2604

(33) W. P. Kraemer and G. H. F. Diercksen, Theor. Chem. Acta, 23, 398
(1972).

(34) A'gRé Gregory and M. N. Paddon-Rolo, J. Am. Chem. Soc., 98 7521
(1976).

(35) D. J. McGinty, J. Chem. Phys., 58, 4733 (1973).

(36) P. Schuster in ""Electron-Solvent and Anion Solvent Interactions, L. Keuan
and B. C. Webster, Eds., American Etsevier, New York, 1976, Chapter 8,
p 274.

(37) A. W. Castleman, Jr., P. Holland, and R. G. Keesee, J. Chem. Phys., 68,
1760 (1978).

Journal of the American Chemical Society / 101:10 / May 9, 1979

(38) A. W. Castleman, Jr., " Studles of lon Clusters: Relatlonship to Understanding
Nucleatlon and Solvation Phenomena’”, NATO Adv. Study inst., Kinet. lon
Mol. React. (1979).

(39) H.L.Friedman and C. V. Krishnan In "Water”, Vol. 3, F. Franks, Ed., Plenum
Press, New York, 1973, Chapter 1, p 56.

(40) B. Jonsson, G. Karlstrom, H. Wennerstrém, and B. Roos, Chem. Phys. Lett.,
41, 317 (1976).

(41) :(1.9%4\§Vissbum, D. M. Franch, and A. Patterson, J. Phys. Chem., 58, 693

(42) F.J. W. Roughton, J. Am. Chem. Soc., 63, 2930 (1941).

Bonding Capabilities of Transition Metal Clusters. 2.1
Relationship to Bulk Metals
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Abstract: The bonding capabilities of individual metal atoms of a cluster or of an infinite lattice have been estimated, based
upon extended Hiickel calculations. Each atom can be assigned a characteristic number of cluster valence molecular orbitals
(CVMOs), which is dependent upon the site geometry. The CVMOs can contain metal electrons or can be used as ligand ac-
ceptor orbitals. The number of CYMOs located on an atom at a given site is inversely dependent upon the number of nearest

neighbors.

A popular assumption as of late is that discrete organome-
tallic transition metal cluster compounds are good models for
chemisorption on to bulk metal surfaces and that catalysis by
small metal particles involves species similar to known stoi-
chiometric compounds.2-* Unfortunately, to date there has
been little theoretical justification for any direct connection.
This is due primarily to the fact that for bulk metals the ob-
servables of most concern to theoreticians are the diverse bulk
electronic and magnetic properties, while for cluster com-
pounds, which are almost always diamagnetic, the primary
observables are structure and stoichiometry. Theoretical
studies have generally been directed toward an understanding
of one of these problems or the other; seldom have their direct
relationships been explored. In this work we will explore such
relationships and will offer a unified method for determining
the bonding capabilities of an individual atom of a cluster or
an individual atom of a bulk metal surface.

Clusters. It has been known for some time that structure and
stoichiometry are closely related in group 8 organometallic
cluster compounds.>® A given cluster tends to have its stoi-
chiometry determined not by the identity of the metal or the
ligands, but by the geometry of the cluster. For example, if six
metal atoms are arranged in an octahedral geometry they will
in general form stable chemical compounds only if the sum of
the cluster valence electrons (CVEs) is equal to 86 electrons.

A

One such cluster is the anion [Fes(CO);6C]%~, which has 48
Fe electrons, 32 electrons from the CO ligands, 4 from the
intersitial carbide, and a dinegative charge; the sum is 86
electrons.” Other diverse examplesé include [Cos(CO)6},
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[Nig(CO)12>"], [Rug(CO)17C], [Rhe(CO)i6}, and [Ni,-
Co4(CO) 14}

Recently we reported a simple, reliable MO method for
determining the bonding capabilities or stoichiometries of small
metal clusters.! As aggregrates of metal atoms are built up one
atom at a time, the atomic orbitals combine to form molecular
orbitals, which evolve at the infinite limit into the band
structure of bulk metal. At the intermediate cluster stage we
have found that the MOs can be conveniently divided into two
classes on the basis of energy. The high-lying antibonding or-
bitals (HLAOs) are destabilized by metal-metal antibonding
interactions and are too high in energy to contain electrons or
to serve as ligand acceptor orbitals. The cluster valence mo-
lecular orbitals (CYMOs) are lower in energy, are suitable for
containing metal electrons, and can serve as acceptor orbitals
for ligand bonding.

