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Abstract: Reactions of neutral vanadium oxide clusters with small hydrocarbons, namely C;Hg, C2H4, and
C,H,, are investigated by experiment and density functional theory (DFT) calculations. Single photon
ionization through extreme ultraviolet (EUV, 46.9 nm, 26.5 eV) and vacuum ultraviolet (VUV, 118 nm, 10.5
eV) lasers is used to detect neutral cluster distributions and reaction products. The most stable vanadium
oxide clusters VO, V,0s, V307, V4010, etc. tend to associate with C,H4 generating products V,,0,C2Hs.
Oxygen-rich clusters VO3(V20s)p=0,1,2..-, (€.9., VO3, V30s, and Vs013) react with C,H, molecules to cause
a cleavage of the C=C bond of C,H, to produce (V.0s),VO,CH; clusters. For the reactions of vanadium
oxide clusters (V,Op) with C,H, molecules, V,,0,C2H; are assigned as the major products of the association
reactions. Additionally, a dehydration reaction for VO3 + C,H, to produce VO,C; is also identified. C,Hg
molecules are quite stable toward reaction with neutral vanadium oxide clusters. Density functional theory
calculations are employed to investigate association reactions for V,0s + C,H,. The observed relative
reactivity of C, hydrocarbons toward neutral vanadium oxide clusters is well interpreted by using the DFT
calculated binding energies. DFT calculations of the pathways for VO3;+C,H, and VO3;+C;H, reaction
systems indicate that the reactions VO3;+C,Hs — VO,CH, + H.CO and VO3+C,H, — VO,C, + H,0 are
thermodynamically favorable and overall barrierless at room temperature, in good agreement with the
experimental observations.

Introduction manufacture of important chemicals; for example, in the

Transition metal oxide materials have been widely applied ©Xidation of SQ to SQ; in the production of sulfuric acié in

in the petroleum, chemical, and environmental industries as Selective oxidation of hydrocarbons, and partial oxidation of
heterogeneous catalysts and catalytic suppofta/anadium  Methane to formaldehyde, etcA detailed understanding of
oxides are important transition metal oxide catalysts, both by Neterogeneous catalysis at an atomic, mechanistic, and electronic
themselves and deposited on the surface of other oxideState levelis still not available; however, gas-phase studies of
support$® Vanadium oxide based catalysts are used in the transition mt_atal oxide cluster reactlor_ls can prOV|de_|nS|ght into
the mechanism of elementary reactions in catalytic processes
T Department of Chemistry and NSF ERC for Extreme Ultraviolet Science at an atomic and molecular levi;15 Gas-phase clusters are

and Technology, Colorado State University. . . . .
* Department of Electrical and Computer Engineering and NSF ERC considered to be an ideal model system for local active sites of

for Extreme Ultraviolet Science and Technology, Colorado State University. condensed/surface phases because they have relatively well-
§ Beijing National Laboratory for Molecular Science, State Key Labora-
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INational Center of Nanoscience and Technology. Banares, M. ACatal. Today 2006 118 279-287.
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defined structures, size-dependent properties, and are readiljbond cleavage to produce®-(C,H4)" is also observetf The

accessible by theof18 Alternatively, a full understanding

reactions of mass selected®," with ethane (GHe¢) and

of the catalytic behavior of gas-phase clusters can, in principle, ethylene (GH4) were investigated by guided ion beam mass
provide insight into the mechanism of practical catalyst systems spectroscopy coupled with a laser ablation soé?@&33The

and their design and synthesis.
The reactions of transition metal oxides in particular with

major reaction channels observed in these experiments are
associations and oxygen transfers. Oxygen transfer reaction

hydrocarbons are of interest because of their importance in pathways are identified for 0s)*n-1 2 3cations reacting with

catalytic processes. These reactions involveHCand C-C
bond activation followed by elimination of hydrogen and small
alkane group&?-2! The cleavage of €C bonds by heteroge-

C,H4 and GHg molecules. Calculations provide evidence that
oxygen transfer reaction pathways are the most energetically
favorable for \\Os* and V401" reacting with GH, via a radical

neous catalysts is a key step in the process of larger hydrocar-cation mechanism. The reactions of®h~ anions with GH,
bons cracking into smaller molecules for the generation of and GHs are also investigated, but no reaction products are
petroleum based products. Vanadium oxides are one of the mosfound?>

important catalysts used in these industrial catalytic processes.

Most efforts to elucidate the properties and behavior of metal

To explore the detailed mechanism of these reactions at anoxide clusters deal with ionic systems because cluster ions can

atomic and molecular level, the reactivity of vanadium oxide

be made directly from an ablation source and selected through

cluster ions with small hydrocarbon compounds has been studiedsome sort of mass filter (e.g., time-of-flight, quadrupole,

in the gas phase using mass spectrometric techrfitniésn
conjunction with theoretical studié%:4° The reaction of mass-
selected O;0" with CH4 has been studied by Feyel and co-

magnetic sector, etc.). Recently, mass selected infrared photo-
dissocition spectroscopy is employed to investigate structure
of VO, cluster iong8 lonic clusters represent a model of some

workerg4 using a quadrupole-based mass spectrometer coupledsuggested defect sites in solids. Partial charge transfer between

with an electrospray ionization (ESI) source. They identify a
C—H bond activation reaction, .o + CHs — V30OqOH* +

metal oxide clusters and support materials (either bulk or
surface) may play an important role in catalytic processes in

CHs, employing experiments and theoretical calculations. They the condensed phase. In order to elucidate in detail the molecular

also studied the gas-phase oxidation of propangH§Cand
1-butene (GHsg) by the V507" cluster ion. Oxidative dehydro-
genation (ODH) of hydrocarbons bys@;" is identified as a
major reaction channel, while a minor channel involvingC

(16) Schlogl, R.; Abd, Hamid, S. BAngew. Chem. Int. EQR004 43, 1628.

(17) de Bruin, B.; Budzelaar, P. H. M.; Gal, A. \ngew. Chem. Int. E@004
43, 4142.
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(19) Van Koppen, P. A. M.; Brodbeltustig, J.; Bowers, M. T.; Dearden, D. V.;
Beauchamp, J. L.; Fisher, E. R.; Armentrout, PIJIBAmM. Chem. So&991,

113 2359.
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1990 112 5663.
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Am. Chem. Socd994 116, 3780.
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106, 6136.

(23) Shyue, J. J.; De Guire, M. R. Am. Chem. So005 127, 12736.

(24) Feyel, S.; Dobler, J.; Schroder, D.; Sauer, J.; SchwarArigew. Chem.
Int. Ed. 2006 45, 4681.

(25) Zemski, K. A.; Justes, D. R.; Castleman, A. W. JiPhys. Chem. 2001,
105 10237.

(26) (a) Asmis, K. R.; Brummer, M.; Kaposta, C.; Santambrogio, G.; von Helden,
G.; Meijer, G.; Rademann, K.; Woste, BPhys. Chem. Chem. PhyZ002
4, 1101. (b) Brummer, M.; Kaposta, C.; Santambrogio, G.; Asmis, K. R.;
J. Chem. Phys2003 119 12700.

(27) (a) Bell, R. C.; Castleman, A. W., I. Phys. Chem. 2002 106, 9893.

(b) Zemski, K. A; Bell, R. C.; Castleman, A. W., J. Phys. Chem. A
200Q 104, 5732.

(28) Moore, N. A.; Mitric, R.; Justes, D. R.; Bonacic-Koutecky, V.; Castleman,
A. W., Jr.J. Phys. Chem. BR006 110, 3015.

(29) Feyel, S.; Schroder, D.; Schwarz, H.Phys. Chem. 2006 110, 2647.

