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In this work, quantum chemical methods were used to study propane conversion reactions on zeolites; these
reactions included protolytic cracking, primary hydrogen exchange, secondary hydrogen exchange, and
dehydrogenation reactions. The reactants, products, and transition-state structures were optimized at the B3LYP/
6-31G* level and the energies were calculated with CBS-QB3, a complete basis set composite energy method.
The computed activation barriers were 62.1 and 62.6 kcal/mol for protolytic cracking through two different
transition states, 30.4 kcal/mol for primary hydrogen exchange, 29.8 kcal/mol for secondary hydrogen exchange,
and 76.7 kcal/mol for dehydrogenation reactions. The effects of basis set for the geometry optimization and
zeolite acidity on the reaction barriers were also investigated. Adding extra polarization and diffuse functions
for the geometry optimization did not affect the activation barriers obtained with the composite energy method.
The largest difference in calculated activation barriers is within 1 kcal/mol. Reaction activation barriers do
change as zeolite acidity changes, however. Linear relationships were found between activation barriers and
zeolite deprotonation energies. Analytical expressions for each reaction were proposed so that accurate activation
barriers can be obtained when using different zeolites as catalysts, as long as the deprotonation energies are
first acquired.

1. Introduction

Zeolites are microporous crystalline aluminosilicates with
three-dimensional framework structures which form uniformly
sized pores of molecular dimension. They are broadly used as
catalysts in the oil refining and petroleum industries; the
worldwide total annual zeolite catalyst consumption rate was
360 million tons in 1998.1 There are 130 different types of
zeolite structures identified and described in the International
Zeolite Association Database,2 16 of which are of commercial
interest and are produced synthetically. Among them, H-ZSM-5
is broadly used in the petrochemical industry for catalytic
cracking of hydrocarbons because of its interesting catalytic
properties, including shape selectivity and high acid strength.3

The catalytic function of zeolites is realized by their Brønsted
acidic sites. These active sites are formed when a silicon atom,
which has a formal valency of four, is replaced by an aluminum
atom with a valency of three. A proton is attached to the
connecting oxygen atom between silicon and its aluminum
neighbor, resulting in a chemically stable structure, Al(OH)Si,
where the oxygen atom is in a three-coordinated structure. The
SiO and AlO bonds are considerably covalent, creating a
relatively weak OH bond. The “onium” type coordination of
oxygen is the fundamental reason for the high acidity of the
attached proton, which makes zeolites good catalysts.4

Because of complicated reaction mechanisms and various
simultaneous reaction pathways, hydrocarbon catalytic reactions
on zeolites are very difficult to study experimentally.5,6 For
propane reactions, only limited experimental information is
available.7-9 On the other hand, the increase in computer speed
has greatly enabled application of computational tools in large

systems in the past decade. Density functional theory and ab-
initio quantum chemical methods have been applied by many
researchers to study zeolite catalytic reactions quantitatively.10-27

The results have led to a better understanding of the reaction
mechanisms and kinetic and thermodynamic properties regarding
these reactions.

The aspects of a catalytic reaction which are dependent only
on local properties, such as the activation of adsorbates and
any bond breaking or forming that may take place, generally
can be studied with the cluster approach.5,19,28A cluster model
is used to represent the catalyst, which is formed by cutting
out a portion of the catalyst lattice and terminating the open
valences with hydroxyl or hydride bonds. The cluster size is
chosen so that the reaction can be modeled using quantum
methods.29 H3Si-O-AlH2-(OH)-SiH3, a T3 cluster model,
has been applied extensively to investigate hydrocarbon het-
erogeneous reactions,30-34 which was also the cluster of choice
to simulate the zeolite surface in this work.

In this work, density functional theory and ab-initio methods
were implemented to investigate the four propane conversion
reactions. The results were compared with experiment7-9 and
those from previous computational research.14,32,35,36Further-
more, the influence of the basis sets and zeolite acidity on the
reaction activation barriers was studied quantitatively.

