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Ab initio MP2 calculations have been carried out to study the activation of methane on lanthanide oxide La2O3. Oÿ and O2ÿ
2

are assumed to be the active species on the oxide surface. The possible roles of O2ÿ andO4ÿ
2 on the oxide surface in C^Hbond activa-

tion are also investigated. It is shown that the CH4 oxidative dehydrogenation occurs much more readily on Oÿ and O2ÿ
2 than on

O2ÿ andO4ÿ
2 . The results indicate thatOÿ andO2ÿ

2 are the active species and therefore support theOÿ andO2ÿ
2 mechanisms assumed

for the reactions. The promoter compound containing Brÿ is found to be favorable for themethane activation.
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1. Introduction

There has been a plethora of experimental investiga-
tion on the oxidative coupling of methane (OCM) on
metal oxide surfaces as the process has considerable sig-
nificance in the utilization of natural gas. The OCM
topic has been reviewed by Hutchings et al. [1],
Anderson [2], Amenomiya et al. [3], Maitra [4], Krylov
[5], and others. From these review articles, one can rea-
lize that the compounds adopted in effective catalysts
for the reaction are largely rare earth, alkali and alkaline
earth oxides. Of particular importance are the oxides of
lithium,magnesium, barium and lanthanum.

Different mechanisms have been suggested for the
OCM reaction. One mechanism is based on Oÿ as the
active site. According to this mechanism, Oÿ species
occurring on oxide surfaces initiate the catalytic process
by abstracting a hydrogen atom from methane, forming
an OHÿ group and a methyl radical. The formation of
methyl radicals in the gas-phase has been confirmed
experimentally [6]. Theoretical support for this mechan-
ism has been given by Anderson and co-workers, who
carried out calculations on cluster models of the MoO3
[7], CuMoO4 [8] andMgO [9] oxide structures and found
that Oÿ strongly activates the C^H bonds.Many experi-
mental studies of OCM have also shown that Oÿ centers
on oxide surfaces possess the ability of cleaving the CH
bonds (e.g. [6,10^12]). Another mechanism is based on
O2ÿ with a low coordinate number. The latter views the
catalyst's primary role is to abstract hydrogen from
methane in an acid^base reaction [3].

There have been a number of theoretical studies of
hydrogen abstraction from methane on MgO [9,13^18].
MgO is one of the catalysts extensively studied experi-
mentally. Theoretical studies of methane activation on
other metal oxides are very rare [7,8,14,17^20]. In this
paper we attempt to perform an ab initio study of

methane activation on La2O3. Earlier, we reported the
performance of LaF3/La2O3 catalysts [21]. They are
active in the conversion of CH4 to C2H6. In our recent
studies of the process over La2O3 catalysts promoted by
barium and bromine [22], we found that LaOBr and
BaCO3/LaOBr catalysts can give a high C2H4/C2H6
ratio. In situ Raman experiments showed that the cat-
alysts were capable of forming O2ÿ

2 species during OCM
reaction while the results of the CH4/CD4 (1 : 1) experi-
ments suggested that carbene was an active intermediate
participating in the formation of C2H4. Based on these
results, we proposed O2ÿ

2 as the active species which can
abstract two hydrogen atoms from CH4 simultaneously
to produce carbene and the carbenes generated would
couple to give C2H4. The roles of Brÿ and Ba2� were to
promote the generation of O2ÿ

2 on the surfaces of the cat-
alysts as well as to stabilize them at OCM reaction tem-
peratures. The aim of the present work is to compare the
feasibility of hydrogen abstraction from CH4 by Oÿ,
O2ÿ

2 , O2ÿ and O4ÿ
2 on La2O3 based on the high-level ab

initio quantum chemistrymethod.

2. Computational details

2.1.Computationalmethod

The GAUSSIAN 94 program package [23] has been
used for all calculations. The core electrons, i.e. [Xe] for
La, were fitted to the effective core potentials of Hay and
Wadt [24], in which the relativistic mass^velocity effect
and Darwin effect were included. The valence electrons
of all atoms were described with the standard Lan2DZ
basis sets, D95 for O (721/41), C (721/41), H (31) and
DZ for La (341/321/21). The second-order M�ller^
Plesset perturbationwas used to treat correlation effects.
Different levels of approximation were also tested for
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some small systems. The geometries of molecular struc-
tures (containing both equilibrium and transition states)
were obtained according to the Berny geometry optimi-
zation algorithm [25].