(30) Bell, R. C.; Zemski, K. A.; Castleman, A. W., Jr.Cluster. Sci1999 10,
509.

(31) Bell, R. C.; Zemski, K. A.; Kerns, K. P.; Deng, H. T.; Castleman, A. W.,
Jr.J. Phys. Chem. A998 102, 1733.

(32) Fielicke, A.; Rademann, KPhys. Chem. Chem. Phy2001 4, 2621.

(33) Justes, D. R.; Mitric, R.; Moore, N. A.; Bonacic-Koutecky, V.; Castleman,
A. W., Jr.J. Am. Chem. So2003 125 6289.

(34) Dobler, J.; Pritzsche, M.; Sauer,JJ.Am. Chem. So005 127, 10861.

(35) Fielicke, A.; Mitric, R.; Meijer, G.; Bonacic-Koutecky, V.; von Helden,
G.J. Am. Chem. So2003 125, 15716.

(36) Cheng, M. J.; Chenoweth, K.; Oxgaard, J.; van Duin, A.; Goddard, W. A.,
Il J. Phys. Chem. @007, 111, 5115.

(37) Broclawik, E.; Haber, J.; Piskorz, V@hem. Phys. LetR001, 333 332.

(38) Gracia, L.; Sambrano, J. R.; Safont, V. S.; Calatayud, M.; Beltran, A.;
Andres, JJ. Phys. Chem. 2003 107, 3107.

(39) Gracia, L.; Andres, J.; Safont, V. S.; Beltran, @tganometallics2004
23, 730.

(40) Gracia, L.; Sambrano, J. R.; Andres, J.; BeltranQAganometallic2006
25, 1643.

mechanism of reactions between vanadium oxide clusters and
hydrocarbons, many theoretical studies have been carried out,
but most of these studies also focus on cluster ion reactions
related to experimental resuf%28:33-34.41-43 Nonetheless,
cluster ions are clearly much more reactive than their condensed-
phase analogues and neutral molecules because of their net
charge3#44.45

Dobler et aB* studied the oxidation of methanol to formal-
dehyde on silica supported vanadium oxide by density functional
theory (DFT). They conclude that the mechanism for the radical
cation and the neutral molecule reaction is the same, but that
the energy profile changes substantially. The enthalpy changes
from endothermic for the neutral molecule to exothermic for
radical cation, and the energy barrier is lowered by as much as
70 kJ/ mol for the ionic reaction with respect to that of the
neutral reaction. Thus, neutral clusters can supply useful
information concerning true catalytic reaction sites on metals
or metal oxide surfaces in bulk/condensed-phase systems.
Neutral clusters are, however, more difficult to study because
they cannot be size selected and one must find a valid method
to ionize neutral species without fragmentation, especially for
metal oxide clusters with high ionization energies (IE). For
example, the IEs of vanadium oxide clusters are arounti8
eV or even higher for oxygen rich clusters (e.g.,3/@:0s,...) 6
Typical multiphoton and electron impact ionization techniques
almost always cause severe cluster fragmentation, and thus loss
of original neutral cluster information.

Recently, we have employed a new desktop, 26.5 eV/photon
(46.9 nm), soft X-ray (extreme ultraviolet, EUV) laser to study

(41) Feyel, S.; Schroder, D.; Rozanska, X.; Sauer, J.; Schwafmdtw. Chem.,
Int. Ed. 2006 45, 4677.

(42) Gracia, L.; Andres, J.; Safont, V. S.; Beltran, @tganometallics 2004
23, 730.

(43) Gracia, L.; Sambrano, J. R.; Safont, V. S.; Calatayud, M.; Beltran, A.;
Andres, JJ. Phys. Chem. 2003 107, 3017.

(44) Futrell, J. HGaseous lon Chemistry and Mass Spectromé&tfijey: New
York, 1986.

(45) Eller, K.; Schwarz, HChem. Re. 1991 91, 1121.

(46) Matsuda, Y.; Bernstein, E. R. Phys. Chem. 2005 109 3803.
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gas-phase cluster chemistry. Using this radiation, all of the single photon ionization of reactants and products by two different
species of neutral metal oxide clusters and the products thatlasers: photon energies 26.5 and 10.5 eV. As the experimental apparatus
are generated from the reactions of metal oxide clusters andhas been described in detail elsewt€ré] only a general outline of
reactants can be detected. The soft X-ray laser not only ionizesth® experimental scheme will be presented here. Briefly, the neutral
all of the neutral clusters in these experiments, but it also is avanadlum oxide clusters are generated in a conventional laser vaporiza-

o : tion/supersonic expansion cluster source by laser ablation of vanadium
very gentle ionization source that does not seriously fragment

[ oxide cl di iobi d | foil into a carrier gas of 0.5% and He at 80 psig. A 532-nm
metal oxide clusters (e.g., vanadium, niobium, and tantalum wavelength laser (second harmonic of a Nd/YAG laser, 1064 nm) is

oxide clusters) of intereStand even weakly bound ¢o),, employed to ablate the vanadium metal at 20 mJ/pulse. The reactant
(CH3OH)n, (NHg)n, (SQp)n, and (CQ), van der Waals and  gases, pure s, C;Ha, and GHo, or their mixtures with He, are pulsed
hydrogen-bonded clustef$:5! Recently, Ahmed et al. studied into the reactor tube located at 20 mm downstream from the exit of
water clusters employing VUV photoionization (04 eV the expansion channel. The generated vanadium oxide clusters react
synchrotron radiation? They concluded that the water cluster ~with reactant gases in the flow tube reactor. The design of our flow
distributions, obtained by 12 eV near threshold ionization in tube reactor is similar to the one adopted by Smalley et*athis

their experiments and by 26.5 eV ionization in our experiments, method is commonly_ used in the study of elementary reactions of neutral
are almost the same. We consider that during the photonion-metal c[usteré? In thI'S design, a flow tube reactqr (70 mm length, @
ization process, the photoelectron takes away most of the photo 6 mm) is coupled directly to the cluster formation channel (40 mm

b ionizati f the clust | . | nlength, @ 1.8 mm). After the flow tube reactor, the ions created in the
energy above ionization energy of the cluster, 1eaving only & o, .1in source and flow tube reactor are removed by an electric field.

small amount of excess energy in the cluster after ionization. the possibility of charge exchange between the ions and much more

In studies of neutral MOn, NbyOn, and T&O, clusters]’ abundant neutral species can be neglected based on the study of Kaldor
cluster distributions obtained by 26.5 eV soft X-ray ionization et al. 58 Additionally, the reactions of MO,* cluster ions with GH,
are much the same as those distributions obtained with nearhave been widely studied by mass-selected techn#d@&41 The
threshold ionization by a 118 nm laser, with the exception that products observed in these ion experiments are different from those
some oxygen-rich clusters cannot be ionized by the 118 nm formed in our neutral cluster studies. This gives us confidence that the
light. So, the 26.5 eV, soft X-ray laser is an ideal light source Products observed in our experiments are generated from neutral
with which to study neutral metal oxide cluster reactions. With vanadium oxide clusters reactgd withHG. _Neutral clusters and rea_\ction
this ionization source, we can detect all neutral cluster species.pro.duc.ts pass through a Sk'mm.er with a 4-mm aperture into the
and their reaction products. ionization region of a time-of-flight mass spectromgter (V\H_Jrey_

In the present work, neutral vanadium oxide clusters are Mchuran design, RM Jordan Co_.). The neutral species are ionized

