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The likely usefulness of the application of simple versions of the theory of the electron density functioral to the study of the
energy characteristics of cluster compounds is discussed. Three types of cluster compounds are considered: clusters of
elements as an intermediate form between a molecule and a solid, organometallic clusters, and organoelemental compounds of
the nido-cluster type. The question of the variation of the bond energy in homoatomic clusters as a function of their size and
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I. INTRODUCTION

The concept of the "cluster" has been widely used in recent
years in various branches of chemistry. The constituent
elements (atoms) of a chemical cluster are separated from one
another by distances of the order of the chemical bond length
and as a rule they form between one another the maximum
possible number of bonds. The structural unit of the cluster
is a regular or distorted polyhedron in which there are no
classical two-centre chemical bonds characteristic of the usual
molecules: the bonds in clusters have a many-centre char-
acter.

Since the beginning of 1970 metal clusters have been
vigorously investigated by theoretical chemical methods (see
the relevant reviews!’?). Qunatum-chemical study of these
compounds within the framework of different versions of the
non-empirical SCF LCAO-MO method presents significant
difficulties, because the clusters contain a large number of
electrons and non-empirical calculations for such systems are
far beyond the scope of modern computer techniques. Semi-
empirical methods (of the type of CNDO, INDO, MINDO, etc.),
which have proved quite useful in organic chemistry, have
proved fairly frequently to be inapplicable to transition metal
clusters, because they lead to contradictory results. 3

Quantum-statistical methods for calculations relating to
complex compounds have been developing vigorously in recent
years. The statistical method was initiated in the studies of
Thomas, Fermi, and Dirac.® The Thoms-Fermi—Dirac (TFD)
model has been widely used in a wide variety of fields such as
nuclear, atomic, and solid state theories, astrophysics, ete.’
The significant progress in the many-particle statistical theory
has been associated with studies on the self-consistent theory
of a non~uniform electron gas [the method of the electron
density functional (MDF)]. The theorem that the determin-
ation of the energy of the ground state in the meny-particle
Schrodinger equation is equivalent to the determination of the
minimum in the energy functional for a varying electron
density has been proved.® By virtue of the theorems of the
V- and N-representability of the electron density,®”® the
method of the electron density functional has been theoretic-
ally justified.

The quantum-statistical many-particle theory has laid the
foundations for a series of methods for the calculation of the
electronic structure of molecules. These are in the first
place different versions of the Slater-Johnson X, method, in
which a statistical exchange potential is introduced.®
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Furthermore, one should include here the discrets variation
method, ™2 which is a variety of the Xy method in terms of

a basis set of atomic functions, and the local spin density
(LSP) method.!®!* The latter is a generalisation of the
Hohenberg—Kohn—Sham theory!® and differs from the Hartree—
Fock scheme by taking into account all the many-particle
effects at the level of the density functional. Apparently

the above methods can be expected to be most successful in
the solution of various problems of the theoretical chemistry
of organometallic compounds, including cluster compounds.
Fundamental advances which have already been made in the
theory of complex and organometallic compounds are associated
with the introduction of these methods in one or other
variety.*!'%!® Since exchange-correlation effects are taken
into account in the LSP method, it is not surprising that the
method makes it possible to calculate fairly accurately the
atomisation energies of molecules*®!” and solids.*?

The aim of the present review is to attempt to demonstrate,
in terms of simple versions of the method of the density
functional, the scope of these approximations in relation to
the study of the energy characteristics of cluster compounds.

In the theoretical investigation of atomic clusters, the
elucidation of a number of fundamental problems is of interest.
One of these is as follows: how big must the cluster be for
its electronic structure to be sufficiently close to that of the
corresponding crystal? For metals, this problem has been
studied within the framework of various approximate quantum-
chemical methods. However, it has been found that different
methods yield different results. Thus in the X, method in
terms of the scattered wave approximation (X SW) the simi-
larity of a cluster to a bulky metallic specimen has been
observed already when the cluster contained between 10 and
20 atoms. On the other hand, calculations based on the
LCAO-MO method in terms of various approximations (EHM,
CNDO, etc.) lead to the conclusion that for such small clus-
ters the details of the electronic structure have nothing in
common with metals. Thus there is as yet no unambiguous
answer to the first question and the solution of the relevant
problem requires both more accurate calculations, for example,
within the framework of the LSP method, and experimental
studies of the electronic structures of small clusters.

The second fairly important question is to what extent the
bond energy in clusters varies with their size and steric
structure. This question is closely related to the thermo-
dynamic stability of clusters and their "phase" transformations
for different degrees of dispersion. The knowledge of such
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relations will make it possible to regulate the degree of dis-
persion of the given substances as a function of external
conditions, which is important in various branches of chemis-
try. Within the framework of the one-electron method it is
not possible to obtain an answer to this question because
calculations of the bond energies require allowance for the
correlation energy; this is extremely difficult because of the
need to employ complex many-determinant wave functions,

requiring an extremely long computer time for their evaluation.

However, within the framework of the theory of the density
functional, it is possible to answer the second question, which
is discussed below in relation to carbon, sulphur, phosphorus,
arsenic, and alkali metal clusters.

P As
p As

Tetrahedral phosphorus and arsenic clusters.

Figure 1.

Atomic clusters can be obtained in molecular beams and also
in the form of aggregates in inert matrices.!® Fig.1 presents
phosphorus and arsenic clusters which can be detected in the
gas phase at low temperatures. They have a regular tetra-
hedral structure. Among non-transition metals, the most
unique in the sense of its capacity to produce cluster com-
pounds is boron. Together with polyhedral clusters consist-
ing of boron and hydrogen atoms, there exist boron clusters
with beryllium, arsenic, antimony, and transition metals.

co CO
The most characteristic polynuclear cluster compounds.?®

Figure 2.
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Metal clusters are obtained either in molecular beams (before
the ionisation chamber of the mass spectrometer) or by con-
densation from the gas phase on inert supports. The latter
method is most promising for the study of the properties of
clusters, including their reactivity.

