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The reactive and dissociative behavior of molybdenum and tungsten oxide cluster ions has
been studied in the gas phase using a triple quadrupole mass spectrometer. Cluster ions
(M05) ,:;- were formed via a simple thermal desorption/electron capture negative ionization
method, and their structures were characterized by collision-activated dissociation (CAD).
Typically, the clusters fragment by losses of neutral (M03) units. Reactions of the oxide
cluster ions with ethylene oxide, cyclohexene oxide, ethylene sulfide" cyclohexene sulfide,
2,3-butanedione, and 2,4-pentanedione were examined, and product ions were character
ized by CAD. The clusters react with ethylene oxide by addition of ethylene oxide or net
addition of oxygen, whereas the clusters react with ethylene sulfide via net addition of one
or two sulfur atoms. Reactions of the clusters with the diones result in addition of one or
two diane units, in some cases with dehydration. (J Am Soc Mass Spectrom 1991, 2, 212-219)

T
he increasing interest in gas-phase studies of
transition metal oxides stems in part from the
use of oxides as catalysts in various oxidation

processes [1, 2]. For example, molybdenum-contain
ing catalysts have been used in ammoxidation of hy
drocarbons [3], demetalation (4], selective oxidation of
olefms [5], various photooxidation reactions [6, 7J,
and hydrotreating processes such as hydrodesulfur
ization and hydrodenirrogenation [8~12]. The latter
two processes are particularly important in the oil
industry because there is an increasing trend toward
large-scale refining of heavy crude oils containing
high percentages of sulfur and nitrogen. Such oxide
catalysts are also useful for epoxidation of olehns [13].
Additionally, it has been demonstrated that methanol
is oxidized to formaldehyde over MoO) in a process
in which any Mo that is not coordinatively saturated
may act as an active site [14]. The mechanisms of
these oxidation reactions often involve oxygen atom
transfer from the oxides with participation by ox
ornetal groups [15J.

The factors that most greatly influence the catalytic
properties of the oxides include structural coordina
tion and oxidation state. One example highlighting
the importance of the latter involves the homologa
tion and metathesis of ethylene by Mo03 [16J. The
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active sites for homologation require a more reduced
MoOx species (like M0 4 +) than for metathesis, the
latter proceeding via metal alkvlidene and metallacv
clobut~ne intermediates, Moreover, it was recently
proved that it is the lattice oxygen ions of Mo03 , the
most active catalyst for propene oxidation to acrolein,
that are inserted into the organics undergoing oxida
tion, and not the oxygen atoms that may adsorb on
the catalyst surface [17].

Another interest in transition metal oxides has de
veloped from their use as dielectric or insulating ma
terials in electronic applications [18]. Some o:xides,
such as W03 , are intrinsically semiconducting and are
being used in new solid state device and sensor tech
nology. For example, thin :6LTTIS of semiconducting
material have shown remarkable sensitivities as gas
sensors for propane, NH 3, H 2 , H 2S, and for reducing
agents [19, 20]. In many cases, the mechanism of
activity depends on the extraction and infusion of
carriers from the oxide by oxygen adsorbed and/or
organic species oxidized at the surface.

There have been numerous studies of metal clus
ters, and more recently metal oxide dusters, using
various lTlaSS spectrometric techniques [21, 22]~ In
creasingly, attention has been focused on the charac
terization of the reactive behavior of these clusters in
the gas phase. For example, alkene oxidation by tran
sition metal oxides was studied [23J, ion/molecule
reactions of Co/oxygen cluster ions were investigated
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Figure 1. Electron capture negative ionization mas s spectra of
(MoO ]); and (WO]); clusters.

