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The basic question of metal cluster research is the following: How do the macroscopic 
metallic properties - conductivity, optical lustre, chemical and catalytical reactivity, mag­
netism, malleability and ductility ~ evolve as a function of cluster size starting from the 
electronic states of the atom? It turns out that in a cluster of20-40 atoms most of what we 
acknowledge as «metallic» is already fully developed.This is the reason why the beautiful 
chemistry of metal cluster complexes has not contributed to an understanding of the 
transitionfrom the atom to the bulk: The chemical interaction of the ligands (e.g. CO, CSHS, 
PR3) with the core of metal atoms dominates electronic and structural properties to the 
extent that the underlying laws of metallic conduct are completely masked. We have, 
instead, to investigate bare metal clusters. This is, however, impossible with the traditional 
tools of inorganic chemistry. High temperature methods, molecular supersonic beam tech­
nology, manipulation in vacuum systems, laser spectroscopy, mass spectrometry, and low 
(and high) temperature matrix isolation experiments are necessary. Furthermore guidance 
of the experimental work by quantumchemical calculations, molecular dynamics simula­
tions, and the combination of the two are important because «chemical intuition» does not 
lead far in a field where chemical thinking has barely begun to develop: The molecular 
science of metals! - In this article we present the experimental environment of metal cluster 
work and then concentrate on the results available: stability of cluster sizes, selectivity of the 
heterometallic bond, electronic and magnetic properties from the atom to the bulk, insulator­
metal transitions, size-dependent chemical and catalytic properties. Global, quantum­
chemical and ab initio molecular dynamics models are discussed. This leads to the last 
question of chemical interest: Why do metal clusters not have shape, or if they do, how can it 
be determined?
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1. Cluster Science
The evolution of the topological dimen­

sion 111 D from the atom with D = 0 to 
matter in bulk with D = 3 trivially passes 
through a state where D = 2, hence with 
«surface»-dominated properties. Most of 
cluster research is directly or indirectly 
concerned with the consequences of a non-
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negligible 2-dimensional boundary or in­
homogeneity of the observed system.

Clusters have first been defined by 
Robert Boyle121 (Fig. 1) as «little primary 
concretions of minute particles not easily 
dissipable into such particles as composed 
them». We would now add the attribute of 
lacking closure, i.e. clusters differ from 
molecules or complexes by their ability to 
grow to arbitrary size provided a suitable 
environment is available supplying the 
«minute particles as composed them». 
This description implies unsaturation and 
reactivity. The preferred environment 
which strictly prohibits growth yet does 
not influence the already formed stable 
clusters beyond unshieldable electro­
magnetic effects is a very good vacuum. 
Hence this must be the medium for ob­
serving clusters as free particles unharmed 
by solvents, matrices, or ligands. However, 
once their properties established we shall 
not hesitate to expose them to all sorts of 
interactions in order to learn about size­
dependent properties. Methods have been 
developed to make large quantities of 
clusters with narrow size distributions or 
nearly monodisperse particles. Their un­
usual properties give promise for new de­
vices and materials, «cluster materials»131.

Since several years we have been inter­
ested in free metal clusters[4]. The motiva­
tion for choosing «concretions» of atoms 
from metallic elements is the intuition that 
metals more than any other category of 
matter should exhibit drastically changed 
properties compared to bulk when dis­
persed to the molecular level. Similar ideas 
have led others to form a large, very active 
community of scientists151. Apart from 
inorganic, physical, and theoretical chem­
ists many come from condensed matter 
and metal physics, including theoreticians, 
and from corporate research161. Hence, the 
cluster field has served to bring together 
different disciplines with varying para­
digms, a cause for stimulating exchange of 
ideas and also for lively controversies171.

2. Metal Clusters
This term implies «metallic» character.

A more accurate name would be «atom 
clusters from metallic elements» since the 
very question whether they are metallic 
and which observables would reveal this 
property is our first research object. Since 
Pauling’s endeavours to give a chemical 
theory of the metallic bond1”1 chemistry 
has left this field entirely to the condensed 
matter physicists. Most texts of quantum

Of course, there are other uses of the 
term cluster than the description given. 
Apart from the well-known metal cluster 
complexes181 - ligand covered, usually 
highly symmetrical metal cores now ad­
vanced to the 5-shell icosahedron with 561 
Au or Pd atoms (which shows «metallic» 
properties)1’1 - any polynuclear moieties in 
crystals are called clusters, e.g. «hetero­
polyanions» like polyvanadates with 
distinct V" and Vv 1101.

Il feem! mt abfurd to conceive that at the prOpoC. 
first Production of mtxi Bodies, the ■• 
Univerfal Matter whereof they among 
other Parts of the Univerfe conf fed, 
was actually divided into little Particles 
of fever al ftc.es and [hopes varioufly 
mov’d.

Propof. yyei(Per fi jt impoflble that of thefe mi­
nute Particles divers of ihe fmallefl and 
neighbouring ones were here and these 
afociated into minute Moffs or Cla ft erS, 
and did by their Coalitions conflitute 
great fiore of fuch little primary Concre­
tions or Maffes as were not eafly diffi- 
pable into fuch Particles as compos'd 
them.

Fig. 1. Two of the famous four propositions which Robert Boyle advanced in «The Sceptical 
Chymist», 1661, to build a scientific basis for chemistry as distinct from the «Spagyrist’s 
hypostatical principles as they are wont... by the Alchymists». London, Cadwell, MDCLXI. 
Facsimile reproduction, Dawson, London (1965), p.37-39.

chemistry do not even have a chapter on 
metals. At most they treat as a warm-up 
exercise the independent particle model in 
a 3-dimensional box with infinite walls, 
Sommerfeld’s electron gas description of a 
metal which in pre-quantum times Lorentz 
had already anticipated. This is also one of 
the starting points for the metal physicist 
to treat a finite piece of metal. However, he 
then quickly chooses a much more conve­
nient boundary condition: The periodicity 
of a 3-dimensional ideal lattice of atomic 
cores stripped of their valence electrons. 
This offers the possibility to solve Schro­
dinger’s equation for the motion of the 
electrons in the reciprocal lattice and leads 
by virtue of the translational symmetry to 
the band structure of an infinite crystal1121. 
Every sharp energy level of the N(^oo) 
assembled atoms has now spread to a finite 
width of N contiguous (—>oo) levels. These 
bands are separated by gaps or forbidden 
regions from their neighbours of different 
atomic parentage if required by symmetry 
restrictions. In this model metals are 
distinct from other solids in that they have 
a partially filled topmost energy band, 
the conduction band. At 0 K the highest 
occupied orbital, the HOMO, marks the 
Fermi level. Above this level a large num­
ber of infinitesimally separated empty lev­
els exist which can be easily populated even 
at very low temperature. Since the orbitals 
are delocalized on the whole crystal the 
predominant single occupation of levels 
above and slightly below the Fermi level at 
finite temperatures creates electrons un­
locked from the Pauli exclusion principle 
and hence with essentially no constraints 
on their motion. They are free to react e.g. 
to the force exerted by an external electric 
field. They also create the observed finite 
magnetic susceptibility, the so-called Pauli 
paramagnetism of metals since they tend to 
acquire an unbalance of ) and j. spins 
(Hund’s rule).

This very successful theory has recently 
partially collapsed when it was discovered, 
that crystalline, quasi-crystalline, amor­
phous (glassy), and even liquid metals (all 
of the same chemical composition) exhibit 
similar metallic properties even though the 
range of «periodicity» is reduced from 
essentially infinity to two or three radial 
shells around a certain atom (in a statisti­
cal sense and not stable in time with 
liquids)1131. Moreover, it appears to be ten­
uous to describe single atom «impurities» 
or the perturbations by the surface bound­
ary in a small, finite piece of metal in the 
framework of a theory whose validity is 
strictly limited to a surface-less infinite ide­
ally periodic structure. The same collapse 
of a paradigm happened when amorphous 
semi-conductors worked almost as well as 
the crystalline variety for which the theory 
applies.

Now, the transient «species» of aggrega­
tion in a liquid metal or the average scale of 
order in a glassy metal has a size of a dozen 
to several dozen atoms1141, just the range in 
which we study metal clusters. Therefore, 
understanding clusters as building blocks 
and how they couple to form a macro­
scopic system becomes a central issue for 
the development of consistent models of 
the predominantly low-ordered (often 
high-surface) materials of our natural and 
technical environment. Obviously, this sta­
tement is not limited to metallic matter.

3. Making and Characterizing 
Metal Clusters

The simplest and best understood bulk 
metals are formed by group la and lb (or 1 
and 11) elements. From these and all other 
metals it has become easy to prepare 
clusters of practically any size. Their for­
mation can be achieved by dispersion of 
the bulk or by aggregation starting with 
atoms. We concentrate on the latter 
methods: The creation of metal atoms
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requires several chemical high-tempera­
ture techniques which become the more 
sophisticated the more refractory the metal 
is. For the low-boiling alkali metals, and 
for the 2b (12) group, then Mg, Yb, Sr, Eu 
and perhaps Mn (in the order of increasing 
boiling point), which all have a closed ns2 
shell of the atom ground state, thermal 
vapourization of the bulk metal creates 
partial pressures of several dozen to 
hundreds of mbar at temperatures below 
2000°C. This can be reached by conven­
tional electrical furnaces with radiative 
heating and proper shielding of the cap­
sules containing the metal(s)1'51. It is also 
possible to use chemical reduction of ha­
lides or oxides of a more volatile metal 
with a less volatile one. For example, very 
pure potassium beams can be produced 
with {KC1} and {Ca} granules since the 
product {CaCl2} has a much lower vapour 
pressure than K1'61. This economizes on the 
otherwise very expensive pure potassium. 
Finally there exist several thermolytical 
processes like dissociation of azides1171, of 
oxides e.g. for Zn, Cd, Hg production, and 
other salts.

The atomic vapour now has to be in­
duced to form the clusters. This may be 
realized as equilibrium process in a closed 
system in the presence of the condensed 
phase: The higher the temperature and 
thus the saturation pressure the more com­
plex the gas phase species become. They 
can be extracted and probed by a small 
effusive hole. This Knudsen type cluster 
source has been mainly used for producing 
homo- and heteronuclear dimers of practi­
cally all metallic elements1181. Some higher 
aggregates have been studied especially for 
Li and Na, Li5 being the largest so far1191. 
One important result from these experi­
ments, not easily got from any other, is the 
enthalpy of formation of each cluster. The 
method runs into difficulties for larger 
clusters because the Knudsen condition for 
equilibrium effusion can no longer be ful­
filled if the vapour pressure becomes too 
large: It requires that the probe orifice be 
small compared to the mean free path of 
the particles in the closed system and that 
the leakage does not change the equili­
brium composition. The first condition is 
much more severe than the latter and pre­
vents the study of clusters large enough to 
be really relevant for the main topics of 
cluster research, i.e. observing the transi­
tion from the atom to the bulk.

