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The oxidation reactions of CH; and CH; fragments on
Mo0O3(100) were studied following the changes in the electronic
structure and the bonding character of the bonds between the ad-
sorbed fragments and the MoOj3 surface atoms. The adsorption en-
ergy for these fragments was computed using a methodology based
on the atomic superposition and electron delocalization molecular
orbital theory. The electronic structure was analyzed by the local
density of states concept. A detailed picture of the bonding between
fragments and the surface is given by examining the overlap popula-
tion. In the homolytic mechanism each C—H bond breakage occurs
before the corresponding hydrocarbon fragment reaches the energy
barrier and the O-H is formed after surmounting this barrier. A
strong C-0O chemical bond is established as a consequence of the
last H abstraction. On the other hand, in the heterolytic mechanism
the C-H breaking is accompanied by a temporarily weakening of
a second C-H bond and the formation of an increasingly strong
C-Mo bond. In the last H abstraction of methane decomposition
the C—H bond is broken only in the final step. While on the layer of
MoO3; exposing mainly O atoms, the interactions between the CH3
or the CH; fragment and the surface O atom are negligible; on the
layer of MoO3 exposing Mo atoms, the molecular orbitals of these
fragments show an important hybridization due to the significant
C-Mo chemical interaction. (© 2000 Academic Press

Key Words: methyl adsorption; methylene adsorption; molybde-
num oxide; ASED-MO; LDOS; oxidation catalysts.

1. INTRODUCTION

Considerable efforts have recently been made to under-
stand the partial oxidation of methane to produce chemicals
of commercial interest using oxide-based catalysts (1-6).
The generally accepted idea is that the first step in activat-
ing methane is the abstraction of a hydrogen atom to give
methyl fragments adsorbed on the oxide surface. Never-
theless, the mechanism of the C—H bond breaking and the
nature and the role played by the active oxygen species are
the object of extensive speculations.

Two main reaction mechanisms were proposed. The most
cited is named as the heterolytic (7, 8) and the other con-

1 To whom correspondence should be addressed. E-mail: cajuan@
criba.edu.ar. Fax: 54-291-4595142.

0021-9517/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.

stitutes the homolytic mechanism (9). In the first one, a
H* and a methyl anion (CH3) are produced, while in the
second a reduced oxygen species of the surface could be
responsible for the abstraction, resulting in the production
of two rather electroneutral species.

Molybdenum trioxide is known as an active and selective
catalyst for the partial oxidation of alcohols and hydrocar-
bons (10-12). In addition, MoO3-based catalysts are widely
studied for methane oxidation (13-18).

During recent years a number of papers describing re-
actions for synthesizing oxygenated products from CO and
H; and for the reduction of NOy appeared, where catalysts
based on metals modified by Mo or molybdenum oxides
were used. These studies showed that the incorporation
of Mo in the form of MoOj3 to Pd or Pt catalysts signif-
icantly improved not only the NO conversion under re-
ducing conditions, with minimal NH3; formation, but also
the NO reactivity under slightly oxidizing conditions (19,
20). Experimental studies performed in our laboratory for
methane combustion using Pd-MoO3/Al,O3 indicated the
promotional effect of MoO3 (21). Extensive revisions on ox-
idation catalysts were published (22). Particularly, the role
of molybdenum oxide surfaces on methane and methanol
oxidation was described in (23).

Focusing on the theoretical approaches, the extended
Huckel (E/H) method was employed by several authors
to study the interactions of alcohol and hydrocarbon mole-
cules with metal oxide surfaces (24-26). This formalism was
used by Sambeth et al. to explain the catalytic oxidation of
methanol on V,0s5 (24). The chemisorption of methanol
on various faces of MoOj3 was studied by Rahmouni and
Barbier (25). The CH3OH dehydrogenation proceeding on
a Keggin structure, composed of V-O-V oxygen bridges
and V=0 terminal groups, was considered by Weber (26).
According to this author, the oxidative dehydrogenation
process implies the interaction between an antibonding or-
bital directed along a C-H bond of the CH3OH and the
HOMO of the cluster, facilitating the transfer of hydrogen
toward a metal cation center (M™). During this transfer the
H-M interaction is bonding while the H-O interaction with
the adjacent oxygen atom is antibonding. The fact that the
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addition of electrons (by reduction) to the V-O-V chain
weakens the O-V bonds, resulting in a more reactive oxy-
gen atom during the dehydrogenation oxidative process,
was also indicated by this author.

