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A computational study of methane catalytic reactions on zeolites
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Abstract

The cluster approach method is used to study the transition state structures and the activation barriers of methane hydrogen exchange and
dehydrogenation reactions catalyzed by zeolites. The reactant and transition state structures are optimized at the B3LYP/6-31g* level, and the
energies are calculated using CBS-QB3, a complete basis set composite energy method. The computed activation barriers are 33.53 kcal/mol for
the hydrogen exchange reaction and 90.08 kcal/mol for the dehydrogenation reaction. The effects of zeolite acidity on the reaction barriers are
also investigated by changing the length of the terminal SiH bonds. Analytical expressions between activation barriers and zeolite deprotonation
energies for each reaction are proposed so accurate activation barriers can be obtained when using different zeolites as catalysts. Additionally,
transition state theory is applied to estimate the reaction rate constants of the hydrogen exchange and dehydrogenation reactions from calculated
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. Introduction

Hydrocarbon conversion processes are essential for the mod-
rn oil and chemical industries[1,2]. In these processes, zeolites
re extensively used as catalysts and the world-wide total annual
onsumption reached 360 million tons in 1998[3]. Zeolites have
attice structures and the Brønsted site is established by replac-
ng the lattice silicon atom, which has a formal valency of four,
ith an aluminum atom that has a valency of three. A proton

s attached to the oxygen atom connecting the silicon to its alu-
inum atom neighbor, resulting in a chemically stable structure
here the oxygen atom becomes a three-coordinated structure.
he highly acidic proton attached to the oxygen atom makes a
eolite a good catalyst[4].

Catalytic conversion of methane to liquid fuels or desired
roducts is currently one of the great challenges in catalysis
cience[5]. Also, methane catalytic conversion reactions are
mong the simplest elementary reactions, which can be stud-

ed experimentally. By comparing theoretical results with the
xperimental data, these reactions can be used as benchmarks to
valuate the accuracy of computational methods.

In applying computational chemistry to study a catal
reaction system, the first step is to choose a struc
model to represent the catalyst. The zeolite cluster m
H3Si O AlH2 (OH) SiH3, is a typical one used to mod
the Brønsted acid site of a zeolite catalyst[6,7]. This model is
referred as a T3 cluster, denoting the presence of three te
dral atoms (one aluminum and two silicon). In previous w
the calculated geometry and frequency results of this cl
model were compared with available experimental data[8–12]
and showed excellent agreement for the acidic hydrogen
aluminum atom distance and the acidic HO bond vibrationa
frequency[13]. Furthermore, this cluster model has a depr
nation energy close to those found for high-silica acidic zeo
around 295.4 kcal/mol[6,14–16]. Also, it has proven to be larg
enough to include the important neighborhood surroundin
Brønsted acid site, but is still small enough to allow for
application of high-level quantum chemical treatment[7,17].
Therefore, the T3 cluster will be the primary cluster used in
work.

For many years, researchers have used quantum che
tools to investigate the structure, stability, reaction kinetics
∗ Corresponding author. Tel.: +1 520 626 5319; fax: +1 520 621 6048.
E-mail address: blowers@engr.arizona.edu (P. Blowers).