Metal clusters, stabilised on oxide supports, have been
vigorously investigated by workers in the field of the surfaces
of solids, topochemistry, and catalysis.

Atomic clusters can exist not only in the form of stable
formations on the surface of a carrier but they can also be
stabilised by various ligands. The simplest of these are
solvates, where metallic clusters are stabilised by a ligand
environment made up of solvent molecules.

The second large class of cluster compounds consists of
organometallic polynuclear complexes having a central metallic
nucleus with a distinct cluster structure. A modern review
of the problem of the metallic bond in cluster compoounds of
this kind has been published recently by Cotton and
Chisholm. 2° Fig. 2 presents some examples of characteristic
polynuclear cluster compounds of transition metals. Accord-
ing to Cotton and Chisholm,?® transition metals can be
arranged in the following sequence in terms of their ability
to form metal-metal bonds in cluster compounds: Mo > Rh >
Cr, Re > Te, Ru, W, Ta, Nb > Fe, Co, Ni, Pd, Os, Ir, Pt.

One of the ways of classifying transition metal cluster com-
pounds is on the basis of the formal oxidation state of the
metal. The metal in halides and sulphides is in a high oxi-
dation state, for example, the oxidation state of the metal is
+3 in Re;Cl}; and Fe¢Sg(PR;)2*, +2 in MogCl%, etc. There
exist various cluster compounds in which the oxidation state
of the metal is +1: (n°-CsH;)¢Nig{HRh[P(OCH,);1,};,
[CH3Rh-(cyclo-octa-1,5-diene)],, and H,Cus(PR;);. A formal
oxidation state of zero is observed in a large class of poly-
nuclear metal carbonyls. Simple qualitative theories of the

bond in polyhedral boranes? are used in calculations for
certain classes of polynuclear transition metal clusters.??
However, these theories are useful only for a formal system-
atic treatment of clusters and cannot be used to predict any
other properties.

Such studies can be regarded as a stimulus

oC (l' 0
0
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towards a more vigorous theoretical and experimental investi-
gation of transition metal clusters in order to create a theory
of this complex and interesting class of chemical compounds.

Among the simple rules obeyed by organometallic compounds,
we may mention the 18-electron rule, i.e. the rule that
clusters with a completely filled outer electron shell have the
maximum stability. 2

Although there are quite a few exceptions to this rule, it is
useful in explaining the geometrical structural characteristics
of complex organometallic compounds. This applies particu-
larly to transition metal clusters, where simple considerations
concerning hybridisation?* or electron pair repulsion?®® are
almost useless.

(0(0) co CcO

0C—=Co

Figure 3. The structures of the dinuclear cobalt carbonyl.?*

Many unusual structural features of metal carbonyls can be
accounted for by a tendency towards the formation of an
18-electron shell. The structure of the polynuclear cobalt
carbonyl Co,(CO), (Fig.3a) can be explained from the stand-
point of the formation of an 18-electron outer shell configura-
tion. The bridging carbonyl groups form many-centre bonds
and formal treatment shows that they each give up one elec-
tron to the electron shell of each cobalt atom. The diamag-
netism of Co,(CO), indicates the formation of a Co—Co bond.
Indeed the Co—Co distance is only 2.5 2 according to X-ray
diffraction data.?® It is of interest to note that in solution a
second structure of the above compound (Fig. 3b), in which
there are no bridging CO groups, coexists with that examined
above;2® this structure also satisfies the 18-electron rule.
The hypothetical structure of Co,(CO), illustrated in Fig. 3¢
does not satisfy the 18-electron rule and, as will be shown
below, is extremely unstable according to calculations by the
method of the electron density functional.

Together with the 18-electron rule, analogies between the
structures of cluster organometallic compounds and or gano-
polyhedral molecules have been used in recent years.
Hoffmann's principle of isolobality and the skeletal electron
counting rules follow from these analogies. Since a careful
review has been devoted to these questions,?’ we shall not
consider them. The third type of cluster compounds (in our
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terminology) comprises non-classical organoelemental com-
pounds of the type of polyhedra and nido-clusters. A wide
variety of non-classical structures having the form of poly-
hedra (prismane, cubane, congressane) have been observed
together with classical structures for molecules made up of
carbon and hydrogen atoms only. In 1973 Bochvar and
Gal'pern showed with the aid of semiempirical quantum-
chemical calculations®® that even more complex polyhedral
carbon clusters can exist: a C,, carbododecahedron made up
of 12 pentagons and a Cg, carbo-s-eicosahedron, whose
surface is made up of pentagons and hexagons alternating in
an unusual manner. In these structures the carbon atoms
can be linked by double bonds. Such cluster formations
should be regarded as new allotropic modifications of carbon
which, in contrast to the familiar graphite, diamond, and
carbyne, are monomeric. Complex polyhedra made up solely
of carbon and hydrogen atoms or only carbon atoms have not
so far been obtained.

Extensive prospects arose in the field of the structural
chemistry of polyhedral compounds after the synthesis of
carbaboranes whose skeleton is made up of carbon and boron
atoms. Table 1°°:*° presents typical boron clusters. A
multiplicity of organometallic transition metal complexes based
on carbaborane as the ligand have been obtained. !

Table 1. Polyhedral boron clusters.

