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A density functional theory study of site-specific methyl reaction
on MoO 5(010): The effects of methyl coverage
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We report density functional theory calculations, using pseudopotentials with a plane wave basis, of
methyl adsorbed on the Mag®10) surface at 0.5 and 1.0 ML coverages. The Ma&Drface is
modeled by a one-layer slab. Methyl is adsorbed most strongly over the terminal oxygen, where
methoxy is formed. Over the bridging oxygens, qualitatively different results are obtained
depending on the coverage of methyl. At 0.5 ML, methoxy is formed over the bridging oxygens,
with an associated relaxation of the surface caused by a repulsion between the methyl and the
terminal oxygen. For the 1.0 ML coverage, methyl is not stable and decomposes. Over the
asymmetric bridging oxygen, methyl reacts to form formaldehyde and hydroxyl, while over the
symmetric bridging oxygen a formyl species and water are produced. The hydroxyl and water are
formed via hydrogen transfer to a terminal oxygen. The bonding and reaction of methyl over the
various oxygen species are analyzed and discussed using charge density difference plots as well as
the crystal orbital overlap projectidOOB. For the 0.5 ML methyl coverage, this analysis shows

that the tilting of the terminal oxygen bond weakens this bond slightly. For the 1.0 ML methyl
coverage, the COOP plots indicate that the decomposition of methyl over the bridging oxygens is
not as stable as methyl over the terminal oxygen because the presence of the carbon fragments
affects the electronic structure, and causes a weakening of the Mo—terminal oxygen bond. These
results are discussed in the context of partial oxidation reactions20@ American Institute of
Physics[S0021-960680)70521-§

I. INTRODUCTION activity and selectivity for formaldehyde production is de-
pendent on the oxidation states present on the surface,

One of the most important problems in heterogeneousghe structure of the oxide materfal’*°~*3and the nature of
catalysis is the partial oxidation of alkanes, especially meththe oxygen species preséror example, higher selectivity
ane. The catalytic partial oxidation of alkanes poses a parfor formaldehyde formation was reported on catalysts with a
ticular challenge because they are very unreactive and do n@irger fraction of exposed Mo@D10) planes, which contain
readily form strong bonds to other species. As a result, higho=0 moieties?> However, due to the complex nature of
temperatures are generally required for C—H bond activationthe catalyst, it is not possible to determine how these factors
the rate-limiting step in alkane reaction. Unfortunately, theaffect the elementary steps in methane oxidation. The con-
high temperatures also favor nonselective secondary reagersion and selectivity of the methane oxidation is dependent
tions, such as combustion. An effective catalyst must theresn both C—H bond breaking and C—O bond formation. Be-
fore balance the desire to achieve high conversion rates witbause the catalyst must play several roles, it is likely that the
the goal of high selectivity for partial oxidation. active sites for promoting specific steps are different.

In recent years, a commercial catalytic process for meth-  While experimentally it is difficult to obtain detailed in-
ane conversion to formaldehyde based on molybdenum triformation about the electronic nature of each specific bind-
oxide has been patentéds a result, there has been consid- ing site, accurate density functional theory calculations allow
erable interest in understanding what controls selectivity an@ thorough and efficient examination of these issues. To date,
activity in methane oxidation catalyzed by Mg®ased there have been nab initio calculations of methyl or meth-
materials>~’ Unfortunately, high selectivity for formalde- ane on the Mo@ surface. An earlier theoretical study of
hyde production is only achieved for low conversions. Formethane on the MoQsurface was performed by Mehandru
example, formaldehyde is produced with 80%—90% selectivet al.** using small clusters to model thH@00) and (010)
ity at conversions of~1% on SiQ-supported Mo@, but it  surfaces with a variant of the semiempirical extendedkel
drops below 40% for conversions on the order of 3%. theory. These authors investigated the activity of surface O

