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A simple modified jellium model permits calculation of all the
magic numbers of large metal clusters My up to N = 1432 in ex-
cellent agreement with experimental data. This success justifies
further conclusions to be drawn from this model: (1) the calculated
aufbau principle enables construction of a Periodic System of (al-
kali metal) Clusters (PSC); (II) this PSC, strictly speaking a Peri-
odic System of »giant atoms«, is a powerful tool for predicting the
reactivity of free electron-like metal clusters; (III) the formation of
cluster dimers is discussed exemplarily in detail in excellent agree-
ment with experimental and theoretical experience; (IV) various
forms of cluster-matter are outlined in relation to new materials;
(V) a great deal of work has to be done to confirm a number of un-
conventional predictions: new experiments and new calculations
are highly desirable.

INTRODUCTION

In the early thirties, nuclear physicists applied a number of »auxiliary
potentials«: spherical well (infinite walls, Gamow,! finite walls, Margenau?)
and spherical oscillator (Heisenberg?®) which introduce various shell models
to explain the magic numbers MN of stability for atomic nuclei.*

Similar models have been used in the literature to successfully describe
shell structure in metal clusters.>13

Very recent experimental results for various metal clusters, particularly
those of alkali metals'*-!® and of metals from the third main group of the
Periodic Table!®2! give considerable evidence for shell structure in the elec-
tronic states up to about 1500 electrons.
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Using these similarities in the shell structure calculation of atomic clus-
ters and nuclei and developing more sophisticated potential models,?? we are
able to calculate not only correct magic numbers MN of metal cluster sta-
bility but also proper bunching of subshells?? in excellent agreement with
all the measured MN of large alkali metal clusters up to 1500 atoms!4-18
(cf. Figure 1).

Even a tentative application of our model to clusters Aly and Gay'*2!
shows amazingly good results.

On the basis of this success, we are encouraged to check further infor-
mation from our model.?*

In the first section, we develop a Periodic System of (alkali metal) Clus-
ters (PSC) using the calculated aufbau principle and compare this PSC with
the wellknown Periodic System of Elements (PSE). The projection of the
first eight main groups from the PSC generates a nice »Periodic Systems of
Giant Atoms«.?®

Next, we demonstrate how to predict the »chemistry of free electron-like
metal clusters« from PSC. This gives us an interesting opportunity to specu-
late on various forms of »cluster-matter« like »cluster-molecules«, »cluster-
crystals«, and »cluster-metals«, respectively, which may be applicable to new
material designs.?®

In this paper, we discuss cluster-molecules or, more strictly speaking, the
formation of cluster-dimers (homonuclear and heteronuclear giant diatomics)
in more detail. We start by checking many unconventional predictions.

A PERIODIC SYSTEM OF (ALKALI METAL) CLUSTERS (PSC)

We have used the aufbau principle generated from a modified analytic
sphere model

1s21p%1d192s21f142p%1g182d101h 223522141263 6218153033 10452
2h221k343f1411382i26 463181 m*122j304d105523h22 1 n 462k 344145 b (1)
10%03i2621384g181 5454 103j302m*26524h 2211583k 342065146 5162
4i2620531%85g186d1075211u%64j302¢543m425h221v™0 . . .

(cf. Figure 1) in order to construct a Periodic System of (alkali metal) Clus-
ters (PSC).

The number and structure of the main groups of both the Periodic System
of (alkali metal) Clusters (PSC) and Periodic System of Elements (PSE) are de-
fined by the four deepest states of the aufbau principle only (cf. Figure 2).

The fine structure of the open PSC exhibits 18 main groups (s-, p-, d-clus-
ters) and an infinite number of subgroups (f-, g-, h-, ... clusters) (c¢f. Figure 3).
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Figure 1. One-electron jellium states E = Enl/(h%2mR?) of a 1500 electron alkali met-

al cluster M15s00 calculated by using an optimized piecewise constant

erturbation

including calculated (MN) and measured magic numbers (MNexp; (s 7, b'®). Our
energy unit depends on particle size N and on alkali metal M (c¢f. Eq. (3)). As a re-
sult, the drawn shell structure is valid independently of cluster size for all alkali
metal clusters. This »universal« shell structure makes it is easier to draw more gen-

ral results.
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Figure 2. Number and structure of the main groups of both the Periodic System of
(alkali metal) Clusters (PSC) and Periodic System of Elements (PSE) are defined by
the four deepest states of the aufbau principle only.