2. Computational Methods

All the calculations in this work were performed with the
GAUSSIAN98 37 software package, and all structures were
obtained with Becke’s three-parameter density functional38 and
the Lee, Yang, and Parr functional,39 the well-known B3LYP
method, with a moderate 6-31G* basis set. The energies were
obtained with CBS-QB3, a high-level complete basis set
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composite energy method.40 The products and reactants were
verified with frequency calculations to be stable structures, and
the transition states were tested to ensure they were first-order
saddle points with only one negative eigenvalue. Additionally,
intrinsic reaction coordinate (IRC) calculations41 proved that
each transition state linked the correct products with reac-
tants. Zero-point vibrational energies (ZPVE) were obtained
from harmonic vibrational frequencies calculated at the B3LYP/
6-31G* level with a scaling factor of 0.9806.42

3. Results and Discussions

3.1. Protolytic Cracking Reaction.The protolytic cracking
reaction

consists of the C-C bond cleavage of propane by the zeolite
Brønsted acid proton. The transition-state structure (TS1)
calculated using the B3LYP/6-31G* method is shown in Figure
1a. This reaction is found to be similar to the protolytic cracking
of ethane,43 since it starts with a proton attaching to the C-C
bond of propane. The acidic proton, H(14), attaches to the
methyl group of the propane reactant, C(16), to form methane
and a surface alkoxide product. In the transition-state structure,
the acidic proton has been transferred to carbon C(16) and a
methane molecule is almost formed. The left ethyl group of
propane becomes a carbenium ion, C2H5

+, with a Mulliken
charge of 0.51, and is bonded to the zeolite cluster. In the
transition-state structure, the C(15)-C(16) structure stays in the
same plane as the zeolite O(2)-Al(1)-O(3) plane and the
C(15)-C(17) structure is perpendicular to the main zeolite
cluster plane. The zeolite cluster plays an important role in this
reaction. The right oxygen of the cluster, O(3), acts as a Brønsted
acid which donates a proton, while the left oxygen, O(2), acts
as a Lewis base which receives the ethyl group, demonstrating
the bifunctional Brønsted acidic-Lewis basic nature of the
zeolite catalyst.

The protolytic cracking reaction of propane is nearly thermo-
neutral with an activation barrier of 62.1 kcal/mol calculated
with the CBS-QB3 method. The activation barrier obtained in
this work is compared with the computational results from
Rigby et al. in Table 1. The barrier obtained by Rigby using
MP2/6-31G*//HF/3-21G (energy calculation method//geometry
optimization method), 68.0 kcal/mol,24 is much higher than the
experimental result because MP2 energy calculations tend to
overestimate barrier heights.44-47 The experimental activation
energies for the propane cracking reactions were reported to be
37.1 kcal/mol for the H-ZSM-5 zeolite and 39.5 kcal/mol for
HY-M.8,9 Our calculated activation barrier is also higher than
the experimental value. The difference could be caused by the
fact that the T3 cluster applied in this work is only a partial
representation of the zeolite catalyst which does not include
long-range interactions. Interestingly, Zygmunt recently studied
the ethane protolytic cracking reaction with a T5 cluster.13 The
result obtained with MP2(fc)/6-31G*//MP2(fc)/6-31G* is even
higher, 73.70 kcal/mol. The long-range correction obtained by
the HF/6-31G* calculation for a 58T cluster model reduces the
activation barrier by 14.50 kcal/mol. For the same scenario,
long-range corrections could also lower our calculated barrier
height and bring it much closer to the experimental value. The
other reason for the high activation barrier obtained could be
the moderate basis set 6-31G* used in the geometry optimization
which will be tested in Section 3.4. Moreover, the zeolite acidic

effect could also reduce our calculated activation barrier by 2
kcal/mol, which will be discussed in Section 3.5.