obtained . For CAD experiments, the collision cell
pressure was 1 mtorr of argon, corresponding to mul
tiple collision conditions. Collision energy was de 
fined by the potential difference between the ion
source and the central quadrupole. Breakdown curves
were obtained by programming the collision cell offset
potential to step between 60 and 160 V by 20 V per
step. Collision energies below 60 V did not induce
dissociation. A dual metering inlet valve was used for
the introduction of the reagent gas and reactive gases
or liquids. All compounds were purchased from
Aldrich Chemical (Milwaukee, WI) and used without
further purification.
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[24), and the reactivities of a range of bare metal
clusters including Al~ [25], Pt~ [26), Fe;:- [27), Nb;:
[28), Cufe " [29], and Ni; [30] with neutral substrates
such as CO, N z' Oz, CH 4 ' C ZH 4, and NH 3 were
examined. Correlations of ion abundances with struc
tural configuration have also been drawn: the cluster
ion distributions for selected metal oxides was shown
to be dependent on the electron configuration of the
metal in the oxide [31), Further studies of gas -phase
metal oxide clusters are of interest not only because
they can yield information of intrinsic heterogeneous
catalytic mechanisms, but also because clusters afford
a natural array of size-selected related structures.

The aims of this article are to (1) demonstrate the
Viability of producing an array of clusters by using a
simple, inexpensive thermal desorption method and
(2) present a survey of the interesting reactive behav
ior of two size-selected series of metal oxide clusters.
Initial work was reported previously on the produc
tion of molybdenum and tungsten oxide cluster ions
by using a simple thermal desorption method to gen
erate clusters in the gas phase and the determination
of their dissociative behavior by usin g low energy
collision-activated dissociation (CAD) techniques [32).
These results were followed with an investigation of
the reactive behavior of the oxides . The ion /molecule
reaction chemistry of these oxides was examined for
two reasons. First , certain neutral reagents were cho
sen to probe the intrinsic reactive behavior and prod
uct formation of the size-selected clusters . Second,
both structural and energy differences of ions can be
distinguished on the basis of their reactive behavior
with selected compounds [33]. The reactive species of
particular interest are ethylene oxide, cyclohexene ox
ide, ethylene sulfide, cyclohexene sulfide, 2,3
butanedione, and 2,4-pentanedione (acetylacetone).
Low energy collision activation was used to compare
the relative dissociative behavior of the product ions.
No suitable compounds with known structu res exist,
so the reactive and dissociative behavior of the cluster
ions cannot be compared to the behavior of model
compounds. However, collisional activation is still
valuable as a tool for comparing relative differences in
dissociative behavior within a related series of ions.

Experimental

Metal oxide clusters are formed via desorption from a
direct evaporation probe and electron capture nega
tive ionization. A Finnigan Triple Stage Quadrupole
(TSQ-70) (Finnigan-MAT, San Jose , CA) was operated
in the negative chemical ionization mode at a source
temperature of 80 "C . Argon wa s used as the buffer
gas to promote thermal electron production at a mani
fold pressure of 4 x 10- 6 torr (approximately 1200
mtorr ion source pressure). Samples were applied to a
platinum or rhenium filament from a methanol sus
pension, and ions were produced by increasing the
filament current until sufficient signal intensity was

Results and Discussion

Negative Ionization Mass Spectra and Collision
Activated Dissociation

The clusters were generated by using a thermal des
orption probe. This is a remarkably simple method for
producing an array of dusters, and does not involve
the use of a laser for desorption and/ or ionization,
nor does it invol ve the use of a supersonic expansion.
Negative electron capture mass spectra of the metal
oxide dusters, (Mo03);;- and (W03)~' are shown in
Figure 1. The (Mo03 ) ,:; clusters were.observed up to a
range of 2000 u, where n = 13, and the (W03)~

