
cracked products as the main motive of our discussion. This class of reactions
catalyzed by acidic zeolites is an ideal choice to illustrate the state of the
art of theoretical molecular heterogeneous catalysis, because the reaction
mechanisms, zeolite micropore structure, and structure of the catalytically
reactive sites are rather well understood.

Whereas simulation methods are available to model zeolite structures as a
function of their composition as well as their topology [1–9], we do not discuss

FIG. 1. The catalytic cycle of a zeolite-catalyzed reaction.
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those techniques and their results here but refer to some of the results when
discussing chemical reactivity and adsorption. Perpetual improvements in
both computers and ab initio codes allow nowadays calculations on realistic
structures [10–12]. Also, we do not present an overview of the deep mech-
anistic insights that have been obtained recently on a molecular level for
many hydrocarbon conversion reactions. Most of the practically important
reactions have now been analyzed by quantum-chemical techniques [13–31]
(viz., reactions with aromatic species [13–16], olefins and alkanes [17–22],
water and methanol [23–26], metallic clusters supported on zeolite or metal
exchanged zeolites [27–30], and acetonitrile [31]).

We are concerned with the kinetics of zeolite-catalyzed reactions. Empha-
sis is put on the use of the results of simulation studies for the prediction of the
overall kinetics of a heterogeneous catalytic reaction. As we will see later,
whereas for an analysis of reactivity the results of mechanistic quantum-
chemical studies are relevant, to study adsorption and diffusion, statistical
mechanical techniques that are based on empirical potentials have to be used.

II. The Rate of a Catalytic Reaction

A catalytic reaction is the result of a cyclic process that consists of many
elementary reaction steps. The essence of a catalytic reaction is that the cat-
alytic reactive center reappears after each cycle in which reactant molecules
are converted into products. Since zeolites are microporous systems, a spe-
cial feature is the coupling of reaction at the protonic centers with diffusion
of the molecules through the micropores to and from the zeolite exterior.
The zeolite catalytic cycle is sketched in Fig. 1. To reach the catalytic reactive
center, molecules have to adsorb in the mouth of a micropore and diffuse
to the catalytic center, where they can react. Product molecules have to dif-
fuse away and, once they reach the micropore mouth, will desorb. Clearly,
then, one has to complement quantum-chemical information on reactivity,
concerned with the interaction of zeolite protons with reactants, with infor-
mation on diffusion and on adsorption of reactants and products.

Again, we do not exhaustively discuss molecular theories of diffusion
and adsorption in zeolites but refer to other studies [32–34]. However, we
highlight some important results significant to the kinetic analysis we are
presenting.

A characteristic time scale of a catalytic reaction event such as proton-
activated isomerization of an adsorbed alkene molecule is 102 s. However,
quantum-chemical calculations predict energies of electrons with character-
istic time scales of 10−16 s. Of use to us are the potential energies that such
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methods generate that determine the forces that act on the nuclei, which
determine the vibrational frequencies. The characteristic time of vibrational
motion is 10−12 s. In zeolites, diffusional times can be as short as 10−8 s and
adsorption time scales are typically 10−6 s. Dependent on the free energies
of adsorption, the time scale of desorption of a molecule is 10−4 s or longer.
The time scales of the proton-activated elementary reactions are of the or-
der of 10−4 s due to their high activation energies. The long time scale of
reaction compared to that of vibrational motion implies that thermal energy
exchange between reaction molecule and zeolite wall is fast. This is the jus-
tification for the use of transition reaction rate theory [35–37]. In its most
elementary form, the rate expression,

rTST = kT

h
e(�S#/R) e−(Eact/RT ), (1)

can be shown to be rigorously valid, if the rate of energy exchange is fast. In
Eq. (1), the probability of passing the activation energy barrier by reactants
with sufficient energy has been assumed to be equal to one. In this equa-
tion, k is Boltzmann’s constant, h is Planck’s constant, �S# is the activation
entropy, and Eact is the transition state barrier height. R is the gas constant.

The major advance of the past decade is that, using quantum-chemical
computations, activation energies (Eact) as well as activation entropies (�S#)
can be predicted a priori for systems of catalytic interest. This implies much
more reliable use of the transition-state reaction rate expression than be-
fore, since no assumption of the transition state-structure is necessary. This
transition-state structure can now be predicted. However, the estimated ab-
solute accuracy of computed transition states is approximately of the order
of 20–30 kJ/mol. Here, we do not provide an extensive introduction to mod-
ern quantum-chemical theory that has led to this state of affairs: excellent
introductions can be found elsewhere [38, 39]. Instead, we use the results of
these techniques to provide structural and energetic information on catalytic
intermediates and transition states.

Because of the size of the reaction centers to be considered, a break-
through in quantum chemistry had been necessary to make computational
studies feasible on systems of catalytic interest. This breakthrough has been
provided by density functional theory (DFT). Whereas in Hartree–Fock-
based methods, used mainly before the introduction of DFT, electron ex-
change had to be accounted for by computation of integrals that contain
products of four occupied orbitals, in DFT these integrals are replaced by
functionals that depend only on the electron density. An exchange-correla-
tion functional can be defined that accounts for exchange as well as correla-
tion energy. The correlation energy is the error made in Hartree–Fock-type
theories by the use of the mean-field approximation for electronic motion.
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The still unresolved problem is the determination of a rigorously exact func-
tional, as all currently used DFT functionals are approximate.

By computation of the stationary points of the n-dimensional energy di-
agram of the interacting system, the structure of local energy minima as
well as the transition state can be determined. For many systems, these in-
teraction energies have an accuracy of the order of 5–15 kJ/mol. For this
reason, as we illustrate later, discrepancies between theoretical calculation
and experiment can be often related to shortcomings in model assumptions
rather than to quantum-chemical approximations. Around the ground-state
energy minimum and the transition-state saddle point, the potential can be
expanded as a function of displacement of the normal coordinates with re-
spect to their stationary values. Within the harmonic approximation, the
vibrational spectrum and hence the corresponding entropy can be easily
computed. The entropy follows from the expression

S = −k ln p f (2a)

= −k ln �i
1

1 − e−(hvi /kT )
, (2b)

where i sums over the n normal vibration modes of the ground-state system
and the n − 1 normal modes of the transition state. pf stands for the partition
function and vi is the normal mode frequency.

