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C-H bond activation was studied by use of density functional theory (DFT) and ONIOM calculations

as implemented in Gaussian 2003 at the B3LYP level utilising 6-31G* as the basis set for Si, Al, and

Fe atoms and 3-21G** as the basis set for O and H atoms. Relative energy profiles were determined

for pure silica modeled by a Si7O21 cluster and Fe and Al doped silica clusters via coordinate driving

calculations. The activation barriers for C-H bond activation of methane and ethane decrease with
the substitution of Fe on the silica surface, which theoretically demonstrates a favorable effect of Fe

substitution on that surface. The activation energy barriers of methane and ethane are substantially

decreased from the approximate transition state values of 55.14 kcal/mol and 54.89 kcal/mol for pure

silica cluster to 33.43 kcal/mol and 36.54 kcal/mol obtained for the approximate transition state for Fe

substituted silica, respectively.
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Introduction

During the past 2 decades, the C-H bond activation of small alkanes, which is considered the rate-limiting step
in catalytic partial oxidation, has received a great deal of attention both experimentally and theoretically.
Several authors have investigated partial and selective oxidations of methane by means of silica supported

catalysts.1−13 Arena et al.10,11 investigated the kinetics of the partial oxidation of methane to formaldehyde
on a silica catalyst. They reported that the rate-determining step is the activation of C-H bond of methane

molecule. Silica based oxide catalysts signify a superior functionality in the methane partial oxidation (MPO)

and several clues have been offered for relating the surface structure and the coordination of supported

transition metal oxide species with their reactivity.12 Yamada et al.13 measured catalytic activity in terms
of methane oxidation for 43 elements doped in silica prepared by an impregnation method. It was found
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that Al and Fe substitution on silica increases the production rate of formaldehyde and methyl alcohol, Fe
substitution being the most favorable one.

Several authors have studied the activation of methane on different metals by DFT methods.14−17

Methane dissociation and syngas formation on a number of transition metals M (M = Ru, Os, Rh, Ir, Pd,

Pt, Cu, Ag, Au) have been investigated by Tong et al.14 The transition states of the elementary reactions

for C-H activation of methane on a Ru(0001) surface was studied with DFT periodic calculations using the

nudged elastic band (NEB) method by Ciobica et al.15 Methane dissociative adsorption by means of DFT

was investigated by Henkelman et al.16 on an Ir(111) surface and by Bunnik et al.17 on Rh(111).

Light alkane activation reactions on pure silica or on silica-supported metals have been investigated

theoretically by several authors.18−24 Adsorption sites of light alkanes on silicalites and activation barriers
and mechanisms of dehydrogenation reactions were studied by molecular dynamics simulation techniques

and DFT at B3LYP level of calculations using 6-31G** and 6-311G** basis sets.18 Mota et al.19 studied the
activation of alkanes on zeolites, hydride abstraction, and dehydrogenation on extra-framework aluminum

species by DFT B3LYP/6-31G(d,p) methods. It was shown that dehydrogenation has a significantly lower

activation enthalpy, especially for linear alkanes. A quantum chemical study of alkane hydrogenolysis and

metathesis on silica-supported Group VB metal hydrides (V, Nb, Ta) was done by DFT at B3LYP level by

Mikhailov et al.20−22 Their β-crystobalite silica surface was modeled as (H4Si2O5)(OH)2 . Various metals

were supported on this surface. Semiempirical quantum chemical methods to examine the partial oxidation

reaction mechanisms and active sites on MgO and pure silica were employed by Önal and Şenkan23 and

Öztürk et al.24 respectively.

Blaszkowski et al.25 the investigated transition states and the corresponding energy barriers of the
reactions related to C-H bond activation of dehydrogenation of ethane catalyzed by a protonated zeolite by