Several studies of working catalysts have shown that thgpecies on the activation of methane, and found that methyl
was bound to unsaturated molybdenum atom sites as well as

dAuthor to whom correspondence should be addressed. Electronic maiﬁy alté)ms with approximate_ly equ'ivalent stability. Irigoyen
friend@chemistry.harvard.edu et al> used the same semiempirical theory to perform cal-
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culations of methane and its fragments on a cluster model ahethyl fragments. For example, for methyl over the terminal
the MoG;(100) surface, and analyzed the resulting geom-oxygen and the symmetric bridging oxygen &2 cell is
etries and energetics. They found that (€0 face with  used, while a X1 cell is employed for methyl over the
exposed molybdenum atoms was more favorable towardasymmetric bridging oxygen. For the 1.0 ML coverage, one
methane dissociation, while the face with exposed oxygemethyl is adsorbed per one surface unit cell.

atoms was unreactive towards methane. In the present study Analysis of the calculations was performed using the
of the MoO; catalyst, we use one layer of the ideal crystal orbital overlap populatiofCOOP.?! The COOP is a
Mo0O5(010 surface. Furthermore, in order to examine theprojection of two individual atomic orbitals onto a crystal
oxidation process after the first C—H bond is broken in methwave function, weighted by the overlap of the two atomic
ane, we study the adsorption of methyl at two coverages ovesrbitals. The sign of the COOP is an indication of the bond-

different sites on the Mogl010) surface. ing or antibonding contribution of the two orbitals to the
crystal wave function, and the magnitude is indicative of the
Il. COMPUTATIONAL DETAILS strength of the interaction. Thus, the COOP can be used as a

specific indicator of the nature of covalent bonding in the

All calculations were performed using the commercially
system.

available version oftasTER'® a density functional theory
plane wave pseudopotential code. In these calculations, the
local-density approximation is used for electron exchange||. RESULTS
and correlation. The local density approximation has beerA
shown to produce bond lengths and vibrational frequencies”
in good agreement with experiment; generally, binding ener-  Adsorbed methyl is stable and forms methoxy ({OH
gies are too large, but qualitatively correct answers are obvia bonding to each of the different types of oxygen. The
tained. The bare Mo9slab and the Mo@+CH; systems most stable form of methoxy results from methyl binding to
were relaxed until the forces on all atoms were less than 0.0the terminal oxygen site, with the asymmetric bridging oxy-
eV/A. The optimized norm-conserving pseudopotential forgen site very close in energy. Binding to the symmetric
Mo including states up tod was generated with, s=r , bridging oxygen is the least energetically favorable configu-
=r.q9=1.7a.u. from a singly ionized reference configurationration. Over the terminal oxygen, methyl is adsorbed to the
of [Kr]4s?4p®4d® and is expressed in the fully separable oxygen atom, forming an angle of 136° between the Mo, O,
Kleinman—Bylander fornt’ Optimizatiort® was performed and C atoms, similar to hydrogen adsorbed over the terminal
With g s=0c,4= 6.5 Ry?andq, ,=7.5Ry*?and 6, 4, and 4 oxygen [Fig. 1(a)]. The Mo-terminal O bond length is
Bessel functions for the, p andd orbitals, respectively. The lengthened from 1.67 to 1.86 A, consistent with a change
soft oxygen pseudopotential was generated according to tifeom a double to a single bond of the terminal oxygen. The
scheme of Troullier and Martindwith core radiir,s=1.3  carbon atom is bound to the oxygen atom with a bond length
andr.,=1.65a.u. An optimized norm-conserving pseudo-of 1.38 A, while the hydrogens are bound to the carbon at a
potential was also used for C, with core radii;=1.0 and  length of 1.10 A. These lengths are very similar to bond
rep=rca=21.4a.u., while a filtered Coulomb potential was lengths of methanol in the gas phase, which has a C-O bond
used for hydrogen. As a test of these pseudopotentials, tHength of 1.43 A and a C—H bond length of 1.1 A.
equilibrium lattice parameters of the—MoO; bulk system Methyl bound over the bridging oxygens also forms
was determined by finding the volume which minimizes themethoxy; however, the formation of methoxy is accompa-
total energy while keeping the ratio of the lattice vectorsnied by a significant relaxation of the surface. There are two
fixed to the experimental value. The equilibrium volume wasgeneral features of the surface relaxation resulting from me-
found to be 191.0 A slightly lower than the experimental thyl adsorption over the bridging oxygens. First, there is re-
value of 203.0 A We fix the lattice parameters at the ex- pulsion between the methyl fragments and the terminal oxy-
perimental values for subsequent calculations of the MoOgens which causes a tilting of the terminal oxygens away
surface. Relaxation of the ionic positions at both the experifrom the methyl. Second, the bridging oxygens are pulled out
mental and relaxed lattice constants yields bond lengths inf the surface as a result of adsorption to methyl. The extent
excellent agreement with experimental valé®3he carbon of these relaxations is different for the symmetric and asym-
pseudopotential was tested for both bulk diamond and ametric sites.
acetylene molecule, giving excellent agreement with experi-  Methyl adsorbed over the asymmetric bridging oxygen
mental bond lengths, lattice parameters, and bulk moduli. [Fig. 1(b)] has intermediate stability; it is 0.6 eV higher in
The model for thex—MoO; surface consists of a single energy than methyl over the terminal oxygen. The asymmet-
layer of the(010) face, repeated periodically in three dimen- ric bridging oxygen bound to the methyl is pulled out of the
sions with about 14 A of vacuum between layers. Four spesurface by 0.7 A in the fully relaxed structure, and the short
cial k points in the irreducible Brillouin zone were used with Mo—O bond is lengthened by 0.15 A, while the long Mo—O
a 700 eV cutoff for the plane wave basis states. For théond increases from 2.33 to 2.68 A. As for the symmetric
adsorption of methyl, two coverages are used: 0.5 and 1.Bridging site, there are significant repulsions between the ter-
ML. Because there are two inequivalent lattice constants iminal oxygens and the methyl species. The terminal oxygen
the plane of the surface, there are two choices for the 0.5 Mlclosest to the methyl fragment is tilted the most, at an angle
coverage, a X2 or a 2x1 unit cell. In each case, the unit of 22.5°. The more distant terminal oxygen is not substan-
cell was chosen so as to maximize the distance between thilly perturbed; the tilt angle is 5.1° when 0.5 ML of Gi$

