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A series of new “magic number” metal oxide clusters are described for the group V metals antimony and
bismuth. Specific nonstatistical stoichiometries of MxOy cation and anion clusters are formed preferentially
in the gas phase when oxidized metal is vaporized or when metal is vaporized and combined with gas phase
oxygen (e.g., Bi7O10

+, Bi9O14
+). Essentially the same stoichiometries are seen for antimony and bismuth

analogues. The species produced in cluster growth are also produced preferentially by photodissociation of
larger clusters. Localized covalent bonding schemes are suggested for these clusters, and polyhedral cage
structures are proposed. The stoichiometries observed require a 3+ metal oxidation state in the small clusters,
which shifts over to one or more 5+ metal atoms in larger clusters.

Introduction

Gas phase clusters with closed shell electronic configurations
and/or symmetric geometries may lead to “magic numbers”,
i.e., preferred sizes or stoichiometries, when the distribution
produced is observed with mass spectrometry. Dramatic magic
numbers have been observed previously for alkali metal
clusters,1 carbon clusters,2 main group alloy clusters,3 and metal
carbide (“met-cars”) clusters,4-9 revealing fascinating new
concepts in chemical bonding and molecular structure. As
shown with C60 and the fullerenes, stable gas phase clusters
may be produced in macroscopic quantities in the condensed
phase, leading to new cluster-based materials, and so there is
much interest in identifying other cluster systems with similar
potential. We report here the observation of a new class of
magic number metal clusteroxidesobserved for the main group
metals antimony and bismuth. Remarkable preferences are
observed for metal oxides with specific stoichiometries ex-
plained by straightforward bonding patterns. We investigate
bonding patterns and structures for these clusters through mass
spectrometry measurements of their growth and photodissocia-
tion measurements of their decomposition.
Pure metal clusters of antimony and bismuth have been

investigated previously with inert gas condensation sources,10,11

pulsed nozzle laser vaporization sources,12 and laser ablation
of metal without collisional gases.13 Magic number patterns
generated by these various sources are consistent, and they have
been studied for neutral clusters as well as ions of both charge
states. Prominent species are different for different charge
states, indicating that specific electronic effects (i.e., electron
counting) are important in cluster stability.12 Mass-selected
photodissociation studies of cation clusters demonstrate that
prominent photofragments correspond to the same species
produced preferentially in the cation growth distribution,
establishing in independent experiments that the specific species
M3

+, M5
+, etc. have enhanced stability relative to other

clusters.12 The small negative ion clusters have been studied
with photoelectron spectroscopy.14,15 Consistent with accepted
inorganic chemistry concepts,16 the bonding in these metals is
believed to involve primarily the valence p electrons, while the
valence s electrons have lower energies and are believed to

constitute an “inert pair”. The cluster bonding schemes that
have been suggested, therefore, lead to stable species having
an even number of valence p electrons.

Alloy clusters of the main group elements,3,17-20 especially
including antimony and bismuth,3 have also been the subject
of several investigations. Consistent experiments from different
laboratories show that specific nonstatistical stoichiometries are
produced in alloy clusters containing antimony and bismuth
mixed with the group IV elements tin or lead.3,18,19 These alloy
stoichiometries are understandable by analogy to the well-known
Zintl ion clusters,16,21which have been studied for many years
in condensed phase inorganic chemistry. In the Zintl ion
species, and their gas phase metal alloy counterparts, the unique
stoichiometries observed are derived primarily from electronic
effects in cluster bonding, which can be explained and predicted
by Wade’s rules of electron counting.21 These species are
electron deficient, and the clusters take on polyhedral structures,
making it possible to share electron density in the interior
volume of the cluster. Closed shell clusters result for species
with nmetal atoms and 2n + 2, 2n + 4, and 2n + 6 valence p
electrons, corresponding tocloso, nido, and arachnocluster
series. For example, the condensed phase Zintl ion Pb5

2- has
the gas phase alloy analogue Pb2Sb3+, while the Zintl ion Sn94-

has the gas phase analogue Sn4Bi5+. While electron counting
considerations have been quite successful for alloys of the main
group metals, it is not yet clear what concepts in structure and
bonding will apply for main group metal compound clusters
(i.e., oxides, carbides, nitrides). Interesting results have been
obtained recently for transition metal compound clusters,5-9,22,23

but there are only a few studies of main group metal com-
pounds.17

In the oxide clusters of the group V metals studied here,
dramatic magic number patterns are observed with unique oxide
stoichiometries at each metal size. We investigate these trends
with mass spectra under different conditions and with mass-
selected photodissociation measurements. The stoichiometries
observed, however, are not related to pure metal or metal alloy
clusters studied previously for these metals. Instead, it is
possible to use simple covalent bonding schemes to rationalize
cluster bonding for neutrals, cations, and anions. This process
suggests interesting cluster structures corresponding to the
specific oxide stoichiometries.