III. Zeolites as Solid Acid Catalysts

The structure of a zeolite is illustrated in Fig. 2, using mordenite as an
example. The zeolitic framework can consist of four valent (Si), three valent
(Al, Ga, Fe), or five valent (P) cations, tetrahedrally coordinated with four
oxygen atoms. The oxygen atoms bridge two framework cations. When the
lattice cation is Si+IV, the framework charge is neutral. When Al+III substi-
tutes for Si+IV, the framework becomes negatively charged. Zeolites of such
a composition can exist when extra framework cations are ion exchanged
into the zeolite cavities. In the case where this cation is NH+

4 , the heating of
the material induces ammonia to desorb. The proton that is left behind will
bind to an oxygen atom bridging Al and Si framework cations (see Fig. 3).
For an extensive discussion of zeolite crystals of catalytic interest, refer to
Refs. 40 and 41. Also, several available reviews discuss the nature of the
proton bonded to the bridging oxygen atom [42–45].

Although strongly covalently bonded to the zeolite, hydrogen attached
to the bridging oxygen atom reacts as a proton with reactant molecules and
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FIG. 2. The structure of mordenite zeolite.

hence induces transformation reactions known also from superacid catalysis
[46–48]. However, as will be explained, the detailed mechanism of activa-
tion is very different from that known in superacid catalysis. Whereas in su-
peracids low-temperature reactions generate carbonium and carbenium ions
as stable but sometimes short-lived intermediates, the nature of carbonium

FIG. 3. Hydrogen bonded to a bridging O atom in mordenite.
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and carbenium ion intermediates is often quite different in solid acid catal-
ysis. Essentially, carbonium and carbenium cation intermediates are parts
of transition states or activated intermediate states through which reactions
proceed. The high activation barriers of the elementary reaction steps im-
ply that zeolitic solid acids are weakly acidic compared to superacids. One
way to understand this is that, different from superacid media, the dielectric
constant of a zeolite is low (ε ∼ 4) [49–51] and hence charge separation has
a high energy cost [3].

It is now also well established that the zeolite framework has some flex-
ibility. Due to the dominance of directed covalent bonding, the tetrahedra
are rather rigid, but the bond-bending potential energy curve for bending
of the Si–O–Si angle is rather flat. Local distortions of the framework can
be easily accommodated because of the low energy cost of bending of the
Si–O–Si angle. This is important because, as we will see later, attachment
of a proton to the bridging oxygen atom increases the Si–O and Al–O dis-
tances and hence requires a larger volume than a free Si–O–Al unit. Upon
deprotonation the Si–O and Al–O bonds decrease and hence the effective
volume of the concerned tetrahedron decreases.

For low Al/Si ratio zeolites, differences in acidity of the zeolitic proton
relate to slight differences in the local relaxability of the zeolite lattice around
the protons [1–9]. For zeolites with a high Al/Si ratio, the zeolite proton
interaction increases. Compositional variations may cause the deprotonation
energy to vary by ∼1–5%.

For a proper understanding of the interaction of hydrocarbons with ze-
olitic protons, it is important to realize that the oxygen atoms, with a com-
puted charge close to −1, and the Si atoms, with a computed charge close
to +2, have very different sizes. This is illustrated in Fig. 4. Oxygen atoms
are relative large and the framework cations are small. This implies that
hydrocarbon molecules, when adsorbed in the zeolite micropores, will expe-
rience mainly interactions with the large oxygen atoms, which inhibit direct
interactions with the smaller lattice cations.

Bonding within the zeolite framework is mainly covalent, and ionic bond-
ing contributes only ∼10% [52–54]. The attractive interaction between the
siliceous zeolite framework and hydrocarbons can best be described as a
van der Waals dispersive interaction due to the attraction of fluctuating
dipole moments of electronic motion on the oxygen atoms and hydrocar-
bons [55–59]. The van der Waals interaction

Vv·W = −C
αiα j

ri j
(3)

is proportional to the polarizabilities αi of zeolitic oxygen atoms and, for
instance, for alkanes the polarizabilities α j of CH2 or CH3 units. The polar-
izability αi is approximately proportional to the volume of a molecular unit.
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FIG. 4. Hexane occlude in a zeolite micropore.

In Eq. (3), C is a constant, and ri j the distance between the centers of mass
of units i and j [55–57]. Density functional theory quantum-chemical codes
do not predict this van der Waals dispersive interaction accurately [60, 61].

One has to include the repulsive contribution to obtain the interaction
potential. In the Lennard–Jones expression, the attractive and repulsive con-
tributions can be described by

Vv·W = −4εi j

( (
σi j

ri j

)6

−
(

σi j

ri j

)12
)

, (4a)

where σi j is the sum of the van der Waals radius of i and j, and εi j the well
depth [62]. However, the repulsive part of the potential is best described
by the Born repulsion expression, leading to the Buckingham interaction
potential:

Vv·W = −C
αiα j

r 6
i j

+ Ae−ari j . (4b)

The Born repulsion expression stems from the Pauli principle, which re-
sults from the prohibition of electrons with the same spin occupying the same
wavefunction, a situation that occurs when doubly occupied orbitals interact.
Whereas the van der Waals interaction cannot be computed accurately from
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DFT quantum-chemical codes, the Born repulsive interaction is accurately
computed. Expressions (4a) and (4b) are two-body interaction potentials
commonly used in codes that predict energies or geometries based on em-
pirical potentials.

IV. Theoretical Approaches Applied to Zeolite Catalysis

We now report how theoretical methods can be used to provide infor-
mation on the adsorption, diffusion, and reactivity of hydrocarbons within
acidic zeolite catalysts. In Section A, dealing with adsorption, the physical
chemistry of molecules adsorbed in zeolites is reviewed. Furthermore, in
this section the results of hydrocarbon diffusion as these data are obtained
from the use of the same theoretical methods are described. In Section B
we summarize the capability of the quantum-chemical approaches. In this
section, the contribution of the theoretical approaches to the understanding
of physical chemistry of zeolite catalysis is reported. Finally, in Section C,
using this information, we study the kinetics of a reaction catalyzed by acidic
zeolite. This last section also illustrates the gaps that persist in the theoretical
approaches to allow the investigation of a full catalytic cycle.