Va l Boranc Heteroborane Ne Polyhedron

4 B.Cl, — 8 tetrahedron

3 BgHs*— B4Calls 12 trigonal bipyramid

5 B;Hs'~ — 14 square pyramid

6 BeHs2™ B4Collg 14 octahedron

6 BeHe — 18 trigonal prism

7 B, B;Cally 16 pentagonal bipyramid

7 B2 — 16 one-cap octahedron

8 Belig?™ BsCalls 18 dodecahedron

8 Bglls® — 18 square antiprism

8 BgHa®~ — 18 two-cap trigonal prisin

Y Bollg*™ B:Cully 20 three-cap trigonal prism

9 Botle?™ — 20 one-cap square antiprism

9 Bolle*~ — 22 one-cap square antiprism
10 BioHie®~ ByCallig 22 two-cap square antiprism
10 Brollio®™ Bol1sS 22 two-cap square antiprism
12 Bigtli?~ BoC:Hio 26 cicosahedron
42 Bolli?— B, PH, 26 eicosahedron
12 BoH g2~ — 26 cubo-octahedron

Notation: Na is the number of atoms in the cluster and N
the number of skeletal electrons.

Although non-empirical calculations on clusters by the
SCF LCAO-MO method are being carried out at the present
time,? this method for the theoretical study of clusters can
hardly be regarded as promising, one reason being that
calculations for the cluster compounds of greatest interest
from the chemical standpoint are far beyond the limits of the
scope of this method.

In the calculation of the stability of the clusters, one must
begin with methods in which the electronic correlation energy
is taken into account sufficiently completely.®? Within the
framework of the usual non-empirical quantum-chemical
methods, this is extremely difficult to achieve because even
the calculation for diatomic and triatomic molecules by the
configuration interaction method is extremely laborious. In
this sense, it appears useful to investigate clusters within
the framework of the theory of the electron density functional,
which has been employed successfully for the solution of
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certain physical problems.®1%15:337%0 Thjs theory consists

of a quantum-statistical examination of an electron liquid in
which atomic nuclei "float". The energy of the ground state
of a system consisting of N electrons and M nuclei with the
charges z,, z,, ..., z) is represented by the following elec-
tron density o(r) functional:®

M
Elpl = — 3 zaj'p(r)lr—Ra]‘ldm-

=1

M M
+-;'5'S.P(f1)9(r:)|r1—r2 I’IdTld‘IL_,'-{h Zzz‘ﬂﬁ‘R‘l_Rﬁlil‘l‘G[P], )

a<B

where r; is the vector corresponding to the position of the ith
electron, R, are vectors carresponding to the positions of the
atomic nuclei in a three-dimensional cartesian space, and

dri = dxjdy;dz;. The functional G[p] has not as yet been
obtained in an explicit form. However, formally its form is
as follows:

Glo) - (UIT+ W) — 2 (fomptalr—r| dndy, (2
where T is the kinetic energy operator, Wthe interelectron
interaction operator, and Y a many-electron wave function.
The functional G[p] includes the kinetic energy G;{p] and
the exchange-correlation energy G,lolk:

Glpl=G lpl+G.[p]. (3)

Approximate expressions containing several terms depending
on derivatives of the electron density with respect to the
coordinates x, y, and z have been found for G;[p] and G, [p]
and the individual contributions have been estimated in rela-
tion to examples.?®*™*®  Analysis shows that exchange-cor-
relation energy contributions close to the true values can be
obtained for the potential energy with the aid of these expres-
sions. In the case of the kinetic energy, it has been shown
that the energy contributions do not decrease sufficiently
rapidly as a function of the number of the term of the gradient
expansion series, so that the principal inaccuracy of the
method of the electron density functional is associated with
the approximate form of the kinetic energy."*® For sufficiently
covalent systems, a method for the determination of the
kinetic energy from the virial theorem (the virial-statistic
approximation) has been recommended."” 53

We shall consider the question: what are the advantages of
the method of the electron density functional compared with
the LCAO-MO method? Firstly, the existence of a direct
functional relation between the energy of the system and the
electron density makes it possible to construct new and simple
models of the chemical bond, which has been demonstrated in
a number of studies."’”® Secondly, in the theory of the
density functional the 3N-variable problem, where N is the
number of electrons, is replaced by a three-variable problem.
This is because the exchange-correlation energy is formulated
in the form of the electron density functional for the system.
The development of the density functional theory has become
even more crucial in recent years in connection with the
development of methods for the experimental determination of
the electron densities of substances.>® Studies on the calcu-
lation of various energy characteristics of crystals from the
experimental electron densities or even X-ray reflections are
already being carried out.°%°® The theory of the electron
density functional is widely used in the calculations.

In view of the lack of an exact expression for the depend-
ence of the kinetic energy functional on the electron density
G¢lpl, a complete set of methods of the Xa type has been
developed in the density functional theory.%%’=%* In these
methods the functional Gt¢[p] is formulated as its quantum-
mechanical analogue, so that the kinetic energy of the system
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T = ézjv(p;wm, 4
i

where y; are one-particle functions and the summation is car-

ried out over all the occupied spin-orbitals. For spin-polar-

ised systems, the total energy can be formulated in this

instance as follows:

M
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where p, and pg are the electron densities due to electrons
with the spins o and B respectively and

ko
Po = D\ 41;Pios

i

(6)

Where ¢;; is the spin-orbital wave function for the spin ¢ and
k5 the number of occupied orbitals for the spin 0. By vary-
ing the energy with respect to ¢;;, we obtain an equation of
the Hartree—Fock type taking into account the exchange-cor-
relation energy determined by the functional G,, [0, pB]:

[—éA—ghh—MP+5Mﬁ“—VPW+

8Gpg, gl
+ ——ﬁ:l Pro = Era'lro- n
Opg
The expression for the exchange-correlation potential
8G [p,,s (’B]
Vex » = 8
¢ [Pas P8l B0 (8)
has a different form in different versions of this method.
For example, the following expression is used in the X
approximation:
SN B [
Vig == [4“ p(r)] . 9

The advantages and disadvantages of the potential defined by
Egn. (9) in the X SW method, applied to calculations on
clusters, chemisorption, and catalysis, have been frequently
discussed in the literature.®’~°%® Although the known
successes of the X,SW method in calculations on the clusters
give rise to some hope, the difficulties due to the arbitrary
selection of the atomic sphere radii as well as those in the
interpretation of the results engender some scepticism.®?
Other versions of methods of the X, type, which are the
discrete variation method!®~?2? and the LSP method,®:1*16 gre
free from the disadvantages of the X ;SW method. An appre-
ciable advantage of these procedures is the possibility of
using any system of basis functions, including atomic fune-
tions, which brings these methods closer to the SCF LCAO-MO
procedure.

