
Journal of Molecular Catalysis A: Chemical 242 (2005) 18–25

A computational study of alkane hydrogen-exchange reactions on zeolites
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Abstract

In this work, quantum chemical methods were applied to study light alkane hydrogen-exchange reactions on a zeolite cluster,
RH + H3SiOAlH2(OH′)SiH3 → RH′ + H3Si(OH)AlH2OSiH3. Methane, ethane, propane, and butane reactions were investigated. The reactants,
products, and transition state structures were optimized using the B3LYP density functional theory method and the final energies were calculated
using CBS-QB3, a complete basis set composite energy method. The computed activation barriers ranged from 28.32 kcal/mol for secondary hydro-
gen exchange of butane to 33.53 kcal/mol for methane. The relationship between activation energy and deprotonation energy was also investigated
and a linear correlation was proposed in this work.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Zeolites are crystalline aluminosilicates that have three-
imensional framework structures, which forms uniformly sized
ano-pores from 3 to 10̊A. This is the reason that zeolites
xhibit selectivity in adsorbing molecules based on molecular
ize and shape. As a result, zeolites are broadly used as cata-
ysts in the oil refining and petroleum industries in processes,
uch as hydrocarbon catalytic cracking, isomerization, alkyla-
ion of hydrocarbons, and alcohol conversion to gasoline[1–4].
he fundamental components of zeolite catalytic activity are

he Brønsted acidic sites. They are formed when a silicon atom,
hich has a formal valency of four, is replaced by another atom

ike aluminum with a valency of three. A proton is attached to
he oxygen atom connecting the silicon and its aluminum atom
eighbor, resulting in a chemically stable Si–(OH)–Al structure.
i O and Al O bonds have considerable covalency, resulting in
relatively weak OH bond, which is the fundamental reason

or the high acidity of the attached proton and for the creation
f a good catalyst[5].

Because of the complicated reaction mechanisms and var-

tions on zeolites are very difficult to study experimentally[6,7].
On the other hand, the dramatic increase of computer s
has greatly increased the ability to apply computational
for investigating large systems in the last decade. Particu
the development of fast and accurate density functional th
(DFT) methods has extrapolated the computational applica
to even more complicated systems. Density functional th
has been widely applied by chemists and physicists to stud
electronic structure of solids in the past 30 years[8–20]. Com-
putational studies of chemical reaction systems with DFT
become very popular because the methods are quite reliab
only have medium computational demands compared to ab
molecular orbital theory calculations.

When applying a computational method to investigate
erogeneous zeolite reactions, the first step is to choose a c
model to represent the local environment around the zeolitic
ton[21]. Several cluster models are commonly used to repr
zeolite catalysts. The differences are the number of tet
dral (T) molecules (Al and Si) included and the terminatio
the linking bonds (−H or −OH). H3Si–O–AlH2–(OH)–SiH3, a
T3 cluster model cluster model, has been applied extens
ous simultaneous reaction paths, hydrocarbon catalytic reac-

∗ Corresponding author. Tel.: +1 520 626 5319; fax: +1 520 621 6048.
E-mail address: blowers@engr.arizona.edu (P. Blowers).

to investigate hydrocarbon heterogeneous reactions[22–27].
The acidic hydrogen and aluminum atom distance and the
acidic H O bond vibration frequency results of this cluster
model have excellent agreement with available experimen-
tal data [28–32]. Also, this cluster model has been applied
381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.07.029



X. Zheng, P. Blowers / Journal of Molecular Catalysis A: Chemical 242 (2005) 18–25 19

successfully to study methane and ethane heterogeneous reac-
tions on zeolites[22,23]. Furthermore, this cluster model has
a deprotonation energy close to those found for high-silica
acidic zeolites, around 295.4 kcal/mol[7,33]. Therefore, the
H3Si–O–AlH2–(OH)–SiH3 T3 cluster is used to simulate the
zeolite surface in this work.

