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The mechanism®f chemicalreactionsof molybdenumsuboxideclustersMo,O,~ (n = 2—5) with methane
are investigatedusing B3LYP hybrid density functional theory and polarizedbasissets.In particular,we
focuson the reactionsof the moststablestructuralisomersof M0,0, 345 thatleadto single molybdenum
speciessuchas HMoO,CHjs ™, asseenin the recentexperimentaktudy of Jarroldand co-workers.We find
that, while all experimentallyobservedoroductsare unfavorabledueto the high amountof energyrequired
to cleave the metal oxide, the formation of HMoO,CHj;™ 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 sequentiabddition of two methanegproducesHMoO,CH;~ (andanothemeutral

molecule whose identity depends on the number of oxygens in the metal oxide) at a much lower thermodynamic

cost. Further, the overall reaction barriers are much lower whenthe secondmethaneadds prior to the
Mo,0O,345 cleavage.The methaneaddition at eachmetal centeroxidizesthe metalsto producea species
thatis thenstableenoughto afford the Mo—Mo cleavage.

I. Introduction

New developmentsn catalytic activationof methanesuch
as the dehydrogenatieraromatization of methane (DHAM),®
have motivated studies on reactionsbetweenmethaneand
transitionmetaloxides’® In recentyears transitionmetaloxides
haveprovento bevery effectivein the catalysisof manyC—H
bondactivatingreaction$ 16 Thesereactionshavestimulated
substantialinterestdue to the utility of C—H bond cleavage
and the difficulty normally associatedwith achievingit in
practice.Transitionmetaloxides,in particulargroupVIB metal
oxides,havereceivedsignificantattentionin the literaturedue
to their electronicand structuralpropertiest’—24

Recently, molybdenumsuboxide cluster anions (MoxOy~,
wherey/x < 3) havebeenthe focus of reactivity studieswith
methaneand ethane.By analyzingthe massspectraof the
productsformedin suchreactions,Jarroldandco-workers$ have
identified severalindividual molecularspecies.n particular,
for the reactionsof methanewith clustersconsistingmostly of
MoO,~ and Mo,O,~, the dominantnew productmassescor-
respondto the molecularformulasMoCH,~, MoOCH,, and
MoO,CH,~. Throughmassspecificanionphotoelectrorspectra
coupledwith DFT calculations,they have also assignedthe
possibleisomericstructuref the productdormed.In particular,
the HMoO,CH;~ isomeric structurecontaininga central Mo
coordinatedo two oxygens,a hydrogen,and a methyl group
(stoichiometryMoO,CH,4~) wasfoundto bethe mostenergeti-
cally favorableproduct.

The appearanceof these productsis evidenceof novel
methane—molybdenursuboxidechemistry.By increasingthe
relative concentratiorof methanen the experimentWyrwas
et al.” havefound that the Mo,O,~ manifold decreasesvhile
theMoO,~ manifoldincreasesThis suggestshat,uponreaction
with methaneclusterscontainingtwo molybdenuncentersare

* Correspondingauthor.Email:kraghava@indiana.edu.

undergoinga cleavageo yield two singlemolybdenunspecies.
It shouldbe mentionedhat, asshownpreviouslyby Xu et al 8
and Wyrwas et al.,” the single molybdenumcluster,MoO,™,
reactsexothermicallywith methaneto produceHMoO,CHjs™.
However,it is quite unlikely that MoO,~ aloneis responsible
for the entire formation of HMoO,CH3;~ becausehe experi-
mentalabundancef MoO;~ is very low. In addition, it would
notexplainthedecreasing/o,0,~ concentrationwith increasing
methaneconcentration.Therefore,this study focuseson the
reactiveinteractionsbetweenclusterswith two molybdenums
andmethane.
Amongtheproductionsobservedxperimentallypreliminary
calculationshaveshownHMoO,CHjs™ to be the mostthermo-
dynamicallyaccessiblgroduct.This is not surprisingbecause
the formal oxidation stateof Mo in the correspondingeutral
compounds +6, thevaluefoundin stableMo compoundsuch
as MoOs. The formation of HMoO,CH3;~ suggestsa classic
oxidative addition reactionwhere a metal centerin a lower
oxidationstateinsertsinto methane’sC—H bond.Althoughthe