Important conclusions concerning the dissociative
chemisorption of methane on MoO3 surfaces in the pres-
ence of O~ species were drawn by the calculations of
Mehandru et al. (27). The results obtained using the atomic
superposition and electron delocalization molecular orbital
theory (ASED-MO) on a Mo;Of; cluster showed that O~
strongly activates the C-H bond in methane. The presence
of O~ was explained in terms of a O 2p — Mo 4d charge-
transfer excitation by ultraviolet radiation. Heterolytic ad-
sorption most likely occurs at edge sites and CH3 forms a
donor bond to Mo®* (27).

Recently, a theoretical study of the dehydrogenation and
subsequent oxidation of methane at different catalytic sites
of a MoO3(100) surface was reported by our group (28).
A semiempirical molecular orbital technique (ASED-MQ)
was employed for this purpose. From these calculations it
was concluded that the heterolytic H abstraction is an en-
ergetically more favorable process compared with the ho-
molytic one. The process is known to be endothermic. The
purpose of the present paper, following our previous cal-
culations, is to analyze the electronic structure mainly by
examining overlap populations to give a more detailed pic-
ture of the bonding.

2. THEORETICAL METHODS

The interactions between the hydrocarbon fragmentsand
the MoOj; surface were performed using the ASED-MO
(29-31) technique. This method is a modification of the
traditional E-H theory (32). The atomic parameters used
for the present work are the same as those in Ref. (28).
Our calculations were performed using a bulk superimpos-
able Mo3,O3- cluster. The excess electrons assigned to the
cluster, causing it to formally bear a charge of —34, serve
to assure that all oxygen anions have a —2 charge. This
—34 charge does not affect the evaluation of the electronic
Hamiltonian matrix elements under the standard EH cal-
culations (29-32).

The adsorption energy was calculated as (28)

A Etotal = Erotar(@ds. species/metal oxide) — Eioral (SpeCies)
— Etotar(Mmetal oxide). [1]

The electronic structure of the oxide and the different
adsorbed species was analyzed in terms of the density of

electronic states (DOS) and of the projected local density of
electronic states (p-LDOS), respectively. The firstis defined

by
DOS(E) = ) "g(E — Ep), [2]

where g(E — E;) is a gaussian convolution function centered
on energy E; corresponding to molecular orbital “i”” of the
MoQj cluster. The p-LDOS of molecular orbital « of the
CH,, fragment, on the other hand, is defined as follows,

p-LDOS,(E) =) [{a|1)I’9(E — Ei). 3]

where |(« | i)|? gives the projection of molecular orbital “i”
of the CH, 4+ MoOj3 cluster system onto the molecular or-
bital « of the fragment. The integration of this variable up
to the Fermi level constitutes the population of molecular
orbital «.

Another useful concept is that of the overlap population,
“OP” (a-b), between two atoms named as “a” and “b.” In
this case, the Mulliken population analysis was used (33,
34). This magnitude depends on the atomic coefficients of
eigenvectors and the overlap interatomic integrals and it
can be considered as a measure of bonding between the
atoms.

