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A. INTRODUCTION

The chemistry of transition metal cluster compounds has grown to be a
major research effort in inorganic chemistry. Interest in these complexes has
been motivated by curiosity, as well as by the fact that such complexes show
activity toward carbon monoxide and hydrogen activation [1-14]. Further-
more, these compounds may provide stercochemical models for caialytic
reactions which proceed on metal surfaces [15-22]. Of course, diffgrences are
expected [23-25].

Examples of reactions which are catalyzed by metal carbonyl or hydrido-
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carbonyl clusters are numerous. Recent work by Ford and co-workers has
demonstrated catalysis of the water gas shift reaction by metal cluster
compounds derived from Ir,(CO),;, H,Ruy(CO),,, H Ru (CO),,
Rh(CO),,, H;Rey(CO),,, and H,FeRuy(CO),; [26]. A diamine/Rh(CO);
mixture has also been examined as a catalyst for the water gas shift reaction
[27]). Rhodium carbonyl cluster complexes, derived from Rh(CO),s, were
thought to function as catalysts in the Union Carbide process for the
production of ethylene glycol from synthesis gas [28]. Catalysis by supported
metal clusier compounds has also been demonstrated [29-33]. Humphries
and Kaesz have reviewed the reaction chemistry and stereochemistries of
transition metal hydridocarbonyl cluster complexes [34]. Reports of their
catalytic activity have also appeared [15,16,35].

Knowledge about the electronic structure of transition metal clusters may
provide a fundamental basis for understanding the bonding and reactivity
properties of these materials. Accurate knowledge about the electronic
structures of aromatic organic molecules has led to detailed theories for their
thermal and photochemical reactivity. By comparison, the electronic struc-
tures of metal cluster complexes are less well defined. A number of reviews
have appeared dealing with electronic configurations in transition metal
clusters [36—49], but no extensive survey has appeared in the last decade. At
that time, theoretical work was limited to electron counting approaches
[50-55], Kettle’s topological method [56—61], and simple MO calculations
[62—64]. Spectroscopic data available at that time was also relatively scarce
[10,11,49,65,66]. The intervening increases in computing capabilities have
allowed more sophisticated calculations to be performed, such as those
employing the Xa method. Studies concerning the effect of geometrical
structural changes on the electronic structure may now be performed with
semiempirical approaches, such as extended Hiickel theory. Application of
physical techniques such as photoelectron spectroscopy has provided new
experimental data concerning energies of molecular orbitals and their atomic
character {67].

This review summarizes spectroscopic and theoretical investigations per-
taining to the nature of the metal-metal bond in transition metal cluster
complexes. Only clusters with three or more metal centers, and which display
strong metal-metal interactions will be considered. We have attempted a
comprehensive survey up to late 1980 and in many instances the available
knowledge may be limited. There are few complexes where one can be
certain about the validity of the electronic structural model. For this reason
it is difficult to be critical about the various models without incorporating
our prejudices. We have tended to expand the discussion of key systems
where a consensus of opinion has been achieved. In most instances we defer
the decision of which approach is the “best” to the reader; although our
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views regarding the reliability of various theoretical models are provided in
the following section. The electronic structures of dimeric species have been
extensively reviewed elsewhere [68—75] and are not included in this work.
Clusters where the metal atoms interact weakly through exchange interac-
tions, as in Ru;0X(L; [76—79], Cu,OX (L, [80-82], (L =ligand) and large
copper clusters [83—-87] will not be reviewed. Non-stoichiometric compounds
such as Cu, S [88] and lanthanum halides [89] will also be excluded.

First we deal with the theoretical studies. The common methods include
complete neglect of differential overlap (CNDO), linear combinations of
atomic orbitals— MO (LCAO-MO), extended Hiickel MO (EHMO), and
Xa calculations. A survey of the results for naked atom clusters will be
included in these discussions. The spectroscopic section deals with photo-
electron, optical, electron spin resonance, resonance Raman, Mossbauer, and
magnetic circular dichroism spectroscopy. Magnetic susceptibility and mass
spectrometry studies will be cited when relevant.

The third section highlights the photochemistry of transition metal clus-
ters, because of the intimate relationship between electronic structure and
photochemical behavior. This survey will center upon photoreactivity and
not upon preparative aspects such as the formation of M, Fe(CO),, (M = Mn,
Re) [90-92] and Cp,Rh,(CO), [93,94].

B. THEORETICAL BACKGROUND

A number of theoretical approaches to the description of the electronic
properties of transition metal cluster compounds have been introduced.
Although the complexity of these molecules initially restricted theoretical
discourse to qualitative models, recent advances have allowed a more
quantitative insight. The polyhedral skeleton electron pair theory, developed
by Wade and Mingos, has been quite successful in predicting the structures
of metal clusters, as had been done with boron cage compounds [50-54,95—
97]. By enumerating the number of electron pairs directly involved in the
metal-metal bonding, a closo-, nido- or arachno-type structure can be
predicted. Recent reports have suggested, however, that the { BH},, systems
and metal cluster compounds are not entirely analogous [98-100]. The
valence bond approach has been championed by Pauling to explain trends in
structures, bond energies, and bond lengths in transition metal clusters
[101-105]. Other workers have claimed valence bond theory to be incapable
of explaining certain features of electron deficient clusters [62,106]. The
electron-in-a-box approach has been examined as a possible useful alterna-
tive [107], and ligand field theory has been applied to metal clyster com-
plexes as well [108]. Lauher’s cluster valence molecular orbital method
[109,110] treats the ligands only as perturbations of the electronic configura-
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tion of the metal core. In this scheme, the number of valence electrons in the
cluster is used to predict the geometry of the metal framework. The appli-
cation of Lauher’s theory to molecular cluster species has been very success-
ful. This approach was later modified and applied to large close-packed
cluster compounds [111]. The conflicting hypothesis that the cluster geome-
try in metal carbonyls is directly determined by the symmetry of the
close-packed CO polyhedron has also been broached. This model attempts
to account for steric constraints [112,113] and minimize the non-bonding
interactions [114].