A. SIMULATION OF ALKANE ADSORPTION AND DIFFUSION

1. Methods and Theory

Configurationally biased Monte Carlo techniques [63–65] have made it
possible to compute adsorption isotherms for linear and branched hydrocar-
bons in the micropores of a siliceous zeolite framework. Apart from Monte
Carlo techniques, docking techniques [69] have also been implemented in
some available computer codes. Docking techniques are convenient tech-
niques that determine, by simulated annealing and subsequent freezing tech-
niques, local energy minima of adsorbed molecules based on Lennard–Jones-
or Buckingham-type interaction potentials.

The interaction energy is determined by potentials as defined in Eq. (4).
Bond-bending energy terms within the hydrocarbons are also included. The
parameters of the interaction potential with zeolite have to be determined
by a fit of experiment with theory. June et al. [66] and Smit and Maesen
[67] used slightly different parameters (see Table I). The latter used pa-
rameters fitted on experimental adsorption isotherms of hexane in silicalite.
Whereas in siliceous materials the dominant interaction term is given by the
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TABLE I
VAN DER WAALS INTERACTION POTENTIALS FOR HYDROCARBONS ADSORBED

IN ZEOLITES

Parameter set σCH3,O = σCH2,O (Å) εCH3,O (K) εCH2,O (K)

June et al. [66] 3.364 83.8 83.8
Smit and Maesen [67] 3.64 87.5 54.4

Buckingham potential, in zeolites with protons or cations additional interac-
tion terms become important. We discuss the interactions with protons later,
but here we comment briefly on the effect of the presence of cations in zeo-
lite micropores. Kiselev and Quang Du [68] were among the first to analyze
adsorption in the hydrocarbon–zeolite system. Cations other than protons
have a charge close to their formal valency. Therefore their bond with the
negative charge of the framework is predominantly of an ionic nature. These
cations will generate large electrostatic fields. The interactions with apolar
hydrocarbons can best be described by the inductive interaction of a polar-
izable particle i defined by its polarizability αi and an ion j with charge qj:

Vind = −q2
j

αi

2r 4
i j

, (5)

where ri j is the distance between particle i and particle j [55–57, 68]. Kiselev
and co-workers provided empirical potentials that can be used for adsorption
in ion-exchanged zeolites.

The equilibrium Monte Carlo method computes thermodynamic averages
by simulating equilibrium configurations. Hence it is an adequate technique
to compute free energies. In essence, four steps are used.

� Give the adsorbate a random new position and random new configura-
tion.

� Calculate the energy difference between this new configuration and the
old configuration.

� Accept this new configuration with a probability P proportional to
Boltzman’s weight factor at temperature T:

P ∼= exp
(

− Ei

kT

)
.

� Repeat; this generates a chain of configurations �i .

The thermodynamic average is then computed from

〈A〉 = 1
m

m∑
i

A(�i ), (6)

where i sums up the number of configurations.
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2. Simulation of Alkane Adsorption Isotherms

One of the most fascinating results of these simulations is the strong de-
pendence of the cavity site on the size and shape of the adsorbing molecule
and cavity. For instance, for the zeolite ferrierite, theory and experiment
show that whereas propane preferentially adsorbs in the 8-oxygen atom ring
pockets, pentane and the longer hydrocarbons preferentially adsorb in the
one-dimensional 10-ring channel system [70, 71]. Only at higher occupa-
tions do some of the molecules become forced into the eight-ring pocket. In
addition, at higher coverages orientational packing of molecules may occur,
again dependent on the match of the molecule length and the free micropore
length, giving rise to plateaux in the adsorption isotherm [72, 73].

Figure 5 illustrates the dependence of the energy of adsorption for linear
alkanes of increasing chain length for different zeolites. An optimum in the

FIG. 5. Computed enthalpies of adsorption of linear hydrocarbons as a function of the
average zeolite micropore diameter [70].
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adsorption energy is found as a function of the average micropore diameter.
Also, an incremental increase in the energy of adsorption with increasing
chain length is observed. The basic feature that Fig. 5 illustrates is that the
energy of adsorption increases with decreasing microchannel dimension.
The optimum arises since there is no access of micropore or cavity when
their size is too small. To the left of the optimum, zeolites have a bimodal
micropore distribution of very narrow inaccessible pores and wider pores
with low interaction energies. The increase in energy of adsorption with
decreasing micropore channel is due to the increasing attractive van der
Waals interaction with decreasing distance of the alkane CH2 and CH3 groups
with micropore oxygen atoms.

Table II [74] shows a comparison of computed and measured energies
of adsorption for two hydrocarbons and two zeolites. Whereas mordenite
(MOR) has a one-dimensional 12-ring channel system, ZSM-22 (TON) has
a one-dimensional 10-ring channel system. One notes again the increase
in energy of adsorption with decreasing channel dimension. There is also
good agreement with experiment, except for zeolites that contain a substan-
tial concentration of protons. In this case there is an increase in energy by
8–15 kJ/mol. Interestingly at T = 513 K, a typical reaction temperature,
the equilibrium constants of adsorption Kads are smaller for the narrow-
micropore zeolite TON than the wider-micropore zeolite MOR. The larger
loss in mobility due to the larger confinement in the smaller pore causes a
larger loss of entropy and hence counteracts the gain in the energy of ad-
sorption in the smaller micropore. As a consequence, at this temperature the
micropore occupation of the medium-sized MOR pore by hydrocarbons is

TABLE II
MEASURED AND SIMULATED HEATS OF ADSORPTION AS WELL AS HENRY ADSORPTION

COEFFICIENTS FOR LINEAR HYDROCARBONS IN SILICEOUS ZEOLITES

−�Hads (kJ/mol) Kads (T = 513 K) (mmol/gPa)

Simulation [74] Literature Simulation [74] Literature

n-Pentane/TON 63.6 71 [75] 4.8 · 10−6 4.6 · 10−6 [75]
62.1 [76] 6.53 · 10−6 [76]

n-Pentane/MOR 61.5 59 [75] 4.8 · 10−5 6.8 · 10−5 [75]
55.7 [76] 8.6 · 10−5 [76]

n-Hexane/TON 76.3 82 [75] 1.25 · 10−5 8.0 · 10−6 [75]
75.0 [76] 1.99 · 10−5 [76]
72.3 [77] 7.8 · 10−6 [77]

n-Hexane/MOR 69.5 69 [75] 1.26 · 10−4 1.9 · 10−4 [75]
67.1 [76] 5.5 · 10−4 [76]
69 [77] 1.3 · 10−4 [77]
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substantially higher than that of the smaller-pore zeolite TON. The general
consequence of these results is that an optimum zeolite micropore size pro-
vides for a maximum pore occupation. When the pore size is too large (e.g.,
faujasite or a clay surface), the low energy of adsorption gives a low micro-
pore occupation. On the other hand, when the accessible pore size becomes
too small, again, a low micropore coverage results because of the increasing
loss of entropy.