\,
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Figure 2. Energy-resoived breakdown curves tor (M003)~"

are shown in Figure 2, and the energy axes have not
been corrected for the laboratory reference frame. A
dominant feature of the fragmentation pathways is
loss of an array of (Mo03)n units. These losses may be
dimers, trimers, or tetrarners, or they may be sequen
tiallosses of Mo03 units. Because the structural iden
tities of the neutrals eliminated during the dissociative
processes are not known, the distinction of whether
the cluster ions fragment by losing sequential oxide
units or by cleavage of a single (Mo03)n unit cannot
be made. Losses of oxygen, Mo, MoO, or Mo02 were
never observed. Once the cluster size exceeds n = 5,
only total losses of neutrals larger than 2(Mo03) are
observed, while loss of a monomer unit is only ob
served for the smaller (n = 3,4) clusters. For the clus
ter sizes n = 4-7, the favored dissociative pathways
result in formation of (Mo03)i and (Mo03)3 ' sug
gesting that the dimer and trimer species have special
stabilities. The (W03)n clusters behave qualitatively in
the same fashion: losses of neutral dimer and trimer
units predominate, whereas loss of a single oxide unit
is either absent or highly unfavored. The overall frag
mentation scheme for the (Mo03)n clusters, n = 3-7,
is presented in Figure 3.

clusters were observed up to n = 8. The monomer,
M03, was not observed for either metal, and the
dimer gave a relatively weak signal, although the
relative abundances of the higher mass cluster ions
decreased essentially monotonically with increasing
n. Typically trimer and hexamer species have the
greatest abundances.

Often collisional activation experiments are used to
compare the dissociative behavior of one ion having
an unknown structure to the dissociative behavior of
model compounds. This allows general structural cor
relations to be made. However, collisional activation
experiments may also be used to compare the disso
ciative behavior of a related series of ions, such as a
mass-selected aTTay of clusters, without the use of
model compounds. It is well documented that ion
activation may induce isomerization or rearrangement
of an energized parent ion prior to fragmentation [34).
If experimental conditions are held constant, how
ever, then reproducible differences in CAD spectra
may indicate structural differences within the series of
related ions or patterns in fragmentation behavior.
For this reason, the fragmentation behavior of the
(Mo03)n clusters was studied by generating break
down curves via variable kinetic energy collisional
activation . The curves for the clusters from n = 3-7

Ion / Molecule Reactions with Sulfur- and O::tygen
Containing Compounds

Ethylene oxide was chosen as a reactive species be
cause metal oxides have been used "11S. catalysts for
epoxidations of alkenes. Presumably, the mechanism
of oxidation involves tra....T'lsfer of an OXjrgen atom from
the surface of the oxide to the coordinated or ad-

sorbed alkene species. There e"ists considerable ongo
ing controversy concerning the mechanism for the
elimination of ethylene from ethylene oxide and from
ethylene sulfide on metals. For example, it has been
shown that the complex Li2W0 6 reacts with substi
tuted ethylene oxide via epoxide ring opening to form
an oxametallacyclobutane [35]. The a xametallacy
clobutane presumably then undergoes C-Wand
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Figure 3. Fragmentation scheme for collision-activated dissoci
ation of (Mo03 ) ';- .

c-o bond cleavages, producing an alkene and a
tungsten-oxygen complex. Alternatively, the reaction
may occur by a concerted process. The latter was
proposed for the reaction of ethylene sulfide on
molybdenum [36]. Calculations for ethylene sulfide
reactions on both complexes and at surfaces, how
ever, suggest that the concerted mechanism is more
energetically favorable at a surface than for a complex
[36]. Additionally, different reactivities of ethylene
oxide and ethylene sulfide on metals were observed,
due in part to the different strengths of C-O and
c-s bonds [37] . The c-o bond in ethylene oxide is
stronger, and less energy is required to decompose
ethylene sulfide to ethylene and sulfur than for the
analogous process for ethylene oxide.