The main vehicle for free cluster studies 
is the supersonic nozzle beam: The nozzle 
is typically a small tube of between (0.01-) 
0.05 to 0.4 mm diameter with a length com­
parable to the diameter. On one side of it is 
the atomic vapour with a stagnation pres­
sure of a few hundred mbar, on the other a 
pressure of less than 10 pbar. Under these 
conditions the device is a thermomecha­
nical transformer: The nozzle throat forces 
a viscous mass flow at about the average 
thermal speed of the hot gas in the flow 
direction with only minor lateral motion. 
At the orifice this expands into the vacuum

retaining largely its linear momentum as 
mechanical forward thrust of a tightly 
peaked molecular beam. The small ran­
dom lateral motion is equivalent to a very 
low temperature. Within the expansion 
zone pressure is high enough to create a 
large number of collisions between the par­
ticles. This leads to the aggregation of 
atoms and growth of clusters as long as the 
collision regime lasts, about 20 ps or 2-3 
cm of flight path. The collisions also create 
a broadening of the molecular beam which 
is corrected by applying «skimmers» and 
collimating slits in successive pumping 
stages. The adiabatic or isentropic expan­
sion causes drastic cooling which induces 
supersaturation, nucleation, and then con­
densation of molecular droplets - to 
phrase the same events in thermodyna­
mical terms. However, thermodynamic 
equilibrium is never obtained in this pro­
cess. Control of the cluster formation is 
linked to the variables: throat diameter, 
stagnation pressure, nozzle geometry and 
the admixture of auxiliary («seed») gases, 
usually noble gases, which do not (nor­
mally) attach themselves to the metal 
clusters but take part in the expansion pro­
cess and collisional cooling of the clusters 
in statu nascendi. Of course, nozzle beam 
expansion has been mathematically mod­
elled and can be described in precise 
terms[20J. The mechanical motion of a beam

Fig. 2. Schematic of a molecular beam machine, usedfor metal cluster research1311:1) Metal 
source capsule in its radiative oven and shield. Left, the orifice with the separate nozzle 
heater. Tubes for thermocouples; 2) Flange assembly which carries the oven and electrical 
connections, separators ; 3) 2000L Diffusion pumps for three differential pumping stages; 
4) Cryopump in the last stage; 5,6) Stern-Gerlach magnet, or electrical quadrupole, or 
mass spectrometer; 7) Cryostat with turnable sapphire target for matrix isolation at liquid 
He temperature; 8) Slit banks for collimation; 9) Optical windows for laser applications 
and detection of emission at right angles; 10) Langmuir hot wire probe for total beam 
intensity; 11) Optical path for measuring absorptions of matrix isolated species; 12) 
Ionization pressure gauges; 13) Electrical feed-throughs; 14) Electromagnetic beam 
chopper for phase sensitive detection of beam changes; 15) Light source, 16) Monochroma­
tor, 17) Light chopper, and 18) Photomultiplier: Spectral photometer for matrix studies. - 
We have two more beam machines, one for seeded and crossed beams, allowing the study of 
chemical and catalytical reactions, and one for dissociation experiments equipped with a 
reflectron, a TOF type analyzer. The three machines allow different sets of experimental 
studies all essential to understanding metal clusters.

element is very much faster in the labora­
tory frame of reference than the average 
random motion of its particles with which 
a temperature and hence a sound velocity 
can be associated. Hence, the beam is su­
personic with Mach numbers easily as high 
as 20 to 40. The supersonic beam has a 
number of uniquely pleasant properties: 
All its particles move approximately with 
the same velocity vector independent of 
mass, which creates a so-called collisionless 
environment (Zare et al,1211 discussed the 
Validity of this assumption); the beam 
shows only a small divergence of the strong 
forward peak and thus offers a high parti­
cle density for experiments with the beam 
particles and at the detector located some­
where downstream. In Fig. 2 a typical 
molecular beam machine for cluster for­
mation, handling and detection is shown, 
and in Fig. 3 the evolution of the mass 
spectra of sodium clusters is demonstrated 
when the Ar seed gas pressure in a constant 
vapour pressure of Na is continuously 
increased. We interpret the pattern in Sec­
tion 5.

For a synthetic inorganic chemist1221 it 
comes as a shock that we are dealing here 
with a preparative device which does not 
allow (without additional hardware1231) to 
obtain a single species of cluster. Instead 
we produce a large number of different 
particles forming a wide size distribution.
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This is, however, in the best of inorganic 
traditions: A solution system with many 
species of complexes can be precisely in­
vestigated, although only few or none of 
the components may be isolated un­
changed from the equilibrium mixture1241. 
In order to pursue our goal to learn about 
the properties of the single size particle in a 
molecular beam environment one uses ion­
ization and mass spectrometric detection, 
i.e. a separation technique.

The philosophy then is to force any type 
of observation to modulate the mass spec­
trometric signal characteristic for only one 
species. Extracting the modulation from 
that signal reveals the signature of the 
property probed by the imposed inter­
action.

Applying this idea12’ we have learned in 
the last 10 years to measure among others

the following properties in a particle spe­
cific fashion:
- relative intensity, mass: This is the 

(trivial) information given by a straight­
forward MS scan. In this context the 
relation between MS intensity of an ion 
wifh m/z and abundance (i.e. partial 
pressure oc concentration) of the neutral 
precursor is, however, far from trivial[26i. 
Ionization induced unimolecular disso­
ciation can both enhance or diminish a

2100

MASS CAMUS

Fig. 3. Evolution of a cluster «ensemble» as a function of Ar seed 
gas pressure while Na pressure is kept constant at = 300 mbar; 
Ar pressure increases from a) to e) from approximately 1 to 
6 bar. Watch the multimodal distributions with preponderant 
species, and the breaks at certain positions in the mass spectrum, 
marking the «magic numbers» 8, 20, 40, 58..., to be interpreted 
in Section 6. The abscissa is in atomic mass units, the equidis­
tant peaks have Am = 23, hence they are Nax polymers. These 
qualitative experiments can be made quantitative whereupon 
they reveal the salient features of multimodal distribution 
growth (to be published).
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given cluster peak. Painstaking analysis 
of several cluster mass spectra obtained 
by varying the formation parameters is 
necessary to eliminate the grossest errors 
caused by this fact. Much of (metal) 
cluster literature contains naive inter­
pretations of MS intensity patterns 
which have not been corrected for frag­
mentation;

- ionization potentials, electron affinities, 
and relative cross sections for these pro­
cesses1271;

- UV/VIS absorption and emission (e.g. 
LIF) spectra'281;

- IR, Raman spectra12’1;
- photoelectron spectra1301;
- magnetic and electric dipol moments1311; 
- electric polarizabilities1321;
- individual cluster temperatures1331;
- dissociation kinetics and thermodyna­

mics 1341;
- photochemistry1351;
- physi-, chemisorption, and -desorption 

kinetics and thermodynamics of various 
reactive and non-reactive molecules1361;

- chemical reactions with non-metallic 
and other metallic species1371.

This list of properties far exceeds the 
information one normally has on most spe­
cies detected in an equilibirium solution 
mixture. However, one important property 
is missing here as well as in solution chem­
istry: the structure of the particles. No one 
has yet found a way to monitor electron 
diffraction of a molecular beam composed 
of a mixture of cluster sizes with particle 
specificity1381. Electron or grazing angle X- 
ray diffraction and high-resolution elec­
tron microscopy both conventional and 
with the scanning tunnelling technique on 
solid supported clusters give information 
on the state of the cluster in a strongly 
perturbing environment1391. Hence, they 
cannot reveal the «true» shape nor that of 
individual particles. Much weaker but 
similar reservations exist towards the 
structures modelled after EPR-experi- 
ments on clusters captured and frozen out 
in a low-temperature argon matrix[40bl. Our 
hope of obtaining structure information by 
analyzing the rotationally resolved elec­
tronic spectra has only come true to date 
for M2 and M, particles (see Section 4). Of 
course, stable metal cluster complexes have 
been crystallized and X-rayed by the 
hundreds and produced beautifully bizarre 
structures. Unfortunately they bear practi­
cally no relation to what we indirectly have 
learned about the structures of free 
clusters. We will come back to the struc­
ture problem at the end.

Cluster generation from metals boiling 
above 2000 °C needs other high-tempera­
ture techniques: The most popular has be­
come laser pulse evaporation from a slowly 
revolving metal rod or disk1411 (Fig. 4). This 
creates a hot metal vapour plasma which is 
quenched by a noble gas pulse, whereupon 
it nucleates and grows clusters. These are 
expanded through a nozzle into vacuum as 
above and then investigated similarly. This

technique allows to make clusters from any 
material including graphite1421, B, Si, SiC, 
Ge, GaAs, Mo, and W[43]. We have used it 
to prepare highly active heterogeneous 
catalysts from group 8 elements11061.

Other «high energy» techniques use fast 
atom or ion bombardment or sputtering of 
metal targets with noble gas ions1441. These 
sources produce very hot, usually cationic 
clusters unless cooling by collisions and 
charge neutralization is applied. There is 
also no practical limit at what materials 
these methods may be directed.

There are several additional clustering 
methods in use. Among those the gas ag­
gregation technique has ardent adepts: Va­
pours from a heated crucible are mixed 
into a cooled noble gas flow where they 
nucleate and grow clusters1451. Many inter­
esting first observations in the cluster field 
have been obtained with this source1461.

Another aggregation technique is a 
variant of Timms’s «atomic vapour syn­
thesis» machine1471: Atomic metal vapour 
is cocondensed with a noble gas onto a 
target usually < 10 K. Then the matrix is 
slowly heated by radiation which leads to 
the diffusion of atoms out of their cages. 
When they meet aggregation may ensue. It 
is difficult to control this process. The par­
ticles formed have first been analyzed by 
UV/VIS absorption spectroscopy. This 
has, however, not been very successful 
because beyond the dimer the super­
imposed spectra from unknown particle 
concentrations with unknown absorptions 
could not be sorted out. The observation 
is, of course, not particle specific1481. In con­
trast, spectacular success was obtained 
with Raman- and especially ESR-spectro-

Fig. 4. Laser pulse evaporation source used for refractory metals with boiling point 
> 2000° C. In the right metal block we see the cross section of the round target rod which is 
slowly turned in a spiral motion. Vertical to it is the entry tube for the laser light to be 
focused on to that rod. The horizontal tube is blocked to the left by the pulsed valve which 
admits He at 3 atm from the left. To the right is the opening towards the vacuum system. 
During operation a gas pulse is generated by opening the valve for 0.1 ms, then the laser pulse 
evaporates a metal plasma into the gas flow which is rapidly quenched, nucleates, and grows 
clusters which are expelled at the right nozzle opening. Scale of the source x 5 cm diameter. 
Special embodiments of the exit tube allow to attach a fast flow reactor to study microhete- 
rogeneous catalysis in the gas without the necessity to put the clusters on a surface. Pt 
clusters formed by this tool can be collected on ALO, ceramics. They have shown hydrogena­
tion activity more than 5000 times per Pt atom in comparison with the best industrial 
catalysts[1061.

scopy for M3 up to M7,4Obl. The odd num­
bered alkali metal clusters from Li, Na, 
and K have given the first structure deter­
minations available today apart from thé 
predictions based on electronic structure 
calculations (and electronic spectra ofM, in 
the gas phase), to be discussed in Section 4.

4. Proof of the Molecular Nature of 
Small Metal Clusters

It may be overcautious to prove that 
there is nothing mysterious with small 
metal clusters beyond what chemistry and 
quantum chemistry have taught us about 
the nature of molecules. It is true that we 
have problems writing a Lewis electron 
pair formula for a perfectly stable particle 
like Na3 (!) or Na4. However, we would not 
expect this to work anyway since these 
molecules are even more electron deficient 
than boron hydrides which also do not 
obey G. N. Lewis. Furthermore, these 
clusters cannot be bottled and sold and so 
don’t belong to the category of commer­
cializable stability for whose prediction 
the simple rules of chemical valency were 
originally invented[49]. Quantum chemistry 
has long transcended chemical bonding 
paradigms beyond the commonplace 
zeroth order models. Here is what one 
finds for the smaller clusters:

4.1. Dimers
All possible 15 homo- and heteronuclear 

alkali metal dimers are (essentially) Lewis­
type electron pair bonded systems with a 
T/ ground state giving a dissociation
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energy If = 1.06 (Li2)-0.45 (Cs2) eV simi­
lar to H2 (but D„ = 4.4 eV!). The electronic 
spectra are also hydrogen-like. In Fig. 5 the 
first seven states of LiNa[501 are shown.