For the overall rate of a catalytic reaction, this is an important conclusion
because the rate of a catalytic reaction is proportional to the site occupancy
and the rate constant of molecular activation, when the latter step is rate
limiting. For a monomolecular reaction this follows from an elementary
expression for the overall rate r:

r = V
d[P]

dt
= ki · θ, (7)

where ki is the elementary rate constant of activation of the adsorbed mole-
cule and θ is the coverage by reactant molecules on catalytically active sites.
[P] is the concentration of product molecules and V the volume. We discuss
in the next section the computation of ki using quantum-chemical methods.
Equation (7) illustrates the proportionality of rate with micropore filling. It
can also be used to illustrate that even when ki does not depend strongly on
micropore size (which is often the case), the overall rate may depend strongly
on the micropore size. This follows from the micropore size dependence
of θ . In the case that θ can be described by Langmuir adsorption and the
competitive product or intermediate adsorption is ignored, expression (7)
can be rewritten

r = ki · Kads · [R]
1 + Kads · [R]

(8)

where [R] is the concentration in reactant. From (8), one finds the following
expression for the apparent activation energy of the rate r:

Eapp = Ei
act + (1 − θ)Eads, (9)

where Ei
act is the activation energy of the intrinsic rate constant ki, and Eads

the energy of adsorption. Usually, Ei
act is only weakly dependent on the

micropore size. However, Eq. (9) implies an important dependence of the
rate of the overall reaction as a function of the micropore size and shape
because of their strong relation to Eads.
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FIG. 6. Simulated self-diffusivity diffusion constant as a function of linear hydrocarbon
chain length in mordenite [78].

3. Simulation of Diffusion

Rates of diffusion of linear and branched alkanes by zeolites within
medium-sized pores are very fast. This is illustrated for linear alkanes in
Figs. 6 and 7. As shown in Fig. 6, the self-diffusion constant in mordenite
that has one-dimensional micropores is fast and independent of the length
of hydrocarbons [78]. On the other hand, for the wider-pore zeolite faujasite,
there is a decrease with chain length. This illustrates that in the cavities of
mordenite, diffusion is controlled by the interaction with the zeolite wall.
Diffusion within mordenite can be characterized as a creeping motion. In
the larger micropores of faujasite, diffusion is more liquid-like [79]. Figure 7
[78] shows a higher initial diffusion rate for the zeolite with a larger micro-
pore. Very similar and still fast rates of self-diffusion are found when the
micropores become half-filled.

The diffusion constants are computed by solving Newton’s equation of
motion, maintaining the average kinetic energy equal to 3/2 kT. Whereas
generally there is no need to include explicitly the fluctuating motion of lat-
tice atoms, this is critical when diffusion causes molecules to move through
windows of size comparable to the lateral dimension of these molecules
[85–88]. The activation energies for self-diffusion may differ widely. For
highly branched molecules or alkyl-substituted aromatic molecules, it may
severely inhibit actual mobility at reaction temperatures [89]. Under such
conditions not only conversion may become diffusion limited, but also
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FIG. 7. Simulated n-butane self-diffusivity constant as a function of micropore filling at
333 K [78].

selectivity. For instance, alkylation of toluene into the p-xylene catalyzed
by ZSM-5 is highly selective when the rate becomes diffusion limited [90].
Then only p-xylene has a diffusional rate high enough to move out of the
zeolite crystallites. To compute the yield of a reaction in such a case, coupling
of the reaction rate and diffusion will have to be explicitly considered. We
refer to the work of Hinderen and Keil [91], who introduced kinetic Monte
Carlo techniques to predict zeolite kinetics. In the next section we discuss
the kinetics of zeolite-catalyzed reactions for which self-diffusion is not rate
limiting.

A general experimental result is the difference between measured rates
of diffusion in macroscopic experiments and measurements of self-diffusion
by spectroscopic techniques such as gradient field NMR [80–84]. The dif-
ference between the microscopic measurement and the macroscopic exper-
iment is desorption and reentry of molecules in zeolite microcrystallites. In
this respect, it is important to remember the Biot condition, which states the
condition when the measured rate of diffusion is independent of the rate of
desorption:

kdes 
 D

R2
. (10)

It shows that when the size of a particle is large enough the time scale of
diffusion becomes long compared to the time scale of desorption. When
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the rate of desorption interferes a strong dependence of the overall rate of
diffusion on the particle size should be measured.

B. HYDROCARBON ACTIVATION BY ZEOLITIC PROTONS

The great contribution of quantum chemistry has been the proper un-
derstanding of the nature and energetics of carbonium and carbenium ion
intermediates, as they occur in zeolites. Carbonium ions, organic cations in
which one or more carbon atoms become five coordinated due to proton
attachment, and carbenium ions, organic cations in which a carbon atom is
three coordinated and has become planar, have been observed as short-lived
species using NMR spectroscopy in superacids [92, 93]. Because of the sim-
ilarity of the type of reactions that are catalyzed, it has been thought that
zeolites have a similar superacidity. However, there is now ample experi-
mental and theoretical evidence showing that this is in fact not the case. We
summarize the theoretical evidence here.

The elementary reaction steps of the hydrocarbons considered in this sec-
tion are summarized in Fig. 8. The occurrence of monomolecular reactions
with linear hydrocarbons that produce hydrogen and alkane fragments was
first demonstrated by Haag and Dessau [94]. For convenience, the zeolite
lattice to which the proton is attached is not explicitly shown in the scheme.
However, it will become clear later that proton activation cannot be under-
stood properly without explicitly taking into account the interaction of the
carbonium and carbenium ion intermediates with the negatively charged
zeolite wall.

