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Two Methanes are Better than One: A Density Functional Theory Study of the Reactions
of Mo,0O,~ (y = 2—5) with Methane
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The mechanisms of chemical reactions of molybdenum suboxide cluste3,M@m = 2—5) with methane

are investigated using B3LYP hybrid density functional theory and polarized basis sets. In particular, we
focus on the reactions of the most stable structural isomers @O s that lead to single molybdenum
species such as HM@gOH;™, as seen in the recent experimental study of Jarrold and co-workers. We find
that, while all experimentally observed products are unfavorable due to the high amount of energy required
to cleave the metal oxide, the formation of HMgtH;~ is least endothermic. Even in this case, the
thermodynamics of these reactions is very unfavorable wisimgde methanés reacted with the metal oxide.
However, we find that the sequential additionteo methaneproduces HMo@CH;~ (and another neutral
molecule whose identity depends on the number of oxygens in the metal oxide) at a much lower thermodynamic
cost. Furtherthe aserall reaction barriers are much lower when the second methane adds prior to the
Mo,0,345 cleavage The methane addition at each metal center oxidizes the metals to produce a species
that is then stable enough to afford the Mdo cleavage.

I. Introduction undergoing a cleavage to yield two single molybdenum species.

) . o It should be mentioned that, as shown previously by Xu ét al.
New developments in catalytic activation of methane, such 5.4 Wyrwas et af,the single molybdenum cluster, MeQ

as the dehydrogenatieraromatization of methane (DHAM),® reacts exothermically with methane to produce HMGE; .
have motivated studies on reactions between methane andyoyever, it is quite unlikely that Mo alone is responsible
transition metal oxide&8 In recent years, transition metal oxides for the entire formation of HMoGCHs~ because the experi-
have proven to be very effective in the catalysis of mamHC  mnental abundance of MaOis very low. In addition, it would
bond activating reactiorfs:16 These reactions have stimulated explain the decreasing MB,~ concentration with increasing
substantial interest due to the utility of-&1 bond cleavage  hethane concentration. Therefore, this study focuses on the
and the difficulty normally associated with achieving it in eactive interactions between clusters with two molybdenums
practice. Transition metal oxides, in particular group VIB metal 5,4 methane.
oxides, have regeived significant attention in the literature due Among the product ions observed experimentally, preliminary
to their electronic and structural propertiés® calculations have shown HM@OH;™ to be the most thermo-
Recently, molybdenum suboxide cluster anions {®o, dynamically accessible product. This is not surprising because
wherey/x < 3) have been the focus of reactivity studies with the formal oxidation state of Mo in the corresponding neutral
methane and ethane. By analyzing the mass spectra of thecompound ist-6, the value found in stable Mo compounds such
products formed in such reactions, Jarrold and co-woflkerge as MoQ. The formation of HMoGCH;~ suggests a classic
identified several individual molecular species. In particular, gxidative addition reaction where a metal center in a lower
for the reactions of methane with clusters consisting mostly of gxidation state inserts into methane’s-8 bond. Although the
MoGy~ and MqOy", the dominant new product masses Cor- masses of the products have been measured experimentally and
respond to the molecular formulas MogH MoOCH,™, and  the geometries have been optimized computatiodalynecha-
MoO,CH,". Through mass specific anion photoelectron spectra pjstic explanation of the appearance of these peaks has yet to
coupled with DFT calculations, they have also assigned the pe proposed. In particular, the experimental reactivity studies
possible isomeric structures of the products formed. In particular, have not yet been performed with individual mass selected
the HMoQ,CHs™ isomeric structure containing a central Mo ¢|ysters. Difficulties in mapping complete reaction paths arise
coordinated to two oxygens, a hydrogen, and a methyl group que to the simultaneous presence of each reactant ion in the
(stoichiometry MoGQCH,4™) was found to be the most energeti-  jnitial cluster beam. Because all metal oxides are created at the
cally favorable product. same time, the correspondence between specific reactants and
The appearance of these products is evidence of novelspecific products is not obvious. Through the theoretical
methane-molybdenum suboxide chemistry. By increasing the investigation of these reactions, we seek to develop a better
relative concentration of methane in the experiment, Wyrwas understanding of the reactive interactions between hydrocarbons
et al” have found that the M®,~ manifold decreases while  and metal oxides.
the MoG,~ manifold increases. This suggests that, upon reaction  The computational study presented has a threefold purpose.
with methane, clusters containing two molybdenum centers arewe aim () to determine which reactants are most likely
responsible for the experimentally observed products, (i) to give
* Corresponding author. Email:kraghava@indiana.edu. a mechanistic account of the experimentally observed reactions
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TABLE 1: Basis Set Effects on the Computed Reaction we have shown the reaction profiles as simple smoothly
Energies connected curves.
AE SDDplus tripleg Ill. Results and Discussion
Mo,0,~ 9.62 9.66 . .
Mgzo; 13.04 1416 A. M0,O,~ + CH4. The thermodynamics of the reactions
Mo0,0,~ 21.15 20.75 between the lowest energy isomer of each molybdenum oxide