The complete neglect of differential overlap iechnique, originally designed
for organic molecules, has been adapted for heavier nuclei [115,116]. This
has allowerd a simple semiquantitative analysis of the electronic structure of
some high symmetry clusters [117-120]. The extended Hiickel approach has
been the most widely used [121-126], and until the introduction of the more
sophisticated X« method [124,126], the most successful quantitative model.
Excellent detailed treatments of the theoretical methods employed by in-
organic chemists are available [127]. The following discussion provides only
a brief introduction to the EHMO, CNDO, Fenske—Hall, and Hartree—
Fock-Slater (HFS or Xa) computational procedures.

(i) Technigues

In terms of the required computational effort, EHMO remains the most
economical technique. It starts with the LCAO-MO approximation and
expresses the wavefunction for a metal (M)-ligand (L) bond as

Y, =a¢y +bo,

For more complicated systems ¢,, and ¢, are normalized symmetry adapted
linear combinations of atomic orbitals that belong to the same irreducible
representation of the molecular point group [128]. If there are only two such
species, the secular determinant assumes the form

H,, —e¢ Hy, — Sef
Hy —Se H—c | 0
where ¢, the eigenvalues, are the orbital energies (which one solves for) and S
the group overlap integral. The H,, and H, are semiempirical quantities and
set equal to valence state ionization energies (VSIE’s) or valence orbital
ionization potentials (VOIP’s). The VSIE’s may be related to the charge and
configuration of the M and L atoms {128]. A population analysis is then
used to determine atomic charges and configurations. This procedure yields
new values for H,, and H; that are substituted back into the secular
determinant. When this sequence of operations is repeated, one has the
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self-consistent charge and configuration (SCCC) EHMO type of calculation.
In the preceding types of computations, the H,,, matrix elements are usually
approximated as:

Hy, =(1/2)S(Hy\ + H.), the Mulliken approximation;
Hy,, =(/2)FS(H,, + H,), the Wolfsberg—Helmholz approximation;
H,, = —2F(HyH;)'/?, the Ballhausen—Gray approximation;

where F fioats somewhere between 1 and 2. The exact choice of the various
parameters is something of an art, but when done properly useful results
may be obtained. The limitation of this method is that one cannot reason-
ably expect to obtain accurate absolute transition energies from Hiickel
methods.

Probably the most useful application of Hiickel theory is to study geomsat-
rical influences upon electronic structure. Because of the minimal compula-
tional requirements of EHMO, it is possible to sample many different
geometries and predict bonding trends. Even the ab initio devotee might
consider using an accurate calculation to calibrate (i.e., empirically fit) an
EHMO computation for the same geometry. One could then use the latter
theory to extend one’s knowledge about the potential surface. Unfortunately
there have been few conformational studies of large cluster complexes.

The CNDO procedure is based upon Roothann’s SCF—LCAO-MO
method

m
¢, = 2 Cx,
r=1
where the trial molecular wavefunctions, ¢, are expressed as a linear
combination of atomic wavefunctions x, and there are m atomic functions in
the basis. These ¢, are then substituted into the Hartree— Fock equations. For
a closed sheli case the eigenvalue problem assumes the form

(Aol + 2 @20~ K M)} 0,() = €i0,01)

where H_ . includes the electron—auclear attractive potential and the elec-
tron kinetic energy operator. Electron—electron interactions have a repulsive
component due to Coulomb’s law (the J;) as well as a contribution arising
from the quantum mechanical “exchange attraction” (the K;) between
electrons of the same spin. If the preceding equations are left multiplied by
¢, and integrated, one arrives at the matrix formulation (SCF-LCAO-MO
procedure of Roothaan)

FC=SCE

where F is the Hamiltonian matrix, C the eigenvector matrix, S the overlap
matrix and E the diagonalized eigenvalue matrix. To solve the problem one
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guesses a set of coefficients for the eigenvectors of occupied orbitals, then
calculates J; and K potentials to yield an F and S. Then solve for E tc
compute a new C and continue the cycle until convergence obtains. The
CNDO approximation further assumes that: (1) S is the unit matrix (i.e.,
zero differential overlap); (2) (x| H o |X ;) =0 unless x; and x ; (individual
atomic basis orbitals) are located on the same atom; (3) in the electron-
electron repulsion and exchange integrals x,(1)x,(1) =0 when r=£s (i.e,
complete neglect of the differential overlap). Useful empirical expressions
are available for the two center—two electron integrals and diagonal F,,
elements are available for first row atoms. Unfortunately, one has to
calculate these quantities (generally using Slater type orbitals) for inorganic
complexes. Frequently, poor results are obtained and one should cautiously
employ results from a CNDO calculation. A more successful approximate
SCF-LCAO-MO strategy has been developed by Hall and Fenske [129].
Diagonal F matrix elements are calculated exactly, except that the Coulomb
potential due to neighboring atoms employs a point charge approximation.
These charges are determined with the aid of a Mulliken population analysis.
Off diagonal elements are estimated with a modified Mulliken approxima-
tion.

Local density methods were given renewed impetus by the theorem of
Hohenberg and Kohn [130], that proved the electron density of a system
uniquely fixes its energy and potential. The HFS or Xa approximation [131]
replaces the Hartree— Fock exchange potential operator K; with that of a free
electron gas

[KXat()] = —6] 2=p1(1)]

where «a is a scaling factor, generally fixed for an atom by making the HFS
atomic electron density agree with the HF density. In most cases a is about
0.7. This equation also illustrates the origin of the name Xa (exchange
alpha).

Although it has been argued [131] that X« is superior to HF (due to
inclusion of some correlation), the two theories are roughly comparable. One
must not forget that even HF theory fails miserably in cases where electron
correlation effects are important [132]. In practice, further approximations to
the Coulomb potential are necessary to facilitate the calculation of electron—
electron matrix elements. The simplest approximation, the muffin tin (MT)
X e, assumes spherical symmetry of the potential within touching spheres
around each atom. In the large extra sphere volume, the potential is assumed
constant {131]. Obviously, atomic environments in many molecules are not
spherically symmetrical and the MT approximation is a poor one, in
molecules with a strong bond, e.g., CO. The problem may be alleviated
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(SCF-Xa-SW) by allowing the spheres to overlap and thereby allow some
flexibility in the description of ithe bonding (overlapping) regions {133].