Therefore, it was our interest to examine the intrin
sic reactive behavior of the ionic oxide dusters with
ethylene oxide (EtO) and ethylene sulfide (EtS). First,
ethylene oxide was introduced into the ion source,
and the resulting product ions are shown in Figure 4
for the (W03)n series. One immediately striking fea
ture is the huge difference in relative abundances of
adduct formation for the different cluster sizes. For
n = 2 or 3, only small abundances of (W03)n-EtO
adducts are observed, whereas for n = 4 the (W03)4
EtO adduct ion is abundant, and for n = 6 the abun
dance of the adduct ion exceeds that of the metal oxide

cluster. The odd-n cluster adduct ions (n = 5 and
n = 7) are of small abundances. Only for n = 4 is the
oxygen addition adduct more abundant than the ethy
lene oxide adduct, perhaps indicating that the geome
try of the n = 4 cluster in some way assists in the
elimination of ethylene, unlike the n = 6 duster in
which expulsion of ethylene is clearly disfavored .

Structural characterization of the adducts was done
by using collisional activation at a range of collision
energies . A representative case is shown in Figure 5
for the (W03)4/EtO adduct. At moderate collision
energies, the adduct ion fragments by loss of C2H 40
(likely as ethylene oxide) or by loss of ethylene. The
latter result is particularly intriguing because it sup
ports the suggestion that the metal oxide/ethylene
oxide adduct is oriented in such a way that the epox
ide oxygen is bonded to a metal center, and therefore
the metal oxide is capable of abstracting a solitary
oxygen atom. At higher collision energies, dissocia
tion by loss of oxide cluster units is also observed.
Additionally, dissociation to an oxide dimer with one
extra oxygen is observed, but dissociation to an oxide
trimer or monomer with one extra oxygen is not
observed. The fact that only selective dissociation
channels occur with retention of the oxygen unit im
plies that the ethylene oxide addition may occur at a
specific site of the cluster. In general, all the metal
oxide/ethylene oxide adducts dissociate predomi
nantly via los s of 28 u (like as ethylene).

A comparison of the CAD behavior of (W03kEtO
and (W03kEtO is also informative. Whereas the n =

4 cluster adduct dissociates predominantly by either
loss of EtO or ethylene, the n = 6 cluster dissociates
only by loss of ethylene to form the (W03kO species.
Bare (W03)6 product ions are never observed even at
higher collision energies . This clearly indicates a dis
tinction between the cluster sizes, possibly due to the
differences in cluster structures, in electronic state
densities, or in frontier orbital energies [38], or the
more subtle structural changes due to bond-stretch
isomerism (39]. The outcome is that the different
cluster sizes demonstrate different abilities to bind
oxygen. In the present case, the n = 6 cluster appar
ently binds the oxygen atom more strongly than the
n = 4 cluster.

To probe the generality of the capability of metal
oxide clusters to abstract oxygen from epoxidc species,
we also examined the reactive and dissociative behav
ior of the (W03)n clusters with cyclohexene oxide
(CyO). The mass spectrum of the products is shown

928
I
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.C2 H40

/1_
[M + 44]

1392 \
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\

l ~ "

Figure 4. Mass spectrum of the prod
ucts of the reaction between ethylene
oxide and (W03)n'
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sulfide and eycIohexene sulfide instead of ethylene
oxide and cyclohexene oxide as the reactive gases. A
representative spectrum for the ad ducts produced in
the source from (W03)n and ethylene sulfide is shown
in Figure 6. One striking difference is obvious . Unlike
the ethylene oxide reactions in which adducts of en
tire ethylene oxide units with (W03)n were formed,
adducts due to the addition of ethylene sulfide units
are not observed. Instead, clusters with addition of
one or in some cases two sulfur atoms arc formed.
The abundances of the n = 5,7 cluster adducts are
small, as is the case for the ethylene oxide results, and
the abundances of the n = 4, 6 adducts are large.
Interestingly, the n = 4 cluster shows predominant
addition of two sulfur atoms whereas the n = 6 clus
ter shows only significan t addition of one sulfur atom.
This absence of ethylene sulfide adducts and presence
of sulfur atom adducts (as compared to the ethylene
oxide reactions) is consisten t with the assumption that
the lower C-S bond energy than C-O bond energy
(estimated as 20 kcal /mole difference [37]) is an im
portant factor in determining the efficiencies of cat
alytic transformations. This mimics the tendency for
desulfurization of ethylene sulfide via intramolecular
elimination on single crystal transition metal surfaces .
The dissociation behavior of the n = 3 cluster/sulfur
adduct is shown in Figure 7. This adduct dissociates
via loss of any combination of (W03)n and sulfur
units.