; ' by either a 118 nm (ninth harmonic of a seeded Nd/YAG 1064 nm
reacted with the € hydrocarbons, @s, C:Hs and GHa. laseP%) or a 46.9 nm EUV lase¥ lon signals generated from laser
Reactants and products in these reactions are investigated byonization are detected by a microchannel plate (MCP). In the 118 nm
single photon ionization at 26.5 eV (46.9 nm) and 10.5 eV (118 experiments, a two-chambered system is used to ensure that the TOF
nm). The most stable vanadium oxide clusters\MWD0s, V30y, MS chamber pressure is low enough (10orr) for the MCP valtages
and V4010 undergo association reactions withHz to form and the TOFMS mean free path for ions. In this case, the reactant
products \4O,CoHs. Neutral oxygen-rich vanadium oxide 9ases are diluted in He (5%l8/He) and are pulsed into the reactor.
clusters with an odd number of vanadium atoms VO The instﬁntanetl)jus relactant gss prsfcsurﬁ in the r(leactorI celldis altbout 20
- Torr so that good cooling is achieved for the neutral metal oxide clusters

9{;%2372512,[0 (::algé’v\é(%h\e/f%’ Sggfc())flséain;rfgitowgrog:ge generated in the ablation source. 26.5 eV experiments are carried out

. in a single chamber system. Pure reactant gases are used in these
(V20s)aVO2CH, products. For the reactions ofiy (general) experiments. The instantaneous reactant gas mixture pressure in the

clusters with GH, molecules, the association complexes reactor cell is about 1 Torr in this set up. Neutral cluster temperatures
VmOnCzH: are assigned as the major reaction products. Ad- in 26.5 eV experiments are higher than those in the 118 nm experiments.
ditionally, a dehydration reaction channel is identified for the As different experimental conditions and ionization cross sections exist
reaction VQ + CoH, — VO,C, + H,O. GHg molecules are for these different wavelength experiments, some small difference in
not very reactive with neutral vanadium oxide clusters. In order the observation of reaction products are found for the 10.5 and 26.5
to interpret experimental observations, DFT calculations are €V experiments.

performed to study €hydrocarbon association with,@s and The EUV laser (26.5 eV/photon energy) emits pulses of about 1 ns
the pathways for the reactions ¥@ C,H, and VQ; + CoH,. duration with an energy/pulse of 1@ at a repetition rate of up to 12

DFT calculated results for these reactions are in good agreemenf!Z- A Pair of gold-coated torodial and plane mirrors is placed in a
with experimental observations. Z-fold configuration just before the ionization region of the TEMAS

to provide alignment and focusing capabilities for the laser with respect

2. Experimental Procedures
. ) . (53) Matsuda, Y.; Shin, D. N.; Bernstein, E. R.Chem. Phy2004 120, 4142.
Experiments performed for this study of neutral cluster reactions (54) Shin, D. N.; Matsuda, Y.; Bernstein, E. R.Chem. Phys2004 120, 4157.

i ime-of-fli ; (55) Matsuda, Y.; Shin, D. N.; Bernstein, E. R.Chem. Phy2004 120, 4165.
involve a time-of-flight mass spectrometer (TOMS) coupled with (86) He, 5.-G.: Xie, Y. Dong, F.- Heinbuch, S.: Jakubikova, E.. Rocca. J. J.

Bernstein, E. RJ. Phys. Chem. Asubmitted.

(47) Dong, F.; Heinbuch, S.; Rocca, J. J.; Bernstein, E.Rhem. Phy2006 (57) He, S.-G,; Xie, Y.; Guo, Y. Q.; Bernstein, E. R.Chem. Phys2007, 126,
125 164318. 194315.

(48) Matsuda, Y.; Bernstein, E. R. Phys. Chem. 2005 109 314. (58) (a) Geusic, M. E.; Morse, M. D.; OBrien, S. C.; Smalley, RR&v. Sci.

(49) Dong, F.; Heinbuch, S.; Rocca, J. J.; Bernstein, E.Rhem. Phy2006 Instrum. 1985 56, 2123. (b) Zakin, M. R.; Brickman, R. O.; Cox, D. M;
125 154317. Kaldor, A.J. Chem. Phys1988 86, 3555. (c) Zakin, M. R.; Brickman, R.

(50) (a) Heinbuch, S.; Dong, F.; Rocca, J. J.; Bernstein, El. Rhem. Phys O.; Cox, D. M.; Kaldor, A.J. Chem. Physl1988 88, 6605. (d) Morse, M.
2006 125 154316. (b) Heinbuch, S.; Dong, F.; Rocca, J. J.; Bernstein, E. D.; Geusic, M. E.; Heath, J. R.; Smalley, R. E.Chem. Phys1985 83,
R. J Chem. Phys2007, 126, 244301. 2293. (e) Knickelbein, M. BAnnu. Re. Phys. Chem1999 50, 79.

(51) Dong, F.; Heinbuch, S.; Rocca, J. J.; Bernstein, E. Rhem. Phy2006 (59) (a) Heinbuch, S.; Grisham, M.; Martz, D.; Rocca, JOpt. Expres2005
124, 224319. 13, 4050. (b) Rocca, J. J.; Shlyaptsev, V. N.; Tomasel, F. G.; Cortazar, O.

(52) Belau, L.; Wilson, K.R.; Leone, S. R.; Ahmed, WM.Phys. Chem. 2007, D.; Hartshorn, D.; Chilla, J. L. APhys. Re. Lett. 1994 73, 2192. (c)
111,10075. Rocca, J. JRev. Sci. Instrum.1999 70, 3799.
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to the molecular beam at the ionization region. Transmissivity of this
Z-fold mirror system is about 60%. EUV laser light is not tightly
focused in the ionization region to avoid multiphoton ionization and a
space charge Coulomb effect due to'Hens. A large number of He
ions, produced by 26.5 eV ionization of He in the molecular beam,

state is found, several relaxed PESs can be scanned for possible internal
reaction coordinates. The maximum and new minimum in a relaxed
PES correspond to good guesses for transition and new stable states,
respectively. A complete reaction pathway will be eventually determined
following this method. Binding energies are calculated for a few species

can broaden the mass spectral features. Since a 26.5 eV photon fronemploying the Basic Set Superposition Error (BSSE) correcfitrese

the EUV laser is able to ionize the He carrier gas employed in the
expansion, the MCP ion detector voltage is gated to reduce the MCP
gain when Hé arrives at the mass detector, in order to prevent detector
circuit overload and saturation.

The 118 nm laser light is generated by focusing the third harmonic
(355 nm,~30 mJ/pulse) of a Nd:YAG laser in a tripling cell that

contains about a 250 Torr argon/ xenon (10/1) gas mixture. To separate,

the generated 118 nm laser beam from the 355 nm fundamental beam
a magnesium fluoride prism (apex angtes®), which was not employed

in our previous studie¥; %5 is inserted into the laser beams. In this
case, one is quite sure that the mass signals are generated by ionizatio
purely through the VUV laser radiation at low power L uJ/pulse,
pulse duration~5 ns).