0.5 ML coverage of methyl over MoO ;(010)
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FIG. 1. Scale models of methoxy formed from Catidition to oxygen. The

total methyl coverage is 0.5 ML in all cases and a plane of symmetry in th

(001 direction is enforced(a) Methyl bound to terminal oxygefMo=0
siteg; (b) Methyl bound to asymmetric bridging oxygeft) Methyl bound
to symmetric bridging oxygen.
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TABLE |. Selected OPDOS for 0.5 ML coverage of methyl over
MoO4(010).

OPDOS
C2sp-02p
Methyl over symmetric bridging O 0.29
Methyl over asymmetric bridging O 0.31
Methyl over terminal O 0.31
Mo 4d—terminal O 2
Methyl over terminal O 0.16
Methyl over symmetric bridging O 0.23
Methyl over asymmetric bridging O 0.23
Clean surface 0.28

bound to the asymmetric bridging oxygens, compared to a
tilt of 4.9° for MoO; with no methyl adsorbed. The C-O
bond length is 1.40 A, with C—H bond lengths in methyl
being 1.1 A, similar to methyl over the terminal oxygen.

The degree of surface relaxation is greatest for methyl
binding to the symmetric bridging oxygdifrig. 1(c)]. Me-
thyl adsorption on this site is 1.7 eV less stable than over the
terminal oxygen site. The symmetric bridging oxygen is
lifted out of the surface by 1.5 A as a result of bonding to the
methyl. Consequently, the long bond to the Mo atom beneath
the symmetric bridging oxygen is increased from 2.33 A in
unperturbed Mo@to 3.80 A in the relaxed structure after
adsorption of 0.5 ML of methyl; the long Mo—-O bond is
effectively broken. In addition, the symmetric bridging oxy-
gen O—Mo bond becomes asymmetric; one bond increases in
length from 1.95 to 2.07 A, while the other bond decreases to
a bond length of 1.92 A. The presence of the methyl also
induces a tilting of the terminal oxygens towards the unoc-
cupied symmetric bridging site, indicating a strong repulsion
of the terminal oxygen from the methyl. In this case, the
terminal oxygens are tilted by 19.7° from the surface normal,
and the methyl is tilted by 39° in th@01) direction when it
is bound to the symmetric bridging oxygen. The C-O bond
length is 1.43 A, 0.04 A longer than for the terminal site,
while the C—H bond lengths of methyl are 1.1 A. The energy
of the fully relaxed methoxy structure at the symmetric
bridging sites is 1.7 eV higher than the most stable terminal
sites.

