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Reactivities and Collision-Induced Dissociation of Vanadium Oxide Cluster Cations
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Reactivities and collision-induced dissociation of vanadium oxide cluster cations are investigated using a
triple quadrupole mass spectrometer coupled with a laser vaporization source. The dominant peaks in the
mass distribution correspond to cluster ions with stoichiometries ob)¥@:0s)m(Oz)q". Collision-induced
dissociation studies of the vanadium oxide specig®,Vs", V30s-9", V40s-10", V5011137, V6O13-15", and
V7016-18" show that V@, VOz, and \,Os units are the main building blocks for most of these clusters. The
reaction pathways observed for these vanadium oxide clusters include molecular association, cracking,
dehydration, and oxygenation of the neutral hydrocarbons with the reactivities of specific clusters differing
from species to species. For examplgQy" is very efficient in the dehydrogenation of 1,3-butadiene and

in the cracking of 1-butene. On the other handQ¥ produces only molecular association products with
these same reactants. To help explain these differences in reactivity, calculations on the molecular structure
of some of these cluster ions were also undertaken, and the findings are presented.

Introduction comparison of the results can provide insight into the effects

B ) o ) ] of stoichiometry, charge, and oxidation state of catalytic
Transition metal oxides are becoming increasingly important o5 ctions.

in catalysis because of their ability to effect oxidaticeduction . ful . h ¢ fth
reactions while, at the same time, being cost-efficient and in In many cases itis useful to view the sur ace structgre ofthe
' . bulk as an assemblage of clusters of different sizes and
many cases environmentally benign. Supported metal CatalyStslsomer315 It is less difficult to brobe the properties of qas-
have been extensively used in the chemical industry, and in the . o p prop gas-
past, the oxides have traditionally been viewed as an inertphase clusters than it is to study the surface of the bulk solid,

support for the active catalyst. It has now been established thatflnd in ma:ny cages ?nd(ljr_]gs 'nfttT:S aretaISL_Jbsdtantlagy contrlbutt;]e
the support can influence the activity and selectivity of various 0 a greater understanding of the catalytic dependence on the

catalytic processes in a variety of ways. These interactions mayl?]Cal ;lérfa}ce stfructltj)re. For ex'zmgle, Stalle'y etal. hla ve %;;Jd'ed
be caused by the support leading to a stabilization of unique IN€ 0Xidation of carbon monoxide by transition metal cations.

structures of the catalyst, changing the electronic properties due! '€ reactivities of bare transition metals {Mand their

to electron-transfer processes between the metal particles andonoxides (MO) toward both _Sai%';ted and unsaturated
the support, or by compound formation between the metal and ydrocarbons have been investigatéd: Schwarz and co-
supporf Early transition metal oxides, such as titanium and workers have found that some of the more reactive transition
vanadium oxides, are now being used as supports for numerougdnetal oxides (e.g., FeGand Pt0) can even activate methate,
catalytic processes and in many cases are found to be usefuff@m which a highly selective route to produce methanol has

catalysts themselves. For example, vanadium oxide catilysts P€enlong sought. Freiser and co-workers have studied the gas-
have been used in many industrial applications, such as thePhase reactions of Vand VO" with small alkanes using Fourier

production of sulfuric acitland in the selective oxidation and ~ transform mass spectrometry; dehydrogenation of these hydro-
ammoxidation of aromatic hydrocarboh.Many studies have ~ carbons was found to predominate, although cracking was
been performed to gain insight into the mechanism for oxova- Observed in reactions of the larger species investigatgtx(G,,
nadium catalysi§ 10 Other spectroscopic studies have given N = 5).1°

insight into the electronic structure of the so-called pseudotet-  Although much has been accomplished through investigations
rahedral oxovanadium groups. of bare metal and monomeric metal oxides in the gas phase,

Mixed metal oxide catalysts are also becoming prevalent. For very few studies on the reactivities and dissociation of transition
example, Topsge has investigated the selective catalytic reducimetal oxide clusters have been undertaken. Studies of titanium
tion of nitric oxide by ammonia using vanadititania cata- oxide clusters have focused on their reactivities toward molec-
lysts12 Also, the use of vanadyl pyrophosphate in oxidation ular oxyger?® as well as their structures, based on both
reactions has spurred great interest in the chemical commidnity. calculations and collision-induced dissociation prodétt@ver
For example, DuPont recently has implemented vanadium the past several years, investigations into the reactivities of
phosphorus oxides (VPO) as catalysts in the production of transition metal oxides have been sparse. Indeed, to the best
maleic anhydride fronn-butane!* Understanding the nature  of our knowledge, Zamaraev and co-workers are the only other
of the reactive sites in heterogeneous catalysis can be aided byesearch group that have attempted to correlate results for metal
gas-phase studies of neutral and ionic clusters, in addition to oxide cluster ions with known behavior for real cataly3tgheir
studies of these materials in solids or solutions. Ultimately, work was based on similarities between reactions of methanol
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with molybdenum oxide cluster cations compared to that of the
real catalysts in the bulk phase. @

Recently, Castleman and co-workers have conducted studies
on niobium oxide cluster ions, focusing on cluster ion distribu- (
tions, collision-induced dissociation (CID) studies, and ab initio
calculationg® These studies provided strong evidence for
specific structures, including approximations of bonding energies
and ionization energies for certain clusters. Novel reactivities
were observed for some of these clusters, including findings of
clusters containing reactive oxygen centers, which may be useful
in the development of new catalytic processes.