3. Computational Methods

DFT calculations are carried out using the Gaussian 03 progfram.
The B3LYP functiondt* % and TZVP basis s&tare used. B3LYP/
TZVP level of theory with moderate computational cost was tested to
give reasonably good results for bond strengths of vanadium o¥des.
The enthalpies of formation for £hydrocarbons are also very well
calculated at this level of theory. Binding energies between neut@ V
and G hydrocarbons are calculated at different typical association
geometries. This involves geometry optimizations and vibrational
frequency calculations for XDs, C; hydrocarbons, and their association
products. Extended calculations are performed to find possible (ther-
modynamically allowed) reaction channels and pathways for two
reaction systems, VO+ C;H, and VO + CoH,. For each reaction
channel, the calculation involves geometry optimization of various
reaction intermediates and transition states through which the intermedi-

are found to be insignificant at the present level of theory.
4. Experimental Results

4.1. Reactions of W0, Clusters with C;Hx by 26.5 eV
lonization. In our previous studie¥, vanadium oxide clusters
(VmOn) are classified into three categories. The first category
is the most stable neutral clusters for eacghfémily, such as
VO, V204/V205, V307, V4V10, V5012, V5015, etc. They
dominate the cluster distribution in the mass spectrum under
gaturated oxygen concentration conditions (5%He expan-
sion), and they have stable structures as demonstrated experi-
mentally and theoretically’.">72The second category is oxygen-
rich clusters that have one more oxygen atom compared to the
most stable clusters, such as ¥Y®,0g, V30g, V5013, €tc. These
clusters present a higher tendency to lose O pa@ become
the most stable clustefdThe third category is oxygen-deficient
clusters that have one or more oxygen atoms fewer than the
most stable clusters, such asQ4, V3056 and 4Og o These
clusters present a higher tendency to react with O padi
become the most stable clustéts.

Figure 1a displays a TOF mass spectrum @Oy clusters
generated under a low oxygen concentration condition (0.5%
O,/He expansion) using a 26.5 eV soft X-ray laser for ionization.
A number of oxygen-deficient clusters {8, 3 V3056 V4Os,
etc.) are observed in the cluster distribution under this lav O
concentration condition. Oxygen rich clusters (such as,VO
V206, V30s, etc.) are also observed in the mass spectrum.

ates transfer to one another. Transition state optimizations are performed”dditionally, one can find some clusters with one or two

by using the Berny algorithfhor the synchronous transit-guided quasi-
Newton (STQN) metho&>¢” Vibrational frequency calculations are

hydrogen atoms, such as Vi, », V,0sH31 2 and VsOgHj , etc.
They are generated from oxygen rich clusters that react with

performed to check that reaction intermediates and transition statetrapped hydrogen in the metal or water in the system to produce
species have zero and one imaginary frequencies, respectively. IntrinsiwmonHLz_ Since the most stable oxidation states for vanadium
reaction coordinate (IRC) calculatidfé®are also performed sothata  gre +4 and+5, VOs, V,0s, and LOg etc, can readily form
transition state connects two'appropriate local minima in the reaction o ligands to generate these preferred valence states. The same
pathways. The relaxed potential energy surface (PES) scan implementeq,, o\ ations are also found for tantalum and niobium oxide

in Gaussian 03 is extensively used to get good initial structures for the 7 . .

stable and transition states determined. In this method, once a stabledUSter# I vanad_lgm oxide clusters are g(_enerated under oxygen
saturation conditions (5%fMHe expansion gas), then the
population of the most stable clusters and oxygen-rich clusters
will increase in the cluster distributiof. Apparently, such
oxygen-rich clusters tend to be quite reactive.

To study neutral WO, cluster reactions with hydrocarbons,
the reactants, pure or diluted (in He), ethaneHg}, ethylene
(CsH4), and acetylene (81;) gases are individually and
separately pulsed into the reactor. When the neutral clusters
generated from the ablation/expansion source pass through the
reactor cell, collisions will occur between neutral®;, clusters
and the hydrocarbons. A new distribution of neutral clusters
and reaction products is obtained by using 26.5 eV laser
ionization. As shown in Figure 1b, all of the cluster signals
decrease in roughly the same proportion wheldd@jas is added
to the reactor cell. A similar result is also observed when inert
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Figure 2. Reactions of WOn clusters with GH,4 studied by 26.5 eV soft

| (b) V. O +CH, X-ray laser ionization. Expanded mass regions around oxygen rich clusters
VO3, V30s, and LO;3. The lower spectra display MO, cluster signals.

The upper spectra display the signals of reaction products.
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Figure 1. Reactions of WOy, clusters with GHy studied by 26.5 eV soft ‘ ‘ T T/ Q
X-ray laser ionization. New products of the reactiopQ4 + CyHy are . ¥
detected. (a) WO, cluster distribution generated with 0.5%/Be expansion [ bYV O +CH
gas. Reactant gases, (b) Puegig(c) Pure GH4. (d) Pure GHy, are added T mn
to the flow tube reactor, respectively. 5]
w
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gases are added to the reactor cell. Therefore, the decrease of . | L -
. . . . 1 !
cluster signals is due to scattering by thgHggas pulsed into 1 o | ,.% |
the reactor. N o el T2
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As shown in Figure 1c, the major products of the reaction = o~
VmOn + CoH4 are assigned as VOB, VO,CoH4, V205CoHy, N s & L2 o
C . T i +
and Vs0gC;H,4 generated from an association reaction channel, , , s < @V, *Fe
80 120 160 200 240 280 320
Mass (a.m.u.)

Vmon + CZH4 - VmonC2H4 (1)
Figure 3. Reactions of WO, clusters with GHy studied by 118 nm (10.5

. eV) laser ionization. (a) MOn cluster distribution generated with a 0.5%

The reaction products V&&H, and \,0;CH, are also observed  o,/He expansion gas, and added He gas in the flow tube reactor. Reactant

in the mass spectrum. They must be produced from reactionsgases, (b) Mixed 5%Es/ He, (c) Mixed 5%GH4/He, and (d) Mixed
5%GH./He, are added into flow tube reactor, respectively. The products

Fhat InV.OIVe the cleavage (.)f the=&C bond of GH,. A close detected by 10.5 eV laser are similar to those detected by 26.5 eV soft
inspection of the mass regions around the clusters, W@0g, X-ray laser ionization.

and V5043 (Figure 2) shows that V& V30s, and 5013 signals

have disappeared when reactapHgis added into flow tube  Additionally, two new products, VG, and VO(GH),, are
reactor, this indicates that these oxygen rich clusters react Withfound_ These species may arise from dehydration reactions
CoHs. The possible reaction channels corresponding to the petween VQ and GH, and VO, and 2GH,.

disappe_arance of VO V50g, and \kOi3 signals an_d the 4.2. Comparison of 26.5 eV lonization with 10.5 eV
g(_eneratu_)n of V@CHZ’ V30,CH, and_ V501,CH; product signals lonization. The reaction of VO, + C;Hy is also studied using
will be discussed in the next section. the 118 nm laser ionization, as shown in Figure 3. In the 118

~When GH; gas is added to the reactor, many new product nm experiments, a two-chambered system is used, and in this
signals, formed in the reaction of\D, + C:H,, are observed  ¢age, the reactant gases are diluted in He (5#4Ele). In
in the mass spectra, as shown in Figure 1d. The major products previous experiments, it has been proven that no fragmentation
VO2CoH2, VO3C2H,, V20sCoHz, V30sCoHo, etc., are generated  occyrs during the ionization process since a single photon energy

from the association reactions of 10.5 eV is not enough to fragment clusters after ionization.
By comparison of Figure 1la with 3a, we find that the®
ViOp + CH, = V,,0,CH, ) cluster distributions obtained by 26.5 and 10.5 eV ionizations
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Figure 4. DFT optimized geometries of association product©3C,Hy,

X = 6 (top), 4 (middle), and 2 (bottom). Three types of geometry
configurations (A, B, C) are presented. The valxg#s, below each geometry
are the zero-point vibrational energy corrected binding energies, in which
x; andx; are the values for the association species in singlet and triplet
spin states, respectively. Foplds, van der Waals association with,@s,

the association species in triplet state corresponds to 1#e fvagment in

the triplet state. Triplet YOs is not populated in the experiment, so the
binding energies are not determined for this case. See text for details.