The alkane hydrogen-exchange reaction seems to be triv-
ial to study at first look. However, the reaction is important
because the relatively simple reaction pathway and activation
barrier can be studied experimentally rather easily, which can
then, in turn, be used to evaluate the choice of computational
methods. The zeolite catalytic hydrogen exchange of methane
and ethane has been investigated by several groups using differ-
ent computational approaches[26,27,34–39]. But the activation
energies obtained are always off by at least 3 kcal/mol from the
experiments, depending on the different choice of zeolite clus-
ter models and computational methods. Other researchers have
studied the propane hydrogen-exchange reaction[38,40], while
there have been no reported results for the butane reaction. The
hydrogen exchange of propane and butane are included because
they are the simplest alkanes where the hydrogen exchange on
secondary atoms can be observed. In this work, quantum chemi-
cal methods were applied to study hydrogen-exchange reactions
of methane, ethane, propane, and butane with a T3 zeolite clus-
ter.
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level. 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) calculations proved that each transition state linked the
correct products with reactants. Zero point vibrational energies
(ZPVE) were obtained from harmonic vibrational frequencies
calculated at the B3LYP/6–31 g* level with a scaling factor of
0.9806[57].

3. Results and discussions

3.1. Methane hydrogen-exchange reaction

CH3Hz + H3SiOAlH2(OH′)SiH3

→ CH3H′ + H3Si(OHz)AlH2OSiH3

The methane hydrogen-exchange reaction was previously
studied by this group[22] and is briefly discussed here to set
up the analysis in this work. In the reaction schematic above,
Hz represents the hydrogen exchanged from the CH4 reactant
and H′ represents the protonic hydrogen from the zeolite clus-
ter. Fig. 1 shows the transition state structure for the methane
hydrogen-exchange reaction calculated at the B3LYP/6–31 g*
level. The structure clearly hasCs symmetry obtained without
a The
p luster
a rogen
a Hz,
t in the
m indi-
c er.
I as a
B ts as
a thane
m

struc-
t us
c l.
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. Computational methods

The well-known B3LYP method uses Becke’s thr
arameter density functional[41] and Lee et al.’s functional[42]

o describe gradient-corrected correlation effects. It has
alidated to give results similar to that of the more expen
P2 theory for molecular geometry and frequency calculat

43,44]. In this work, the geometry optimizations of the re
ants, products and transition state structures were carrie
sing the B3LYP method combined with a moderate basis
–31 g*.

Some researchers have pointed out that the calculated
ation energies strongly depend on the level of the final en
alculations and less on the level of the geometry optimiza
14,45,46]. Therefore, it is a good choice to perform the ge
try optimizations at a relatively lower level, B3LYP/6–31

n this work, and the final energy calculations at a hig
evel, CBS-QB3, a complete basis set composite energy m
47–53]. Composite energy methods are composed of a ser
ingle point energy calculations whose results are then com
o obtain a highly accurate energy at a reduced computa
ost. The CBS-QB3 method was proposed by Montgomery
52]. For the G2 test set[54] of first- and seond-row molecule
he mean absolute error was decreased to 0.87 kcal/m
he CBS-QB3 method compared with 1.37 kcal/mol for the
ethod[55]. In this work, the B3LYP/6–31 g* method is used
erform geometry and frequency calculations in order to re
omputational costs over the CBS-QB3 formalism.

All the calculations were performed with the Gaussian
56] software package, and all the structures were fully o
ized without any geometry constraints at the B3LYP/6–3
n

t
,

ti-

d
f
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ny symmetry constraints applied for the optimization step.
rotonated carbon atom stays in the main plane of zeolite c
nd becomes a penta-coordinated structure. The two hyd
toms—H′, the acidic proton from the zeolite cluster and

he exchange hydrogen from the methane molecule, stay
iddle of the carbon and two zeolite oxygen atoms, which

ates the formation of one CH bond and breaking of the oth
n the reaction process, the right oxygen of the cluster acts
rønsted acid, which donates a proton. The left oxygen ac
Lewis base, which receives the hydrogen atom from me
olecule.
Selected bond lengths and angles for the transition state

ure are reported inTable 1along with a comparison to previo
omputational results from Esteves et al.[40] and Ryder et a

ig. 1. Calculated transition state structure for the methane hydrogen-exc
eaction on a zeolite cluster (units in̊A).
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Table 1
Selected bond lengths and angles of the methane hydrogen-exchange reaction
transition state structure

This work Esteves et al. Ryder et al.