State-of-the-art ab initio quantum chem­
istry by Meyer et al.[51] has produced 
Morse- (Klein, Rydberg, Rees or Dun­
ham-) parameters for all dimers up to K2 
which predict the experimental data to 
within « 1 cm“1 (where this unit is applica­
ble): In addition to the ground state the 
term energies and ionization potentials of 
more than ten excited singlet and triplet 
states and their D„ B„ ma coexe, ae, re con­
stants, dipole moments for the hetero- 
nuclear dimers, spin densities, spin-orbit 
coupling constants, lifetimes of excited 
states, line-widths of spectral transitions, 
and other properties (like perturbed states 
by predissociation, avoided curve cross­
ings, different Hund’s coupling cases) are 
calculated to experimental accuracy. 
Sometimes Meyer tells the spectroscopists 
where they have made observational 
errors! However, this excellent agreement 
was only possible to achieve by explicitely 
treating the core electrons using an effec­
tive core polarization potential in an all­
electron SCF/valence calculation includ­
ing core-valence electron correlation. Any 
valence electron only calculation fails to 
account for even the crudest estimation of 
the properties of these dimers. The influ­
ence of the core-valence electron inter­
action is a (trivial but) not easily treatable 
difference between the alkali metal dimers 
and hydrogen. One consequence of it is the 
fact, that the «one-electron» bond in the 
homonuclear and in some but not all 
heteronuclear dimer cations is stronger 
than the electron pair bond of the neutral 
dimer1“1. Hence, the paradigm that a pair 
bond is about twice as strong as a (formal) 
one-electron bond, which is one of the fal­
lacies learned by every chemistry student, 
is exactly true for hydrogen only! A sec­
ond, more subtle, difference is obviously 
that the alkali metal dimers condense exo- 
ergically to a body-centered cubic (bcc) 
metal, if allowed to do so, while hydrogen 
molecules are not forming a metal even at 
the highest pressures probed so far (« 5 
Mbar)[S31 (for modelling Jupiter’s core me­
tallic hydrogen is assumed). The main 
property to consider for this difference is 
the large ls-(2s)2p gap of 10.2 eV in the 
H-atom compared to the much smaller ns- 
np gap in the alkali metal atoms, 1.9 eV for 
Li and less for the others. A spectroscopic 
pearl has been found in LiNa (already 
known from H2 and recently observed in 
Li2): Through interaction with the hetero- 
lytic final state Na®Lie ion pair the neutral 
D-state shows a double minimum poten­
tial as seen in Fig. 5 with two quite different 
vibrational progressions.

In summary: Alkali metal dimers are 
now well known and understood mole­
cules. Especially Na2 is in some respects 
even better investigated than H2 and has 
become, therefore, a prototype for a cova-

Interatomic
Distance(Â)

Fig. 5. Upper part: LiNa spectrum of the electronic E <-X transition showing a vibrational 
progression with partially resolved rotation measured in a molecular beam with many 
species LixNay; particle specificity has been achieved by the two-colour, two-photon, one- 
photon resonant photoionization scheme as proposed and realized in Ref.[2S1. The signal has 
been measured with a quadrupole mass filter. The spectrum is uncorrected for the wave­
length-dependent laser power shown on top. - Lower part: The newly discovered electronic 
states of this interesting dimer. Note state D which shows a double minimum potentiallXi

lently bonded molecule. Its properties have 
a wider scope for generalization than those 
of H2, because the constituent atoms have 
a core like all other elements except hydro­
gen. - Alkaline earth metal dimers are es­
sentially non-bonded van der Waals ag­
gregates, /)„» 0.1-0.2 eV, with a super­
ficial analogy to the unstable He2[54].

Transition metal dimers: In jumping to 
the 3d transition metal dimers the first 
example with d-electrons is Sc2 formed 
from two (3d4s2) 2D atoms with 
Z>0=1.13±0.2 eV[ssl. It appears that its 
ground state is a 5A“ state1561 which does 
not correlate with a dissociation limit of 
two 2D atoms, however. Hence, its forma-
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tion induces s-d excitation and spin reorga­
nization. After Ti2 with Do = 1.3 eV and 
(probably) '27/ and a stability optimum of 
D^ = 2.5 eV with ’A,, V2, bond energy falls 
to Do = 1.6 eV with Cr2 from two (3d54s)7S 
atoms. Cotton predicted a hexupel bonded 
(d^d.XAXdvZ dl2_j2T-sff!) ‘2?g+ 
ground state. This is consistent with some 
of the experimental information but not 
with the comparatively low stability which 
should be higher than that of V2. The 
quantum chemistry1571 of this molecule 
proved to be a nightmare. After several 
abortive attempts with the generalized YB- 
method which only gave van der Waals 
molecules, the pseudopotential local spin 
density functional formalism came up with 
a satisfactory explanation of the experi­
mental data1581. As a consequence it became 
clear that Cotton’s qualitative description 
of a hexuple bond is not entirely correct 
since it is not able to link the dissociation 
of the molecule to two ground-state Cr 
atoms. Above Cr there are more electrons 
than accessible bonding orbitals in axial 
symmetry can accommodate so filling of 
non- or anti-bonding orbitals leads to 
«lone pairs». However, the dominant 
change in comparison to Sc-Cr is the drop­
out of the d-clcclrons from effective bond­
ing which they manifest in the first four 
dimers. Mn2 (3d54s2)6S surprisingly is only 
a van der Waals molecule with a '27+ 
ground state of DQ = 0.23 eV as if the two 
4s2 atom shells were essentially alone. The 
half-filled d-shell 3d5 of both atoms decide 
to rest in weak antiferromagnetic coupling 
(i.e. form j, and 1‘ spin non-bonding pairs) 
with a coupling constant of only 9 ± 3 
cm-1. Fe2 has a ’J, ground state with 6 
unpaired electrons and a single s-s a bond 
of Do = 1.04 eV. However, within an 
energy range of 0.5 eV of the ground state 
there are no less than 112 electronic states 
all arising from the interaction of two 
3d74s' atoms formed by promotion from 
the atom ground state 3d64s2 ,S1. They all 
have slightly different Dunham parame­
ters and thus produce a hopelessly complex 
absorption spectrum. This is the price to 
pay for not giving Fe. decent clothing as in 
Fe2(CO)9 or [(CO)4Fe—Fe(CO4]2®.

One can now see why we have, at 
present, to stay with simple elements like 
alkali metals for serious physical chemistry 
on bare clusters. Co2 (If =1.7 eV) and Ni2 
(Do = 2.7 eV) are similarly complicated 
and no agreement exists even for the as­
signment of the ground state. Note, that 
the homonuclear 3d dimer energies form 
the usual double hump with a minimum at 
Mn known from so many facts of 3d-TM 
chemistry. Ni, is the most stable dimer.

Advancing to the group lb (11) dimers 
Cu2, Ag2, Au2, and their heteronuclear 
combinations, we have (superficially) al­
kali metal dimer like single bonded mole­
cules which behave innocently. In the 
course of traversing the nd transition row 
the d-orbitals contract so much that they 
are now housing nearly non-bonding core 
electrons. Do values are 2.03, 1.69, and

2.29 eV for the dimers of Cu, Ag, and Au, 
respectively. The detailed quantum chem­
istry of Cu2 involved configuration inter­
action amongst all 22 3d104s' electrons1601 
and is thus even more expensive than treat­
ing the alkali metal dimers together with 
their core electrons. Zn, Cd, and Hg only 
form weak van der Waals dimers like 
group 2 metals with D„ = 0.2, 0.087, 0.06 
eV, respectively.

We concentrate on those dimers which 
play a role in the larger clusters to be 
viewed in Section 5. Many more of the 
4272 dimers of 92 elements or of the 2145 
of metallic elements are known today.

4.2. Trimers
Common nomenclature attributes the 

term «cluster» from the trimer on up. 
Hence, making and understanding M3 was 
an essential first step in cluster science. All 
alkali metals - to start again with these 
prototypal metallic elements - give stable 
trimers, very stable trimer cations, and less 
stable trimer anions. Li3 has an atomiza­
tion enthalpy of 174 ± 15 kJ/mol11’1 or 58 
kJ/mol per atom as compared to 51.4 kJ/ 
mol per atom in Li2 or 155.2 kJ/mol for 
bulk Li-metal. Even higher stabilities have 
been measured for the group lb (11) 
trimers whose theory is remarkably simi­
lar.

Comparison to If: It is common knowl­
edge that the original «lake Eyring»1“1, the 
H3 site on the potential energy surface of 
three hydrogen atoms has long dried up 
completely: H3 is unstable in the ground 
state and represents a ridge not an inter­
mediate on the reaction path H2 + H. Why 
then are the alkali metal trimers stable? A 
lucid semi-empirical argument by Calza- 
ferri1621 shows, that it is again the small 
ns-np gap of the alkali metal atoms in com­
parison to the unsurmountable ls-(2s)2p 
gap of H that is decisive. Participation of 
p-orbitals is essential for the third alkali 
metal atom to stick to the previously 
formed dimer. Only in excited states of H£ 
where a strong admixture of the 2p level 
takes place, does one also obtain stability 
as shown by Herzberg[6ii for H3 in high 
Rydberg states.

Spectroscopy of Na3: It was a challenge 
to measure the absorption spectrum of Na3 
for the first time. The MS signal at m/z 69 
was observed using a two-stage photo­
ionization scheme: One laser photon with 
tunable colour was used to populate a neu­
tral excited state, while a second, fixed co­
lour laser photon was promoting the ex­
cited state population into the detectable 
ion state. Thus the mjz 69 intensity should 
vary with the transition probability as a 
function of laser frequency and hence map 
out the spectrum as had previously been 
shown for the first time with Na21641. Not 
before Scholl1651 had predicted the position 
of the first few absorption bands by an 
SCF-XaSW calculation were we able to 
locate two bands of the Na3 spectrum in 
the red part of the visible at 665 (sharp A

band) and 625 nm (long virbrational 
progression B band)1661. Since then two or 
three more bands B', C, and D, have been 
found which were not observable with cw- 
lasers but easily seen with pulsed laser exci­
tation because of the short lifetimes of the 
neutral excited states1671. Wbste and his stu­
dents at the EPF Lausanne have remea­
sured the Na3 A, B band spectrum whose 
discovery he has coauthored with Herr­
mann and Leutwyler when he was my doc- 
torand. This time a much colder beam 
(< 10 K for the dimer, probably about 20 
K for the trimer vibration) and a more 
sensitive molecular beam machine were 
available. Both helped to obtain highly re­
solved A and B bands which allowed a 
detailed analysis to which many people 
have contributed1671.

Na3, the first totally investigated Jahn- 
Teller molecule:

Let us summarize a long and fascinating 
story which several years ago has been en­
riched by measuring the spectra of Li2Na, 
LiNa,1“1 and recently by a first glimpse at 
Li,16’1. We stress the physical concepts in­
volved without going into mathematical 
details (see Ref.1711 for these): In the hetero­
nuclear Li2Na, and similarly in LiNa2, 
Na2K, NaK, etc. the isomers LiLiNa and 
LiNaLi or even 6LiNa7Li, 6Li7LiNa, 
7Li6LiNa are indistinguishable. This sug­
gests a ring structure and in the homonu­
clear case Li3 and Na3 equivalence of the 
three atoms, hence an equilateral triangle. 
However, the ESR spectrum of.Na3 frozen 
in an argon matrix below 10 K as first 
measured by Lindsay et al.[40b] was only 
interpretable with C2v symmetry: High spin 
density at the base atoms of a (probably) 
obtuse isosceles triangle with very low spin 
density at the apex was found. But on 
slowly heating the matrix the ESR spec­
trum became confused and reached a new 
sharp pattern above 25 K where the three 
atoms assumed (statistical) equivalence, 
hence D3h symmetry. What happened has 
meanwhile been clarified to the extent that 
it has become the schoolbook case of Jahn- 
Teller (JT) instability. If these trimers are 
not linear but assume a ring structure as 
suggested by the isotope substitution expe­
riments then they would have a degenerate 
electronic ground state 2E' in D3h symme­
try. This violates the fundamental require­
ment of quantum mechanics for a single 
valued solution of the Schrodinger equa­
tion and is caused by the assumption of 
separability of the electronic and nuclear 
motions, as stated in the Born-Oppen­
heimer theorem. Coupling of this elec­
tronic state with the degenerate normal co­
ordinate vibration e' to form vibronic, 
the coupled vibrational-electronic states 
E' x e', lifts the degeneracy leading for Li3 
to a potential surface first calculated by 
Gerber1701 and shown in Fig. 6 (similar sur­
faces have been computed for all the alkali 
metal trimers, see references in1781).