cluster anion and methane have been illustrated in Table 2
between molybdenum suboxides and methane, with a focus onbelow. It should be noted that in all but one case HMOB;~
HMoO,CHs;~ as the most favorable product, and (i) to i the mostthermodynamically accessible product formed from

generalize the experimental observations to better understand® particular molybdenum oxide. This is due to the fact that, as
molybdenum oxide chemistry. already mentioned, HMofH;™ is sufficiently saturated with

oxidizing bonds. The one exception is in the set of reactions in
Table 2 between M®,~ and methane, where the last reaction
is the least endothermic. This is a consequence of M@®ing

Al calculations reported (except where otherwise noted) have @ higher electron affinity than HMof@Hs.
been performed using the B3LYP hybrid density functional In effgrts to find the lowest energy reaction channel for the
method, which contains a parametrized combination of Hartree  Production of HMoQCH;", and hence the most probable
Fock exchange, Becke’s gradient corrected exchange functionalmechanism, an exhaustive transition state search was performed
and the Lee Yang—Parr exchange-correlation functio?gfé ~ for each of the lowest energy structural isomers of,®lp (y
We have replaced the 28 core electrons of molybdenum with = 2—5) with methane. To facilitate the following discussion,
the Stuttgart Dresden (SDD) relativistic pseudopotential, using W€ US€ a previously introduced notation for distinguishing
an augmented version of the associated dogtb@sis set to between structural isomers of the M¥~ series. The isomers
describe the remaining 14 valence electrdnd? For the &€ denoted by the number "ABC”, where A and C represent
remaining atoms (H, C, and O), we start with the doub95 the number of peripheral oxygens attached to _the_ two molyb-
sp basis set To properly describe the anion’s extended radial denum atoms and B denotes the number of bridging oxygens.
wave function, diffuse functions were added to all atomic centers S S€en from the results above, the reaction betweejOMo
(s, p, and d functions on Mo; s and p functions on C and O, s and methape is the most thermodynampally favorab!F: op“tlon
functions on H) using an exponent ratio of 0.3 to maintain even- for production of HMoQCH5". The reactions of the “200
tempered basis set behavirTo allow for greater angular  1SOmMer of M@O,, previously shown to be the lowest energy
flexibility in optimizing the molecular orbitals, a single polariza- OfM, With a single methane are shown in Figuré It.is clear

tion function ofl + 1 angular momentum was added to each that the lowest energy transition state does not lead to the
atomic center{ = 0.3 forf on Mo, & = 1.292 ford on O, = products HMoQCH;™ and Mo. To produce HMogZHs™ from

0.626 ford on C, and¢ = 0.75 forp on H). The diffuse and Mo,0,~ and methane, higher energy transition states must be

polarization functions, whose exponents can be found in the visited.