DFT. The activation barrier computed was reported as 71 kcal/mol. Zheng et al.26 researched the transition

state structures and activation energies of ethane cracking and dehydrogenation reactions catalyzed by a
zeolite model cluster by means of ab initio methods, HF and MP2. The influence of the zeolite cluster size
and acidity was also studied quantitatively on ethane conversion reaction activation energies. The activation

barrier was calculated to be 75.9 kcal/mol for this reaction. The DFT method was also utilized to study

light alkane dehydrogenation on Ga-exchanged HZSM-5 by means of DFT at B3LYP level.27 Two types
of catalytic sites, a mono-Al site and a di-Al site, were considered to determine the activation barriers
of C-H bond activation of ethane. The values of the activation barriers reported range from 85.7 to 38.4

kcal/mol. Pereira et al.28 examined the dehydrogenation reaction of ethane in gallium containing zeolites

using DFT with B3LYP. Two different mechanisms, a 3-step mechanism and a 1-step concerted mechanism,
were considered during the dehydrogenation reaction of ethane. C-H activation of ethane according to σ-

bond metathesis was studied on mononuclear Cr(III) surface sites on silica models by combined quantum

mechanical–molecular mechanical (QM–MM) methods by Lillehaug et al.29 The range of the calculated

activation barrier was from 43 to 60 kcal/mol.

In this study, in order to observe the effect of Fe and Al doping on silica for C-H bond activation of

methane and ethane, ONIOM-DFT/B3LYP calculations are used to obtain energy profiles and approximate

transition states involved in C-H bond activation of methane catalyzed by a SiO2 (low quartz) surface

modeled by a Si7O21 cluster and isomorphously substituted Fe and Al silica clusters.
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Surface Models and Computational Method

Quantum chemical calculations employing DFT30 are carried out to investigate the energetics of C-H
bond activation of methane and ethane by pure silica, Al doped silica, and Fe doped silica clusters. All

calculations are conducted using the Gaussian 2003 suite of programs.31 DFT calculations are carried out

using Becke’s32,33 3-parameter hybrid method involving the Lee, Yang, and Parr34 correlation functional

(B3LYP) formalism. A 2-layer ONIOM method is used to simulate the pure SiO2 (low quartz) surface

modeled by a Si7O21 cluster where 2 Si and 6 O atoms (8 atoms in total) are in the high layer DFT region

and the rest of the clusters (20 atoms in total) are in the low layer molecular mechanics region utilizing

a universal force field (UFF). Fe or Al was isomorphously substituted into this cluster for a high layer Si

atom. At the bottom oxygen atom of the bridge, an H atom was used to obtain a total neutral charge for

the Fe and Al doped silica clusters.35 Figure 1 illustrates the 3 different silica clusters. Energy profile and

transition state (TS) calculations were in general performed for the determination of activation barriers.

The basis sets employed in DFT calculations are 6-31G* for Si, Al, and Fe atoms, and 3-21G** for O and H
atoms as implemented in Gaussian 2003. All energies and energy differences are calculated for 0 K without

zero point energy (ZPE) corrections. The ZPE corrections would likely be similar for each of these cluster

systems and thus would not influence conclusions based on the relative energies.

The computational strategy employed in this study is as follows:

Initially, all of the clusters and the adsorbing molecules, methane and ethane, are fully optimized

geometrically by means of the equilibrium geometry (EG) calculations. EG calculations for pure silica

cluster and Al doped silica were obtained taking the total charge as neutral, and spin multiplicity as a
singlet, meaning there is no unpaired electron in the system. The total charge was neutral, and spin
multiplicity was found to be 6, meaning there are 5 unpaired electrons in the system for the Fe doped silica
cluster.

The adsorbing molecules, CH4 and C2H6, are then located over the active site of the cluster at a
selected distance and a coordinate driving calculation is performed by selecting a reaction coordinate in order
to obtain the variation of the relative energy with a decreasing reaction coordinate to get an energy profile as
a function of the selected reaction coordinate distance. Single point equilibrium geometry calculations were
also performed where necessary by locating the adsorbing molecule in the vicinity of the catalytic cluster.
Coordinate driving calculation results in an energy profile. The resulting relative energies for the cluster
and reactant molecule complex are plotted against the reaction coordinate. The relative energy is calculated
using the following formula:

∆E= ESystem - (ECluster + EAdsorbate)

where ESystem is the calculated energy of the given geometry containing the cluster and the adsorbing

molecule at any distance, ECluster is the energy of the cluster, and EAdsorbate is that of the adsorbing
molecules, which are CH4 and C2H6 in this work.