masses of the products have been measured experimentally and

the geometriehavebeenoptimizedcomputationally, a mecha-
nistic explanationof the appearancef thesepeakshasyet to
be proposedIn particular,the experimentakeactivity studies
have not yet been performedwith individual massselected
clusters.Difficulties in mappingcompletereactionpathsarise
due to the simultaneouspresenceof eachreactantion in the
initial clusterbeam Becausall metaloxidesarecreatedatthe
sametime, the correspondencbetweenspecificreactantsand
specific products is not obvious. Through the theoretical
investigationof thesereactions,we seekto developa better
understandingf thereactiveinteractiondbetweerhydrocarbons
andmetal oxides.

The computationaktudy presentedhasa threefoldpurpose.
We aim (i) to determinewhich reactantsare most likely
responsibldor theexperimentallyobservegroducts(ii) to give
amechanisti@accounbf the experimentallyobservedeactions
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TABLE 1: BasisSetEffects on the Computed Reaction
Energies

AE SDDplus triple &
Mo,O,~ 9.62 9.66
Mo,O5~ 13.04 14.16
Mo0,04~ 21.15 20.75

betweemrmolybdenumsuboxidesandmethanewith a focuson
HMoO,CH;~ as the most favorable product, and (iii) to
generalizethe experimentalobservationgo betterunderstand
molybdenumoxide chemistry.

II. Computational Details

Mayhall and Raghavachari

we have shown the reaction profiles as simple smoothly
connectecturves.

Ill. Resultsand Discussion

A. M020Oy~ + CHa. The thermodynamic®f the reactions
betweenthe lowestenergyisomerof eachmolybdenumoxide
cluster anion and methanehave beenillustrated in Table 2
below. It shouldbe notedthatin all butonecaseHMoO,CHs™~
is themostthermodynamicallyaccessibl@roductformedfrom
a particularmolybdenumoxide. This is dueto the fact that, as
alreadymentioned HMoO,CHs™ is sufficiently saturatedvith
oxidizing bonds.The oneexceptionis in the setof reactiondn
Table2 betweerMo,0,~ andmethanewherethelastreaction
is theleastendothermicThisis aconsequencef MoO, having

Al calculations reported (except where otherwise noted) have @ higherelectronaffinity thanHMoO,CH.

been performedusing the B3LYP hybrid density functional
method, which contains a parametrized combination of Hartree
FockexchangeBecke’'sgradientcorrectecexchangdunctional
andthe Lee—Yang—Parrexchange-correlatiofunctional?>-26
We havereplacedthe 28 core electronsof molybdenumwith
the Stuttgart-Dresden(SDD) relativistic pseudopotentialsing
an augmentedsersionof the associatedlouble¢ basissetto
describe the remaining 14 valence electrons’’=2° For the
remaining atoms (H, C, and O), we start with the doub@95
spbasisset3! To properlydescribethe anion’sextendedadial

wave function, diffuse functions were added to all atomic centers

(s, p, andd functionson Mo; s andp functionson C andO, s

functions on H) using an exponent ratio of 0.3 to maintain even-

temperedbasis set behavior?® To allow for greaterangular
flexibility in optimizingthe molecularorbitals,a singlepolariza-
tion function of | + 1 angularmomentumwas addedto each
atomiccenter(¢ = 0.3for f onMo, ¢ = 1.292fordon O, { =
0.626for d on C, andZ = 0.75for p on H). The diffuse and
polarizationfunctions, whoseexponentscan be found in the
Supportinginformation, resultin the augmentedasissetthat
hasbeendenotedas“SDDplus”.