Certain examples of the employment of simple versions of
the theory of the electron density functional for the calcula-
tion of the energy characteristics of clusters are presented
below and the question of the variation of the bond energy in
homoatomic clusters as a function of their size and steric
structure is examined.
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11. THE ELECTRONIC STRUCTURE AND ENERGY
CHARACTERISTICS OF ATOMIC CLUSTERS

In their review Kuz'minskii and Bagatur'yants? give a good
selection of theoretical studies on the calculation of the elec-
tronic structures of metal clusters (mainly the semiempirical
EHM, CNDO, etc. methods). The following groups have been
examined:

(a) alkali metals (Li,, Li;, Li,, Lis, Lig, Li;, Lig, Lig, Liq,
Ii,;, Na,, Na,, Na,, Nag, K,, K3):

(b) alkaline earth metals (Be,, Be,, Mg,, Ca,, Sr,, Ba,):

(¢) aluminium group metals (Al,, Als, Alg, Aly;, Alg, Alys,
Aly;, Algg, Ga,, In,, T1,);

(d) heavy elements (Sn,, Pb,, Bi,);

(e) noble metals and Group !IB metals (Cu,, Cu;, Cu,. Cus,
Cug, Cug, Cuy, Cu,yy, Cuyj, Cuye, Cuyq, Cuyy, Cuyy, Cuy,,
Ag,, Ags, Ag7, Ags, Agio, AZyy, Agrs, Afus, Agss, AUy,
Auzt, Aul*, Aull, Zn,, Cd,, Cd,y);

(f) transition metals (Ti,, Ti;, Ti,, Tis, Ti¢, V,, Cr,, Cr,,
Cr,, Cr;, Cry, Mn,, Mn,;, Fe,, Fe,, Fe,, Fe;, Fey;, Feqy, Fe,.,
Co,, Ni,, Ni;, Ni,, Nig, Nig, Ni,, Ni,5, Ni,,, Pd,, Pd,,, Pd,,,
Wy, Pt;5).

Together with the homoatomic clusters, the above review?
also quotes the results of calculations (mainly by semiempirical
methods) on bimetallic heteroatomic clusters and clusters on a
support.

A simple non-empirical version of the theory of the density
functional, namely the virial-statistical approximation, has
been used®® to investigate the clusters. In this approximation
the kinetic energy is determined from the relation between
the virial theorem for the equilibrium interatomic distances in
the cluster:

Tiol = Viel. (10)

The total energy is then defined by the following formula:

E ol ,,%1'[91. (11)
The sum of the atomic densities
pir) = D pulr), (12)

where p,(r) are the Hartree—Fock electron densities of the
corresponding atoms o in a free state, was selected in this
instance as the approximation for electron density for homo-
atomic systems. In the simple statistical theory (the TFD
equation), Eqn. (12) for the electron density in a homoatomic
molecule is fairly rigorous, which has been noted in the
studies of Firsov®" and (later) Slater.®® Slater notes that
the practical experience gained in X calculations has shown
that Eqn. (12) for the density of the homoatomic molecules is
a fairly satisfactory approximation. Analysis of non-empirical
calculations®®*” has also shown that the formation of homo-
atomic molecules from atoms does not entail a significant
redistribution of electron density (the H, molecule is an
exception).

The bond energies in homonuclear diatomic molecules made
up of the atoms of non-transition elements ranging from Li,
to Bi,, calculated in terms of the virial-statistical approxima~
tion, are compared in Fig. 4 with the experimental values.®®
The atomic electron densities for the ground state in terms
of a one-exponential basis set of the Slater type were used in
the calculation. In the evaluation of the bond energy no
adjustable parameters were employed and account was taken
of all the electron shells of the atoms, both valence and
skeletal. The distances between the atoms in the diatomic
molecules were assumed to be equal to the experimental
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values.®® In those cases where the experimental interatomic
distances are not available, they were estimated from the

formula
R (8)=0.3500+1.6072 ry, (13)

where r), are the atomic radii of the elements.
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Figure 4. Comparison of the experimental (continuous line)
and calculated (dashed line) bond energies in diatomic homo-
nuclear molecules of non-transition elements."’
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Figure 5. Comparison of the experimental (continuous line)
and calculated (dashed line) bond energies in diatomic homo-
nuclear molecules of the elements in the Fourth Period in
Mendeleev's Table.”!

A distinet qualitative agreement between the results of the
calculations and the experimental data is observed. It is
noteworthy that the non-empirical SCF LCAO-MO method,
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which takes into account the electron correlation energy to
only an insignificant extent, does not yield even a qualita-
tively correct picture of the changes in bond energy. In
particular, for the fluorine molecule the SCF LCAO-MO cal-
culation does not produce even a positive bond energy. The
analogous relations for diatomic gas-phase molecules of the
transition metals in the Fourth Period are presented in
Fig.5.7!