The product distribution observed from reaction of
cyclohexene sulfide with (W03) n is shown in Table 2.
The n = 4 and n = 6 cluster adducts are most abun
dant, and again n = 4 shows addition of two sulfur
atoms whereas n = 6 favors addition of one sulfur
atom. When the (W0 3h / S adduct is activated, it
dissociates via loss of sulfur, and also produces the

3 1 0.85 0 .01 0 .15
4 5 0.15 0 .35 0 .50
5 10 0.80 0.05 0 .15
6 10 0 .10 0.65 0.25

IIFor each cluster size , the product abundances are expressed as
the fraction of the total ion current for that size.

b Th c sca ling fa ct or indicates the c vrerell d ist ribution of clu ster
s izes .

Ta ble 1. Relative product distribution of reactions of
cydohexenc oxide and (WO 3)na

oxide

972

ethylene

!
944

'JW03"'''''h" ",,

,j
I

Fi'ttr~ 5. Collision-activated d iss ociatio n spec tr u m of
(W03)4 /e thylene oxide at 60 eV collision energy.

in Tabl e 1. In this case, the n = 4 and n = 6 dusters
again show the greatest relative propensity for adduct
formation: however, the n = 3 cluster does form
adducts (in contrast to the ethylene oxide reactions) .
With eyclohexene oxide as the reactive substrate, the
abundances of the adducts for both n = 4 and n = 6
exceeds that of the bare metal oxide cluster. Also,
compared to the ethylene oxide adduct data, a greater
relative proportion of the adducts exist as oxygen
addition species (via loss of neutral cyclohexene) than
as eyclohexene oxide adducts. This latter observation
presumably reflects the reduced strength of the C-O
bonds in cyclohexene oxide as compared to ethylene
oxide. Collision activation of the (W03)4/cyclohexene
oxide cluster indicates that this adduct ion dissociates
predominantly to (W0 3)i (85% of the ion current) via
loss of cydohexene oxide and to (W0 3)4/ 0 - (15% of
the ion current) by elimination of cyclohexene. Thus,
oxygen atom abstraction from more bulky epoxide
ligands by the metal oxide clusters is possible.

Similar studies were performed by using ethylene

Figure 6. Mass spectrum of the
products of the rea ction between efh
ylene sulfide and (\VO ) " .

..,..8 992 \4,.
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I .,~' ~ .. ,..
d .. I . ,". f I . -,.,. ... eeo """ .... noo 0600
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Table 2. Relative product distribution from reactions of
cyd ohexene sulfide and (W0 3).·

2 1 0.90 0 . 10 0

3 1 0.B5 0.10 0.05

4 2 O.BO 0 .05 0.15

5 20 0 .95 0 .05 0

6 20 0 .35 0 .60 0 .05

7 20 1.00 0 0

aFor eac h cluster size , the product abundances are expre ssed as
th o fraction of th e total ion current fo r that size .

b T he scaling factor Indicates the overall dist ribut ion of cluster
s izes.

Table 3. Relative product distribution for react ions of (W03)n
and 2,4-pentanedione"

696 0 - 3

n
Scaling
factor"

Figure 7. Colli sion -activated d issociation spectrum of
(W03h /S and (W0 3h /2S.

fragment (W0 3)/S. Alternatively, when the
(W03h / 25 adduct is collisionally activated, it dissoci
ates only via loss of both sulfur atoms, not by single
sulfur atom loss . This suggests that the sulfur atoms
are linked by interatomic bonding interactions while
attached to the oxide cluster. Losses of (W0 3 ) units
are also observed.