are almost the same, except for the oxygen-rich clusters, VO
V,0s, V30s, etc., which are detected by 26.5 eV ionization (see
Figure 2) but not by 10.5 eV ionization, because of the high
ionization energy of these clustérsAdditionally, the \,O4"
signal is much more intense than theO4" signal with 26.5

eV laser ionization. This result is contrary to the result obtained
by 118 nm ionization, for which the X0s™ TOF—MS feature

is much more intense than the®,* one. This behavior does
not occur for TaOy and NOy clusters; in those distributions,
Nb,Os and TaOs are the predominant signal in the mass spectra
using 26.5 eV ionization, and cluster distributions obtained by
26.5 and 10.5 eV ionization are almost the sd#iEhe reason

of this anomalous behavior is not clear but probably most readily
associated with the specific details of wavelength-dependent

of association products X0sC,Hy (x = 2, 4, 6) in three types
(A, B, and C) of typical configurations. In the type A
configuration, the two carbon atoms oflx connect with O
and V atoms of YOs to form C-O and C-V bonds,
respectively. In the type B configuration, the two carbon atoms
connect with two oxygen atoms that are bonded to the two
different V atoms of \{Os. Two C—O bonds are formed in this
type of product. In the type C configuration, two-@ bonds
are formed, but both O atoms are connected to the same V atom.
In the calculations, binding energies listed below each geometry
are defined a€(V,0s, singlet) + E(CoHy) — E(V205CoHy,
singlet/triplet). The ¥Os lowest triplet state is 0.71 eV higher
in energy than its singlet ground state at this level of theory.
The association species in singlet and triplet spin states are
considered. The association reaction happens at near room
temperature, so the binding energy is defined witoyin the
singlet state although the products may eventually be in the
triplet state by a spin-inversion mechanighmwo tendencies
are found for these binding energies: 1. for each geometry type
and each spin multiplicity, the binding energy increases as the
hydrocarbon becomes more unsaturated; 2. for unsaturated
hydrocarbons ¢+, and GHo, the binding energy of the singlet
state decreases as the geometry type changes from A to B to C,
while the binding energy of the triplet state increases. This
behavior can be explained through the valance shell structure
and oxidation state of vanadium atoms in these three types of
configurations. In type A geometry, the two V atoms are in
their most stablet-5 state (terminal VO is a double bond), so
the singlet state can be more stable than the triplet state when
all valence electrons are bonded. In type B geometry, one V
atom is in the+5 state and the other is in tRe3 state. In type
C geometry, both V atoms are in the4 state. Therefore, in
type B and type C configurations, the singlet state is less stable
than the triplet state.

5.2 Reaction of VG with C,H,4 and C;H»,. DFT calculations
are performed for V@cluster reactions with £, and GHo.
The following reactions are calculated:

ionization cross-sections for,®@; and \»Os neutral clusters. VO3 + C,H, — VO,CH, + CH,0 AHyp=—0.25eV (3a)
Most of the reaction products observed in 10.5 eV ionization —VO,+ CH,CHO AH,ee=—0.83eV (3b)

experiments are similar to those found by the 26.5 eV ionization

experiments. Note that the products M, and \40;CH; — VO, +CH,=CHOH  AHps=—-0.35eV (3c)

generated from the reaction ofd, + C;H, are observed by  voO, + C,H, — VO,C, + H,0 AH,g=—0.59 eV (4a)

both 10.5 and 26.5 eV ionization. It is found that some

association products are only detected by 10.5 eV laser such —VO,+ CH,CO AH,gs=—1.6eV  (4Db)

as, \LbOsC;Hg, V203CH,, V30sCoH,, etc. We suggest that some

relatively weak association products may be fragmented by 26.5The values of the enthalpies of reactions (as given above) are
eV ionization while they might survive in the 118 nm experi- obtained for the lowest energy structure of the reactants and
ment due to the near threshold ionization. Therefore, integratedproducts in their singlet or doublet spin states. These reactions
information is provided by using both 10.5 and 26.5 eV are all thermodynamically allowed; however, they may not take
ionization techniques. Additionally, the somewhat different place at room-temperature due to dynamic constraints. For

experimental conditions for the 26.5 and 10.5 eV experiments example, barriers for the oxygen/hydrogen transfer and structure
may also contribute to slightly different observations for some {ransformation, etc. may be quite high.

association reaction products in the two experiments. Figure 5 presents the DFT calculated relative Gibbs free

energies at 298 K for various intermediates and transition
states for reactions 3a and 3b, and the optimized geometries of

5. DFT Results

5.1 Association Products WOsC,H,, V,0sC,H4 and
V,0s5C,He. Figure 4 presents the DFT optimized geometries (73) Schroder, D.; Shaik, S.; Schwarz, Acc. Chem. Re00Q 33, 139.
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Figure 5. DFT calculated relative Gibbs free energies at 298 K for overall reactionstO;Hs — VO,CH, + CH,O (P1) and VGQ; + Co,Hy — VO, +

CHsCHO (P2). Structures are DFT optimized geometries of the reaction intermediates and the transition states in the lowest reaction pathway for generation
of productsP1 and P2. The values (in eV) in parentheses below each geometry are Gibbs free energies at 298 K. DFT optimized geometries for all the
reaction intermediates and the transition states can be found in Supporting Information.

reaction intermediates and transition states for the lowest energy The DFT-determined structures presented in Figure 5 are
pathway: comparable to those previously obtained for reactions of cationic
i ; + + i
R1— 10— 10/4— 4 — 4/5— 5 — 5/6— 6 — vana(g;usr? oxide clusters (VO, V,0st, anq }&010 ) with
6/7— 7— P1 Channel (1) CoH4.33:38 Structures10 and 4 have GH4 moieties connected
to terminal VO bonds through one-® bond. Similar bonding

C:H, attacks an O atom of V&xo form intermediatel0, and patterns are found for reaction intermediates in the reaction
then transfer td via transition staté0/4 Surmounting a barrier  v,0,45" + C,H,4, The important [3-2] cycloaddition structure
to transition statet/5, a lowest energy intermediate (—2.2 5is also present in the reaction 06®s" with C,Hs; however,

eV) with a five-membered ring, is formed. Through transition starting from this 3+ 2 intermediate, formaldehyde formation
state5/6, the C-C bond of5 ruptures and yields intermediate  js more favorable than the acetaldehyde formation found in the
6 (CH2VO3CHp), in which two CH radicals connect with two  reaction VQ+C;Hg4, while the opposite is true for the @s*

O atoms of VQ by C—0 bonds. In intermediafg the formation + C,H4.33 Structures 1, 2, and3, see Supporting Information)

of a V—0—C three-membered ring weakens and stretches theith C,H, moieties connected to the cluster with one or two
V—0 bond between the &0 moiety and the VECH, moiety V—C bonds are also determined as reaction intermediates in
from 1.31 Ain6to 1.90 A in7, and finally results in product  vO,* + C,H,38

P1 (VOCH, + H,CO). About 1 eV energy is required for The formation of product CECHO + VO, (P2, reaction 3b)
breaking the O bond in this step. The large amourtq is also thermodynamically favorable by 0.83 eV; however,
eV) of heat released from the formation of the most stable obvious overall barriers exist in all reaction channels as shown

intermediateb is enough to overcome any barrier in the steps in Figure 5. The lowest energy pathway is as follows:
from intermediatés to productP1. The reaction channel (1) is

a barrierless pathway for O+ C,Hs — VO,CH, + CH0. R1— 10— 10/11— 11— P2 Channel (ll)

Some reaction channels with high barriers (about 0.5 eV) are

also found for reaction 3a as shown in Figure 5. These channelsAll of the reaction channels involve a hydrogen transfer from
can be open under high-temperature conditions. one carbon to another carbon during the structure changes from
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Figure 6. DFT calculated relative Gibbs free energies at 298 K for reaction channejstVQ,H, — VO,C, + H,0O (P3) and VQ; + C,H, — VO, +