The general theory of these phenomena 
has long ago been established by Longuet-
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Higgins and others1711. For non-totally 
symmetric displacements of the nuclei we 
obtain a splitting of the degenerate elec­
tronic states into two species of C2v symme­
try with different energies and vibrational 
constants. Their lower and higher poten­
tial surfaces E_ and E+ intersect in a point 
on the C3 axis of the figure where we still 
have degeneracy. The vibronic ground 
state E _ has a lower energy than the 
avoided Born-Oppenheimer pure elec­
tronic state E'. The difference is called 
Jahn-Teller stabilization (a virtual stabili­
zation, because the reference state simply 
does not exist!). Only the E_ surface is 
shown in Fig. 6 for the ground and an ex­
cited state. The coordinates are the vibra­
tional displacement vectors of the two 
components of the degenerate e' normal 
coordinate causing the splitting (a bending 
type motion and an asymmetric stretch;

the first together with the totally symmet­
ric, non-degenerate vibration is shown at 
top left in Fig. 9). Hence Fig. 6 does not 
represent a real space energy surface but a 
normal coordinate space surface. The 
threefold symmetry is invariant but the 
equilateral triangular centre is now a cusp 
- the crossing point of the E_ and E+ sur­
face - and not a well. Instead there are 
three equivalent wells marking three con­
formers with equivalent isosceles triangles 
generated by a cyclic permutation of the 
role of the apex atom. Actual physical per­
mutation requires an oscillation of the 
molecule from obtuse to acute angled C2v 
and back thrice for one permutation cycle, 
never passing through the D3h centre. This 
is equivalent for the representative 
masspoint to go once around the «moat» 
in Fig. 6 even though none of the atoms 
actually leaves its hole in real space. If the

energy barrier between the wells is small 
enough compared to kT this permutation 
leads to an actual hindered or (quasi)free 
physical rotatory motion of every atom in 
its proper well called pseudorotation. This is 
linked to the vibrational angular momentum 
of a superposition of the two normal coor­
dinate components in the e' mode as shown 
in Fig. 7. It adds a component to the total 
angular momentum around the C3 axis 
which is the true signature of a dynamic JT 
effect or of a floppy molecule that can be 
observed in the free gaseous state.

Fig. 7. Visualization of the pseudorotational 
movement of the three atoms in their wells 
caused by the thermally excited transforma­
tion of the three conformers. The dashed 
isosceles triangle is one extreme position of 
the vibration while the other, the acute trian­
gle, is not shown but easily constructed by 
connecting the topmost vertical bar with the 
bars at 4 o ’clock on the left and 8 o ’clock on 
the right bottom atoms, respectively. The 
equilateral triangular situation would be the 
vibration-less equilibrium position of a non- 
JT-molecule, never reached in this case.

Fig. 6. Cross section of the potential energy surface E_ of Lifin the coordinates QJQy, the 
displacement coordinates for the two components of the doubly degenerate e' vibration in D3h 
symmetry m. Lower part: ground state; upper part: E" excited state. The equidistance of 
the contours is 50 cm~’. Note the central cusp in the lower part which goes up and joins the E+ 
surface in the [0,0] point. The location minima in the lower surface, marked by a point, are 
very shallow with Li3. They form wells of more than 100 cm~‘ depth in the excited state. The 
minima represent obtuse isosceles conformers while the barrier ridge between two minima is 
acute angled (obtuse and acute relate to the 60° angle of the equilateral triangle). The upper 
surface in Lis is very similar in qualitative aspects to the ground state surface in Na3 (not 
shown).

Before presenting spectral proof we can 
now already interpret the following obser­
vations: When pseudorotation is fully ex­
cited we would expect average behaviour of 
a D3h molecule where no conformers are 
distinguished. This explains the observed 
isotope scrambling and the «high»-tem- 
perature ESR-signal. If kT is small or the 
well deep (lifting of the degeneracy by a 
static JT deformation) the molecule would 
be frozen in any one of the three C2v wells 
as documented in the «low »-temperature 
ESR spectrum. Finally, if the experiment 
probes the molecules on a time scale short 
compared to the vibrational dislocation of 
the nuclei - i.e. an optical spectroscopic 
measurement in contrast to the «slow» 
ESR probe - we would always, i.e. inde­
pendently of temperature, observe the 
molecule in one of the properly split Jahn- 
Teller wells of C2v symmetry and in a de­
fined pseudorotation quantum state (we 
do not want to enter the «structure contro­
versy» at this point! Nobody has seen the 
free molecule in a statically deformed C2v 
symmetry without pseudorotation (yet)).
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This is exactly what the two-photon, two- 
colour, one-colour resonant ionization 
spectrum in the mass spectrometer shows 
(Fig. 8): The quantitative analysis of the 
B-band of Na3 [671, Fig. 8c, has verified this 
interpretation (see also Fig. 9 for an earlier 
assignment of the spectrum1701 which 
presents a cross section of the two absorp­
tion-coupled Jahn-Teller surfaces E_, E+). 
The well resolved structure in Fig. 8c al­
lows to fit the progression to the formula 
predicted by theory for large Jahn-Teller 
distortion, to first approximation:

^(uj) = (u + l/2)co0+A j2 (1) 

where u = 0,1,2, ... quantum number of a 
radial oscillator describing the distortion 
(®the motion of an apex atom from the 
obtuse to the acute angle limit);
j = ±1/2, ±3/2,... quantum number of the 
pseudorotation with .4 = h/2I and I = fir I 
the moment of inertia around the rotation 
axis, fi the reduced mass, r0 the mean dis­
tance from the minimum of the well.

The fit gives <y0 = 128 cm“1 (as found1“1) 
and .4=4 cm“1. The splitting of the u-vi­
brations is a tunneling split between the 
three wells of 3 5 cm“1. The total JT stabili­
zation amounts to 1050 cm“1 and the local­
ization in the wells to 26 cm“1. This has 
been deduced from a variational solution 
of the vibronic eigenvalue problem using 
600 basis functions. A linear vibronic cou­
pling constant of k = 4.04 and a small qua­
dratic correction of g = 0.012 describe the 
spectrum to experimental precision1671. 
Note the broadening of the pseudorotation 
«lines» with increasing). This is the mark 
of 1) a weakening of the first order approx­
imation which is strictly valid for cylindri­
cal deformation only and will work less for 
larger pseudorotational amplitudes; 2) of 
the non resolved proper rotation of the 
molecule (everyone of the pseudorotation 
«lines» is the envelope of a proper rotation 
band); 3) the (neglected) complications of 
electronic orbital and spin angular mo­
mentum. The other bands have not been 
interpreted to equal detail. The A-band is 
still best analyzed in Radi’s thesis1681, and a 
band equivalent to the B-band, but of 
course not JT-influenced, has been ana­
lyzed for the Li2Na and LiNa2 mole­
cules1681.

«Fractional quantum numbers»:
The half-integer quantum number is the 

signature of pseudorotation. As already 
pointed out by Longuet-Higgins ^^ going 
once around the «moat» in Fig. 6, i.e. a 
rotation by 2 re around the C3 axis, leaves 
the vibronic wave functions with reversed 
sign, hence the full rotation is not an iden­
tity operation of the vibronic system. Go­
ing twice around rectifies this deficiency 
(similar to the necessity to introduce dou­
ble groups with half integer J, well-known 
in transition metal chemistry). Since rota­
tion by 4re is an identity operation the rota­
tional quantum numbers, which are based 
on the normal 2re rotational identity, be-

b)

a)

WAVENUMBER CCM-O
NA3

Diff. 128 138 133 128 125 122 115 cm~'1

Fig.8.a) A-BandofNa^^.b) B-band v*-6^, and finally c) the much better resolved B-band 
by Wöste et al.[67J. Note the half-integer pseudorotational progressions, the mark of the 
dynamical Jahn-Teller effect, to be explained in the text.

come half integers (the term «fractional» 
quantum number as used by Delacretaz et 
al.1671 is a cautious hint at the underlying 
approximation. If the deformation is not 
strictly cylindrical, i.e. k » g, the j defined 
in Equation (1) is not any longer a good 
quantum number and deviates from exact 
half integers).

Half integers for the j-quantum number 
advertise pseudorotation. In solid matrices 
rotation is quenched, hence (quasi)free

pseudorotation has not been observed. 
This explains why it is very difficult or im­
possible to understand the Jahn-Teller «ef­
fect» quantitatively in solids. One has to 
use a gaseous molecule to carry experiment 
and theory to a good end as has been 
shown for Na/67,701. - The difference be­
tween the measured Na3 and the repro­
duced Li3 case is a much lower pseudorota­
tion barrier in Li3, hence it has not been 
possible to freeze out C2v Li3. The same is



FORSCHUNG 366
CHIMIA 42 (1988) Nr. 11 (November)

Fig. 9. Proposal for the interpretation of the Na, spectrum (A, B-bands) by Gerber[70]. The quantitative energy terms have been obtained by 
proper scaling of several Na3/Na2 properties by those ofLifLi, both from experimental and calculated data. Cross sections through the D3h 
point with Qx and QA, defined at top left, as abscissa, are shown. The lower E_ and the higher E+ Jahn-Teller surfaces of the ground E' and 
the excited E" states are drawn. The dissociation channels to ground or excited state atoms and dimers are on the right. Several observed 
transitions1661 are assigned with arrows. The large amplitude distortion to a triatomic linear molecule is discernible to the left.

true for Cu3. A recent theoretical study1731 
shows the E_ surface of the ground state of 
Na3. It looks qualitatively similar to the 
excited state surface of Li3 in Fig. 6. This 
paper also claims that the B-state of Na3 
may be even more complex than believed. 
It appears to be a mixture of the degenerate 
E' state with the Aj state in which the cou­
pling between the different states is stron­
ger than that of the E' components. Expe­
rimental verification of this prediction 
does not exist presently.

Magnetism of My.
What influence has the odd spin on these 

doublet molecules? There are four compo­
nents of angular momentum around the C3 
axis: the proper rotation, the vibronic part 
generated by the superposition of the two

components of the e' mode (with 90° phase 
shift) or pseudorotation, and the electronic 
spin and orbital contributions. The E' state 
has only a character, hence no orbital 
angular momentum. But the main spectral 
transition is a n*^-a like 2E"<-2E' excita­
tion whose upper state has an orbital angu­
lar momentum which «contaminates» the 
spectrum. Only this four component angu­
lar momentum vector has a «good» 
quantum number (represents a constant of 
motion of the system) independent of the 
strength of vibronic coupling and Jahn- 
Teller splitting. Inclusion of spin removes 
the crossing point of the lower and higher 
Jahn-Teller surfaces at the cusp (see 
Fig. 9).

An interesting consequence of the cou­
pling of the four components of angular

momentum, especially the spin-rotation 
coupling, is found when magnetic deflec­
tion of the beam is probed with a Stern- 
Gerlach magnet (Na3174], several alkali 
metal trimers1751). Naively one would ex­
pect Na3 to show 1/3rd of the deflection of 
the Na atom when it moves at the same 
speed through the same inhomogeneous 
field: The force pivots on the same spin 
moment of 1/2 h, but the ratio of the 
masses is 3 :1. Instead a distribution curve 
is observed which has the largest intensity 
at zero deflection - as if the majority of 
particles were nonmagnetic - fanning out 
to a smaller local intensity maximum (if at 
all) at the expected value of 1/3 of the 
atom. With increasing temperature higher 
rotational states are populated decreasing 
the signal at 1/3 deflection even more.
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With higher deflecting fields more intensity 
arrives at 1/3. It has been derived by 
Gerber1761 that only that part of the mag­
netic moment is effective for the deflection 
which is projected out from the combined 
spin-rotation vector onto the magnetic 
field gradient. Since the total angular mo­
mentum projection has to obey the rules of 
quantum mechanics the higher the rota­
tional quantum number the smaller is the 
effective magnetic moment of the spin 
component if this cannot be decoupled 
from rotation by a strong field. If all this is 
properly computed using the actual rota­
tional state population, considering sym­
metry constraints for the trajectories of the 
precessing molecule, and the JT-imposed 
pseudorotation, the experimental distribu­
tion can be reproduced. It is then possible 
to gain the value of the magnetic moment 
by virtue of the known theory of the distri­
bution curve.