The other approach to the solution of Poisson’s equation for the Coulomb
energy has been to employ numerical methods to approximate the difficult
integrals. This technique, called the discrete variational (DV) method {134},
computes values of the functions to be integrated on a grid of 100010000
points disiributed throughout the molecule. Numerical accuracy is de-
termined by the density of sampling points. It is still convenient to expand
the molecular charge density in spherical harmonics localized on each atom.
The latter expansion may be determined by an analytical least squares fit
[135] or approximated by an § wave expansion from an orbital charge-
population (SCC) analysis [136]. For the theoretical purist, the DV approach
offers no adjustable parameters, other than the usual basis set flexibility.

There is an important difference between an Xa and HF orbital energy
scheme. An Xa orbital energy ¢, is the partial derivative of the total energy
with respect to the occupation number 7, for that orbital. This contrasts with
HF theory where a spin orbital is either occupied 7, =1 or not y; = 0.
Consequently, the Xa €, are not expected to be equal to the HF ¢;. In some
respects this might be a disadvantage because Koopman’s theorem cannot be
applied; however, Xa theory readily predicts spectroscopic energiecs and
allows for orbital relaxation effects via the “transition state”. Details of the
procedure are provided elsewhere [131] and we will illustrate the principle
with an example. To calculate the ionization potential for removal of an
electron from orbital ¢,, we calculate the energy, €,, with 1/2 an electron
removed from ¢,. Note, this corresponds to a pseudo transition state (i.e.,
halfway point) for electron loss. The advantage of the transition state
approach is the rapid convergence of the calculation, once the ground state
wavefunction has been determined.

(ii) Naked atom clusters

Naked atom clusters are plausible models for metal surfaces and crystal-
lites [137—149]. A number of theoretical articles specifically examined the
interplay beiween electronic structure and chemisorption on small clusters
and surfaces [117,144-146,148,150—-159]. Reflecting their relative impor-
tance in heterogeneous catalysis, most of these calculations have centered on
the noble and group eight transition metals.

Extended Hiickel MO caiculations (EHMQO) have been widely used in
characterizing these materials. Anderson employed this theoretica! approach
to explain not only the photoemission from bulk copper surfaces (using Cu,;
as the model), but also the structures and optical spectra of small (up to
Cu,) copper clusters [140,141]. He found the Cu, fragment to be linear and
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quite stable, as has been proposed for Ni, [160]. The lowest energy optical
transitions occur at approximately 20000 cm™! and were assigned to the
valence electron transitions lso, — 2so, and ldo, — 250, [140]. A “Z-
shaped” configuration is predicted for the weakly bound Cu, cluster, which
more exactly approximates two weakly interacting dimers. Pentanuclear
copper is also predicted to be linear. In the higher nuclearity clusters
(= Cu,), specific assignments of electronic bands are difficult due to exten-
sive overlap of the sundry transitions. Calculations on the Ni; and Ni,
species shows them to be linear, barely more stable than the ring conforma-
tions [160]. The most stable structures of Ti,, Fe, Cr, and Ni_  (x = 3-6)
clusters were computed and compared {145]. The results are summarized in
Table 1. The titanium clusters appear to prefer tight structures with posi-
tively charged corners, whereas nickel adopts open, ring-like conformations
with negatively chargrd vertices [145]. Subsequent ab initio effective core
SCF calculations on small rickel clusters (up to Nig) confirmed the pre-
ferred configurations as determined by the extended Hiickel method [161].
The greater stability of linear Ni; with respect to the ring conformation was
attributed to Jahn-Teller destabilization in the D;, geometry which leads to
ring opening. In general, the nickel species could be described as arrange-
ments of Ni atoms localized in 3d° electronic configurations and bound by
their 4s electrons (ca. 1 per Ni atom). Silver adopts linear chains for species

TABLE |

Preferred geometrical configuration of some naked atom clusters as determined by extended
Hiickel molecular nrbital calculations

Cluster Most stable geometry (Point group)

Ti;, Cry, Fe; Triangular (D3,

Ni, Linear ( D,,;,) slightly preferred over triangular ( Dy,)

Cr,, Fe, Tetrahedron (7y), square ( Dy, ), and rhombus ( D) are essentially isoenergetic
Ni, Square ( D,,) slightly preferred over linear (D, ;)

Ti, Diamond ( D, ) over square ( Dy, ) due to Jahn—Teller distortion
Fe, Squars pyramidal (Cy,)

Cr, Pentagonal ( Ds,)

Tig Triangular bipyramidal { Dy, )

Nig Pentagonal ( D)

Tig Octahedral (0),)

Crg Triangular Prismatic ( Dy;,)

Feg Hexagonal ( Dgy, )
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containing less than thirty atoms, beyond which a face centered cubic lattice
is the most stable allotrope [137,162,163]. Baetzold has applied EHMO to
metal atom clusters as large as 55 [162]. The calculated ionization potentials
and electron affinities approach those known for the bulk metals. In general,
the calculated IP’s are greater and the EA’s less than those of the surface.
Bond energies also tend to be lower for the clusters and they bind substrates
less well than the extended metal [162,163]. The calculations attempt to
rationalize catalytic activity based upon the electronic properties of isolated
metal clusters.

Hartree—Fock calculations for nickel species up to Nig, indicate that the
IP converges to the bulk value by Ni,;; however, the cluster EA’s are lcw
(2.5 eV) even for Nig, [164]. Conduction bandwidths are similar (ca. 16 eV)
in both the bulk metal and clusters larger than 80. The electron density at
the surface atoms is significantly lower than bulk nickel, which may explain
the differences in chemisorption and catalytic properties. Differences in the
electronic properties of fine metallic particles versus bulk metal have been
defined [24,25,165]. The small clusters show greater paramagnetic suscep-
tibility, smaller heat capacities, and slower relaxation processes. Copper
microcrystals have been found to exhibit geometric disorders and bond
length anomalies as well [140]. In addition, small naked metal atom clusters
have very large spacings of energy levels [24].