The method described above has been used®® to calculate
the bond energies in the gas-phase sulphur molecules poly-
merised to different extents. Clusters having the compo-
sitions S,, S5, S¢, S;, Sg, Sy, Sy, S;;, and S,5 were exam-
ined. The geometrical parameters used in the calculations
were taken from a theoretical calculation by the method of
molecular dynamics.”’? This choice of molecular geometry is
dictated by the fact that the experimental studies of Sy
structures have been carried out only for a small class of
compounds and their results are frequently contradictory.
The calculated bond energies, evaluated per sulphur atom,
for different molecules and the available experimental data are
compared in Table 2. The calculations showed that the Sg
cluster in the form of a ring has the most stable configuration.
It is known that orthorhombic crystalline sulphur, in which
layers of cyclic S; molecules are stacked,’® is thermo-
dynamically stable. Table 2 also yields the results of cal-
culations on diatomic molecules and tetrahedral clusters of
phosphorus and arsenic (Fig.1);%® the calculated bond
energies per atom have been compared with experimental
values.®® In agreement with the experiment, the calculation
shows that the tetrahedral P, and As, clusters are more stable
at low temperatures than the diatomic molecules.

Table 2. Comparison of the calculated and experimental bond
energies D of sulphur, phosphorus, and arsenic molecules*.
Diheor/N, DexplN. I ste Diheor/N, Dexp/N,
System keal mot-1 kc:llpmol'1 j System kcal mol1 kcn!pmul']
i [
s, I 595 b S 75.1 —
S5 ‘ 7.6 6043 ISy 4.0 —
36 72.2 61.60 g‘ Sia 738 -~
57(Cs) ] 73.7 6178 ! P 67.2 58.0
$#(Ca) 74.8 — - 83.5 71.9
Se 85.3 62 652 Asy 57.5 45.5
Sy 1.8 - I Ass 3.7 63.3

*Here and henceforth D/N is the bond energy calculated per
atom.

Two allotropic forms of carbon, namely graphite and
diamond, for which there also exist submodifications involving
a change in long-range order, were known previously. In
1978 Korshak et al.”* discovered carbyne—the third form of
carbon, consisting of filamental polymers made up of carbon
atoms only. A series of quantum-chemical studies of the
character of the bond in carbyne (see, for example, Stankevich
and Tomilin’%) have been carried out. It has been shown
that the bonds in carbyne can alternate. Calculations have
been made®?® for clusters of three allotropic forms of a
carbon—graphite,, diamond, and o-carbyne. Fig.6 presents
the calculated dependence of the bond energy per carbon
atom on the size of the carbon cluster. The horizontal lines
indicate the corresponding bond energy for crystals obtained
in terms of the same approximations as those employed in the
calculations on the clusters.’® It is seen from Fig.6 that the
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calculated stability series for the three allotropic forms of the
carbon crystal agrees qualitatively with experiment: graphite >
diamond > carbyne. When carbon clusters containing less
than 20 atoms are examined, the stability series is different
than for crystals: carbyne > graphite > diamond. When the
number of atoms in the cluster is more than 20, a change in
the above sequence takes place—curves 1 and 3 intersect
(graphite > carbyne > diamond). It is seen from these calcu-
lations that, depending on the size of the clusters, the energy
relations between different modifications vary. Analysis of
the curves for the Cy clusters with N < 50 and data for
crystals gives rise to the hypothesis that, for certain finite
dimensions of the clusters, curves 2 and 3, corresponding to
diamond and carbyne, should intersect. On this basis, one
may conclude that the carbyne molecule is thermodynamically
stable only for a finite chain length. On further increase of
its size, it should be converted into a more stable form, for
example into a structure with cross-links between the polymer
chains.

D/N, kcal mol™!
ZUUL graphite
/75 b  carbyne
50
125 +
2
190 +
75 ] ! [
Jg ng 20 30 40 SO0ON

Figure 6.
atom on the size of carbon clusters:
3) carbyne.®?

Dependence of the bond energies calculated per
1) graphite; 2) diamond;

Certain hypothetical carbon systems, which are formed as a
result of the appearance of regular cross-links between the
carbon chain macromolecules, having fourfold screw symmetry
axes have been proposed.’’ In one of the hypothetical
structures (I) each chain is surrounded by four chains of the
same chirality (14,32 symmetry group, identical lengths of all
the bonds), while in another structure (II) each chain is
surrounded by four chains of opposite chirality (I4m2 sym-
metry group, the geometry is described in terms of two param-
eters: the bond length r, between neighbouring atoms in dif-
ferent chains and the bond length r, between neighbouring
atoms in the same chain with r, < r,).

Calculations have been made’® of the bond energies for six
crystalline modifications of carbon: graphite, diamond,
a-carbyne, B-carbyne, and the two hypothetical systems (I)
and (II). The results of these calculations are presented in
Table 3. Evidently the hypothetical modification (I) is much
more stable than the carbyne structures (a and B).

The different types of behaviour of the bond energy in
carbon clusters as a function of their size for different
allotropic forms are caused primarily by the different degrees
of unsaturation of the bonds in the clusters. Diamond is a



Russian Chemical Reviews, 54 (4), 1985

three-dimensional crystal, graphite is close to a two-dimen-
sional crystal, while carbyne is close to a one-dimensional
crystal.

Table 3. The relative energies AE of various forms of
carbon.’®
Modification AE, kc_al Modification AE, keal
mo} mol
Graphite 0.0 an 32.5
Diamond 1.5 B-Carbyne 33.0
48] 7.4 a-Carbyne 32.8

The main conclusion which can be reached on the basis of
the calculations for the carbon clusters is as follows: the
energies of the "phase" transformations of the carbon clusters
depend significantly on their dimensions, varying not only in
absolute magnitude but also in sign. The question arises of
the size of the cluster up to which one can speak of changes
in its state of aggregation or a phase transition. Computer
experiments performed for systems with a Lennard-Jones inter-
action potential have shown that phase transitions are observed
for clusters consisting of ten particles.”’