We found another transition state (TS2) for the protolytic
reaction and it is depicted in Figure 1b. In this transition state,
the C(17)-C(15)-C(16) plane becomes perpendicular to the
main zeolite cluster plane O(2)-Al(1)-O(3). Considering the
cluster is only one part of the zeolite pore, this transition-state
structure represents the case where the propane molecule is
perpendicular to the plane of the zeolite pores. This mechanism
becomes more important when the reactant hydrocarbon chain
length becomes larger. For zeolites with small to medium pores,
like ZSM-5 which is broadly used for hydrocarbon cracking,
the reactant molecule becomes comparable to the zeolite pore
diameter for those species with a contiguous carbon chain length
larger than three. The species become too large to pass in a
parallel manner through the pores. As a result, the reaction can
take place only when the reactant molecules are perpendicular
to the zeolite pores. In other words, starting with a carbon chain
length of four, liken-butane as a reactant, the perpendicular
transition state is the only reaction pathway for the protolytic
cracking reaction.

The activation barrier of this protolytic cracking pathway is
62.6 kcal/mol calculated with the CBS-QB3 method. The barrier
is similar to that of TS1, 62.1 kcal/mol, which indicates that
the two competitive reaction pathways are comparable. Again,
this activation barrier is higher than that obtained by experi-
ment.9

3.2. Hydrogen Exchange Reactions.The propane hydrogen
exchange reaction can take place at either the primary carbon
or the secondary carbon shown in the following reaction scheme:

The bold underlined carbon atom indicates the place where
hydrogen exchange takes place. The propane hydrogen exchange
reactions were previously studied by this group30 and are briefly
discussed here for completeness of this work. Figure 1c shows
the calculated transition-state structure for the primary hydrogen
exchange reaction of propane using the B3LYP/6-31G* method.
The structure clearly shows theCs symmetry obtained without
any symmetry constraints applied for the optimization step. The
carbon in the main plane of the zeolite structure, C(15), is
protonated and becomes a pentacoordinated structure. The
exchanging hydrogen atom from propane, H(19), and the acidic
proton, H(14), stay in the middle of the carbon and two oxygen
atoms, indicating formation of one C-H bond and breaking of
the other.

The activation barrier obtained with the CBS-QB3 method
is 30.4 kcal/mol. In Table 1, the activation barrier is compared
with previous computational results from Esteves36 and Ryder.35

The activation barrier obtained in this work is relatively lower
than the calculated results from Esteves and Ryder which are
32.2 and 40.5 kcal/mol, respectively. The experimental activa-
tion energy reported by Stepanov et al. is 25.8( 1.7 kcal/mol.7

Our calculation is only 3 kcal/mol higher than the maximum
experimental data and is much closer to the experiment than
those from Esteves and Ryder.

The calculated transition-state structure of propane secondary
hydrogen exchange with the B3LYP method is shown in Figure
1d. The propane structure tilts to the right side of the zeolite

CH3CH2CH3 + H3SiOAlH2(OH)SiH3 f

CH4 + H3Si(OC2H5)AlH2OSiH3

CH3CH2CH3 + H3SiOAlH2(OH′)SiH3 f

CH3CH2CH2H′ + H3Si(OH)AlH2OSiH3

CH3CH2CH3 + H3SiOAlH2(OH′)SiH3 f

CH3CHH′CH3 + H3Si(OH)AlH2OSiH3
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Figure 1. Transition-state structures for propane reactions on zeolite cluster (a) cracking reaction (TS1), (b) cracking reaction (TS2), (c) primary
hydrogen exchange reaction, (d) secondary hydrogen exchange reaction, and (e) dehydrogenation reaction (units in Å).
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cluster and pushes the acidic proton, H(14), farther away from
the C(15) atom. As a result, the C(15)-H(14) distance is slightly
larger than the C(15)-H(19) distance, while the distance of
H(14)-O(3) is slightly less than that of H(19)-O(2). The
activation barrier obtained with the CBS-QB3 method is 29.8
kcal/mol, which is very similar to the activation barrier for the
primary hydrogen exchange reaction. The result is again much
lower than the calculated results from Esteves and Ryder, which
are 33.3 and 39.2 kcal/mol as listed in Table 1. Compared with
the experimental activation energy of 28.0( 1.7 kcal/mol,7 our
calculated result falls within the experimental error range. Our
calculated results show that the activation barrier of the
secondary carbon-hydrogen exchange reaction is close to,
but relatively lower than, that of primary carbon. This trend is
the same as that obtained by Ryder,35 but contradictory to the
experimental results of Stepanov.7 Since the experimental
activation energy of primary and secondary exchange reactions
only differs by 2.2 kcal/mol, the relative magnitude of these
two activation energies could be reversed considering the
experimental error range is as large as(1.7 kcal/mol for each
reaction. Also, because the difference of our calculational results
is less than 1 kcal/mol and the accuracy of CBS composite
energy calculations is around 1 kcal/mol, the relative magnitude
of the our calculated activation barriers could be reversed to
match the experiments listed here.