* Author to whom correspondence should be addressed.
X Abstract published inAdVance ACS Abstracts,August 15, 1997.

6214 J. Phys. Chem. A1997,101,6214-6221

S1089-5639(97)01668-X CCC: $14.00 © 1997 American Chemical Society



Experimental Section

Metal oxide clusters observed are formed by laser vaporiza-
tion of a metal rod in a pulsed nozzle source, with the expansion
gas seeded with oxygen, or by laser desorption of a metal
powder with partial surface oxidation through exposure to air.
These experiments are done in two different machines. The
laser desorption mass spectrometer apparatus used has been
described previously.24 Ions are formed in the single accelera-
tion stage of a time-of-flight spectrometer. Oxidized metal
powder is pressed into a pellet and mounted on a probe in the
center of the acceleration region flush with the surface of the
rear acceleration plate. Desorption is accomplished by focusing
a Nd:YAG laser (Continuum Minilite) at 532 nm on the metal
pellet surface. Cluster ions are formed by the vaporization
process with no collision gas present to enhance growth and
are then accelerated into the 1.5-m time-of-flight tube by pulsed
acceleration voltages. Delayed pulse acceleration techniques
are employed to enhance resolution. An einzel lens and
deflection plates are used to focus ions onto the detector. Ions
are detected by an electron multiplier tube (Hamamatsu R-595).
Signals are collected by a digital oscilloscope (LeCroy 9310A)
and recorded on a PC via an IEEE-488 interface.
In the molecular beammachine, clusters are produced by laser

vaporization in a pulsed nozzle source. The pulsed nozzle
source using a modified Newport Corporation BV-10025 valve
and the molecular beam apparatus used26 are described in
previous reports from our research group. Metal oxide clusters
are formed by vaporization of a metal rod with a focused XeCl
excimer laser (Lumonics 860) at 308 nm in an expansion of
6% O2 in helium. The clusters grow in a channel after the point
of vaporization. The growth channel consists of a segment 20
mm long with a 2-mm diameter and another segment 10 mm
long with a 4-mm diameter. The gas mixture is collimated into
a molecular beam as it passes through a skimmer into the mass
spectrometer.
Cation clusters formed directly in the laser vaporization

cluster source are extracted from the molecular beam by pulsed
acceleration voltages. Neutral clusters formed in the cluster
source are photoionized by a laser crossing perpendicular to
the molecular beam in the mass spectrometer ion source.
Photoionization is accomplished with an ArF excimer laser
(Lumonics PM-842) at 193 nm. Photoionized clusters are
extracted by dc voltages applied to the acceleration plates. A
specially designed reflectron time-of-flight mass spectrometer
makes it possible to measure the cluster distributions produced
from the source or to mass select clusters for photodissociation
experiments.27 Photodissociation occurs at the turning point in
the reflectron and is accomplished with a Nd:YAG laser (Spectra
Physics GCR-170) at 355 nm. The photodissociation mass
spectra are recorded using a computer difference technique. Ions
are detected by an electron multiplier tube, and mass spectra
are recorded with a digital oscilloscope (LeCroy 9410) interfaced
to a PC.

Results and Discussion

Initial studies were conducted on oxidized antimony and
bismuth samples in the laser desorption mass spectrometer. In
this instrument, there is no collision gas or ionization laser. Ions
are formed directly by the vaporization laser in the source of
the mass spectrometer and accelerated immediately down the
flight tube. Metal cluster formation for pure antimony and
bismuth under these conditions has been observed previously
by McElvaney and co-workers.13 The sample was metal powder
pressed into a depression in the sample holder, and oxidation
occurred unintentionally by exposure to ambient air. After oxide

clusters were observed and found to be interesting, additional
studies of oxidation conditions were conducted. The mass
spectra observed for cation clusters of bismuth are shown in
Figure 1. The upper trace shows the lower mass region where
intense mass peaks are observed, while the lower trace shows
the higher mass region detected with different deflection plate
focusing.
These data for bismuth show the production of pure metal

clusters and certain metal oxides. The most interesting observa-
tion in this data is that the oxide stoichiometries produced are
not random or statistical. In the low-mass region, there is one
specific oxide stoichiometry at each cluster size (number of
metal atoms) which is much more prominent than the others
(e.g. M3O4