Matrix optical spectra of small silver clusters have been discussed, em-
ploying EHMO calculations on Ag, and Ag, fragments [166]. The results
were deemed inadequate for an accurate assignment of electronic transition
energies. These authors questioned the ability of previous workers [167] to
make definitive statements concerning the assignment of a certain band to a
particular cluster. Mixed chromium-silver trimers have been isolated and
their optical spectra elucidated with the use of the EHMO method [168].
Anderson has also explained the matrix shifts observed in the optical spectra
of small Cu and Ni clusters as a result of antibonding interactions between
the metal’s 45 and 4p levels and the argon’s 3p orbitals [140,160]. A
qualitative crystal field rationale also accounts for the observations [169,170].
In light of the ability of EHMO to determine ground state geometries and
properties, the procedure was recently defended [141] against criticisms that
it was (1) more inaccurate, and (2) more parameter dependent, than the X «
method [125,126}.

Chemisorption and its effect on electronic structure have been examined
by Anderson and Hoffmann {152]. They arrived at the following conclusions
regarding the surface-substrate interaction:

(1) Charge transfer occurs upon chemisorption of adsorbate in accordance
with the relative electronegativities.

(2) Adsorbed molecules tend to dissociate due to Coulombic repulsions
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that result from filling the antibonding orbitals.

(3) There are strong attractive interactions between adsorbate and sub-
strate which are independent of orientation.

(4) Step and corner sites exhibit the strongest substrate binding. This had
also been found previously in work that employed less elaborate models
[148,149,157}.

(5) EHMO calculations can explain the photoemission of adsorbed mole-
cules on-W(100) and Ni(100).

Anders et al. investigated H and N adsorbed on W, clusters to model
W(100) in the same fashion as above [150,151]. The preferred binding site
was 5 coordinate. The net W—N bond order in that site was 2.85. Hiickel
calculations for N, on a trimetal fragment have also been reported [171].
Chemisorption of 54 transition metal atoms (M) on a tungsten surface has
been modeled by W,(u,-M) [154-156]. Using CNDO and extended Hiickel
theory, the bonding was described in terms of a surface molecule. Hamilton-
ians developed by Anderson [172] and Hubbard [173,174] were employed to
give a more elaborate description. Adsorption was predicted to be predomi-
nantly neutral.

Catalytic activity and hydrogen solubility of nickel, palladium, and
platinum have been related to the properties of H adsorbed on small
clusters. Metal-hydrogen bonding is dominated by the 4 orbitals in Pd and
Pt, but in the case of Ni, the 45 orbital is most important [175-177]. It had
been previously thought that 4 orbitals dominated substrate binding on most
surfaces [178,179]. A CNDO-MO calculation of H on a Ni,, unit shows the
hydrogen to be most stable when located directly over a hole site in the
nickel surface [117.176). The binding energy was computed to be 73 kcal
mole ™!, in good agreement with experimental measurements of 67 kcal
mole ™! [180]. Much less stable {26 kcal mole ') was the placement of
hydrogen direcily over a nickel atom. The importance of the Ni 45 and 4p
orbitals in the metal-hydrogen bonding was emphasized, as the hydrogen
assumed some negative charge; however, these results do not agree with
earlier EHMO calculations that favor a hydrogen directly above a nickel
atom [176]. Another EHMO study supported the CNDO results, showing the
H cver a hole to be 7 kcal mole ~! more stable than that directly above a
metal atom [181]. Calculations for isostructural copper clusters indicated an
even stronger contribution from the metal 4s orbital [176]. Thus, it would
appear that Ni and Cu clusters utilize significantly more metal s orbital
character when binding substrates than do their heavier cogeners. Van Dyke
also looked at H chemisorption on Cu and Pt. No clear-cut conclusions
could be made concerning the electronic properties of these materials [153].
Some Xe calculations on the Pd, and HPd clusters have been reported and
the predicted core level shifis upon H binding agree with the XPS data [182].
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One of the more popular subjects for atomic cluster calculations has been
CO binding to small nickel clusters. Hiickel calculations for planar Nig and
Ni,; with CO revealed asymmetrical bridge binding of CO to two nickel
atoms [183]. In contrast with earlier studies [184,185], there was a slight
preference for terminally bound CO over the bridged isomer [183,184]. A
CNDO calculation for a planar Ni;,—CO cluster attempted to assign the
photoelectron spectrum [118]. Although the quantitative agreement was
poor, the predicted spectral band shape was correct. Unlike other calcula-
tions [183,186,187], this study claimed that the surface-CO binding enerzy
was insensitive to orientation. The binding of CO to Ni,_g clusters has been
examined with the Xa method [188,189]. Contrary to earlier work [190,191],
the importance of Ni 4s and 4p orbitals was demonstrated. Energy levels for
Ni,CO and Ni,CO closely resemble the PES of CO on the Ni(100) surface
[189]. Ellis and co-workers have performed a HFS study of Ni CG [186,187].
They noted the similarity to the PES of CO on Ni(100) and computed the
binding energy as a function of the CO to surface distance.

The energetics of CO binding to small iron clusters has also been carried
out using the EHMO approach [192]. The calculated energy for the iron—
carbon bond was estimated at 29 kcal mole ~!. A planar Fe, cluster was used
as the model. Employing a simpler linear metal cluster gave a much higher
value (42 kcal mole ~!), indicating a three-dimensional cluster would be the
best approximation of the surface. Studies on Fe5(CO) gave bond energies
comparable to that for Fe,(CO). The preferred coordination site appears to
be triply bridging instead of terminal [192]. The results were compared with
experimental data and simpler model systems.