. : . . Figure 2 shows MgD,~ reacting with methane to form
Supporting Information, result in the augmented basis set that .
hasp%een%enoted as “SDDplus” g HMoO,CH;~ and Mo through a mechanism (denotet) at

. . . . is not the lowest ener athway. Becaus , In order to
Basis set convergence was investigated by a series of 9yp y &bt

lculati ing the B3LYP functional al th ted produce the experimentally observed products, must form this
caiculations using the unctional along with augmente higher energy transition state, the reaction has a very large
triple-¢ quality basis sets. For Mo, the Stuttgart relativistic

. . . barrier of 40.2 kcal/mol. It is assumed that the experimental
pseudopotentials and basis sets, augmented withftype

¢ ) d p ! 4. followi h set up is sufficiently cool such that the formation of the
unctions and oneg-type function were used, following the  issqciation product from these mechanisms is unlikely.
recommendations by Martin and Sunderm&hFRor all other

s <8 . Figures 3 and 4 show the reactions of the “111” and “210”
atoms, the aug-cc-pVTZ basis setere used. The basis set  jgomars of MeOs~ with methane. Though they represent the
dependencies in our calculated results are quite minimal and

_ . most thermodynamically favorable reactions, they are still very

are displayed in Table 1. endothermic, with energies of reaction higher than 40 kcal/mol.

All calculations were performed using the development Figures 5 and 6 show a single methane reacting with the two
version of the Gaussian suite of electronic structure progfdms. |owest energy isomers of MO, . Although the energy barriers
Vibrational frequency analysis of each stationary point was for the initial insertion of methane are quite low (10.7 and 5.9
performed to ensure that the optimized geometry is a true kcal/mol for 121 and 211, respectively), both overall reactions
minimum or a first-order saddle point in the case of transition are endothermic by more than 55 kcal/mol. J@g~ reactions
states. For each calculated reaction barrier, an intrinsic reactionare not shown here because they are endothermic by about 80
coordinate (IRC) calculation was performed to ensure that the kcal/mol and not likely to occur.
optimized transition state truly connects the reactants and Thus, all of the reactions between a single methane and
products. Because of the high spin state of the Mo atom (septet),Mo,0,~ (y = 2, 5) either are too endothermic or have reaction
predicting the most favorable electronic state for the suboxide barriers that are too high to be possible mechanisms for the
systems is not trivial. For each structure presented, all plausibleexperimentally observed reactions. Thus the simple reaction
spin states were explored systematically. The reported reactionscheme of a single methane oxidatively adding to the molyb-
profiles display the energy of the lowest spin state for each point denum center is inadequate to describe the products seen
along the curve. In some cases, we observed the multiplicity experimentally. More complex reactions must be investigated.
changing during the course of the reaction. This is to be expectedBecause experimentally the concentration of methane is much
because the reaction with methane saturates the reactive (higlyreater than that of the metal species, it is reasonable to expect
spin) metal oxides, making the lower spin potential energy a second reaction with methane. This would increase the
surface to become more stable than the higher spin potentialoxidation of the second molybdenum, thus stabilizing the neutral
energy surface. However, to maintain the flow of the discussion, product.

Il. Computational Details



Two Methanes are Better than One: DFT Study of.[g J. Phys. Chem. A, Vol. 111, No. 33, 2008213

Reactant Transition State Product

o
P,

*23 keal/mol -. A *;
23 keal/ ‘(. —_— "I.

'y
@ ‘@ ;’
& & B & [
‘— + f‘ —_— * 27 keal/mol r—— @
9 ]
'
@ . C +_
* 40 keal/mol — 3\1\
N ‘ @
o 0 ?
Figure 1. Reaction schemes for the reaction of the 200 isomer ofQdowith methane.
200 + CH, = HMoO,CH,” + Mo 111 + CH, = HMoO,CH;” + MoO
Total Energies  kcal/mol 2 i ]
B3-LYP/SDDplus v 9 ‘\ & + &
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Figure 2. Reaction energy profile for the reaction of the 200 isomer
of Mo,O,~ with methane.

Figure 3. Reaction energy profile for the reaction of the 111 isomer

B. M02Oy~ + 2CHjy. Table 3 summarizes reactions between M0,05~ with methane.

the lowest structural isomer of each molybdenum oxide with

two methanes that lead to the formation tbhe same ionic increasing stability of the M@, ~ species ag/x — 3 (stability:
product The key point to note is that, by adding a second Mo0,0,” < M0,03~ < M0,0;,~ < M0,057).

methane, the neutral product has been stabilized, thus lowering There are two types of mechanisms one could anticipate for
the total reaction endothermicity. Because the experimental datathe reactions listed in Table 3.

contains only information about charged species, the neutral (1) The M@O,~ could insert itself into the €H bond and
product is able to be manipulated without affecting the then fragment as in Figures-B. The resulting neutral product
comparison to experiment. The energies in Table 3 reflect the could then insert itself into the-€H bond of another methane