3. RESULTS AND DISCUSSION

The overall oxidative dehydrogenation reactions of
methane on MoO3(100) were studied in a previous paper
by performing the calculation of the adsorption energy cor-
responding to CH,4 and its various dehydrogenated com-
pounds, during the overall CH3 — CH, — CH — C process
(28). The adsorption energy change versus the reaction co-
ordinate curve for H abstraction has shown a series of hills
and valleys (see Fig. 1). The activation energy for the first
dehydrogenation is greater than those for the second and
third H abstractions, implying that the methane activation is
kinetically controlled only by the former of these processes.
Once the first barrier is overcome, both CH;3; or CH,; could
be produced, with a different energetic cost in each case.
Nevertheless, the next CH, — CH + H reaction is thermo-
dynamically unfavorable, unless additional energy is pro-
vided. This observation suggests that MoO3; would be a
selective catalyst, capable of limiting subsequent methyl de-
composition.

In the different homolytic or heterolytic mechanisms for
the hydrogen abstraction from CHy,, the formation of sev-
eral chemical bonds is established between one of the ad-
sorbed species and another atom belonging to the oxide
surface. In the homolytic case the carbon atom is finally
bonded to an O atom of the “O” surface layer of MoO:s.
On the other hand, in the heterolytic case the carbon atom
bonds to a Mo atom of the “Mo” surface layer. In Fig. 1 (in-
serts) are shown the pathways for the second H abstraction
from CH3 over the “O” and “Mo” layers, respectively.

To obtain a more quantitative picture of the chemical
interaction present between the adsorbed species and the
oxide surface, the overlap population “OP” for the C-H,
C-O, C-Mo, and O-H bonds was calculated. The results
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FIG. 1. Total energy vs. reaction coordinate curve for H abstraction. Top insert: Pathway for the first H abstraction from CHj over the layer

exposing O atoms. Bottom insert: Pathway for the first H abstraction from CHj3 over the layer exposing Mo atoms. ¢, H; @, O; ®, Mo; @, C.

corresponding to the different C-H bonds are synthesized
in Figs. 2 and 3. The OP(C-H) is displayed as a function
of the reaction coordinate steps, where the 1, 3, 5, 7, and
9 values correspond to valleys and 2, 4, 6, and 8 to hills in
adsorption energy (as labeled in Fig. 1), i.e., the presence of
an activation energy, for the breaking of the first, second,
third, and fourth C-H bond, respectively.
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FIG.2. C-H overlap populations over the layer exposing O atoms.

The atom subindex refers to the H abstraction involucrated.

In the homolytic rupture the first C-H bond is broken
just before CH,4 reaches the energy barrier (see Fig. 2),
while the O-H bond is only formed once this barrier is
overcome (with a OP(O-H) of ~0.8). For the next two H-
atom abstractions from CHy, in which the H-O bonds are
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FIG.3. C-H overlap populations over the layer exposing Mo atoms.

The atom subindex refers to the H abstraction involucrated.
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involved, a similar behavior can be observed; i.e., the C-H
bond breakage occurs before the corresponding hydrocar-
bon fragment reaches the energy barrier.

During the last C-H rupture, which corresponds to total
CH, dehydrogenation, a strong C-O bond is formed. This
observation shows an opposite behavior in comparison with
the nonbonding or nearly nonbonding character obtained
for the C-O bonds in the preceding three H-abstraction
sequences. The C atom begins to bind to the O atom with
OP(C-0) =0.27 at step 8 when the C-H bond is just bro-
ken. Finally, the C-O bond is completely formed at step 9
where OP(C-0) = 1.37. The last process leaves an oxygen
vacancy on the oxide surface, resulting in a partial reduction
of the catalyst. The cumulative effect of such reactions pro-
duces MoOjdeactivation, unless a reoxidation with gaseous
oxygen is provided (22, 23). Moreover, it is worth noting
that the last O-H interaction is of nonbonding character,
indicating the presence of one chemical species susceptible
to further dissociation.