Geometry optimization B3LYP/6–
31 g*

B3LYP/6–
31 g*

BH&HLYP/6–
31 g**++

Energy calculation CBS-QB3 B3LYP/6–
31 g**

BH&HLYP/6–
31 g**++

Cluster size T3 T3 T5
R(H′O2) (Å) 1.34 1.31 1.41
R(HzO1) (Å) 1.34 1.31 1.41
R(C′H′) (Å) 1.32 1.34 1.28
R(C′Hz) (Å) 1.32 1.34 1.28
R(AlO1) (Å) 1.86 1.82 1.75
R(AlO2) (Å) 1.86 1.73 1.75
A(O1AlO2) (◦) 90.27 91.40 95.70
νTST (cm−1) 1700i – 1435i

Ea (kcal/mol) 33.53 32.30 40.00

[38]. The negative frequency corresponding to the hydrogen-
exchange mode is 1700 cm−1. The activation energy obtained
using the CBS-QB3 composite energy method is 33.53 kcal/mol.
Other researchers have studied this reaction using computational
methods and the calculated activation energies range from 30
to 40 kcal/mol depending on the computational methods and
the size of zeolite cluster[37,38,40,58–60]. The experimen-
tal study from Larson et al. reported the activation energy for
methane H/D exchange to be 33.40 kcal/mol[61]. Our calculated
activation energy has an absolute error of only 0.13 kcal/mol
compared with the experimental data. This agreement proves
our choice of zeolite cluster and computational method is valid.
In 1999, Schoofs et al. reported an experimental activation
energy of 29.19–35.89 kcal/mol (122–150 kJ/mol) for methane
H/D exchange reaction[62]. Our calculation result agrees with
this experimental data as well.

3.2. Ethane hydrogen-exchange reaction

CH3CH2Hz + H3SiOAlH2(OH′)SiH3

→ CH3CH2H′ + H3Si(OHz)AlH2OSiH3

Fig. 2 depicts the calculated transition state structure for
the hydrogen-exchange reaction of ethane using the B3LYP
method. Similar to the transition state of the methane reaction,
t
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f the
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t
b
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e ed

Fig. 2. Calculated transition state structure for the ethane hydrogen-exchange
reaction on a zeolite cluster (units in̊A).

using the CBS energy is 31.01 kcal/mol. The barrier is rela-
tively lower than that of methane, indicating ethane hydrogen
exchange is more favorable than methane. Unfortunately, there
is no experimental activation energy available for direct com-
parison.

3.3. Propane hydrogen-exchange reaction

CH3CH2CH2Hz + H3SiOAlH2(OH′)SiH3

→ CH3CH2CH2H′ + H3Si(OHz)AlH2OSiH3

CH3CHHzCH3 + H3SiOAlH2(OH′)SiH3

→ CH3CHH′CH3 + H3Si(OHz)AlH2OSiH3

Table 2
Selected bond lengths and angles of the ethane hydrogen-exchange reaction
transition state structure

This work Esteves et al. Ryder et al.

Geometry optimization B3LYP/6–
31 g*

B3LYP/6–
31 g*

BH&HLYP/6–
31 g**++

Energy calculation CBS-QB3 B3LYP/6–
31 g**

BH&HLYP/6–
31 g**++

C
R
R
R
R
R
R
A
ν

E

he structure keeps its symmetry along the C′–C–Al plane. The
rotonated carbon atom C′ stays in the main plane of the ze

ite cluster and becomes a penta-coordinated structure wh
ther carbon atom keeps its tetrahedral structure. The p

rom the zeolite cluster, H′, and the exchange hydrogen from
thane molecule, Hz, stay between the C′ carbon atom and th

wo zeolite oxygen atoms, indicating the formation of a C′ H′
ond and breaking of the C′ Hz bond.

