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1. Introductbn 

1.1. Semanllcs 

The subjects of this review are neutral clusters (Mx, 
2 < x < 100) composed of main-group metals (partic- 
ularly group la). We distinguish between bare and 
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ligated clusters and after briefly discussing the latter 
will concentrate on experimental studies of the former. 
Bare clusters are extremely reactive and as such their 
characterization poses a number of experimental 
problems. Two general approaches are being presently 
used (a) collisionless supersonic beams and (b) de- 
position into, or in situ production in, inehgas matrices. 
While also considering aspects of matrix studies, this 
paper is devoted to gas-phase measurements in which 
particle specificity is ensured and cluster-support in- 
teractions that may influence equilibrium structures by 
charge transfer/epitaxy are absent. 

Subdivision of the field of metal clusters among 
main-group metal and transition-metal species is 
somewhat arbitrary: many of the cluster size effects 
observed for aggregates of transition metals are paral- 
leled by main-group metal clusters, which are signifi- 
cantly easier to describe theoretically. It has developed 
that an understanding of size effects in main-group 
metal clusters is indispensable for a coherent picture 
of bonding in transition-metal species. Therefore, while 
this review will concentrate on those clusters of main- 
group metals for which we have experimental data (Li, 
Na, K, Rb, and Cs and to a lesser extent AI, Pb, Bi, In, 
Mg, Ca, Ba, and Sr), we will also consider relevant as- 
pects of transition-metal cluster studies wherever nec- 
essary. 

The properties of small bare metal clusters are dom- 
inated by an atomic coordination very different from 
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crystalline bulk and from that expected on the basis of 
chemical valence. Compact structures are encountered 
with high surface to volume ratios. This can be best 
appreciated by considering as an example of highly 
coordinated, spheroidal structures the series of con- 
secutive shell Mackay icosahedra? 13,55, 147, ..., at- 
oms, for which the corresponding surface to bulk atom 
number ratios are 12, 3.23, and 1.673, respectively. 

On going from the molecular to bulk metallic limit, 
we expect metal clusters to manifest large, discontinu- 
ously size dependent variations in physical and chemical 
properties due to both the influence of packing (most 
stable = densest packing?) and electronic structure 
(extensively delocalized orbitals but a finite number of 
atoms). Such variation is obviously dependent on the 
property in question, and i ts  elucidation is the  goal of 
cluster research. Note that, in many cases, the property 
itself becomes ill-defined at  either the macroscopic or 
microscopic limit (e.g. surface area, surface tension, 
superconductivity2). There may in fact be observables 
adequately describing the intermediate cluster size re- 
gime that are not applicable to either size limit (e.g., 
equilibrium structures consistent with icosahedral habit 
rather than bulk lattice). 

The question of the most interesting size range for 
study arises. A purely classical approach suggests that, 
for mercury clusters, per unit area surface free energy, 
enthalpy, and entropy come within 5% of bulk values 
for 40, 36, and 6 atoms, re~pectively.~ Of course quan- 
tum chemical calculations on these clusters a t  much 
higher levels of sophistication would come to quanti- 
tatively different con~lusions.~ However, the general 
consensus is that many chemically interesting properties 
reach values within a few percent of their bulk limits 
at about Mloo. Most others can at  this point be clas- 
sically extrapolated to their corresponding solid state 
values by assuming spherical clusters and taking into 
account curvature and surfact tension. For example 
“one-electron” observables such as ionization potential 
or electron affinity go as N-’j3. Consequently largest, 
cluster size dependent  variations in physical and 
chemical properties are thought to  occur below Mloo. 

1.2. Bare versus Clothed Clusters 

Due mainly to experimental factors, we still have little 
particle-specific experimental information over large 
size ranges on bare metal cluster properties, excepting 
ionization potentials, polarizabilities, electron affinities, 
and chemical reactivities; see below. Therefore, why 
not study cluster complexes for which experimental 
data are more readily accessible. 

In contrast to bare clusters, synthesis of multi-metal 
complexes surrounded by a coating of weakly bound 
organic ligands is now almost routine. The largest yet 
made contains 520 Pd atoms5 according to electron 
microscopy, which shows a support covered uniformly 
with 20-A icosahedral objects. Cluster complexes are 
generated monodispersed and typically in large 
amounts (>loz1). While often air- and water-sensitive, 
they are not nearly as reactive as bare metal clusters 
and can be probed a t  relative leisure with the entire 
arsenal of inorganic analysis methods. The many com- 
pounds made and crystal structures determined6 [ e.g., 
(Ni,Ph(CO)aH2)(NEt&] have allowed the formulation 
of bonding rules via the observation of preferred elec- 
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tron counts (magic numbers) and ge~metr ies .~ These 
rules appear to have many exceptions. Note that, for 
larger complexes, typical synthesis routes involving 
removal of one or two ligands from smaller complexes 
and growth through these centres of coordinative un- 
saturation lead to ligated clusters whose central metal 
core exhibits vertex, face, or edge sharing and perhaps 
not the thermodynamically most stable configuration. 

Clothed clusters were originally studied in part be- 
cause they were thought to represent models for chem- 
ically modified metal surfaces.8 More recently it has 
been proposed that their structural and chemical 
properties are closely related to those of the corre- 
sponding bare metal cluster  specie^.^ Both assumptions 
have proved erroneous in MJIig),, (x  < 50) due to the 
magnitude of ligand effects. This is demonstrated most 
impressively by measurements of magnetization and 
magnetic susceptibilitylO for Pt and Ni complexes. 
These show (a) small but finite magnetic moments in 
various Pt,(lig), species [e.g., (Pt38(CO)4,H2)(PPN),] in 
contrast to the zero moment expected on the basis of 
diamagnetic bulk and the atomic closed-shell electron 
configuration and (b) much smaller per atom moments 
in Nix(lig),, [e.g., (Ni34(C0)38CH)(NEt4)5] than found in 
ferromagnetic bulk or predicted by calculations of bare 
nickel clusters that yield highly degenerate ground 
states with associated large multiplicities. These de- 
viations can be qualitatively rationalized in terms of the 
low spin, nearly closed-shell electron configurations 
associated with coordinative saturation as has been 
shown in a series of ab initio calculations on related 
systems.ll The magnetic properties of bare, ferro- 
magnetic in bulk, metal clusters appear to contrast 
strongly with the above observations. Measurements 
have been performed in which iron clusters made by 
pulsed-laser vaporization (see below) were passed 
through a Stern-Gerlach deflecting magnet.12 Deflec- 
tions were measurable up to Fe3; for larger clusters it 
was only possible to follow on axis depletions because 
of low signal-to-noise and the increasingly large number 
of associated m, substates (each of which is deflected 
differently). The observations suggest that all bare iron 
clusters studied (Fe,, x < 18) are high spin and that 
total magnetic moment increases linearly with particle 
size, extrapolating to a value somewhat larger than 
ferromagnetic bulk.13J4 

Strong “ligand” perturbations induce coverage-de- 
pendent reorientation of metal surfaces in bulk sam- 
p l e ~ . ~ ~  Similarly there are examples of restructuring in 
catalytically active metal particles (>20 A), when ex- 
posed to a reactive environment. For example, octa- 
hedral platinum particles when exposed to H2S are 
coated with a sulfide layer, which induces a restruc- 
turing to cubic habit.16 Such experiments imply that, 
for strongly binding surface moieties, coverage effects 
may dominate cluster properties even to particle sizes, 
much in excess of the 100-atom limit set for this review. 

Ligated metal clusters are therefore not representa- 
tive of bare species in the size range treated here, pre- 
cisely because of their coordinative saturation. For this 
reason, IR photodissociation experiments on transi- 
tion-metal clusters complexed with IR-absorbing sur- 
face moieties [e.g., Fex(CH30H),17] are not likely to 
yield structural information on the precursor bare metal 
cluster unless coverage is kept to an absolute minimum. 
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In contrast IR photodissociation of van der Waals 
complexes, e.g. Fe,Ar, could prove feasible in this re- 
gard.’* The following discussion will be confined to 
coordinatively unsaturated bare metal clusters. 
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1.3 Goals 

(i) Phenomenological Theories of Metals and Alloys 

The long-range goals of theoreticaI treatments in this 
field are quantitative prediction of structures (equilib- 
rium and low-lying isomers) and (collective) electronic 
and thermodynamic properties and for multicomponent 
clusters composition and segregation effects, each as a 
function of cluster size. Furthermore and most im- 
portantly, this should be possible with one theory that 
extrapolates correctly to bulk lattice and molecular 
limits. At present, separate constructs describe the two 
extremes. These employ related concepts but often 
different and sometimes mutually exclusive terminol- 
ogy. It seems questionable whether either approach will 
ultimately fulfill the above specifications. 

Bulk metal theories that typically rely on infinite 
lattice translational symmetry to simplify the problem 
(e.g. the HMO-related, nearly free electron model, etc.) 
break down when treating small particles with their 
associated structural anisotropy and finite boundaries. 
Artificial singularities may be generated when these 
theories are applied to systems with the same dimen- 
sions as the appropriate characteristic length.lg Note 
that bulk theories also fail in describing amorphous and 
molten metals. 

At the molecular limit, symmetry considerations 
provide much useful qualitative information. However, 
most semiempirical approaches making use of symme- 
try simplification have failed quantitatively for lack of 
accurate potentials. Descriptions of clusters on the 
basis of ab initio unrestricted Hartree-Fock calculations 
could provide these potentials and have been attempted 
for species with less than several tems of atoms (de- 
pending on the elementm). The results, particularly for 
alkali clusters, are generally in good quantitative 
agreement with experiment. As bonding effects make 
up only a tiny fraction of the total energy, larger basis 
sets become necessary and computational involvement 
increases exponentially, with increasing cluster size. At  
present even the fastest computers run into time 
problems: one of the largest metal clusters yet calcu- 
lated at  an ab initio level is Bea6, which for one pre- 
determined geometry requires 8 h of Cray 2 CPU 
time.21 One is then faced with a pragmatic limit: the 
detailed theory should be applicable if carried to the 
extreme, but the answers may not be obtainable in an 
affordable calculation, a t  present technology. Fur- 
thermore and more importantly (considering the rapid 
development of computing power as a function of 
time),22 physical insight anticorrelates with the size of 
the basis sets used and can only be retrieved-if a t  
all-by comparing many calculations. 

Clearly the alternative should-ultimately-not be 
a phenomenological theory providing some physical 
insight but little predictive power (e.g., jellium model). 
Experimental cluster science may serve a valuable role 
here by generating relevant particle specific data that 
act as a shortcut to the development of comprehensive 
cluster theories of metals and alloys. 

(io Role of Clusters in Catalysis 

The relevance of gas-phase,bare metal cluster studies 
to heterogeneous (and homogeneous = microheteroge- 
neous) catalysis is often stressed. In this context it has 
been proposed that there may be cluster sizes (or com- 
positions in the case of bimetallics), which for a specific 
metal/support/reactant combination, are highly cata- 
lytically active due to their characteristic electronic 
(band gap, ionization potential, metal/non-metal tran- 
sition, spin multiplicity), geometric (surface defect 
density, epitaxy effects), or temperature/phase prop- 
erties. 

In heterogeneous catalysis involving supported metal 
clusters, one traditionally differentiates between facile 
and demanding reactions23 (also called structure sen- 
sitive and insensitive, respectively). Facile processes 
appear independent of cluster dimensions apart from 
the zero-order dispersion effect of surface to volume 
ratio. Demanding reactions manifest pronounced 
particle size dependence and motivate studies into the 
reactivity of bare species that generally stress steric 
 rationalization^.^^ It is important to keep in mind that 
small clusters, even of refractory metals, have melting 
points well below the bulk as has been determined by 
electron microscopy.% Recently heterogeneous catalysts 
have been newly classified into those having equili- 
brated metal surfaces (EMS) and those with metastable 
metal surfaces (MMS).26 EMS catalysts, which make 
up the bulk of, if not all, industrial catalysts (both for 
facile and demanding reactions), are characterized by 
operating temperatures close to the Huttig temperature 
(Tm/3). It appears that metal particles in the size range 
commonly used for industrial catalysis (20 A) have 
sufficient surface mobility near this temperature that 
an “equilibrated state of several crystal faces is 
reached”. One can speculate that lower operating tem- 
peratures are not desirable because a molten surface is 
less susceptible to poisoning. The implication is then 
that industrial catalysts are often molten under oper- 
ating conditions. Consequently mainly variations in 
electronic structure will give rise to particle size de- 
pendence in these systems. In order to be relevant, 
gas-phase studies then require control over and a 
knowledge of cluster phase and internal temperature. 
While not yet addressed, this is a problem that can in 
principle be solved. 