Basis set convergencewas investigatedby a series of
calculationausingthe B3LYP functionalalongwith augmented
triple-& quality basis sets. For Mo, the Stuttgart relativistic
pseudopotential&ind basis sets, augmentedwith two f-type
functions and one g-type function were used, following the
recommendationby Martin and Sundermani? For all other
atoms,the aug-cc-pVTZbasissets® were used.The basisset
dependencies our calculatedresultsare quite minimal and
aredisplayedin Table 1.

All calculationswere performed using the development
versionof the Gaussiarsuiteof electronicstructureprograms*
Vibrational frequencyanalysisof eachstationarypoint was
performedto ensurethat the optimized geometryis a true
minimum or a first-ordersaddlepoint in the caseof transition

In effortsto find the lowestenergyreactionchannelfor the
production of HMoO,CH3~, and hence the most probable
mechanismanexhaustivdaransitionstatesearchwasperformed
for eachof the lowestenergystructuralisomersof Mo,Oy~ (y
= 2-5) with methaneTo facilitate the following discussion,
we use a previously introduced notation for distinguishing
betweenstructuralisomersof the Mo,O,~ series.Theisomers
aredenotedby the number“ABC”, whereA andC represent
the numberof peripheraloxygensattachedo the two molyb-
denumatomsand B denoteshe numberof bridging oxygens.

As seen from the results above, the reaction betweeiOyio
and methanes the mostthermodynamicallyfavorableoption
for productionof HMoO,CHs;~. The reactionsof the “200”
isomerof Mo,O,~, previouslyshownto be the lowestenergy
form, with a singlemethaneareshownin Figure1.3 It is clear
that the lowest energy transition state does not lead to the
productsHMoO,CHs;~ andMo. To produceHMoO,CHs~ from
Mo,0,~ and methanehigherenergytransitionstatesmustbe
visited.

Figure 2 shows M0,O,~ reactingwith methaneto form
HMoO,CH;~ andMo througha mechanism(denotedC¥) that
is notthelowestenergypathway Becausévio,O,™, in orderto
producethe experimentallyobservedoroducts mustform this
higher energy transition state, the reactionhas a very large
barrier of 40.2 kcal/mol. It is assumedhat the experimental
set up is sufficiently cool such that the formation of the
dissociationproductfrom thesemechanismss unlikely.

Figures3 and4 showthe reactionsof the “111” and“210”
isomersof Mo,O3;~ with methane Thoughthey representhe

most thermodynamically favorable reactions, they are still very
endothermic, with energies of reaction higher than 40 kcal/mol.

Figures5 and 6 showa single methanereactingwith the two
lowest energy isomers of M@,~. Although the energy barriers
for theinitial insertionof methanearequite low (10.7and5.9
kcal/molfor 121and211, respectively) poth overallreactions
areendothermidoy morethan55 kcal/mol. Mo,Os~ reactions

states. For each calculated reaction barrier, an intrinsic reactionare not shownherebecausehey are endothermidy about80

coordinate(IRC) calculationwas performedto ensurethatthe
optimized transition state truly connectsthe reactantsand
products Becausef thehigh spinstateof the Mo atom(septet),
predictingthe mostfavorableelectronicstatefor the suboxide
systemss nottrivial. Foreachstructurepresentedall plausible
spinstateswvereexploredsystematicallyThereportedreaction

kcal/molandnot likely to occur.

Thus, all of the reactionsbetweena single methaneand
Mo20Oy~ (y = 2, 5) eitheraretoo endothermimr havereaction
barriersthat are too high to be possiblemechanismdor the
experimentallyobservedreactions.Thus the simple reaction
schemeof a single methaneoxidatively addingto the molyb-

profiles display the energy of the lowest spin state for each point denum center is inadequateto describethe products seen

alongthe curve.In somecaseswe observedthe multiplicity

experimentally More complexreactionsmustbe investigated.

changing during the course of the reaction. This is to be expectedBecauseexperimentallythe concentratiorof methaneés much

becausehe reactionwith methanesaturateghe reactive(high
spin) metal oxides, making the lower spin potential energy
surfaceto becomemore stablethan the higher spin potential

greaterthanthatof the metalspeciesit is reasonabléo expect
a secondreaction with methane.This would increasethe
oxidationof thesecondnolybdenumthusstabilizingthe neutral

energy surface. However, to maintain the flow of the discussion, product.
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Figure 1. Reactionschemedor the reactionof the 200 isomerof Mo,O,~ with methane.