The present studies focus on the reactivities and collision-
induced dissociation of vanadium oxide cluster cations. Their
observed reactivities toward industrially important hydrocarbon
gases, such as-butane (GHig), 1-butene (GHg), and 1,3- i ‘
butadiene (GHg), differ greatly from similar reactivity studies ‘ [
made on niobium oxide cluster iof%. Although niobium and S\ W TP L ) Maadbd:
vanadium are both in group VA, vanadium oxide clusters are 100 200 300 400 500 600 700 800 900
much more active in selectively breaking bonds of these MASS (amu)
hydrocarbon reactants. Even though the mass distributions ofgjgyre 1. Total ion mass distribution of vanadium oxide cluster cations.
the oxide cluster ions are different for niobium and vanadium, The numbers in parenthesesyj, denote the number of vanadium and
the products formed from collision-induced dissociation (CID) oxygen atoms in the cluster,*; the remaining peaks correspond to

are nearly identical, indicating a similarity in the overall masses with an additional oxygen atom as a series progresses. Spectra
structures in (a) display the mass distribution from the laser plasma reactions of

vanadium with 10% oxygen seeded in the helium carrier gas. The same
conditions were used to generate the cluster distribution in (b); however,
0.4 mTorr of krypton was added to the collision cell to determine the
The experiments reported herein were conducted using a tripleMOst stable cations.
guadrupole mass spectrometer coupled with a laser vaporization ] ] ] )
source (TQMS-LV), which has been described previo#&i§? with molecular oxygen-10% seeded in helium) is shown in
Briefly, the second harmonic output of a Nd:YAG laser is Flggre lq. The first prominent peak in the cluster distribution
focused onto a small spot to ablate the surface of a rotating andbegins with the monooxide VO Each set of peaks corresponds
translating vanadium rod. Pulses of a mixture efs@eded in to clusters having a particular number of vanadium atoms, and
helium (ca. 10%) are injected by a pulsed valve and directed the difference in mass between each peak of a set corresponds
over the ablating rod surface, during which time plasma to one oxygen atom. Overall, the major peaks observed are
reactions take place. As a result, vanadium oxide clusters of V20s-g", V3Os-9%, V4Os-12", V5O11-15", VeOi13-17", and
various sizes are produced that thereafter undergo supersonit/701s-18"; in other words, clusters with stoichiometries of
expansion as they exit the laser vaporization source. After the (VO2)n(V20s)m(O2)o—2", or alternatively (VQ)x(VO3)y(Oz)o-3",
clusters enter the main chamber through a skimmer, the clusterare dominant in the cluster distribution. This finding is
ions are focused and steered by a group of ion lenses andconsistent with the stoichiometry of bulk vanadium oxide, which
deflectors. These ions then enter the first quadrupole mass filter,is found to be composed of \Mand V,0s units?® As a result,
which enables the selection of species of one particular massthe collision-induced dissociation and reactivities of these
from the total ion mass distribution in order to individually study dominant cluster ions are the focus of this study. Furthermore,
its reactivity or CID behavior. The selected cluster ions are clusters having an even number of vanadium atoms generally
then guided by a second group of ion lenses into the secondhave a greater number of peaks with higher oxygen content in
quadrupole mass spectrometer operated in the rf-only mode,the cluster series than those with an odd number of vanadium
which serves as either a reaction or collision cell. Herein, atoms. Varying the percentage of Geeded in the helium
investigations of both the reactivities and collision-induced carrier gas in the range between 6 and 30% had little effect on
dissociation of selected clusters take place. The pressure in thehe mass distribution. Below this percentage gfi®helium,
collision cell is monitored by a capacitance manometer. In the peaks corresponding to the clusters of higher ratios of metal to
reaction studies, the translational energy is kept to a minimum oxygen appear with minor intensity, for example;0¢" and
by applying either ground potential or a slightly repulsive VsOis". But, the intensity of all peaks began to decrease.
potential to the second quadrupole rods and the entrance plate | one series of experiments, the collision-induced dissocia-
of the collision cell in order to introduce only thermal ions into  tjon, (CID) behavior of several metal oxide clusters with varying
the reaction region. These precautions ensure that the observegeta|-to-oxygen ratios was studied in order to gain insight into
reactions take place at or very near thermal energies. Followingineir formation mechanisms and structures. Xenon was used
ensuing collisional processes, including reactions, the product, perform CID on the clusters Xa_g", V4Os_g*, VaOg_16",
ions exit the second_quadrupole_. Thereaf_ter, they are refocuseq/sonflf, VeO1s 157, and VO 15t. Table 1 displays a
by a thlrd group of ion lenses into the third qu_adrupole Mass symmary of the CID products for MO,*, and the CID
f|lter affixed with a channeltron electron mgltlpller, where the products for the clustersg/-O,* are presented in Table 2. The
ion mass products are detected for analysis. findings show that YO4*, V4Os 7", VaOsst, VeOi115", VeOrz1d',
and V;Oy617" are very stable species, requiring abouts3eV
(center-of-mass reference frame) of energy at single-collision
Cluster Distribution and Dissociation. The total cluster ion conditions to initiate dissociation. For the clustersOy*,
distribution resulting from laser plasma reactions of vanadium V4Og", and \kO,1", the main CID product is V®, while for
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TABLE 1: CID Fragmentation Channels of Selected
V,_40," Clusters?

CID CID
selected product neutral(s) selected product neutral(s)
ion VxO," (cations) lost  ionV,O;% (cations) lost
2,4 1,2 1,2 3,9 3,7 02
1,1 1,3 1,2 2,9
2,5 2,4 0,1 4,8 1,1 3,7
1,2 1,3 3,6 1,2
2,3 0,2 2,4 2,4
2,6 2,4 0,2 4,9 1,2 3,7
1,2 1,4 2,4 2,5
3,6 1,1 2,5 3,6 1,3
2,4 1,2 3,7 1,2
1,2 2,4 4,10 4,8 02
3,7 1,2 2,5 3,7 1,3
2,4 1,3 11 3,9
11 2,6 1,2 3,8
3,8 3,6 0,2
1,1 2,F
2,4 1,4

a2 Note: Fragmentation channels are shown in order of observation
with increasing collision energy.Represents that dissociation occurs
at near thermal energiesDescribes channels taking place under
multiple collision conditionsd The neutral loss is assigned based on
the difference between the selected cluster and fragment ion formed.