More troubling is the question of matrix effects. 
From gas-phase studies we infer that electronic and 
geometric structure changes with particle size are most 
dramatic for clusters having less than 10 atoms (see 
below). On a conventional oxide support or in a zeolite 
this size range corresponds to a regime in which met- 
al-support interactions are likely to be extremely strong 
with a high proportion of cluster atoms involved (rafting 
and charge transfer). Therefore, any particle size effects 
occurring in this range in the gas-phase are likely to be 
absent or different in heterogeneous systems. In con- 
trast, for larger clusters, gas-phase studies may provide 
important insight into the chemistry of supported ag- 
gregates. 

The strength of support perturbations can be probed 
for by studying the chemistry of structurally well-de- 
fined, monodispersed, clusters on supports. These will 
have to be generated by deposition from a beam, as in 
situ generation has failed to provide satisfactory levels 
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of size and structural ~ n i f o r m i t y . ~ ~ ? ~ ~  Even if the result 
of such measurements preclude homologies between 
condensed and gas-phase aggregates up to quite large 
particle sizes, it is conceivable that beam studies of 
small clusters may still lead to the development of novel 
gaseous catalytic or stoichiometric processes. 
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(iii) Cluster Materials 

Rapid cooling (>lo8 K/s) of molten alloys leads to 
the formation of amorphous metals (metallic glasses) 
with neither positional nor orientational order.% These 
materials have interesting properties quite distinct from 
their crsytalline congeners (for example, high corrosion 
resistance). Under certain conditions and for specific 
metal combinations (Al-Mn, Al-Li-Cu, and several 
others), amorphous metals may contain regions with 
dimensions of up to 3 mm yielding electron diffraction 
patterns indicative of crystals with fivefold translational 
symmetry (icosahedral phase).35 Space-filling fivefold 
symmetry is not possible for a crystalline lattice. Two 
explanations have been proposed: (a) a 3-dimensional 
Penrose tiling involving two different rhombohedric 
unit cells (quasicrystals); (b) a cluster material con- 
sisting of packed icosahedra (for example in AI-Mn: 
Al12Mn) having the same overall orientation but joined 
randomly at edges and/or vertices.% The latter picture 
is supported by scanning tunneling microscope (STM) 
studies of glassy metal surfaces, showing evidence for 
clusters embedded in an amorphous matrix (of even 
smaller clusters?) .% Note that cooling rates necessary 
for the production of quasi-crystals with relatively large 
dimensions appear to be lower than for metallic glasses. 

There are many indications that microclusters have 
equilibrium structures that deviate dramatically from 
the crystalline bulk. Depending on cooling rates, cluster 
sources may generate these structures together with 
many slightly less stable valence isomers. In the case 
of bimetallic expansions, clusters with "impossible" 
stoichiometries can easily be formed. Given control 
over particle size distributions, it is conceivable that 
novel cluster materials may be formed by deposition of 
paucidispersed aggregates from a molecular beam. 

2. Experimenfal Secflon 

2.1. Sources 

Gas-phase cluster studies are still limited by the 
sources available. The goal is to be able to routinely 
generate high-flux (> 1015 cm-2 s-l), continuous, and 
monodispersed cluster beams with well-defined and 
selectable internal temperatures. Furthermore, there 
should be sufficient control over the expansion as to 
allow for (1) selection of a particular low-lying isomer 
and/or (2) generation of a well-defined equilibrium 
distribution of isomeric forms. 

Sources for monodispersed clusters do not yet exist. 
Multi-metal organometallic complexes (or Zintl salts37) 
would appear to provide the ideal starting point for the 
generation of gas-phase (bare) transition-metal clusters 
of one size. However, low room-temperature vapor 
pressures and the low thermal dissociation thresholds 
associated with larger complexes make volatilization 
difficult. This problem can be circumvented if ther- 
m o ~ p r a y ~ ~  or e l e c t r ~ s p r a y ~ ~  techniques are used. A 

- - - 
D 

000000000000000000 

0 
E 

Figure 1. Schematic cross section of a high-temperature oven 
used to generate clusters of volatile metals by either neat vapor 
or seeded beam expansions. Metal samples contained in com- 
pression sealed or welded cartridges can be conductively heated 
(separate body and nozzle heaters) to temperatures of greater than 
1300 K. To prevent c1ogging;nozzle temperature is usually kept 
50 K higher than that  of the cartridge body. Nozzle geometry 
used depends on the desired cluster size range and temperature 
distribution. Large alkali clusters (Mz, *: C 120) can be conven- 
iently generated by expansion out of 0.6-mm throat diameter, 30' 
(full angle) conical nozzles. Specifically identified in the diagram: 
conical nozzle, A; cartridge body and nozzle thermocoax heaters, 
B and C; tantalum radiation shields, D; chromium-plated copper 
sealing gasket, E; seed gas inlet, F; water-cooled heat shield, G; 
bellows for beam alignment, H. Details concerning experimental 
methods used in photoionization studies on supersonic beams of 
alkali clusters can be found in ref 42. 

more serious shortcoming concerns lack of efficient 
methods for the stripping of ligands. Apart from some 
electron-impact studies,l% most efforts in this area have 
involved one-color, visible or near-UV, pulsed multi- 
photon dissociation/ionization (MPD/MPI) of metal 
carbonyls. At  high enough laser fluences one observes 
sequential absorption of up to 7 photons, leading to the 
formation of mainly atomic cations with small amounts 
of cluster ions.41 While the exact mechanism is not 
known, efficient fragmentation of the central metal core 
must occur either during or subsequent to ligand 
stripping.@ Later experiments using two-color visible 
irradiation with appropriately timed laser pulses and 
weakly bound ligands have achieved slightly higher 
cluster ion yields.41 However, in general, this approach 
seems to be limited by a fundamental dissociation rate 
problem. 

Size distributions of neutral and ionic gas-phase 
clusters can be produced for just about any metallic 
(and also nonmetallic) element in the periodic table. 
Methods used include continuous (high-temperature 
ovens; see Figure 1) and pulsed (laser vaporization) 
seeded and nonseeded supersonic expansions, inci- 
dent-ion or metastable neutral beam sputtering of 
metallic targets, and gas aggregation of monomers 
generated either by thermal means or by cold cathode 
discharge. Most of these sources have been described 
at  length in a recent review.42 None provide good 
control over cluster phase, internal temperature, or size 
distributions. Measurement of these properties is itself 
not free of ambiguities. Applicability of individual 
cluster sources is a function of metal cohesive energies; 
for example, continuous expansions from high-tem- 
perature ovens are limited by materials considerations 
to the more volatile elements (a metal vapor pressure 
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of approximately 100 Torr is required). 
There are dramatic differences with regard to the 

cluster fluxes available from different source configu- 
rations. Highest fluxes are obtained for continuous, 
neat, volatile metal vapor expansions out of high-tem- 
perature ovens, which can under favorable conditions 
provide at least 1015 cm-2 s-l of one particular size (M,, 
x < lo), 60 cm downstream from the source. Assuming 
10% ionization efficiency, which is easily achievable for 
dimers,43 and a collection and separation efficiency of 
lo%, this works out to monodispersed ion fluxes of 1013 

(space charging problems can be solved44). Given 
a surface site of 100 A2, it would take 10 s to generate 
a monolayer by deposition, assuming a sticking coef- 
ficient of unity and negligible fragmentation upon 
beam-surface interaction. 

At  this writing the situation with regard to refractory 
metal clusters is less promising. Mass-separated, cluster 
cation fluxes, M,’ (x  < lo), of up to A (6.43 X lo6 
particles s-l) have been measured for an ion cluster 
beam generated via high repetition rate (500 Hz), pulsed 
laser vaporization under a continuous flow of carrier gas, 
followed by electron-impact ionization in the expansion 

Cold cathode discharge sources yield roughly 
1 order of magnitude more mass separated cluster ion 
f l ~ x . 4 ~  In both methods, neutral cluster fluxes are as 
yet not quantified but likely not more than 2 orders of 
magnitude larger. There have been claims of somewhat 
higher separated cluster ion currents using ion beam 
sputtering of metal targets (cold reflex discharge ion 
source for the primary beam that delivers several mil- 
liamperes of Ar+ at  20 keV).47 

2.2. Separation 

In the absence of operative monodispersed neutral 
cluster sources, particle-specific studies require one or 
a series of separation stage(s) either prior to or during 
the measurement itself. Many methods have been 
proposed; several have at  this writing been demon- 
strated. Among individual techniques, photodetach- 
ment of electrons from mass-selected negative cluster 
ions presently best meets throughput (low loss even 
though some fragmentation occurs) and separation ef- 
ficiency requirements.& While not a separation scheme, 
coupling of a mass spectrometers to an ionization me- 
thod that is cluster size sensitive (e.g., resonant two- 
photon ionization, RZPI) can provide size-specific in- 
formation on the precursor neutrals if fragmentation 
and saturation effects are understood; see 2.4(i). 

(0 Deflection 

Constituents of a supersonic cluster beam, to first 
order, have uniform horizontal (on axis) but slightly 
mass-dependent vertical velocity d i s t r i b ~ t i o n ~ ~ ? ~ ~  (see 
below). Separation can be achieved by imparting large, 
cluster size dependent vertical velocity components. 
For example, clusters passed through an inhomogeneous 
magnetic or electric field experience deflection pro- 
portional to their respective magnetic or electric mo- 
ments and inversely proportional to mass. 

Attempts to magnetically deflect homonuclear alkali 
clusters have met with limited S U C C ~ S S , ~ ~  due to strong 
spin-rotation coupling that increases in magnitude from 
Li to K and tends to average out magnetic m ~ m e n t s . ~ , ~ ~  
For sodium, the effect precludes separation of Na, ( x  
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> 2).50351 In contrast, spin-rotation coupling does not 
appear to be a problem for Al,52 or Fe,12 for which 
deflection has been reported. In such an experiment 
the magnitude of maximum deflection, d,  from the 
beam center line as measured at  the detector is given 
by eq 1, where p is the cluster magnetic moment (av- 

d = p(dH/dz)L2(1 + 2D/L)/(Zmv2) (1) 

eraged over all contributing states), dH/& the gradient 
of the magnetic field, L the length of the magnet, m the 
cluster mass, D the distance from the end of the magnet 
to the detection region, and u the velocity of the species 
through the magnet. Unfortunately, in Fe,, the mag- 
netic moment appears to scale linearly with x such that 
deflections are size independent. 

In an electric defelection study, sodium and potas- 
sium cluster beams were passed through an inhomo- 
geneous transverse electric field. Deflections occurring 
are proportional to dipole moment times electric field 
gradient. Results obtained were interpreted purely in 
terms of induced moments, the mean static polariza- 
bility a being averaged over the “relevant molecular 
states”.53 Then, as induced dipole moment (aE) and 
field gradient are both proportional to the root-mean- 
squared static dipolar electric field E,  deflections are 
given by eq 2, where L is the electrode path length, m 

z = KaE2/mv2 (2) 

the cluster mass, u its velocity, and K the apparatus 
function that includes flight path from deflecting field 
to detector. Per atom polarizability was found to be 
only weakly (and monotonically) dependent on cluster 
size (50% change between atom and bulk), such that 
separation of sodium and potassium clusters by electric 
deflection does not appear viable. In contrast, there 
have been some preliminary measurements on mixed- 
alkali species, in which separation according to  per- 
manent dipole moments was observed.54 

Photodeflection via resonant absorption and associ- 
ated transfer of photon momentum has been demon- 
strated for beams of alkali atoms55 and, using tunable 
cw-dye lasers, for atoms and dimers,56 spontaneous 
emission being isotropic. It has yet to  be applied to 
larger species due to two difficulties in addition to the 
mass problem: (i) The larger the cluster, the higher the 
density of states; consequently, for the same terminal 
temperatures, less population is available in one specific 
state for resonant absorption. (ii) Excited atoms can 
rapidly and efficiently reemit to the ground state, al- 
lowing for multiple excitations and incremental de- 
flections during passage of the interaction region; in 
contrast, excited-state molecules can emit to many 
different states, most of which can no longer absorb; 
consequently the likelihood of multiple deflections is 
very low. 