The dependence of the bond energy on the size of the
cluster has been studied in greatest detail for alkali metals,
particularly lithium. A scheme describing the growth of the
lithium crystal has been proposed® on the basis of non-
empirical calculations. It is noteworthy that the bond
energies calculated in the above study®® per atom for struc-
tures most favoured by energy factors increase monotonically
for small dimensions of the clusters (N <€ 5) and then remain
approximately constant at 912 kcal mol™ ! (as N varies from
5 to 13).

Figure 7. The geometrical structure of lithium clusters.®?

Within the framework of the method of the gradient expan-
sion of the energy, a study has been made®! of the variation
of the equilibrium distances and bond energies per atom for
clusters of the type Liy with N varying from 9 to 100. These
are apparently the largest clusters for which theoretical
calculations have been made (disregarding clusters in systems
with a simple interaction potential of the Lennard-Jones type).
It is noteworthy that, in contrast to the study of Fantucci
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and Balzarini,®® Borisov®® carried out a calculation for a fixed
spatial symmetry of the clusters. Fig.7 illustrates the geo-
metrical structure of lithium clusters for the body-centred
cubic lattice used in Borisov's calculations on clusters.®’ The
cluster is made up of two types of layers: a layer of type L,,
designated by filled circles and containing 9 lithium atoms,

and a layer of type L,, designated by open circles and contain-
ing 16 lithium atoms. The distance between the layers is R/2,
where R corresponds to the closest Li—Li distance within the
limits of one layer. For example, the Lis, cluster consits of
four layers: L,L,L,L,.

R, au.

70

T

6.0

J.0

4.0 1 L1
25 &0 15 100N

Figure 8. Dependence of the equilibrium Li—Li distance in
the Liy clusters on N.*

D/N, kcal mol™!
4 |-

Jo +~

20

1 ] ] !
20 90 75 100N
Figure 9. Dependence of the bond energy calculated per
atom on the size of the lithium clusters.®!

The energy of the Liy clusters was optimised for each
cluster with respect to the distance R. Fig. 8 illustrates the
calculated dependence of the equilibrium distance R, (in a.u.)
in the Liy clusters on N for a body-centred cubic structure.
The dashed line corresponds to the experimental equilibrium
distance R, for a lithium crystal with a body-centred cubic
lattice. Fig. 8 shows that, for low values of N, a marked
dependence of R, on the size of the clusters is observed.

For clusters containing 34 lithium atoms, there is virtually

no dependence of R, on N. Fig.9 presents the dependence
of the bond energy per atom on the size of the Liy clusters.
The curve illustrated has a lower slope than the Ro(N) curve
and approaches fairly closely the corresponding experimental
value for the crystal listed in Table 4.7® The calculated bond
energies have been compared with the available experimental
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values.®® Calculations for the Liy, clusters®! in the body-

and face-centred structures have shown that the latter

experiment (photoelectron spectroscopy).
plicities of the M—M bonds in transition metal cluster com-
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Thus the multi-

structure is more favourable as regards energy, the difference pounds can vary from zero to four.

between the energies amounting to 1.8 kcal mol". For com-
parison, one may note that the corresponding difference for
crystals is 0.3 kcal mol™! (Table 4)7® and the experimental
difference is 0.49 kcal mol"!.®? Consequently the energy of
the fee - bee "phase" transformation in the lithium clusters
decreases with increase in the size of the cluster but does not
change sign (in contrast to the transformations in the
graphite—diamond—carbyne carbon system).

Table 4. The results of calculations for alkali metal
crystals. 76

Metal Structure —Etheor» 2-U.  [Dheor keal mol'} Dexp, keal mor'!

Li hex. 7.4120 47.9 —

Li BCC 7.4114 47.5 37.7

1i FCC 7.4119 47.8 —

Na BCC 158.4455 30.4 25.8

Na FCC 153. 4460 30.7 —

K BCC 58185010 31.3 21.5

W BCC 2836 0743 22.6 19.6

Notation: E is the total energy of the crystal, hex. a
hexagonal lattice, BCC a body-centred cubic lattice, and
FCC a face-centred cubic lattice.

I1l. STABILITY OF ORGANOELEMENTAL CLUSTERS

So far few studies have been published on the calculation
of the electronic properties of organometallic polynuclear
clusters. Only calculations for individual cluster compounds
can be encountered in the literature. The most general
question for organometallic clusters is that of the character
of the metal-metal bond, which has been discussed in a series
of reviews (see, for example, Cotton and Chisholm.?® The
fact that the shortest distances are observed in complexes
with bridging ligands has attracted attention in the analysis
of the interatomic metal—metal distances in homopolymetallic
n-complexes.®® However, certain calculations have shown
that the metal-metal bond is absent precisely in compounds of
this type and the cluster is stabilised by interactions via
bridges. Thus non-empirical calculations have been per-
formed®* for two cluster complexes: Fe;(CO);, and
[CsH;Fe(CO),],. Fig.10 illustrates schematically the struc-
tures of these clusters. In the Fe;(CO),, complex (Fig.10a)
and Fe(1l) and Fe(2) atoms are joined via two bridging CO
groups. Analysis of the occupied molecular orbitals (MO)
has shown that there are no MO in which there is a linkage
between the d orbitals of the Fe atoms. An analogous picture
has been observed for the [C;H;Fe(CO),], complex illustrated
in Fig.10b. Thus, despite the short M—M interatomic dis-
tances, there is no direct interaction between the metal atoms
in the complexes indicated.

Calculations for the dinuclear nickel complex (n5-CgHgNi),.
.C,H, have confirmed the existence of a single o-bond between
the nickel atoms. Calculations for the M,Cl,(PR,), (M = Mo
or W) complexes by the X ,SW method have been carried out in
a recent study® (Fig.11). They showed that the M—M bond
in these complexes is quadruple and that the bonding mol-
ecular orbitals are of the o, m, and § types.
electronic transition energies have been fully confirmed by

The calculated®®

0
OC\ ~C~ A0

\ - >

ocmm>d Folt) e
® Fe(4 yo-—co

(]

Figure 10. The structures of the clusters Fey(CO),, (a),
[CHFe(CO),], (b).®

ZP(CHj)
(CH3) P - 33
\\ -

cl /
TN,

The structure of the W,Cl,(PR,), cluster.®®

Figure 11.