TABLE 2: CID Fragmentation Channels of Selected
Vs 70y" Clusters?

CID CID
selected product neutral(s) selected product neutral(s)
ion V,O," (cations) lost ion V\O," (cations) lost

511 11 4,10 6,15 6,13 02
2,4 3,7 5,12 1,3
3,6 2,5 2,5 4,10
5,12 1,2 4,10 3,6 39
3,7 25 7,16 3,6 4,10
5,13 5,11 0,2 4,9 3,7
11 4,12 2,4 5,12
6,13 3,6 3,7 1,1 6,15
1,1 5,12 1,2 6,14 Figure 3. Proposed structures for the clustejOft.
2,4 4,9 7,17 3,7 4,10
23 4,10 12 66’15 0.4 mTorr of krypton and 6 eV (laboratory reference frame) of
6.14 1224 ;"’1120 7,18 7,16 2 collision energy were used to collect a mass distribution as
37 3.7 shown in Figure 1b, whereas xenon was used to determine the

collision-induced dissociation products. It is observed from

2 Note: Fragmentation channels are shown in order of observation comparison with Figure 1a (the mass distribution without
with increasing collision energy.Represents that dissociation occurs krypton in the collision cell) that a minor shift to the metal-

at near thermal energiesDescribes channels taking place under . .
multiple collision conditions? The neutral loss is assigned based on fich clusters occurs although no new peaks are observed in the

the difference between the selected cluster and fragment ion formed.Spectrum. These findings, along with studies of reactions, and
in some cases calculations, are employed to infer reasonable

the clusters YO,%, V3077, V40qt, and \Oq;", the major structural models of these clusters as discussed later in the paper.

product ion is the V@" unit. The clusters of higher oxygen Cluster Structures and Properties by ab Initio Calcula-
content, MMOg™", V305 g™, V4010", Vs013", VeOist, and /O™, tions. Ab initio calculations are performed for the clusters
lose molecular oxygen near thermal energies and single-collisionV30s™ and 50+ using Spartan 4.0 softwaeon an IBM
conditions. For the larger clustersg® 314" and V06 17", RISC 6000 model 550 computer in our laboratory. The cluster

minor channels corresponding to V@nd VO,;* are observed,  structures are optimized at the Hartrdéock level using a
but larger metal oxide fragments are the predominant CID 3-21G* polarization basis set. Although such molecules cannot
products. The clusters of higher oxygen content appear to bebe adequately treated at the level of theory used, the calculations

the stable clusters mentioned above, with additionalfits allow some insight into the possible structures that may exist
attached. For example, it is proposed that thgdy is and assist in interpretation of the findings. The possible
composed of @chemisorbed to the surface of the®4™ cluster. structures for YOs+ are shown in Figure 2. The structures in

This assumption is made due to the ease with whighuiits (@) and (b) have been optimized, whereas the other two
are lost. While the CID results indicate that ¥0/>0s, and structures have not yet been optimized. The difference in

VO3 units are the dominant neutrals lost from certain clusters, energies between structures (a) and (b) is approximately 322
it should be noted that we are unable to actually detect thesekJ/mol with structure (a) being the more stable cluster cation.
neutrals; we only assume that these neutral clusters are intacfThe possible structures for the clustefO¢™ are shown in Figure
under single-collision conditions at the collision energies used. 3 where (a) and (c) are optimized; it should be noted that (b) is
To determine the most stable cations in the mass distribution, not yet optimized. The difference in energy for the clusters
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TABLE 3: Reactions of Vanadium Oxide Cluster Cations V,_30," with 0.3 mTorr of n-Butane, 1-Butene, and 1,3-Butadiene
reactant gas

cluster
VO, n-butane 1-butene 1,3-butadiene
xy) a b (CaH10) a b (C4Hg) a b (CsHe)
(2,4) w C (2,45-CoHa w C (2,4)"-CH; w C (2,4)"-C;Hs
M C (2,3)"+C;Hg D C (2,4)-CHq4 M C (2,3)"+C4Hs
D B (2,4)"-C4H1o w C (2,3)C4Hs D A (2,4)"-C4Hs
M C (2,4)"+C4Hg
(2,5) D B 2,4y w C 2,3) M C (2,3)"
w C (2,4)+CsHq4 D A (2,4 D A (2,4
M C (2,5) CoHa S B (2,4)-CoH, w C (2,4)"-CzHs
w C (2,4)’*"04"'10 W C (2,5)’*"02"'4 W C (2,3)‘+'C4H4
w C (2,5)*C4H10 w C (2,4)-C4Hs M C (2,3)"+C4sHe
M C (2,5)"+C4Hg M C (2,5)"-CoHs
w C (2,4)-C4H4
M C (2,4)"+C4Hs
w C (2,5)"-C4Hs
(2,6) M C 2,4y M B (2,4)" M B (2,4)"
w C (2,5) w C (2,5) w C (2,5)
D B (2,4)'+C4H1o D A (2,4)"+C4Hs D A (2,4)"+C4Hs
w C (2,6)*C4sH1o
(3,6) w C (3,6)-CoHa D C (3,6)-C4Hs D B (3,6) +CsHe
D C (3,6)*C4sH1o
3,7) w C (3,6f M C (3,6)" w C (3,6)"
M C (3,7)"CoHs D C (3,7)-CzHq4 M A (3,6)"+CsHs
D C (3,7)*C4H10 w C (3,6)C4Hs D A (3,7)"-C4Hs
w C (3,7)-CqHs
(3,8) M C (3,6) M C (3,6)" D B (3,6)"
D C 3,7)¢ D B @37 M B 3,7
w C (3,6)*CaH10 w C (3,7)-CzHq4 w C (3,6)"-C4Hs
w C (3,7)+CaH1o W C (3,6)"+C4Hs w Cc (3,7)"-C4Hs
w C (3,8)*CqH10 w C (3,7)-CqHs w C (3,8)"C4Hs
w C (3,8)"+C4Hs

aThese columns represent the product intensity with respect to the other peaks in that particular spectrum with each product marked as the
dominant (D) product of the reaction or as strong (S), moderate (M), or weak (W) produc? itimsse columns represent the product intensity
with respect to all of the cluster reactions studied with each product marked as strong (A), moderate (B), or weak (C).