Momentum may also be transferred by scattering 
with a secondary beam. In studies of van der Waals and 
hydrogen-bonded aggregates, requiring rigorous particle 
specificity to sort out the details of ionization-induced 
fragmentation, measurable angular/velocity separations 
have been so achieved. In this experiment, a neutral 
cluster beam is crossed at right angles with a He beam.57 
Possible cluster trajectories are defined by a solid angle 
dependent on mass. For typical experimental config- 
urations, attenuation levels upon crossed-jet scattering 
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of an argon cluster beam are about lo6, with collision- 
induced dissociation only a significant problem for very 
weakly bound species. Such kinematic separation has 
also been attempted with sodium cluster beams.58 
Preliminary results suggest discontinuous size-depend- 
ent variations in scattering and collision-induced frag- 
mentation cross sections. Free jet deceleration by 
countercurrent collision59 has been applied to large 
clusters of copper and silver. The results are not un- 
equivocal due to the lack of mass spectrometric char- 
acterization; however, they are consistent with signifi- 
cant particle size discrimination. 

(io Mass Spectrometric Methods 

An obvious route to monodispersed clusters is via 
generation of cluster ions (either by ionization of neu- 
trals or by ion clustering), mass selection, and subse- 
quent reneutralization-negative cluster ions by electron 
photodeta~hment~~ and positive ions by resonant or 
near-resonant collisional charge transfer.60 Photode- 
tachment has been demonstrated for several transition 
metals. Typically yields are quite high, but for certain 
metals, notably Ag and Cu, fragmentation to smaller 
cluster ions plus one or more neutral molecules is a 
strongly competitive process.4s Fragmentation also 
appears to be a problem in collisional charge transfer. 
A recent study on sulfur cluster cations in which frag- 
mentation is probed for by measuring the additional 
divergence of the resultant neutral beam (translational 
spectroscopy) concludes that the energy deficit of the 
charge-exchange process has to be kept as small as 
possible in order to minimize competing fragmenta- 
tion.61 There have as yet been no direct studies of 
resultant neutrals for either scheme. Clearly internal 
energy distributions are likely to be large and overall 
separation efficiencies low. 

In the near future, generation of and deposition from 
monodispersed ion beams without subsequent reneu- 
trdlization is likely to be a more viable approach to the 
deposition onto surfaces or into matrices of neutral 
clusters having very limited size distributions.62 

(iii) Untried Methods 

Two dynamic effects associated with supersonic ex- 
pansions can be used in series to obtain partial size 
separation. (a) In seeded beams with large mass mis- 
matches between heavy seed and light carrier gas, sig- 
nificant on-axis velocity slip of the heavier component 
occurs. An analogous effect is observed in seeded 
cluster beams:63 velocity differentials of up to 20% 
have been found between the lightest and heaviest 
potassium clusters, K, (2 < x < 120), generated by 
potassium in argon-seeded expansion.M On the basis 
of observations made in supersonic neat water vapor 
expan~ions,6~ cluster size dependent velocity differen- 
tials are also expected for pure metal vapor expansions. 
(b) Minor separation effects according to mass-de- 
pendent variations in perpendicular velocity distribu- 
tions are also well-established. In cluster beams this 
leads to on-axis enrichment of heavier  aggregate^.^^ 

A possible sequence of steps that would take advan- 
tage of beam dynamic mass separation to achieve a high 
degree of paucidispersion involves (a) rough control of 
cluster distribution by variation of stagnation conditions 
and nozzle geometry (dramatic enrichments of "magic" 
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species may already be achievable here if expansion 
conditions are selected so as to favor the expression of 
relative thermodynamic stabilizies; see below), (b) high 
collimation and associated on-axis enrichment of 
heavier species, (c) inert-gas scattering to preferentially 
remove lighter species, (d) velocity selection, and (e) 
elimination of the largest clusters still present by 
near-threshold ionisation and extraction of ions. IP's 
generally decrease with cluster size, such that the larger 
clusters can be selectively ionized. 

2.3. Detection 

The most elementary questions occurring in gas- 
phase cluster studies concern the presence or absence 
of a beam and its composition. Several methods have 
been applied to the detection of metal species: (a) 
overall beam flux measured by deposition onto an os- 
cillating quartz film thickness monitor;66 (b) laser-in- 
duced fluorescence (LIF) measurements, providing 
some trimer data;51967768 (c) electron diffract i~n;~~'- '~~ (d) 
ionization of neutral species and detection of resulting 
ion currents, yielding by far the most information on 
metal clusters. 

The most commonly utilized ionization modes in 
cluster studies are electron impact, thermoionization, 
and photoionization although Penning and collisional 
charge-transfer ionization have also been applied. 
Cluster parent and fragment ions have been measured 
as total currents with ionization gauges and surface 
ionization detectors. These tools are particle specific 
only for (i) very low cluster fluxes, (ii) efficient con- 
version of M, to n times M+, and (iii) situations when 
pulse counting is used.64 Preferentially employed are 
mass filters (magnetic sector, time-of-flight, FTMS 
(Fourier transform ICR), Wien, quadrupole, ...) followed 
by determination of ion currents. Mass spectroscopic 
studies of metal cluster beams, particularly those di- 
rected toward determining neutral beam compositions, 
suffer from three effects that are generally poorly un- 
derstood: 

(i) Mass-Dependent Instrument Response 

Often mass spectrometers are mounted perpendicular 
to the cluster beam to prevent detector contamination. 
It is clear that, due to the Thomson parabola effect,69 
cluster ions with roughly size-independent velocity and 
therefore linearly size-dependent kinetic energies will 
have different permissible ionization regions. Trajec- 
tory calculations for Na,' ( x  < 66) moving through the 
ion source of a perpendicularly oriented quadrupole 
mass filter show that the volume mapped out by all 
accepted starting points is roughly conical, with the 
cone apex position and angle being a function of mass. 
Consequently and in particular for ionization methods 
with small interaction volumes-as is the case for fo- 
cused laser irradiation-size-dependent ion source 
throughput is obtained, typically discriminating against 
heavier species. 

Monotonic mass-dependent variations in filter 
transmission are also a common problem. For example, 
in a quadrupole filter, throughput is highly dependent 
on entrance aperture potential due to fringe fields from 
the rods.'O In contrast, mass discrimination was thought 
to be negligible at quadrupole exit apertures because 
of the high detector potentials subsequently encoun- 
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tered by the ions. This assumption has been proved 
erroneous for heavy ions: the application of a 100-V 
positive potential to the exit aperture can result in an 
increase in ion detection efficiencies by up to a factor 
of 20 for m / e  >500.70 

Once through the mass filter, ion currents are mea- 
sured either directly with a Faraday cup or indirectly 
via a particle multiplier (e.g., channeltron, CuBe sec- 
ondary electron multiplier, microchannel plates, Daly 
detectors). Conversion of ions into electrons in the first 
stage of such a multiplier is strongly mass dependent. 
There are two effects to be aware of:71 (1) A velocity 
threshold of about 2 X lo4 ms-l for secondary electron 
emission; above this threshold multiplier response grows 
linearly with ion velocity, and therefore for monatomic 
ions at  constant (multiplier) potential ,  detector re- 
sponse goes as (m/e)-lI2. (2) For elemental cluster ions 
having constant incident velocities, detector response 
scales linearly with the number of monomer units. 
Then, under realistic experimental conditions of con- 
stant ion potential and for ion velocities above the 
secondary electron appearance threshold, detector re- 
sponse initially increases, goes through a maximum, and 
subsequently decreases with increasing cluster size.71 

For typical multipliers, high mass response is limited 
by the maximum voltage applied between entrance 
dynode and signal anode (e.g., 2 kV for channeltrons). 
Note that a lo4 m s-l velocity threshold for secondary 
electron emission implies that an m / e  1800 cluster ion 
needs to see a first stage potential of at least 3 kV in 
order to be detected. Higher detection efficiency for 
large (positive) cluster ions can be achieved either by 
floating the entire multiplier a t  a high potential or by 
using a “conversion dynode” that is biased at  a high 
negative potential (>4 kV) and inserted prior to the first 
multiplier stage. Note that spectacular detection ef- 
ficiencies for alkali cluster ions have been achieved 
using a Daly detector to which is applied a negative 
potential in excess of 8 kV.72 
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abundances, particularly with a broad-band ionization 
source providing excitation energy well above the adi- 
abatic IP. Two examples from alkali cluster studies 
make this clear: (a) Mass spectra obtained upon elec- 
tron-impact ionization (electron energy >10 eV) of a 
sodium cluster beam show only Na,+ ( x  < 51, while 
near-threshold photoionization of an otherwise identical 
expansion resolves cluster ions, x < 17.75 (b) A recent 
photoionization study on Na8 shows that significant 
fragmentation to Na7+ occurs76 when radiation more 
than 0.5 eV in excess of the vertical ionization potential 
is used. It is possible to determine the wavelength 
dependence of the ratio of direct ionization to frag- 
mentation cross sections by performing several mea- 
surements on beams having different neutral compo- 
sitions. The extent to which sodium cluster mass 
spectra obtained by broad-band photoionization are 
contaminated by fragmentation contributions can so be 
quantified. Staying with this example, one finds that 
under certain expansion conditions up to  39% of the 
total Na7+ ion signal obtained upon irradiation with the 
full output of a l-kW Xe/Hg arc lamp results from Nae, 
while the measured Na8+ signal underrepresents the Na8 
present in the heam by 10%. 

Note that fragmentation effects may not only depend 
on the excess energy (above the ionization potential) 
imparted to the system. For molecules with greatly 
different neutral and ionic ground-state equilbrium 
geometries such as hydrogen-bonded clusters and many 
types of van der Waals clusters, vertical ionization even 
at  threshold will always lead to fragmentation. For- 
tunately metallic clusters (Mz, x > 4) typically have 
similar neutral and ionic ground-state equilibrium ge- 
ometries, as calculations at many levels of sophistication 
imply.77 Consequently, they will not fragment upon 
near-threshold ionization [exception: group 2a and 2b 
molecules prior to their non-metal/metal transition (see 
4.5)]. 

2.4. Spectroscopy 

All of the tools that have been applied to probing 
electronic and geometric structure parameters of tran- 
sient intermediates and cold molecules in beams are 
applicable to small metal clusters also, with the re- 
striction that many different molecules often with 
overlapping absorption features are present simulta- 
neously. Ideally the method should ensure particle 
specificity. However, in spectral regions with poorly 
overlapping cluster signatures, nonspecific tools can be 
applied. For example, van der Waals  and hydrogen- 
bonded aggregates have been studied using LIF, 
CARS78 (coherent anti-Stokes Raman spectroscopy), 
FTIR (Fourier transform infrared) a b ~ o r p t i o n , ~ ~  laser 
aborption (mid-IR with bolometric detection,s0 far-IR?l 
visible intracavity), Raman,@ photoelectron spectros- 

molecular beam electric resonance, and micro- 
wave spectroscopy of various f o r m ~ . ~ ~  

Excepting dimers, fewer techniques have been ap- 
plied tQ spectroscopic studies of neutral gas-phase metal 
clusters: one-photon ionization, resonant two-photon 
ionization (RSPI), and multiphoton ionization, LIF, 
LIAF (laser-induced atomic fluorescence, from disso- 
ciation products@), and ion depletion. There have been 
several recent reports of photoelectron spectroscopy on 
mass-selected cluster  anion^.*^,^^ With the exception 

(io Ionization and Fragmentation Cross Sections 

Apart from instrument response, a detailed under- 
standing of the ionization process itself is necessary to 
be able to determine a precursor neutral distribution 
from a mass spectrum. This requires information on 
ionization and fragmentation cross sections, in addition 
to a knowledge of ionization potentials and conse- 
quently that fraction of incident radiation giving rise 
to ions. In early studies neutral cluster abundances 
were determined from mass spectra (1:l correspondence 
assumed) without any consideration being given to 
these factors. 