Let us stop here with details known on 
M3 whose wealth we have only gleaned su­
perficially. The exposure to it had as mo­
tive the proof that no further components 
are necessary to its understanding than 
those established by molecular science. In 
fact, the electron density plots and even the 
spectroscopic details are qualitatively not 
different from those of the cyclopropenyl 
radical or even of the 1,3,5-trifluoroben- 
zene cation1771, a perfect Jahn-Teller mole­
cule.

Beyond M3 information is drastically 
dwindling.

4.3. Polymers
Fig. 10 shows the calculated structures 

of Lix clusters up to x = 10 as obtained 
with a multireference SCF/CI ab initio 
method by Koutecky and his colleagues1781. 
The quality of these calculations belongs to 
the best of what is possible today. In fact, 
where data exist - ESR measurements of 
Li3, Li5, Li7; enthalpies of Li, to Li4; ioniz­
ation potentials of the whole series; quali­
tative stability arguments derived from 
mass spectrometric intensities (see Section 
6) - very good predictions of the experi­
mental quantities have been given. It is to 
be understood that the structures have 
been obtained by a minimum search of the 
Hellmann-Feynman forces (which vanish 
at every minimum of the potential hyper­
surface). Starting statistically from many 
different non-equilibrium structures the 
best minimum found is most likely the pre­
ferred stable conformation of the system. 
That is shown in Fig. 10. One slight reser­
vation is in order: The conformations are 
valid for the Rc structure only, i.e. at 0 K 
without any zero point vibration. Since 
many of these particles show Jahn-Teller 
instability similar to Li, with only small 
pseudorotation barriers the average struc­
ture obtained at finite temperatures (as it 
would be probed by an X-ray experiment) 
might often be of higher symmetry than 
what is seen in Fig. 10. We leave the con­
templation of the bizarre and unexpected 
shapes to the reader. He is probably most

shocked by the long prevalence of flat 
structures since the first 3-dimensional 
shape occurs with Li7. Intuition would not 
connect the undirected metal bond with 
such rafts. In fact macroscopic metal struc­
tures are typical for their compact, closest 
packed arrangement of atoms. Why 
should small clusters be so open? This is 
also a fundamental difference between free 
and ligand-covered clusters.

Simple HMO arguments:
We see the main reason already with Li4. 

This electron deficient system would have 
to form 6 bonds spanned by ajtj in Td sym­
metry creating a Jahn-Teller unstable te­
trahedron. Its disphenoidal deformation 
to C2v is sufficient to lift the degeneracy but 
a simple HMO argument shows why the 
flat rhombus or lozenge with D2h symmetry 
is the most stable, closed shell structure: 
Construct the topological matrix for a 
tetrahedron with atoms numbered 1 to 4.

Fig. 10. Structure and bonding energy of Lix clusters as computed with an MC-SCF-CI 
method by Koutecky et al.178!. Note the 2-dimensional forms prevailing up to x = 6, ex­
plained in the text. After reaching Lis with a structure similar to Lif CH3)4m, a drop in bond 
energy occurs towards If. Although the body-centred icosahedron LiI3 looks good it is 
unstable towards growth to larger clusters and hence not an abundant species in any free 
metal cluster family studied to date. It is of prominent stability with metal cluster com­
plexes [22], however.

Introduce variable f parameters for the 
atom 1-2 and 3 4 interactions leaving the 
rest unchanged. Now let jS12 go to zero, 
breaking the 1-2 bond. This will lower the 
energy and end at a minimum with 
As = /A = As = A4 < A4 representing a flat 
rhombus. Of course, {LiCH3} has a nice 
metal cluster complex structure with tetra­
hedral units (CH3Li)4, i.e. a Li4-cluster with 
a methyl group on the centre of every 
face1791. Here we have electron saturation 
with the noble gas shell ajt2 and hence no 
objection to a tetrahedral arrangement 
(note that we do not obtain Lewis electron 
pair bonds, but multicentre bonds have 
been accepted long ago). This sort of argu­
ment can be made for all the rest of the 
bizarre structures. For an inorganic chem­
ist trained in high-symmetry coordination 
chemistry where zeroth order ligand field 
arguments work so well, the raft of Li„ is a 
criminal offence. He would prefer the octa­
hedron. However, 6 electrons are not
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enough to make a closed shell system in the 
ajgtj, manifold. So a similar breakdown 
convinces him of the stability of the raft: 
Start with the topological matrix of an 
octahedron numbered 1,2,3 and 4,5,6 for 
two opposing trigonal faces and represent 
the 12 equivalent nearest-neighbour inter­
actions with the same f. Sever the bonds 
1-2, 2-3, and 1-3 by setting their f ~0. 
You end with a closed shell system of much 
lower energy having D3h symmetry with the 
closed shell orbital occupations (a02(ez)4. 
Of course, these simplistic arguments have 
really to be replaced by the painstaking yet 
fascinating discussion in the papers of 
Koutecky et al. These have now advanced 
to M20. For the larger clusters a less refined 
basis had to be used and present computa­
tional facilities, even on a Gray-II, do not 
make it feasible to go much beyond this 
size without sacrificing precision. There­
fore, we expect to have only a slightly 
blurred view on larger systems and to put 
up with much coarser models of the phy­
sical system (cf. Sections 5 and 6).

Since this depends on the Miller index of 
the electron emitting plane of a crystalline 
metal we take the «polycrystalline» work 
function usually measured at the pure li­
quid metal surface towards vacuum as rep­
resentative of the bulk. The measurement 
of the IP of a cluster can be performed in 
the mass spectrometer, hence it is particle 
specific as mentioned in Section 3.

Ionization potentials by photoionization:
The usual sources for ionization of mol­

ecules in chemical mass spectroscopy are 
mostly inappropriate for our purpose. We 
use gentle photoionization instead. This 
gives very fine control of the energy of the 
ionizing photon if produced by a mono­
chromator selecting a narrow range from a 
broad-band light source or by a tunable 
laser either pulsed or continuous. The ex­
periment then consists of the following 
steps (not an actual run!): 1) choose the 
proper mass window on the MS, e.g. m/z 
230 for observing Na^; 2) adjust the slit 
width of the monochromator to obtain an

energy width of the photon of ±0.01 to 
±0.04 eV; 3) begin at about 400 nm with 
zero ion current in the selected mass chan­
nel and scan slowly towards smaller wave­
lengths. Somewhere along the wavelength 
scale ions of m/z 230 start to appear if the 
precursor neutral is present in the molec­
ular beam which is directed to pass 
through the middle of the ionization box of 
the ion source. Photoionization efficiency 
(PIE) curves similar to those shown for 
Na2 to Nan in Fig. 11 are then measured 
for every component of the beam one after 
the other. With a time-of-flight mass spec­
trometer (TOF) this measurement can be 
made simultaneously for all clusters 
present with one scan of wavelengths1801. 
We usually choose the spectral width of the 
monochromator light such that the 
spectral resolution of the PIE-curve is not 
limited by that width but rather by the 
noise components present in the cluster en­
semble itself (source not detector noise). 
There is no firm theoretical basis to date on 
how one has to extract a (vertical) ion-

Summary of Section 4:
The dimers and small clusters looked at 

so far do not show any property which 
could not be explained by the well estab­
lished tools of molecular spectroscopy and 
electronic structure theory. MO-type 
methods use delocalized orbitals as a start­
ing basis which, however, would show var­
ious degrees of localization in the most sta­
ble structures if looked at in detail. A re­
naissance of the VB method, the genera­
lized valence bond (GVB) method, which 
starts with a very different basis has led to 
practically identical results where applica­
ble (e.g. Ref.1731).

We conclude that the bare metal-metal 
bonded clusters compensate for electronic 
unsaturation and threatening high multi­
plicity by lowering their symmetry in com­
parison to metal cluster complexes which 
choose the number of ligands such that 
they achieve an optimal electronic bonding 
complement in usually closed shell high 
symmetry configurations

(This is, however, a much too sweeping 
statement to cover the rich cabinet of 
curiosities in the chemistry of transition 
metal cluster complexes.) We do not he­
sitate to admit that small metal clusters do 
fit nicely into the body of accumulated 
knowledge of molecular chemistry without 
the necessity to invent any new concept.

5. From Molecular Cluster to Bulk
We choose a simple property to go all 

the way from the atom passing molecular 
clusters with increasing sizes to finally 
reach the bulk: the ionization potential, IP. 
This probes, in the simplest case, the loca­
tion of the highest occupied level in compa­
rison to the vacuum level. In the bulk it is 
the well tabulated electronic work function.

Fig. 11. Photoionization efficiency curves as directly measured for Na2 to Nan with a 
monochromator slit width equivalent to 0.01 eV. The long-wavelength tails to the right 
contain temperature information1331.
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ization potential from a PIE-curve for a 
polyatomic molecule. However, there are 
several house recipes around which do not 
greatly vary from laboratory to laboratory 
so that we usually do not start fighting 
about them18'1. In Fig. 12 the IP’s from Na2 
to Na22 are shown1821, and in Fig. 13 we 
present the collected IP’s from the cluster 
families of several metals plotted in a spe­
cial way to be understood as follows.

Model of the conductive droplet:
We introduce our first crude model. 

Suppose that these small clusters behave 
similarly to a conducting spherical droplet 
with size-invariant intrinsic properties as 
far as ionization is concerned. How does 
the ionization potential change if the 
radius of the droplet is monotonously in­
creased and finally becomes arbitrarily 
large? Of course, an infinite radius means a 
flat surface of a metallic half-space. From 
this we know the ionization potential: It is 
the bulk work function. Now we want to 
describe the process of extracting an elec­
tron from this half-space in comparison to 
the process on a sphere with radius 7?. A 
simple argument in electrostatic image­
charge theory1831 is quantitatively transpar­
ent: The Coulomb interaction of an elec­
tron with a flat metal surface at distance r 
can be described by the charge interaction 
of a positron sitting at —r within the metal, 
so the force is — ef4r2. When the electron 
moves farer away, the image charge does 
likewise in the opposite direction, and both 
finally vanish at r-> ± oo. With the finite 
sphere of radius R, the + image charge of 
the extracted electron at the distance r 
from the surface also sits in the metallic 
sphere somewhere between its surface and 
the centre. When the electron moves farer 
away the «positron» moves nearer to the 
centre and ends in the centre for total 
removal of the electron, because we have 
now again a spherically symmetric system 
of a singly charged positive ion. The total 
way of the positron is from R to 0, of the 
electron from r = R to r->oo. Obviously 
the integral of the force over the distance r, 
the (potential) Coulomb energy, will be 
different in the flat and the curved case. 
Assuming that the energy of extraction of 
the electron from the «metallic electron 
sea» is independent of R one obtains:

IP(R)=Winf+(3/8)e20/R
= H/„f + 5.40/7? eV

if R is measured in Angstroms, and where 
U/nf is the bulk work function (at 7? -*oo). 
The IP of a spherical metallic droplet is 
size dependent in a simple way. IP(R) 
plotted against 1/7? should be a straight 
line with slope 5.4 eV-A. How do we as­
sign a radius R„ to a cluster of n atoms? 
The simplest way to do this is to take the 
atomic volume of the metal (atomic mass 
^4/density p), divide it by N^ (Avogadro’s 
constant) to obtain the volume of an atom, 
multiply it by n and assign a sphere to the 
same volume: 7?n ^ (3nA/4ttpNy13. There

Fig. 12. Photoionization potentials for Na2 to Na22 as derived from measurements similar to 
those shown in Fig. 11. The error bars contain the apparatus precision and uncertainty about 
the model for the extraction of the IP. The smooth curve is predicted by the classical 
conductive droplet model (Fig. 13), the dashed curve by the self-consistent spherical jellium 
mean field model (see text in Section 6). Filled circles mark the theoretical predictions by 
Martins, Car, and Buttet[92], using a local spin density approximation. Open circles give 
Lindsay’s predictions from a parametrized HMO model. Note the pronounced odd-even 
variations in the IP’s, whereby odd IP’s < even IP’s up to 9; from n= 10 it is reversed. The 
shaded vertical tails are an indication of the variable thermal pre-threshold tail. The longer it 
is the higher the cluster temperature (among other influences).