After obtaining the energy profile for the reaction, the geometry with the minimum energy on the
energy profile is re-optimized by means of EG calculations to obtain the final geometry for the reaction.
In this re-optimization calculation, there is no reaction coordinate that is fixed. Additionally, from the
energy profile, the geometry with the highest energy is taken as the input geometry for the transition state
geometry calculations. Starting from these geometries, the transition state structures with only one negative
eigenvalue in the Hessian matrix are obtained. If a successful transition state geometry cannot be achieved,

417



Activation of Light Alkanes on Pure and Fe and Al..., M. F. FELLAH, I. ÖNAL

the geometry with the maximum energy in the energy profile is reported as the approximate transition state
geometry.
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Figure 1. Optimized equilibrium geometries (EGs): a) Pure silica cluster, b) Fe doped silica cluster, c) Al doped

silica cluster. High layer (DFT region) is represented by ball-bond view and low layer (molecular mechanics region)

is represented by tube view.

Results

A. Optimized Geometries of Clusters

EGs for methane and ethane as reactant molecules were obtained by taking the total charge to be neutral
and with a singlet spin multiplicity. Table 1 gives the calculated C-H bond distance value of 1.093 A and

H-C-H angle value of 109.47◦ of methane molecule which are close to the previously reported experimental36

values of 1.096 A and 109.50◦, respectively. The calculated C-H bond distance value of 1.095 A and C-C

bond distance value of 1.530 A of ethane molecule are close to the previously reported experimental36 values
of 1.091 A and 1.536 A, respectively. The calculated H-C-H angle value of 108.04◦ and H-C-C angle value

of 110.87◦ of ethane molecule are close to the experimental36 values of 108.45◦ and 110.90◦, respectively.
The EGs for the pure silica, Fe doped silica, and Al doped silica clusters are represented in Figure 1.

The calculated Si-O bond distance values of 1.65 A to 1.73 A were close to the reported bulk experimental37
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values of 1.61 A - 1.74 A. O-H distances are 0.96 A. Fe-O distances for Fe doped cluster vary from 1.86 to
2.13 A and Al-O distances for Al doped cluster range from 1.77 A to 1.99 A.

Table 1. Comparison of calculated geometric values of methane and ethane with literature values.

Methane Ethane
Bond Length, A This Work Exp36 This Work Exp36

C-H 1.093 1.096 1.095 1.091
C-C - - 1.530 1.536

Angle, ◦

H-C-H 109.47 109.50 108.04 108.45
H-C-C - - 110.87 110.90

B. Activation of Methane

Activation of a C-H bond of methane on a pure silica cluster was energetically examined and the energy
profile for this reaction was obtained as shown in Figure 2. The reaction coordinate was selected as the

distance between one of the hydrogen atoms of the methane (H1) and the active site of the cluster (O1).

Other possible reaction coordinate calculations such as the one between a hydrogen atom of methane and
other possible active sites such as Si, Al, or Fe or between the carbon atoms of methane and Si, Al, Fe, or
O were also done. However, relative energies of these reactions were found to be too high and they were
considered unfavorable.
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Figure 2. Methane activation on a pure silica cluster; High layer (DFT region) is represented by ball-bond view

and low layer (molecular mechanics region) is represented by tube view.
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The system consisting of the cluster and the methane molecule was considered neutral with a singlet
spin multiplicity for all the calculations. Computations indicate that methane first physically adsorbs on

the cluster and then the bridge is broken, leading to carbonium ion (CH+
3 ) formation on the cluster as can

be observed in Figure 2. The physical adsorption energy of methane on a pure silica cluster is generally

observed to be a small value (-1.62 kcal/mol for this case). An approximate transition state barrier for C-H

bond activation is calculated to be 55.14 kcal/mol. The energy profile for the activation of a C-H bond of

methane on an Al doped silica cluster is shown in Figure 3. For this case the physical adsorption energy of

methane on the Al doped silica cluster is found to be 2.76 kcal/mol. An approximate transition state barrier

for C-H bond activation is calculated to be 53.09 kcal/mol.
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Figure 3. Methane activation on an Al doped silica cluster. High layer (DFT region) is represented by ball-bond

view and low layer (molecular mechanics region) is represented by tube view.

Figure 4 gives the energy profile of activation of a C-H bond of methane on an Fe doped silica cluster.

The physical adsorption energy of methane on the Fe doped silica cluster is 2.64 kcal/mol. The approximate

activation barrier that was obtained by means of a transition state calculation is 33.43 kcal/mol.