The study of the Co,(CO), cluster by various physical

methods (infrared spectroscopy and X-ray diffraction)?2®
showed that the compound has different structures under
different conditions.
fraction analysis,2® the Co,(CO), solid phase has a structure
with two C = O bridge bonds (Fig.3a).
(Fig.3b) coexists with this structure [form (I)], and the ratio
of these forms can vary as a function of temperature.

Whereas form (I) predominates at low temperatures, at room

According to the results of X-ray dif-

In solution form (II)
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temperature the concentration of form (II) is ~50%. Calcu-
lations of the atomisation energies for three structures of the
dinuclear cobalt carbonyl have been carried out.’* Structure
(I1I), illustrated in Fig.3a is hypothetical and no evidence for
its existence has been obtained. Calculations have shown
that stability decreases in the following sequence of struc-
tures: (I) > (II) > (III). Structure (III) proved to be least
favourable on energy grounds and is hardly likely to exist.
As mentioned above, the 18-electron rule also does not hold
for this structure. The ease of the interconversion of struc-
tures (I) and (II) is indicated by purely chemical investi-
gations. A study of the reaction involving the exchange of
CO groups showed that all eight CO groups of the complex
can be readily exchanged. Apparently equilibrium is estab-
lished during the exchange reaction between forms (I) and
(I1) of the dinuclear cobalt carbonyl.?®

Table 5. Certain characteristics of transition metal clusters.

i
Geometry N ny | ne Cluster

i

Monomer 0 ‘ 9

Dimer 2 1 ‘ 17

Trimer o 3 4

Tetrahedron 4 6 ‘ 5

“Buttertly™ 4 |

Planar square 4 4 1 as

Trigonal bipyramid 5 9 3 36

Square pyramid D I

Two-cap tetrahedron 6 I

Octahedron b [

One-cap square pyramid 6 ' b Crug COY el

Corner-linked bitetrahedron [T Y f —

Pentagonal pyramid 6 f fir ,

Trigonal prism

One-cap octahedron

One-cap trigonal prism |

Two-cap octahedron

Square antiprism |
i
i

Two-cap trigonal prism
Cube

Three-cap octahedron
Three-cap trigonal prism !
One-cap square antiprism |
One-cap cube ;
Two-cap cube ‘ 1

R A

.

PR
-

Two-cap square antiprism

Three-cap trigonal bypyramid

Eicosahedron

Three-cap hexagonal 13 32
bipyramid

Face-centred cube 14 36

85 Rh;g(Cd)g;Hf*
90 —

Notation: N is the number of atoms in the cluster, n,, the
number of unoccupied orbitals, and n, the number of cluster
bond orbitals.

Whereas the structure of Co,(CO)y most favoured by energy
factors has bridge bonds, a direct M—M bond has been

observed in the dinculear manganese and technetium carbonyls.

The energies of the M-M bond in the dinuclear Mn,(CO),, and
Te,(CO);, clusters have been estimated®’ within the frame-
work of the virial-statistical approximation:“%*° 52 and 100
keal mol™* have been obtained for Mn,(CO),, and Tc,(CO),,
respectively, which exceeds the experimental values by a
factor of approximately 2. Such unduly high calculated bond
energies are apparently associated with the fact that no
account had been taken of the relaxation of the bonds remain-
ing after the rupture of the metallic bond. Thus the calcu-
lation and experiments showed that the bond strength
increases on passing to heavier elements in the Periodic
Table. This is a general phenomenon due to the increase of
the degree of overlap of the atomic orbitals of the heavier
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elements and explains the increased ability of heavy tran-
sition metals to produce polynuclear carbonyl complexes.

There are as yet no quantitative theories of the dependence
of the ability to form cluster compounds on the nature of the
metal. However, qualitative aspects have been discussed??
and have been justified by EHM calculations. The molecular
orbitals of a cluster formed by transition metals can be div-
ided into two classes: the unoccupied antibonding orbitals
(UAOQ) and cluster valence orbitals (CVO). Only the CVO
are suitable in terms of energy for combining with ligands and
for ensuring the stability of the metallic skeleton of the
cluster. Table 5?2 lists certain characteristics of transition
metal clusters; it also includes examples of stable clusters
corresponding to specified values of N, a specified geometry,
and a specified number of valence electron ny in the cluster
valence orbitals. The n, -electron rules are in fact exten-
sions of the 18-electron rule to mononuclear transition metal
complexes (ni = 18 for N = 1).

It is known that metal clusters can behave as catalytic
centres in various chemical reactions.?® A simplified mech-
anism of the binding of nitrogen on the Mo—Fe~—S model
cluster, to which an important role has been attributed in the
biological fixation of nitrogen, has been examined.’> A scheme
for the hydrogenation of nitrogen on the Mo—Fe—S dinuclear
cluster, which is similar to that proposed by Likhtenshtein
and Shilov for the catalytic hydrogenation of nitrogen in the
presence of complex homogeneous catalysts, is presented
below: *®

New=N NN

| i o o

Mo—Fe§ LN, - Mo—Fe—S (11 : {V)-N, - Mo—Fe—S:(15)

T
(VD

(IV)y (v
HX—NH H.N--NH,
V) H, - A‘fls».r!e.—s (16); VI) +H, - \\!()Ar"-‘leds (17
Vi RYiiTS
(VI -+ 11— (1\") + N.H, ; (18)
(VI - (IV) - N.H,; (19)
(VD) +H,— {(1V) -+ 2NH,. (20)

The atomisation energies of the intermediate forms (V)—(VIII)
have been calculated. The bond lengths and angles have
been taken from Hardy et al.®® and the missing interatomic
distances have been determined as the sums of the covalent
atomic radii.