The Xa method has been used primarily in the study of chemisorption
effects, although Yang and Bambakzdis have carried out calculations on the
naked Pd; cluster [163]. Rosch and Menzel examined hexanuclear silver,
nickel, and copper clusters and found similar bandwidths and d-band /Fermi
level gaps as those in the bulk metals [144]. Studies on large iron clusters
achieve the same degree of accuracy with regard to magneiic as well as
electronic properties of the metal [193]. Small silver clusters, Ag, (n = 2-6),
have been examined by Xa techniques and the resulting energy diagrarans
used to aid the assignment of optical transitions [194]. Octahedral species
such as Nbg, Mo,, W, and Ta, show electronic properties approaching those
of the bulk metals [195]. Investigation of size effects in the niobium series
indicated that an increase in the number of atoms increases the bandwidth
while decreasing the energy of the Fermi level. An interpretation of the
photoemission spectrum of oxygen on Ag(100) was derived from a calcula-
tion of Ag,O [144]. Shifts in the UPS spectra of analogous Ni, O and Cu O
species were rationalized. A similar calculation on these clusters by Head et
al. supported these conclusions [196]. In the Ni O system, oxygen prefers a
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fourfold site and the computed energy diagram corresponds well with the
He(I) photoelectron spectrum [196]. The Xa calculation of O, and CO on
Pt, shows partial dissociation of O, into oxygen atoms upon adsorption
[197], whereas CO remains intact. The carbon monoxide should preferen-
tially occupy a hole site on the platinum surface, in agreement with SIMS
studies [198]. A paper describing the electronic structure of Ni S has also
appeared [199].

Other approaches have been presented. Gaspard used a tight-binding
model in his calculations of Cu,; [200]. Bullett and O’Reiliy developed a
pseudopotential to ease the computational demand, and demonstrated its
applicability to small cluster systems [142]. In accordance viith otiier studies,
the addition of metal atoms to the cluster broadened the d-band and
decreased the gap to the Fermi level. It is interesting that the electronic
structure of coordinated CO was nearly indistinguishable whether terminal
or bridging [142].

(iii) Trinuclear cluster complexes

The work on trinuclear clusters has centered on the metal carbonyls
M,(CO),, where M = Fe, Ru, and Os and the rhenium halides Re; X5,
(n=0-3) (see Figs. 1 and 2). These complexes are attractive candidates for
theory because of the availability of large amounts of experimental data,
especially photoelectron spectra, and the metal-metal interactions appear to
be strong.

7
Fig. 1. Molecular structure of M;(CO),, (M = Ru, Os).

Fig. 2 Molecular structure of Re; X, (X =Cl, Br).
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A simple LCAO-MO calculation was employed to derive a qualitative
energy diagram for the d-derived molecular orbitals in Rej™ [62]. The
symmetries of both the LUMO and the HOMO were predicted to be e”.
This was offered as a model for Re,Cl, and it was claimed that valence bord
theory and its 2 electron—-2 center approach could not account for the
bonding without introducing awkwardly bent bonds, ad hoc assumptions, or
unpaired electrons. Ferguson et al. adopted a similar approach to Re;Cly,
and emphasized the importance of metal-metal # type orbitals to account
for the very short rhenium-rhenium bond lengths [63]. Korol’kov and
co-workers have aiso performed a series of MO calculations of these com-
pounds [201-203]. They found the ¢ and = contributions to the Re-~Re bond
to be equal [201]. A list of calculated bond energies for the chloride and
bromide systems is given below (see Table 2). The agreement with thermody-
namic and mass spectral data is said to be good [202]. The bromide cluster
was predicted to have stronger metal-metal bonding, but weaker metal-
ligand bonds. .

Recently, the SCF-Xa-SW method has been applied to Re,Cly and
Re,CI3; [204] (see Fig. 3(B)). In agreement with qualitative predictions, the
HOMO was found to be e’ with approximately 60% metal character. Tae
LUMO was of a}’ symmetry, and permitted assignment of the two lowest
energy bands in the electronic spectrum of Re,Cl}; [204]). Discrete varia-
tional Xa calculations have been reported {205] for Re,Cl, and Re,Cl;~
[205] (see Fig. 3(A)). An interesting qualitative feature of these studies was
the stability of 3a,, the cluster ¢ bonding level, which has the metal-metal
bonding lobes directed toward the center of the trirhenium core. This strong
interaction would be expected to weaken bonds that could be formed at the
vertices of the triangle, and would explain why additional ligands, L, in
Re, X L, compounds, are not bound tightly [205]. Bursten et al. incorpo-
rated relativistic corrections in their SCF—Xa~SW calculation [206] (see Fag.
3(C)). They also carried out a Fenske—Hall type calculation that gave a
slightly different energy level diagram (see Fig. 3(D)). These data were uszd
to rationalize photoeclectron and electronic spectra [206].

TABLE 2
Calculated bond encrgies (kcal mol ~') in Re; X ¢ (X = Cl, Br) cluster compounds

Bond Re;Brg Re,Cl,
Re-Re 103 85
g#—Re—X-Re 73 90

Re—X (terminal) 58 72
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T-ig. 3. Calculated energy diagrams for Re;Cly. (A) SCC-X a—-DV calculation. (B) SCF-Xa-
SW calculation. (C) SCF-Xa-SW calculation with relativistic corrections incorporated. (D)
Fenske—Hall calculation. The highest occupied molecular orbital has been adjusted to 0 eV
for comparative purposes. Only metal localized orbitals are labelled.

Fenske—Hall and variou; Xa calculations of Re,Cl; are compared in
Fig. 3. The reasonable agreement between the three Xa calculations is
encouraging. Predominant metal-metal bonding orbitals are connected by
dashed lines in the figure. All X« studies concur on the nature of shallow
valence orbitals apart from minor (0.5 eV) shifts. More significant dif-
ferences are found among the deepest occupied valence orbitals. Although
there is a consensus on the relative ordering, the absolute orbital energies
differ substantially (=2 V). Considering the differing treatment of core
electrons in the three studies, this may not be so unreasonable. Unfor-
tunately, the published photoelectron spectra are not particularly informa-
tive in this spectral region. Major qualitative discrepancies cccur between the
Xa and Fenske-Hall models for Re;Cly and the UV photoelectron data
appears to be more consistent with the Xa scheme.
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TABLE 3

Estimated force constants for metal-metal stretching modes in some small metal carbonyl
clusters