In order to probe further the origin of the differences in
the stability of methyl bound to the various oxygen sites at
0.5 ML coverage, the overlap population density of states
(OPDOS was calculated. The OPDOS is a summation of the
COORP over all occupied states and yields a number which is
a measure of the overall bonding or antibonding contribu-
tions of the two atomic orbitals.

The OPDOS and structural features indicate that the dif-
ferences in binding energies are from steric repulsion and
changes in Mo—0O bonding. The OPDOS of the C-0O bond is
very similar for all three types of oxygen, indicating that
each oxygen binds the methyl fragment almost equally
9Table ). The closeness in the C-O bond lengths forgCH
bound to all three oxygens supports this argument. There-
fore, the difference in the overall binding energy must arise
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from other factors. Steric repulsion between methyl bound to
the bridging oxygens and the terminal oxygens is indicated
by a tilt of the terminal oxygens away from the methyl
group. The energetic cost of this steric repulsion must be 0.6
eV or less, which is the difference in binding energy between
methyl over the terminal oxygen and methyl over the asym-
metric bridging oxygen. Methyl over the symmetric bridging
oxygen causes a substantial tilt in two terminal oxygens,
which partially explains the significantly lower binding en-
ergy with respect to the other binding sites. The other factor
leading to the small binding energy of methyl over the sym-
metric bridging oxygen is that the methyl pulls the symmet-
ric bridging oxygen out of the surface by a large amount,
effectively breaking one of the Mo—O bonds and thus low-
ering the binding energy. The strength of the bond which is ~ 25 4

Energy (eV)
8 &
T T
|
1 1

. . : 0 = ]
broken can be roughly estimated in the following manner: ~ _F._..... J,_”_
the energetic cost to tilt a terminal oxygen is about 0.6 eV, 4o ]
based on the difference in the binding energy of methyl over 15 | ]
the terminal oxygen and methyl over the asymmetric bridg- -20 - ; ?
ing oxygen. In the case of the symmetric bridging oxygen, 2_50'02 " oo o o P YR

two terminal oxygens are tilted, resulting in an approximate

energy cost of 1.2 eV. Note that this is not quantitatively

accurate, since the amount of tilt differs between the asymgig. 2. cOOP plots of the Mo d-terminal O  interaction for methy

metric bridging and the symmetric bridging sites. The re-adsorbed over the bridging oxygen sit@s5 ML coveragg For compari-

mainin r in bindin ner ) is attribut son, the COOP plot for the clean surface is also shown. Methyl bound to
a 9 gec ?asef hb | d 9 feb € gf_y‘O ?)e\/) Sa h buted terminal oxygenjb) Methyl bound to symmetric bridging oxyge(t) Me-

tQ a Com Ination of the loss of bonding between the Symmetfhyl bound to asymmetric bridging oxyge(d) Clean surface.

ric bridging oxygen and the Mo atom beneath and the longer

C-0 bond length compared with methoxy bound to other

oxygen sites. The structure of methoxy formed from meth(y.0 ML)