CH,CO (P4). The structures are the optimized geometries of the reaction intermediates and transition states of two lowest energy pathways for the generation
of productsP3 andP4, respectively. The values (in eV) in parentheses below each geometry are Gibbs free energies at 298 K relative to react®ys (R

+ C;Hy). DFT optimized geometries for all the reaction intermediates and the transition states can be found in Supporting Information.

intermediates3, 4, 5, and 10 to 11. The barrier heights of  generation of product®3 is found (HO and VQC,):

transition stat&/11, 4/11, 5/11, and10/11are about 0.180.26

eV higher than the energy of reactd®t. Therefore, reaction  R2— 24— 24/13— 13— 13/14— 14— 14/15— 15—

3b can occur as a high-temperature reaction, although the overall 15/16— 16— 16/17— 17— P3 Channel (llI)

reaction is exothermic. We also calculate another possible

pathway for a hydrogen transfer from carbon (intermediates In the first step, @H, attacks an O atom of VOto form

4, 5, and 10) to oxygen to form vinyl alcohol as reaction 3c. intermediate24. As the C-V bond forms, one O atom migrates

It is also an exothermic reaction; however, the barriers are from VO3 to C;H, to yield 13 via transition statel2/13or 24/

higher than the reactariRl energy. On the basis of the 13 During this process, the=C bond of GH. is weakened to

calculations, we conclude that the-C bond breaking reaction ~ a C=C bond. After several steps, hydrogen atoms transfer from

(reaction 3a) is more favorable than reactions 3b and 3c, andC atoms to the O atom as in channel (lI1)3 transforms to

channels (I) are the most favorable pathway for3\MO CyHy intermediatel 7, in which HO attaches to VO by a binding

reaction. energy of~1 eV, and finally, HO leaves to generate product
For reactions WO, + C;H, relative Gibbs free energies at  P3 (H20 + VO,Cy).

298 K for various intermediates, transition states, and their The lowest energy reaction pathway for reactiongOy +

optimized geometries are obtained by DFT calculations as C;H; to generate product®4 (VO, and CHCO) is also a

shown in Figure 6. The lowest energy reaction channel for the barrierless channel:
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R2 — 24— 24/13— 13— 13/19— 19— 19/20— VmOn clusters. This conclusion supports and is supported by
20— 20/21— 21— P4 Channel (1V) the calculated results given in Figure 5 and 6 [compareGsB,
(10) with V03C2H2 (24), and VQC2H4 (5) with VO3C2H2 (19)],
Intermediatel3 can also change structure to a five-membered 55 well as the experimental observations.
ring structure of intermediatE9 (containing two C-O bonds). 6.2. C=C Bond Breaking in (V20s),VO3 + C,H4 (n =0,
One V-0 bond breaks to result in an O atom transfer from 1,2,...) ReactionsNew products V@CH,, Vs0,CH,, and \kO1»
VO3 to CHo. The C-O bond cleavage d20 yields 21, which CH, are observed in the study of the;®@, + C;H, reactions

leads to final producP4. A barrier (0.167 eV) is found for a5 shown in Figure 2. They can be produced from the following
oxygen abstraction channBR — 24 — 24/21— 21— P4, in reactions:

which oxygen atom directly transfers from Y@ CyH,.
6. Discussion (V,05), VO, + C,H, — (V,05),VO,CH, + CH,O (5)
6.1. Association Reactions of MO, with C,Hg, CoH4 and (V205), VO, + CH, — (V,05),VO,CH, + CH, (6)
C2Ho. Association reactions are found to be the main reaction . . . .
channels for vanadium oxide clusters andh@drocarbons. As inwhichn=0, 1, 2,... In reaction 5, oxygen-rich clu§ters ¥O
shown in Figure 3, with 118 nm ionization ,@sC,Hs is the (V2Og)n=0,1,2., Such as V@, Vs, or V503, react with GH4
only product identified for the YOy + CoHg reaction. VQCoHs, and I_ose a CkD molecule. On the basis of DF_T calculations,
V,05CoHs, Va0sCoHa, and Vs0gCyH4 are the association reaction 3a, V@ + CoHy, —~ VO.CHz + CH,0, is thermody-
products identified for the MOn -+ C;Ha reaction, and V@CH, namlgally favorable by 0.25 eV, and is an overall barrlgrless
V,05CoHa, VoOiCoHa, VoOsCoHa, VaOsCoHa, etc. are the reaction at a ro.om temperature. Thus, M&@n be responsible
S . e . for the generation of V@CH,. One can then suggest that the
association products identified for the, @, + C,H, reaction. - -
Unsaturated hydrocarbonsk; and GH4 are more reactive with general reaction 5 can occur and oxylg(:]_en f“Ch clusterﬁ-vo
neutral vanadium oxide clusters than is the saturated hydrocar-(vzoi)”=°'1'2"'Car? cause €C bonc_i _bLeal ing for &, In the
bon GHs. Almost all VO, clusters can form association TOF=MS (see Figure 2), oxygen-rich clusters ¥¥s0, and
products with GH,, whereas most association products come V5013 disappear if GH, is added to the flow-tube reactoroH

from oxygen rich clusters and the most stable cluster of a given gé); |:i/r_10t_dett_ected n "[Elesbe expen:rr]]en_ts .W'tth either 10'5t'0r
Vi family for the ViOn + CoHa reaction. We conclude that .5 eV ionizations possibly because the ionization cross section

C,H3 is more reactive than £, for association reactions with for H,CO (ionization energy 10.9 €9 is small a_t 26.5 eV, or
V.0 because the concentration of theG® product is too low to

As shown in Figure 3, the decay fractioris ( I)/lo (lpand ~ 9€teCt

| are the intensities of 305 signal before and after reaction Y Ion reatct|on 6,tth§ﬂ:n€(’)jt stat()jle (_:Iusterzsutchvag%xa(\?bor
with CyHy, respectively) of ¥Os signals in the reactions with sY12, €IC., react wi 4 producing products 2 VST

CoHs, CoHa, CoH, are 0.1, 0.6, and 0.86, respectively. With CH, or V501,CH; and CH. We calculateAHzgg for the reaction

adopted experimental conditions such as estimaget} gartial XOZ + CoHa _; VOCH; + CH; based on following thermo-
gas pressure~1 Torr) and reaction time~50 us), we can ynamic equations

provide an estimation of the first-order rate constants of three VO,+ CH,— VO,CH, AH,gs= —3.92 eV (7)
typical association reactionk(V,0s + CoHe) = 7 x 10714

cm® 57 K(V20s + CoHa) = 6 x 107 cm® s andk(V20s + C,H,— CH, + CH, AH,ge=+7.48eV°  (8)
CoHp) =1 x 10°22cme sL. The observed reactivity tendency

of C,Hy in association reactions with neutraj®s is consistent VO, + C,H, —~ VO,CH, + CH, AHyg=+3.5eV (9)