2.2. Surfacemodeling

La2O3 belongs to the hexagonal structure, space
group P�3m1 [26]. We used a 7 atom cluster model con-
sisting of 3 lanthanum cations and 4 oxygen anions for
the calculations. The cluster carries a formal charge of
1�. The model used for the CH4 activation on the sur-
face is shown in figure 1. In order to model a surface Oÿ,
we removed an electron from the cluster. The molecular
part above the surface was fully optimized under the
constraint of C3v symmetry. The calculations were also
carried out with the simplest diatomic La3�^Oÿ model.
A linear O2ÿ^La3�^Oÿ cluster was also examined. This
model is used to simulate the activation of methane by
Oÿ species adsorbed on La2O3. The La^La and La^O
distances are based on La2O3 crystal structure data [26]
(see figure 1).

In order to model the interaction of CH4 with O2ÿ
2

for the LaOBr catalyst which promotes carbenemechan-
ism [22], a La3�^Oÿ^Oÿ^La3� model is used. The Oÿ^
Oÿ species abstracts two H atoms from CH4 simulta-

Figure 1. The geometry of the [La3O4]2�CH4 cluster which was used
tomodel the activation of CH4 andLa2O3.

Figure 2. Calculated bond lengths, bond angles and bond orders (data in brackets) at transition state.
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neously (see figure 2e). For computational convenience,
we have neglected Brÿ in the calculations. The optimiza-
tionwas done under the constraint of C2v.

3. Results and discussion

3.1. Performance ofmethods

In order to justify the use of the MP2 method for the
following reaction systems, some test calculations have
been carried out. Table 1 shows the results for the O2ÿ

2
properties (bond length, dissociation energy, activation
energy for O2ÿ

2 !Oÿ � Oÿ) calculated at the HF, MP2
and QCISD levels of approximation and table 2 shows
the calculated reaction energies for CH2 � CH2 !
C2H4, CH4 � O2ÿ

2 ! CH2 � 2OHÿ and CH4 � Oÿ !
CH3 � OHÿ at these levels. Apparently, MP2 and
QCISD methods lead to close results. There are large
discrepancies between the HF results and the results
obtained by MP2 or QCISD method. Hence, it is neces-
sary to include electron correlation in order to obtain
reliable data.

Table 3 gives the calculated properties of isolated
CHx (x � 4, 3, 2, 1) and OH at the MP2 level, together
with experimental data [27]. The calculated bond lengths
and bond angles are shown to be close to the experimen-
tal values. The calculated dissociation energies (CHx!
CHxÿ1 � H) compare in most cases favorably with the
experimental ones. A relatively large discrepancy is
found for the dissociation energy of CH, the error being
27 kcal/mol.

We also report the results of MP2 calculations on
methane activation over diatomic MgO, LiO and AlO
entities since there exist some accurate CI calculations in

the literature [14]. Table 4 shows that for MgO and LiO,
theMP2 results are quite close to the results obtained by
B�rve and Petterson [14] using the CCI�Qmethod. AlO
is exceptional: the MP2 calculation gives significantly
lower activation energy and reaction energy than the
CCI�Qcalculation.

Since QCISD calculations are very time-consuming
and the MP2 level of approximation appears to be satis-
factory, we perform our calculations based only on the
MP2methods.

3.2.Hydrogen abstraction frommethane byOÿ andO2ÿ
2

For the sake of comparison, the reactions of CH4 with
isolated Oÿ and O2ÿ

2 species are also of interest. The
results are given in table 5.

The reaction CH4 � Oÿ ! CH3 � OHÿ is endother-
mic by 9.7 kcal/mol. The barrier height to the abstrac-
tion reaction is calculated to 13.1 kcal/mol. The
relatively low activation energy suggests that the
abstraction of one H atom from CH4 by Oÿ is easy.
Based on the OH and CH bond lengths and theMulliken
bond orders shown in figure 2a, one can see that in the
transition state (TS) the CH bond is nearly broken while
the OH bond is approximately formed (the C^H bond
order decreases from 0.35 to 0.08 and the O^H bond

Table 1
Calculated results a for O2ÿ

2 and the reaction O2ÿ
2 !Oÿ � Oÿ at differ-

ent levels of approximation (TS � transition state)

Method Re RTS De Ea

HF 1.60 4.47 ÿ175 76.0
MP2 1.75 2.36 ÿ117 7.4
QCISD 1.77 2.26 ÿ125 3.4
exp. b ÿ104
a Bond length R in Ð, dissociation energy De and activation energy
Ea in kcal/mol.

b Experimental value is from ref. [29].