Regarding the heterolytic rupture, looking at Fig. 3 it can
be observed that the first C—H bond breaks before the CH4
surmounts the energy barrier at step 2. In addition, the first
O-H bond is formed at this barrier where OP(O-H) =0.75.
This fact is accompanied with a weakening of the second
C-H bond as well as the formation of a C-Mo bond with
OP(C-Mo0) =0.48. Noticeably, at the end of this process,
a rebuilding of the second C-H bond is observed, where
OP(C-H) changes from 0.07 to 0.78. This behavior exhib-
ited by one of the C—H bonds in CHj; can be rationalized
by considering that a significant mixing between CHj3 and
the surface MoOj3 molecular orbitals is produced. The C-H
bond becomes weaker because the carbon atomic orbitals
are in this case coupled with both the H atomic orbitals
and the surface MoOz; molecular ones. Furthermore, this
situation is also compatible with a lower activation energy
barrier in comparison with that corresponding to the ho-
molytic mechanism.

During the second H-atom abstraction, one of the in-
volved C-H bonds shows an analogous behavior to that
previously found in the first H abstraction. On the other
hand, the last C-H bond to be broken remains without sig-
nificant OP changes during the different partial dehydro-
genations, but it decreases in the last step. The C-Mo bond
becomes increasingly strong, during these abstractions,
reaching OP(C-Mo) = 1.54 at step 9. However, during the
final C-H rupture, the C-Mo overlap population decreases
from 1.29 to 1.03, at step 8. This observation and the de-
crease of OP(C-H) in the last step can be explained by
recalling that this process requires a spatial reorientation
of the fragment (Ref. (28)).

Taking into account our previous electronic structure
analysis, a comparison of the two described dehydrogena-
tion mechanisms can be made. During the homolytic C-H
bond rupture, chemical interactions between CHy frag-

TABLE 1

Calculated Values for CH3 and CH5 Interactions
with the MoOj3; Cluster Surface

“O” layer “Mo” layer Energy difference

Reaction energy CH; (eV)? 1.80 —0.15 1.95
Adsorption energy® 0 —1.54 1.54
OP C-surface atom? 0 0.45
OP C-surface atom® 0 0.45
Reaction energy CH, (eV)? 3.74 0.84 2.90
Adsorption energy® 0 —2.88 2.88
OP C-surface atom? 0 1.00
OP C-surface atom® 0 0.79

aSee Fig. 1.
b Isolated species.

ments and the oxide surface are of a nonbonding character.
Besides, the C atom becomes strongly bonded to the surface
O atom only in the last C-H bond breaking. On the other
hand, during the heterolytic C-H bond scission, the C-Mo
chemical interaction is of a strong and increasingly bond-
ing character. This observation explains why the heterolytic
CH, dehydrogenation mechanisms prove to be more favor-
able than the homolytic ones, making the “Mo” layer more
active from a catalytic point of view.

Taking the above OP analysis into account, it can be con-
cluded that the “Mo” layer, in comparison with the “O”
layer, has a special affinity for the C atom. To test this as-
sessment invoking also energetic arguments, the adsorption
energy for the isolated intermediate CH3 and CH,, species
was calculated at the same geometric position as in the
presence of abstracted H atoms (see inserts in Fig. 1). In
Table 1 the corresponding results are summarized for the
“O” and “Mo” layers. It can be observed that these hydro-
carbon fragments have no chemical binding with the cluster
“O” layer. On the other hand, they show significant energy
stabilization on the “Mo” cluster layer, in agreement with
the reaction energy profile of Ref. (28). The difference be-
tween the reaction energy profiles for the heterolytic and
homolytic mechanisms at steps 3 and 5 are in very good
agreement with the adsorption energy differences evalu-
ated for the isolated species. The OP populations corre-
sponding to C-surface atom interactions for the isolated
fragments are also reported (see Table 1). They are very
similar to the values obtained for the overall dehydrogena-
tion process. Therefore, our approach based on the study of
CHj3 and CH; adsorption reactions on a clean catalyst sur-
face can be used as a reasonable and approximate model
for the molybdenum oxide chemical reactivity.