+). In some cases, only one oxide stoichiometry is
observed (M5O7

+). Although we do not show the antimony
data here, the stoichiometries observed for Sb/O cluster cations
produced this same way are the same as those for bismuth.
Prominent stoichiometries for both metals are M3O4

+, M4O5
+,

and M5O7
+. These prominent metal oxide cations in the small

size domain have been reported many years ago under laser
desorption mass spectrometer conditions.28-31 However, no
clusters larger than about five metal atoms were observed and
no explanations were given for these trends.
The lower trace of Figure 1 shows the mass spectra observed

when the instrument is focused in the higher mass range for
bismuth clusters. The signal intensity is weak but reproducible
for bismuth, which has a single isotope, but it is too weak to be
detected for antimony. Antimony has two naturally occurring
isotopes (57%121Sb, 43%123Sb), and so the reduced sensitivity
at large cluster sizes is attributed to the much broader isotope
distribution. For the bismuth system, oxidized clusters are
detected containing up to 13 metal atoms. Prominent stoichi-
ometries are M6O8

+, M7O10
+, M7O14

+, M7O18
+, M9O14

+,
M9O18

+, and M11O17
+. Thus, some cluster sizes exhibit two

or three oxides, but the distribution of oxides is still far from
random.

Figure 1. Mass spectrum of bismuth oxide cluster cations produced
by laser desorption of a partially oxidized metal powder sample with
no collision gas present. The upper trace shows the lower mass region,
while the lower trace shows an amplified view of the high-mass region.
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When specific clusters are produced preferentially, it is
possible to invoke either geometric or electronic structure effects
to explain the prominent species formed. An important test for
these effects is the study of clusters having different charge
states. If electronic effects are prominent, clusters having the
same approximate number of atoms may exhibit different
preferences in formation for different charge states. Figure 2
shows the masses produced in the same kind of laser desorption
experiment for the negative ion species. Unfortunately, negative
ion species are extremely difficult to produce under these
conditions, but two observations are possible. In the positive
ions, there is a sharp drop-off after Bi2O2

+ (i.e. 2/2), but the
negative ions show the formation of the larger species 2/3 and
a small amount of 2/4. In the M3 region, the 3/4 cation is
extremely abundant, with no evidence for larger oxides at this
metal size, while the negative ions have a strong 3/5 preference.
These effects are reproducible, and they provide strong evidence
for electronic structure effects in the small cluster bonding. We
would of course like to measure the same effects for larger
negative ions, but we have so far been unable to produce these
species.
Having seen these effects in cluster growth in a source with

no collision gas present, we were interested in investigating these
cluster systems in our normal molecular beam cluster sources.
Figure 3 shows an example of antimony/oxygen clusters
produced when a metal rod is vaporized with a focused laser in
an expansion of helium seeded with oxygen, using a molecular
beam cluster source of standard design. The cluster cations
produced directly in the source are measured with pulsed
extraction from the molecular beam into the time-of-flight mass

spectrometer system. The mass distribution is nearly the same
as that produced in the laser desorption mass spectrometer
experiment, with pure metal clusters and specific metal oxide
clusters observed. The bismuth distribution under these same
conditions is essentially the same as that for antimony. Again,
the 3/4, 4/5, and 5/7 stoichiometries are observed as abundant
oxides. Surprisingly, even with the collision gas present, the
distribution of sizes does not extend to oxide clusters containing
more than about five metal atoms. Additionally, the signals
observed under these cation growth conditions are relatively
small.
Because the cation growth conditions do not produce large