Subshell closing that generates magic numbers MN is given in Figure 3
in bold letters together with the corresponding MN as an upper index. Thus,
we get a satisfactory result: magic clusters are mainly main group clusters
of the following closed shell types

ns-type (alkaline earth analoga from PSE):

M2a M20’ M92’ M198’ M440’ M8327
npb-type (noble gas analoga from PSE):

MS’ M40? M138’ M338> M5627 M10127
1d10-type:

Mg
and less frequent subgroup clusters
nfl%., ngl8. . .-type:
Msy, Mgg, Moygs, .-

Now, we use the interesting »giant atom concept« of clusters (cf. Ref. 27)

My=A (2)
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where A is a so-called »giant atome«, which is characterized by quantum
numbers n, [, m like a normal atom. Its one-electron states E,/y, ;. (n4,p)
exhibit a 2(2/+1) fold degeneracy (cf. Figure 1).

If we project the first eight main groups from the PSC, we can reformu-
late this part of PSC by using the bold letters with hat from Eq. (2) and get
a nice form of the main group IA...VIIIA of PSC, the »Periodic System of Gi-
ant Atoms« (cf. Figure 4) because these giant atoms have analogs to the
main group elements from PSE, and so we can take their names, in contrast
to clusters My from the remaining main groups IXA ... XVIIIA, which have
been characterized simply by means of the two coordinates of PSC (number
of period, number of main group), e.g. My = (1, IX), M;g = (1, XVIII).

Figure 5 gives the reader a key for taking the condensed information of
the Periodic System of Giant Atoms. The most important number is the gi-
ant atomic number N.

relative giant atomic mass M,

giant atomic number N

™40 27756 giant atomic symbol
e Ar = M,,
| r5.88 AAI’/

[ﬁl%‘ \ indicates magic giant atom
(N = magic number)

/

giant atomic radius R/A

electron structure

[o] = [1, XVIITI2s2 1"

[B] =[2, XVIIII1h 3s* 2" 1i™

[v] =[3, XVIITl4s®2n" 1k 3 118 2%
[3] = [4, XVIII] 552 8h2 1n*2k344f ™

Figure 5. Key to decoding the condensed information within the »Periodic System
of Giant Atoms« (c¢f. Figure 4).

This number is related

— to the numerical cluster size of the alkali metal cluster which is behind
the giant atomic symbol

Ar= My, M = free electron-like metal from PSE
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— to the geometrical cluster size (radius R of the jellium sphere)
R =r N3 | r, ~ Wigner-Seitz-Radius 3)
— to the relative atomic mass M,
M, =N x A(M)

All numbers given in PSC are calculated for the special case M = Li. Framed
giant atomic symbols indicate magic giant atoms A = My, (N = MN). Finally,
the electronic structure completes the properties of the giant atoms.

CHEMISTRY OF FREE ELECTRON-LIKE METAL CLUSTERS
PREDICTED FROM PSC

It is now very easy to get information as to the reactivity of our clusters
My based on arguments by analogy to PSE.

Accepting the viewpoint »clusters behave mainly like molecules«, we
have described the way of deriving the chemical behaviour of metal clusters
from the PSC elsewhere? and the large number of chemical reactions dis-
cussed in Ref. 24 should not be repeated here.

Here, we will consider only the giant-atom-concept (cf. Eq. (2)) and restrict
our discussion to the formation of cluster-dimers, but the prediction of homonu-
clear (M), = A2 ) and heteronuclear giant diatomics My My =A B) should
be discussed in more detail on the basis of electron conﬁg‘uratlon of giant
atoms and the correlation diagrams between separated and united giant atoms.