The electronic structure of the free MoOj cluster is con-
stituted essentially by a full-occupied band deriving from
the 2p levels of O and a higher empty band from 4d and
5s atomic levels of Mo. In Fig. 4, the total DOS of bare



18 IRIGOYEN, JUAN, AND CASTELLANI

DOS (au)

45 14 3 A2 -

] M
‘ A : : /\/\/_A/\/\ /J\ A ASAN
11 -10 -9 -8 7 % 5 -4 -3 2

Energy (eV)

FIG. 4. Total electronic DOS of the MoOg3 cluster.

MoOs, calculated according to Eq. [2], is presented. It re-
veals the typical structure of an insulator, with a band
gap of 1.5 eV between the valence and conduction bands.
This result is ~40% lower than the experimental reported
value of 2.8 eV obtained from X-ray photoelectron spec-
troscopy experiments (35). It can be considered quite rea-
sonable, taking into account that in our semiempirical ap-
proach the parameters were not optimized to reproduce
bulk properties of MoO3; and that, on the other hand, the
band gaps obtained with ab initio methods were exceed-
ingly large in comparison with the experiment. Indeed, us-
ing the Hartree—Fock (36) or density functional theory (37)
values of 16.02 and 19.87 eV were reported for the band
gap, respectively.

In the following, a detailed description of the electronic
structure of fragment molecular orbitals (FMO) of ad-
sorbed CH3 and CHy is performed. The electronic structure
of the free CH3 species can be described using seven valence
orbitals, four of them normally occupied (38). The orbitals
with symmetry 2A;, 1E (4-fold degenerate), and 3A; (sin-
gle occupied), which could hybridize with the valence lev-
els of MoOg, follow this sequential order in energy: 2A; <
1E < 3A;. On the other hand, for free CHy, six valence lev-
els, three of them normally occupied, are necessary. They
are named 2A;, 1B,, and 3Ay, in this order of energies:
2A; < 1B, < 3A;. Considering the symmetry with respect to
an axis passing through the C atom, the 2A; and 3A; levels
of both molecules can be classified as having o symmetry,
while the 1E and 1B levels have = symmetry (38).

The p-LDOS of 1E and 3A; projections of the CHj; frag-
ment for the “O” and “Mo” layers are shown in Figs. 5 and
6, respectively. The results for the “O” layer are analyzed
first. The 1E projections are located immediately below the
bottom of the 2p band, while the 3A; ones are placed above
the top of this band (see Fig. 5). Nevertheless, they show an
incipient hybridization reflecting the small OP(C-O) val-
ues mentioned above. In other words, the mean value of
the molecular orbital projections are very close to the en-
ergy levels of the free CH3. The projection of the lower
2A; state shows a completely analogous behavior to that
of the other two states. The integration of these p-LDOS
up to the Fermi level give us the molecular orbital popu-
lations. The corresponding values are collected in Table 2.

TABLE 2

Molecular Orbital Populations

“O” layer “Mo” layer
CHa/Cluster
Molecular orbital, 2A; (o) 2 1.90
Molecular orbital, 1E () 2 1.91
Molecular orbital, 1E () 2 1.91
Molecular orbital, 3A; (o) 1 1.64
CH_y/Cluster
Molecular orbital, 2A; (o) 2 1.78
Molecular orbital, 1B; () 2 1.78
Molecular orbital, 3A; (o) 2 1.61
Molecular orbital, 1B; (P) 0 0.59
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Note that the orbital population is basically that of the free  2p band of MoOj3;, with a broadening of nearly 3 eV be-
molecule. low the Fermi level. This observation is in accord with the