200 + CH, © HMOoO,CH,” + Mo

Total Energies kcal/mol 2
B3-LYP/SDDplus

Figure 2. Reactionenergyprofile for the reactionof the 200isomer
of Mo,O,~ with methane.

B. M0,Oy~ + 2CHj,. Table3 summarizeseactionshetween
the lowest structuralisomerof eachmolybdenumoxide with
two methaneshat lead to the formation of the sameionic
product. The key point to note is that, by addinga second
methanethe neutralproducthasbeenstabilized thuslowering

111 + CH, 2 HMOoO,CH,” + MoO

@
J\ ﬁ) + ‘
Total Energies kcal/mol %’

B3-LYP/SDDplus 43.77

J‘J
)
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Figure 3. Reactionenergyprofile for the reactionof the 111 isomer
of Mo,Os~ with methane.

increasingstability of the MoxO,~ speciesas y/x— 3 (stability:
M020,~ < M0,03~ < M0,0O4~ < MOzOsf).
Therearetwo typesof mechanism®ne could anticipatefor

the total reaction endothermicity. Because the experimental datathe reactionslisted in Table 3.

containsonly information about chargedspecies the neutral
product is able to be manipulated without affecting the
comparisorto experimentThe energiesn Table 3 reflectthe

(1) The MoOy~ couldinsertitself into the C—H bondand
thenfragmentasin Figures2—6. Theresultingneutralproduct
could theninsertitself into the C—H bondof anothemethane

TABLE 2: B3LYP/SDDplus Reaction Energiesand Zero-Point Corrected Energies,in kcal/mol, of Reactionsof Mo,0O,~, with

Methane Producing Desired Products

AE AE + zpe

AE AE + zpe

Mo;O,” +CH; — MoCH;™ + H:MoO; 717 64.8
MoOCH,™ + HMoOH 72.1 66.8
HMoO,CH;™ + Mo 13.4 11.1

MoO,™ + HMoCHs; 42.6 38.6

MoCH,~ + H:M0O4 103.9 101.8
MoOCH,™ + H.MoOs 80.3 76.5
HMo0O,CH;™ + MoO; 57.2 53.9
MoO;~ + HMoO,CHjs 54.2 51.7

Mo.,O4s~ + CH; —

Mo.Os~ +CHs;  — MoCH; + HMo003 79.1 75.4
MoOCH,™ + H:MoO, 63.5 57.9
HMoO,CH;~ + MoO 43.8 40.9

MoO;™ + HMoOCHs 46.0 42.2

MOCH27 + H2M005

MoOCH,” + H,MoO, 102.2 100.6
HMoO,CH3z™ + MoOg3 81.6 79.0
MoO, + HMoO3CHs

M0o,Os~ + CH; —
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210 + CH, > HM0O,CH,” + MoO

Total Energies keal/mol
B3-LYP/SDDplus
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Figure 4. Reactionenergyprofile for the reactionof the 210isomer
of Mo,Os~ with methane.

121 + CH, © HMo0O,CH;™ + MoO,

¥ @
Total Energies kcal/mol J\ Pt I @ @

B3-LYP/SDDplus 57.09

Figure 5. Reactionenergyprofile for the reactionof the 121 isomer
of M0,O,~ with methane.

211 + CH, 2 HMoO,CH;” + MoO,

Total Energies  kecal/mol
B3-LYP/SDDplus

Figure 6. Reactionenergyprofile for the reactionof the 211 isomer
of Mo,O,~ with methane.

molecule.This reactionwhichis exothermicwould thenyield
the productslisted in Table 3. However,sucha mechanisnis

likely to have an even higher barrier than considered previously reaction is thermodynamically feasible, there exists a significant

becausaherewould be a transition stateassociatedvith the
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200 + 2CH, = HMoO,CH,~ + HMoCH,
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Figure 7. Reactionenergyprofile for the reactionof the 200 isomer
of Mo,O,~ with two methanes.