A t  this writing, there are still no measurements of 
relative ionization cross sections for metal clusters. In 
the absence of such data one assumes that clusters are 
roughly spherical (see below) and that to first-order 
ionization cross section near the appearance threshold, 
where competing effects such as ionization-induced 
fragmentation are thought to be insignificant, goes as 
the geometric cross section (an2/3).73 Photoionization 
cross sections for sodium clusters (Na,, x < 21) are 
presently being measured by ion depletion methods (see 
below).74 

Ionization-induced fragmentation can be a significant 
problem to the determination of precursor neutral 
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of LIF and LIAF all of these methods are particle 
specific. 

(i) Rovibronic Studies (Ms x < 10) 

R2PI is the spectroscopic technique most extensively 
applied to the characterization of small metal clusters 
(Na3, LiNa2, Li2Na, Cu3; see 3.1). A brief discussion of 
the methods limitations is therefore in order. Electronic 
R2PI generates ions by two-step absorption. The first 
(exciting) photon is tuned to a transition between the 
neutral ground and an excited electronic state while the 
second (ionizing) photon surmounts the ionization 
threshold. The method can provide particle-specific, 
rotationally and vibrationally resolved absorption 
spectra containing mostly information on excited elec- 
tronic states (and some ground-state data via hot 
bands), if the ionization step is sufficiently fast to en- 
sure measurable ion yields. In clusters, intermediate- 
state lifetime is a particularly important consideration 
as population can rapidly decay via several different 
channels (predissociation, nonradiative relaxation, in- 
terconversion), with decay rates increasing with particle 
size.87 

A dramatic example of the influence of competing 
processes on R2PI measurements is provided by a 
comparison of CW and pulsed studies on Nap Recently 
reported has been the observation, by one- and two- 
color pulsed laser RBPI, of four excited electronic states 
of this molecule significantly to the bluess of the two 
red bands (“An and “B”) found initially by R2PI with 
continuous-wave (CW) lasers.8g These new states have 
resolvable vibrational features but much shorter life- 
times than A and B states and were therefore never 
observed in the CW laser studies, which had previously 
attempted to map out the same spectral region. Note 
that ionizing laser power levels in those CW R2PI 
measurements were at most 25 W (unfocused) com- 
pared to event powers of >2  X lo6 W (also unfocused) 
for a typical excimer pumped pulsed dye laser. 

Attempts to obtain electronic R2PI spectra for larger 
alkali clusters have so far been unsuccessful. It has been 
proposed that this is a general problem, due (i) to rapid 
predissociation for all intermediate states above the first 
thermodynamically accessible dissociation thresholdg0 
and/or (ii) promotion of electrons from lower lying 
orbitals in competition with the ionization step?’ These 
effects will clearly be minimized in studies of low-lying 
excited electronic states using high intensities and short 
pulses. 

Upon breakdown of electronic R2PI due to excited- 
state lifetime effects, ion depletion spectroscopy be- 
comes in f~ rma t ive .~~  Ion signals generated by fixed- 
frequency one-photon absorption are measured as a 
function of the energy of a dissociating laser. Upon 
resonance, reductions in ion signal are observed. In 
contrast to R2PI this method looks at  small changes in 
large signals and is therefore subject to greater noise 
problems. An ion depletion survey of predissociative 
excited electronic states in Na, ( x  < 41) is presently 
being carried out in our laboratory. Initial measure- 
ments using excitation energies of 2.5 eV find extremely 
large but size-dependent dissociation yields (absorption 
cross section convoluted with the dissociation rate).94 
In this energy range, sequential monomer loss appears 
to be the preferred fragmentation mode.95 In a more 
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detailed depletion study on Na4 using several different 
excitation frequencies, we have found evidence for a 
strongly predissociative excited electronic state between 
2.4 and 2.6 eV.94 

For metal clusters, electronic-state densities are 
characteristically high near the ground state. In con- 
junction with rotational and vibrationial structure, this 
causes rapid spectral congestion with increasing particle 
size (“vibronic soup”). This effect is best illustrated in 
terms of a recent ab initio calculation on Fe2 that finds 
more than 60 excited electronic states within 0.139 eV 
of the 7Au neutral ground state.92 Assignment of a 
ground-state symmetry from electronic R2PI or ion 
depletion spectra is obviously impractical here. Level 
congestion is not quite as serious for small clusters of 
simple (as opposed to transition) metals and for mole- 
cules with high symmetry where the ground state can 
sometimes be significantly more stable than the first 
excited state. 

(ii) Other Methods (Mx, x C 10) 

Even is it were possible to obtain electronic spectra 
with well-resolved features, free of electronic-state 
congestion, the determination of ground-state equilib- 
rium structures from an analysis of rovibronic bands 
very rapidly becomes prohibitively difficult (perhaps 
already for M,, x > 6). Various infrared and microwave 
techniques may yield rovibrational data that are 
somewhat easier to interpret; however, they suffer from 
low cluster oscillator strengths in the corresponding 
spectral regions as well as from a lack of particle spe- 
cificity. The latter problem may be soluble by way of 
IR/UV two-photon ionization. 

Other techniques that hold promise for structure 
elucidation in the size range up to about 10 atoms in- 
clude electrostatic multipole focusing to determine 
static dipole moments and magnetic resonance mea- 
surements (NMRg6 or ESR,97 both of which have been 
demonstrated for particles on supports but not in 
beams). A novel approach recently applied to transi- 
tion-metal clusters is IR photodissociation of weakly 
bound surface absorbates (see caveats in 1.2). Some 
limited bond energy information can also be obtained 
for small clusters using Knudsen cell mass spectrome- 
tric  technique^;^^ however, the conclusions of such 
measurements are strongly dependent on electronic- 
state densities and cluster symmetries, both of which 
are typically unknown. 

(iii) Ms x 3 10 

Determination of structures beyond the Mlo range 
requires different methodologies. The recent applica- 
tion of 200- and 400-keV HRTEM (high-resolution 
transmission electron microscopy) to the study of sup- 
ported gold clustersg9 shows convincingly that it is 
possible to image clusters with radii smaller than 10 A 
at almost atomic resolution. Surface tunneling mi- 
croscopy (STM) can even achieve atomic resolutionlW 
and can also simultaneously distinguish elements; 
however, the time required to obtain a “picture” is long. 
Furthermore, there are difficulties with high surface 
mobility of clusters and STM probe contamination. In 
both measurements one runs into the problem of sta- 
tistics (representative pictures). Microscopy techniques 
not directly applicable to the determination of gas- 
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phase equilbrium structures could however be used to 
obtain relevant data should it prove ossible to deposit 
narrow cluster size distributions in a nondestructive 
fashion onto inert atomically flat supports (for example, 
by free-jet deceleration). 

Structures are also determinable from particle or 
photon scattering measurements in beams-ideally on 
monodispersed, monoisomeric, rigid, oriented, and cold 
clusters! However, even with these perfect conditions 
deconvolution of scattering data is not straightforward 
due to intrinsic problems associated with finite particle 
size. So far, electron d i f f r a c t i ~ n ~ ~ ~ - ’ ~ ~  and now EXAFS 
(extended X-ray absorption fine structure)lo4 metho- 
dologies have been sued for cluster beams with com- 
paratively large cluster size and internal energy dis- 
tributions. Determination of topologies from observed 
scattering profiles or absorption fine structure is not 
totally unambiguous under these conditions. 
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2.5. Chemical Reactivity 

A large amount of data relevant to the chemical re- 
activity of neutral transition-metal clusters has over the 
past several years been amassed using flow tube reac- 
t o r ~ . ~ ~ ~ ~ ~  Clusters are generated by laser vaporization, 
and the resulting pulsed beam is subsequently mixed 
with a reagent stream. Reactant clusters and product 
species, usually having ionization potentials above 5 eV, 
are detected by one-photon or multiphoton ionization 
using an excimer laser (F2, ArF, KrF, XeC1) and time- 
of-flight mass spectrometry. While selectivity is probed 
for by assigning products and reaction pathways, size- 
dependent variations in relative reaction rates are 
measured by quantifying growth of products and de- 
pletion of reactants (as ion signals). There have been 
several noteworthy conclusions from these experi- 
m e n t ~ . ~ ~ ~ ~  (1) High selectivities (even after taking 
dispersion into account, with enormous size-dependent 
variations in reaction rates are are seen for those re- 
actions in which electron transfer is necessary to me- 
diate the adsorption step (e.g., hydrogenation of Fe, and 
Nb,). Here rates, as measured by neutral cluster de- 
pletions, can be beautifully correlated with cluster 
ionization potentials. (2) Size effects typically observed 
in flow tube studies are much smaller and poorly re- 
solved. Here definitive measurements and correlation 
with the details of electronic and/or geometric structure 
await the solution of a number of problems: (i) ioni- 
zation potentials and cross sections for product species 
(and often reactant clusters) are typically poorly 
characterized; (ii) ionization-induced fragmentation is 
poorly understood; (iii) reaction pathway determination 
is ambiguous because the method is not strictly particle 
specific; (iv) there is no detailed knowledge or control 
of internal temperature; (v) it is not clearly established 
whether cluster growth is influenced by reagent addi- 
tion; (vi) the magnitudes of scattering and collision-in- 
duced dissociation cross sections are unknown for 
reagent clusters. 

The gas-phase chemical reactivity of main-group 
metal clusters has not been as extensively characterized. 
Apart from pulsed-flow tube measurements on Al, (x 
< 20),’05 efforts have so far been limited to (i) supersonic 
beam studies of alkali cluster (Na,, K,, x < 5) oxidation 
by admixture of HC1, Cl,, O,, and N20 to the expansion 
zone and analysis of products via photoionization;l@ (ii) 
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Figure 2. In a “pick-up” study, a sodium cluster beam was crossed 
with an SF6 effusion, approximately 2 cm downstream from the 
nozzle. Shown are photoionization mass spectra (with the effusive 
beam off (a) and on (b)) obtained on the cluster beam axis by 
irradiating at 280 nm with use of a 1-kW arc lamp/monochromator 
combination. This corresponds to an energy sufficient to ionize 
al l  Na, ( x  > 2) by absorption of one photon. Ion signals at Na,F,+ 
(fully shaded) and Na,S+ (partially shaded) are indicative of 
neutral cluster reactions. Excepting NazF (see also ref 199), 
ionization potentials and ionization/fragmentation cross sections 
remain to be established for most products. Nevertheless, strong 
size-dependent variations in cluster reactivity are apparent. 

characterization of size effects in reactions with chlo- 
rinated hydrocarbons, of Na, and Zn, ( x  > 100 f 20) 
generated by gas aggregati0n;4~JO~ and (iii) “pick-up”108 
experiments on Na, (x < 41) in which cluster beams are 
crossed at right angles with a reagent effusion (e.g., SF6, 
02, N20, CCl,; see Figure 2).lo9 

In contrast to neutral metal clusters, the chemistry 
of cluster ions can be probed under rigorously particle 
specific conditions. Measurements have been per- 
formed mainly on positively charged species using (i) 
tandem or triple mass spectrometers110‘l12 (with inter- 
mediate collision chamber), (ii) FTMS,l13-l15 or (iii) 
SIFT (selected ion flow tube) techniques.l16 Initial 
results on positive cluster ions are fascinating but 
perhaps not quite as relevant to neutral cluster chem- 
istry as hoped, for two reasons: (a) The influence of 
the positive charge is dominant up to at least Mlo+. (b) 
Internal excitation of cluster ions may be quite high and 
is a t  present poorly characterized and controlled. In 
contrast, some information pertaining to  the physical 
properties of neutral species does result form these 
experiments: (i) Relative cluster ion stabilities obtained 
from photodiss~ciation~~ and collision-induced frag- 
mentation measurements117 can be used to establish 
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neutral stabilities via ionization potential determina- 
tions. (ii) Ionization potentials may be bracketed by 
observation of charge-transfer reactions.l14 
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3. Geometry 

There is little experimental data relevant to the 
geometric structure of small metal clusters. Most of this 
information is from low-temperature matrix studies 
(e.g., absorption, Raman, Mossbauer, and ESR), which 
are not particle specific and often suffer from ill-defined 
guest-host interaction effects. Among main-group 
metals, matrix data are limited to Li3,118 Na3,119 and 
K3,1m all having Jahn-Teller distorted D,h ground-state 
symmetries with small or nonexistent barriers to 
pseudorotation. There exists also an ESR spectrum 
tentatively assigned to a K7I2O pentagonal bipyramid. 
Matrix measurements on transition-metal c1usters121J22 
include Sc3 (pseudorotating D3h ground state, Y3 (Czu), 
Cr3 ( C d ,  Fea (D3h), Ni3 ( C d ,  Cu3 ( C d ,  Ag3 ( C d ,  CuAg 
(Czu), Cu5, Ag, (both distorted trigonal bipyramid), Cr, 
(tentatively assigned to a trigonally distorted tetrahe- 
dron, C3J, Mn5 (planar, pentagon), and Sc13 (ESR 
spectrum tentatively assigned to an icosahedral mole- 
cule).lZ2 

3.1. Trimers: Spectroscoplc Data 

There are only four gas-phase metal clusters for which 
there are vibrationally resolved spectroscopic data at  
this writing. These are all s-electron metal trimers: 
Na3,88989J23 LiNa2, Li2Na,124J25 and Cu3.67993 While the 
ground state of Cu3 (Jahn-Teller distorted has 
been extensively studied by LIF,67 most of the spec- 
troscopic data for the other molecules have been ob- 
tained only via electronic RSPI and consequently con- 
tain very limited ground-state information. For none 
of the four s-electron trimers has a rotationally resolved 
spectrum yet been published. Therefore, ground-state 
geometries can only be assigned indirectly. In this 
context, study of Li3, presently being pursued in several 
laboratories, is particularly promising because of the 
large rotational constants expected. There are no other 
particle-specific gas-phase metal  cluster data tha t  
allow inferences regarding ground-state equilibrium 
geometries. 