Correlation Diagrams of Cluster Dimers

Analogous situations of cluster dimers and the common diatomics are ob-
vious. In order to discuss the formation of cluster dimers and the corresponding
stability, we have different possibilities of constructing these dimers:

I — A giant dimer may be built by bringing together the whole giant atoms
of which it consists. The separated giant atoms M, are characterized by
their jellium spheres Ry = r. N3 (cf. Eq. 3)).

il — Instead of commencing with infinite separation, we may start with zero
cluster separation. That is, we may split the so-called united giant atom
which is characterized by the jellium sphere for

— equal giant atoms My
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— unequal giant atoms My, i = 1, 2

13
Ry +N2:[1+_2J Ry, N;>N,,
(5)

~ 1+1&R N, >>N
4 3N1 Nl’ 1 2

IIT - Finally, we may employ a procedure analogous to that used for giant
atoms (cf. Figure 1). We add the individual electrons one after another, to
the jellium spheres which are regarded as fixed and observe in which jellium
orbitals the electrons will arrange themselves (electronic configurations).

For subsequent discussion, it is important to establish in what way the
jellium orbitals are altered in the transition from small to large inter-cluster
distances and, in particular, into which orbitals of the one limiting case those
of the other limiting case go over. Under consideration of certain symmetry
constraints (non-crossing rule) using our jellium aufbau principle (Eq. (1)),
we obtained cluster correlation diagrams between the jellium orbitals of
separated and united giant atoms in the cases of equal (c¢f. Figure 6a) and
of unequal giant atoms (c¢f. Figure 6b). These correlation diagrams are very
crude schemes, e.g. dropping any contribution of hybridization, but even
these qualitative schemes are very important for the information about gi-
ant molecules (cluster molecules).

Electron Configuration of Cluster Dimers

In order to predict the ground states of cluster dimers from equal giant
atoms A, it is necessary to use the jellium orbitals of Figure 6a. With respect
to the relatively large equilibrium values of inter-cluster distances of cluster
dimers (this situation is characterized by the corresponding jellium spheres
drawn at the top of Figure 6a), we use the nomenclature adapted to the
separated giant atoms. The vertical broken line gives the approximate po-
sition in the diagram (Figure 6a) corresponding to the cluster dimer A,;

e.g. for l:’:ez = (My)y

in the lowest state, the four valence electrons go into the jellium orbitals og 1s
and o,"1s which they just fill

Be, [(c41s)%(c,"1s)?] and give a bond order
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AP=P,-Py=1-1=0

which vanishes in contrast, e.g. to dimer (M;3)y

(1, XIID,[(Ne(Ne)(c,1d)%(n,1d)4(8,1d)4]

which exhibits a maximum bond order of AP = 5. (¢f. Table III)

In order to predict the ground states of cluster dimers from unequal gi-
ant atoms A and B, it is necessary to use the jellium orbitals of Figure 6b.
If A and B are very different in size, N; >> N,, as a consequence, the jellium
sphere radii Ry and R, will also be very different and therefore the equilibrium
value of the infer-cluster distance will be small. This situation is characterized
by the corresponding jellium spheres drawn at the top of Figure 6b (¢f. Eq. 5)).
Thus, it can be assumed that these species approach fairly closelly the united gi-
ant atom. In this case, it is more convenient to use the nomenclature adapted to
the united giant atom. The vertical broken line gives the approximate position
in the diagram (Figure 6b) which corresponds to the cluster dimer A B.

Examples:

e.g. for Li F = Li(Li;), N, =1, N, = 7, Rg ~ 1.05 R,

in the lowest state, the eight valence electrons go into the jellium orbitals
1sc, 1pc and 1lpn which they just fill

Li F [(1s6)2(1pc)2(1pn)4]

We have estimated, by a preliminary semiempirical method, a stable gi-
ant molecule Li(Li;) : BE = -1.70 eV, using an optimized pentagonal pyrami-
dal geometry for the giant atom F.