densities of clusters and because large metal oxides do not form
under these conditions, we have also studied clusters that grow
asneutralsand are detected by ultraviolet photoionization with
an excimer laser. The photoionization behavior of pure metal
antimony and bismuth clusters has been investigated extensively
by our research group several years ago.12 At the 193-nm ArF
excimer laser wavelength, most of the pure metal species require
at least two photons for photoionization. The ionization
potentials are believed to be about 7-8 eV,11,12 and therefore
absorption of two photons at 193 nm places about 5 eV of excess
energy into the cluster, which often leads to fragmentation.
Fragmentation is also more efficient at higher laser powers.
When there is extensive fragmentation of a cluster distribution,
the masses that remain prominent are the cation species which
are most stable and are able to resist fragmentation more
effectively. Therefore, our previous work showed that the mass
distributions from direct cation growth and those from mul-
tiphoton ionization of neutrals were often quite similar. Both
experiments lead to preferential formation of species that are
stable as cations. An added caveat is that photoionization may
also produce abundant mass peaks for clusters that are abundant
as neutrals, but that have relatively high ionization cross sections
(perhaps from a low ionization potential). Photoionization is
therefore not as clean an experiment as direct ion growth in
establishing the stable cluster charge states.
Figure 4 shows the metal oxide cluster distributions measured

for antimony and bismuth with 193-nm photoionization. The
signals observed under these conditions are quite large, sug-
gesting that cluster growth in our nozzle source produces much
more neutral clusters than it does cations. The masses detected
here do extend out to somewhat larger cluster sizes, but there
are still no clusters observed with more than about 9 or 10 metal
atoms. The species formed are quite interesting. In addition
to the pure metal species, there are prominent oxides detected
at the stoichiometries 3/4, 5/7, and 7/10 for both metals.
Additional oxides are more or less prominent for one metal,
including species such as Sb4O6

+, Sb6O9
+, Sb9O14

+, Bi5O11
+,

and Bi6O10
+. The 9/14 species detected for antimony under

these conditions is also detected under desorption and direct
cation conditions, but the other stoichiometries are not observed
in the other experiments. Other prominent oxides detected in
direct cation growth, such as the 4/5 species, are not noticeable
here. However, it is understandable that there would be some
differences in the species detected by direct ion growth versus
photoionization of neutrals due to the complex dynamics of
photoionization, as discussed above. It is therefore likely that
at least some of these new stoichiometries may be due to
abundant neutrals detected efficiently by photoionization.
However, we cannot rule out the possibility of different growth
mechanisms for cations and neutrals. We will come back to
these species detected only with MPI in the discussion below.
It is significant, however, that all three of the different
experiments designed to produce cluster cations produce the

Figure 2. Mass spectrum of bismuth oxide cluster anions produced
by laser desorption of a partially oxidized metal powder sample with
no collision gas present.

Figure 3. Mass distribution of antimony/oxygen cation clusters
produced in the laser vaporization cluster source with helium expansion
gas seeded with oxygen.
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3/4, 5/7, 7/10, and 9/14 species preferentially. This is convinc-
ing evidence for the thermodynamic stability of these clusters
as cations.
An additional technique used to investigate cluster stability

in our laboratory is mass-selected photodissociation.27 This
experiment is only available at present in our lab on the
molecular beam machines and not on the laser desorption
instrument. The molecular beam experiments on direct ion
cluster growth (Figure 3) produce signal levels that are two low
for mass-selected photodissociation. Therefore, we use the
stronger cluster signals produced from the photoionization of
neutrals, as in Figure 4. Figure 5 shows the mass-selected
photodissociation mass spectrum of Sb3O4+ at 355 nm. This
figure is the result of a computer difference method for
collecting photodissociation spectra, where the intensity of the
parent ion signal with no dissociation laser present is subtracted
from the parent+fragment ion signals measured when the
photodissociation laser is turned on. The resulting spectrum
shows a negative peak representing parent ion depletion and a

positive peak representing the photofragments. There are
therefore only two charged fragments from the Sb2O4

+, parent
ion: a weak peak at Sb2O2

+ and the atomic Sb+ ion. The 2/2
cation cluster was also observed in the cation distribution (Figure
3). This fragmentation process and the others indicated below
are insensitive over a wide range of fragmentation laser powers.
This fragmentation to form mostly the atom is somewhat
surprising. It is usually true that larger clusters have lower
ionization potentials than atoms, and if an atom is ejected, it
would therefore likely be neutral. However, since the neutral
fragments are not detected, we do not know if they are molecular
or atomic in nature. Additional speculation about this particular
fragmentation process is not warranted. However, Bi3O4