with the calculated results. As shown in Figure 4, the saturated ) ] ) )
hydrocarbon @Hg bonds weakly (0.65 eV) with 0s, whereas AHagg for reaction 7 is obtained from our DFT calculation.
CsHa and GH, bond with \50s by CO and VC chemical bonds Reaction 9 is not thermodynamically available at room tem-
at 1.33 and 2.5 eV, respectively. On the basis of calculations, Perature. Thus, VEZH, does not arise from reaction 9, and
the association reactions of,Us + C,H4/CoH, to generate one can then deduce thaﬁc bonpl cleavage is not. favorablg
V,0sC;Hs and \0sCoH. (type A, singlet) are barrierless for the most stable vanadium oxide clusters as given reaction
processes at room temperature. According to the classicatRice 6 ]
RamsbergerKasset-Markus (RRKM) theory: Kgissociation= v VOZCHZ!_VSO7CH2, and \/501ch2 products (_se_e Figure 3)
(1 — EoindE)S Y, in which Eacgvation i replaced byEping, the can also arise through fragmentation of association complexes,
binding energy of (YOsC>Hy). A higher binding energy implies ~ VO2C2Ha, V30/CoHa, and \6012C2H,, caused by 26.5 eV laser
a slower dissociation rate constant and thus a longer lifetime ionization. A 26.5 eV single photon energy is sufficient to break
for the meta-stable initial association intermediateG@C,Hy*). the C=C bond of OnCoHa, to produce WOnCH, during the
The V,0sC,Hy* would eventually fall apart (YOs + CoHy) if ionization process; _however, \é_OH_g ar!d V3O7C|‘!2 product_s
no further reactions and/or collisions could remove excess &€ also observed in 10.5 eV ionization experiments (Figure
energy in the association intermediate@¢C;H,*). In 118 nm 3). A single photon energy of 10.5 eV light is not high enough
flow tube experiments (mixture B/He is added into flow to rupture a &C bond a_fter |0r_1|zat|on. Additionally, using the
tube), the longer lifetime of ¥0sC;H¢* means that the meta- 26.5 eV laser, the photoionization products of thelfmolecule

. .. + + +
stable species has more chance to be cooled by collisions, and'® J[neaosured aSZBf (030%)' GHa" (35%), GHZ™ (28%),
thus a higher depletion rate of,®s cluster will be observed. ~ C2H™ (3%), and CH™ (3%). We do not observe products like

Although Figure 3 addresses a specific clustedgf association 7y ., w - Kiemm, R. B.: Nesbitt, F. L.: Stief, L. J. Phys. Chern1992
with C, hydrocarbons, it reflects a general observation for all 96, 104.
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VO,C,H3 or V30;C,H3 in the mass spectrum for the, X0, +
C,H4 reaction, using 26.5 eV light for ionization. Moreover,
association complexes VO;H4, V205C,H4, and V50gCyH4 are
observed in the 26.5 eV ionization mass spectrum (see Figure
1). Thereby, VQCH,, V30;CH,, and \0,;,CH, products are
most probably generated from reaction 5, rather than from the
fragmentation of V@C,H4, V30;C;H4, and Vs0;1,CoH,.

The C=C bond breaking and hydrocarbon selective oxidation
occur only on oxygen rich neutral vanadium oxide clusters with
composition VQ(V20s)n=0,1.2.. Examples from these studies
are found for VQ, V30, and kO3, reacting with GHs. We
also investigate the reactions of niobium and tantalum oxide
clusters with GHz; however, G=C bond breaking for gH, does
not occur on any NKO, or Ta,O, clusters. For oxygen-deficient
and stable WO clusters, only association reaction channels are
identified. For vanadium oxide cluster cations reacting with
CoH4, 2 the identified reaction channels are association and
oxygen transfer. The reactions of#,™ anions with GH4 have
also been investigated, but no reaction products are féund.

The cleavage of €C bonds is a very important process for

reaction 5, and it is one of the most important fundamental
industrial chemical$! The mechanism of €C bond breaking
on VO3 can be interpreted based on our DFT results shown in
Figure 5 and 6. The first step of the process involvesCC
bond formation, as well as=€C bond weakening to form
intermediatel0. The C=C double bond in CK#=CH, (bond
length= 0.1326 nm) is significantly weakened to become a
single bond in intermediat&0 with C—C distances about 0.15
nm (C—C bond length= 0.1527 nm in GHg). The second step

in this development is the formation of a second @ bond
leading to the formation of a quite stable five-membered
intermediates (Figure 5), in which sufficient energy is released
to break the &C bond 6 — 5/6 — 6). The formation of
intermediatés is a key step for &C bond cleavage. For VO
about 2.12 eV energy is released through intermedfate
formation since the unstable oxidation states of,\&3stabilized

by the formation of intermediatb: the oxidation state of V
and O are £4) and (2), respectively, in this intermediate.
Only 1.3 eV is released, however, agQ¢ forms the same five-
membered ring association product as shown in Figure 4 (type
Q).

In the process of formaldehyde formation, acetaldehyde{CH
CHO) formation is also possible. This latter reaction involves
a hydrogen atom transfer from one carbon to another; however
the transfer barrier is high, as shown in Figure 5, so that
acetaldehyde formation can only happen at high temperature
The reactions of cationic vanadium oxide clusters@y") with
ethylene have been studied by both experintédts®and DFT
calculations’®38 Formaldehyde formation does not occur on
VmOnt clusters. In contrast, acetaldehyde formation is found
over VO,"76 and (\,Os)n™, n = 1—3,2532and this observation
is supported by the DFT calculatiof3® Hydrogen transfer
barriers in these cationic species are around 0.13-eV.45
eV depending on the reaction intermediates through which the
transfer proceeds. In the neutral species studied in this work
(Figure 5), hydrogen transfer barriers (0.842.32 eV) are

(75) Chase, M.W., INIST-JANAF Themochemical Tables, Fourth Edition, J.
Phys. Chem. Ref. Data, Monograph1®98 1-1951.

(76) Harvey, J. N.; Diefenbach, M.; Schroder, D.; Schwarz|. J. Mass
Spectrom1999 182 85.

Figure 7. DTF calculated the lowest energy structures of\@Dd V50g
at B3LYP/ TZVP level.

relatively high. Theoretical explanation of the=C bond
breaking process over ¥D,*, not taken into account in the
previous calculationd*38-40 would be interesting to study.
These results for neutral vanadium oxide clusters suggest the
question: why does<€C bond breaking only happen on oxygen

condensed phase catalysis. Formaldehyde is generated inr|ch vanadium oxide clusters with an odd number of vanadium

atoms, VQ(V20s)n—0.12..? VO; has one more oxygen atom
compared to the most stable vanadium oxide;\Mi®erefore, it
can be considered as an oxygen centered radical. DFT calcula-
tions show that V@associates with £, to form a stable five-
membered ring intermediafe A large amount of energy (2.12
eV) is then released, leading te=<C bond breaking (see Figure
5). A V30g structure (shown in Figure 7) can be generated from
V205 bonded to VQ as a formula (¥Os)(VOs3), in which V
and O atoms of the ¥0s moiety are oxidation states5 and
—2, respectively. Thus, oxygen rich vanadium oxide clusters
VO3, V30g, V5013, etc. can be expressed by YU ,05)n—01,2.-
These clusters have an oxygen centered radicakM@hich

can exceed the barrier associated with format2B cycload-
dtion.

Oxygen-rich clusters containing an even number of V atoms
(V205)10, such as YOg, V4011, etc. are also a hypervalent
species; however, cleavage of the=C bond of GH4 does not
occur on these clusters. For oxygen-rich clustersOg),O
reacting with GH,4, oxygen transfer reactions forming theHzO
product may be more favorable than the formation of a stable
five-membered ring structure, such as intermed&{&igure
5). In addition, it is interesting to note that€C bond breaking
for C;H4 occurs on VQ(V20s), clusters, but does not occur on
NbmOn and T&0,, clusters. Cleavage of &€C bond also does
not occur for other clusters reaction withHZ: for example,
TimOn, ConOn, SinOn, FarOn, etc. These results indicate that
the activities of metal oxide clusters are dependent on many
issues: bond energies, reaction barriers, reaction rates, etc., not
only on the oxygen-rich or -poor nature ofj@, clusters.