Of the four clusters for which we do have some in- 
formation, Na3 (Jahn-Teller distorted Da ground state) 
studies have been the most extensive. Experiments 
have mapped out all accessible visible absorption fea- 
tures, which encompass six excited electronic states in 
the wavelength range from 700 to 400 nm. Preliminary 
measurements suggest that excited-state lifetimes de- 
crease with increasing energy.lZ3 The highest lying state 
yet studied cannot be observed in RBPI even with 
pulsed lasers (5-11s pulse width); instead it has been 
characterized by Na3+ ion depletion with simultaneous 
observation of the Na2* fragmentation product.88 De- 
tailed analysis of lifetime effects via picosecond probing 
would be useful here. R2PI measurements on Li,Na 
and LiNaa have so far covered the spectral region from 
700 to 520 nm. In each case, three electronic transitions 
quite analogous to those found for Na3 have been re- 
corded. Preliminary analysis of hot-band data and 
isotopic labeling experiments is consistent with Czu 
ground states for both  molecule^.^^*^^^^ Figure 3 shows 
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Figure 3. The visible absorption spectrum of LiNaz has been 
mapped out between 520 and 700 nm, using resonant two-photon 
ionization spectroscopy (1-W R6G CW dye exciting laser, 23-W 
CW Ar' green all lines ionization laser). Three excited electronic 
states, each with associated vibrational structure, have been 
identified and are found to correlate with analogous transitions 
of Na3 and LizNa. Shown here is the "B" system consiting of a 
long vibrational progression in the excited (intermediate) state. 
R2PI with mass spectroscopic detection greatly facilitates isotope 
shift measurements cLiNaz versus TiNaz), which in this particular 
case allow assignment of absolute vibrational number and in- 
ferences regarding geometric isomers (see ref 125). 

the B system found for 7LiNaz. 

3.2. Structure and Melting 

The homonuclear trimers Na3 and Cu3 have nominal 
D3h ground-state symmetries ('E). As the HOMO is 
singly occupied, a Jahn-Teller distortion ensues, leading 
to three equivalent obtuse Czu minima on the potential 
hypersurface. The molecule can interconvert back and 
forth between these minima by surmounting the acute 
Czu saddle points, performing in so doing a large am- 
plitude, fluxional motion called pseudorotation. The 
best way to think about this is in terms of an equilateral 
triangle for which each of the apical atoms undergo a 
correlated circular motion (120' out of respective phase) 
about the equilibrium positions. Depending on the 
barrier height, zero-point excitation may dready suffice 
for pseudorotation. This appears to be the case for the 
ground state of Cu367J26 but not for Na3.123 An inter- 
esting philosophical question ensues for Cu3: how do 
we think of the equilibrium structure of a molecule that, 
according to the Lindemann criterion,lZ7 is molten in 
its ground state a t  the level of zero-point excitation. 
Obviously Cu3 has time-average D3h symmetry, but the 
most probable structure would appear to be a function 
of the probe duration. It is conceivable that fluxionality 
at  the level of zero-point excitation is not just restricted 
to weakly bound trimers but can also occur as a con- 
sequence of Jahn-Teller distortion for larger, nominally 
highly symmetric clusters with partially occupied 
HOMO. 

Clearly, metal clusters must generally be rigid at the 
level of zero-point excitation and only become fluxional 
when sufficiently internally excited. There is limited 
experimental information on melting in these systems, 
confined so far to particles larger than 10 A. As men- 
tioned above, cluster melting points have been shown 
to decrease with particle size.25 According to molecular 
dynamics simulations on argon clusters, the concept of 
a melting point as a first-order phase transition loses 
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its meaning for small aggregates. It is replaced by two 
distinct temperatures: a freezing and a higher lying 
melting The intermediate range 
comprises a coexistence region in which a specific 
cluster can exist for time periods long enough to exhibit 
equilibrium properties in one of the two forms before 
spontaneously interconverting (several nanoseconds). 
Coexistence regions have been observed in simulations 
for argon clusters with as few as seven atoms, and the 
implication is that they occur for smaller species also. 
Furthermore, the temperature width of the coexistence 
region appears to increase with decreasing particle size. 
Islands of enhanced relative thermodynamic stability 
lead to higher freezing and melting temperatures and 
narrower coexistence regions. There has, as yet, been 
no definite experimental confirmation of this concept.131 
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tials and the Spherical Droplet Model), with decreasing 
particle size an effect understood macroscopically in 
terms of surface tension/surface free energy effects and 
microscopically in terms of optimized coordination and 
orbital 0ver1ap.l~~ Note that EXAFS studies on sup- 
ported clusters are in qualitative agreement with these 
 conclusion^.'^^ 

There have been several electron diffraction mea- 
surements on clusters in beams. Most extensively 
studied have been van der Waals  aggregates. Two 
structural phase transitions have been inferred from 
measurements on various size distributions:lol (i) Small 
clusters are thought to have multiply twinned icosa- 
hedral habit with a transition to multilayer icosahedral 
occurring at n = 50-80. (ii) Larger clusters assume 
lattice habit at n = 800-1000. Metal cluster electron 
diffraction studies can be similarly interpreted.lo2 Here, 
structures commensurate with the bulk lattice habit 
seem to be thermodynamically favored at  smaller par- 
ticle sizes. It has not been established whether such 
structural phase transitions occur suddenly between M,, 
and M,,+l. However, there are intriguing reports of 
discontinuous variations in iron cluster chemisorption 
activity for NH3 with particle size in the 60-atom size 
range.’36 Ab initio calculations are beginning to provide 
pertinent results. Total energies obtained for Be13 and 
Bej5 clusters assuming high symmetry bulk (hcp) and 
fcc structures, respectively, show that the bulk structure 
is less stable for both sizes, while the total energy dif- 
ference per atom between hcp and fcc forms has become 
significantly smaller at Be55.21 

3.3. Isomers 

For clusters that are not intrinsically fluxional and 
have internal temperatures within the rigid regime, it 
is conceivable that kinetically limited production 
methods involving rapid cooling such as laser vapori- 
zation generate an ensemble of isomeric forms that are 
probably not in thermodynamic equilibrium. In fact, 
it is conceivable that the most stable minimum on the 
potential energy hypersurface may not always be 
reached. While this has yet to be shown conclusively 
(perhaps by way of a hole-burning experiment), there 
are several beam experiments that can be so rational- 

The facile production of glassy metals and 
quasi-metals suggests that this may be a serious prob- 
lem to contend with when trying to determine a 
“representative” rigid metal cluster structure. Note that 
the determination of thermodynamic properties for 
metal clusters will ultimately require entropies and 
therefore a detailed knowledge of the structure and 
energetics of all accessible isomers. 

The degree of isomer multiplicity can best be ap- 
preciated in terms of a simple example. Lennard-Jones 
pair potentials provide a first-order description of the 
bonding in van der Waals clusters. Several numerical 
search routines can be applied to finding the potential 
minima associated with a specific cluster size.’ While 
it is not clear that all were in fact found, the count of 
distinct Lennard-Jones isomers obtained for A,, (5  < 
n < 14) is 2,4,8,18,57, 145, 366, and 988, respectively.’ 
Clearly a different situation obtains for metal clusters; 
nevertheless, “isomer density” (number of distinct 
isomeric forms per unit excitation energy above the 
absolute minimum) is expected to increase exponen-  
tially with particle size. 

3.4 Large Clusters 

While beyond the scope of this review, it is pertinent 
to mention the structural information obtained for 
transition-metal clusers of several thousand atoms on 
supports-even though these measurements may suffer 
from epitaxy effects. Electron microscopy has shown 
microcrystallites with both bulk lattice habit and, 
particularly for very small species, pentagonal symme- 
try.’33 In such studies average interatomic spacings can 
be obtained from electron diffraction measurements on 
individual particles. These experiments provide firm 
evidence for lattice contraction (see Ionization Poten- 

4. Electronlc Structure 

4.1. Influence of Temperature 

Clusters of s-electron metals have extensively delo- 
calized, weakly directional bonding. Broad minima on 
the respective potential energy hypersurfaces lead to 
low thresholds for large-amplitude motion. Clearly, a 
knowledge of internal temperature is then of particular 
importance in correlating cluster ensemble geometric 
with electronic structure effects. 

Cluster temperatures may be rigorously assigned on 
the basis of vibrationally and rotationally resolved (and 
assigned) spectra, i f  relative populations can be deter- 
mined and a roughly Boltzmannian energy partitioning 
occurs. So far this has only proved possible for various 
metal dimers’37 and to a more limited extent for Na3 
and Cu3. Typically for dimers formed by supersonic 
expansion a Boltzmann function adequately describes 
the vibrational and rotational state distributions en- 
countered. Usually rotational and vibrational tem- 
peratures are not in equilibrium, with vibrational ex- 
pansion cooling typically being less efficient. This is 
a function of metal and carrier gas by way of vibrational 
and rotational constants as well as interaction poten- 
tials. Dimer terminal temperatures depend on nozzle 
configuration and stagnation conditions. In neat so- 
dium vapor expansions (350-Torr stagnation pressure) 
out of a 0.4-mm cylindrical nozzle at 1073 K one can 
achieve vibrational cooling down to -50 K (T,,, = 35 
K43), while the corresponding trimer number is - 100 
K.86 Seeded expansions can result in much colder 
clusters. RBPI measurements on Nas generated by 
seeding 10 Torr sodium into 8 atm argon yield trimer 
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internal temperatures closely approaching those of the 
dimer (T,,, = 7 KlZ3). 

At present, we have no quantitative data on internal 
temperatures of larger metal cluster species. During 
cluster growth large amounts of (binding) energy are 
released. This can only partly be removed by collisions, 
and therefore internal excitation is expected to increase 
with particle size. Clearly total energies above the re- 
spective first dissociation thresholds are rapidly 
reached, and all larger species become metastable. The 
largest cluster detected should be just cold enough to 
have survived the flight between source and detector 
without dissociating (further).13s Rough limits on the 
temperature of mixed lithium/sodium clusters, gener- 
ated in neat metal vapor expansions, have been assigned 
from studies of lithium enrichment relative to the vapor 
feed. These measurements imply that all clusters 
Li,Na, (x + y > 10) are molten upon leaving the ex- 
pansion 20ne.l~' The question arises as to whether they 
are still molten at the detector. 

Subsequent to expansion, the only possible cooling 
modes are radiative and evaporative. 