shown in (a) and (c) is 219 kJ/mol with the structure in (c) those products with respect to all the clusters examined. These
being slightly more stable. Other suggested structures that arereactions are unique because the CID results under single-
in accord with our experimental observations (some of which collision conditions near thermal energies displayed no oxygen
are displayed later in this paper) have not yet been optimized atom loss for any cluster in the mass distribution with the
and will be presented in a future paper. exception of \VOs*, and no molecular or atomic oxygen loss
Reactivities with Butane, Butene, and Butadiene.In the was observed for the clusters mentioned above. However, those
present experiments, great emphasis is placed on the reactivitieglusters with ligated molecular oxygen{®s*, Vz0g™, V4010",
of alkanes and alkenes toward vanadium oxide cluster ions.VsO13™, VeOi15", and V0O5") are found to react somewhat
Specifically, the reactivities of various vanadium oxide cluster differently. Those clusters that facilely lose ®ay associate
ions with four-carbon-containing hydrocarbons, namaely n-butane, but the predominant reaction channel is loss of atomic
butane, 1-butene, and 1,3-butadiene, were studied at pressureand molecular oxygen under single-collision conditions; peaks
between 0.1 and 0.7 mTorr near thermal energies. Generally,that correspond to the association products of these clusters also
the reactivities of saturated hydrocarbons are found to be lowerappear in the spectrum at higher pressures. Minor channels for
than those of unsaturated species with the selected clustersC2—C3 cracking were observed for the clustersOys",

Interestingly, the differences in the reactivities 0§04+ and V306,77, and V011157, In addition, minor products representing
V307t have potentially significant implications regarding the dehydration of the 30,7 and \LOs* association products
catalytic activity. were also observed, but this channel was not observed for any

In the case of-butane, molecular association is the dominant of the other clusters.
reaction channel for most of the clusters studied. Also, the The reactions of the vanadium oxide cluster ions with
majority of the clusters studied display single oxygen loss from 1-butene display a dominant molecular association reaction
the cluster when reacted with the hydrocarbons; exceptions arepathway. The same phenomena for the abstraction of oxygen

V2041, V306", V40g™, V5011F, V013", and VO6" which from the selected cluster that was previously described is
display no oxygen loss at reactant gas pressures of up to 0.3observed in the cluster reactions with 1-butene as seen in Tables
mTorr. For the clusters ¥0s", V307, V4Og™, V5012, VeOi4T, 3 and 4. The clustersXD,5", V307, and \6Oy," are able to

and V,Oy7*, single oxygen loss was observed for reactions with break the C2C3 bond (single bond) of 1-butene. However,
most of the hydrocarbons studied at single-collision conditions association is the dominant channel for th€ys™ and V50;5"
near thermal energies. The results can be seen in Tables 3 andlusters, while cracking dominates the reaction pathway of
4 which represent reactions at reactant gas pressures of 0.3/30;7 as seen in Figure 4. On the other hand, the clusters
mTorr. The first column to the right of each set of reactions V30" and Vs011" are totally inert to the breaking of bonds
indicates the intensity with which these products occur in for 1-butene and only show a molecular association reaction
accordance with that particular spectrum. The second columnchannel. The clusters)@45s" and V5O;" also display a minor

to the right of each set of reactions indicates the intensity of channel for the dehydration of their association products.
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TABLE 4: Reactions of Vanadium Oxide Cluster Cations V,—7O," with 0.3 mTorr of n-Butane, 1-Butene, and 1,3-Butadiene

reactant gas

cluster
V,Oy" n-butane 1-butene 1,3-butadiene
(xy) a b (C4H10) a b (C4He) a b (C4He)

(4,8) no reaction D C (4,8)C4Hs D C (4,8)"+C4Hs
(4,9 W C (4,85 W C (4,8 W C (4,8)

D C (4,9)+C4Hio D C (4,9)+C4Hg D C (4,9)-C4Hs
(4,10) w C (4,8 w C (4,8) M C (4,8)*

D C (4,97 D B (4,9 D B (4,9

W Cc (4,9)+C4Hio W C (4,9)+C4Hg W C (4,9)-C4Hs

W C (4,10)+C4H10 W C (4,10)-C4Hg W C (4,10)+C4Hs
(5,11) w C (5,11)-CoH, D C (5,11)-C4Hg D C (5,11)-C4Hs

D C (5,11)-CsH10o
(5,12) w C (5,11) W C (5,11) w C (5,11

M C (5,12)+CoHy M C (5,12)CoH4 W C (5,11)+C4Hq4

D C (5,12) *C4H1o D C (5,12) C4Hsg D A (5,12)"+C4Hs
(5,13) D C (5,11) D B (5,11) M C (5,11)

W C (5,12) M C (5,12) M C (5,12)

W C (5,11)-CsH1o W C (5,13)-C4Hs W C (5,12)+C4Hs

w C (5,12) +C4H1o D B (5,13)"-C4Hs

w C (5,13)-CsH10
(6,13) D C (6,13)-CaH1o D C (6,13)-CsHsg D C (6,13)+C4Hs
(6,14) W C (6,13 W C (6,13) W C 6,13y