Selected bond lengths and angles for the transition state
ure are reported inTable 2along with a comparison with prev
us computational results from Esteves et al.[40] and Ryder e
l. [38]. The negative frequency corresponding to the hydro
xchange mode is 1561 cm−1. The activation energies obtain
n

c-

-

luster size T3 T3 T5
(H′O2) (Å) 1.39 1.36 1.47
(HzO1) (Å) 1.39 1.36 1.49
(C′H′) (Å) 1.30 1.32 1.26
(C′Hz) (Å) 1.30 1.32 1.28
(AlO1) (Å) 1.85 1.83 1.75
(AlO2) (Å) 1.85 1.83 1.75
(O1AlO2) (◦) 90.56 91.60 95.60

TST (cm−1) 1561i – 1147i

a (kcal/mol) 31.01 32.30 40.70
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Fig. 3. Calculated transition state structure for the propane primary carbon
hydrogen-exchange reaction on a zeolite cluster (units inÅ).

The propane hydrogen-exchange reaction can take place at
either the primary carbon or the secondary carbon shown above.
The bold underlined carbon atom indicates the place where
hydrogen exchange takes place. The calculated transition state
structure of primary carbon hydrogen exchange with the B3LYP
method is depicted inFig. 3. Similar to the transition state
structures of methane and ethane reactions, symmetry along
C–Al plane is observed. InTable 3, selected bond lengths and
angles for the transition state structure are reported along with
a comparison to previous computational results from Esteves
et al. [40] and Ryder et al.[38]. The negative frequency cor-
responding to the hydrogen-exchange mode is 1549 cm−1. The
activation energy is 30.40 kcal/mol and is relatively lower than

Table 3
Selected bond lengths and angles of the propane primary carbon hydrogen-
exchange reaction transition state structure

This work Esteves et al. Ryder et al.

Geometry optimization B3LYP/6–
31 g*

B3LYP/6–
31 g*

BH&HLYP/6–
31 g**++

Energy calculation CBS-QB3 B3LYP/6–
31 g**

BH&HLYP/6–
31 g**++

Cluster size T3 T3 T5
R(H′O2) (Å) 1.39 1.36 1.50
R(HzO1) (Å) 1.39 1.36 1.46
R(C′H′) (Å) 1.30 1.32 1.24
R
R
R
A
ν

E

Fig. 4. Calculated transition state structure for the propane secondary carbon
hydrogen-exchange reaction on a zeolite cluster (units inÅ).

the calculated results from Esteves and Ryder, which are 32.20
and 40.50 kcal/mol, respectively. The experimental activation
energy reported by Stepanov et al. is 25.84± 1.67 kcal/mol[63].
Our calculation is only 3 kcal/mol higher than the maximum
experimental data and much closer than those from Esteves and
Ryder.

The calculated transition state structure of secondary carbon
hydrogen exchange with the B3LYP method is shown inFig. 4.
For the first time, the transition state structure does not keep the
symmetry as seen from the methane, ethane, and propane pri-
mary carbon hydrogen-exchange reactions. The propane struc-
ture tilts to the left side of the zeolite cluster and pushes the Hz
atom further away from the C′ atom. As a result, the C′Hz dis-
tance is slightly larger than the C′H′ distance, while the distance
of HzO1 is slightly less than the distance of H′O2. In Table 4,
selected bond lengths and angles for the transition state struc-

Table 4
Selected bond lengths and angles of the propane secondary carbon hydrogen-
exchange reaction transition state structure

This work Esteves et al. Ryder et al.

Geometry optimization B3LYP/6–
31 g*

B3LYP/6–
31 g**

BH&HLYP/6–
31 g**++

Energy calculation CBS-QB3 B3LYP/6–
31 g**

BH&HLYP/6–
31 g**++

C
R
R
R
R
R
R
A
ν

E

(C′Hz) (Å) 1.30 1.32 1.29
(AlO1) (Å) 1.85 1.83 1.75
(AlO2) (Å) 1.85 1.83 1.75
(O1AlO2) (◦) 90.62 91.70 95.60

TST (cm−1) 1549i – 1142i

a (kcal/mol) 30.40 32.20 40.50
luster size T3 T3 T5
(H′O2) (Å) 1.43 1.41 1.55
(HzO1) (Å) 1.41 1.38 1.47
(C′H′) (Å) 1.29 1.30 1.24
(C′Hz) (Å) 1.30 1.31 1.30
(AlO1) (Å) 1.85 1.83 1.76
(AlO2) (Å) 1.85 1.83 1.74
(O1AlO2) (◦) 90.66 91.70 96.10