Cluster Metal-metal force constant (N /m)
Ru4(CO),, 83
Os 3(C0) 12 106
H,yMn(CO),, 37
Co,(CO),, 542
Rh (CO),, 81®
Ir (CO),, 159
2 For non-bridged bond.
a
2+
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Fig. 4. Calculated energy diagram for Ru;(CO),,. (A) Xa-DV calculation using a’maltipolar
potential. (B) SCC-Xa-DV calculation. (C} Extended Hiickel MO calculation. (D) Completz
neglect of differential overlap model calculation. The highest occupied molecular orbitals
have been adjusted to 0 eV for comparative purposes. '
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The first molecular orbital calculation for a metal cluster was performed
on Fe,(CO),, [207). A linear geometry, as proposed by Sheline {208], was
used instead of the correct triangular arrangement of metal atoms [209,210].
Korol’kov and Mies: ner were the first to consider the electronic structure of
a triangular.M;(CO),, cluster, Os;(CO),, (see Fig. 5(C)) [211]. Their calcula-
tions predicted force constants for the metal-metal and metal-carbon
bonds, bond orders, dissociation energies, and first ionization potentials
[203,211]. Normul coordinate analyses of the simple trinuclear carbonyls
Ru;(CO),, and Osy(CO),, as well as the M ,(CO),, clusters (M = Co, Rh, Ir)
have predicted force constants for the metal-metal bonds (see Table 3) [212].
A good correlation was found between their calculated bond orders and
known bond distances. Employing the CNDO method, an energy diagram
was derived and used to expiain the photoelectron spectrum of Ru,(CO),,
[119] (see Fig. 4(D)). Tyler et al. studied the electronic structure of all the
M (CO),, clusters (M =Fe, Ru, and Os) [213]. An EHMO calculation,
performed on the Ru(CO), fragment, was used to construct an energy level
diagram for Ru,;(CC),, (see Fig. 4C)). Three allowed transitions to the
metal-metal 6* orbital were predicted. Assisted by spectroscopic techniques
such as magnetic circular dichroism and polarized single crystal studies, a
complete assignment of the electronic spectrum was proposed (see Table 4).
The Os4(CO),, spectrum was analyzed similarly, postulating stronger metal—
metal interactions and, therefore, a larger bonding—antibonding splitting.

Recent Xa calculatious concur with the assignment for the lowest allowed
electronic transition (2e’ — la}) in Ru,(CO),, {see Fig. 4(A),(B)) [214]. For
the second ailowed transition the 2a] — 3e’, one electron excitation is

TABLE 4

Electronic spectral data for trimetal dodecarbonyl systems

Complex A oy (nm) ex 1079 Assignment ®
Ru;(CO);, 390 0.64 o-—o*
320 sh o* —>o*
270 sh
238 3.50 MLCT
0s4(CO),, 385 sh 0.36 0% —>o*
330 0.86 o—>0c*
280 sh
240 248 LMCT
FeRu,(CO),, 470 sh o¥ > o*
380 0.88 c—>o*

2 As given in ref. 79.
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expected to be slightly lower in energy than le’ — 1aj. This result is at odds
with the high placement of 3e’ (and hence the 2a; — 3e’ transition) by the
EHMO computations. Good experimental data has only been obtained for
the lowest energy electronic transition which must conform to 14} — 1E".
Resonance Raman spectra exhibit enhancement of the a; cluster breathing
mode, as might be anticipated for a metal-metal antibonding excited state.
Consistent with these results, the la) orbital was predicted to be a
cyclopropane-like o* orbital composed of in-plane Ru 44 and 5p character.
In addition, the wavelength dependence of the Raman spectrum evidenced a
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Fig. 5. Calculation energy diagrams for Os;(CO),,. (A) Xa—-DV calculation using a mul:i-
polar potential (L = 1). (B) SCC-Xa-DV calculation. (C) Extended Hiickel MO caiculation.
The highest occupied molecular orbitals have been adjusted to O eV for comparative purposes.
The occupied orbitals shown are all metal localized.
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Jahn-Teller distortion, consistent with the degenerate nature of the excited
state. A similar energy diagram to Ru,(CO),, was calculated for Os,(CO),,
(Fig.5), with an identical ordering of metal-localized orbitals, but the
ordering of electronic transition energies differs. The case of Fe;(CO),, is not
clear due to the presence of bridging carbonyls. There are additional bands
in the electronic spectrum of the latter complex, which are as yet unassigned.
The EHMO approach was applied by Schilling and Hoffmann to the
hypothetical Dy, iron analog [215]. The HOMO was found to be a4j in
symmetry and three center metal-metal bonding in character. The same type
of energy diagram was derived for the carbon tricobalt cluster compound,
Co,(CO),CH {215]. A number of other M;L, (ligand) clusters have been
considered and the isolobal nature [50-52,216-222} of various ligands
discussed. Evans considered the hypothetical Fe,;(CO), and Co,;(CO); com-
pounds via EHMO in order to sxamine compounds based on these cores
[223]. His method of computing Coy(CO)y, combining three M(CO), frag-
ments, was compared to results obtained by considering the M; core first
and then adding nine carbonyls. Evans found the two methods gave essen-
tially the same picture, but warned that care must be taken with the second
approach. The geometry of the incoming carbonyls appears to be especially
critical. Distortions in this superstructure may well alter the occupation of
certain levels, as shown for Nig(CO)%; [223].

Dahl and co-workers have studied numerous organometallic chalcogenide
complexes by single crystal X-ray diffraction, and have taken a special
interest in trinuclear cobalt carbonyl complexes with sulfur ligands [224-227].
The cluster, Co,(CO),S, is isostructural with the well known Co,(CO),CX
compounds mentioned above, except that it possesses one extra electron. A
simple LCAO-MO calculation shows that the additional electron may reside
in either an e or a, orbital. Occupation of an e orbital would be expected to
cause a Jahn-Teller distortion, which is not detected in the crystal structure
[224,225]. The electron was thus assigned to the a, orbital and this was
supported by single crystal ESR measurements [225]. This electron resides in
a strongly metal-metai antibonding orbital, and accounts for the long
cobalt—cobalt distances. The structure of FeCo,(CO),S, which has one less
electron than Co4(CO),S, displays much shorter metal-metal bond lengths,
consistent with loss of the antibonding electron [224,226]. The same qualita-
tive MO diagram should be valid for Co,(CO),(p,-SC, H;) (p,-CO), which
has two electrons in the a, orbital [227]. The diamagnetism of the compound
again suggests that the a, orbital is filled instead of the e antibonding one.
Applying Coulson’s definition of bond order in the molecular orbital scheme
[228], the cobalt~cobalt bond order is +2/3, whereas valence bond theory
predicts a bond order of one.