mechanisms of different molecular systems[18–27] particu-
larly, density functional theory and ab initio methods have been
applied by to study catalytic reactions quantitatively[13,28–40].
Kramer et al. studied the methane hydrogen exchange reaction
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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using HF/6-31g** calculations, a low level ab initio method with
a modest basis set[41]. Evleth et al. investigated the methane
hydrogen exchange reaction using MP2/6-31++g*//HF/3-21g
(energy calculation method//geometry optimization method)
with a silicon-free T1 cluster[42]. The activation barriers
obtained are relatively high in that work, reflecting the inability
of a T1 cluster to represent a zeolite catalyst. In 1999, Esteves
et al. studied the methane hydrogen exchange reaction using
B3LYP/6-31g** and MP2/6-31g**//HF/6-31g** methods[17].
The activation barriers for the methane hydrogen exchange reac-
tion were 32.3 and 31.1 kcal/mol using these methods. In 2000,
Ryder et al. studied the methane hydrogen exchange reaction
using the BH&HLYP/6-31++g** method[43]. The activation
barrier obtained with this method was 38.4 kcal/mol. Kazansky
et al. also investigated methane hydrogen exchange and
dehydrogenation reactions using a small T1 cluster and the low
level HF/3-21g method[44]. The activation barriers obtained
were 37.1 kcal/mol for hydrogen exchange and 104.5 kcal/mol
for dehydrogenation. With a T3 cluster model, Blaszkowski et
al., studied the methane reaction using BP/DZPV, a nonlocal
density functional theory method[45]. The resulting activation
barriers were relatively low, 29.85 kcal/mol for hydrogen
exchange and 82.03 kcal/mol for dehydrogenation because
the BP/DZPV method tends to underestimate reaction barriers
for this type of reaction[46]. Finally, to complete the short
list of previous work on this topic, Larson et al., experimen-
t a
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It has been pointed out by many researchers that the cal-
culated activation barriers strongly depend on the level of the
final energy calculations and less on the level of the geome-
try optimisation[32,60,61]. Therefore, it is advisable to per-
form the geometry optimizations at a relatively lower level,
B3LYP/6-31g* in this work, and the final energy calculations
at a higher level, CBS-QB3, a complete basis set compos-
ite energy method. Traditionally, energy calculations contain
only a single computation. To obtain accurate energies, one
generally requires a large basis set with a high level method,
which generally takes significant time to compute. Composite
energy methods are composed of a series of single point energy
calculations steps. Their results are then combined to obtain
the highly accurate energy value at a reduced computational
cost. The recently developed complete basis set (CBS) meth-
ods [62–70] include the basis set truncation errors, the major
defect encountered for the single point energy calculations. In
1999, Montgomery et al. proposed a complete basis set method
using density functional geometry and frequencies, referred to
as the CBS-QB3 method[65]. For the G2 test set of first-row
molecules, the mean absolute error for a wide variety of highly
accurate experimental energies is decreased to 0.87 kcal/mol
for the CBS-QB3 method compared to 1.37 kcal/mol for the
G2 method[71]. In this work, the B3LYP/6-31g* method was
used to calculate geometries and frequencies in the CBS-QB3
formalism.
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ally investigated the CD4 H/D reaction using silica-alumin
atalysts and reported an activation energy of 33.4 kca
47].

In this work, a silicon-containing T3 cluster is used to s
late the zeolite catalyst, and a high level composite en
ethod is implemented to investigate the methane hydr

xchange and dehydrogenation reaction energetics. The r
re then compared with the experimental data and com

ional results from other researchers. Furthermore, the influ
f the zeolite acidity on methane conversion reaction activ
arriers is studied quantitatively. Calculations of the reac
ate constants using canonical transition state theory are
eported.

. Computational methods

Density functional theory (DFT) has been widely app
y physicists to study the electronic structure of solids in
ast 30 years[19–21,28,32,48–55]. Computational studies
hemical reaction systems have become very popular be
he methods are quite reliable and only have medium com
ional demands compared to ab initio molecular orbital the
he geometry optimizations of the reactants, products, and
ition state structures in this work were carried out using Be
hree-parameter density functional[56] and the Lee, Yang, an
arr functional[57] to describe gradient-corrected correla
ffects, which leads to the well-known B3LYP method, c
ined with a moderate basis set, 6-31g*. The B3LYP me
as been validated to give results similar to that of the m
omputationally expensive MP2 theory for molecular geom
nd frequency calculations[58,59].
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The geometry optimizations are performed with the GA
IAN98 [72] software package. All the structures were fu
ptimized without geometry constraints. The products and

ants were verified with frequency calculations to be stable s
ures, and the transition states were tested to ensure they
rst order saddle points with only one negative eigenvalue. A
ionally, intrinsic reaction coordinate (IRC) calculations pro
hat each reaction linked the correct products with react
ero point vibrational energies (ZPVE) were obtained from
onic vibrational frequencies calculated at the B3LYP/6-3

evel with a scaling factor of 0.9806 and the frequencies w
caled by 0.9945[73]. These frequencies were used in the p
ion functions for the prediction of reaction rates using trans
tate theory[74–77]. Also, thermal corrections were included
ddition to the ZPVE at all temperatures where reaction
onstants were calculated.