The preference shown for 86 CVEs by the octahedral clus-
ters is due to the presence of exactly 43 CYMOs. To determine
the number of CVMOs of a given cluster we have used ex-
tended Hiickel calculations?® as a guide and have determined
empirically that a reliable upper energy limit for the CYVMOs
is the level of the p orbitals of a single metal atom. Thus any
orbital significantly destabilized with respect to the p level of
a single atom is classified as a HLAO.

Bulk Metals. Transition metals have diverse physical
properties and have thus been of interest to theoreticians for
many years. Generally the bonding with metals is treated by
various band theories, discussions of which can be found in
standard texts.®!9 Inherent in such theories is a delocalization
of states, which sometimes makes information regarding dis-
crete atomic sites difficult to abstract. Actually it is also dif-
ficult to determine the properties of individual atoms by most
physical measurements as well.

To make comparisons with the discrete cluster compounds,
we need to know the number of states or orbitals contributed
by each metal atom to the energy band and which are available
for electron occupancy. This information is most readily
available for the group 8, ferromagnetic metals, Fe, Co, Ni,
and their alloys. From the spontaneous magnetic moments of
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Table L. Bonding Capabilities of Selected Transition Metal
Clusters?

cluster N 9N HLAO CVMO CVE CVMO/N
1 octahedron 6 54 11 43 86 7.17
2 octahedron 19 171 47 124 248 6.53
3 cube octahedron 13 117 32 85 170 6.54
4 Dy 20 180 52 128 256 6.40
§ square pyramid 14 126 31 95 190 6.79
6 tetrahedron 20 180 53 127 254 6.35

2 N is the number of atoms; 9V is the number of atomic orbitals;
HLAO is the number of high-lying antibonding orbitals; CYMO is
the number of cluster valence molecular orbitals; CVE is the number
of cluster valence electrons.

these metals one can determine the number of unpaired elec-
trons per metal atom and thus the number of occupied orbitals.
Plots of measured spontaneous magnetic moments vs. atomic
number for these metals and alloys are known as Slater-
Pauling curves.!!-13 These curves reveal that there is a smooth
variation of the spontaneous magnetic moment and thus the
number of unpaired electrons, which rises to a maxima for an
alloy consisting roughly of 75% iron and 25% cobalt and which
falls to zero for nickel-copper alloys. These curves show that
for all of these metals there is a roughly constant number of
orbitals per metal atom available for occupancy. This number
is approximately 5.3 orbitals per metal atom.® For pure
cubic-close packed nickel and cobalt the value is 5.28 orbitals
per atom. Body-centered iron, which is before the maximum
of the Slater-Pauling curve, has 5.06 occupied orbitals per
atom. The upper energy bound for these orbitals is of course
the Fermi energy of the metal.

Calculations. Using the same methods and parameters used
previously! we have performed extended Hiickel calculations8
on a variety of cubic-close packed Rh clusters of up to 20 metal
atoms (Table I). For each cluster the geometry was idealized
with Rh-Rh distances of 2.69 A corresponding to the distance
found in Rh metal.!4 Rhodium was chosen as the representa-
tive element since it is the centermost group 8 metal and since
it is known to form many cluster compounds of high nuclearity.
The parameters used in our calculations are arbitrary, but their
magnitudes are not very important since the number of
CVMOs is determined mainly by symmetry and nodal pat-
terns. Thus any method which produces MOs which are
qualitatively correct will predict the same number of
CVMOs.