(a) Radiative cooling of large clusters can be quan- 
tified from the Stefan-Boltzmann law reduced by the 
spectral absorption efficiency factor140 (related to the 
ratio of spectral absorption cross section and actual 
cluster cross section), E(X) (eq 3), where and cz are 

(3) 

the real and imaginary parts of the cluster dielectric 
constant, D is the cluster diameter, and h is the radia- 
tion wavelength). For a 1000-atom silver cluster at 1500 
K one finds that the radiative energy lost during a 
typical l-ms flight to the detector is more than a factor 
of 10 less than the heat of vaporization of a single atom. 
The situation is analogous for alkali clusters at some- 
what lower temperatures and cohesive energies. Con- 
sequently significant radiative cooling before reaching 
the detection region is unlikely. Note that the same 
conclusion is reached if radiative lifetimes are consid- 
ered.141 

(b) A simple calculation shows that evaporation may 
be more important in reducing the temperature of 
nascent molten clusters: a 20-atom sodium cluster at 
500 K has an internal energy of about 40 kcal/mol; 
consequently, evaporation of 1 atom at an energy of 20 
kcal/mol is a thermodynamically if not kinetically ac- 
cessible process.139 Clearly, the development of parti- 
cle-specific methods allowing for static and dynamic 
temperature determination in metal cluster beams is 
urgently needed. Possible routes include parametriza- 
tion of ionization thresholds and measurement of 
fragmentation rates. In this context, the recent ap- 
plication of statistical mechanics to cluster fragmenta- 
tion has led to the evaporative ensemble construct, 
which can be used to connect rates with internal tem- 
peratures 

4.2. Ionization Potentials and the Spherical 
Droplet Model 

A large part of the presently available data on the 
electronic structure of metal clusters comes from mea- 
surements of their ionization potentials and electron 
affinities. Ionization potentials have been determined 
for Li, ( x  < 5),'42 Na, (x < 30, x = 35, 40, 41, 45, 55, 60, 

E(h)  = 127rDX-'[t2[(q + 2)' + E ~ ' ] - ~ ]  
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65),143J44 K, ( x  < 101),143-145 Hg, ( x  < 13),146 Fe, ( x  < 
25),147 Pb, ( x  < Nb, ( x  < 29),14 V, ( x  < 23),14 Bi, 
( x  < 39),14' Cu, ( x  < 30; brackets),150 and Al, ( x  < 
26),'17315' while electron affinites are known for Cu,- ( x  
< 31)46,86 and Rb,- ( x  < 4).152. In contrast to metal 
dimers for which a rigorous determination of vertical 
and adiabatic ionization potentials has in several cases 
proved possible by way of spectroscopic analysis of 
autoionizing Rydberg series (both in R2PI and 1PI 
m e a ~ u r e m e n t s ) , ' ~ ~ J ~ ~  assignment of cluster vertical 
ionization potentials is based on somewhat arbitrarily 
"deboltzmannizing" a slowly rising ion yield curve.155 
These curves, often obtained with highly structured 
radiation sources a t  finite dispersions for thermally 
excited clusters that either are molten or manifest broad 
isomer distributions, are typically featureless even at 
high resolution. Methods used for the assignment of 
vertical ionization potentials have ranged from linear- 
i ~ a t i o n , l ~ ~  through Watanabe plots,157 to step function 
computer f i t ~ . ~ ~ J ~  Which of these methods yields the 
most accurate numbers depends on the resolution of the 
measurement and on (unknown) spectroscopic param- 
eters of the molecular system studied. Various assign- 
ment methods have recently been contrasted in a 
publication containing measurements on Na, ( x  < 22) 
at 2-nm resolution, using a spectrally flat radiation 
~ 0 u r c e . l ~ ~  

It has not yet proved possible to resolve autoionizing 
Rydberg features for any metallic cluster (see 4.5), let 
alone perform the spectroscopic analysis. In the ab- 
sence of rigorous methods for the determination of 
adiabatic ionisation potentials, it becomes important 
to assess the influence of internal excitation on the 
numbers obtained. In clusters, it is likely that the av- 
erage phonon energy at constant temperature is inde- 
pendent of particle size, as bulk Debye temperatures 
are often not greatly different from dimer vibrational 
constants. Then, if the probability of phonon-coupled 
ionization is not significantly size dependent, large 
contributions of internal excitation to appearance po- 
t e n t i a l ~ ~ ~ ~  are not expected. For clusters at moderate 
temperatures ( T /  TDebye < 31, internal excitation con- 
tributions should not exceed 5% of the vertical ioni- 
zation potential. It is interesting to note that "phase- 
change" induced restructuring of electronic state den- 
sities may lead to changes in threshold laws. 

Ionization potential data sets can be globally inter- 
preted in terms of classical  electrostatic^.^^^ Then, the 
numbers obtained represent the energy necessary to 
remove an electron from a uniformly conducting sphere 
having the same dimensions as the cluster. The dif- 
ference between this energy and that needed to abstract 
an electron from a planar metal surface corresponds to 
a differential image force term plus a correction for the 
positive charge remaining at the center of the cluster 
cation. One obtains an expression connecting cluster 
ionization potential with bulk polycrystalline work 
function by a 1/R term, with clusters having high ion- 
ization potentials for smaller particle size. Recently 
there has been some controversy with regard to the 
correct slope of this term. A rigorous mathematical 
derivation puts it at 3/8e2 (eq 4), while an alternative 

IP = WF + 3/s(e2/R) = WF + 5.4/R (eV; R, A) (4) 

more physical approach finds 1 / 2  e2.160 The data that 
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have been obtained thus far are all consistent with the 
former slope. For the determination of R one assumes 
Vcluster = xV,,,. Either the bulk atomic volume based 
on lattice constant or a number deriving from the dimer 
equilibrium bond length can be used. For simple 
metals, these are not greatly different (5%), and one 
can interpolate to obtain an intermediate cluster radius 
R, = r,3Y3 (expressed in terms of the corresponding 
atomic radii) by making a surface tension correction 
that causes compression of small particles relative to 
bulk. Equation 5 results where K and u are macroscopic 
compressibility and surface tension, respectively, while 
r ,  is the nearest-neighbor distance in infinite bulk.lG1 

r, = r ,  e x p ( - 2 ~ ~ / 3 r , x ~ / ~ )  (5) 

Agreement between data sets and classical droplet 
model is usually good, particularly for clusters with 
more than about 10 atoms. Figure 4a shows a repre- 
sentation of the presently available gas-phase metal 
cluster ionization potentials, in terms of a universal plot 
in which we present the difference in cluster ionization 
potentials and the corresponding bulk polycrystalline 
work function162 predicted upon the basis of extrapo- 
lating the data to  1/R = 0. Such extrapolations (which 
only make physical sense if a 3/se2 slope is used!) come 
very close to accepted polycrystalline work functions 
for the simple metals. Significant differences between 
measured and extrapolated polycrystalline work func- 
tions are however observed for some of the transition 
metals and in particular Hg,. Furthermore, small 
systematic deviations from the 3/se2 slope become ap- 
parent in large data sets. This can still be rationalized 
classically in terms of variations in surface free energy 
as a result of d i~pe r s i0n . l~~  

General agreement of spherical droplet predictions 
(slope and bulk extrapolation) with the ionization po- 
tential data has several implications: (1) The assump- 
tion of spherical symmetry is viable (metal clusters, M, 
( x  > lo), are not linear or planar!). (2) The size de- 
pendence of ionization potentials is overridingly de- 
termined by changes in curvature above the level of 
quantum size effects, which are typically not larger in 
magnitude than 10% of the IP. (3) Valence electrons 
are delocalized even for very small clusters. It is in- 
teresting to note that atom IP's extrapolate to within 
25% of the bulk polycrystalline work function for most 
of the metallic elements of the periodic table.162 Ex- 
ceptions are groups 2a and 2b for which a non- 
metal/metal transition has been postulated. Small 
molecules of these metals appear to be van der Waals 
clusters; see 4.5. 

Quantum size effects lead to deviations of ionization 
potentials from the overall classical trend for small 
cluster sizes (M,., x < 10). For example, M3 and M5 I P S  
for M = Na and K deviate strongly,144 in each case 
because of a singly occupied nonbonding outermost 
orbital. Among larger alkali clusters, there have been 
reports of even-odd effects (see below) and for potas- 
sium clusters of minor discontinuities in ionization 
potentials that were correlated with the predictions of 
the jellium model of electronic structure (see 
4.7) .144,145,156,158 

In general at least for the simple metals, ionization 
potential (and electron affinity) seems to be a property 
"swamped" by electrostatics and therefore not too 
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Figure 4. (a) "Universal" plot comparing all presently available 
metal cluster ionization potential data sets with the predictions 
of the classical spherical droplet model (eq 5). The difference 
between ionization potential and extrapolated work function, 
versus R, the radius of a sphere with the same volume as an x 
atomic metal cluster (assuming for consistency atomic volume 
derived from bulk density; Rcluster = r,,ulkx1/3) is plotted. Error 
bars for the respective measurements are not shown so as to 
enhance clarity; they can be found in the original publications 
(see 4.2). Largest error bars and also largest scatter from the 
droplet model pertain to the bismuth and aluminum data sets. 
In general, agreement with the model is good beyond MI,, with 
quantum size effecb apparent at  smaller particle size. Comparison 
of bulk extrapolations to  experimentally determined polycrys- 
talline work functions is typically reasonable [within 0.2 (Na), 
0.07 (K), 0.25 (Pb), 0.67 (Fe), 0.84 (Nb), 0.94 (V), -1.10 (Bi), and 
0.06 eV (Al)], except for Hg, (-2.44 eV). (b) Analogous plot of 
the difference between copper cluster electron affinities and ex- 
trapolated work function according to eq 6, versus 1 /R  (Cu, EA 
values are from ref 46 and 86). 

sensitively dependent on the details of electronic or 
geometric structure at presently achievable levels of 
cluster uniformity and low internal temperatures. 

4.3. Electron Affinities and Band Gaps 

The energy released upon adding an electron to  bulk 
metal is the same as required to remove an electron. 
For clusters, electron affinities can also be modeled in 
terms of classical electrostatics. One uses the same 
picture as for ionization potential without the correction 
for a residual positive charge.46 Then an expression is 
obtained relating electron affinity to the work function 
again by a 1/R term but now with a different slope (eq 
6); cluster electron affinities increase with increasing 

EA = WF - Y8(e2/R) = WF - 9/R (eV) (6) 

particle size. Recent experimental determinations of 
Cu,- electron affinities find roughly the expected 
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functional dependence on particle size above cu8 (see 
Figure 4b); however, extrapolation to the bulk work 
function is poor if the bulk interatomic separation is 
assumed46 and becomes worse if surface tension and 
resultant cluster compression with decreasing neutral 
particle size is taken into account. It has been proposed 
that the additional electron associated with negative 
copper clusters increases the effective volume. Using 
such an additive correction to cluster radius then yields 
a much improved e~t rapola t ion .~~ 

Note that Cu,- electron affinities obtained with a 
discharge cluster source likely reflect electron binding 
in molten clusters.46 In contrast, studies of Cu,- pro- 
duced by pulsed-laser vaporization are more likely to 
have probed an ensemble of rigid i s ~ m e r s . ~ ~ J ~ ~  Com- 
parison of the two data sets is inconclusive in this re- 
gard, because of limited overlap in the cluster size 
ranges studied. Note that in bulk samples different 
single crystal faces can have significantly disparate work 
functions.162 While, for very small particles, one cannot 
consider photoemission to be localized to one specific 
face, there will be opportunity to observe structural 
phase transitions in larger clusters (n  > lo4) via asso- 
ciated changes in electron affinities and ionization po- 
ten tials. 

Photodetachment cross sections postthreshold have 
also been recorded for copper cluster anions (Cu,-, x < 
15).46,164 Particularly for even clusters these spectra 
contain features identified with transitions of the 
ground-state anion to the first spectrally accessible 
excited state of the neutral cluster, thus providing in- 
formation relevant to the HOMO-LUMO “bandgap” 
in neutral clusters. Inferences drawn from the data 
include that the bandgap for Cu, is 0.8 eV, already quite 
far into the IR, and that it decreases further with in- 
creasing cluster size. The gap varies roughly as 
over the limited size range studied, in contrast to pre- 
dicted functional dependencies of n-1/3 and n-l Iffi for 
somewhat larger clusters. Interestingly for both data 
sets there is a pronounced discontinuity both in the 
size-dependent development of electron affinity and 
band gap, at cu8. 

Kappes 

4.4. MuRlplicitles and Even-Odd Effects 

There are several experimental observations obtained 
for clusters of s-electron metals, classified as even-odd 
effects. 