TST (cm−1) 1459i – 1029i

a (kcal/mol) 29.83 33.30 39.20



22 X. Zheng, P. Blowers / Journal of Molecular Catalysis A: Chemical 242 (2005) 18–25

ture are reported with a comparison to previous computational
results from Esteves et al.[40] and Ryder et al.[38]. The neg-
ative frequency corresponding to the hydrogen-exchange mode
is 1459 cm−1. The activation energy is 29.83 kcal/mol, and is
again much lower than the calculated results from Esteves and
Ryder which are 33.30 and 39.20 kcal/mol. Compared with the
experimental activation energy of 27.99± 1.67 kcal/mol[63],
our calculated result is only 0.17 kcal/mol higher. Our calcu-
lated results show that the activation energy of secondary carbon
hydrogen-exchange reaction is close to but relatively lower than
that of primary carbon. Even though our calculated trend seems
opposite to the experimental results of Stepanov et al.[63],
the experimental trend could be reversed considering the acti-
vation energy difference of primary- and secondary-exchange
reactions is only 2.15 kcal/mol, and the relatively large error
range± 1.67 kcal/mol for each reaction. Accounting for the
errors, the experimental trend could be reversed and become
the same as our calculation results. Also, this trend is the same
as that obtained by Ryder et al.[38].

3.4. Butane hydrogen-exchange reaction

CH3CH2CH2CH2Hz + H3SiOAlH2(OH′)SiH3

→ CH3CH2CH2CH2H′ + H3Si(OHz)AlH2OSiH3

C
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Fig. 5. Calculated transition state structure for the butane primary carbon
hydrogen-exchange reaction on a zeolite cluster (units inÅ).

The activation energy obtained using the CBS-QB3 method is
29.97 kcal/mol.

The calculated transition state structure of the sec-
ondary carbon hydrogen exchange with B3LYP method is
shown in Fig. 6. Similar to the propane secondary carbon
hydrogen-exchange reaction, the transition state structure
does not keep the symmetry as seen for the methane and
ethane hydrogen-exchange reactions. As a result, the dis-
tances of the acidic proton and secondary carbon, R(C′H′),
and exchanging hydrogen and secondary carbon, R(C′Hz),

F carbon
h

H3CH2CHHzCH3 + H3SiOAlH2(OH′)SiH3

→ CH3CH2CHH′CH3 + H3Si(OHz)AlH2OSiH3

Similar to propane, the butane hydrogen-exchange rea
an take place at the primary carbon or the secondary c
hown above. The calculated transition state structure o
ary carbon hydrogen exchange with the B3LYP metho
epicted inFig. 5. Similar to the transition state structures
ethane and ethane reactions, symmetry along C–Al pla
bserved. InTable 5, selected bond lengths and angles for

ransition state structure are reported. The negative frequ
orresponding to the hydrogen-exchange mode is 1549 c−1.

able 5
elected bond lengths and angles of the butane primary- and seco
arbon–hydrogen-exchange reaction transition state structures

CH3CH2CH2CH3 CH3CH2CH2CH3

eomtery optimization B3LYP/6–31 g* B3LYP/6–31 g*
nergy calculation CBS-QB3 CBS-QB3
luster size T3 T3
(H′O2) (Å) 1.39 1.45
(HzO1) (Å) 1.39 1.42
(C′H′) (Å) 1.30 1.29
(C′Hz) (Å) 1.30 1.30
(AlO1) (Å) 1.85 1.85
(AlO2) (Å) 1.85 1.85
(O1AlO2) (◦) 90.63 90.90

TST (cm−1) 1549i 1418i

a (kcal/mol) 29.97 28.32
 ig. 6. Calculated transition state structure for the butane secondary
ydrogen-exchange reaction on a zeolite cluster (units inÅ).
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are not identical. InTable 5, selected bond lengths and
angles for the transition state structure are reported. The
negative frequency corresponding to the hydrogen-exchange
mode is 1418 cm−1. The activation energy obtained using
the CBS-QB3 method is 28.32 kcal/mol. It is close to, but
lower than that of the primary carbon hydrogen-exchange
reaction, indicating the butane secondary carbon hydrogen-
exchange reaction is relatively easier to take place. This trend
is the same as we found for the propane reactions.