Octahedral Clusters. An octahedron of six metal atoms, 1,
has 43 CYMOs, whichis 7.17 CVMOs per metal atom. The

next largest octahedron, 2, with 19 metal atoms, has 124
CVMOs or 6.53 per metal atom; however, the atoms are not
all equivalent. There are 6 apex A atoms, 12 edge B atoms, and
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Table II. Analysis of Site Bonding Capabilities?
cluster N site Ng Ny CYMO s )4 d

1 octahedron 6 A 6 4 717 071 156 490
2 octahedron 19 A 6 4 713 071 152 490
B 12 6 6.29 055 0.89 4.86
C 1 12 571 044 054 474
3 cube octahedron 13 D 12 5 6.61 0.65 1.08 4.88
C 1 12 567 042 051 474
4 Dy 20D 8 5 6.64 065 1.11 4.88
D 2 5 657 065 104 488
F 4 6 640 060 0.94 486
E 4 7 623 055 083 485
C 212 560 041 045 475
$ square pyramid 14 1 4 3 743 075 175 493
A 1 4 717 071 153 493
H 4 5 663 062 112 489
B 4 6 632 054 092 486
G 1 8 627 054 094 479
6 tetrahedron 20 J 4 3 709 076 142 491
L 12 6 623 057 0.80 486
K 4 9 598 048 071 4.79

@ N is number of atoms; site is label of site; Ns is number of such
sites; Npp is number of nearest neighbors of an atom at the site;
CVMO is number of CVMOs at the site; s, p, and 4 are the relative
contributions from s, p, and d orbitals.

1 interior C atom. Each site contributes a different number of
CVMO:s to the cluster. By using the calculated atomic orbital
coefficients of each CVMO it is possible to determine the
number of CVMO:s located on each individual atom, The re-
sults of these calculations are presented in Table II, which also
gives a breakdown of s, p, and d contributions.

It can be seen that the number of CVMOs per site varies
considerably. The vertex A atoms have only 4 nearest neigh-
bors and 7.13 CVMOs, while the center C atom has all 12
nearest neighbors of a cubic-close packed lattice and only 5.71
CVMO:s. The edge sites B have 6 nearest neighbors and are
intermediate with 6.29 CVMOs. The compositions of the or-
bitals also vary with the biggest differences due to changes in
the p orbital contributions. There is a 1.52 p orbital contribu-
tion at site A, but only a 0.54 contribution at site C.

If we apply these results to cluster chemistry they can be
interpreted as follows. The six-atom octahedron with 43
CVMOs forms stoichiometric cluster compounds with 86
CVEs. Thus the 19-atom octahedral cluster with 124 CYMOs
requires 248 CVE:s for stability. The anion [Rh;9(CO)36}5~
is a hypothetical example. The relative number of CVMOs per
site (A and B) will help to determine the number of terminal
and bridging CO ligands bound to each surface atom, although
ligand-ligand repulsions will also be important.

The interior atom C presents somewhat of a problem. Our
calculations suggest that atom C contributes 5.71 CVMO:s to
the cluster, which must be satisfied if the cluster is to be stable.
Rhodium has only nine d electrons so there must be some
mechanism for stabilizing this central atom. The simplest
possibility is a buildup of negative charge on the site C con-
tributed by the surface atoms which are in turn stabilized by
ligands. Large localized charges are not reasonable, however,
and other mechanisms may be used. One mechanism is a dis-
tortion of the geometry of the cluster, which brings the next
nearest neighbors of the central atom closer than they would
be in a perfect close-packed lattice. The new metal-metal in-
teractions will decrease the number of CVMOs located on the
central metal atom and thus reduce the required charge
buildup. Such distortions have been found in certain large
cluster compounds such as the anions [Rh;5(C0O)37]3~ and
[Rh;4(CO);,s}4~ reported by Martinengo et al.!s