Ion / Molecule Reactions with Diones

Acetylacetone was selected as a reactive probe be
cause of its well-characterized properties as a metal
chelating agent . The product distribution resulting

2 1 0 .65 0.05 0.15 0 . 15

3 1 0 .15 0.10 0.20 0 .55
4 1 0 .01 0 .05 0 .80 0 .15

5 10 0 .05 0 .05 0.45 0.45

6 10 0.10 0.05 0.30 0 ,55

7 10 0.25 0.05 0.45 0 .25

' For eaeh eluater sI. e, the produet abundanees are expressed as
the fraet io n of the tota l ion current fo r that stze,

" The sealing faetor indicat es the overall distribution of cluster
size s.

from reactions of (W0 3 )n with acetylacetone are
shown in Table 3. Several observations are apparent.
First, to some extent all of the sizes of the metal oxide
clusters demonstrate some reactivity . Second, the size
selectivity toward adduct formation does not obey a
clearly defined trend based on odd or even cluster
size. Third, products are cons istently observed at [M
+ 82r , [M + 100)- , and [M + 1821- . Presumably the
[M + 82] - product is an acetylacetonej'metal oxide
adduct that has undergone deh ydration, whil e [M +
182] - represents a metal oxide cluster with two
acetylacetone ligands that has undergone de hydra-

Table 4. Distribution of dau ght er ions from collisionally activated (W0 3h /
2,4-pen taned ione ad ducts"

Pa rent ion Daughter ions

(WO) I) (W0 3 ' 3 / O

0 . 15 0[[W°3)3 /lacac)2
-H 20 ]

(M + 1821 

[[W°3)3 /acacl
1M + 100)

((WO 3) 3/ac ac

-H 20]

(M + 82) -

0.10

0 .05

0 .10

0.30

0.05

0.10

0 .80

0 .80

0 .0 1

o

0 .45

0 .10

o

·Collis ion energy was 100 eV .
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Table S. Product distribution from reactions of 2,3
butanedione and (W03)n'

Scaiing iW03 in i
n factor" (WOaln butanedione

3 1 0.25 0.75

4 1 0.50 0.50

5 1 0.70 0.30

6 10 0.15 0.85

7 10 0.95 0.05

C1For each cluster slze, the product abundances are expressed as
the fraction of the total ion current for that size.

bT he scaling factor indicates the overall distribution of cluster
sizes.

tion. For n :2= 3, the abundances of the adducts exceed
the abundances of the bare cluster in all cases. Addi
tionally, if n = 3 or n = 6, a propensity for addition of
two acetylacetone units is observed.

Collision-activated dissociation of these three
adduct species reveals some further structural infor
mation (see Table 4). In the case of [M + l00r or
[M + 182]", loss of neutral acetylacetone is favored,
whereas for the [M + 82] - ion, dissociation to pro
duce the bare metal cluster is predominant. Further
more, the (W03h/acetylacetone adduct ion also dis
sociates via loss of water. All the cluster adducts
dissociate to some extent to (W03h /O-. The (Mo0 3)n
ions also formed [M + 82j-, [M + 100j-, and [M +
182] - adducts, and the fragmentation behavior of
these species is analogous to the tungsten cluster
behavior.

A comparison of the chelating capabilities of acetyl
acetone and 2,3-butanedione was also done. Similar
to the Teactive trends shown for acetylacetone/metal
oxide clusters, the greatest relative abundances of
adduct ions are produced for (W0 3h jbutanedione
and for (W03)6,lbutanedione (Table 5). Without ex
ception, the major dissociative channel of the adducts
is loss of butanedione. In no case does any dehydra
tion occur; this is attributed to the limited source of
alpha-hydrogens available for migration to the oxygen
for formation of a water molecule.