1/R [1/Ä]

Fig. 13. Photoionization potentials of 10 different families of metal clusters from the atom to 
about M60 each. We plot the difference IP(R) — Wlnj where W^is the work function of the 
macroscopic metal against 1/R with R being equal to the radius of a sphere with the volume 
ofn atoms for the M„ cluster. The straight line is not a fit. It is the size-dependent part of the 
ionization potential of a conductive droplet which has no specific parameters for a certain 
metal (see text). The convergence of the data to that line demonstrates that larger clusters 
assume gradually bulk properties and reach the bulk smoothly. This is true for most metals. 
Atoms with a closed valence shell show an abrupt drop of the IP, indicative of an insulator to 
metal transition occurring in a size range from 20-50 atoms as found with Hg[84].
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are more refined ways to do this18061, e.g. 
include surface tension and compressibility 
corrections, but the changes are minimal 
and not even well justified. Fig. 13 shows 
the result of such a plot. The ordinate 
IP(R) — fFinf has been chosen to obtain the 
same starting point for all metals, and the 
straight line is not a fit but the universal 
formula (2). Since the plot starts with the 
atom for the 10 metals shown the scatter at 
the high 1/R end is easily understandable. 
Why should an atom behave as a liquid 
metal droplet! The same is true for the 
small molecular clusters. However, we see 
a nice convergence towards the model line 
at a cluster size of a few dozen atoms. The 
only large scatterer is Bix which under close 
scrutiny reveals to be a van der Waals ad­
duct of Bi4 molecules. There is one arbi­
trary adjustment in this plot which we have 
to correct immediately: For the IP’s of Hgn 
clusters 1 < n < 11 we had to subtract 
lfinf + 2.44 eV to get convergence to the 
zero ordinate. A year ago, Hensel et al.1841 
were able to measure IP’s up to Hg40. It 
turned out that between about Hg20 and 
Hg40 the IP’s fall smoothly by a total of 
2.4 eV and now extrapolate in conformity 
with the model to the bulk work function. 
A similar plot can be made for the negative 
cluster ions, where W\nf—EA(R) accord­
ing to the model gives a straight line with 
— (5/8)e„/R and EA = electron affinity 
(see Ref.[25bl). What does Fig. 13 teach us?

Smooth and broken transition 
from atom to bulk:

Clusters do behave like spherical con­
ductive droplets if they have a size of > 20 
atoms. Their IP’s (and EA’s) correctly ex­
trapolate to the bulk work function if the 
(trivial) electrostatic correction for curva­
ture is applied. Hence, there is nothing dra­
matic happening from the atom to the bulk 
metal. The clusters are gradually assuming 
bulk-like metallic properties which are ap­
proximately reached at 50-100 atom size. 
The exception known today (and several 
more are to be expected) is Hg. Here a 
dramatic nonmetal-metal (Nm-M) transi­
tion 1851 announces itself by a drop of the IP 
by more than 2 eV between 20 and 40 Hg 
atoms. A much more detailed experiment 
by Brechignac et al.1861 with synchrotron 
radiation probing the ionization of an in­
ner 5d electron reveals that Hgx, x < 10, is a 
van der Waals aggregate with very small 
electronic coupling. The delocalization of 
electrons from the isolated atoms onto the 
whole cluster, i.e. the onset of metallic 
bonding, is observable from about Hg20 to 
Hg40 where it is practically finished in 
agreement with the drop in the IP’s. Of 
course, this behaviour was not unexpected. 
In fact Tomanek, Mukherji and Bennemann 
have predicted it several years ago1871, and 
Hensel et al. have a long experience with 
the properties of Hg near the critical point 
where a Nm-M transition is occurring in 
the expanded liquid phase1881. Since Hg(6s2) 
is a noble gas like atom only van der Waals 
aggregates are expected and e.g. found in

the dimer as shown in Section 4. Metallic 
bonding can only set in when the empty p 
orbitals participate in bonding (to simplify 
the argument!). Within the energy-band 
model of metals it involves overlap of the 
filled 6s-valence band with the empty bp­
band. With larger clusters, higher pressure, 
or both, this becomes true. However, how 
many atoms are necessary to reach this 
state, was not known. Estimates varied be­
tween several dozen and severeal thou­
sand. Now it appears that what is neces­
sary to create a metal from Hg atoms is 
decided at a cluster size of = 50±20 atoms. 
For the alkali metals and other metals with 
partially filled top electron levels forma­
tion of a conductance «band» does not 
require a critical size. The transition to the 
metal does not involve a break in proper­
ties as shown in Fig. 13.

Differences between cluster and hulk:
However, the small cluster differs from 

bulk by the small density of states near the 
Fermi level and thus by the discrete energy 
level system which creates a number of 
«quantum size» effect, i.e. the particles be­
have as normal molecules with a sparse 
distribution of filled and empty levels. Par­
ticularly the gap between the HOMO und 
LUMO is in the visible or near IR, i.e. 
large compared to kT, so optical, electrical, 
chemical ... properties will be widely dif­
ferent from a metal even though a comple­
tely delocalized system prevails from the 
onset, as demonstrated by the whole series 
of quantum chemical calculations on alkali 
metal and other clusters up to (M20 dis­
cussed in Section 4).

A cluster of these metals is only quantita­
tively different from a metal whereas small 
clusters of Hg (and other closed shell 
atoms) are qualitatively different.

They have to pass a discontinuity, the 
Nm-M transition, to become metals. This 
should be accompanied by a sudden in­
crease in cohesive energy as well. No expe­
rimental information on this change is yet 
available.

Redoxpotentials of clusters:
Electronic differences between cluster 

and bulk, whether with or without Nm-M 
transition, will be reflected most strongly 
in chemical properties. Example: The 
changes in the IP will have direct effects on 
the redox potential. In order to express 
this, the gaseous IP has to be pul into a 
thermochemical cycle where e.g. the solu­
tion reference state includes the free energy 
of solvation. To make use of the IP’s in 
Fig. 12:

118.45 all numbers are AG° in kcal/mol
Na - Na®,

18.67 1 aGsoiv =-199.71 kcal/mol

{Na} - Na®
- 62.59

^(Na^Na®) = —3.52 V (neglecting AGsoh of Na atom)

With the other IP's one obtains as a good 
estimate the following series of normal po­
tentials:

E° [V]
Na,/Na® = -3.5
Na2/Na?lq = -3.37
Na3/Na3®aq = -3.9“)
Na4/Nafaq = -3.35

{Na}/Na® = ~2.71b)

“) Note the drop because the IP of Na3 is so small, a 
«super alkali-metal» also in other reactions.

b) Bulk.

Series of this kind will be published else­
where1'071. Of course, all the alkali metal 
clusters are unstable in water towards oxi­
dation to M®. Similar data have been used 
by Heng Ie in ^ and Calzaferri11091 to de­
duce the redox potentials of the silver atom 
and of silver clusters, respectively.

Recently, Belloni et al.1"01 have applied 
their own set of estimated redox potentials 
of silver clusters to describe the devel­
opment process of silver photography for 
the first time in rational terms, i.e. relating 
to chemical particles involved. They have 
also been able to show that the redox po­
tential of the developer discriminates, 
which cluster size makes an exposed emul­
sion grain developable. Since there is a 
drop in the redox potential between Ag2/ 
Ag® q to Ag3/Ag® q similar to the one shown 
above for Na clusters, it is easily explain­
able, why more than 3 Ag atoms are neces­
sary to make a stable developable silver 
speck. The Ag3 «speck» will either be cor­
roded in the developer (or before) or Agf 
will not be reduced because the redox pair 
with Ag3 has a lower E° than the developer. 
However, Ag4 will probably just work. 
This can easily be seen in the analogous 
and qualitatively similar plot for Na 
clusters in Fig. 12. So it seems that some 
old photographic phenomena will finally 
be explainable in a satisfactory way with 
the help of cluster chemistry.

The reader is, perhaps, surprised about 
how many deep inferences we draw from a 
crude model, the conductive droplet. We 
rely on its validity for the macroscopic sys­
tem to which the cluster must extrapolate 
but have made use of many other facts, e.g. 
that these few atomic clusters at ambient 
temperature are probably all «molten» 
and thus nearly spherical (see end of Sec­
tion 7).

The scatter at large 1/R in Fig. 13 shows 
that there are large quantum size effects for 
the smaller clusters. Whether the IP is a 
particularly sensitive observable for moni­
toring the evolution of a metal is ques­
tionable. However, it is the property which 
has been measured for the longest con-
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tiguous cluster families to date. This is an­
other important advantage of bare clusters 
compared to cluster complexes: The latter 
species are only available at those sizes 
which lead to stable preparations. Hence 
measurements of a property in a con­
tiguous series of sizes is impossible. The 
experiments of Brechignac et al.1861 yield 
more information than the simple IP’s are 
giving but its quantitative analysis is ex­
ceedingly difficult. It is interesting to pred­
ict, that the Nm-M transition as a function 
of cluster size should occur earlier than 
with Hg for Ba < Sr < Ca < Yb « 
Mg ~ Mn and later for Eu ~ Be < Cd 
< Zn. No doubt, several of these transi­
tions will be found in the near future. We 
assume that the ns-np energy gap is the 
decisive parameter.

Finally, it must be pointed out that ex­
cellent quantum mechanical predictions of 
the ionization potentials of alkali metal 
and other clusters with less than 14 atoms 
exist which reproduce the finer details av­
eraged out by the spherical droplet model. 
They are in very good agreement with the 
measurements. Much insight into the 
bonding of metal clusters can be gained by 
studying those results(781. However, no ex­
trapolation to bulk can be made from 
them.

Less complete series of measurements 
exist for magnetic moments and for elec­
trical polarizabilities. For a summary see 
Ref.125”1.

ment1891, found also a multimodal intensity 
distribution, which showed slightly higher 
shifted maxima at x = 8, 20,40, 58, 92 and 
immediately interpreted this as a distribu­
tion of the most stable clusters.

Electronic shell model of metal clusters:
The conviction with which they presen­

ted their case came from a model which 
allowed to generate these «magic num­
bers»: the nucleon shell model of the 
atomic nucleus (without spin-orbit coup­
ling) which had served to deduce the nu­
clear magic (stability) numbers (with spin­
orbit coupling) by Goeppert-Meyer and 
Jensen et al. 1949 translated to the electro­
nic shell model of metal clusters. Since the 
nuclear shell model is a paradigm well 
known to every physicist (and to the radio­
chemists as well1901) the acceptance of the 
Knight-Cohen shell model of metal clu­
sters was an immediate and lasting success. 
Any criticism I might have is the out­
growth of pure jealousy! But in fact, it is 
worse: In 19771 had already tried this mo­
del (not unknown to me because I had been 
a postdoc in Chicago 1954-1955, when 
Maria Goeppert-Meyer was there, and 
done radiochemistry in Glenn Seaborg’s la­
boratory in Berkeley, 1962, when spherical 
and deformed shell models were actively 
investigated by Swiatecky and others) for 
fitting the ionization potentials of Na, und 
Kx clusters up to x = 14, without success 
(included 1978 in Ref.[SObl, Fig. 8 and figure 
caption). Since the ionization potential is, 
in principle, such a simple observable I did 
not expect the model to work for the inter­
pretation of more complex data like mass 
spectrometric abundances. Here I was 
wrong! However, before presenting the 
model, I come back to our 1982 experi­
ment to show why I was wrong: We did not 
see 8, 20, 40, 58 ... but 7/8, 19, 38 ... as 
intensity maxima which prompted Knight 
in his paper to charge us with faulty mass

number 2 8 18 20
shell Is2 + Ip6 + Id10 + 2s2 +

6. Cluster Populations,
Discovery of Magic Numbers:
The Canons and the Heathens

In Fig. 3 we showed the evolution of a
Na-cluster population as a function of the
Na partial pressure in an argon seeded ex­
pansion. We now investigate this size dis­
tribution generated under various condi­
tions. When we first found such a multimo­
dal distribution[1S] in 1982 we observed, 
surprisingly, local intensity maxima 
among the Na, at x = 2, 7 or 8, 19, 38,
which were constant in x but variable in
extent depending on seed gas (He, Ne, Ar,
Kr, N2). Before that experiment only uni-
modal distributions with exponential de­
cay of cluster intensities towards higher x
had been seen. Those were easily explaina­
ble with a crude nucleation model, but the 
new multimodal distributions not at all.
Having made certain, that we had not been 
misled by all sorts of artefacts, we could 
think of (as discussed in Ref. 1151 and some 
more) we accepted the distribution ma­
xima as a sort of invariant characteristics 
of the system. The inference that the inten­
sity maxima represent local abundance, 
hence partial pressure maxima in the mix­
ture of clusters and thus reveal something 
about the thermodynamic stability of clu­
sters is usually made uncritically by any 
newcomer to the cluster field. In 1984 the 
group of Knight with theoretical support 
of Cohen in Berkeley repeated this experi­

correct? o.k. o.k. - o.k.