Russian scientists concluded at the end of the seventies that proton acti-
vation and formation of organic cations could occur only when the positively
charged protonated intermediates become stabilized by the negative charge
left on the zeolite lattice [95–100]. Ten years later quantum-chemical calcu-
lations confirmed this conjecture. The finding was that these organic cations
cannot exist as stable intermediates unless sterically constrained [101]. They
are typically part of transition states. This is illustrated in Figs. 9a and b
[102]. For carbenium ion intermediates from alkenes, this was first shown
in an ab initio calculation by Kazansky and Senchenya [103] and Kramer
et al. [104] for carbonium ion intermediates. Physically, this arises from the
high energy cost of splitting the OH bond heterolytically. The correspond-
ing energy cost is ∼1250 kJ/mol. Fortunately, when a molecule is protonated
or, in other words, activated by a proton, no full cleavage of the OH bond
is necessary. Typical activation energies are of the order of 10% of the full
OH bond cleavage energy. The energy cost of bond cleavage is compen-
sated for by the proton attachment energy (∼200 kJ/mol) and electrostatic
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FIG. 8. Initial elementary reaction steps of linear alkanes.
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FIG. 9a. Schematic representation of the geometries of propene during its protonation at-
tack mechanism by chabazite.

stabilization (∼900 kJ/mol) with the negative charge that develops on the
zeolite framework when the proton is transferred. The major difference be-
tween superacids and zeolites is that in superacids cations and anions become
solvated by the polar solvent molecules. No such stabilization occurs in ze-
olites. The chemistry in zeolites, when applied in hydrocarbon catalysis, is
much closer to that in a vacuum (dielectric constant ε ∼ 4) than to that in a
polar medium such as a polar superacid (dielectric constant ε ∼ 80–100).

Until quite recently, quantum-chemical calculations on proton activation
by zeolites were possible only using the cluster approximation [13–31]. A
representative cluster is shown in Fig. 10 [105]. It initially seems surprising
that calculations based on such small clusters can actually predict a property
of a periodical system suchas a zeolite. Two basic features of bonding in the
zeolitic framework are relevant in this respect. First, chemical bonding is
largely covalent: 90% of bonding can be described as due to covalent inter-
action, and only 10% of the bond strength is due to electrostatic interaction
ions. Second, the flexible nature of the zeolite lattice can readily accom-
modate deformations due to the presence of the proton at a relatively low
energy cost. Key to the use of the cluster approximation is termination of
the cluster by hydride, a hydroxyl ion, so as to make the cluster neutral [1–8,
17]. The activation energies of protons in reactions with hydrocarbons can
be computed with an accuracy of ∼30 kJ/mol, using programs based on DFT
[106–108]. Such quantum-chemical calculations scale much more favorably
with the number of electrons in a system (n2.6) than Hartree–Fock-based
codes (n4.2 for the MP2 method).

Due to the covalent nature of chemical bonding, properties of zeolitic pro-
tons depend on local electronic structure details. This is illustrated in Fig. 10
[105]. Using a basis set that predicts the NMR quadrupole coupling constants
(QCC), accurately measured QCCs in zeolite ZMS-5 for Al tetrahedra in
the proton form and deprotonated Al tetrahedra (e.g., by cation exchange)
are compared with predicted QCCs from cluster model calculations. One
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FIG. 10. The geometries of zeolitic site clusters for a protonated cluster (a) and a deproto-
nated cluster (b) (bond lengths in pm). The values are the quadrupole interaction parameters
computed from the cluster models compared with experimental data [105].

notes the agreement between theory and experiment. Such agreement is
typical also for other physical properties of the proton and its charge as
reflected in the proton chemical shift [109, 110] or vibrational frequency
[111, 112]. Note the asymmetric distortions of the protonated cluster in
Fig. 10. The computed Al–O bond length of the cluster in its global en-
ergy minimum lengthens when a proton becomes attached to the bridging
oxygen, which is a behavior indicative of covalent bonding. These results
also illustrate the importance of geometry optimization of the computa-
tional systems. Only when this is done properly do computed interactions
start to converge with experiment. When the protonic site is part of the
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TABLE III
CALCULATED ACTIVATION ENERGIES (E#) FOR SOME ELEMENTARY

REACTION STEPS OF ISOBUTANE COMPARED WITH EXPERIMENTAL NUMBERS

EXTRACTED FROM KINETIC DATA [17, 113]

Calculated Experimental
Reaction E# (kJ/mol) range (kJ/mol)

Protolytic cracking 50.4 43–53
Protolytic dehydrogenation 60.6 40–50
Hybride transfer 36.0 <40–53

To s-C3 41.0
To t-C3

zeolite lattice, clearly the large distortions of the cluster when reaction with
proton transfer occurs have to be accommodated by lattice relaxation for
the cluster approximation to be used at all. As discussed before this can
occur with very little expense of lattice energy. A major zeolite property
that cannot be studied with this very small cluster is the effect of steric
matching of the zeolite micropore and the size of the transition state com-
plex. Using periodical calculations based on plane waves, this now becomes
directly accessible to calculation, as we discuss later. We analyze transition-
state geometry and energy results in clusters first and return to the size issue
later.

Table III gives a comparison between computed and experimental acti-
vation energies for elementary proton-activated reaction steps of isobutane
computed on a small cluster [17, 113]. We recognize the three reactions
shown in Fig. 8. The first two reactions are monomolecular reaction steps.
The bimolecular hydride transfer reaction is an elementary reaction step that
maintains the catalytic reaction cycle: without a carbonium ion an interme-
diate transition-state formation occurs. As also shown in Fig. 8, an “interme-
diate” carbenium species (which actually exists as an alkoxy intermediate)
can react in two ways to yield a product molecule. Hydride transfer from a
reactant molecule produces an alkane, and proton backdonation produces
an olefin. In the latter case, the reaction cycle can be continued only when a
reactant molecule becomes activated by direct reaction with the proton. As
explained before, the relatively high values for the activation energies stem
from strong covalent bonding of the zeolite O–H and zeolite O–C bonds
of intermediate alkoxy species. The high energy cost is due to the need to
stretch these bonds to reach a transition state in which the carbenium ion
is more or less free to react. One way of formulating this is that in zeolites
reactions occur on top of the potential energy hills, instead of close to the
energy valleys as for solvated species.
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As has been shown, especially by Zygmunt et al. [114] but also by others
[113, 115], computed activation energies depend substantially on the size and
connectivity of the zeolite model clusters. In general, slow convergence is
obtained for the deprotonation energies as a function of cluster size. There
is an elegant procedure to obtain rapid convergence [17]. The activation
energy (Eact) depends on the difference in energy of the cationic transition
state (Ecat) with a very weak covalent but strong electrostatic interaction and
the deprotonation energy in which a strongly covalent bond is broken:

Eact = Ecat − Edeprotonation. (11)

One expects Eact to vary as a function of the cluster size mainly because of
variations in the deprotonation energy. Hence a plot of Eact versus Edeprotonation

should result in a straight line (see Fig. 11). For each deprotonation energy
the line gives the predicted value of the activation energy. Spectroscopic
measurements of spectral shifts by adsorption of weakly interacting basic
molecules allow the determination of deprotonation energies for a proton
[117–119]. One notes in Table III the general agreement between computed
and experimentally determined activation energies. Whereas the orders of
magnitudes are correct, one also notes, however, that values tend to be
overestimated by 30 or 40 kJ/mol.