3.3. Dehydrogenation Reaction.The dehydrogenation reac-
tion consists of cleavage of a C-H bond by the zeolite Brønsted
acid proton.

The transition-state structure of the propane dehydrogenation
reaction is shown in Figure 1e. The carbon C(15) structure
becomes almost planar, and the other two carbons keep the
tetrahedral structure. A six-member ring, O(2)-Al(1)-O(3)-
H(14)-H(20)-C(15), is formed. With the H(20)-C(15) and
H(14)-O(3) distances greatly extended to 1.81 and 1.82 Å, a
di-hydrogen molecule, H(14)H(20), is almost formed, whereas
the C3H7 fragment binds to the zeolite oxygen, O(2), which acts
as a Lewis base.

The activation barrier obtained with the CBS-QB3 method
is 76.7 kcal/mol. This barrier is the highest among all of the

propane conversion reactions, indicating it is the most difficult
reaction to take place. Our result is 3.7 kcal/mol higher than
the result obtained by Furtado et al.32 using B3LYP/6-311G**//
B3LYP/6-31G**. However, B3LYP energy calculation methods
have been well-known for underestimation of activation
barriers.6,48-50 The experimental study from Narbeshuber et al.
reported activation energies of 22.7 and 15.5 kcal/mol for
H-ZSM-5 and H-Y zeolites.9 It seems clear that the computa-
tional results are too high compared to these experimental
values, which is similar to the propane cracking reaction from
Section 3.1. This discrepancy could be attributed to the relatively
small cluster size and basis set choice for the optimization.
Furtado increased the cluster size to T5 and used a larger basis
set to refine their results. However, the activation barriers
obtained increased by 3 kcal/mol, which could eliminate the
doubt of the choice of the cluster size and basis set.

Interestingly, Kanzansky found another two-step reaction
pathway for the isobutane dehydrogenation reaction.51 But the
activation barrier obtained was similar to that of the single-
step pathway, which is still much higher than the experimental
data. However, from previous experimental studies, the overall
heat of reaction for the gas-phase dehydrogenation reaction C3H8

f C3H6 + H2 is known to be about 30 kcal/mol, which is
difficult to reconcile with the reported experimental barriers.5

Certainly, some discrepancy is caused by the failure of density
functional theory to account for van der Waals interactions. But
it is also possible that the experimental value is too low,
considering the gas-phase heat of reaction value.

3.4. Basis Set Effects.In this work, the moderate 6-31G*
basis set used in the geometry optimizations may seem inade-
quate. Therefore, the influence of the basis set on the activation
barriers was investigated by increasing the basis set from 6-31G*
to 6-31G** and 6-31++G** for the geometry optimization.
The energies were then obtained using the composite CBS-QB3
method. As shown in Table 2, there is little difference between
the activation barriers obtained using these three basis sets. The
largest difference is for the dehydrogenation reaction where the
activation barrier is reduced by less than 1 kcal/mol. Therefore,
the diffuse and polarization functions added do not obtain better
activation barriers with higher-level calculated energies. This
proves that the calculated activation barriers depend greatly on
the level of the energy calculation method and depend less on

TABLE 1: Activation Barrier Calculation Results for Propane Conversion Reactions on Zeolites Using the CBS Method (units
in kcal/mol)

computational results experiment

This Work Rigbyb Furtadoc Estevesd Rydere Narbeshuberf Stepanovg

cluster model/ catalyst type T3 T3 T5 T3 T5 H-ZSM-5 HY-M H-ZSM-5
geometry opt. method B3LYP HF B3LYP B3LYP BH&HLYP

/6-31G* /3-21G / 6-311G** / 6-31G** / 6-31++G **
energy calculation method CBS-QB3 MP2 B3LYP B3LYP BH&HLYP

/6-31G* / 6-311G** / 6-31G** / 6-31++G **
cracking (62.1/ 62.6)a 68.0 37.1 39.5
primary hydrogen Exchange 30.4 32.2 40.5 25.8( 1.7
secondary hydrogen exchange 29.8 33.3 39.2 28.0( 1.7
dehydrogenation 76.7 73.0 22.7 15.6

a (TS1/TS2).b Ref 14.c Ref 32.d Ref 36.e Ref 35. f Refs 8,9.g Ref 7.