Table 2
Calculated reaction energies (kcal/mol) at different levels of approxi-

mation

Reaction HF MP2 QCISD

CH2 � CH2!C2H4 ÿ114 ÿ163 ÿ165
CH4 � O2ÿ

2 !CH2 � 2OHÿ ÿ129 ÿ92 ÿ79
CH4 � Oÿ!CH3 � OHÿ 23 10 12

Table 3
Molecular properties a of the CHx (x � 4, 3, 2, 1) and OHÿ species cal-
culated based on the MP2 method. Available experimental data b are

included for comparison

Species 2S � 1 Rcalc
CH Rexp

CH �calcHCH �expHCH Dcalc
e Dexp

e

CH3^H (Td) 1 1.08 1.086 97.1 103.3
CH2^H (D3h) 2 1.09 1.079 105.0 109.6
CH^H 1 1.08 1.111 105.2 102.4 77.7 90.7
CH^H 3 1.08 1.078 180 136.0 100.3 99.7
C^H 4 1.14 1.120 107.1 79.9
O^H 2 1.00 0.971 78.9 101.3

a Bond length R in Ð, angle (�) in degree and dissociation energy De

in kcal/mol.
b Experimental data are those cited in ref. [27].

Table 4
Comparison of the calculated results a for the abstraction reaction,
MO � CH4 ! MOH � CH3, between the MP2 and CCI�Q b levels

(TS � transition state)

RTS
OÿH RTS

CÿH �TSHCH Ea De

LiO MP2 1.30 1.21 106.9 13.2 ÿ15:7
CCI�Q b 1.35 1.21 106.8 13.0 ÿ14:2

MgO MP2 1.31 1.21 105.9 12.4 ÿ12:6
CCI�Q b 1.31 1.22 107 9.2 ÿ11:8

AlO MP2 1.42 1.18 107.4 2.7 ÿ24:8
CCI�Q b 1.33 1.21 107 12.8 ÿ9:7

BaO MP2 1.20 1.33 107.0 4.1 ÿ154:0
a Bond length R in Ð, angle (�) in degree, activation energy Ea and
reaction energyDe in kcal/mol.

b From ref. [14].
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order increases from 0 to 0.17). The overall abstraction
reaction conserves the number of bonds in the system.

In the case of O2ÿ
2 , the reaction CH4 � O2ÿ

2 !
CH2 � 2OHÿ is strongly exothermic (by 92 kcal/mol).
The activation energy is determined to be 10.3 kcal/mol,
which is slightly lower than the activation energy for the
CH4 � Oÿ ! CH3 � OHÿ reaction. According to the
O2ÿ

2 model, two equivalent C� � �H� � �O three-center
bonds are formed simultaneously in TS. Comparing
figure 2a with figure 2b, one can see that in the transition
state the C^Hbond length to oxygen is 0.1 Ð larger in the
latter system than in the former one. Another difference
between figure 2a and figure 2b is that in figure 2b the
abstraction reaction does not conserve the bonds. In the
CH4 � O2ÿ

2 reaction, the number of broken bonds is
three (twoC^H and oneO^O) and the number of formed
bonds is two (twoO^H).

3.3.Methane dehydrogenation over [La3O4]2�,
[LaO]2� and [La2O2]4�

The optimized transition state (TS) geometries for
the CH4 interaction on the [La3O4]2�, [LaO]2� and
[La2O2]4� models are shown in figures 2c^2e, respec-
tively. In order to examine the nature of the bonding in
the TS, the Mulliken bond orders for O^H and C^H are

also given in the figures (values in parentheses). We have
also explored the possible role of O2ÿ and O4ÿ

2 sites on
the oxide surface in C^H bond activation. Therefore we
have tested the corresponding [La3O4]�, [LaO]� and
[La2O2]2� models with La and O in their normal oxida-
tion states of 3� and 2ÿ, respectively. The calculated
results on the variousmodels are collected in table 5.