We suggest that the VOmoiety can be an active site for
neutral vanadium oxide clusters. Evidence for an active moiety
in gas-phase clusters further validates the idea that active sites
of condensed phase oxide catalysts can be effectively modeled
with gas-phase clusters. In practical catalysis, the selectivity of
hydrocarbon partial oxidation is very important. In this work,
we can present a catalytic model for formaldehyde formation
through oxidation of gH4 on VOs. Based on our calculations
(B3LYP/TZVP), the reaction
VO, CH, + O, — VO, + CH,0

AH,e=—2.366V  (10)
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Scheme 1 present experimental conditions. No significant depletion of VO
VO3 relative to VQ is observed when 41, is added to the reactor,
((V205),V0O3) and no new product signal for reaction intermediate \VBL

is detected in the mass spectra shown in Figures 1d and 3d.
Therefore, we suggest that reaction 14 does not occur under
our experiment conditions.

Calculational results show that the reaction mechanism for
VO3 + CyH; involves two processes: (1) hydrogen transfer from
carbon to oxygen leading to water formation (reaction 4a); and
(2) hydrogen transfer from carbon to carbon leading to ketene

VO,CH, formation (reaction 4b). The energy barriers for these two
((V205),VO,CH>) processes are lower than the reactant energy as shown in Figure
6. Stable molecules, such as,® and CQ, are always
is thermodynamically available without a barrier. A catalytic unavoidable byproducts in the selective oxidation of hydrocar-
cycle of GH4 oxidation to BCO by VO; is suggested based bons. The calculated results given indicate that, on a gas-phase
on our experiments and theoretical calculations, as presentedvOs cluster, oxidation product (ketene) should be accompanied
in Scheme 1. by a “by product” (water) formation. In a practical catalytic

Since VQ can thereby be employed in a catalytic cycle for reaction, water formation always involves hydrogen transfer
C;H4 oxidation to HCO, other larger clusters of this general from carbon atoms to oxygen atoms, so the calculated results
type (VO3(V20s)n=0,1,2..) can be active in a similar fashion. The for reaction 4a in Figure 6 suggest mechanisms for this process.
understanding of the general characteristics 0§(V@0s)n—0,1.2. The barrier to hydrogen transfet4 — 14/15— 15) is around
would provide a possible opportunity for practical catalyst design 1 eV if one starts with the unstable specigsin Figure 6, for
for the synthesis of important chemicals (e.g., formaldehyde) which one carbon atom forms only three bonds. The barrier

H,CO CoHy

02 HzCO

through ethylene oxidation, (16 — 16/17— 17) can be as high as2 eV if one starts from
. the relatively stable specied4@). The formed HO molecule
CH,+0,—~2CH0 AHy=—2.95eV°®  (11) can adsorb on the “surfacelT in Figure 6) with a binding

energy around 1 eV.

Note that a stable five-membered ring structure (intermediate
19) also forms in the V@ + C;H; reaction. This species is
similar to intermediat® in the VO; + C,H4 reaction. The large
amount of energy released in this process can be used to
overcome the barriers in the later steps toward products. The
C=C bond of intermediatd9 is too strong to break so that
V—0O bond cleavage leads to O atom transfer followed by
dehydration and ketene production reactions. Nonetheless, in
the VO; + C,H4 reaction, the & C single bond of intermediate
VO, + 2CH, — VO,C,H, + C,H, — VO,C,H,;* — VOC,H, + 5is relatively easy to break, and this leads to,@8l, and CHO

H,0 (12) products. Calculations for the \O+ C,H, system are in

agreement with the experimental observation that reaction 4a
Shown in Figure 3d, the strong signals of intermediates takes place to produce A0, as observed in the mass spectrum
VO,C,H, and VO,C4H,4 are observed, as well as an obvious (Figures 1d and 3d). Another channel (IV) involving ketene
depletion of the V@ signal, suggesting that the dehydration formation through direct oxygen transfer reactiongOy + CoHz
reactions 4a and 12 can occur under the present experimentat~ VmOn-1 + C2H20 is also thermodynamically and dynamically
conditions. On the basis of binding energy calculations shown favorable at room temperature. If one carefully analyzes the
in Figures 4 and 6, one can imagine that the vibrational intensity variations of neutral NO,, clusters in the mass spectra,

Further theoretical investigations on larger clusters are in
progress.

6.3. Dehydration Reactions for \l,O,, + C,H». Association
reactions are the main channels for the reactiong\4 CoHo.
Additionally, two new products, V&L, and VOGH, are
observed in Figures 1d and 3d. YO can be produced from
dehydration reactions 4a that are thermodynamically and
dynamically favorable at room temperature (see Figure 6).
VOC4H; is suggested to be produced in the following reaction:

temperature of intermediate \\O;H; will be high if two then relative changes of the;Ws/V 30 intensity ratio (Figure
acetylene molecules are bonded to/Some of the intermedi- ~ 1d) are found, indicating that oxygen-transfer reactions could
ates VQC4H,4 can be dehydrated to yield products V{3 + also occur in our experiments.

H,O (reaction 12), and some can be collisionally cooled to form
VO,C,H, and VO,C4H4 as observed in mass spectra (Figures
1d and 3d).

Other possible reactions for the production of X3 and
VOC4H, are the elimination of Hfrom VO,Co,H, and VO-
(CoH2)2, respectively, as follows:

7. Conclusions

The reactions of neutral vanadium oxide clusters with ethane,
ethylene, and acetylene are investigated employing 26.5 eV soft
X-ray laser and 10.5 eV nm laser ionizations coupled with
TOF-MS for the first time. DFT calculations are applied to

VO, + C,H,— VO,C, + H, AH,g5=0.35eV (13) explore the mechanism of vana_dium oxide cluster rgactions with
C; hydrocarbons. We find experimentally that reactivity for these
VO + 2CH,— VOC,H, + C,H,—~VOC,H, + H, (14) reactions between neutral vanadium oxide clustersOy
increases from @, CoH4, to GHy. This reactivity is well
DFT calculations show thatH,gg for reaction 13 is endothermic  interpreted based on the behavior of binding energies calculated
by 0.35 eV, thus, this reaction will probably not occur under for the experimental conditions. Association reactions are
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identified as the major products for the,®, + C;H, reactions. to produce formaldehyde on \VMOVO3(V20s)n=0,1,2.. clusters
Two dehydration products V&, and VOGCH, are also is suggested. Understanding the catalytic characteristics of such
identified. DFT calculated results suggest that both reaction clusters will challenge real catalyst design and synthesis. Further
channels, dehydration (water formation) and partial oxidation theoretical and experimental investigations for larger alkenes
(ketene formation), can occur without an overall reaction barrier reacting with neutral vanadium oxide clusters are in progress.
for the VO; + CoH» reaction. For the reaction of YD, + CoHa,

we observe products ViGH,, V30;CH,, and \kO1:CH,, in Acknowledgment. This work is supported by Philip Morris,
additional to association products=C bond cleavage occurs  Y-S-A., the U.S. DOE BES program, the NSF ERC for Extreme
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suggest that the VOmoiety can be an active site for neutral 2006CB932100 and 2006CB806200), and the National Natural
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acetaldehyde formation, has about a 0.25 eV barrier although
this path is thermodynamically more favorable. We conclude
that neutral vanadium oxide oxygen rich clusters 3vO
(V20s)n=0,1,2.. can break the €C double bond of gH,4 to
generate KCO. On the basis of experimental data and DFT
calculations, a catalytic cycle for selective oxidation oHg JA076007Z

Supporting Information Available: DFT optimized geom-
etries of reaction intermediates and transition states f@.
+ C,H4/C,H,. This material is available free of charge via the
Internet at http://pubs.acs.org.
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