Semi-empirical LCAO-MO techniques have found widespread usage.
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Vahrenkamp et al. examined another cluster containing sulfur ligands,
S,Ni;Cp, [229]. The odd electron in this system occupies the highest
antxbondmg orbital, again making the bond lengths longer than expected.
Bullett examined the Nb,I; cluster using LCAO-MO for an isolaied moie-
cule as well as a band calculation for the solid [230]. The MO calculation
showed six electrons in metal-metal bonding orbitals, and one electron in a
localized high energy state. Due to orbital symmetry, this level cannot
delocalize to other clusters, explaining its non-metallic conductivity behavior
in the crystalline state. The density of states computed in the band calcula-
tion showed the same basic features, with a wide valence band (ca. 5 eV) and
a large energy gap between the HOMO and the d-band. Cotton used simple
LCAO-MO methods to describe the bonding in oxide clusters such as
Mo,04~ [231). Each Mo'V atom has two electrons available for cluster
bonding, indicating’ the presence of single ¢ bonds. The HOMO is of «
symmetry, just above an e level, and rationalizes the observed diamagnetism.
Cartwright et al. [232] employed Lauher’s CVMO method [109,110] to
explain the electronic structure of the 44 electron species Pd(PPh;)(p-
PPh,); . This method assigns a formal oxidation state of zero to one
palladium and of two to the others. It is clear that in this symmetrical cluster
only average oxidation states are appropriate [232]. Walsh diagrams and
orbital energy schemes have been derived for Cp;Rh;(CO), employing
Hiickel theory. Mixed metal clusters such as Fe,Rh(CO),, were treated in
like fashion [233].

(iv) Tetranuclear cluster complexes

Using the LCAO-MO method, Trinh-Toan et al. have derived a qualita-
tive energy diagram for Fe,X,Y, (X = triple bridging ligand; Y = non-
bridging ligand) compounds (see Fig. 6) [234,235]. In Fe (CO),Cp,, both the
bonding and non-bonding levels are filled and. the antibonding states are
completely empty [234). This would predict six single iron—iron bonds in the
Fe, tetrahedron and the structure corroborates the prediction. Oxidation of
the cluster takes an electron out of a non-bonding orbital and the bond
lengths, in fact, do not change significantly [234]. The species Fe,S,Cp, has
eight additional electrons (g£;-S is a four electron donor: p;-CO is a two
electron donor) so four of the metal-metal bonds are effectively negated.
The structure shows two Fe-Fe distances of 2.65 A (bonding) and four
distances of 3.36 A (non-bonding) [235]. Gall et al. performed a Fenske— Hall
calculation on Fe,S,Cp, aud Fe S,(NO), [236]. The nitrosyl cluster, having
the same electron count as Fe,(CO),Cp, was expected to possess a com-
pletely bonding metal core. The results for Fe,S,Cp, were qualitatively
identical to those given above by the LCAO-MO method. A further
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Fig. 6. Qualitative energy diagram for Fe,X,Y, type compounds (X = triply bridging ligand;
Y = terminal ligand).

examination of these types of clusters was made by Yang et al., who
performed SCF-Xa—SW computations for Fe,S,(SCH,;);™ . Their results
were used to interpret the optical spectrum of that complex [237]. The
spectrum exhibited a low energy (650 nm) d-d transition with sulfur to iron
charge transfsr transitions in the near UV.

Korol’kov and Miessner have used EHMO to produce an energy diagram
for Iry(CO),, (see Fig. 7(A)) [211,238]. The stabilization energy of the Ir—Ir
bond was estimated to be approximately 31 kcal. The calculation also
provided force constants, bond orders, and ionization potentials [211]. The
natures of the HOMO and LUMO were described as strongly metal—-metal
bonding and antibonding, respectively [238]. Freund and Hohlneicher ap-
plied CNDC to isoelectronic Co,(CO),,, and a comparison of the energy
diagram with that of Ir,(CO),, can be seen in Fig.7 [239]. The two
compounds differ in structure, however, as Ir,(CO),, possesses tetrahedral
symmetry whereas Co,(CQO),, has only C,;, symmetry (see Fig.8). The
calculation considered both point groups for Co,(CO),,- A Mulliken charge
density analysis piaced approximately three times as much charge on the
apical cobalt as on the basal metal atoms in the C,, structure. The electronic
structure of M ,(CO),,H,, and M,Cp,H, (n=3, 4 or 6) has been investi-
gated by EHMO calculations on the saturated M ,(CO),, and M ,Cp, frag-
ments, with the hydrogens then considered as perturbations [240]. For the
Cp,Ni H; cluster, which contains three face bridging hydrides [241,242],
there are three unpaired electrons [243]. The calculation places them in
nearly isoenergetic orbitals (a, + e), which comprise a ¢, orbital in the
parent Cp,Ni, compound. An explanation for the variable location of the
hydrogen atoms in these clusters was presented.

The LCAO-MO approach has been applied to platinum metal clusters as
well. A simple MO calculation on Pt ,(CO){ P(C;H)(CH,;),}, predicted five
metal-metal bonds to be present in the Pt tetrahedron [244]. The crystal
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Fig. 7. Calculated energy diagrams for M_,(CO),, cluster compounds (M = Co, Ir). (A)
Extended Hickel MO calculation on Ir,(CO);,. (B) CNDO calculation on Co,(CO):(Csy )
(C) CNDO calculation on Co,(C0O),»(T;). The highest occupied molecular orbitals have been
adjusted to 0 €V for comparative purposes. ’

structure revealed five of the bond lengths to be approximately 2.75 A, with
one edge at 3.35 A; this supported the presence of a single non-bonding
Pt—Pt interaction. The addition of two electrons would yield a totally
bonding metal core as predicted for Ni,(CO);™ . A qualitative MO picture of
the isoelectronic cluster, Ni (CO),{P(CH,CH,CN);},, showed 6 metal-
metal single bonds and an empty orbital available for p — Ni 7 backbonding
[245]. The equality of Ni—Ni bond lengths concurs with this description.
The nature of gold(I)-gold(l) interactions was examined by LCAO-MO
in the tetramer Au,(CH,CSS), {246]. All the bonding and antibonding
orbitals are filled, yielding a metal-metal bond order of zero; however, it
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Fig. & (a) Molecular structure of Ir,(CO)»(7};}. (b) Molecular structure of Coy,(CO);:(C5, )-

was argued that the ability of the dithioacetate ligand to accept some
ar-electron density from the antibonding levels allows a net attractive interac-
tion. Similar reasoring has previously been used to explain metal-metal
bonding interactions between d® or d'° metal centers in binuclear metal
complexes [247-251]. A final example belonging to the tetranuclear class
would bé Mo,I,, [252], for which an MO model predicts a totally bonding
Mo, core.