Recently, studies have been made on related transition states but in peri-
odical structure calculations [120–122]. The results for cluster and periodical
calculations have been compared: significant reductions of the energy have
been found for transition-state energies. Also, calculations from large cluster
models that contain cavities have led to the same results [50, 111]. Whereas
the energies of transition states appear to be influenced strongly by the ze-
olite topology, this is much less the case for the initial or final steps in the
protonation reaction. Very differently from the dominantly covalent bond
of the ground-state OH or alkoxy groups, the structures that correspond
to transition states are highly polar. Positive charge is distributed over the
cationic part of the molecule and negative charge is localized around the
Al-containing lattice tetrahedral site. The transition-state complex creates a
large dipole in the cavity. The high polarizability of the oxygen atom cavity
stabilizes this complex by a screening interaction, Escr,

Escr ≈ −1
2
αc E2

� = −1
2
αc

µ2

R4
, (12)

where αc is the polarizability of the cavity, E
⇀

� the electrostatic field from
the transition-state dipole (µ⇀), and R the approximate radius of the cavity.
Of course this stabilization is expected to be larger for a small cavity than a
larger one. Stabilization energies as high as 50–70 kJ/mol have been reported
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FIG. 11. Corrections to the calculated activation energies for the cluster acid strength. Ac-
tivation energies for protolytic cracking of ethane, protolytic dehydrogentation of ethane,
methane–methoxy hybrid transfer, and methane deprotonation energies are computed at the
MP2/6-31++G**//HF/6-31G* level with the ZPE corrections [17, 113].

[43, 123]. The van der Waals interaction between cavity and hydrocarbon is
expected not to change significantly between the ground and the transition
state, because the size of the hydrocarbon part does not change. A compar-
ison of cluster-computed and periodical DFT-computed chemisorption of
propylene is shown in Table IV.

Before continuing the analysis of pore size dependence, a remark must
be made on the comparison between theoretical and measured data as done
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TABLE IV
DFT COMPUTED VALUES OF THE CHEMISORPTION REACTION OF

PROPYLENE ON AN ACIDIC ZEOLITE CATALYSTa

Cluster approach Periodical approach
Energy comparison (kJ/mol) (kJ/mol)

Eπ −23 −27
Eact 105 47
Eσ −52 −61

aThe DFT energies of the reaction on a 4T zeolite cluster are com-
pared with the periodical electronic structure results for chabazite.
The computed energies are the π -complex energies with respect to
the gas-phase system (Eπ), the activation energies with respect to the
π -complex (Eact), and the energies of σ -complex (Eσ) with respect to
the gas phase [122].

in Table III. The experimental kinetic parameters were obtained from a
kinetic analysis in which overall experimental data were deconvoluted so
as to obtain elementary rate constants. In the next section, we show how
this can be done. A prerequisite is knowledge of the reaction mechanism.
The reaction mechanism used to deconvolute the experimental data used in
Table III has been chosen as consistent with that as theoretically proposed
and discussed in this paper.

Apart from the use of periodical or very large cluster quantum-chemical
calculations, embedding techniques can be applied to analyze consequences
of steric constraints. These embedding methods are quantum mechanics/
molecular mechanics-related techniques [11, 50, 112, 123– 128]. The quan-
tum-chemical cluster is embedded in a lattice described by classical inter-
actions, such as electrostatic, van der Waals, or repulsive interactions. Care
has to be taken to compensate for boundary effects between the quantum-
mechanical neutral cluster, terminated with hydride or hydroxyl groups, and
the lattice atoms. The lattice atoms and cluster atoms can be imagined as be-
ing connected by bonds that give relaxation constraints to the cluster. Sauer
and co-workers [11, 50, 112] have developed an embedding approach that
enables embedded calculation of ground states and transition states, but sep-
arate development of potentials for both states using quantum-mechanical
cluster calculations to provide potential energy surfaces is necessary.

An alternative method is the Chem-Shell embedding procedure devel-
oped by Greatbanks et al. [124]. This method does not require the devel-
opment of new force fields as a function of intermediate states [123–128].
Using the Chem-Shell procedure, an interesting result has been obtained
for the protonation of isobutene in chabazite. The results are illustrated in
Fig. 12 [123]. The quantum-mechanical calculations were done within the
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FIG. 12. Effect of embedded environment on the stability of i-butene activation at a
Brønsted-acid site in chabazite [123].

Hartree–Fock approximation. The interaction of the π bond with a proton
leads to different states: the first one is a weakly π -bonded state for which
the interaction energy between the proton and the olefin π bond is about
30 kJ/mol, and the second one is a σ -bonded state or alkoxy species in which
protonation and chemisorption of isobutene have occurred. The protonation
of isobutene gives a C+(CH3)3 carbenium ion that binds to a lattice oxygen
atom that bridges lattice Al and Si. In the transition state from the π -state to
the σ -state, protonation and chemisorption are associated. The curves drawn
in Fig. 12 present the relative energies of the π -bonded state, σ -bonded state,
and transition state between these two states. One notes the strong stabi-
lization of the σ -bonded protonated state compared to the weakly bonded
π -state. Interestingly, the relative energies of the π - and σ -bonded state
change completely for the embedded situation. Compared to the π -bonded
state, the σ -bonded alkoxy state now appears to be destabilized. This is be-
cause of steric repulsive interactions that arise when the alkoxy O–C bond
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brings the methyl groups of isobutyl close to oxygen atoms in lattice tetrahe-
dra neighboring the Al-containing tetrahedron. The strong repulsive interac-
tions that arise prevent the formation of a strong O–C alkoxy bond. Alkoxy
formation is actually prevented and the promoted intermediate is now close
to a free carbenium ion, a result recently confirmed by full DFT periodical
electronic structure calculations of SAPO-5 [129], which has cavities similar
to those of chabazite. For the hydrogen-bonded π -state with a larger O–C
distance, a more favorable interaction than the free cluster is found. This is
due to the additional stabilizing interaction of the isobutene molecule now
possible with the other oxygen atoms from the chabazite cage. The extra
stabilization is here due mainly to the attractive van der Waals interaction.
These results illustrate the importance of including the attractive van der
Waals interaction as well as Born repulsion effects for bulky molecules and
intermediates in estimates of protonation of molecules. Both contributions
are strongly micropore size and shape dependent. The protonation of the
olefin now leads to a state close to a carbenium ion.