TABLE 2: Calculated Activation Barriers for the Propane Protolytic Cracking Reaction with Different Basis Sets

geometry opt. method cracking (TS1) cracking (TS2)
primary

hydrogen exchange
secondary

hydrogen exchange dehydrogenation

B3LYP/6-31G* 62.1 62.6 30.4 29.8 76.7
B3LYP/6-31G** 62.1 62.6 30.5 29.9 76.1
B3LYP/6-31++G** 62.3 62.6 30.6 30.1 75.8

CH3CH2CH3 + H3SiOAlH2(OH)SiH3 f

H2 + H3Si(OC3H7)AlH2OSiH3
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the level of the geometry optimization method.19,43Using high-
level calculations to obtain the activation barriers through the
CBS-QB3 method is crucial in this situation. Therefore, the
geometry optimized using the 6-31G* basis set is adequate for
activation barriers as long as the final energy is obtained using
a high-level method like CBS-QB3.

3.5. Acidity Effects.The acidity study of zeolite catalysts is
important since the catalytic activity of zeolites is directly related
to the strength of the acid sites.52 The deprotonation energy
(Edep) of zeolite clusters is a theoretical measurement of zeolite
acidity and is a good indicator of its chemical properties.52-57

It is defined as the energy difference between the protonated
(ZH) and unprotonated (Z-) clusters.54

A high deprotonation energy indicates a stronger bond
between the acidic hydrogen and its oxygen neighbor, which is
also referred to as a being less acidic. Therefore, it takes more

energy to break the H-O bond so that the reaction can take
place, which means a higher activation barrier. In real zeolite
catalysts, the deprotonation energy varies over a range of
20-50 kcal/mol among different zeolite structures.6,58 For
H-ZSM-5, the deprotonation energy has been studied by sev-
eral researchers, and the numbers are in the range of 280-320
kcal/mol.52-57,59 The corrected deprotonation energy of 295.4
kcal/mol53 has now been extensively accepted for H-ZSM-5
zeolite.13,19,43

Kramer et al.60 have shown that the acidity effect of zeolite
catalysts can be simulated by modifying the length of the

Figure 2. Transition-state structures of propane cracking reaction with
changing terminal Si-H bond distances (units in Å).

Edep) E(Z-) - E(ZH)

Figure 3. Transition-state structures of propane primary hydrogen
exchange reaction with changing terminal Si-H bond distances (units
in Å).
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terminal Si-H bonds of the cluster model with all other
geometry parameters fully optimized, and our previous work
has followed this methodology.31 With the increase of the
terminal Si-H bond distance, the zeolite cluster acidity increases
and its deprotonation energy decreases. The changes of the
zeolite acidity affect the transition-state structures and activation
barriers of the reactions. Figure 2 shows the transition-state
structures of the propane protolytic cracking reaction as the
Si-H distance changes from 1.3 to 1.9 Å. With a Si-H bond
length increase, the distance of the protonic hydrogen and acidic
oxygen, H(14)-O(3), increases from 2.36 to 2.55 Å. Similarly,
the distance between the carbon atom and Lewis basic oxygen,
C(15)-O(2), increases from 2.78 to 2.81 Å. The C3H9 group
moves farther away from the cluster, while the two cracking
carbon atoms, C(15) and C(16), move closer. Additionally, the
oxygen and silicon distance, O(3)-Si(5), shrinks as the cluster
acidity increases, indicating a stronger O-Si bond, which in
turn causes a weak oxygen bond to the acidic proton.