Regarding the results for the “Mo” layer in Fig. 6, they significant OP(C-Mo) values referred to above. Moreover,
show that while the 1E projections are not significantly hy- looking at the corresponding molecular orbital populations
bridized, the 3A; ones show a significant coupling with the in Table 2, it can be observed that this hybridization is
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FIG. 6. CHjsprojected-LDOS over the layer exposing Mo atoms. ;¢ (free CH3) = —15.23 eV, e3a, (free CHz) = —10.59 eV.
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accompanied by small electronic donations (of ~0.1 e™) The p-LDOS of 1B,, 3A1, and 1B; projections of the CH;
from the lower energy levels (including the 2A; orbitals) to  fragmentonthe “O” and “Mo” layers are exhibited in Figs. 7
the CH3 fragment and a larger back-donation (of ~0.64e~) and 8, respectively. The “O” layer is considered first. Note
to the 3A; state. that, in this case, the three molecular orbitals have only a
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FIG. 8. CH; projected-LDOS over the layer exposing Mo atoms. &g, (free CH;) = —15.40 eV, e3a, (free CH;) =—10.98 eV, e1p, (free CHy) =
—10.26 eV.
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small degree of hybridization, in direct relation to the small
OP(C-0) values. Moreover, the molecular orbital popu-
lations of Table 2 indicate that the occupations for each
of these states correlate with those of a nonperturbed free
CH,, species. This observation is also valid for the lower
2A; orbital. On the other hand, on the “Mo” layer, while
the 1B, projections are significantly localized, the 3A; and
1B; projections become hybridized to a large extent. The
3A levels mix strongly with the 2p band of MoOj3;, show-
ing broadening near 3 eV below the Fermi level and the
1B; levels also interact extensively with the 4d band, with
an extended broadening above the band gap (see Fig. 8).
However, the last electronic states are not occupied and
are not taken into account in the orbital population of 1B;
projections. All these results are summarized in Table 2.
Indeed, while the 2A; and 1B, states become somewhat
depopulated (by ~0.2 e7), the 3A; one depopulates more
noticeably (by ~0.4 ™) and the usually empty 1B; state
populates to a large extent (by ~0.6 ™) (see Table 2).

An interesting parallelism can be made between the be-
havior of CH3 and CH,. The electronic structure of frag-
ments residing on the “O” layer correlates, in both cases,
with that of the free species. On the other hand, on the
“Mo” layer, an important mixing results between the 2p
band of MoO3 and the 3A; molecular orbital of CH3; and
CH.. These kinds of orbitals have a particular symmetry,
where a lobe of the 2 p, orbital of carbon is directed in op-
position to the dihedral angle of CHj; or the planar angle of
CH;, (see the molecular orbital schemes inserted in Figs. 6
and 8), allowing a significant overlap with the 2p orbitals of
MoO; to be achieved.

4. CONCLUSIONS

In the present work an analysis of the electronic structure
of intermediates in CH4 dehydrogenation on MoQ3(100)
was accomplished for two surface regions: the so-called
“O” and “Mo” layers. A careful examination of the overlap
population between the C and the substrate atoms was per-
formed. In the homolytic mechanism each C-H bond break-
age occurs before the corresponding hydrocarbon fragment
reaches the energy barrier and the O-H is formed after sur-
mounting this barrier. A strong C-O chemical bond is es-
tablished as a consequence of the last H abstraction. On the
other hand in the heterolytic mechanism the C—H breaking
is accompanied by a temporary weakening of a second C-
H bond and the formation of an increasingly strong C-Mo
bond. In the last H abstraction of the methane decompo-
sition the C—H bond is broken only in the final step, as a
consequence of the spatial reorientation of the C—H species.

The analysis of p-LDOS was restricted to the most rele-
vant molecular orbitals of CHz and CH,. Calculations show
that a significant chemical interaction is only present on the
“Mo” layer. This process is accompanied by a notable hy-
bridization of the molecular orbitals around the Fermi level
of MoQOs. On the other hand, the C-surface interaction is

mainly nonbonding in the case of the exposed “O” layer.
All these results help us to a better understanding of the
CH, dehydrogenation on molybdenum oxide surfaces, in
terms of electronic structure arguments.
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