The tilting of the terminal oxygen has some effect on itshonding to the terminal oxygen is nearly the same as for a
bonding to the Mo atom. The OPDOS of the Meterminal  methyl coverage of 0.5 MI(Fig. 3). The Mo—terminal oxy-
O p interaction shows that the bonding is decreased slightlyyen bond again increases in length from 1.67 to 1.88 A, as
(Table ), and the COOP plots indicate that the tilting of the the double bond to the Mo is reduced to a single bond. There
terminal oxygen lowers an antibonding state below the Fermis minimal relaxation of the lattice due to GHadsorption.
level (Fig. 2. A comparison of the COOP plots between the The only difference is a decrease in the bond length between
tilted terminal oxygen species for methyl over the bridgingthe Mo atom to which methoxy is bound and the underlying
oxygens and that of the clean surface shows the close siméymmetric bridging oxygen, from 2.3 to 2.1 [&ig. 3@)].
larity in the bonding states between all three systems. How- A COOP analysis of the Mo—terminal O boffeig. 4(c)]
ever, in the tilted terminal oxygen species there is an occuindicates that the main bonding is still through the Mb-40
pied Mo—O antibonding state just below the Fermi level that2p interaction, but the magnitude of the bonding is de-
is not present on the clean surface. It is the occupation of thigreased by half compared with clean Mg@onsistent with
state which slightly reduces the bonding strength between reduction of bond order from 2 to 1. The OPDOS of the
the Mo and the terminal oxygen in the tilted case. The bondMo—terminal oxygen bond is 0.16, identical to the value of
ing of this tilted species is intermediate between that of thehe OPDOS in the 0.5 ML case. This number is indicative of
Mo—terminal oxygen double bond for the clean surface ané Mo—O single bond, as can be seen by comparison of the
the Mo—O single bond for methyl bound to the terminal site. OPDOS for the Me=O bond in clean MoQ 0.28. The
The Mo—-O bond COOP for the latter cad€g. 2) also has  methoxy is tilted by 38° with respect to the surface normal,
an antibonding state immediately below the Fermi levelsimilar to that of hydrogen adsorbed over the terminal oxy-

while the interaction between the oxygem 2nd Mo 3 gen site. The amount of tilting for the 1 ML case is identical
states is less due to poorer overlap caused by the increased

bond length.

COOP (arbitrary units)

TABLE Il. Relative stabilities of CH over MoG;(010). Note: Energies are
relative to the most stable system, methyl over the terminal oxygen.

B. 1.0 ML coverage of methyl over MoO 5(010)

Energy(eV)
Increasing the methyl coverage to 1 ML results in quali- Binding site 0.5 ML 1.0 ML
tative changes in the binding over the bridging oxygens. Spe ——
cifically, methyl over the bridging sites decomposes via loss iymmemc. bridging O L7 33
. . symmetric bridging O 0.6 2.2
of hydrogen. Methyl bound to the terminal oxygen remains Terminal O 0.0 0.0

intact and is still the lowest energy si{€able II).




J. Chem. Phys., Vol. 112, No. 21, 1 June 2000 Methyl reaction on MoO3(010) 9621

Energy (eV)

20 b R
3 Methyl over terminal oxygen 1
30 I I3 I 1 1 L L] I 1 1

-0.02 -0.01 0.00 0.01 0.02 0.03 0.04
COOP (arbitrary units)

FIG. 4. COOP plots of the Modterminal O 2 interaction for the three
different methyl adsorption sité¢4.0 ML coveragg Methyl binding to sym-
metric bridging oxygen(water formed over terminal oxyggn(b) Methyl
binding to asymmetric bridging oxyge@H formed over terminal oxygen
(c) Methyl binding to terminal oxygefmethoxy formed over terminal oxy-
gen.

to that in the 0.5 ML coverage. The C-O and C—H bond
lengths are 1.38 and 1.10 A, respectively, compared to 1.42
and 1.10 A for gas-phase methanol. The bonding between
the oxygen and the carbon atom is consistent with what one
would expect, with a carbosip® hybrid orbital bonding with

a hybridized oxygen 2 orbital.

The asymmetric bridging oxygen site represents an in-
termediate case between the terminal and the symmetric
bridging oxygen sites. One hydrogen is transferred from me-
thyl to a terminal oxygen site, leaving formaldehyde above
the asymmetric bridging oxygen when 1.0 ML of ¢Hp-
proaches the asymmetric bridging oxydéig. 3(b)]. Inter-
estingly, the hydroxyl over the terminal site is different from
hydroxyl formed from hydrogen atom adsorp#érin that
the Mo—terminal O bond length is unusually long, about 2.03
A, in contrast to hydrogen adsorption at the M0 site on
clean MoQ, in which case the same bond length is 1.8 A
long. The asymmetric bridging oxygen also becomes more
symmetric, with bond lengths of 1.95 and 2.17 A, compared
to 1.79 and 2.33 A for clean MoQ The adsorbed formalde-
hyde has a C—O bond length of 1.36 A and C—H bond
lengths of 1.10 A; these values are slightly higher than the
analogous gas-phase values for formaldehyde, 1.23 A for the
C-0 bond, and 1.06 A for the C—H bonds. The lengthened
C-0 bond in adsorbed formaldehyde is due to the presence
of the metal atom, which is also involved in bonding to the
carbon.