+

produces exactly the same fragmentation pattern, except that
there is no weak 2/2 fragment channel.
Figure 6 shows the same kind of photodissociation experiment

for the 5/7 parent cations of both metals, also with excitation
at 355 nm. As shown, the behavior of the two metal analogues
is almost identical, with the M3O4

+ fragment measured as the
most prominent one for both metals. Although we do not detect
the neutrals eliminated in this process and cannot distinguish
between atomic or molecular neutral fragments, the decrease
in mass is M2O3, which is exactly the stoichiometry of the bulk
oxides for these two metals.
Figure 7 shows the photodissociation for the M7O10

+ clusters,
which are the largest oxides we are able to study with
photodissociation at present. In these spectra, there are similari-
ties between the two metals, but also noticeable differences.
Both species produce the 3/4 cation as a strong fragment ion,
but the larger mass fragment from Sb7O10

+ is Sb4O5
+, while

that from Bi7O10
+ is Bi5O7

+. Smaller fragments include the
2/2 observed for antimony and the 1/0 and 1/1 species observed
for bismuth. As discussed above, the 3/4, 4/5, and 5/7 cations
are produced preferentially in the growth distributions for both
metals. However, there are apparently some energetic or
dynamic preferences which cause the decomposition dynamics

Figure 4. Mass distribution of antimony/oxygen and bismuth/oxygen
neutral clusters detected with multiphoton ionization at 193 nm.

Figure 5. Photodissociation mass spectrum obtained when the cation
Sb3O4

+ is mass-selected and excited at 355 nm. The data are collected
with a computer difference technique where the signal is averaged for
multiple cycles of PD laser (off-on). The negative peak represents
parent ion depletion, and the positive peaks represent the cation
photofragments.

Figure 6. Photodissociation mass spectrum of mass-selected M5O7
+

clusters for antimony and bismuth. The two isoelectronic metal
analogues have essentially the same fragmentation pattern. Both produce
the M3O4

+ fragment.
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of the larger clusters to be somewhat different. The reason for
the preference for the 4/5 oxide fragment for antimony and the
5/7 for bismuth is not clear. It is not possible to determine
whether these dissociation processes are sequential or concerted.
However, a sequential process would make some sense for the
Bi7O10

+ parent. Production of the 5/7 fragment could take place
by elimination of Bi2O3 as a neutral, and this is the same leaving
group postulated above for the production of 3/4 from 5/7.
Production of the 4/5 cation fragment from Sb7O10

+ would
suggest the elimination of neutral Sb3O5 or some combinations
of smaller masses adding to this. There is no obvious
relationship to the stoichiometry of other ions observed in the
source distribution or to the known bulk stoichiometry in this
case. However, while the specific channels seen are somewhat
curious, it remains true that the prominent cation photofragments
measured do indeed correspond to prominent cation clusters
formed by cluster growth. Production in these independent
experiments confirms that species such as M3O4

+, M4O5
+, and

M5O7
+ are indeed cation clusters with special stability. We

cannot confirm the preferred stability of the larger clusters (e.g.,
M7O10

+, M7O14
+) by fragmentation experiments because we

cannot generate enough density of these species for the
photofragmentation experiments. However, the general agree-
ment between fragmentation experiments and cluster growth
experiments suggests that the clusters that appear preferentially
in cluster growth are likely to represent especially stable species.
Thus, clusters such as M7O10

+, M7O14
+, M9O14

+, M9O18
+, and

M11O17
+, may be regarded as stable cations because they appear

under the direct cation growth conditions and are also seen in
some cases in the multiphoton ionization of neutrals.
The species Sb4O6

+, Sb6O9
+, Sb7O11

+, Bi5O11
+, and Bi6O10

+

are observed under multiphoton ionization of neutrals, but not
as species produced directly in cation growth or by fragmenta-
tion of larger mass-selected cations. The origin of these clusters
could be neutral species produced with enhanced abundance
and not fragmented by the laser, or they could be the result of
MPI fragmentation of larger neutral clusters which exhibit
dissociation processes not accessible in the other experiments

here. We explore these possibilities further below as we develop
possible bonding descriptions for these clusters.
The preferences for certain stoichiometries in these metal