. Results and discussions

.1. Hydrogen exchange reaction

CH4 + H3SiOAlH2(OH′)SiH3

→ CH3H′ + H3Si(OH)AlH2OSiH3

The hydrogen exchange reaction consists of the cleava
ne methane CH bond and the formation of another CH′
ond to the zeolite acidic proton.Fig. 1(a) shows the calculate

ransition state structure for the hydrogen exchange react
ethane using the B3LYP/6-31g* method. The structure cle

hows the Cs symmetry obtained without any symmetry c
traints applied for the optimization calculation. The proton
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Fig. 1. Transition state structures for methane reactions on a T3 zeolite cluster optimized at the B3LYP/6-31g* level for (a) hydrogen exchange reaction, (b)
dehydrogenation reaction (units in̊A).

carbon, C (15), stays in the main plane of zeolite cluster and
becomes a penta-coordinated structure. The acidic proton H(14)
and the hydrogen atom from the methane molecule H(19) stay
in the middle of the carbon and oxygen atoms, indicating forma-
tion of one C H bond and breaking of the other. In the reaction

process, the right oxygen of the cluster acts as a Brønsted acid
which donates a proton while the left oxygen acts as a Lewis
base which receives the hydrogen atom from methane.

The activation barrier calculated using the CBS-QB3 com-
posite energy method is 33.53 kcal/mol. As listed inTable 1,

Table 1
Activation barrier results from theory and experiment for methane reactions on zeolites (units in kcal/mol)

This work Kramer[41] Evleth, 1994
[42]

Esteves, 1999[17] Ryder[43] Kazansky
[44]

Blaszkowski
[45]

Experiment
[47]

Cluster Model/
Catalyst Type

T3 T3 T1 T3 T5 T1 T3 H-ZSM-5

Geometry Opt. B3LYP/6-31g* HF/6-31g** HF/6-31g* B3LYP/6-31g** BH&HLYP/6-31++g** HF/3-21g BP/DZVP
Energy Calculation CBS-QB3 HF/6-31g** MP2/6-31++g* B3LYP/6-31g** BH&HLYP/6-31++g** HF/3-21g BP/DZVP
Hydrogen Exchange 33.53 35.90 39.90 32.30 38.40 37.10 29.85 33.40
Dehydrogenation 90.08 – – – – 104.50 82.03 –
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the result is compared with experimental data and computa-
tional results from other researchers. An experimental study
from Larson et al., determined the activation barrier for deu-
terium exchange reaction of CD4 with zeolite type H-ZSM-
5 to be 33.4 kcal/mol. The difference between our calculated
result with the experimental value is only 0.13 kcal/mol, which
shows our choice of zeolite cluster model and computational
method can reproduce experiment very well. In 1993, Kramer
et al., studied the methane hydrogen exchange reaction using
HF/6-31g** calculations and a T3 cluster. The activation bar-
rier obtained, 35.90 kcal/mol, is higher than the experiment. The
reason is that the HF energy calculations tend to overestimate
barrier heights[78–81]. In 1994, Evleth et al., performed a sim-
ilar calculation using MP2/6-31++g*//HF/3-21g method and
a silicon-free T1 cluster[42]. The activation barrier obtained,
39.90 kcal/mol, is relatively high, reflecting that the T1 clus-
ter cannot represent the zeolite catalyst properly because it
does not contain important characteristics of a real zeolite, the
Si O Al bridge [82]. In 1999, Evleth et al., extended their
early work using B3LYP/6-31g** and MP2/6-31g**//HF/6-
31g** methods with the T3 cluster model[17]. The acti-
vation barriers for the methane hydrogen exchange reaction
were 32.3 kcal/mol and 31.1 kcal/mol, respectively. Kazansky
et al., investigated the methane hydrogen exchange reaction
using a small T1 cluster and the low level HF/3-21g method
[44]. The activation barriers obtained was 37.1 kcal/mol, again
o ith
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donates a proton and the left oxygen O(2) acts as a Lewis base
which receives the CH3 group.