We now introduce the two ways in which these pore size-dependent terms
can be added as corrections to cluster calculations on small clusters not con-
taining any information on the micropore as shown in Fig. 10. It is important
to remember that the attractive van der Waals interaction cannot be prop-
erly calculated with currently used quantum-chemical DFT methods. How
to correct for the attractive part is illustrated in Fig. 13. The figure illus-
trates that the protonation energies with respect to the gas phase have to be
considered as the summation of two energetic interactions:

�Esys = �Eads + �Esys(local), (13)

where �Eads is the energy of adsorption of the molecule in the siliceous
part of the zeolite. This is the strongly micropore size- and shape-dependent
adsorption energy discussed in Section IV. �Esys (local) is the quantum-
chemical enrgy of the considered system (i.e., π -state, transition state, or
σ -state) with respect to its noninteracting state (or gas-phase state). Expres-
sion (13) is based on the approximation that in the different states the van
der Waals interaction energy does not change, since protonation concerns
only a small part of the molecule [130]. The implication of expression (13) is
that differences in protonation energies of different zeolites are due mainly
to differences in the �Eads term of the expression. However, one should not
assume that corrected protonation or activation energies obtained from cal-
culations simply reflect the differences in chemical reactivity of the zeolitic
proton. Experimentally, the zeolite deprotonation energy of differently lo-
cated protons varies between 10 and 30 kJ/mol for a zeolite with a Si/Al
ratio below 10. Embedded calculations or periodical calculations can be
used to estimate this quantum-chemical protonation energy as a function of
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the proton position in a zeolite. As we will see the additivity concept basic
to expression (13) is important in understanding catalytic acidity. It is im-
portant to decouple the cavity size-dependent van der Waals contribution,
which relates to adsorption, from the chemical reactivity, which relates to the
interaction with the proton. The repulsive interactions of bulky molecules
with the zeolite micropore are very important for selectivity differences of
conversion reactions controlled by steric constraints.

Embedded or periodical calculations are essential to compute these ef-
fects properly. A recent study of alkylation of toluene using a DFT periodical
electronic structure code demonstrated the feasibility of this approach [131].
We illustrate here how Eq. (13) can be used to compute corrections to the
activation energy from the cluster approach by adding the repulsive inter-
action that results from the formation of bulky intermediates. We use as an
example the bimolecular hydride transfer reaction. The activation energy of
the corresponding elementary rate constant can then be written

�Eact = �Eact(cluster) + �Esteric, (14)

where �Esteric is the repulsive term in the activation energy, which depends
strongly on the micropore volume and shape.

Transition states of the hydride transfer reaction have been studied quan-
tum chemically using the cluster approach [132, 133]. In the transition state,
the hydrogen atom becomes positioned between the two carbon atoms, in be-
tween which the hydrogen atom changes its position. In Fig. 14, the schematic

FIG. 14. (a) Schematic geometry of the transition state for hydrogen transfer between hep-
tane and propyl alkoxy. (b) Schematic geometry of the 2-propyl-2 heptane isomer of decane [17].
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FIG. 15. Energy contribution to the transition-state energy due to sterical effects for hydride
transfer reactions in three zeolites [74].

transition state for hydride transfer between heptane and propyl is sketched.
As can be noted from Fig. 14b its structure is close to that of the 2-propyl-2-
heptane isomer of decane.

Figure 15 gives the computed differences in energy according to a Monte
Carlo simulation for a few zeolites [74]:

�Esteric = Eads (intermediate) − Eads (reactant 1) − Eads (reactant 2). (15)

One notes the strong dependence of �Esteric as a function of the type of
zeolite and also the large repulsive correction �Esteric for the zeolite with the
narrow one-dimensional pore (ferrierite). We illustrate in the next section
how the values of �Esteric can be used to assist kinetic analysis.

C. KINETICS

The aim of this section is to illustrate how the mechanistic principles as
well as the rate constant predictions outlined in the previous section can be
used to simulate the overall rate of a reaction. It also provides an opportunity
to discuss more extensively the meaning of relation (13). This is done using
experimental data on the hydroisomerization of hexane.

The hydroisomerization reaction occurs in an excess of hydrogen
(H2/hexane ∼ 30) catalyzed by noble metal (e.g., Pt)-activated acidic zeolites.
The mechanism of the reaction is rather well understood and the sequence of
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FIG. 16. Reactions involved in the hydroisomerization reaction: (a) equilibration of
n-hexane and i-hexane (leading experimentally to a [hexane]/[hexene] ratio of approximately
10−6), (b) protonation of hexene, (c) isomerization of n-alkoxy species to i-alkoxy species,
(d) deprotonation of i-alkoxy species, and (e) equilibration of i-hexene and i-hexane.

the mechanisms involved in this reaction is summarized in Fig. 16 [134, 135].
The amount of the noble metal, such as Pt, added is such that hexane/hexene
equilibrium is established. Under the reaction conditions applied experimen-
tally (230–250◦C), this implies that the hexene/hexane ratio is about 10−6,
which suppresses undesirable deactivating oligomerization reactions. Hex-
ene reacts readily with the zeolitic proton. An intermediate alkoxy species
is formed, which can isomerize to the isoalkoxy, which upon deprotonation
gives isoalkene. Isoalkene is subsequently hydrogenated to hexane.