oxide clusters are so dramatic that they require some reasonable
explanation. Because the patterns are different for the same
sized clusters in different charge states and because the
isoelectronic metals antimony and bismuth exhibit similar
patterns, it is most likely that there is an electronic structure
explanation for these tendencies rather than a geometric one.
We therefore consider the possibilities for electronic structure
effects in these clusters. Electronic structure is the primary
consideration for the bonding in the Zintl ion clusters discussed
earlier. However, it is immediately evident that the oxide
species here do not follow the patterns exhibited by the Zintl
ions. The Zintl ion analogues studied before combine group
IV and group V elements and are able to overcome their intrinsic
electron deficiency by sharing electron density in multicenter
bonding. The oxides here combine group V and group VI
elements and are not electron deficient. Moreover, there is no
similarity to the stoichiometries expected for Zintl ions. We
therefore turn to other considerations. Both antimony and
bismuth form stable oxide compounds that are routinely
available. The stoichiometry in these solid phases is M2O3,
implying a covalent bonding network with oxidation states of
3+ for the metal and 2- for oxygen. No stable clusters of
antimony or bismuth oxides are previously known, but the
isoelectronic element phosphorus forms stable clusters which
have been isolated and characterized, e.g. P4O6.16 The bonding
in these solids or their related clusters are similar. It consists
of a network of M-O-M bonding; that is, there are no metal-
metal bonds. This is understandable because M-O bonding is
much stronger than M-M bonding for the metals antimony and
bismuth.32 If we assume that this same kind of scheme is
operative here, we are able to obtain reasonable structures for
most of these magic number clusters.
Figure 8 illustrates the structural scheme proposed for the

cation and anion clusters containing three metal atoms. The
stoichiometries measured for these species are M3O4

+ and
M3O5

-, respectively. The structure shown for the cation consists
of three metal atoms, each with a 3+ valence, and four oxygen
atoms, each with a 2- valence. The structure indicated has
two metal atoms, which each form three M-O bonds, while
the third metal atom, which is in the apex position, forms only
two M-O bonds and has a localized excess positive charge.
This connectivity satisfies the valence exactly for all the atoms
by making two-electron single bonds at all positions. Addition-
ally, it places the atoms in approximately the orientations
expected for near-90° angles between adjacent M-O bonds, as
would be expected for p-type bonding. The anion follows the
same approximate scheme except that there is an additional
oxygen. This is bound to the apex atom, giving this metal three
M-O bonds, and the terminal oxygen carries the excess negative
charge. We are not suggesting that these structures have been
measured or indeed that there is any direct evidence for them.
However, these connectivity patterns and the qualitative aspects

Figure 7. Photodissociation mass spectrum of mass-selected M7O10
+

clusters for antimony and bismuth.

Figure 8. Structures proposed for the M3O4
+ and M3O5

- clusters.
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of these structures are the only way to achieve “simple” covalent
bonding to rationalize the abundant masses observed for the
three-metal atom clusters. The essential features of these
structures (M-O-M bonding and bond angles near 90°) that
we have proposed have now been confirmed by ab initio
calculations by Reddy and Jena.33 This kind of bonding is
attractive because it agrees with the known structural tendencies
of the related P4O6 cluster and because it explains the sharp
preference for a specific stoichiometry corresponding to each
specific charge state. The bonding scheme proposed is also
unique. No other connectivity is possible for these small clusters
which provides a closed shell bonding arrangement for each
atom.
This same general kind of bonding can be extended to the

larger clusters described here, and reasonable bonding schemes
also result for these species. Figure 9 shows the M4O6 and
M6O9 species which are only detected in the experiment by
ionization of neutrals. The conditions of their detection suggest
that these species might exist as neutrals in the experiment, and
if we make this assumption, the bonding makes sense. The
M4O6 cluster is completely analogous to P4O6, which has been
isolated and characterized previously. We therefore assume the
same structure determined for P4O6, which is the adamantane-
type cage. As discussed above, this cluster has only M-O-M
bonding, with 3+ metal valence and 2- oxygen valence
producing a closed shell single-bond network. The 4/6 stoi-
chiometry is also exactly (M2O3)N, whereN) 2, i.e., a multiple
of the known bulk phase stoichiometry. M6O9 is likewise a
multiple of the bulk stoichiometry whereN ) 3 and again a
closed shell single-bond network can be assembled with
M-O-M bonding. The importance of this 2/3 bulk ratio in
the gas phase clusters is also demonstrated in the photodisso-
ciation data (Figures 6 and 7), where the M2O3 mass is
apparently the neutral fragment eliminated. In these examples
also, we do not presume to have measured the structures or to
have any direct evidence for them. However, while the
qualitative structures may not be completely accurate in every
detail, it is true that these specific connectivities are unique in
providing closed shell bonding networks for these stoichiom-
etries.
Figure 10 shows the structures we propose for even larger