Another mechanism for the stabilization of interior atoms
is the presence of interstitial atoms such as hydrides, carbides,
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or other heteroatoms. An interstitial atom is essentially an
internal ligand and can donate electrons to an interior metal
atom in the same manner that a normal exterior ligand donates
its pair of electrons to a surface atom. Many of the large
clusters with internal metal atoms do have interstitial atoms,
including the hydride,!¢ [Rh;3(CO),4H3]?~, the carbide,!”
[Rh;5(CO),27C,1™, and the sulfide,!® [Rh,7(CO)3,S,]3~. Thus
a more probable formulation for our hypothetical 19-atom
octahedral cluster might be as a hydride such as [Rhjo-
(CO)36H;3]2~ or as one of the many possible carbides which
could be formulated. We believe that one of these two phe-
nomena, distortion of the framework to bring next nearest
neighbors closer or the presence of interstitial ligands, will be
found for most large clusters with interior atoms.

Interior Atoms. The interior atom of the octahedron has 5.71
CVMOs. It is useful to compare this number with the results
found for other clusters with interior atoms. The simplest case
is the 13-atom cube octahedron 3, which has a single metal

atom surrounded by its 12 cubic-close packed nearest neigh-
bors. The resulting cluster has 85 CVMOs, 5.67 of them con-
tributed by the central atom and 6.61 from each of the 12 ex-
terior atoms. Also considered is the 20-atom cluster 4 which

has D,, symmetry and has two interior atoms surrounded by
18 exterior atoms. The entire cluster has 127 CYMOs which
includes 5.60 from each interior atom.

The values found for the interior atoms of the three clusters
2-4 are thus in good agreement and average 5.7 orbitals per
site. Since interior atoms have a close geometric similarity to
an individual atom of a bulk metal there should be a bonding
relationship as well. The CYMOs were defined as those orbitals
available for electron occupancy or for acting as ligand ac-
ceptor orbitals, For the ferromagnetic bulk metals the number
of orbitals per metal atom available for electron occupancy is
known to be about 5.3 orbitals per atom. These 5.3 orbitals are
the major component of the 5.7 CVMOs centered upon the
interior atom of a cluster.

The 0.4-orbital discrepancy is not large and may be ra-
tionalized in differing ways. One interpretation is that the
number of orbitals for the two cases should actually be the
same, but that the extended Hiickel method is not capable of
such accuracy. We believe that the phenomenon is real, how-
ever, and that it is simply explained by stating that the highest
of the CYVMO orbitals can serve as acceptor orbitals, but that
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they are too high in energy for electron occupancy. In discrete
chemical compounds such low-lying unfilled orbitals would
lead to instability and thus all such empty CVMOs must be
satisfied; there must be an energy gap between the occupied
and empty orbitals. In a bulk metal it is of course certain that
there are low-lying orbitals and that there is indeed a contin-
uum between the occupied and empty states. From a chemical
viewpoint the presence of low-lying acceptor orbitals on the
interior atoms of bulk metal can help to explain various
chemical phenomena such as the ready formation of many
carbides and hydrides and such processes as surface reorgan-
ization.

A detailed examination of the CYMOs of interior atoms
(Table II) reveals a contribution of 0.54 p orbitals per site.
Since most band calculations of bulk metals reveal little if any
p character, it would seem probable that the 0.4 discrepancy
is due mainly to the p-orbital contribution to the CVMOs and
that the low-lying empty orbitals of an atom in a metal lattice
would be of p character.

Surface Atoms. Most detailed chemisorption studies are of
interactions of small molecules with fundamental crystallo-
graphic habit planes. For face-centered cubic metals the most
studied surfaces are the (100) and (111) habit planes. The base
of the 14-atom square pyramid, 8, is representative of a (100)

plane. The central atom G has the environment of an atom
located on a (100) plane. This atom has 8 nearest neighbors
and 6.21 CVMOs (Table II). The faces of the 20-atom tetra-
hedron, 6, represent (111) surfaces. The central atom, K, has

9 nearest neighbors and 5.98 CVMOS. The (111) atom K has
more nearest neighbors than the (100) atom G and thus fewer
CVMOs.