The activation barrier obtained using the CBS-QB3 method
is 90.08 kcal/mol. This barrier is much higher than the hydrogen
exchange reaction activation barrier, indicating the reaction is
more difficult to take place. Unfortunately, direct comparison to
experiment cannot be made because there are no experimental
activation energies available for this reaction. Instead, the result
obtained in this work is compared with the computational results
from other researchers. Blaszkowski et al., studied this reaction
using BP/DZPV, a nonlocal density functional theory method
and a T3 cluster. The resulting activation barrier, 82.03 kcal/mol,
was probably low because the BP/DZPV method tends to under-
estimate reaction barriers for this type of reaction[46]. The
activation barrier obtained Kazansky et al., using HF/3-21g and
a T1 cluster is 104.5 kcal/mol. This is relatively higher than the
result of this work because the small T1 cluster is unable to
represent the zeolite catalyst and the HF method tends to over-
estimate activation barriers[78–81]. The comparison showed in
the earlier section suggests our result is expected to be accurate
although experimental measurements for this reaction are still
not available.

3.3. Acidity effects

The zeolite acidity plays a very important role in studying
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verestimating the barrier like HF methods often do. W
T3 cluster model, Blaszkowski et al., studied the met

eaction using BP/DZPV, a nonlocal density functional
ry method. The resulting activation barriers are relatively
9.85 kcal/mol, because the BP/DZPV method tends to u
stimate reaction barriers in this type of reactions[46]. Recently
yder et al., studied the methane hydrogen exchange re
sing the BH&HLYP/6-31++g** method and a large T5 cl

er model[43]. The activation barrier result was 38.4 kcal/m
hich is still higher than the experimental value. Compa
ith the more accurate result of this work using a relati
maller T3 cluster model, this highlights the importance
he energy calculation method. Without further increasing
eolite cluster size, accurate results can be obtained as
s the energy is obtained at a high level, CBS-QB3 in
ork.

.2. Dehydrogenation reaction

CH4 + H3SiOAlH2(OH)SiH3

→ H2 + H3Si(OCH3)AlH2OSiH3

he dehydrogenation reaction consists of cleavage of aH
ond by the zeolite Brønsted acid proton. The fully optim

ransition state structure of the reaction is shown inFig. 1(b).
he H(16)-C(15) H(18) H(19) structure becomes planar.
ix member ring, O(2)Al(1) O(3) H(14) H(17) C(15), is
ormed. With the H(17)C(15) and H(14)O(3) distance
reatly extended, a di-hydrogen molecule is almost form
hereas the CH3 group binds to the zeolite oxygen, O(2). In t

eaction, the right oxygen O(3) acts as a Brønsted acid w
-

n

g

,

eaction properties for the systems like those examined in
ork. In this section, we investigate the effect of zeolite ac

or the methane conversion reactions. The deprotonation e
Edep) is a theoretical measurement of zeolite acidity an
efined as the energy difference between the protonated
nd unprotonated (Z−) clusters[83].

dep = E(Z−) − E(ZH)

In real zeolite catalysts, the deprotonation energy varies
range of 20–50 kcal/mol among different zeolite struct

15,16,83–87]. Kramer et al.,[41,88]have shown that the aci
ty effect of zeolite catalysts can be simulated by modify
he length of the terminal SiH bonds of the cluster mod
ith all other geometry parameters fully optimized, and
revious work has successfully applied this methodology[13].
ig. 2shows the effect of the terminal SiH distance on the ze

ite cluster geometries. The geometry shown is obtained a
3LYP/6-31g* level. The neighbor SiO bond length decreas

rom 1.72 to 1.698̊A and the protonic hydrogen and acidic o
en bond distance, H(14)O(3) increases slightly from 0.975
.979Å as the Si H bond length changes from 1.30 to 1.70Å.
his indicates that this OH bond becomes weaker with t

ncreasing distance of the SiH bond. Therefore, the zeoli
luster becomes more acidic. Increasing the SiH bond length
n the left side of the cluster only has a slight effect on the OH
ond because the Si and protonic H atoms are so far apar

The changes in the zeolite acidity have a correspon
ffect on the transition state structures and activation b
rs of the reactions.Fig. 3 shows the transition state stru

ures of the methane hydrogen exchange reaction as theH
istance changes from 1.3 to 1.9Å. With Si H bond length
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Fig. 2. H3Si O AlH2 (OH) SiH3 cluster structures with changing terminal SiH bond distances (units in̊A).

increase, the distance of the protonic hydrogen and acidic oxy-
gen, H(14) O(3), increases from 1.329 to 1.361Å. Similarly,
the distance between the exchanging hydrogen and Lewis basic
oxygen, H(19) O(2), increases from 1.313 to 1.407Å and the
CH5 group moves further away from the cluster. Meanwhile, the
two exchanging hydrogens, H(14) and H(19), stay closer to the
CH3 group.