Conclusions

Both (Mo03);;- and (W03) ;;- clusters dissociate pre
dominantly via losses of small cluster units, resulting
in stable dimers or trimers. The clusters react with
ethylene oxide via addition of ethylene oxide or addi
tion of oxygen. Collisional activation of these adducts
indicates that dissociation by loss of ethylene oxide or
ethylene is favored, and this suggests that the ethy
lene oxide is bonded to the duster in such a way that
the cluster- oxygen interaction is stronger than the C
-0 bonds in "ethylene oxide. Analogous behavior in
which oxygen abstraction may occur is observed for
cluster reactions with cydohexene oxide. Ion/mole
cule reactions with sulfur-containing substrates reveal
that addition of one or two sulfur atoms to the clus-

ters is possible, yet adducts of the clusters with entire
cyclohexene sulfi.de or ethylene sulfi.de are never ob
served. Possibly this absence is because the C-S
bonds are weaker than the c-o bonds, and there
fore the elimination of an unsaturated hydrocarbon
neutral (such as ethylene or cyclohexene) via cleavage
of the C-S bonds is easier. For these sulfide and
oxide reactions, both n = 4 and n = 6 cluster sizes
show greater relative product ion abundances than
the other cluster sizes. Reactions with 2,3-butane
dione and 2,4-pentanedione produce a much more
complex array of product ions, including various ad
ditions and dehydrations. In general, the (Mo0 3)n
clusters produce smaller abundances of adducts than
the (W03)n dusters. The differences in the reactive
behavior of the various sizes of cluster ions may
indicate either a structural or energy difference in the
dusters, and this will be probed by examining alterna
tive methods of forming the cluster ions prior to
reactions,

Acknowledgments
This work was supported by the Welch Foundation (F-1155), the
National Science Foundation (Post-doctoral Starter Grant), and
the Society of Analytical Chemists' of Pittsburgh.

References
1. GatE'S, B. c.; Guczi, L.; Knozmger, H. Metal Clusters in

Catalysis; Elsevier: New York, 1986.
2. Grasselli, R. K.; Burrington, J. D. In Advances in Catalysis;

Eley, D. D.; Pines, H.; Weisz, P. B., Eds.; Academic: New
York, 1981; pp. 30, 131.

3. Reddy, B. M.; Narsimha, K.; Sivaraj, Ch.; Roa, P. K. Ap
plied Catalysis 1989~ 55, Lt.

4. Bielanski, A.; Haber, J. Catal. Rev.-Sci. Eng. 1979, 19(1).
5. Fierro, J.; Garda De La Banda, J. F.; Cata/. Rev.-Sci. Eng.

1986, 28, 265.
6. Awad, M. K.; Anderson, A. B. J. Am. Chem. Sac. 1990, 112,

1603.
7. Renneke, R. F.; Hill, C. L. ]. Am. Chern. Soc. 1989, 110,

5461.
8. Crange, P. Catal. Rev.-Sci. Eng. 1980, 21, 135.
9. Laine, R. M. Catal. Rev.-Sci. Eng. 1983, 25, 459.

10. Chianelli, R. R. uta!. R(!'1,). .se: Eng. 1984, 26, 361.
11. Prins, R.; De Beer, V. H. J.; Somorjai, G. A. Catal. Rev.-Sci.

Eng. 1989, 31, 1.
12. Furimsky, E. Catal. Rev.-Sci. Eng. 1980, 22,371.
13. Parshall, G. W. The Applications and Chemistry of Oltalysis by

Soluble Transition Metal Complexes; Wiley-Interscience: New
York,1980.

14. Cheng.. VV.i Chowdhry, U.; Ferretti, A.; Firment.. L.; Groff,
P.; Machiels, c., McCarron, E.; Ohuchi, F.; Staley, R.;
Sleight, A. Heterogeneous Catalysis; Shapiro, B., Ed.; Texas
A & M, 1984; p. 165.