Similar acidic effects were studied and applied to propane
primary and secondary hydrogen exchange reactions shown in
Figures 3 and 4. As the cluster acidity increases, the acidic
hydrogen and oxygen distance, H(14)-O(3), increases. Mean-
while, the C3H9 structure moves away from the zeolite cluster,
which is similar to protolytic cracking and secondary hydrogen
exchange reactions. However, a transition state cannot be located
for the propane dehydrogenation reaction as the Si-H distance
increases to 1.9 Å. The transition-state structures of the propane
dehydrogenation reaction as the Si-H distance changes to 1.3
and 1.7 Å are shown in Figure 5. As the Si-H distance
increases, the distance of the carbon atom and Lewis basic
oxygen, C(15)-O(2), increases from 2.36 to 2.43 Å and the
distance of protonic hydrogen and acidic oxygen, H(14)-O(3),
increases from 1.76 to 1.90 Å. Meanwhile, the bi-hydrogen
atoms, H(14) and H(20), move closer to each other, becoming
more like the structure of a hydrogen molecule, and the entire
C3H9 group moves farther away from the cluster.

Table 3 summarizes the change in activation barriers for
propane protolytic cracking, primary and secondary hydrogen
exchange, and dehydrogenation reactions as the Si-H bond

Figure 4. Transition-state structures of propane secondary hydrogen
exchange reaction with changing terminal Si-H bond distances (units
in Å).

Figure 5. Transition-state structures of propane dehydrogenation
reaction with changing terminal Si-H bond distances (units in Å).
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distances are varied. With the Si-H distance increasing, the
activation barriers decrease for all four reactions because of the
increased acidity of the zeolite cluster. As long as the reaction
mechanism does not alter, the change in activation barrier is
linearly correlated to the change in zeolite cluster deprotonation
energy. Therefore, the Brønsted-Polanyi principle can be
applied:61

The linear relationship of the activation barriers with clus-
ter deprotonation energies is illustrated in Figure 6. Applying
the H-ZSM-5 zeolite catalyst deprotonation energy, 295.4
kcal/mol,53 the activation barriers are then calculated and listed
in Table 3. For the propane protolytic cracking reaction, the
activation barrier obtained is 60.1 kcal/mol using the expression
Ea ) 0.708Edep - 148.9. Therefore, with the acidity effect cor-
rection, the barrier height is reduced by 2.0 kcal/mol. Similarly,
the barrier heights were lowered by 1.0, 1.1, and 2.0 kcal/mol
for primary hydrogen exchange, secondary hydrogen exchange,
and dehydrogenation reactions, respectively, which brings our
computational results even closer to the experimental results.

The acidity effect study has shown the correlation between
the zeolite deprotonation energy and activation barrier for
propane conversion reactions. This is crucial because zeolite
deprotonation energies are significantly easier to calculate than
activation barriers because of the difficulty in performing
transition-state optimizations for large complexes with many
degrees of freedom. Applying these analytical expressions,
activation barriers can be obtained for different zeolite catalysts
as long as their deprotonation energies are first acquired.

Conclusions

In this work, propane protolytic cracking, primary hydrogen
exchange, secondary hydrogen exchange, and dehydrogenation

reactions catalyzed by a zeolite cluster were studied using a T3
cluster. The transition-state structures were optimized using the
B3LYP method, and the energies were obtained using CBS-
QB3, a complete basis set composite energy method. The effects
of basis set on the activation barriers were investigated. The
increase of basis set for the geometry optimization proved to
have negligible effects on the reaction barrier heights.

The activation barriers obtained for cracking, primary and
secondary hydrogen exchange, and dehydrogenation reactions
are 62.1, 62.6, 30.4, 29.8, and 76.7 kcal/mol, respectively. This
indicates that the hydrogen exchange reaction has the lowest
barrier and is the easiest reaction to take place, while the
dehydrogenation reaction has the highest barrier and is the most
difficult to happen. Furthermore, the zeolite acidity effect was
mimicked by changing the terminating Si-H bond lengths.
Analytic relationships between the activation barriers and
deprotonation energies were proposed so that accurate reaction
barriers can be obtained when using zeolite catalysts with
different acidities.
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