As in the 0.5 ML case, the symmetric bridging oxygen is
the least energetically favorable site. In contrast to the 0.5
© T_,(mo) ML case, methyl decomposes to HCO and wékég. 3(c)].

Water forms via hydrogen transfer to the terminal oxygen, it
FIG. 3. Scale models of the products resulting from methyl adsorption tdS NOt bound strongly to the Mo given that the distance above
oxygen. For relaxation, a plane of symmetry in #8821 direction is en-  the surface is 2.34 A. This indicates that water is eliminated
fOFCEd-trTh?n tg:('og“]?tgx'egggﬁfigzni%nl:fd('\e/l')'-wilgtﬁ"I %%iensdigie?rﬂsge ofrom the surface, which relieves steric repulsion between the
ziygtﬁ; ({)) Formaldehyde and hydroxyl formed f?lom methyl binding to hydrocarbon moiety and the terminal oxygens. The carbon ,IS
asymmetric bridging oxygenic) Formyl and water formed from methyl actually bound closer to the Mo atoms than the symmetri-
binding to symmetric bridging oxygen. cally bridging oxygens, at distances of 2.05 vs 2.14 A, re-

(010)
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TABLE lll. OPDOS of Mo—C and Mo—0 bonding for 1.0 ML coverage of determining the favorability of bonding at both coverages
methyl over MoQ(010. examined in the present study; however, the way that the
OPDOS steric interactions are relieved is different depending on the
coverage. The fact that the most favorable binding site for
Methyl over terminal O 0.16 methyl gt both coverages is Fhe same, Fhe terminal 'S|.te,_ con-
Methyl over asymmetric O 0.05 firms this hypothesis. This is the position that minimizes
Methyl over symmetric O 0.04 steric interactions; methyl bound at the bridging oxygens at
both coverages encounters repulsion with the neighboring
terminal oxygen. Choosgha 1 ML coverage of CH on

Mo 4d—terminal O D

Methyl over asymmetric bridging O

Mo 4d—asymmetric bridging O 2 0.07 - -

Mo 4d—C 2p 0.10 MoO;(010 imposes a high symmetry on the problem. The

Mo 4d-C 2s 0.10 terminal oxygens are fixed in place because of methyl spe-
Methyl over symmetric bridging O cies on both sides, .an_d no tilting is allowed_when 30131

Mo 4d—symmetric bridging O @ 0.05 brought near the bridging oxygens. The steric strain is re-
Mo 4d-C 2p 0.09 duced in this case by hydrogen transfer from the methyl to
Mo 4d-C 2s 0.06 the terminal oxygen, allowing Mo—C bonding to occur. On

the other hand, at a 0.5 ML coverage, the terminal oxygen
has freedom to move, and tilts away from the methyl in order

spectively, indicating competition for Mo electron density. to relieve the steric repglsmn. Furthermozel ML_coverage
The OPDOS of the Mo—C and Mo—O interactiofEable of methyl on MoQ(010) is probably not a realistic coverage,

[II') shows that the covalent bonding between the Mo and th ecause steric_ repulsion would lead to a high barrier to the
C atom is due to Mo 4 and C Z,p orbitals, and is greater ormation (;f t|h|s Strrl]mtur?' lati f th hv
than that between the Mo and the symmetric bridging oxy- Nevertheless, the calculation of the 1 ML methyl over-

gen. There is also little covalent bonding between the Mdaver vields some interesting information. For methyl ad-
atom and the terminal oxygen, due to the poor overlap 0§orbed over the symmetric bridging oxygen at 1 ML cover-

orbitals caused by the large Mo—terminal O distance. age, two hydrogens are transferred to the terminal oxygen to