C. Activation of Ethane

Activation of a C-H bond of ethane on a pure silica cluster was energetically examined and the energy profile
for this reaction was obtained as shown in Figure 5. The reaction coordinate was selected as the distance

between one of the hydrogen atoms of the ethane (H1) and the active site of the cluster (O1). Other possible

reaction coordinate calculations such as the one between a hydrogen atom of ethane and other possible active
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Figure 4. Methane activation on an Fe doped silica cluster; High layer (DFT region) is represented by ball-bond

view and low layer (molecular mechanics region) is represented by tube view.
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Figure 5. Ethane activation on a pure silica cluster; High layer (DFT region) is represented by ball-bond view and

low layer (molecular mechanics region) is represented by tube view.
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sites such as Si, Al, or Fe or between a carbon atom of ethane and Si, Al, Fe, or O were also done. However,
relative energies of these reactions were found to be too high and they were considered unfavorable. It is

also already well known that it is more difficult to break a C-H bond than a C-C bond.25,38 The system
consisting of the cluster and the ethane molecule was considered neutral with a singlet spin multiplicity for
all the calculations. Computations again indicate that ethane first physically adsorbs on the cluster and then

the bridge is broken leading to carbonium ion (CH3CH+
2 ) formation on the cluster as can be observed in

Figure 5. The physical adsorption energy of ethane on a pure silica cluster is calculated to be 1.15 kcal/mol.

An approximate transition state barrier for C-H bond activation is calculated to be 54.89 kcal/mol.

The energy profile for the activation of a C-H bond of ethane on an Al doped silica cluster is shown
in Figure 6. For this case the physical adsorption energy of ethane on an Al doped silica cluster is found to

be 0.97 kcal/mol. An approximate transition state barrier for C-H bond activation is calculated to be 53.35

kcal/mol.

Figure 7 gives the energy profile of the activation of a C-H bond of ethane on a Fe doped silica cluster.

The physical adsorption energy of ethane on the Fe doped silica cluster is only 0.15 kcal/mol. The activation

barrier that was obtained by means of an approximate transition state calculation is 36.54 kcal/mol.
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Figure 6. Ethane activation on an Al doped silica cluster; High layer (DFT region) is represented by ball-bond view

and low layer (molecular mechanics region) is represented by tube view.
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and low layer (molecular mechanics region) is represented by tube view.

Table 2. Calculated activation barriers of methane and ethane activation.

Methane activation Ethane activation
Pure Al Fe Pure Al Fe
silica doped doped silica doped doped
cluster silica silica cluster silica silica

cluster cluster cluster cluster
Activation barrier,

kcal/mol 55.14 53.09 33.43 54.89 53.35 36.54

Discussion

The activation barrier values for methane and ethane molecules decrease drastically by doping Fe on a pure
silica cluster. Fe doping decreases the activation barrier of C-H bond activation of methane and ethane
significantly. Figures 8 and 9 and Table 2 give this comparison in detail.

In conclusion the favorable effects of Fe substitution on a silica surface have been demonstrated
theoretically for C-H bond activation of both methane and ethane. The activation barriers substantially
decrease with substitution of Fe on a silica cluster. Since the rate-determining step of MPO is generally

agreed to be the C-H bond activation of methane,10,11 our theoretical methane activation ranking results,
given in Figure 8, are in relatively good agreement with the experimental catalytic ranking data of the

partial oxidation of methane given in Figure 10. In this figure, the experimental rankings of the catalysts13

for methane partial oxidation on Al and Fe doped silica catalysts are compared. The reaction conditions are
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CH4/O2= 90/10, GHSV = 4760 h−1 and T = 773 K. Under these conditions, pure silica has no experimental

catalytic activity. Fe doped silica catalyst has a larger production rate of MeOH and HCHO than the Al
doped silica cluster, which is in agreement with the theoretical activity ranking of the catalyst clusters by
use of activation barrier results obtained in our work.
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18. E.A. Furtado, I. Milas, J.O. Milam de Albuquerque Lins and M.A. Chaer Nascimento, Phys. Stat. Sol. (a)

187, 275-288 (2001).

19. C.J.A. Mota, D.L. Bhering and A. Ramirezsolis, International Journal of Quantum Chemistry, 105,

174-185 (2005).

20. M.N. Mikhailov, A.A. Bagatur’yants and L.M. Kustov, Russian Chemical Bulletin, International Edition

52, 30-35 (2003).

21. M.N. Mikhailov, A.A. Bagatur’yants and L.M. Kustov, Russian Chemical Bulletin, International Edition

52, 1928-1932 (2003).

22. M.N. Mikhailov and L.M. Kustov, Russian Chemical Bulletin, International Edition 54, 300-311 (2005).
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