15. Sheldon, R.; Kochi, j.; Metal Catalyzed Oxidation of Organic
Compounds; Academic: NY. 1981; Chap. 6.

16. Suzuki, T.; Gotoh, H. Applied Catalysis 1989, 50, 15.
17. Lopez Nieto, J. M.; Krernenic, G.; Martinez-Alonoso, A.;

Tascon, J. M. D. ]. Mat. Science 1990, 25,289.
18. Madou, M. J.; Morrison. S. R. Chemical Sensing with Solid

State De-vices; Academic: CA, 1989.
19. Treitinger, 1.; Voit, H. NTG Fachberichte 79, 1982, 3, 24.
20. Shaver, P. J. Appl. Phys. Lell. 1967. 11. 255.



J Am Soc Mass Spectrom 1991, 2, 212-219 TRANSITION METAL OXIDE CLUSTER IONS 219

21. Wheeler, R. G.; Laihing, K.; Wilson, W. L.; Duncan, M. A.
Chern. Phys. Lett. 1966, 131, 8.

22. l"..Jienlan, G. C.; Parks, E. K.; Richtsmeier, 5. C.; Liu .. K.;
Pobo, L. G.; Riley, S. J. High Temp. Science 1966, 22, 115.

23. Kang, H.; Beauchamp, J. L. ]. Am. Chern. Soc. 1966, 108,
5663.

24. Freas, R. B.; Dunlap, B. I.; Waite, B. A.; Campana, J. E. ].
Chern. Phys. 1987, 86, 1276.

25. [arrold. M. F.; Bower, J. E. J. Am. Chem. Soc. 1988, 110,
6706.

26. Trevor, D. J.; Whetten, R. L.; Cox, D. M.; Kaldor, A. ]. Am.
Chern. Soc. 1965, 207, 518.

27. Parks.. E. K.; \'Veiller, B. H.; Bechthold, P. S.; Hoffman, V.:.
F.; Nieman, G. c., Pobo, L. G.; Riley,S. J. ]. Chern. Phys.
1988, 88, 1622.

28. Zakin, M. R.; Brickman, R. 0.; Cox, D. M.; Kaldor, A. ].
Chern. Soc. 1988, 88, 5943.

29. Tews, E. c. Freiser, B. S. J.Am. Chern. Soc. 1987, 109, 4433.
30. Magnera, T.; David, D.; Michl, J. ]. Am. Chern. Soc. 1987,

109,936.

31. Michiels, E.; Gijbels, R. Anal. Chern. 1964, 56, 1115.
32. Maleknia, S. D.; Hogan, J. D.; Laude, D. A.; Pope, K. R.;

Proceedings uf the 37th AS~\t1S Confert:nce vn lvfa[jtj Spee.:tTvmetry
and Allied Topics, Miami Beach, FL. May 1989. pp. 155-156.

33. Franklin, J., Ed. fon-Molecule Reactions; Plenum: New York,
1979 .

34. Busch, K.; Glish, G .• Mcl.uckey, S. Mass Spectrometry / Mass
Spectrometry: Techniques and Applications of Tandem Mass Spec
trometry; VCH: New York, 1988; Chap. 4, and references
cited therein.

35. Sharpless. K. B.; Teranishi, A. Y.; Backvall, Jan-E. ]. Am.
Chern. Soc. 1977, 99,3120.

36. Serafin, J, G.; Friend, C. M. [. Am. Chern. Soc. 1989, 111,
6019.

37. Roberts, J. T.; Friend, C. M. Surface Science 1986, 202,405.
38. Cotton, A.; Wilkinson, G. Advanced Inorganic Chemistry, 5th

ed.; John Wiley: New York, 1988.
39. Jean, Y.; Lledos, A.; Burdett, J.; Hoffmann, R. ]. Am. Chern.

Soc. 1988, 110, 4506.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