Table 6 lists the calculated heats @ of individual stages of
the reaction. Only a qualitative comparison of the heats @ is
possible, because, apart from the roughness of the approxi-
mations, no account has been taken in the calculation of
effects such as the influence of the protein component of the
nitrogenase molecule, the pH of the medium, temperature, etc.
It follows from the calculations that stage (15) is very highly
endothermic. It is therefore possible to reject immediately
the nitride mechanism of nitrogen fixation. In the hydrazine
mechanism stage (16) is slowest and results in the formation
of diimide coordinated to the catalyst. In order to estimate
approximately the activation energies for the individual stages
in the hydrogenation of nitrogen, we shall make use of the
Brénsted—Semenov relation between the activation energy and
the heat of reaction:

Eaer=A,+0.75 |Q] (21)

Eoce=4,—0.25 | Q| (22)
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for the endothermic and exothermic reactions respectively.
Assuming that stage (14) takes place without an activation
energy (this hypothesis does not alter the qualitative con-
clusions), we shall determine the unknown value of A, from
Eqn.(22). Assuming further that A; does not change on
passing from one stage to another (for radical reactions, this
approximation holds®’), the activation energies Egqt were
calculated for all the intermediate stages of the nitrogen
hydrogenation reaction (Table 6). Comparison of the acti-
vation energies for the individual stages leads to the following
probable pathway in the nitrogen hydrogenation reaction:
(14) - (16) » (17) » (20). It was found that this pathway
leads to the reduction of nitrogen to ammonia. The formation
of less reduced forms is energetically unfavourable, in agree-
ment with experiment.

Table 6. The calculated values of @ and E,,, (kcal mol-').”!
Stage (14) l [L5:1) 16) (n l 18) I a9) (0
o 31.5 ‘ —941 | =504 | 18.9 1 0.0 18,9 2.2
Eact 0.1 b 455 35 1 8o 125 200

The mass spectra of n-cyclopentadienyliron carbonyl
complexes 1-CsH Fe(CO),ER; containing an Fe—E bond, where
E is a Group IV element (E = Si, Ge, Sn, or Pb) show intense
peaks due to the C;H E* ions whose intensity is sometimes a
maximum.®'~% They arise as a result of a complex rearrange-
ment from molecular or decarbonylated ions C;H;FeER; (R =
alkyl or halogen). This rearrangement takes place with the
simultaneous involvement of at least nine bonds and has a very
low activation energy. The unusually high intensity of the
peaks due to the C H.E" ions indicates their high stability.

It is possible to put forward three possible structures of this
ion, namely the elementophenyl (a), the elementofulvenyl (b),
or the nido-cluster (c):

B B "

A calculation?” of the atomisation energies of these struc-
tures of the C;H,Ge" ions showed that the structure of the
nido-cluster has the highest stability. Similar calculations
were later performed®® for all the Group IV elements and it
was shown that in all cases the cluster ions are more stable
than the isomeric elementophenyl and elementofulvenyl ions
and that their stability increases on passing from lead to
carbon. The conclusion that the nido-cluster has the highest
stability agrees with non-empirical calculations for C;HgSit 9°
and semiempirical calculations for the CsHgSi* and C;H,C*
ions.'°® It is noteworthy that the predicted®’ stability of the
nido-cluster of germanium has been confirmed by the syn-
thesis of a compound containing this ion in the form of a nido-
cluster, 101,102

Calculations have been performed’® by the SCF LCAO-MO
method in the CNDO/2 approximation for the nido-clusters
C:H E4, where E are the elements of the First and Second
Periods (from H to Ne) and q assumes values of +1, 0, and
-1. It was found that the stability of the nido-clusters
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increases with increase of the nuclear charge of the atom E,
reaches a maximum, and then again falls towards the end of
the Second Period. The CpBe™, CpB, and CpC* clusters, in
which the eight-electron shell is formally filled, show the
highest stability under these conditions. Together with the
MesCsSn* and Me;CsGe* nido-clusters,'’?+1%2 there exist stable
molecules of the semi-sandwich type with an eight-electron
shell, namely CpIn and CpTe.!®® On the basis of the results
of an investigation,®’® it is possible to put forward the exist-
ence of the following nido-cluster: CpE* (E = C, Si, or Pb),
CpE (E = B, Al, or Ga), and CpE™ (E = Be or Mg).

The numerous calculations for clusters of three types
("isolated" homoatomic, polynuclear organometallic, and nido-
clusters) examined above show that the method of the electron
density functional makes it possible to solve many interesting
problems involving the energy relations of clusters even in its
simple versions. Hitherto these simple versions have been
applied to fairly covalent clusters, for which it is possible to
neglect the charge transfer between the atoms (or ions).

This is because the electron density of the system can be
approximated by the sum of the electron densities of the free
atoms (or ions).

In the future the method of the electron density functional
can develop in two directions when applied to cluster theory:
(1) with allowance for charge transfer between the atoms (or
ions) by including the corresponding variational parameters
in the electron density function, as, for example, has been
done by Borisov;“® (2) with analysis of the experimental
electron densities to obtain an approximation to p(r) in energy
calculations, as has been done for crystals.®®% These
improvements will naturally lead to certain complications in
the calculations but the latter will nevertheless be much
simpler than the calculations by the traditional quantum-
chemical methods of the type of SCF LCAO-MO. Together
with this, one-electron approaches based on the formal treat-
ment of Kohn and Sham,!® where the electron correlation is
taken into account in the form of the electron density func-
tional, show much promise for the calculation of the electronic
structures of cluster compounds.
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