TABLE 3: B3LYP/SDDplus Reaction Energiesand
Zero-Point Corrected Energies,in kcal/mol, of Reactionsof
Mo,0,~ with Two MethanesProducing Desired Products

AE AE + zpe

Mo,O,~ + 2CH;— HMoO,CH3~ + HMoCHs; 9.6 3.9
Mo0,0O5;~ + 2CH,— HMo0O,CH3;~ + HMoOCH;  13.0 7.5
Mo,O,~ + 2CHy— HMo0O,CHz™ + HMoO,CH; 21.1 17.0
Mo,Os~ + 2CHy;— HMo0O,CH;™ + HMoOsCH; 37.1 35.5

insertionof the correspondingeutralproductinto the second
methane’sC—H bond. Clearly this is not favorable.

(2) The MoOy~ could insert itself into the C—H bond
producingthe (CH4)M0,0Oy~ speciesasin Figures2—6. The
secondmolybdenunof this speciegthe Mo centerthathasnot
beeninsertedinto the methaneould thenbeinsertedinto the
C—H bond of a secondmethane producing (CHa).Mo0,0,".
Havingincreasedhe oxidationof both molybdenumstheyare
now closerto the stoicheometricMoOgs. The fragmentatiorof
this specieswould thenyield the productslisted in Table 3.
Assuming the barrier for the second methaneaddition is
comparableo the first, mechanisn2 avoidsthe high barrier
associatedvith the cleavageafter addingonly one methane.

Although mechanisn?2 is a lower energypathway,it can
occuronly if the (CHs)M020Oy~ speciesexistslong enoughto
react with another methane.Becausethe first addition of
methanes exothermicand performedin the gasphasejn the
absenceof collisions, the excessenergywill be distributed
amongits 3n degreesof freedom.Dependingon the experi-
mental conditions,the productmay have sufficient energyto
fragment. However, becausethe fragmentationenergiesare
calculatedo be quite high andbecauséon temperaturesinder
the experimentalconditions are expectedto be moderate,a
secondreactionwith anothermethaneseemsfeasible’

A thoroughsearchhasbeenperformedo find all the possible
transition states associated with reactions betweesOytoand
two methanesFigures7—13 showthe reactionprofiles of the
low energyisomersof eachMo,O,~ species.

Figure 7 shows methanereactingwith the 200 cluster of

Mo,0,~ at the Mo with the lowest oxidation state. This product,

after undergoinga rotationaboutthe Mo—Mo bond,canthen
exothermicallyinsertthe remainingMo centerinto the C—H

bond of the second methane. This produces a hydrogen bridged

specieswhich then can fragment into the experimentally
observedproductswith a AE of 9.3 kcal/mol. Although this

reactionbarrierof 22.8kcal/molfor thefirst methaneaddition.



Two Methanesare BetterthanOne: DFT Study of M0o,O,~

111 + 2CH, & HMo0,CH,” + HMoOCH,
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Figure 8. Reactionenergyprofile for the reactionof the 111 isomer
of Mo,Os~ with two methanes.

@ 210+ 2CH, > HMOoO,CH;™ + HMoOCH,

Total Energies  keal/mol

"
B3-LYP/SDDplus 9 .‘.

Figure 9. Reactionenergyprofile for the reactionof the 210isomer
of Mo,Os~ with two methanes.

Figure 8 shows methanereactingwith the 111 cluster of
Mo0,05~, which is a slightly more stableisomer(by 0.9 kcal/
mol) than 210. Becausethe 111 cluster belongsto the C;
symmetrygroup,additionto eitherMo centeris equallylikely.
After the first methaneaddition (barrier of 8.2 kcal/mol), the
secondMo, whichis now thelowestoxidationstateMo center,
insertsinto the C—H bondof the secondnethaneThis produces
the 111(CHy), product,which after cleavageof a Mo—0O bond
formsthe HMoO,CHs~ anda neutralproductat a costof 13.0
kcal/mol.