The OPDOS(Table Il) indicates a weakened covalent form water whigh is not bour_1d to the surface. This demon-
bond between the asymmetric bridging oxygen and the motrates that while hydrogen is most favorably bound to the
atom, and significant covalent bonding between the C atorff™Minal oxygen, as shown by previous calculatighwater
and the Mo atom. They also indicate that there is less covs£@n be formed and removed from the surface. Therefore, the
lent bonding between the Mo and the terminal oxygen, as addition of hydrogen to thg terminal oxygen is not a kinetic
result of the longer Mo—terminal oxygen bofiBlig. 4(b), “dead en'd;’.’ thg Mo—terminal oxygen 'bon'd can be reduced
Table (). Furthermore, the bonding between the asymmetri(py the ehmma’uon of water. _The _ellmlnatlon _of water also
bridging oxygen and the Mo is predominately through theleaves behind a p_ossmle active _S|te for reacngn, an exposed
Mo 4d and O 2 orbitals, in contrast to the Mo—asymmetric M0 atom. Alternatlyely, the terminal oxygen site can be re-
bridging oxygen bonding in clean MaOwhich takes place generated by mobile oxygen atoms at higher temperqturgs.
through the Mo % and O 2 orbitals. The OPDOS also Thu;, the catalyst can be_regene_rated after reaction with in-
shows that there is in fact more bonding between the Mo an§0ming hydrocarbons. This terminal oxygen vacancy could
C atoms than between the Mo and asymmetric bridging dre important for methyl addition to the bridging oxygens,
atoms(Table I1I); the orbitals involved are the Mdand the ~ Decause removal of one of the terminal oxygens would re-
Csp’ lieve the steric repulsion caused by the presence of the me-

No local minimum for 1 ML of intact methyl over the thyl. Calculations investigating the addition of methyl to this
asymmetric bridging site was found. In one attempt, the survacancy site are currently underway.
face was held rigid while the methyl, initially placed 2 A Our results have some implications for the activation of
above the asymmetric bridging oxygen site, was allowed tdnethane over Mo@catalysts. First, the binding site on the
move; in this case, the methyl still decomposed into OH angurface of MoQ is strongly dependent on the local environ-
formaldehyde. In another, the methyl was fixed while thement, specifically on the steric interactions with terminal
surface was allowed to relax. For this calculation, there wa®Xygens. This means that for the fully or nearly stoichio-
also no convergence to a local minimum. It is possible thafnetric oxide surface, binding to the terminal oxygen is prob-
the decomposition of methyl over the bridging sites of MoO ably preferred. Second, the abstraction of hydrogen by the
at 1.0 ML coverage proceeds without a barrier as long aterminal oxygen could occur at areas of locally high methyl
CH, is sufficiently close to the oxygen; however, there iscoverages. It is only when the terminal oxygen is constrained
probably a barrier to adsorption when the methyl is furthethat hydrogen abstraction becomes a possibility.

away, due to steric repulsion from the terminal oxygens. Comparisons with the semiempirical studies by Mehan-
dru et al. and Irigoyenet al. cannot be made in this case.

Although both previous studies examine methyl on the
MoO; surface, different binding sites were not tested; rather,
This study demonstrates that the coverage of an adsoedsorption over the terminal oxygen site was assumed. Fur-
bate has a significant effect on the qualitative result of thehermore, because the semiempirical calculations use cluster
calculations. Steric interactions are the dominant factor irmodels of the MoQ@ surface, the effects of coverage are not

IV. DISCUSSION



J. Chem. Phys., Vol. 112, No. 21, 1 June 2000 Methyl reaction on MoO(010) 9623

accessible. Both of these calculations compare the bondingystem is due to bond weakening of the Mo—terminal oxygen
of methyl to both terminal oxygen and exposed Mo atomsbond caused by the presence of the, @&tdgments, as shown
On the (010 surface of MoQ, there are no exposed Mo by the COOP analysis. Dynamical simulations are necessary
atoms, and therefore we do not consider this possibility. Calto determine which pathways are kinetically accessible.
culations of methyl addition to a terminal oxygen vacancy
site that are .currently in progress will address this issue. ACKNOWLEDGMENT
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