In case of the two similar giant atoms A and B (N; = Ny), we can use
the correlation diagram for equal giant atoms

e.g. C O = (M,)(Mg)[(c,15)%(c, 15)X(0,1p)%(n,1p)*] A = 3

In this case, we have a strong similarity to N o and get the same electron
configuration. Therefore, after these remarks about the unequal giant atoms
A, B, we can restrict ourselves to the case A + A > A,

Tables I — III summarize a number of predictions for the formation of
cluster dimers from alkali metal clusters, strictly speaking, from free elec-
tron-like metal clusters derived from PSC (Figure 4) and from the correla-
tion diagram (Figure 6a).

It is very interesting to discuss these predictions and to compare them,
as far as possible, with experimental data and then compare them with the
results calculated by various authors. It is very satisfactory that we get
strong support in all cases.
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RgN = 1.2(5RN $f3

301

201

Figure 6a. Correlation of jellium orbitals in a two-jellium-sphere system for equal
giant atoms. To the extreme left and the extreme right the jellium orbitals are given
in the united and separated giant atoms (clusters), respectively and, besides them,
those in the giant molecules (cluster-dimers) for very small and very large inter-clu-
ster distances, respectively. The region in between corresponds to intermediate in-
ter-cluster distances. The vertical broken line gives the approximate position in the
diagram corresponding to a cluster dimer Ag.
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olsg .--

Figure 6b. Correlation of jellium orbitals in a two-jellium-sphere system for unequal
giant atoms. See the remarks for Figure 6a.
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DISCUSSION

Prediction of the Stability of Cluster Dimers

Dimers of giant atoms from the first period of PSC (IA...VIIIA)

The last column of Table I contains examples of cluster dimers that sup-
port our predictions.

TA-group (A = 1)
Here, the assertion is trivial (M;)y = M,:

L Nay %
“HERY |~ 108 07 a5i

ITA-group (A = 0)

A = 0 corresponds to the non-existence of a covalent bound dimer. This
means that, if at all, only, a van der Waals-dimer exists, based on very weak
dispersion forces. This is exactly the result of our quantum chemical calcu-
lation of (Liy), by means of the density functional theory (DFT) with non-
local exchange/correlation terms:2®

Lis. Lis | tjom —BE/eV
parallel 582 0.01
linear 604 0.14

On the basis of MRD-CI procedure (multireference diexcitation-configu-
ration interaction), Boustani et al.? calculated a linear dimer Li,-Li, with
-BE < 0.01 eV.

ITIA-group (A = 1)

Since our model is not only valid for alkali metal clusters but also for
earth metal clusters, we can transform

(Mj), = (M(IA)y), = (M(IIIA),), = M(ITIA),:

i B2 A12 Ga2
—BE/eV | 2.83 1.99 1.39

and have a simple confirmation for the predicted A = 1.
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IVA-group (A = 2)

Investigation of the bond properties of sodium cluster dimers (Na,), by
linear combination of jellium orbitals (LCJO) by Ishii et al.3° shows that two
Na, clusters attract each other strongly and, therefore, give strong support
to our prediction of stable dimers (Nay)y: BE = —0.495 €V, r, = 628 pm.

VIIA-group (A = 1)

We have shown the existence of a stable giant dimer §2 :BE = -1.04 eV
by preliminary semiempirical calculations of (Li;),. The giant F-atom Li, ex-
hibits a pentagonal-bipyramidal geometry.

VIITIA-group (A = 0)

In accordance with the closed shell electronic structure of the giant Ne
atom, our semiempirical calculation of (Lig), gives BE > 0 !

But, there is also strong evidence by much better calculations on (Nag),.
Ishii et al.?® have found (LCJO-DFT in LDA) that Nag has an inert property
because the force between jellium spheres in (Nag), is due to a weak dis-
persion force only: (Nag)y: BE = —0.073 eV, r, = 846 pm.

Very interesting simulations of cluster-cluster collisions (CCC) combined
with DFT in LDA within the double magic system Nag + Nag give informa-
tion on an unstable »NagNag-molecule« in contrast to the stable cluster-
molecule NagNay (IXA group) (Schmidt et al.,3! Seifert et al.32).