The calculations yield an activation energy of 15.0
kcal/mol for H abstraction from CH4 on the [La3O4]2�

model. The reaction energyDe is calculated asÿ11 kcal/
mol. TheHOMOof this model, 5a1, is partially occupied
and can accept an electron from the C^H antibonding
orbital. Therefore the reactionCH4 � [La3O4]2� is feasi-
ble and requires a relatively low activation energy. In the
TS (figure 2c), the H3C^H bond length and bond order
vary insignificantly. This is in contrast to the Oÿ case
(figure 2a).We see that here the O^H bond length is con-
siderably larger than in OÿHCH3. This can be under-
stood by examining the models. The positive ion model
has strong electrophilic character and the negative ion
model has strong nucleophilic character. When CH4
approaches from far distance to the positive ion, the elec-
tron in the C^H bond is removed to the half-filled
HOMO of [La3O4]2� before the breaking of the C^H
bond. It is the other way round with the negative ion
model. Consequently, the O^H bond length in the TS is
larger for the positive ionmodel than for the negative ion
model. A calculation for the [La3O4]�model gives a very
positive reaction energy. We have not obtained an acti-
vation energy for this model. The calculated high
endothermicity of the reaction may indicate that the
activation energy would be high. [La3O4]� is a closed-
shell system, i.e. its HOMO is now completely filled. The
LUMO ismainly La 6s in character (see table 6).

With the use of a minimal [LaO]2� model, the calcu-
lated energy barrier is 16.9 kcal/mol, which is similar to
the calculated value on the larger cluster. The HOMO of
[LaO]2� is partially occupied, similar to the [La3O4]2�

case. For this model, we have also performed a calcula-
tion with the La^O bond length being relaxed during the
search of TS and found an activation energy of 8 kcal/
mol in this case. For [LaO]� with fully occupiedHOMO,
the calculation produces a high activation energy (67
kcal/mol) and a rather positive reaction energy (43 kcal/
mol). For a calculation where the La^O distance is
allowed to relax, an even higher activation energy (83
kcal/mol) is obtained.

Table 5
Calculated results a for the abstraction of H fromCH4 on variousmod-

els (TS � transition state)

RTS
LaÿO RTS

OÿH RTS
CÿH �TSHCH Ea De

Oÿ 1.07 1.51 104 13.1 9.7
O2ÿ

2 1.02 1.61 104 10.3 ÿ92:0
(O2ÿ�3(La3��3Oÿ 1.30 1.24 106 15.0 ÿ11:2
(O2ÿ�3(La3��3O2ÿ ^ b 65.3
La3�Oÿ 1.40 1.40 99 16.9 ÿ25:2
La3�O2ÿ 1.10 1.6 105 66.5 42.7
La3�Oÿ 2.05 c 1.70 1.36 99 8.3 ÿ50:9
La3�O2ÿ 2.14 c 1.66 1.13 108 82.9 55.2
O2ÿLa3�Oÿ 2.32 c 1.27 1.25 107 1.6 ÿ20:5
BrÿLa3�Oÿ 1.40 1.35 101 0 ÿ31:1
BrÿLa3�O2ÿ 1.10 1.34 109 54.6 48.9
(La3��2(Oÿ�2 1.36 1.22 133 28.6 ÿ107:0
(La3��2(O2ÿ�2 ^ b 57.5

a Bond length R in Ð, angle (�) in degree, activation energy Ea and
reaction energyDe in kcal/mol.

b The activation energies were not obtained.
c The La^O distance is allowed to relax during geometry optimiza-
tion.