(i) In ionization potential measurements on alkalis 
(Na,, x < 20; K,, x: < 20) even clusters systematically 
have slightly (0.1-0.2 eV) higher values than their odd 

(ii) Sodium cluster photoionization efficiency curves 
manifest an even-odd dependence of postthreshold ion 
yield (>0.5 eV) above the vertical IP), which can be 
explained in terms of lower ionization-induced frag- 
mentation rates for odd clusters ions. This effect is 
observable up to an including Na41+.167 Figure 5a-d 
shows PIE curves obtained for Na14-Nazl. 

(iii) An inverse effect is found for copper cluster 
electron affinity measurements, with odd clusters hav- 
ing higher photodetachment  threshold^.^^,^^ 

All observations can be explained in terms of stabi- 
lization due to electron pairing and are consistent with 
neutral and ionic ground states having low multiplici- 
ties, in contrast to clusters of ferromagnetic metals such 

neighbors,144,145,156,158 
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Figure 5. (a-d) Photoionization efficiency curves obtained a t  
20-nm resolution for Na, (14 < x < 21). Most of the structure 
in these curves, which were not intensity normalized, results from 
the Xe/Hg lamp spectrum. However, there is a systematic 
even-odd effect in postthreshold ion signal (near 240 nm). These 
fluctuations, too large to be rationalized in terms of changes in 
ionization potentials, are due to variations in postthreshold 
fragmentation rate. The implication is that even cluster ions are 
slightly less stable than their odd neighbors (see 4.4). We have 
recently obtained high-resolution (2-nm) PIE curves for Na, (2 
< x < 23) using a Xe lamp that has an unstructured emission 
spectrum. In these measurements, even-odd effects are also 
apparent in ionization thresholds (see ref 158). 
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rationalized in terms of transitions from the center of 
a narrow 5d-derived band to the center of a 6p-derived 
empty band. Transition energies and doublet separ- 
tions change monotonically with increasing cluster size. 
As the doublet remains spectrally well-defined up to 
and including Hg8, there is no indication of s-p band 
mixing throughout this size range. In this regard pre- 
liminary analysis of new measurements for Hg, ( x  < 40) 
suggests that band mixing may occur below Hg20.170 
Note that, in extrapolations to bulk of mercury cluster 
ionization potentials, there is a discrepancy between 
predicted and experimentally determined polycrystal- 
line work function of 2.4 eV. Conceivably this is due 
to a sudden change in the position of the highest oc- 
cupied molecular orbital upon s-p “band” overlap. 
Similar phenomena should also be observable for 
magnesium clusters that have the dual virtues of lower 
mass and lower ionization potentials for cluster sizes 
both above and below the purported metal/non-metal 
transition. From eq 4, the ionization potential of a 
metallic Mg40 is predicted to be 4.42 eV, an energy 
range conveniently accessible with tunable lasers. 

4.6 Islands of Enhanced Thermodynamic 
Stability 

(0 Quasi-Equilibrium 

In metal cluster studies, “magic” numbers are often 
encountered in mass spectra. If appropriate precautions 
are taken to rule out artifacts and corrections made for 
ionization and ion fragmentation cross sections, it is 
ultimately possible to link these mass spectra to pre- 
cursor neutral-intensity di~tributi0ns.l~~ In some cases, 
particularly for alkalis, “magic” numbers remain after 
correction, corresponding to particularly abundant 
neutrals. This behavior is generally restricted to source 
configurations that ensure high initial cluster temper- 
atures with relatively low subsequent cooling rates. In 
contrast, kinetically limited cluster sources having high 
cooling rates, such as pulsed-laser vaporization, gener- 
ally produce monotonically varying size di~tributi0ns.l~~ 
Note that it should prove possible to induce thermo- 
dynamically predicated discontinuities in neutral cluster 
distributions resulting from kinetically limited sources, 
by slowing the expansion or heating the expansion zone 
(e.g., via IR irradiation). 

It is often assumed that dominant neutral clusters 
correspond to molecules with high relative thermody- 
namic stability. In reality, neutral cluster distributions 
are strongly dependent on expansion conditions, usually 
an almost intractable composite of thermodynamic and 
kinetic contributions. Stability inferences require an 
in depth understanding of cluster growth processes as 
recent studies on sodium and mixed sodium/lithium 
expansions have s h o ~ n . ~ ~ J ~ ~  It is clear that a supersonic 
expansion can never quite reach thermodynamic 
equilibrium. However, the more collisions possible in 
the expansion zone, the more the resulting cluster 
distribution changes fromkinetically to thermodynam- 
ically determined. For high collision number expan- 
sions of sodium and lithium metal vapor, binomial 
mixed-cluster distributions are observed in which lith- 
ium is enriched relative to the atomic vapor feed (Figure 
6).139 This enrichment is thermodynamically driven, 
and its extent is consistent with the attainment of 

as iron, for which high magnetic moments are inferred; 
see 1 . 2 . ’ ~ ~  

4.5. Core Levels and the Metal-Non-Metal 
Transition 

One-photon ionization measurements on neutral 
clusters can provide information on lower lying occupied 
orbitals, if the radiation used is sufficiently energetic. 
The position of core orbitals is relevant to under- 
standing the development of band structure and met- 
allic properties with particle size. Strictly, the attribute 
metallic loses its meaning for small clusters. By oper- 
ating definition a cluster becomes metallic, if (i) valence 
electrons are fully delocalized and (ii) there is a high 
density of unoccupied excited electronic states close 
enough to the HOMO such that their thermal popula- 
tion occurs.144 

For an s-electron metal, development of band struc- 
ture as cluster size increases is associated with an in- 
creasing number of s-correlating levels, half of which 
are occupied. Density of states increases exponentially, 
while the position of the highest occupied level relative 
to vacuum rapidly becomes insensitive to changes in 
cluster size (apart from curvature effects). As borne out 
by ionization potential and electron affinity measure- 
ments, clusters quickly become metallic according to 
the above definition (below M7, depending on temper- 
ature), while cohesive energies tend monotonically to- 
ward bulk values with only minor particle size de- 
pendent fluctuations. 

More complicated metals, with partially occupied 
atomic p and d orbitals, are thought to approach bulk 
electronic properties more slowly and discontinuously 
because of strongly directional bonding requirements. 
However, metallic behavior is still expected to set in 
below Mlo, consistent with ionization potential mea- 
surements for clusters of .various elements. For example 
after initially increasing with cluster size, A11117p151 ion- 
ization potentials appear to conform to the classical 
functional dependence at  x > 10 and extrapolate to 
within 0.1 eV of the experimentally determined bulk 
polycrystalline work function. 

Clusters composed of group 2a and 2b metals show 
very different size-dependent changes in electronic 
structure. Atoms with fully occupied s-valence shells 
clearly give rise to clusters with fully occupied, weakly 
bonding, s bands. In such molecules, bulklike, metallic 
cohesion can only be achieved via overlap with a higher 
lying empty band. The closest is associated with 
unoccupied atomic p orbitals. The energy gap between 
s- and p-correlating bands will decrease with increasing 
particle size, as the corresponding band widths increase. 
Eventually a particle size is reached at which overlap 
occurs, resulting in measurable changes in electronic 
structure and perhaps a sudden increase in cohesive 
energy. The position at which s-p overlap occurs is not 
known; however, several recent experiments on mercury 
clusters provide some relevant data.le9 Note that groups 
2a and 2b dimers are weakly bound van der Waals 
molecules. 

Mercury clusters have extremely high ionization po- 
tentials, which can only be reached (tunably) with 
synchrotron’ radiation. Postthreshold photoionization 
efficiency measurements on Hg, ( x  < 9) uniformly show 
two well-defined autoionization features that can be 
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is invalid while the second is questionable in the ab- 
sence of conclusive temperature det~rminati0ns.l~~ The 
role of collision-induced dissociation and IR photodis- 
sociation are presently being investigated in this con- 
text.158 

Since the sodium-seeded beam measurements, there 
have been several other relevant experiments: (1) The 
same series of dominant magic numbers with slightly 
less pronounced maxima were observed for a Fenn-type 
seeded beam for Kx175 and NaK, ( x  + 1). (2) Inde- 
pendently neat metal vapor expansions through large 
aperture conical nozzles yielded identical potassium 
cluster mass spectralu and the same series of abun- 
dance maxima for Liz ( x  < LiK, ( x  + l),lS8 and 
Li,Na, ( x  + respectively. Note that a later de- 
tailed analysis of ionization potentials and relative cross 
sections indicates that the tetramer is also quite 
abundant relative to M3 and M5 in all alkali expansions 
(see Figure 7).176 

4.7. Bondlng Models 

Dominant ion “magic numbers” observed in alkali 
mass spectra have been explained in terms of a simple 
quantum mechanical model that attributes enhanced 
relative thermodynamic stability to neutral precur- 
s o r ~ . ~ ~ , ~ ~ ~  In this model a uniform positively charged 
spherical potential well is assumed into which valence 
electrons-one electron per alkali-are filled.177 
Equation 7 gives the Woods-Saxon rounded-corner 

(7) 

finite square-well potential used in the first publica- 
t i ~ n . ~ ~  Uo is the sum of Fermi energy and work function 
in bulk, ro is the effective radius of the cluster sphere 
(proportional to N-lI3), and e is a parameter that 
quantifies the variation of the potential at the edge of 
the sphere. Solution of the quantum mechanics of this 
problem is quite simple and results in a series of de- 
generate energy levels, the filling order of which yields 
a set of numbers that partially overlaps the series of 
dominant maxima observed in experiment. The cluster 
shell model is identical with the nuclear shell model, 
except for the neglect of spin/orbital angular momen- 
tum coupling effects not observed in alkali ~ 1 u s t e r s . l ~ ~  
Connection between closed-shell clusters and enhanced 
thermodynamic stability is made by way of the second 
difference in cluster energy as determined by the jellium 
model, which shows local maxima at closed-shell clus- 
ters. Figure 7b(i) compares these second differences to 
a typical sodium cluster photoionization mass spectrum 
obtained by expansion of neat sodium vapor (Figure 
7a). Note that the degeneracy of levels, the order of 
their filling, and therefore the set of numbers generated 
depend somewhat on the well shape assumed: three- 
dimensional harmonic oscillator or infinite square-well 
potentials lead to slightly different numer01ogies.l~~ 
Alkali photoionization mass spectra exhibit reprodu- 
cible fine structure below the level of dominant ion 
abundance maxima. There has been a recent attempt 
at rationalization in terms of geometric perturbations 
of open-shell clusters.180 As in analogous calculations 
on atomic nuclei, clusters are distorted ellipsoidally at 
constant volume and energy is minimized against dis- 
tortion parameter that is a function of the major and 
the minor axes of the ellipsoid. Correlation of the 

U(r)  = -Uo(exp([r - r o ] / e )  + 11-l 
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Figure 6. Photoionization mass spectrum obtained for a mixed 
lithium/sodium metal vapor expansion (To”,, = 1038 K, 0.6-nm 
15’ conical nozzle, 280-nm irridiation). Among cluster ions 
(Li,Na,-,+, n < 43) having the same total number of atoms, 
roughly binomial distributions are observed. In these, the lithium 
statistical weights are a function of cluster size and in all cases 
greater than expected on the basis of lithium content in the atomic 
vapor feed (up to 40%). Lithium enrichment is thermodynamically 
driven, and its extent provides an indication that, for beams 
resulting from high collision number expansions, relative ther- 
modynamic stabilities can be partially expressed in terms of 
neutral abundances. 

quusi-equilibrium (if one makes reasonable assumptions 
concerning associated free energy changes on the basis 
of ab initio calculations for homonuclear alkali clus- 
t e r ~ ) . ~ ~ J ~ ~  Consequently, dramatically multimodal 
neutral cluster distributions resulting from equally 
stringent (and “nucleating”) homonuclear alkali vapor 
expansions must also reflect differences in relative 
thermodynamic stabilities of the species involved. 

(ii) “Magic Numbers”: Alkalis 

The first experimental indication of stability islands 
among neutral alkali clusters was obtained in a pho- 
toionization study on sodium clusters generated by a 
Campargue type, continuous seeded beam expansionm 
with seed gas to sodium pressure ratios of typically 5:l. 
The mass spectra obtained in that study showed 
broadly multimodal ion distributions with maxima ob- 
served centered at  Na718+, NaI9+, and Na38+ (and per- 
haps near Na5,+) and local minima apparent a t  Nas+, 
Nazi+, and Na42’. While relative heights of ion abun- 
dance maxima could be shifted by varying the carrier 
gas and associated degree of expansion cooling (He, Ne, 
Ar, Kr, N2), their absolute position proved to be in- 
trinsic. 