D C (6,14)+C4H1o D C (6,14)-C4Hg D C (6,14)+C4Hs
(6,15) M C (6,13 M C (6,13)" M B (6,13)"

D B (6,14) D A 6,14y D A (6,14)

w C (6,13)-C4H10 w C (6,14)-C4Hsg w C (6,14) -C4Hs

W C (6,14)+CsH1o W C (6,15)-C4Hg W C (6,15)+C4Hs
(7,16) D C (7,16)-CsH1o D C (7,16) C4Hsg D C (7,16)+CqHs
(7.17) W C (7,16 W C (7.16) W C (7.16)y

D C (7,17)-C4H1o D C (7,17)-C4Hg D B (7,17)"+C4Hs
(7,18) W C (7,16 M C (7,16) W C (7,16)

W C (7.17y W C (7.17y w C (7,17)

D C (7,18)+CaH1o D C (7,18)-C4Hsg D B (7,18)+C4Hs

aThese columns represent the product intensity with respect to the other peaks in that particular spectrum with each product marked as the

dominant (D) product of the reaction or as strong (S), moderate (M), or weak (W) produc? Tmsse columns represent the product intensity
with respect to all of the cluster reactions studied with each product marked as strong (A), moderate (B), or weak (C).
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Figure 4. Spectra of reaction ¥0;" with 0.2 mTorr 1-butene displays

predominant €C cracking.

It is interesting to compare the reactions of 1,3-butadiene with
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Figure 5. Spectra of reaction of ¥0,* with 0.2 mTorr of 1,3-butadiene
displays channels for both dehydration of association product ar@ C
cracking.

those of the other hydrocarbons. The majority of the clusters 5. V30;" was more specific and displayed a dominant
studied display molecular association of 1,3-butadiene as thedehydration product as observed in Figure 6, but the only
dominant reaction pathway, in addition to the abstraction of reaction for the cluster ¥0s" was association. Implications

oxygen from the clusters as seen with the other two hydrocar- of the reactivities of these vanadium oxide clusters with the
bons. The nonselectivity of the clusters® st was exhibited
once more, with minor channels corresponding to bothGC
cracking, as well as dehydration of the association product, i.e., the oxidation states of the vanadium atoms are exemplified by

H,0 loss from \LO4T-C4Hg as seen in the spectrum in Figure

aforementioned hydrocarbons are discussed later. Evidently, a
combination of the effects of exposed available metal sites and

these experiments and give insight into the reactions of these
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N However, for the purpose of this discussion, each atom will be
S, assigned an individual oxidation state. The proposed structures
a for V.04 can be seen in Figure 7; the structures chosen for
L 4 ' 4 —r . L . . . .
ke e 20w e w0 these and other clusters will be discussed in detail later. For

MASS (amu) the cluster ¥O4*, coordinative unsaturation would allow for
more molecular oxygen to be adsorbed to its surface. Coordi-
native unsaturation arises from the fact that only a limited
number of ligands can be within bonding distance of a metal
atom or ion due to steric and electronic effe@tsln the case
of the cluster O,™, it is postulated that coordinative unsat-
uration occurs due to the available oxidation states of the cluster.
For the clusters with additional oxygen, the oxidation states of
certain vanadium atoms would be in the5 state if all the
The mass distribution pattern of vanadium oxide clusters oxygen atoms were directly bonded to the vanadium atoms, but
obtained in the present studies shows that the dominant clustershe V6" is an unstable oxidation state. Therefore, it is proposed
can be represented by (MRA(V205)m(02)0-2". Vanadium is a that the cluster YOg" is composed of the more stable cluster
group V transition metal with an electronic structure of [Ar]- V,04" with molecular oxygen adsorbed to the surface.
34, Bulk vanadium oxide with the stoichiometry of,®s The cluster \{Ost, however, demonstrates an unusual CID
is an ionic compound, in which both vanadium atoms are in fragmentation pattern compared to all the other clusters studied.
the +5 oxidation state. Accordingly, such clusters as;¥O  Unlike the other oxygen-rich clusters which losgr@ar thermal
V307%, V50157, and VyOi7" should be very stable clusters. energies, the ¥Os™ first loses a single oxygen atom at slightly
Indeed, the results from the current experiments support this, elevated energies{l eV center-of-mass reference frame) and
but as will be seen, the clusters®" and VsO1," display then begins to lose an @nit as well after approximately 2 eV
reactive selectivity not seen with any of the other clusters center-of-mass reference frame of energy is added to the cluster
studied. under single-collision CID conditions. There are two possible
The mass distribution in Figure 1a has two features that needexplanations for these findings. For®s* to lose molecular
to be addressed. First, the distribution displays a progressionoxygen, the cluster 305+ would be formed with oxidation states
toward a greater oxygen-to-metal ratio with respect to the first of +3 and+4. Although this cluster is seen in the spectra at
cluster in a series, as the number of vanadium atoms in thevery low concentrations, it is not observed in Figure 1a,b due
cluster series increases. Second, a trend is seen for a greatep the ion intensity range of these spectra. Under the conditions
intensity for the oxygen-rich clusters in the series containing in which these clusters are formed, clusters that have a vanadium
even numbers of metal atoms as compared to the series havingtom in the+3 oxidation state are not favored. For example,
odd numbers of vanadium atoms. These two occurrences carthe cluster M\Og* has two possible structures. A straight-chain
be explained by examining the possible structures of thesebackbone of -O— units would allow all the vanadium atoms
clusters and the oxidation states of the vanadium atoms in eachto be in the+4 or +5 states. However, the other possible
structure. The prominent peaks in the first series, as seen instructure that allows for the branching of the cluster must have
Figure 1b, are VO and VGt with peaks of a higher oxygen  one of the vanadium atoms in-83 state, and the intensity of
content being present, but to a much lesser degree. Thesghis peak begins to diminish compared to the lower mass clusters
clusters also appear in Figure 1a but cannot be seen in the scalevhich have strong peaks for clusters with a 1:2 metal-to-oxygen
of this spectrum due to their low intensities. If the clusters are ratio. The possible structures fos®;¢" all have at least one
thought of as being ionic in nature, the vanadium atoms in thesevanadium atom in the-3 oxidation state, and this cluster is
two cations havet3 and+5 oxidation states, respectively. It  not observed in the spectra; see Figure 1. Therefore, formation
is postulated that the clusters of higher oxygen content (for of clusters with a3 oxidation state are less favored then those
example, V@', VO4*, etc.) are the VO and VOt clusters clusters that have all the vanadium atoms with a combination
with molecular oxygen attached, although the low intensity of of +4 and+5 oxidation states.
these peaks did not allow for CID experiments to be performed  Another factor that may play a role in the unigue fragmenta-
in order to determine whether,@nits are lost at near thermal tion pattern of the cluster XDs* may be to the manner in which
energies. the G unit is adsorbed. Due to the electronegativity of oxygen,
The next series begins with the clustesO4" where the electron transfer from the transition metal oxide to the adsorbed
oxidation states of the vanadium atoms can be thought of asoxygen commonly occurs, although it may not be a necessary
(+4,+5), although this cluster may exhibit a mixed valency. condition for chemisorption to occé?. However, studies