Figure 9 showsthe oxidative addition of methanewith the
210 cluster of Mo,O3;~ at the Mo center with the lowest
oxidation state.This initial barrier of 15.4 kcal/mol is nearly
twice thatof the 111 cluster,demonstratinghe importanceof
proximal electron-withdrawingxygens.A secondC—H bond
insertionoccurs producinga speciesontainingbothhydrogen
and oxygen bridging. This intermediateis now able to form
HMoO,CH;~ anda neutralproductby diagonallycleavingthe
Mo—O(H)—Mo bridgedbondat a final costof 12.2kcal/mol.

Figure 10 showsthe reactionbetweenmethaneandthe 121
isomerof Mo,04~, which is slightly the more stablethanthe
211 isomer (0.3 kcal/mol). Although the 121 clusterhasonly
Cs symmetry(the C,, structureis lessstableby 0.8 kcal/mol),
both of the Mo centersarein very similar chemicalenviron-
ments. Thus, addition to either center should be equally

J. Phys.Chem.A, Vol. 111, No. 33,2007 8215

121 + 2CH, < HMo0Q,CH," + HMoO,CH,
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Figure 10. Reactionenergyprofile for thereactionof the 121isomer
of Mo,O,~ with two methanes.

211 + 2CH, © HMOoO,CH,” + HMoO,CH,

Total Energies  kcal/mol J\ -
B3-1YP/SDDplus AP . &

B3-LYP/Triple Zeta
2 t*'\. 20.7 keal/mol
+
&
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Figure 11. Reactionenergyprofile for thereactionof the211isomer
of Mo,O,~ with two methanes.

first. The productof both oxidative additionscan now form
HMoO,CH3;~ anda neutralproductby diagonallycleavingthe
Mo —O,—Mo bridgedbond at a final costof 21.2 kcal/mol.

Figure 11 showsthe reactionbetweenmethaneandthe 211
isomerof Mo,O,4~. As the lowestoxidationstatemolybdenum
insertsinto the first methanewe seethe lowest C—H bond
insertionbarrier (5.8 kcal/mol) for all Mo,O,~ clusters.This
can be accreditedto the fact that, while 211 containsfour
oxygensthat pull electrondensityawayfrom the molybdenum
center creatinga morereactivepositivemolybdenummoreof
the oxygensare closerto the nonreactingMo. This minimizes
steric repulsions between the incoming methane and the negative
oxygens.A secondmethanethenreactswith the lessreactive
metalcenterto yield a productthat,uponcleavageof anMo—0O
bond,producedHMoO,CHs~ anda neutralmoleculeof thesame
formula. This total reactionis endothermicby 20.9 kcal/mol
but doesnot involve an additionalbarrier.

Figure 12 shows the reaction betweenmethaneand the
slightly more stable (0.8 kcal/mol) 221 isomer of M0,Os™.
Becauseof the nearsaturationwith oxygens,this clusterhas
only one reactive Mo with which methane addition is plausible.
After thefirst methaneaddition,both molybdenumcentersare
of the +6 oxidation state. Sterically protectedby the bound
oxygens,the secondMo is unableto reactwith a methane,
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

addsto the secondVlo centerin muchthe samefashionasthe

metathesigeactionin which the Mo—O bondinsertsinto the
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221 + 2CH, 9 HMOoO,CH,” + MoO,CH,

Total Energies  kcal/mol
B3-LYP/SDDplus
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4
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Figure 12. Reactionenergyprofile for the reactionof the221isomer
of M0,Os~ with two methanes.

212 + 2CH, & HMoO,CH,” + MoO,CH,

2
0 2,
Q.J * 3 , t .‘\.
: . @
Total Energies  kecal/mol v ‘.
B3-LYP/SDDplus &

&
ArJ.J
I s
° . ? 3 ’J\j,}
8o %0 389,

Figure 13. Reactionenergyprofile for the reactionof the212isomer
of M0,Os~ with two methanes.