spectrometry1891. But as can be seen in 
Fig. 3, the evolution of a cluster population 
is strongly dependent on the formation 
conditions. Not even in the highest pres­
sure expansion of Fig. 3e have we reached 
the «correct» magic numbers. We find 8, 
19,34 (!), 40 58,68 (!)..., so we still have 19 
more abundant than 20, and find a promi­
nent 34. Of course, we have long since 
learned, how to obtain the «canonical» 
magic numbers with or without seed gas, 
but nobody has ever defined the correct 
conditions to obtain them nor proven that 
the magic number distribution is a conver­
gent cluster ensemble property which 
should be seen by every experimenter who 
does his job right. It is the other way 
round: The shell model is now believed so 
exclusively that experimenters withhold 
conflicting information from their publica­
tions, thus falsify the facts and hinder pro­
gress to a better understanding of the phe-

nomena! So much for excuses of the hea­
thens.

Electron in a spherical well:
Every student of chemistry hears several 

times the «particle in a linear box prob­
lem» of quantum mechanics, rarely the 
«particle in a 3-dimensional box», mentio­
ned in Section 2, and probably never the 
«particle in a spherical well». But this is it! 
Here we come to our second crude model 
which is really also a warm-up exercise to 
be highly recommended for those who 
teach quantum chemistry courses: Take a 
metal cluster of n atoms with one valence 
electron each. Make a spherical droplet 
out of it with radius Rn, as in the first crude 
model (Section 5). Strip all the valence 
electrons and squeeze the n positive char­
ges evenly into that sphere creating a uni­
form, positive background, called a jel- 
lium, a mean field approximation. Forget 
the volume the ion cores would have (im­
posed no less by Pauli’s exclusion prin­
ciple!). Then take one electron, push it into 
the jellium, compute its one-particle eigen­
functions under the boundary conditions 
of the sphere and with the potential energy 
computed by integration of the Coulomb 
force between a volume element of the jel­
lium background with a volume element of 
the electron charge density caused by the 
particular eigenfunction. In a cruder va­
riant that potential is predefined with a 
simple but reasonable ansatz due to Woods 
and Saxon|911, parametrized with the ioni­
zation potential of the atom and the Fermi 
level of the bulk1891. You then find a system 
of bound eigenvalues whose number grows 
with increasing size of the cluster or sphere. 
Now fill the n available electrons into it 
according to the «aufbau principle», i.e. 
obeying now Pauli’s principle and Hund’s 
rules. Count the number of electrons to 
create closed shells in different size clusters 
with multiplicity 1: You come up with:

34
If14 +

40 58 68 70 92
2p6 + 1g18 + 2d1“ + 3s2 + th22
o.k. o.k, _______ (-)_____ O.k._______

The familiar symbols are connected with 
unfamiliar principle quantum numbers 
and in a strange order! This is the «nu­
clear» numbering scheme. Take n' = n + I 
and you are back in normal water. How­
ever, the jellium sphere has an extended 
positive static spherical charge in contrast 
to the point charge of the proton. This 
makes the difference in the ordering of the 
levels. The jellium favours shells with high 
angular momentum, filling the sphere, the 
hydrogen atom those with high radial den­
sity being as close to the proton as compa­
tible with the angular momentum. So this 
number sequence is the periodic system of 
metal clusters! With a slight hush: Several 
numbers generated do not appear as inten­
sity maxima (-) or intensity breaks in the 
MS. But let us not be so fussy. We are 
happy with the coincidence of the majority 
of the numbers even though we do not 
have a good reason to suppress the rest.
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Improved model:
Of course, the model can and has been 

made more sophisticated, even before it 
has been used by Knight et al.1921. Leaving 
the jellium idea intact one can calculate a 
self-consistent model in which the electron- 
and the positive charge densities are allo­
wed to adjust themselves optimally, elec­
tron-electron (but not ++) repulsion and 
simple electron correlation are introduced 
by Ekardt[n]. Interestingly, except perhaps 
for a reversal of some high-lying levels, and 
the suppression of the magic numbers 68, 
70, which have never been observed by 
Knight (but see Fig. 3e), the top model is no 
better but no worse than the crudest one 
for predicting abundance maxima. Some 
other observables have been computed 
much better by the full model, e.g. polariz­
abilities. Now I had my triumph: For the 
IP's up to NaM the model still does not 
work better than 1977, as seen in Fig. 12 
where both, the jellium prediction and the 
conductive droplet model are superim­
posed on the measured IP's. This has also 
been remarked by Ekardt™. Knight's 
group claims that the IP’s of K, give a 
better fit than those for Na„ especially for 
the larger clusters, but admit that the jel­
lium shell closure exaggerates the drop in 
the IP after a magic number by a factor of 
3. Nevertheless the breaks appear to be 
there, sometimes not entirely safe from the 
error bars. This has also been found by 
other authors (see Ref.[25b], p. 384). We ad­
mire the beautiful measurements of the 
Berkeley group, knowing how difficult 
they are.

What happens with the poor clusters 
which do not profit from a closed shell? In 
the spherical model they are left with terri­
bly high multiplicities, are therefore rather 
unstable and should not be abundant, sic! 
Na27 is predicted to be an octet ground 
state with seven half-filled orbitals! Of 
course, such a system is absurd. It will im­
mediately deform at least axially where­
upon it has at most double degeneracy. 
Clemenger1931 has introduced another tool 
of the nuclear physicist, the Nilsson opera­
tor194”1 which allows for spheroidal defor­
mations of the sphere to lift the degenera­
cies. His predictions of abundances be­
tween magic numbers using a deformed 
jellium are somewhat improved but not to­
tally convincing if one compares the details 
of the predictions with the abundances. 
What does one want to interpret anyway, 
since the cluster abundances can be so 
easily shifted by the conditions of their for­
mation, even the magic number positions?

The jellium model has served an impor­
tant role: It has given a frame to discuss 
much larger clusters than those calculable 
by «good» quantum mechanics. Even 
more important was the introduction of 
awareness for electronic causes of stability. 
Earlier discussions of «magic numbers»194”1 
had only considered packing or coordina­
tion stability. Finally, jellium calculations 
have an old tradition in condensed matter 
physics where they have been used for the

discussion of many properties of large sy­
stems untreatable by quantum chemical 
methods. Thus a link of cluster physics 
with bulk physics through a simple (if not 
trivial) model using a mean field approxi­
mation has been opened.

In Fig. 14 we show the result of a simple, 
not self-consistent jellium calculation of 
Na-clusters with the above mentioned an- 
satz for the potential energy, similar to the 
one used in Ref.180”1. In Section 7 an ana­
logous calculation is presented for the 
heterocluster Na8Mg with a composite 
Woods-Saxon potential.

So much about crude models, which 
have their every day merit but should not 
be preached with religious zeal. How do we 
proceed from here?

Magic numbers as a consequence of the 
formation history:

We have not yet adressed the processes 
responsible for variations in abundance 
distributions which have occupied our 
laboratory in recent years. By changing the 
nozzle geometry from cylindrical to coni­
cal one obtains in a neat (unseeded) expan­
sion all the canonical magic numbers1951. 
With the other parameters of the cluster 
formation process one can shift neighbour 
abundances almost at will and thus detect, 
whether every mass peak is a genuine re­

Energy per atom in Na(m) clusters (hartrees) 
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Fig. 14. Upper part: Jellium mean field calculation of the energy per Na atom in a cluster 
Nam as a function of m (as computed by E.S. 1977 ^^). The lower part shows the same 
information using the second difference of these energies inorder to enhance the tiny changes 
marked in the upper part (kind of plot introduced by Knight et al.™). This allows to 
accentuate the closed shell changes happening at m — 8,18, 20, 34, 40, and much weaker at 
68, 70. The last two dips disappear in a self-consistent calculation. Smaller wiggles in 
between the peaks are spurious and vanish for higher precision of the calculated eigenvalues.

presentative of the neutral precursor par­
ticle. It turns out that many MS intensities 
M” are contaminated by fragmentation of 
the n + 1 particle1961. This enhances certain 
peaks and depletes others. The magic num­
bers m are both enhanced by fragments of 
the less stable m + 1 particle but they frag­
ment themselves contributing to a too high 
intensity of the m — 1 peak. For the ions 
two fragmentation patterns, the m —>m — 1 
and m->m — 2 channel have been found 
and modelled197]. All this is now fairly well 
in hand since mass spectra are taken, as a 
consequence of these results, at minimal 
excess energy of 0.1 to 0.5 eV above the 
ionization threshold and checked for in­
tensity changes caused by ionization in this 
range. Apart from this ionization-induced 
unimolecular cluster decay thermal unimo- 
lecular decay can occur. This is linked to 
the question whether the observed cluster 
distributions constitute macrocanonical 
ensembles in the sense of Gibbs, i.e. whet­
her they are thermodynamic properties. 
The clear answer is: No. The observed 
abundances, if free from artefacts, are the 
product of a formation history. It is proba­
ble, but not proven, that conditions exist to 
produce cluster «ensembles» of reasonably 
convergent distributions which could be 
stated in communicable terms and repro­
duced by every laboratory. We are not yet
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there. If that goal is reached one could start 
talking about «magic numbers» as partic­
les of preferred thermodynamic stability 
and model them with decent theories, but 
not now. We have shown with Na-clusters 
that the «canonical» distribution, i.e. that 
distribution which exhibits the same magic 
numbers as observed by Knight, contains 
widely varying temperatures of the indi­
vidual clusters in the range 200-500 K. The 
temperature distribution is linked to the 
abundance pattern1981. Another important 
insight into these questions derives from 
the observation of thermally generated 
random distributions and segregation of 
Li/Na1"1 and Na/K mixed clusters11001.