If the 20-atom tetrahedron were made up of Ni atoms and
a stable carbonyl cluster compound formed, the K atom with
essentially six CVMOs would be expected to bind one CO li-
gand. The remaining five CVMOs would contain the ten Ni
electrons. A very similar chemical process would take place
ona (111) surface of a nickel crystal. If CO is chemisorbed
each Ni atom has the bonding capacity to bind one CO ligand.
An interior nickel atom has 5.28 occupied orbitals with a
number of unpaired electrons. A surface Ni atom cannot have
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this electronic configuration if a ligand is bound. Ligand
bonding will reduce the number of available orbitals to five and
force a pairing of spins. At low coverage the CO could bridge
two or even three Ni atoms without forcing such changes in
electronic configuration since available orbitals from the two
or three Ni atoms would be shared.

Edge Atoms. The exterior atoms of most of the known cluster
compounds are not representative of fundamental crystallo-
graphic habit planes, but are similar to edge or vertex atoms
of crystals. They would be characteristic of high-order stepped
or channeled surfaces, which have atoms with fewer nearest
neighbors. Table II lists the site analyses for the various edge
and vertex atoms found in clusters 1-6. Generally the number
of CVMOs is inversely proportional to the number of nearest
neighbors. The highest number of orbitals, 7.43, is found for
site I of the square pyramid 5, which has three nearest neigh-
bors. The edge atom E of the D3y, structure with seven nearest
neighbors has 6.23 available orbitals and is thus similar in
bonding capacity to a (100) atom.

The atoms with fewer than six nearest neighbors are rep-
resentative of the atoms of the known small cluster compounds.
These atoms have the bonding capacity and the geometry
needed for multiple ligand bonding. In homogeneous catalysis
most fundamental steps involve multiple ligand bonding.!® The
situation is likely to be the same in heterogeneous systems.
Edge atoms and the atoms of high-order stepped or channeled
surfaces have more orbitals available for ligand bonding. They
should thus be the sites of greatest reactivity.

Summary

The number of cluster valence molecular orbitals located
on any given metal atom of a cluster or an infinite lattice is
dependent upon the site geometry. In cluster-compound
chemistry this number of available orbitals will determine
compound stoichiometries and structures. In analysis of bulk
metals this number of available orbitals can be used to deter-
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mine electron configurations and the bonding capabilities of
surface atoms. Discrete stoichiometric cluster compounds are
good models for chemisorption onto bulk metals and we believe
that the simple qualitative molecular orbital approach pre-
sented here can help establish their detailed relationship.

Acknowledgment is made to the donors of the Petroleum
Research Fund, administered by the American Chemical
Society, for support of this research.
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Abstract: The metal 2p3/,, carbon 1s, and oxygen Is binding energies of the gaseous molecules Co2(CO)s, HCo(CO),, Fe-
(CO)s, HyFe(CO)4, Mny(CO)19, and HMn(CO)s have been measured by X-ray photoelectron spectrascapy. From qualitative
cqnsiderations of the binding energy shifts on going from the transition-metal carbonyls to the corresponding carbonyl hy-
drides, it is concluded that the hydrogen atoms in the carbonyl hydrides are negatively charged. By application of the potential
model, approximate hydrogen atom charges of —0.3, —0.8, and —0.75 are calculated for HyFe(CO)s, HMn(CO)s, and

HCo(CO),, respectively.

Introduction

It has been well established that chemical shifts in core
electron binding energies are related to changes in atomic
charges.!? In general, an increase in core binding energy
corresponds to an increase in the positive charge of the atom.
However, it is recognized that changes in binding energy are
not always entirely due to changes in atomic charge; sometimes
they are at least partly caused by changes in the electronic

0002-7863/79/1501-2607$01.00/0

relaxation energy associated with core ionization.>*# Fortu-
nately, this relaxation energy is essentially the same in com-
pounds which have similar molecular structures in the vicinity
of the core-ionizing atom. For example, the calculated’ C 1s
relaxation energies for CH4 (15.89 ¢V) and CH3F (15.92 eV)
are quite similar, whereas that for CO (11.91 eV) is consid-
erably different from both values. Hence core binding energies
Jor a series of carefully chosen molecules with similar
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