Dimers of giant atoms from the second period of PSC (IA...VIIIA)

Although the giant atoms within the second period are much larger than
in the first period, we have five examples that confirm the predicted forma-
tion of dimers.

IA-group (A = 1)

Saito et al.® report that a dimer of clusters, (Na,q),, is energetically sta-
ble and explain the abundance of Nagg in sodium-cluster mass spectra. A fu-
sion process of two Na,q clusters has been studied by these authors on the
basis of the jellium-sphere background model by the DFT/LDA method. The
calculated binding energy of —0.9 eV shows that the force between two clus-
ters is attractive and that the complete fusion is preceded by the formation
of a stable (Na,g), dimer. This dimer is separated by a barrier of 1.4 eV from
the giant united atom Nagg.

Knospe et al.?* have calculated the inter-cluster potential for the systems
NayNay (N = 8, 9, 19, 20) on the basis of DFT/LDA and the jellium model.
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These potentials show, among other things, stable dimers (Na,q), (and (Nag),
(IXA-group) characterized by deep minima and the corresponding potential
barriers.

ITA-group (A = 0)

The same authors (Knospe et al.3*) observed the opposite effect for the
double magic systems Nay, + Na,, (and Nag + Nag, VIIIA-group), in full
analogy to the diatomics Mg, (and Ne,).

IVA- and VIIA-group (A = 2 and A = 1)

We have shown again, by preliminary semiempirical calculations, the
existence of stable giant dimers Si, , (BE = 4.2 eV) and Cl, (BE = 4.7 eV)
using optimized icosahedral geometry for the clusters Al;, and Al,;, respec-
tively.

Further support is given by Ikeda et al.?%, who calculated stable (Al,3),
(BE = -0.17 eV, r, = 677 pm) (VIIIA-group).

VIIIA-group (A = 0)

Closed shell systems like Ar are always most interesting, in our case the
double magic dimer MyoM,,. First principle calculations for (Al;,Si) (and
Aly3, Auyg, Au,Cr) using icosahedral symmetry were performed by the self-
consistent local density functional scheme including the norm-conserving
pseudopotential in the LCAO method by Ohnishi et al.3%3¢ By doping Si into
Al (in order to get a 40 electron cluster), these authors found stabilization
by 0.2 eV/atom. Interactions between (Al;5Si)... (Al;,Si) are discussed based
on the Harris functional scheme and the authors found as expected (Al;,Si),
(BE = -0.06 eV, r, = 740 pm), a weakly bound dimer only.

Dimers of giant atoms from the first period of PSC (IXA...XVIIIA)

In this chapter, we leave that part of PSC: IA...VIIIA which has analogous
relations to PSE, which means that we are looking for the conditions within
the last ten main groups IXA..XVIIIA without any direct relation to PSE.

We use again the simple form of our correlation diagrams.

We can extract from Figure 6a (upper part on the right hand side) the
aufbau principle for giant dimers, as summarized in Table III. Due to the
existence of five jellium d-orbitals, we are able to construct bond orders up
to five and we found the maximum in the main group XIIIA

6l XIII)Z[(csgld)2 (nuld)4(8g1d)4], A=5



H. MULLER AND C. OPITZ

- 738

YI0M STYY
odTST = °N
0p'ee(91°0) 3AOPIY) 0 ¢ G L(PT JO)(PT Fu),(PT 10),(PT™Q)(PI"W),(PT?0) N N HIIIAX ‘D) = %CTIN) VIIIAX
T 55 e H(PT 21)5(PT 10)5(PT7Q),(ST"W)5(ST?0) AN N A(IIAX ‘D) = 4(“TI)  VIIAX
Z g WG 2(PT T)5(PT 195 (PT°Q5(PT"1),(PT?0) AN ON Z(IAX ‘D) = *°'I)  VIAX
g4 ne H(PT 105 (PTPQ)(PT"1)(P10) N ON  ¥AX ‘D) = %"W)  VAX
¥ e 2(PT 1)y (PT?Q)y(PT"1)p(P170) AN ON ¥AIX ‘D) = %'W)  VAIX