Similar acidic studies were applied to the methane dehy-
drogenation reaction as well. However, a transition state can-
not be located as the SiH distance increases to 1.9Å due to
computational difficulties. The transition state structures of the

methane dehydrogenation reaction as the SiH distance changes
to 1.3 and 1.7̊A are shown inFig. 4. As the Si H distance
increases, the distance of carbon atom and Lewis basic oxygen,
C(15) O(2), increases from 2.151 to 2.229Å and the distance
of protonic hydrogen and acidic oxygen, H(14)O(3) increases
from 1.615 to 1.811̊A. Meanwhile, the bi-hydrogen, H(14) and
H(17), atoms move closer to each other from 0.849 to 0.818Å,
which is more like the structure of a hydrogen molecule, and the
entire CH5 group moves further away from the cluster.

Table 2shows the change in activation barriers of methane
conversion reactions as the zeolite cluster SiH bond distances
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Fig. 3. Transition state structures for the methane hydrogen exchange reactio
with changing terminal SiH bond distances (units in̊A).

are varied. With the SiH distance increasing, the activation
barriers decrease for the reactions because of the increased ac
ity of the zeolite cluster. As long as the reaction mechanism
does not alter, the change in activation barrier is linearly cor-
related to the change in deprotonation energy. Therefore, th

Brøsted-Polanyi principle can be applied[89]: �Ea = c�Edepor
�Ea = c�Edep+ b.

The linear relationship of the activation barriers with clus-
ter deprotonation energies is illustrated inFig. 5. Applying the
deprotonation energy of the most commonly used zeolite–H-
ZSM-5, 295.40 kcal/mol[6,14–16], the activation barriers are
then calculated and listed inTable 2. For the dehydrogenation
reaction, the ratio of the change in activation barrier to the change
in zeolite deprotonation energy is 0.6453, which is almost identi-
cal to that from previous work on ethane conversion reactions on
zeolite[13], 0.6509. For hydrogen exchange, the ratio becomes
0.3523, slightly less than that of ethane, 0.403. Further work
needs to verify if these ratios hold for other largern-alkane reac-
tions on zeolites.

The acidity effect study has shown the correlations between
the deprotonation energies and activation barriers for methane
conversion reactions. Because deprotonation energies are sig-
nificantly easier to calculate than activation barriers due to the
difficulty in performing transition state optimizations for large
complexes with many degrees of freedom, using the correlations,
activation barriers can be more easily obtained for different zeo-
lite catalysts as long as their deprotonation energies are first
acquired from theory or experiment.

3.4. Reaction rate constant estimations
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Canonical transition state theory[74–77] is broadly used t
redict reaction rate constants using the computational re
or methane conversion reactions, the rate constants c
xpressed as:

r =
(

kBT

h

)
NA

q∓
TS

qCH4qT3
exp

(
−Eact

kBT

)

hereh, kB andNA are the Boltzmann, Planck and Avoga
onstants;q∓

TS, qCH4 andqT3 are the partition functions of th
ransition state structure, methane reactant, and zeolite T3
er, which include electronic, translational, rotational, and vi
ional partition functions. Since the zeolite cluster is part
olid, translational and rotational partition functions for the z
ite are assumed to be equal in the reactant and transition

able 2
ffects of Si H distances on methane reaction activation barriers (un
cal/mol)

Activation barrier (Ea) Deprotonation
energy (Edep)

Dehydrogenation Hydrogen
exchange

Si H = 1.30Å 93.31 35.61 303.99

Si H = 1.47Å 90.08 33.53 297.93

Si H = 1.70Å 85.33 31.16 291.59

Si H = 1.90Å – 29.25 285.81
-ZSM5a 88.01 32.58 295.40
elationship Ea = 0.6453Edep−

102.61
Ea = 0.3525Edep−
71.55

a Ref. [16].
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Fig. 4. Transition state structures for the methane dehydrogenation reaction with changing terminal SiH bond distances (units in̊A).