cation species indicated by these experiments. The M5O7
+ and

M7O10
+ species both have stoichiometries that indicate that the

metal atoms have the same 3+ valence described above. We
therefore show structures with each metal atom except one
having three M-O bonds. The unique metal atom at an apex
site in each structure forms two M-O bonds and carries the
excess positive charge. As before, these are only proposed
structures and there may be other arrangements (i.e., relative
atom positions) that also fulfill the bonding. However, we
believe that the connectivities shown here are again unique for
these stoichiometries. Unfortunately of course, as cluster size
increases, it becomes more difficult to be sure of uniqueness.

The M9O14
+ and M11O17

+ clusters are among the largest
species for which we have good experimental evidence. Since
these clusters are formed preferentially, we presume that a stable
bonding arrangement must be possible, as discussed above.
However, simple consideration of the stoichiometries im-
mediately suggests that some new bonding scheme must be
operative. It is not possible to balance the metal-oxygen
charges in these systems unless at least one metal atom has a
5+ charge state. There is tentative evidence in Figure 1 for a
cluster at Bi13O20

+, and this cluster also must have one 5+ metal.
There is also evidence in Figure 1 for clusters at the 7/14, 7/18,
9/18, and 9/22 stoichiometries, and these species must have
additional 5+ metal atoms for the clusters to have closed shell
configurations. Of these species, the 7/14 cluster appears most
intense in Figure 1. This species should have three Bi3+ and
four Bi5+ atoms to achieve a closed shell M-O-M network.
For the weaker mass at the stoichiometry 7/18, no combination
of Bi5+ can balance the stoichiometry unless there is some new
bonding scheme (-M-O-O-M-?).
The structures shown in the lower half of Figure 10 illustrate

our attempt to rationalize how the bonding might occur in the
9/14 and 11/17 species. These structures are the result of
extensive model building, and they are believed to provide
unique solutions to the respective single-bonding networks. The
clusters are both constructed with the single 5+ metal atom in
a central tetrahedral site, forming four M-O bonds and carrying
the excess unit of charge. In the 9/14 cluster, there are two
six-membered rings situated above and below the central atom,
connected by O-M-O bridges on each side. The 11/17 cluster
has a more complex structure, which is difficult to visualize
without a three-dimensional model. It also consists of a central
5+ metal with rings above and below connected by bridging
ring systems. The logical question about these structures
concerns their uniqueness, which is difficult to answer defini-
tively. We have searched extensively for other bonding
connectivities with which to satisfy valence for all the atoms,
but no additional structures are immediately evident. However,
we cannot discount the possible existence of other such
structures. We certainly do not claim that the specific bonding
angles indicated are actually those in the clusters. These are
drawn as indicated in the figure to obtain the best symmetry
and the best 3-D projection for the figure. The point of these
proposed structures is that there are indeed reasonable closed
shell bonding arrangements in relatively compact geometric
structures that might explain the preferred cluster masses
observed.

Figure 9. Structures proposed for the M4O6 and M6O9 neutral metal
oxide clusters seen here. The 4/6 structure is the same as the already
known species P4O6, and it has the same general structure as
adamantane.

Figure 10. Structures proposed for several of the larger metal oxide
clusters observed here for antimony and bismuth.

Antimony and Bismuth Oxide Clusters J. Phys. Chem. A, Vol. 101, No. 35, 19976219



As indicated here, many of the prominent metal oxides
suggested by our experiments have possible structures consisting
of M-O-M bonding networks which produce closed shell
electronic configurations. This is true for positive ions, negative
ions, and neutral clusters. From the consideration of the bonding
and the metal valence electron configuration (s2p3) some general
concepts become apparent. Only clusters with an even number
of metal atoms can produce a cluster oxide with a closed shell
electronic configuration as a neutral, and only clusters with an
odd number of metal atoms can produce a cluster that is closed
shell as a cation or anion. Essentially all the prominent clusters
observed in this experiment are consistent with this suggestion;
that is the species Sb4O6 and Sb6O9 are proposed as stable
neutrals having the general formula (M2O3)N, and the species
M3O4