Figure 6. Spectra of reaction of ¥0;" with 0.2 mTorr of 1,3-butadiene
displays predominant dehydration of the association product.

clusters. The reactivities of selected vanadium oxide clusters
with various reactants are summarized in Tables 3 and 4.

Discussion
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conducted on supported .85 indicate that the adsorbed e €
molecular oxygen does result in the transfer of an electron to v v

form the superoxide ion (£).2° For these reasons, it is believed (@) i@, (b) %;v

that the adsorption of £on the vanadium oxide clusters are of : %

two types: chemisorption (possibly involving the transfer of % ﬁ G
an electron) and physical adsorption. All other oxygen-rich i € 4@ . 3.;
clusters that would allow for one or more vanadium atoms to “ @;x"
be in a+6 oxidation state lose £near thermal energies and & = e PN & 7]
are therefore thought to be comprised of molecular oxygen L3 o ﬁw éw ‘
associated through physical adsorption or weak chemisorption. %ﬁ‘ ;“ %;«‘ €

However, for \bOs™ the G unit is thought to be strongly % G

chemisorhed to the clustert;™ due to the amount of energy Figure 8. A single structural arrangement for each of the clusters
(~2 eV) needed to break this bond. For these reasons, the\/‘to8+ and VO,

cluster \bOs™ is unusual compared to the rest of the clusters

present in the mass distribution. It is believed that the more cluster \4Oo™ has the values oh = 1, m =1, andq = 1,
strongly adsorbed_molecular oxygen of thgdd" cluster allows (therefore,q = 0), and the cluster loses molecular oxygen.
for the loss of a single oxygen atom due to a greater eXChangeAlthough clusters with stoichometries of {Us), are stable as

of electron density between the metal and oxygen, whereas the, o ira] molecules, as cations (with one fewer electron) they are
other oxygen-rich clusters which display facile, @ss are

| q unstable because one of the vanadium atoms would be in the
thought to be bonded to a lesser degree. +6 oxidation state if all the oxygen were bonded to the
As mentioned previously, the oxygen-rich clusters@Qy", vanadium with no G-O bonds present. But unlike the:®@s"

V30g", V4O10", V513", VeOis', and V;Oys") all lose G near  species, there are structures for the cluste@y* and VgOis*
thermal energies as seen in the CID results presented in Tableshat allow the loss of @units, without placing any of the

1 and 2. The adsorption of »nto these clusters appears t0 vanadium atoms in the-3 state.

be a physical adsorption or weak chemisorption. From the  The second trend in the mass distribution, namely the
proposed structures, the oxidation states of the vanadium atomsyyserved shift to higher oxygen content as the number of
for the even series are lower than for those of the odd numbered, anadium atoms in the cluster series increases, can be attributed
series. Therefore, the adsorption of a greater numbesaflls 1 the apility of the clusters to form branched structures.
is more favorable for the less coordinated even series with '0W€rBeginning at the cluster series with four vanadium atoms,
oxidation states than for the less coordinated odd series WhiChbranching may occur. Examples of this can be seen in Figure

have slightly higher oxidation states. This is evidenced by the g \which displays a single structural arrangement for each of
mass distribution which generally displays a greater intensity the clusters, YOg+ and WO.,t. The branching allows for

for oxygen-rich species within an even series. In addition, the higher coordination of the branched vanadium atoms which
smaller clusters (i.e.,3/70,") display a greater number of peaks  increases the number of oxygen atoms that may be bonded to
within a series that have an even number of vanadium atomsthe cluster. As the degree of branching increases, the cluster
as compared to the series that contain an odd number ofggries shift from the 1:2 metal-to-oxygen ratio (i.e;0¢" and
vanadium atoms. For those clusters that are already in a highV306+) seen at the beginning of the mass distribution to a ratio

oxidation state (a" vanadium atoms already in the State), with h|gher oxygen content (i_e_,1w22+ and V11024+) for the
adsorption occurs to a lesser degree as evidenced by the masgyst cluster of a series.

distribution that displays these clusters (e.gsO¥", VsOua™, Since both vanadium and niobium are group VA transition