TABLE 2: B3LYP/SDDplus Reaction Energies and Zero-Point Corrected Energies, in kcal/mol, of Reactions of M@®,~, with
Methane Producing Desired Products

AE AE + zpe AE AE + zpe

Mo;O,” +CH; — MoCH;™ + HMoO; 717 64.8 MeOs~ +CHs; —  MoCH; + HMo03 79.1 75.4

MoOCH;™ + HMoOH 72.1 66.8 MoOCH" + H:M00; 63.5 57.9

HMoO,CH;™ + Mo 13.4 11.1 HMoQCH;™ + MoO 43.8 40.9

MoO;~ + HMoCHs 42.6 38.6 MoQ@~ + HMoOCHs 46.0 42.2
Mo,Os~ +CHs —  MoCH;™ + HMoO, 103.9 101.8 MgOs~ +CH; —  MoCH;™ + HMoOs

MoOCH,™ + H.MoOs 80.3 76.5 MoOCH™ + H,MoO,  102.2 100.6

HMoO,CH;™ + MoO; 57.2 53.9 HMoQCH;™ + MoOs 81.6 79.0

MoO;~ + HMoO,CHjs 54.2 51.7 MoG~ + HMoO3CHjs
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Figure 4. Reaction energy profile for the reaction of the 210 isomer
of M0,Os~ with methane.

121 + CH, © HMoO,CH;™ + MoO,
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Figure 5. Reaction energy profile for the reaction of the 121 isomer
of Mo,O,~ with methane.

211 + CH, & HMoO,CH;" + MoO,
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Figure 6. Reaction energy profile for the reaction of the 211 isomer
of Mo,O,~ with methane.

molecule. This reaction, which is exothermic, would then yield
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200 + 2CH, & HMOoO,CH,~ + HMoCH,

4‘J
g ¢
_i*
4 45 .
“Retation ) <
[ i - J
o @ Barrier J\ J\ /"'J
° d
[
| A

B3-LYP/Triple Zeta
9,66 keal/maol

Total Energies  kecal/mol
B3-LYP/SDDplus

Figure 7. Reaction energy profile for the reaction of the 200 isomer
of Mo,O,~ with two methanes.

TABLE 3: B3LYP/SDDplus Reaction Energies and
Zero-Point Corrected Energies, in kcal/mol, of Reactions of
Mo,0,~ with Two Methanes Producing Desired Products

AE AE+ zpe

Mo>O,™ + 2CHy—~ HMo0O,CH;z~ + HMoCHz 9.6 3.9

Mo,0O5;~ + 2CH,— HMoO,CH3;~ + HMoOCH;  13.0 7.5
Mo,O,~ + 2CHy— HMo0O,CHz™ + HMoO,CH; 21.1 17.0
Mo,Os~ + 2CHy;— HMoO,CH;™ + HMoOsCH; 37.1 35.5

insertion of the corresponding neutral product into the second
methane’s €&H bond. Clearly this is not favorable.

(2) The MOy~ could insert itself into the €H bond
producing the (CBMo,Oy~ species as in Figures—5. The
second molybdenum of this species (the Mo center that has not
been inserted into the methane) could then be inserted into the
C—H bond of a second methane, producing (>Mo,0,".
Having increased the oxidation of both molybdenums, they are
now closer to the stoicheometric MgOrhe fragmentation of
this species would then yield the products listed in Table 3.
Assuming the barrier for the second methane addition is
comparable to the first, mechanism 2 avoids the high barrier
associated with the cleavage after adding only one methane.

Although mechanism 2 is a lower energy pathway, it can
occur only if the (CH)Mo,Oy~ species exists long enough to
react with another methane. Because the first addition of
methane is exothermic and performed in the gas phase, in the
absence of collisions, the excess energy will be distributed
among its & degrees of freedom. Depending on the experi-
mental conditions, the product may have sufficient energy to
fragment. However, because the fragmentation energies are
calculated to be quite high and because ion temperatures under
the experimental conditions are expected to be moderate, a
second reaction with another methane seems fedsible.

A thorough search has been performed to find all the possible
transition states associated with reactions betweesOytoand
two methanes. Figures—73 show the reaction profiles of the
low energy isomers of each MOy~ species.