+, M3O5
-, M5O7

+, M7O10
+, M9O14

+, and M11O17
+ are

proposed as stable ions. The relationship between ions and
neutrals can be further elucidated if one recognizes that the
cation magic number masses 3/4, 5/7, and 7/10 follow the
general formula (M2O3)NMO+ for N) 1, 2, 3. In other words,
the presence of the positive charge dictates that the stoichiometry
must be different from the exact bulk value of 2/3, but the
increment proceeding to larger sizes is the 2/3 mass. This same
2/3 mass is eliminated as a fragment in the photodissociation
experiments. The larger clusters which contain a single M5+

atom (9/14, 11/17, 13/20) follow another pattern, with the
general formula (M2O3)NMO2

+ for N) 4, 5, 6. The increment
in cluster growth is again the bulk stoichiometry M2O3. The
cluster mass Sb7O11

+, which is only observed under photoion-
ization of neutrals (Figure 4) and whose origin was unsure
before, can then be included as a member of this series where
N ) 3. The very weak cluster mass Bi9O18

+ seen under cation
conditions (Figure 1) and presumed to have five M5+ atoms
would follow the formula (M2O3)NMO6

+ for N ) 4.
Two clusters that are apparently anomalous are the M4O5

+

and M6O8
+. These 4/5 and 6/8 species are observed for both

antimony and bismuth in the direct production of cations (Figure
1), and the 4/5 cluster is produced preferentially for antimony
in the fragmentation of larger clusters (Figure 7). All these
observations are consistent with the assignment of these two
clusters as stable cations. However, since they both contain an
even number of metal atoms, both of these cluster cations have
an odd number of valence electrons. It is unusual in main group
cluster studies to have enhanced stability where a closed shell
electron configuration is not possible, but this is apparently the
case here. Both of these clusters are small enough to be studied
by theory, and they are logical targets that should be investi-
gated.
Two general trends are evident from this line of reasoning.

All the clusters here, with the possible exception of the 4/5 and
6/8 species, have as their basic building block the M2O3 unit,
which is the bulk phase stoichiometry. The specific M2O3

cluster for antimony and bismuth is itself an especially stable
unit according to theory,33 having a structure in which two metal
atoms are bridged by three oxide bonds. It is therefore
reasonable that this would be a good leaving group in
fragmentation experiments. However, although the larger
clusters add this unit as they grow, it is integrated into the cluster
framework so that there is no structural similarity to this
molecule in the larger clusters. The second general principle
is that the metal valence gradually shifts as one proceeds to
larger clusters, i.e., the cluster has an increasing degree of
oxidation. All the small clusters have all the metal atoms in
the 3+ oxidation state, while this shifts over in the larger clusters
to those having one 5+ metal. There is some evidence for larger
species having two or more metals in the 5+ state (e.g.,

Bi9O18
+). Moreover, if our proposed structures have any basis

in reality, the higher oxidation state metals reside in the interior
of the cluster. This tendency seems to be at odds with trends
measured previously for other kinds of clusters. It seems to be
generally true that as clusters grow larger, they begin to converge
to the properties of the corresponding bulk phase. In these metal
oxide species, the smallest clusters already approximate the bulk
phase stoichiometry as closely as possible within the limits of
their charge. As they grow to larger cluster sizes the stoichi-
ometry shiftsaway from the bulk value. Presumably there is
some larger cluster size regime where the stoichiometry of the
bulk again becomes favorable.
The experiments here provide the initial evidence for a new

class of stable clusters, and we are able to speculate with some
success about the electronic structure in these species. If our
thinking has any validity, this system of metal oxide clusters
may have potential for the isolation of macroscopic materials.
The species suggested as stable cations and the species suggested
as stable neutrals appear for the most part to be closed shell
electronically and they should therefore be relatively inert. The
data here primarily address cations, but some information is
provided for neutrals. Neutral species of the form (M2O3)N
would therefore be likely targets for the preparation of macro-
scopic materials. Even the ionized species may be viable
candidates for isolation if suitable counterions can be found.
Theoretical investigations of these species have already begun,
and such studies will be extremely important to understand the
bonding in these species. However, the nature of the large
molecules here (multielectron metal atoms) indicates that such
calculations will be extremely challenging for theory. Ad-
ditional experiments in our lab will focus on specific measure-
ments of the properties of these novel clusters, including their
reactivity.
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