C—H bond. Cleavageof the Mo—0O,—Mo bridgedbondthen
producesHMoO,CH;~ and HMoO3CHjs with a total AE, of
37.1kcal/mol.

Figure 13 showsthe reactionbetweenmethaneandthe 212
isomerof M0,Os~. Addition to eitherMo is equallyfavorable
becaus®12belongsto the C,, symmetrypoint group.As with
the other isomer of Mo,0s~, addition of the first methane
producesa molecule unable to undergo another oxidative
addition with methane.To producethe desiredproducts,the
(CH,) 212speciesindergoes o-bondmetathesiseactionmuch
like with 221.Cleavageof this bridgedbondyields HMoO,CHsz~
and HMoOsCHjs with a total AEx, of 36.3 kcal/mol.

Of all the presentlyreportedreactionprofiles, the Mo,03~
(111) + 2CH; reactionproducesHMoO,CHs~ with the lowest
energybottleneck Althoughit hasneitherthe lowestinsertion
barrier (211) nor the lowestendothermicity(200), the experi-
mentalappearancef the massspectrumpeak corresponding
to MoO,CH,~ is likely to beexplainedoy 111+ CH, reaction.

Mayhall and Raghavachari
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Figure 14. Dependence of the initial insertion barrier on the Mulliken
chargeon the Mo.

TABLE 4: Mulliken Charge on the Mo Center Which
Undergoesthe First C—H Bond Insertion for Each Cluster.
The Activation Energiesare Listed in kcal/mol.

cluster isomer charge on Mo activation energy
Mo,0,~ 200 0.07 22.77
Mo,O3~ 210 0.20 15.35

111 0.31 8.22
Mo2,04~ 211 0.51 5.87

121 0.59 10.65
Mo,0s~ 221 0.61 8.09

212 0.70 14.51

the mostreactiveMo centerinsteadof the centerthatleadsto
a productcapableof HMoO,CH3~ producingcleavage.

The precedingrigures7—13 showa soft trendin theinitial
methanensertionbarriers.The isomer200 of Mo,O,~ hasan
initial insertionbarrierof 22.8kcal/mol. As anotheroxygenis
introducedthe210and111clustershaveinitial barriersof 15.4
and 8.2 kcal/mol, respectively.For the Mo,O4~ isomers,211
and121,thefirst methaneaddswith respectivebarriersof only
5.9 and 10.7 kcal/mol. The isomers221 and 212 haveinitial
barriersof 8.1and14.5kcal/mol,respectivelyThetrendis such
thatclusterswith moreoxygenshavelower initial barriersuntil
some maximum number of oxygens is reached, then the barriers
startto increase.This can be explainedby assumingthat the
oxidativeadditionof Mo into methanes kinetically controlled
by a balanceof the amountof positive chargeon the Mo and
the magnitudeof sterichindrancefrom boundoxygens.Table
4 belowlists eachclusterwith its Mulliken chargeandassociated
activationenergyfor thefirst insertioninto methaneThis data
is thenshowngraphicallyin Figure 14.

Figure 14 illustratesthe relationshipbetweenthe Mulliken
chargeon the reactingmetal centerand the activationbarrier
of this reaction. Initial increasesin Mulliken charge are
accompanied by decreases in activation energy. As the Mulliken
chargecontinuesto increase however,the activation energy
beginsto increaseBecausehe increasen positive chargeon
the Mo is directly relatedto the numberof electronegative
oxygensin closeproximity, the decreasen activationenergy
from M0o,O,~ to M0,O3™~ to M0o,O4~ is expected. As the number

Furthermore, each mechanism involving two sequential methaneof oxygensincreasesto five, the oxygensthat were once

insertionsis more favorable than the correspondingsingle
methanemechanismThe appealof this new reactionscheme
is seennot only in the dramaticdecreasen AE«,(a resultof
the secondmethaneinsertion stabilizing the neutral product)
but alsoin therelativebarriers,asthe first, and mostenergeti-
cally expensivemethanensertionis ableto be performedat

increasinghereactivity by creatinga largerpositivechargeon
Mo are now decreasing the Mo reactivity by sterically shielding
the Mo from any methaneinteraction.