Fig. 5. Correlations of the calculated methane reactions activation barriers for
the acidity effects represented by deprotonation energies.

Therefore, the rate constants are expressed as:

kr =
(

kBT

h

)
NA

q∓
TS,vib

qCH4qT3,vib
exp

(
−Eact

kBT

)

Tunneling is a quantum effect where reactant molecules that do
not have enough energy to cross the barrier can still sometimes
react. Tunneling effects can be calculated with the following
formula:[90]

κ(T ) = 1 + 1

24

(
hν c

kBT

)2

wherec is the speed of light;� is the imaginary frequency that
accounts for the vibrational motion along the reaction path; and,
κ(T) is the tunneling coefficient. Therefore, the reaction rate
constants can be calculated as:k =κ(T)kr.
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Table 3
Rate constants of methane conversion reactions (Units in m3/mol s forA andk; in kcal/mol forEact)

T Hydrogen exchange reaction Dehydrogenation reaction

A Eact k A Eact k

300 1.15× 105 33.99 1.92× 10−20 7.84× 103 90.08 1.67× 10−62

400 2.42× 105 34.58 3.00× 10−14 9.08× 103 90.61 2.61× 10−46

500 3.32× 105 35.30 1.20× 10−10 1.22× 104 91.25 1.48× 10−36

800 1.06× 106 37.93 4.54× 10−05 3.65× 104 93.49 1.01× 10−21

1000 2.30× 106 39.84 4.45× 10−03 7.33× 104 95.02 1.22× 10−16

1250 5.62× 106 42.26 2.27× 10−01 1.60× 105 96.89 1.78× 10−12

The pre-exponential factor, A = (kBT/h)NA(q∓
TS,vib/

qCH4qT3,vib), and activation energyEact of the methane hydro-
gen exchange reaction and dehydrogenation reactions under
different temperatures are listed inTable 3. The partition
functions and activation barriers were calculated separately at
each temperature point. One can see that the activation barriers
increase as temperature increases. This shows that it is very
important to include the thermal corrections in the activation
energy calculations for this system in order to obtain accurate
kinetic information in the next step.

The reaction rate constant plot is shown inFig. 6. The rate
constants of hydrogen exchange reaction are much higher than
those of dehydrogenation reaction because its activation barrier
is much lower. A linear relationship of log(k) with respect to 1/T
is regressed and the kinetic models are described as:

k = 1.41× 105 exp(−17221.96/T) for hydrogen exchange reac-
tion
k = 6.28× 103 exp(−45409.28/T) for dehydrogenation reac-
tion

The advantage of these simple models is that they can be eas-
ily applied at different temperatures where data is not available,
and they have broad applications to the modern oil and chemi-
cal industries where methane conversion reaction kinetics is of
c

F ions o
a -QB3
c

4. Conclusions

In this work, methane hydrogen exchange and dehydro-
genation reactions catalyzed by a zeolite were studied using
a complete basis set composite energy theory and T3 cluster.
The reactants, products and transition state structures were opti-
mized using the B3LYP/6-31g* method, and the energies were
obtained using the CBS-QB3 composite energy method.

The activation barriers obtained for hydrogen exchange and
dehydrogenation reactions are 33.53 and 90.08 kcal/mol, respec-
tively. This indicates that the hydrogen exchange reaction has a
lower barrier and is the faster reaction to happen, while the dehy-
drogenation reaction has the higher barrier and has a slower rate.
This may also be why the dehydrogenation reaction has been so
difficult to identify experimentally since other reaction path-
ways will dominate at the temperatures where the experiments
are typically done.

Also, the zeolite acidity effect was mimicked by changing
the terminating SiH bond lengths. Relationships between the
activation barriers and deprotonation energies were proposed
so that reaction barriers could be obtained when using zeolite
catalysts with different acidities. Additionally, canonical tran-
sition state theory was applied to obtain reaction rate constants
from the activation barriers and partition functions. The need for
high quality energies was highlighted in the context of including
thermal corrections to activation barriers.
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ig. 6. Canonical transition state theory rate constants for methane react
zeolite T3 cluster using B3LYP/6-31g* geometry optimizations and CBS
omposite energies (Units in Kelvin forT).
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