Figure 7 shows methane reacting with the 200 cluster of
Mo,0,~ at the Mo with the lowest oxidation state. This product,
after undergoing a rotation about the Mblo bond, can then
exothermically insert the remaining Mo center into the €
bond of the second methane. This produces a hydrogen bridged
species which then can fragment into the experimentally

the products listed in Table 3. However, such a mechanism is observed products with AE of 9.3 kcal/mol. Although this
likely to have an even higher barrier than considered previously reaction is thermodynamically feasible, there exists a significant
because there would be a transition state associated with theeaction barrier of 22.8 kcal/mol for the first methane addition.
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Figure 8. Reaction energy profile for the reaction of the 111 isomer
of Mo,Os~ with two methanes.
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Figure 9. Reaction energy profile for the reaction of the 210 isomer
of M0,Os~ with two methanes.
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Figure 10. Reaction energy profile for the reaction of the 121 isomer
of Mo,O,~ with two methanes.
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Figure 11. Reaction energy profile for the reaction of the 211 isomer
of Mo,O,~ with two methanes.

Figure 8 shows methane reacting with the 111 cluster of first. The product of both oxidative additions can now form

Mo,03~, which is a slightly more stable isomer (by 0.9 kcal/
mol) than 210. Because the 111 cluster belongs toGhe
symmetry group, addition to either Mo center is equally likely.
After the first methane addition (barrier of 8.2 kcal/mol), the
second Mo, which is now the lowest oxidation state Mo center,
inserts into the €H bond of the second methane. This produces
the 111(CH), product, which after cleavage of a M® bond
forms the HMoQCHj3~ and a neutral product at a cost of 13.0
kcal/mol.

Figure 9 shows the oxidative addition of methane with the
210 cluster of MeOs;~ at the Mo center with the lowest
oxidation state. This initial barrier of 15.4 kcal/mol is nearly

HMoO,CH3;~ and a neutral product by diagonally cleaving the
Mo —O,—Mo bridged bond at a final cost of 21.2 kcal/mol.
Figure 11 shows the reaction between methane and the 211
isomer of MeO,~. As the lowest oxidation state molybdenum
inserts into the first methane, we see the lowestHCbond
insertion barrier (5.8 kcal/mol) for all M@,~ clusters. This
can be accredited to the fact that, while 211 contains four
oxygens that pull electron density away from the molybdenum
center, creating a more reactive positive molybdenum, more of
the oxygens are closer to the nonreacting Mo. This minimizes
steric repulsions between the incoming methane and the negative
oxygens. A second methane then reacts with the less reactive

twice that of the 111 cluster, demonstrating the importance of metal center to yield a product that, upon cleavage of ar-®o

proximal electron-withdrawing oxygens. A secone & bond

bond, produces HMogZH;~ and a neutral molecule of the same

insertion occurs, producing a species containing both hydrogenformula. This total reaction is endothermic by 20.9 kcal/mol

and oxygen bridging. This intermediate is now able to form
HMoO,CH;™ and a neutral product by diagonally cleaving the
Mo—O(H)—Mo bridged bond at a final cost of 12.2 kcal/mol.

but does not involve an additional barrier.
Figure 12 shows the reaction between methane and the
slightly more stable (0.8 kcal/mol) 221 isomer of M.

Figure 10 shows the reaction between methane and the 121Because of the near saturation with oxygens, this cluster has

isomer of M@O,4~, which is slightly the more stable than the only one reactive Mo with which methane addition is plausible.
211 isomer (0.3 kcal/mol). Although the 121 cluster has only After the first methane addition, both molybdenum centers are
Cs symmetry (theC,, structure is less stable by 0.8 kcal/mol), of the +6 oxidation state. Sterically protected by the bound
both of the Mo centers are in very similar chemical environ- oxygens, the second Mo is unable to react with a methane,
ments. Thus, addition to either center should be equally shifting the reactive site to the shielding oxygens. In agreement
probable. After addition of the first methane, the second methanewith the work of Goddard and co-worketsye observe a-bond
adds to the second Mo center in much the same fashion as thenetathesis reaction in which the M® bond inserts into the
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Figure 12. Reaction energy profile for the reaction of the 221 isomer

of M0,0s~ with two methanes. TABLE 4: Mulliken Charge on the Mo Center Which

Undergoes the First C-H Bond Insertion for Each Cluster.