The questions raised will be answerable 
by more realistic models of clusters than 
those used hitherto. The temperature-driv­
en dynamics has to be part of the model. It 
is fortunate that such methods are now 
becoming available. A beautiful example is 
the ab initio molecular dynamics treatment 
of Na- and NaK-clusters by Ballone, An- 
dreoni, Car, and Parinello,I01]. They make 
understandable the segregation of Na to 
the centre of a 20-atom NaK cluster. This 
shows that important technical processes 
linked to sintering can be modelled on the 
decisive micr'osopic scale of the problem. 
The stability of the cluster follows other 
boundary conditions than that of the ma­
croscopic bulk because surface free energy 
is a dominant quantity. Therefore, hetero- 
metallic compositions can easily be made 
which do not represent bulk alloy thermo­
dynamics to the extent that macroscopi­
cally immiscible phases become homoge­
neously dispersed. Li and Na are not misci­
ble beyond mole fractions of 0.005 for 
either metal. However, we were able to 
show that M20 becomes more and more

Fig. 15. Jellium potential and eigenvalues plottedfor NasMg using the following parameters 
for the Woods-Saxon potential: Uo(Na)=5.98 eV; U„(Mg) — Uo(Na) = 4.81 eV; 
ep(Na) = 1.5; ep(Mg) = 1.0115; r(Na) = 2.08 A; r(Mg) = 1.77 A. Using the «aufbau» 
principle one arrives at ls2lp62s2, i.e. a closed shell for this 10 electron particle as pre- 
dictedm. A cubic structure is compatible with computations performed with Extended 
Hiickel Theory (EHT) as well as with ab initio SCF/CI. The jellium calculations only 
assume a central Mg and 8 peripheral Na in spherical symmetry which is equivalent to a 
cube.

stable traversing the series LixNa20 _ x from 
x = 0 to x = 101"1. From the molecular dy­
namics simulations of Ballone et al.11011 for 
NaK-clusters we expect a segregation of a 
few percents of Li and Na such that Li 
prefers the centre, Na the periphery of the 
cluster. This is in the direction of phase 
separation but this will never go to comple­
tion within such a tiny system. Similar high 
miscibility has been observed in many 
other seemingly immiscible macroscopic 
metals. Making such «exotic» cluster com­
positions, quenching the clusters at low 
temperature, and sintering them together 
at medium temperature where the cluster 
surfaces will merge may lead to a totally 
new class of «cluster-materials» not acces­
sible by thermodynamically controlled me­
tallurgy. They have new properties and can 
thus dramatically enlarge the repertoire for 
manufacturing metallic objects.

7. Glimpse at Ongoing Work, Problems, 
Applications

7.1. Metal-Metal Bond Coordination 
Chemistry

In a way the free cluster chemistry re­
veals the molecular or coordination chem­
istry of the metallic bond.

In the best of chemical traditions but 
partially corrupted by quantum chemistry 
a chemical bond can best be studied be­
tween different atoms. In order to learn 
something about the stability and selectiv­
ity of the metal-metal bond interactions 
heteroclusters have to be made and investi­
gated, of course without ligands. We ex­
pect, as with the homonuclear clusters, to 
obtain an abundance distribution of spe-
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cies with varying composition which will 
exhibit local maxima. The persistence of 
these can be probed under varying compo­
sition of the feeding phases. This will, ho­
pefully, lead to abundance s concentra­
tion variations from which we can deduce 
stability criteria. The strategy is the same 
as the well-known solution chemists vade­
mecum. However, we have more tools to 
probe the species, see Section 3. In addition 
to those mentioned we can now directly 
probe dissociation channels kinetically and 
energetically in any single cluster and thus 
obtain stability data without the doubtful 
detour over thermodynamic relations.

Our first goal is to understand the onset 
of bonding partition of empty p-orbitals in 
ns2 atoms. This is akin to finding the Nm- 
M transition in systems of different atoms. 
Our present data base includes the coordi­
nation chemistry of group 2a, 2b and some 
transition metal atoms as central atoms 
with Na and K used as ligands.

These particles differ from traditional 
coordination chemistry in that they have 
only metal bonds and that the interactions 
between the ligand atoms are of compara­
ble strengths of those between central atom 
and ligand.

Fig. 15 shows a jellium calculation of 
NagMg where the levels are plotted in the 
Woods-Saxon well composed of the para­
meters of Mg in the centre and of Na to­
wards the periphery. This is identical with 
the assumption that Na8Mg forms a Mg- 
centred «spherical» system. Since 8 dis­
crete particles do not span a sphere the 
only coordination polyhedron where the 8 
ligands are equivalent is a cube. We see 
that the canonical jellium level sequence 
lp-ld-2s has been reversed by the central 
Mg which has a higher ionization potential 
than Na. The new sequence lp-2s-ld al­
lows for a 10 electron closed shell system, 
which is represented, now for K8Mg which 
is similar, in Fig. 16 by an abundance maxi­
mum. EHT calculations also give a cubic 
structure and the same is true for ab initio 
MC-SCF-CI results obtained by Koutecky 
(personal communication). More inter­
esting is the ensemble of species formed. 
No bonding interaction is descernible be­
low K5Mg. Bonding starts at K(Mg to 
reach its local optimum at K8Mg. Beyond 
8, abundances sharply drop to reach a se­
cond maximum at K18Mg with 20 electrons 
and probably a Mg-centred octahedron 
(1-4-8-4-1 layers with 8 + 8 nearest 
neighbours for Mg). At K6Mg we already 
have full participation of the p-orbitals, 
hence metallic interaction. Below K5Mg 
probably only van der Waals aggregates 
exist, unobserved in these experiments. 
The ionization potentials proved to be the 
key to understand the electronic structure. 
We use Fig. 15 also for discussing K6Mg 
since the level sequence is not changed. 
This conforms to the canonical magic 
number ls2lp6 (which is also the old noble
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gas closed shell!). The ionization potential 
of this complex is predicted to be higher 
than that of K8Mg and that is exactly what 
the experiment finds (Fig. 17). So we have a

good case to postulate the filling of a new 
shell between those two species|102i.

This sample may suffice for now. We 
have information on all group 2a, 2b Na,

Fig. 16. Formation of K„Mgm in the K„ cluster family by coexpansion of the vapours of both 
metals. The abscissa gives the number n of K atoms in the pure K-cluster drawn with open 
peaks for m = 0. The filled peaks are K-clusters with m = 1 Mg atom. No second Mg atom 
is incorporated at the experimental conditions used which gave a very low mole fraction for 
Mg. The first mixed cluster appears as K6Mg with an 8 electron closed shell. The most stable 
one is KsMg the 10 electron system treated for NasMg in Fig. 15.

Fig. 17. Photoionization efficiency curves measuredfor KsMg and K6Mg with monochroma­
tor and using a Xe-Hg high pressure lamp. The dots are ion currents in the two mass 
windows, the smooth curves are fits to the data under the assumption that the ionization 
threshold can be modelled by a step function (this is a different assumption than that used in 
evaluating the data in Fig. 11 and Fig. 12. It does, however not influence the conclusions). 
The long-wavelength thresholds are about 50 nm apart, i.e. the smaller complex needs 0.4 eV 
more energy to ionize than the larger. This difference together with the preponderant 
stability of KsMg proves that a new shell has been built going form 6 to 8 potassium ligands 
for Mg. This effect occurs similarly with Ca, Sr, Ba, Zn, Cd, Hg, Eu, Yb in K-ligated 
clusters, i.e. with ns2 central atoms. In all these cases KSM is more stable than K6M but has 
a lower ionization potential. This agrees with the calculation for the analogous NasMg 
shown in Fig. 15.

K-complexes except for Be11“1. Interesting 
differences in selectivity at the 6-7-8- and 
16-17-18-19 coordination numbers are re­
vealed which correlate with space filling, 
ns-np gap energy, and ionization potential 
difference between central atom and li­
gand. In all these complexes the central 
atom assumes a negative polarization 
which can grow to 0.5-0.8 electron charges 
as computed by EHT. This creates Made­
lung stabilization which helps to «crystal­
lize» these complexes in high symmetry in 
contrast to the homonuclear species which 
have very little internal polarizations.

7.2. Metal Clusters in Zeolites
Since many years we have been fascina­

ted by the interaction of alkali metals with 
dry zeolites. Caesium metal is spontane­
ously sorbed by zeolite Y when the molten 
metal comes into contact with this alumi­
nosilicate. A strongly coloured pigment is 
formed whose reflection spectrum depends 
on amount of sorbed and removable ca­
tions present in the zeolite lattice. Inspec­
tion shows a totally nonmetallic sorbate 
which on heating desorbs all the metal to 
form a mirror on the walls of the contain­
ing vessel. Homogeneous colouring of the 
zeolite crystal powder and of the crystal 
inner volume is compatible with the as­
sumption of a dispersion of the metal into 
approximately equal size clusters sitting at 
comparable postilions within the zeolite. 
That is also borne out by ESR investiga­
tions which show discrete clusters of 4 or 6 
atoms. With higher metal content the 
sytem becomes darker and finally black. It 
reveals now the onset of a metallic elec­
tronic system by showing the metal-like 
resonances akin to Pauli magnetism.

EHT calculation proves the inter­
pretation of the absorption spectrum as 
cluster-lattice charge transfer. This fact 
strongly mediates the chemical behaviour 
of these molecular metal dispersions. They 
behave less strongly reductive than the 
bulk metal and thus produce easily con­
trollable chemical reactions, e.g. Wurtz- 
Fittig coupling of halogenohydrocarbons. 
They also initiate the anionic radical chain 
growth of polymers from a-olefins thus 
forming a polyethylene microwrap of the 
zeolite crystals and a non-separable com­
posite of a polymer with an inorganic po­
rous matrix, a model system which can 
easily be generalized11041. Beautiful applica­
tions of Ag-clusters in zeolites for experi­
ments to study the conversion of solar pho­
tonic energy into chemical storage have 
been developed over the last years by Cal- 
zaferri and his collaborators11091.

7.3. Problems: The State of Aggregation 
of Metal Clusters

Partitioning a solid into smaller and 
smaller pieces withdraws among other 
physical changes lattice cohesion energy. 
This has a direct consequence for the solid­
liquid phase transition, see references in 
Ref.[25b). It has been predicted by extrapo-
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lation from larger sizes that the melting 
point of Au-clusters is less than 400 °C at 
the 100 A size, falling rapidly below. The 
extrapolation to less than 100 atoms in­
variably leads to «molten» clusters at tem­
peratures of 100-300 K. What that term 
implies becomes blurred at this size: Does 
melting scale into the vibrational motion 
of the small finite system or is there some­
thing more fundamental involved which 
translates into a large-scale sudden coher­
ent ordering/disordering phenomenon? 
This question is now a hot research topic in 
several laboratories, e.g. Berry11111 and 
Leutwyler in our institute11051. How do these 
phenomena change with cluster size and 
temperature? It is important to have a 
cluster thermometer to attack this prob­
lem. We now have a reasonably good ap­
proximation to such a tool. The floppy 
molecule which undergoes large amplitude 
motion is the model system to start with. 
Its description transcends the normal coor­
dinate analysis in rigid point groups. The 
best methodology is modelling with the 
tools of molecular dynamics. This is car­
ried out by Leutwyler and his collaborators 
on transputers and the Cray machines for 
van der Waals clusters.

A more practical question pertains to 
the structure controversy: Why must a 
cluster have shape? They probably don’t 
have shape at temperatures of several 
dozen Kelvin and up. Hence, the mean 
field approximation of the jellium model is 
not as bad as it looks, although no thermal, 
phononic component is, as yet, incorpo­
rated. Electron diffraction is not very 
revealing, because it just announces the oc­
currence of bulk atomic distances when the 
clusters become larger and larger. That is, 
however, to be expected. Clusters have to 
be frozen to a few Kelvins in order to 
reveal shape. How could it be determined 
in a particle specific fashion? Leutwyler 
knows how to do it for van der Waals 
clusters. For metal clusters several other 
ideas have to be tested. Using hetero- 
metallic clusters with transition-metal 
centres should allow to observe ligand­
field splittings of the d- or f-electrons in 
absorption and emission spectra as well as 
their consequences in the magnetic mo­
ment of the complexes. These experiments 
reveal the rigid point group. First attempts 
to observe these effects in the fluorescence 
of KxEu have not yet been successful 
because of low abundance. Now we have 
several 3d-TM-metal complexes under 
study which can be observed in absorption 
in a particle selective way. The idea is to 
make use of the transition metal centre as 
an electronic probe for structure.

Shapelessness as a generic property of 
homonuclear metal clusters at finite tem­
perature scales into malleability and duc­
tility of the macroscopic bulk metal. Het- 
erometallic clusters are more rigid and pre­
serve shape to higher temperatures akin to 
the effect of alloying in metallurgy. This is 
yet another incidence of the emergence of 
macroscopic properties at the molecular

level where they can be interpreted in terms 
of the interactions of the atomic building 
units.

We have now touched all metallic prop­
erties mentioned at the start and their cor­
respondence with the realm of clusters. 
Since we also know fairly well how to 
model clusters starting with the atom, the 
bridge has been built to link the atom to 
the bulk.
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