For the methane, ethane and propane hydrogen-exchange
reactions from Ryder et al., the application of a large T5 cluster
containing one Al and four Si atoms to simulate the long-range
interactions of a real zeolite catalyst should help increase the
accuracy of their calculated results. However, the prohibitive
computational cost of introducing five heavy atoms restricts
the computational method to a low to medium level, which
on the other hand decreases the accuracy. For methane and
propane reactions, Ryder’s calculated activation energies are
7–11 kcal/mol higher than the experimental values. In this work,
we used a relatively smaller T3 cluster, which is still large
enough to describe the vicinity of the Brønsted acid site. Also,
the system including the T3 cluster and the alkane reactant is
still small enough to investigate using high-level computational
treatment using the CBS-QB3 composite energy method in this
work. As a result, our methane and propane activation energy
results are within 3 kcal/mol of the experimental values. The
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3
r
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Fig. 7. Hydrogen-exchange reaction activation energy and deprotonation energy
relationship for light alkanes.

It is defined as the energy difference between the protonated
(RH) and unprotonated (R−) form [64].

Edep= E(R−)–E(RH)

Since the activation barrier for the hydrogen-exchange reac-
tion is directly related to the strength of the RH bond, we
proposed a relationship between the activation energy and the
deprotonation energy for light alkanes RH. Fig. 7 is a plot of
the activation energy versus deprotonation energy for methane,
ethane, propane, and butane. The deprotonation energies are
also obtained at the CBS-QB3//B3LYP/6–31 g* level, the same
method used to calculate the activation energies. Since the zeo-
lite acidic OH bond strength stays the same for all of the reactions
investigated in this work, the exchange reactions are dominated
by the strength of the RH bonds, which can be described by
their deprotonation energies. Therefore, as the deprotonation
energy increases, the reaction becomes more difficult to take
place and has a higher activation barrier. As long as the reac-
tion mechanism does not alter, the activation energy is linearly
correlated to the deprotonation energy. The relationship can be
described as:

Ea = 0.9935Edep– 384.32

whereEa andEdep are in the units of kcal/mol.
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esults of Esteves et al. are somewhat unexpected in th
ctivation energies for primary carbon hydrogen exchang
ethane, ethane, and propane are 32.3, 32.3, and 32.2 kca
lmost all identical. The increase of the carbon chain sh
ffect the reaction activation energies, which is not found f

heir work. Also, the activation energies obtained by Est
how up to a 7 kcal/mol deviation from experiment becaus
he relatively lower level B3LYP/6–31 g**++ energy calculat
ethod compared with the CBS-QB3 composite energy me
sed in this work. This agreement with our results again valid
ur choice of cluster model and computational method.
H&HLP/6–31 g**++//BH&HLP/6–31 g**++ (energy calcu

ation method//geometry optimization method) method f
yder, B3LYP/6–31 g**++//B3LYP/6–31 g**++ method fro
steves and CBS-QB3//B3LYP/6–31 g* from their work a
how how the dependence of the calculated activation ene
s strongly determined by the level of the final energy calc
ions and much less on the level of the geometry optimizat

For ethane and butane reactions, even though there
xperimental information available, it is still credible to c
lude that our calculated activation energies should be clo
he real values considering the results of methane and pro
eactions and the similarity of alkane hydrogen-exchange
ions.

.5. Deprotonation energy and activation energy
elationship

The energy required to deprotonate one proton from
pecies is the deprotonation energy (Edep).

H → R− + H+
o

o
e
-

. Conclusions

In this work, the zeolite-catalyzed hydrogen-exchange r
ions of light alkanes including methane, ethane, propane
utane were studied using quantum chemical methods. The
ition state structures of each reaction were optimized a
3LYP/6–31 g* level, and the energies were obtained u
BS-QB3, a complete basis set composite energy method
alculated activation energies for methane, ethane, propan
ary carbon, and butane primary carbon were 33.53, 3
0.40, and 29.97 kcal/mol. The calculated activation ene

or propane and butane secondary carbon hydrogen-exc
eactions were 29.83 and 28.32 kcal/mol, which were relat
ower than that of the primary carbon hydrogen-exchange
ions. Furthermore, a linear relationship was found betw
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alkane deprotonation energy and its hydrogen-exchange reac-
tion activation barrier.
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