V7015", and WOz4") which are minor in comparison to the 1 ata15 one might expect that similar formation patterns,
other peaks in the mass distribution. dissociation patterns, and reactivities would result. However,
The V30, series begin with the clusters®* and V507" these expectations are not observed in the comparison between
where their oxidation states may be viewed &#,(+4, +5) these and prior studi&8. With regard to the previous findings
and (+5, +5, +5), respectively, with the proposed structures for niobium oxide clusters, the key building blocks and neutral
shown in Figures 2 and 3. The only other major peak in this dissociation products are comprised of both M®d NbQ
series is Og" which can be viewed as a3@* with an units23 With only subtle differences, the present studies show
associated @unit; in fact, the CID of this cluster leads to  similar CID results, as summarized in Tables 1 and 2, to those
molecular oxygen loss at near thermal energies. As statedseen for the niobium oxide cluster cations. However, there is
previously, the ¥O;* with the vanadium atoms already in a a difference between clusters composed of these two transition
+5 oxidation state are less inclined to associate additional metal species. In comparing the mass distributions of the
oxygen molecules. This is evidenced by the observation that niobium and vanadium oxide clusters, each series in the niobium
the mass distribution shows a decrease in intensity for the clustermass distribution begins with @, ", whereas each series for
V30q*, and CID of this cluster displays Qoss at near thermal  the vanadium oxide mass distribution (Figure 1) begins with
energies. These trends continue as the number of vanadiunm,O, 1%, i.e., with one less oxygen atom. The oxide cluster
atoms in each series progress. For the odd-numbered seriesglistributions for niobium and vanadium may differ because of
the clusters V@', V307", V505", V7017t, and WOz" all the stable oxidation states of the two elements. The stable
display structures that allow for every vanadium atom to be in oxidation states of niobium are the3 and+5, whereas the
the +5 oxidation state. There are no possible structures for stable states of vanadium ate2, +3, +4, and+5, with the
the series with an even number of vanadium atoms that have+5 state being the most stable for both metals. Therefore, the
the+5 oxidation state for all the metal atoms. Clusters of higher niobium clusters that would have metal atoms in th& state,
oxygen content that do not fit the formula (YA 205)m(O2)q" at a metal-to-oxygen ratio of 1:2, would be unstable and are
(with n = 1 andg = 0) lose molecular oxygen near thermal not seen in the mass distributiéh. The vanadium atoms, on
energies and single-collision conditions. For example, the the other hand, are stable in thel state, and therefore these
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clusters are among those observed. The stable oxidation statesxygen atoms which is shown in Figure 3c, unlike that for
for niobium would also account for the fact that molecular V3;O0s" which was mentioned previously.

oxygen is not lost for the clusters dbs" and NbO,o" as seen The vanadium oxide clusters studied have shown little activity
for the vanadium clusters with the same stoichiometry; this 10Ss toward saturated hydrocarbons. The main products formed for
would result in clusters with a niobium atom in the unstable 4| the clusters studied were the association product and
+4 oxidation state. abstraction of atomic and molecular oxygen from certain clusters
Collision-induced dissociation (CID) has proven to be a as discussed previously. The clustersOys", V30s 7+, and
valuable method for determining structures of a variety of VzO; 15" all demonstrated a minor pathway for the -623
molecules’! Results of studies conducted here, and summarized cracking upon reaction witm-butane. This reaction process
in Tables 1 and 2, show the selected clusters and their CID was evidently due to the thermodynamic favorability of forma-
products. The listings are in order of increasing relative bond tion of two ethyl groups rather than methyl and propyl! groups.
dissociation energy for each cluster type with the lowest |n addition, minor products representing the dehydration of the
dissociation energy listed first. From these results, several trendsv,0, s* association products were also observed. These two

can be observed. For example, fragment units of {M@Os)y clusters displayed several channels for reactivity but have shown
are commonly observed for metal-rich clusters, but only after no selectivity for their reaction pathways.

substantial energy (about-% eV center-of-mass frame) has

been added; however, oxygen-rich clusters can los@@ar 4 \anadium oxide clusters with the three hydrocarbons studied
thermal energies as discussed previously. is the loss of a single oxygen at near thermal energies and single-

CID studies of the smaller clusters,\40," (Table 1) and  collision conditions. None of the clusters studied were observed
the larger clusters 70, (Table 2) suggest that these tg |ose a single oxygen atom at various energies under CID
structures are comprised entirely o0 bonds without the  ¢onditions with the exception of Xst. This oxygen loss may
presence of ¥V bonds. This is not surprising in view of the  pe attributed to the oxygenation of the neutral hydrocarbon upon
fact that it has been observed that the @ bond (149 kcal/ reaction with the selected cluster. The loss of f@om the
mol)*>3 and the V—O bond (131 kcal/moff* are ap- oxygen-rich species at single-collision conditions near thermal
proximately 2—2:5 times stronger than the-W bond (63 kcal/. energies may be the result of a CID process, as these same
mol).373% Details about the structures and types of bonding reactions were observed for the CID experiments performed with
(i.e., V=0—0 vs V associated with the dojjble bo”‘i il xenon at single-collision conditions near thermal energies.
i?eo oxygeg-rrelzcgtilICLunsc:g:’rmsEz:g a?fﬁ?jia {h;/rseoizga’fairillg o  The reaction of 1-butene with these clusters demonstrated
| 410712 9 more interesting results. Association dominated the reaction
oss in these clusters. .

pathway for most of these clusters with the same phenomena

+ i i i . . A
The proposed structures ok, are displayed in Figure 7. o0 rring with the loss of both molecular and atomic oxygen
Structures with -V and O-O bonds are not thermodynami- o1 thermal energies for particular clusters. The clusters

cally favorable as discussed previously and are not addresse 20457, V5077, and WO+ were all able to react, producing

here. AIthough_the ISomer shown In Figure 7k.) may exist to 5 co_c3 cracking product. However, the clusterglys™ were
some extent, it is unlikely to be of importance in view of the )y, |egs reactive and less selective compared to the other two
fact that two bonds would need to be broken to form the CID ) g5 The reaction of these species with 1-butene also
products obs.erved, namely ¥Oand VO'. o displayed dehydration products, association produg@y"-