Table 6
Calculated grossMulliken populations and atomic charges. Themain atomic composition ofHOMOand LUMOare given

Species La 5d La 6s O 2s O 2p QO HOMO LUMO

Oÿ 2.00 5.00 ÿ1:00 2p5 3s0

(Oÿ�2 1.96 5.04 ÿ1:00 1�4g (O 2p) 2�0u (O 2pz)
[La3O4]2� 0.80 0.11 1.95 4.78 ÿ0:72 5a11 (O 2p) 6a01 (La 6s)
La3�Oÿ 0.52 0.01 1.98 4.43 ÿ0:41 1�3 (La 5d � O2p) 3�0 (La 6s)
(La3��2(Oÿ�2 0.06 0.53 1.97 4.42 ÿ0:39 1a22 (La 5d � O2p) 2b01 (La 5d)
(La3��2(O2ÿ�2 1.32 0.00 1.94 4.66 ÿ0:60 2b21 (La 5d) 4a01 (La 6s)
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For the interaction of CH4 with [La2O2�4�, the calcu-
lation yields an activation energy of about 29 kcal/mol
(for this model, the O^O distance has been allowed to
relax during the geometry optimization). The reaction
process is highly exothermic. Table 6 shows that the
HOMO of this model (1a2) is fully occupied.
Nevertheless, the barrier is quite low. This implies that
(two) electrons from the (two) C^H bonds can easily be
transferred to the LUMO 2b1, which mainly consists of
La 5d. For [La2O2�2�, the 2b1 orbital is now fully filled
and the calculated reaction energy is greatly endother-
mic (also an activation energy has not been obtained for
thismodel).

From the Mulliken population analysis in table 6,
the most notable feature here is that the character of the
``frontier'' MO (HOMO or LUMO) of the model plays
an important role in activating CH4. For [La3O4]2� and
[LaO]2�, the HOMOs are partially occupied and there-
fore constitute the frontier MOs; for [La2O2�4� the
LUMO is the frontier MO. These MOs happen to be
made up of either O 2p, La 5d or the mixing of both. For
[La3O4]�, [LaO]� and [La2O2�2�, the frontier MOs are
the LUMOs which are mainly composed of La 6s.
Therefore O 2p and La 5d are more effective than La 6s
for the activation of CH4. Anderson and co-workers [28]
pointed out that the reason for the high activity of Oÿ in
methane dehydrogenation is that Oÿ�ads� can provide a
low-lying half-filled orbital that can take one electron
from the CH^O ��-antibonding orbital during the CH
bond breaking and OH bond processes; the low activity
of O2ÿ in methane dehydrogenation was ascribed to the
``four-electron closed-shell repulsion'' between O2ÿ and
CH4. These arguments are in principle consistent with
ours. If there are low-lying empty orbitals on the surface
which can accept an electron (as in the case of Bi2O3
[20]), the reaction CH4 � O2ÿ

�ads� !CH3 � OH�ads� � e is
feasible.

For a O2ÿLa3�Oÿ model, an activation energy of 1.6
kcal/mol is obtained. This means that the Oÿ species
adsorbed on the oxide surface are highly reactive. When
the [LaO]� model is terminated by a Brÿ ion, the calcu-
lated activation energy is decreased by 12 kcal/mol (as
comparedwith that calculated on [LaO]�).

4. Conclusions

Methane activation on the lanthanide oxide La2O3
has been studied by means of the ab initio MP2 method.
Different models were used to simulate the bulk oxide.
We have calculated reaction energetics of the C^H bond
activation byOÿ, O2ÿ

2 , O2ÿ andO4ÿ
2 for sites on the oxide

surface. The abstractions of hydrogen from methane by
Oÿ and O2ÿ

2 are found to proceed with low activation
energies Ea and the calculated reaction energies De are
exothermic. The calculations based on the O2ÿ and O4ÿ

2
models give remarkably higher Ea's and rather positive

De's. Therefore, O2ÿ and O4ÿ
2 on the oxide surface are

unreactive towards hydrogen abstraction. This supports
the Oÿ and O2ÿ

2 mechanisms assumed for the reactions
and is also in agreement with some experimental evi-
dence indicating Oÿ as the reaction site [6,10^12]. We
find that the calculated energetics depend on the
electronic structure of the model: The character of the
``frontier'' MO (HOMO or LUMO) of the model plays
an important role in activating CH4. For the Oÿ andO2ÿ

2
models, the frontier MO consists of O 2p or La 5d. For
the O2ÿ and O4ÿ

2 models, the frontierMO is mainly com-
posed of La 6s. Thus, O 2p and La 5d are more reactive
than La 6s for the activation of CH4. The presence of
Brÿ in the promoter compound is found to be beneficial
to themethane activation.
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