In a subsequent seeded beam m e a ~ u r e m e n t , ~ ~  mass 
spectra with much narrower and more pronounced ion 
abundance maxima (Na8+, Nazo+, Na40+, Na58+, Na92+) 
were reported. This study utilized a different source 
configuration (Fenn type) with smaller nozzle aperture, 
higher seed gas to sodiqm pressure ratios, and expan- 
sion into relatively high vacuum Torr). There 
has been some controversy and misunderstanding with 
regard to the differences between mass spectra obtained 
in the two e ~ p e r i m e n t s . ~ ~ J ~ ~  It has been suggested that 
the early measurement was flawed due to effects arising 
from differences in experimental arrangement used: (i) 
mass discrimination associated with perpendicular de- 
tector orientation and (ii) higher cluster temperat~re. ’~~ 
As subsequent experiments have shown, the first claim 
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been performed under conditions assuring low tem- 
peratures and cluster rigidity. Less successful attempts 
have been made to apply jellium calculations to metallic 
elements for which bonding is highly directional and 
for which electronic structure is strongly coordination 
and compression dependent (A1117Js2 and PblE3). Col- 
lision-induced dissociation studies on Al,+ (x < 26), 
which find evidence for a (geometric?) stability maxi- 
mum at A113+,117 and ab initio calculations on Al, (x < 
7) are informative in this regard.lE4 

The validity of the jellium approach has been subject 
to some c o n t e n t i ~ n ~ ~ ~ J ~ ~ J ~ ~  due to incomplete corre- 
spondence of model predictions with experimentally 
determined dynamic response properties such as neutral 
abundances, ionization potentials,144 and polarizabili- 
ties.53J79 Subsequent spheroidal distortion approaches 
have partially redressed this problem,” but the model 
still seems coarse in comparison to state of the art ab 
initio calculations that are able to describe stability 
maxima and dynamic response properties adequately 
for clusters with less than 21 atoms (present upper size 
limit of clusters calculated) without having to neglect 
molecular structure.77 Albeit vibrationless geometries 
are obtained that are often far from spherical (planar 
up to and including M6).lE6 A pragmatic philosophy 
would uphold the use of jellium calculations for large 
s-electron clusters-there is nothing better available. 
A recent semiempirical treatment draws some insightful 
parralels between the two opposing approaches as ap- 
plied to small clusters.198 

Na: 

l l  

‘ I  I l l P  2s I 
l i  

I\ 2p I 
Figure 7. (a) Photoemission mass spectrum obtained for a sodium 
cluster beam (30’ conical nozzle, 0.6-mm-diameter throat, T,,,, 
= 1073 K). Clusters were ionized with 280-nm radiation, con- 
ditions minimizing ionization-induced fragmentation. The mass 
spectrum contains ion abundance maxima a t  Na,+ ( x  = 4,8, 20, 
40), corresponding to dominant neutral clusters a t  these masses 
(kinetic, fragmentation, and ionization cross-section influences 
can be ruled out; see 2.3). Identical mass spectra have also been 
obtained for sodium in argon-seeded  expansion^.'^ A jellium shell 
model has been recast to explain dominant neutral clusters in 
terms of islands of enhanced thermodynamic stability, associated 
with specific ”magic” numbers of valence electrons. Connection 
between experiment and model is made via the second difference 
in jellium energy [E(N - 1) + E(N + 1) - 2E(N)], plotted as a 
function of cluster size (N) in (b)-(i). Note that the nomenclature 
used in describing filled levels, (n, 1), deviates from the spherically 
symmetric coulomb field problem where the main quantum 
number n’corresponds to n + 1. Recently this approach has been 
extended to include ellipsoidal distortions of the uniform jellium.l@” 
The results are shown in (b)-(ii). Both approaches are subject 
to some contention (see 4.7). 

measurements with predicted fine structure in neutral 
cluster abundances is reasonable (see figure 7b(ii)); 
unfortunately, the details of these mass spectra are 
probably significantly marred by fragmentation ef- 
f e c t ~ . ~ ~  

First restricted to alkalis, the jellium model has since 
been applied to the rationalization of ion abundance 
distributions observed for several more complicated 
s-electron metals: Cu, Ag, and Au.lE1 All of these 
measurements directly probe ion stabilities; conse- 
quently “magic’! (atom) numbers should be shifted up 
or down by 1, depending on whether positive or negative 
cluster ions are being studied. This is in fact observed. 
With few exceptions, group l b  cluster ions are produced 
by sputtering, a process that imparts much internal 
energy into the nascent molecules. No studies of s- 
electron metal clusters showing “shell structure’! have 

4.8. Heteroatom Probing: Relatlonship between 
Electronic and Geometric Structure 

Spherical shell models assume negligible contribution 
of geometric structure to total energy. When the jellium 
model was first introduced, it was proposed that the 
alkali clusters to which it was being applied were in fact 
rigid. This dichotomy led to the formulation of 
“heteroatom probing” experiments designed to gauge 
the relative magnitudes of electronic and geometric 
contributions to total energy: here alkali atoms are 
replaced by heteroatoms with more than one valence 
electron (and different atomic radius).lE8 Then for a 
heterocluster M,N with heteroatom valence electrons 
fully involved in (delocalized) metallic bonding, “magic” 
islands of enhanced thermodynamic stability, deter- 
mined purely by the number of valence electrons, 
should be shifted by an amount appropriate to the total 
valence electron count. For example, if a potassium 
atom is replaced by a magnesium atom, which has two 
valence electrons, the model predicts a thermodynam- 
ically favored eight-electron jellium shell closing to be 
manifested as a neutral cluster abundance maximum 
at K6Mg. Instead we observe an abundance and con- 
sequently stability maximum at K8Mg. This can still 
be explained within the jellium model by invoking a 
centrally located heteroatom and a reversal in the filling 
order due to added stabilization of s-like cluster states 
with low angular momentum. However, ionization po- 
tential measurements on the series K,Mg (5 < x < 10) 
are harder to rationalize.ls8 

Table I provides a summary of all hetereoatoms 
probing experiments performed to date.lmJW Also listed 
are the ion abundance maxima observed (>5X intensity 
changes between M,N+ and Mn+lN+ consitute a max- 
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homonuclear alkali clusters may be roughly approxi- 
mated by assuming spherical symmetry. 

With few exceptions (see 3.2) metal clusters must 
become rigid at  low enough internal temperatures. 
Then total energy becomes a sensitive function of mo- 
lecular geometry and packing. Calculations at various 
levels of sophistication both for small- and intermedi- 
ate-sized (rigid) alkali clusters suggest that islands of 
enhanced thermodynamic stability deriving from dom- 
inant electronic terms in fluxional clusters may shift as 
the clusters are cooled below their melting transi- 
tion.77,191 

TABLE I. Ion Abundance Maxima in Heteroatom-Probing 
ExDeriments 

~~~~~~~ ~ 

valence 
electron 

metals (M, N)  maxima (M,N+) n countsa 
Na/Li 
K/Li 
Na/Mgb 
Na/Ca 
Na/Sr 
Na/Ba 
Na/Zn 
Na/Eu 
Na/Yb 

K/Zn 
K/Mg 

K/Hg 

7, 19, 39 
7, 19 
6-8, 18 
6, 18 
6, 16-18, 38 
6, 16 
8, 18 
6, 16 
6, 18, 38 
8, 18 
8, 18 
8, 19 

8, 20, 40 
8, 20 
8-10, 20 
8, 20 
8, 18-20, 40 
8, 18 
10,20 
8, 18 
8, 20, 40 
10,20 
10,20 
10,21 

a Electron counts for precursor neutral clusters, assuming mini- 
mal fragmentation effects (see the text). Note that deviations 
from the jellium series occur for most heteroatom combinations. 
bAbundance maxima specified as a range indicate that there are no 
major differences in ion signal among the clusters listed (subse- 
quent dramatic reduction). 
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Figure  8. Photoionization mass spectrum obtained upon irra- 
diating a Na/Zn cluster beam with the full output of a 1-kW 
Xe/Hg arc lamp. Clusters were generated by coexpansion of 
sodium and zinc metal vapors from a high-temperature oven at 
1073 K. Cluster formation was enhanced by using a 0.6-mm 
diameter, 30° conical nozzle. The multimodal cluster ion abun- 
dances observed reflect abundance maxima among neutral sodium 
clusters (at Na, and Nazo, unshaded) and heteronuclear species 
containing one zinc atom (at NaaZn and NalaZn, shaded). 

hum at M,N+). Figure 8 provides an example of such 
a measurement. In many cases, ionization potentials 
as well as ionization and fragmentation cross sections 
have not yet been obtained for the resulting species. 
Consequently the connection between ion abundance 
maximum and enhanced neutral stability is not clear- 
cut in each case. Nevertheless, measurements under 
various stagnation conditions suggest such a connection, 
and it appears that in most cases filling order reversals 
need to be postulated in order to explain deviations 
form the standard jellium approach.lW 

A chemical rationalization of these observations is 
that a centrally located heteroatom can induce (addi- 
tional) structural anisotropy via interactions of its p, 
d, or f orbitals with the surrounding ligand shell. 
Concomitantly the barrier to large amplitude motion 
may be raised. For heteroclusters, steric effects would 
then still be important (as demonstrated by correlations 
of deviations in “magic” numbers with heteroatom ra- 
dius) a t  temperatures for which bonding in fluxional 

5. Summary and Outlook 

The present status of experimental studies on neutral, 
gas-phase metal clusters can be summarized quite sim- 
ply. We have available methods to make clusters of all 
metallic elements. However, particle fluxes are often 
very low, and the isomer and internal energy distribu- 
tions produced are not known. Particle-specific infor- 
mation at  this writing is limited to the following: (i) 
ionization potential and electron affinity measurements 
inconsistent with a metal/non-metal transition in a 
single cluster (except for group 2a and 2b metals), 
showing some element-specific quantum size effects 
below Mlo but in general described purely in terms of 
classical electrostatics; (ii) electric deflection measure- 
ments on sodium and potassium clusters that have been 
interpreted in terms of almost cluster size invariant per 
atom polarizability and negligible static dipole mo- 
ments; (iii) measurements for iron clusters suggesting 
that in clusters of ferromagnetic metals magnetic mo- 
ment scales linearly with cluster size; (iv) band gap 
related measurements on copper cluster anions, which 
over the limited size range studied, have been inter- 
preted to indicate that the gap may scale as n-1.8; (v) 
not totally unambiguous chemical reactivity data, 
showing marked cluster size dependent variations in 
reaction rates and selectivity, which can be correlated 
with cluster ionization potentials for certain simple 
reactions involving electron transfer; (vi) spectroscopic 
studies on trimers of s-electron metals consistent with 
ground-state Czu symmetry and in the case of homo- 
nuclear trimers providing classic examples of fluxion- 
ality as a result of dynamic Jahn-Teller distortions; (vii) 
many mass spectra that are a convolution of kinetic and 
thermodynamic effects associated with cluster pro- 
duction, ionization, and detection. There have been 
attempts particularly for alkali clusters to partially 
deconvolute these measurements and to make some 
inferences regarding relative thermodynamic stabilities 
leading to the application of global electronic structure 
models. 

Future trends in this rapidly expanding research area 
will include (i) development of methods sensitive to 
cluster phase and internal temperature while still pro- 
viding particle specificity, (ii) application of novel 
spectroscopic tools to structure determination and the 
characterization of isomer distributions in the size range 
below 20 atoms, (iii) systematic improvement and fur- 
ther development of cluster sources (high fluxes, colder 
clusters, production of purely thermodynamically con- 
trolled isomer distributions), (iv) generation of mono- 
dispersed neutral clusters in high-flux beams and 
characterization of chemical and .physical properties 
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under truly particle-specific conditions, (v) character- 
ization of cluster beam-surface interactions, and (vi) 
formation and study of monodispersed clusters on 
surfaces and in matrices. This effort will hopefully 
stimulate and ultimately require a generally applicable 
theoretical underpinning. 
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