It has been explained in a previous section that diffusion of hexane and
isohexane can be considered to be fast. From a combination of theoreti-
cal and experimental data, a reaction energy scheme corresponding to the
catalytic reaction cycle that converts n-hexene into i-hexene has been de-
duced. This is shown in Fig. 17 [136, 137]. As in Section V, adsorption on
the siliceous part of the zeolite micropore is considered to be independent
of proton activation.
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Step 1 in the reaction energy diagram is the strongly micropore-dependent
energy of adsorption of reactant hexene. In the diagram, the computed ad-
sorption energy value in siliceous mordenite is used. The olefinic part of the
molecule becomes π and, subsequently, σ coordinated in the subsequent
steps. The best current estimation of the activation energy of the chemisorp-
tion reaction is ∼60 kJ/mol (the cluster value, ∼100 kJ/mol, corrected for by
the screening contribution, ∼40 kJ/mol). No accurate theoretical predictions
of the activation energy of isomerization are yet available but experiment
indicates that this value has to be between 120 and 140 kJ/mol [136–138]. As
rate-limiting steps the rates of desorption and isomerization can compete.
An estimate of preexponents is necessary to decide whether this is really the
case.

We explained in Section IV. B that the positively charged transition states
are stabilized by the interaction with the negatively charge zeolite wall. We
also discussed the large entropy loss of adsorbed molecules compared to
that in the gas phase. Hence, the transition state for the desorbing molecule
will have a significantly larger entropy gain than occurs in proton activation.
One may expect differences in the preexponent of ∼104 [139]. Whereas this
implies that for hexane isomerization the elementary rate constant of iso-
merization will be rate limiting, for larger molecules with higher adsorption
energies, the rates of desorption and proton activation may compete. Un-
der conditions where the rate of desorption is rate limiting, dynamic Monte
Carlo simulations show that product molecules remain occluded in the one-
dimensional channels. The micropore mouths become blocked by incoming
molecules. As a consequence, the rate constant per proton decreases (see
Fig. 18) [140].

In the absence of the need to include diffusion explicitly because it is fast,
the kinetic equations for hexane isomerization reduce to classical steady-
state expressions for the rate of isomerization:

riso = kiso · �alcoxy (16a)

and

kads.alkene Palkene (1 − �alkane − �alkane − �alkoxy) = kdes�alkene + kisom�alkoxy.

(16b)

To deduce riso, the elementary rate constant of isomerization, kiso, has been
assumed to be rate limiting. The competition of protonic sites adsorption
for alkane or alkene has been explicitly included in the kinetic scheme of
reactions. Using available data on the adsorption isotherms of alkane and
theoretical protonation energies, the elementary rate constant parameters of
kiso can be deduced from experiment by measuring the rate of isomerization
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FIG. 18. Simulated turnover frequency as a function of the number of protonic sites. The
loading is about 5%, every nine site can become a protonic site, and the rate constant for A →
B transformation is 10, 1, 0.1, 0.01, and 0.001 times the rate constant for desorption from the
top to the bottom curves [140].

as a function of the partial pressure of hexane [138]:

1
riso

= a + b

Phexane


a = 1
kiso

+ PH2

kiso Kprot

Kads,hexane

Kads,hexene Kdehydr

b = PH2

kiso Kprot Kdehydr Kads,hexene
.

Table V collects values for the activation energies of isomerization and pro-
tonation as deduced by De Gauw and van Santen [138] from kinetic mea-
surements. A comparison of the turnover frequency per proton (TOF) and
kiso is made in Table V. One notes that the large differences in measured
overall TOFs of different zeolites disappear for the elementary rate con-
stant kiso. This implies that the difference in apparent acidity of the zeolite is
due mainly to the difference in adsorption isotherms of the different zeolites.
One notes the small variation in activation and protonation energy values,
which implies a slight dependence of protonation on the micropore channel
size and dimension.
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TABLE V
MEASURED VALUES OF THE HYDROISOMERIZATION REACTION OF HEXANE

CATALYZED BY DIFFERENT ZEOLITESa

�Hprot Eact
iso kb

iso TOFb

H-Beta −46 145 1.7 · 10−2 5.0 · 10−3

H-Mordenite −19 120 2.7 · 10−2 1.1 · 10−2

H-ZSM-5 −23 105 2.8 · 10−2 4.1 · 10−3

H-ZSM-22 −35 106 1.7 · 10−2 1.6 · 10−3

a The values are the enthalpies of protonation (�Hprot; kJ/mol),
the activation energies of the isomerization reaction (Eact

iso ; kJ/mol), the
rate constants of isomerization (kiso; s−1), and the turnover frequencies
(TOF; s−1) [139].

bMeasured at 240◦C.

V. Concluding Remarks

The aim of this paper has been to present an overview of the current
status of atomistic simulations in relation to an understanding or prediction
of zeolite catalyst performance. In the initial sections, we have described that
the attractive van der Waals and the repulsive Born interactions determine
micropore size- and shape-dependent differences between different zeolite
structures. This affects overall catalytic rates because it controls the degree
of micropore filling under catalytic conditions.

The discussion of reactivity focused on the activation of hydrocarbons
by zeolitic protons. The deprotonation energy of a proton is weakly depen-
dent on the zeolite crystallographic position but may be strongly zeolite
composition dependent, especially at high concentrations of three valent
cations (Al, Ga) in the zeolite framework. Nonetheless, the deprotonation
energy is a local property of the OH bond, which can be estimated using
quantum-chemical calculations by extrapolation from properly terminated
cluster calculations.

The elementary rate constant for proton activation is weakly dependent
on the micropore size as long as steric constraints do not affect the tran-
sition state. Because of the zwitterionic nature of the transition state, di-
electric screening by the oxygen atoms of the micropore tends to decrease
the cluster-calculated transition state energies to 10 to 30% of the activa-
tion energies. Steric constraints on the transition state may substantially
increase the cluster-computed activation energies by similar amounts. These
steric constraints can be computed from periodical DFT calculations or from
transition-state model structures using Monte Carlo adsorbate–zeolite pore
interaction calculations.
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The overall concept that appears central is that zeolite activity depends
on two energy terms: the energy of adsorption, controlled by the micropore
size-dependent van der Waals forces; and the protonation energy, which is a
local property usually rather independent of the micropore size, unless steric
constraints limit optional interactions between proton and substrate.

The activation energy for proton transfer can be viewed as a lattice oxygen
Lewis-base and proton Brønsted-acid synergetic event [3]. One generally
finds that activation energies of proton-activated reactions are rather high:
between 100 and 200 kJ/mol for proton-activated elementary reaction steps
in hydrocarbon conversion catalysis. This is the main reason for the relatively
low TOF per proton (∼102 s−1) for this type of reaction. Similarly to enzymes
[31], the weak van der Waals-type interaction determines the size- and shape-
dependent behavior.
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