212 + 2CH, D HMoO,CH,~ + MoO,CH, The Activation Energies are Listed in kcal/mol.
+@ ‘_J: cluster isomer charge on Mo activation energy

49 2 B+ .‘(o M0,0;~ 200 0.07 22.77

3 L Mo;05~ 210 0.20 15.35

Total Energies  kecal/mol ‘ J. d 111 031 8.22
B3-LYP/SDDplus 9 ¢

» Mo204~ 211 0.51 5.87

121 0.59 10.65

Mo,Os™ 221 0.61 8.09

212 0.70 14.51

the most reactive Mo center instead of the center that leads to
a product capable of HMofZH;~ producing cleavage.

The preceding Figures—713 show a soft trend in the initial
methane insertion barriers. The isomer 200 of,®o has an
initial insertion barrier of 22.8 kcal/mol. As another oxygen is
introduced, the 210 and 111 clusters have initial barriers of 15.4
Figure 13. Reaction energy profile for the reaction of the 212 isomer and 8.2 kcal/mol, respectively. For the M~ isomers, 211
of Mo,Os~ with two methanes. and 121, the first methane adds with respective barriers of only

5.9 and 10.7 kcal/mol. The isomers 221 and 212 have initial
C—H bond. Cleavage of the MeO,—Mo bridged bond then  barriers of 8.1 and 14.5 kcal/mol, respectively. The trend is such
produces HMo@CH;~ and HMoQCH; with a total AEx, of that clusters with more oxygens have lower initial barriers until
37.1 kcal/mol. some maximum number of oxygens is reached, then the barriers

Figure 13 shows the reaction between methane and the 2125tart to increase. This can be explained by assuming that the
isomer of MQOS*_ Add|t|0n to either Mo is equa”y favorable OXIdatlve add|t|0n Of Mo |nt0 methane |S k|net|ca”y Contl’0||ed
because 212 belongs to tBe, symmetry point group. As with by @ balance of the amount of positive charge on the Mo and
the other isomer of Mgs-, addition of the first methane the magr_utude of steric hlqdr_ance fr_om bound oxygens. T_able
produces a molecule unable to undergo another oxidative 4 below lists each cluster with its Mulliken charge and associated

addition with methane. To produce the desired products, the activation energy for the first insertion into methane. This data

(CH,) 212 species undergoesdond metathesis reaction much 'S then shown graphically in Figure 14.

like with 221. Cleavage of this bridged bond yields HM@Bl;~ igure 14 llustrates the refationship petween the Muliken
and HMoQCH; with a total AE, of 36.3 kcal/mol. Ccharge on the reacting metal center an € actuvation barrier

. i of this reaction. Initial increases in Mulliken charge are
Of all the presently reported reaction profiles, the Xag- accompanied by decreases in activation energy. As the Mulliken
(111)+ 2CH, reaction prodL_Jces HM_ogQ:H{ with thel_owesF charge continues to increase, however, the activation energy
energy bottleneckAlthough it has neither the lowest insertion begins to increase. Because the increase in positive charge on
barrier (211) nor the lowest endothermicity (200), the experi- the Mo is directly related to the number of electronegative
mental appearance of the mass spectrum peak correspondingxygens in close proximity, the decrease in activation energy
to MoO,CH,~ is likely to be explained by 111+ CH, reaction. from Mo,O,~ to Mo,Os~ to Mo,O,~ is expected. As the number
Furthermore, each mechanism involving two sequential methaneof oxygens increases to five, the oxygens that were once
insertions is more favorable than the corresponding single increasing the reactivity by creating a larger positive charge on
methane mechanism. The appeal of this new reaction schememo are now decreasing the Mo reactivity by sterically shielding
is seen not only in the dramatic decreaseAiBxn(a result of the Mo from any methane interaction.
the second methane insertion stabilizing the neutral product) We note that our calculated mechanisms are very different
but also in the relative barriers, as the first, and most energeti- from previously proposed mechanisms for reactions between
cally expensive, methane insertion is able to be performed atmolybdenum oxides and methane that have oxygen as the active
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