9gc(92°0) 4(tTy)
WOFTH ) @ W g yPTPQy(PT™1);(ST?) AN ON  S(IIIX ‘D) = %) VIIIX
«OFI Aol . - Gn 2PTPQ(PT"0)(PI?0) N ON  ¥IIX ‘D) = %)  VIIX
e | yPI"WL(PI?0) ONON  &IX ‘D = ¥MW)  VIX
g e dPI"W(PI?0) ONON X ‘D =%""W) VX
i ORED. T 8 ZPI0) ONON  AXI‘D=°%CW)  VXI
(A9/Ag—) sejdurexe SV, Rl uorjeIn3uod UoI}da[e 9JUs[BA JOWIP-I9)SN[D 18w

VIIIAX ~ VXI (18w) sndoud urew {ngJ jo porrad 9sT

“(DSd) SI99sn[) ([BIOW I[BY[B) Jo WISAS dTpoLIed o3 Jo VIIIAX “VXI sdnoid urew uey 9se[ oy pue potsad 4siy oy) woly

swoje jueld [enbs jo pasoduwros samoajowr jueId Jo s9je)s punoid ayj Jo SIOPIO PUO] PUB SUOIJRINIJUOI UOIJOI[S IDUS[BA

IIT A'TdV.L



THE PERIODIC SYSTEM OF METAL CLUSTERS 739

oS @0,
S G

dv/:

g

Figure 7. The overlapping possibilities of the five d-orbitals between two giant atoms
from the main groups IXA.. XVIIIA of the Periodic System of (alkali metal) Clusters
(PSC). From bottom to top: one o-, two n- and two 8-bonds.

This orbital scheme is illustrated in Figure 7, showing the overlapping
possibilities of the five d-orbitals and the resulting three types of MO's: c-,
n- and §-orbitals.

This part of PSC is especially interesting to chemists, because inorganic
chemists are familiar with multiple metal-metal bonds with A > 3 in cluster
compounds, strictly speaking in dinuclear cluster compounds. In 1965, Cotton3”
discovered in the species [Re,Clg]? the first 4-fold bond
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Re-Re: [(10g)2(1nu)4(16g)2], A=4 (6)

and we have later investigated a number of [M,X,]" -species (M = Re, Mo,
Tc) by means of electron gas model.?®%° In these compounds, one d-orbital
per metal atom (d,2_,2) is chiefly involved in metal-ligand bonding. There-
fore, with eight electrons, the electron configuration with the maximum
bond order (Eq. (6)) is reached, in contrast to our situation, dealing with na-
ked clusters My. Only with pure clusters should we be able to treat fully
the maximum bond order A = 5 constructing dimers (M;3), using giant atoms
(1, XIII) from the main group XIIIA.

IXA-group (A = 1)

(Nag), has been the goal of various investigations,3> 32 3¢ These authors
simulate collisions betweeen neutral Nag clusters by molecular dynamics cal-
culations combined with DFT in LDA and discuss the main reaction channels.
For low impact energies and close collisions, complete fusion Nag + Nag — Na,g
is the dominating channel. The most characteristic feature of this process
is the formation of a long-lived (NagNag) cluster molecular state. This clus-
ter-molecule has a binding energy which is very close to that of the magic
cluster Na,g (united giant atom), which is remarkable.

XIIA- and XIITA-group (A = 4 and A = 5)

Our preliminary semiempirical calculations show stable cluster-dimers
(Lijp)e (BE = —1.4 €V) and (Li;3); (BE = —1.2 eV) preparing the giant atoms
Li;5 and Li;3, respectively, in optimized icosahedral symmetry.

Further support is given again by Ikeda et al.3%3%

(Auyy)y: BE = —0.26 eV, r, = 666 pm.

XVIITA-group (A = 0)

As an example for a weakly bound closed shell dimer, we will mention the
calculation by Ikeda et al.?>3¢ once more. By doping Cr into Au,, in order to
get a 18 electron cluster, these authors found a stabilization by 0.7 eV/atom.
By calculating the interaction between (Au,4Cr)...(Au;,Cr), they got an ex-
pected weakly bound dimer (Au,,Cr), (BE = -0.16 eV, r, = 674 pm).