We notethat our calculatedmechanismsre very different
from previously proposedmechanismdor reactionsbetween
molybdenum oxides and methane that have oxygen as the active
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site83% Theseare howeverusually the reactionsof stoicheo-
metric molybdenumoxides (Mo-,Oz;). Oncethere are fewer
thanthreeoxygensper molybdenum(“suboxide”), it seemsas

if the active site (whose location depends on a balance between

electrostaticand orbital interactions)shifts from the oxygens
to the now sterically unhinderedmolybdenum.

This reactionschemeby which two methanesddsequentially
in orderto stabilizethe neutralfragmentaswell asthe charged
ion s likely to begeneralizedo largermolybdenunmsuboxides
(Mo, Oy~ with x = 3 andy =< 3x). Takefor example MozOy~,
by analogyto the Mo,O,~ andMo,Oy~ serieswe shouldexpect
theadditionof threemethanegor a sufficiently oxygendeficient
MozO,~ molecule.

C. BasisSet Dependenceof Computed Energies.Table1
illustratesbasissetdependencieis our resultsfor thefirst four
reactiondistedin Table3 in whichMo,O,~ reactswith methane
to produceHMoO,CH3;~ anda neutralproduct.Shownarethe
differencedn reactionenergiedetweerthelevel of theoryused
thusfar (B3LYP/SDDplus)anda largercalibrationbasissetas
discusseaarlier(B3LYP/TZ*).3233Thedifferencebetweerthe
two basis set resultsis only about 1 kcal/mol. This small

variance between reaction energies suggests that our calculatlons
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1999,182, 92-103.
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38,3860—3867.
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(6) Zhou,T. J.;Liu, A. M.; Mo, Y. R.; Zhang,H. B. J. Phys.Chem.
A 2000,104,4505—4513.

(7) Wyrwas,R. B.; Yoder,B. L.; Maze,J. T.; Jarrold,C. C. J. Phys.
Chem.A 2006,110,2157—-2164.

(8) Xu, X.; Faglioni,F.; GoddardW. A. J. Phys.Chem.A 2002,106,
7171-7176.
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9899.

(11) Cotton,F. A. J.Chem.Soc.,Dalton Trans.2000,1961—1968.
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the B3LYP limit.

IV. Conclusions

We have explored all plausible reaction paths for those
reactionforming HMoO,CHs~ from theMo,0,~ seriesUsing
DFT methods,we have found that: (1) While the reactions
betweenone oxygenand MoxOy~ are highly endothermicand
would requireconditionsof high temperaturethe addition of

two methanes greatly reduces this thermodynamic cost, making

the reactionsmore physically tractableat lower temperatures.
Thisis aconsequencef the secondmethanensertionstabilizing
the neutral product,which is undetectablen experiment.(2)
While Mo0,0O,~ and methaneis the most thermodynamically
favorable reaction, and Mo,O,~ with methaneis the most
kinetically favorable reaction, the MOs~ (111 isomer) reaction
with methanéhasthelowestenergybottleneckwith abarrierless
productionof HMoO,CHj;~ thatis endothermidoy 13.0 kcal/
mol (7.5 kcal/molincluding zeropoint energy).(3) The initial
insertion of Mo into methanehas an activation energy that
decreasesvith the amountof positive chargeon the Mo and
increaseswith the magnitudeof steric hindrancefrom bound
oxygensThis trendis likely to be generalizedo molybdenum
suboxideclusterswith morethantwo molybdenums(4) As an
Mo centerbecomessaturatedvith oxygensthe active site for
reactionwith methaneshifts from Mo to the boundoxygens,
resultingin a o-bond metathesigeactionin which the Mo—O
bondinsertsinto the C—H bond.
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