In comparing the structures of s@s" and \,O;", it is CsHs, and the cracking product ®,+-CH, in addition to the
observed that their reactivities, which are remarkably different, co—c3 cracking product Y0, 5t-C,H, mentioned. Although

may be influenced significantly by cluster structure and oxida- the cluster \O;* displayed a dominant cracking channel, minor

Another unique reaction pathway observed for reactions of

tion states of the vanadium atoms. In the case gV, the dehydration of the association product was also observed. In
C_ID fr_ag_mentatlor_l products in order of increasing +bond comparing the clusters 30" and \50;* with 1-butene, the
dissociation energies of the original cluster are V®20,", effects incurred by the presence of the extra oxygen atom are

and VOQ;. These fragments can be accounted for by the eyigent. The reaction channels were entirely molecular as-

structure proposed in Figure 2a. If the structure in Figure 2b ¢qciation for \{Og*, but reactions of YO;+ displayed C2-C3
were present, the fragment ¥Owould be more prevalentand  .r5cking of the single bond of 1-butene. The reaction scheme
VO* would occur to a lesser extent if at all. However, this of V3O;t with 1-butene can be described as follows:

structure and one that would incorporate the ring structure
proposed for the YO4* cluster (Figure 2c¢) cannot be totally

ruled out as possible isomers that may be present to a minor V3O7Jr + C4|_|8=’V307+'C4|'|8 (1)
extent. Another possible structure, Figure 2d, is a large ring N
composed of three vanadium atoms and three oxygen atoms = V30, -CH, + CH, (2)
with an additional oxygen atom bonded to each of the metal
sites. where the reaction process results in the formation of tyté,C
On the other hand, 307" is unique in the fact that V@, units. It should be stressed that the studies of the reactions of

not the VO unit, is the dominant fragmentation channel, as both Vs0¢* and V50;* were conducted under similar conditions
illustrated in Table 1. Under multicollision conditions and near thermal energies. Comparing the results in Figures 9 and
approximately 5 eV (center-of-mass reference frame); -\ 10 illustrates the differences in the reactivities of these two
observed in the spectra. This can be postulated as a loss otlusters. The C2C3 cracking with \4O;" may be a result of
two VO3 units which can be rationalized from the predicted the favorability of breaking thee C—C bond of butene. These
structure in Figure 3a. Again, a ring structure similar to that same arguments may be made for the reactivities of the cluster
for V,O,T may be present to a minor extent as an isomer for VsO11t and V60121, where \6O11" is totally inert to the bond

this cluster as shown in Figure 3b. Another possible structure breaking of 1-butene. Cracking of alkenes occurs industrially
is that for a ring containing three vanadium atoms and four upon reacting with highly oxidative compounds such as O
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(ozonolysis process) or KMng@° and it is interesting to observe 12, which display the branching ratios in terms of intensity
that this process occurs only with specific vanadium oxide versus pressure of reactant gas. As mentioned earlier, the
cluster ions. structures and oxidation states of04" and V5O, are predicted

The reaction with 1,3-butadiene with the clusters studied again to account for the changes in reactivity.
displays the association channel as the dominant pathway for In considering the reactions of3@;" with butadiene, the
most of these clusters. The same oxygen abstraction reactiongeaction process can be described as follows
occurred for these clusters as was seen previously. The major

differences between the niobium and vanadium oxide cluster V40, + CHg= V30, "C,H, 3
cations are seen by comparing their reactions with the hydro-
carbon 1,3-butadiene (Hs). The reactions of the other = V,04"-C,H, + H,0 (4)

hydrocarbons studied here were not conducted for the niobium
oxide cluster cations. For the reactions of niobium oxide cluster where the first channel is molecular association and the second
cations with 1,3-butadier®, molecular association products channel is dehydration of 30;"-C4He. The product \Og™*

(NbO,*+C4Hg), loss of atomic oxygen (NBy-1"), and as- C4H4 involves dehydrogenation, and perhaps rearrangement, of
sociation of butadiene with these products {8 1%-CsHe) butadiene; in fact, it is postulated that the structure resembles
were observed for the specific clusterss®p-¢™ and NbO; ™. V305™-C4H40, where GH4O has a structure similar to furan,

By contrast, the clusters 045" were able to react to form  which is associated to thes@s" cluster surface. Formation of
minor products for C2C3 cracking and dehydration products organic compounds from the reactions of 1,3-butadiene with
in addition to the dominant pathway of molecular association. oxygen-containing compounds is highly exothermic, and forma-
The cluster JO;* demonstrates a higher degree of selectivity, tion of furan-like intermediates from butadiene-like precursors
producing only the dehydration and association products with in their reactions with vanadium phosphorus oxides has been
no cracking products and only minor oxygen abstraction proposed? The ability of certain vanadium oxide clusters to
observed. The ¥0;," also displays a minor channel for the oxidize hydrocarbons into oxygen-containing neutral products
dehydration product, whereass®;" is only able to associate is supported by the above reaction process. Also, the occurrence
1,3-butadiene. The special nature of the reactivities of the of oxidation (shown here as dehydration 0§Q4"-C4He) is
V307 cluster toward butadiene can be described in terms of supportive of an oxygen-mediated reaction process.

the coordination of the extra oxygen atom onto thgO¥ It should be stressed that the reactivities gOy*" and V507"
cluster, which is only able to associate this reactant. The are different, not only in terms of their reaction channels but
reactivities of these two clusters can be seen in Figures 11 andalso in their extent of reaction with different species. Table 3
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