SOME REMARKS TO OTHER FORMS OF CLUSTER-MATTER

The reactivity of free electron-like metal clusters is a very broad field of
chemistry. In this paper, we have discussed a very simple part of this inter-
esting and current field, the formation of cluster-dimers A,, including a
short reference to giant molecules A B.
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We have pointed to some other examples of cluster-matter in Ref. 24.
Preliminary calculations show the possibility of constructing stable giant
lonic lattices, e.g. LiF = M;*(M;") or Na* CI' = (M{y)(M3,). Systems like
Li*(Li7), (Lijg)(Ligg),(Lijg)(Alj3),... belong to the group of new metals and al-
loys, respectively.

An iterative application of our model (the suppositions of such a proce-
dure are fulfilled)

model{M} = M = My
model{M} = M® = M,

model{M?} = M® = M®,,

generates a principle for constructing new metals (cluster-metals)

o Eﬁ(a) = M\(Z)NE (MN)N Sl e ((MN)N)N i

G. Schmid**-*2 has generated experimentally cluster-metals of this type,
starting with M;3 building blocks and ending with . . . (My)y)y - . . -parti-
cles, um in size. He realized this construction principle for metals like Au
and others and gave strong experimental support to our model.

CONCLUSION

Nowadays, we can apply simple potential models formerly used by nu-
clear physicists to describe magic numbers of atomic nuclei, in a more so-
phisticated version, to calculate with the same success electronic shell struc-
tures of free electron-like metal clusters.

By means of such a model, optimized for alkali metal clusters, the ex-
perimentally observed magic numbers can be explained up to 1432 electrons.

In this paper, we use the conceptually and computationally simple jel-
lium model to test additional features of the giant atom concept of clusters
and we generate a Periodic System of (alkali metal) Clusters (PSC) on the
basis of the calculated aufbau principle.

We have now a very interesting tool for deriving the whole chemistry of
free electron-like metal clusters. Exemplarily, we discuss the formation of
cluster dimers. But, because the power of this tool is much stronger, we are
able to derive various new forms of cluster-matter (cluster-molecules, clus-
ter-crystals, cluster-metals, etc.) which may be applicable to new material
designs, too.
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It should be mentioned that the electronic shell structure is not only one
of the most prominent phenomena in cluster science but the shell structure
will also provide new insights for understanding the chemical properties of
clusters. However, it should also be mentioned that much work has also to
be done to confirm many unconventional predictions.

We hope our model calculations will give many thought — provoking im-
pulses both for new experiments (computer experiments included) and for
new calculations.

Acknowledgment. — We gratefully acknowledge financial support from the Fonds
of Chemische Industrie and Deutsche Forschungsgemeinschaft.
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SAZETAK

Periodni sustav metalnih klustera - izvor razliéitih oblika
»klusterske materije«

Hans Miiller i Christian Opitz

Jednostavni modificirani model »jellium« dopusta izradunavanje svih magiénih

brojeva velikih metalnih klustera My do N = 1432 i dobro se slaze s eksperimental-
nim podacima. Ti rezultati dopustaju slijedeée zakljucke temeljene na redenom mo-
delu: (I) raéuni zasnovani na naéelu izgradnje omoguéuju sastavljanje periodnog su-
stava klustera (alkalijski metali) PSC; (II) PSC, toé¢nije periodni sustav »velikih
atoma« moéno je sredstvo za predvidanje reaktivnosti metalnih klustera sa slobod-
nim elektronima; (III) posebno se raspravlja o stvaranju dimernih klustera, a rezul-

tati

su u skladu s eksperimentalnim i teorijskim iskustvom; (IV) razni oblici »klu-

sterske materije« istaknuti su u odnosu na nove materijale; (V) potrebno je jos
mnogo truda da se potvrde neka nekonvencionalna predvidanja; nuzni su novi ek-
sperimenti i proraduni.
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