(v) Pcntanuclear cluster complexes

Due to the rarity of pentanuclear clusters, there have been few theoretical
or spectroscopic investigations of these complexes. Dahl and co-workers
have looked at two complexes with X-ray diffraction techniques supple-
mented by qualitative LCAO-MO discussions. The Ni(CO){M(CO),}5~
cluster (M = Cr, Mo, W) can be thought of as the Ni,(CO)Z™ cluster bound
to two M(CO), radicals [253]. The nickel trimer has 3 single bonds and two
electrons delocalized above and below the ring. These electrons can match
up with the unpaired electrons of the two radicals to form two delocalized 2
electron/4 center bonds [253]. The other complex, Cp,NiS,, contains a
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square planar Ni(O) atom (2). There appear to be single bonds between the
outside nickel atoms, but no direct metal-metal bonding to the central
nickel, according to both the geometrical and theoretical data [254].

(vi}) Hexanuclear cluster complexes

Large clusters pose a tremendous computational challenge and there have
been few studies that employ advanced theoretical methods. Hexanuckar
clusters which received early attention were the me.al halides Mg Xt
(M =Nb, Ta) and M;X3* (M =Mo, W). A framework LCAO- MO type
calculation on Mo,Cl§* found the 24 electrons available for metal-metal
bonding to completely occupy bonding levels {62]. This gave twelve single o
bonds, or a totally bonding Mo, cluster. The ground state configuration was
assigned as a,gt,utzg 4t2u, and the LUMO was of e, symmetry. Crossman et
al. had earlier consndered Mo, Xz with a vague quahtatlve “hybrid orbital”
model [255]. Korol’kov and Pak reported EHMO calculations on both the
molybdenum and tungsten species, from which they attempted to estimate
metal-metal bond energies and effective charge densities [256,257]. The MO
approach of Guggenberger and Sleight gave an ¢, HOMO in contrast to the
other calculations [258]. More recently SCF-Xa—SW calculations have been
reported for these comglexes [204]. The calculated energy diagrams verify the
presence of a totally bonding M core. The HOMO (54,,)-LUMO (2¢),)
energy gap was placed at approximately two electron volts. The Xa calcula-
tion was also used to predict the optical spectrum and the agreement with
experiment was reasonably good [204]. A more recent SCF-Xa—SW calcula-
tion correctly predicted the band shapes and energies in the valence shell
XPS spectrum [259].

Niobium and tantalum clusters M X7%" (X=Cl, Br), as well as the
MXi* compounds, have been cited as examples of electron deficient
complexes which are difficuit to describe by the two center—two electron
valence bond approach [106,260]. Robin and Kuebler predicted a tm‘z! 4
ground state [64]. They also pointed out an error in the previous calculations
of Cotton and Haas. Robin and Kuebler further proposed assignments for
the electronic spectra of Nb,ClZ;} and Nb,Bri' as well as for the oxidized
tantalum clusters Ta X}, (X=Cl, Br). Voronovich and Korcl’kov later
obtained a different ground state configuration using EHMO [261,262]. The
last two electrons occupy a degenerate e, orbital (£{,15,a{,e;) in this calcu-
lation. Bond strengths between metal centers were calculated with the Ta-Ta
bond (27 kcal) being slightly stronger than the Nb—Nb bond (25 kcal);
however, the numbers are suspect in view of the many approximations. The
approach of examining the metal core and ligands separately (instead of the
joining of isoiobal ML, fragments) was adopted by Miiller, who was able to
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explain the magnetic properties of these compounds {263]. Miiller predicted
the iwo highest occupied orbitals as doubly degenerate and completely filled
(a*t%“e* type). This would explain the observed TIP phenomenon, but it
does not agree with any of the other studies [263]. Edwards et al., investi-
gated the NbgX{;" cluster, which possesses two fewer electrons. They as-
signed the ground state as ¢,15,a3, or 1f,15,af, [264], which would be more
consistent with the earlier predictions [62,261,262]. Wirsich employed a
one-center model in work with Nb Cl{;" [265]). His energy diagram gave the
ground state as #{,73,a;,.

A small number of other hexanuclear clusters have been studied. Mingos
used the Wolfsberg— Helmholz MO technique on Co,(CO)}; , an 86 electron
system which is isoelectronic with Rh(CO),, [266]. The electronic structure
is a closed shell configuration ( - - -£5,¢5,a2.) and has no antibonding orbitals
occupied, thus producing a completely bonding octahedral Co, core. The
antibonding orbitals appear to be of approximately the same character as
those in B{H2~, and lends validity to Wade’s analogies between boron cage
compounds and transition metal clusters [50,51]. Mingos then proposed an
explanation for these rules and their shortcomings {266]. Similar calculations
on M H, clusters (M = Co, Ir) were used to rationalize the geometries of
Os,(CO),; and Os,(CO),, [267]. Much of this paper applied polyhedral
skeletal electron pair theory [50-54] to predict the symmetry of the metal
core in these types of compounds. Another paper on Os (CO),; appeared
recently and employed the frontier molecular orbital strategy [268]. The
work was based on an earlier FMO calculation on Pt (CO),, [269]. The
transition from the metal centered HOMO (16¢’) to the #* orbitals of CO
was predicted to be at 2.6 eV (21000 cm ™ '). The computed HOMO-LUMO
gap was only 1 eV.

A simple eléctron counting scheme for Ni (CsH,), attributed 90 electrons
to metal-metal and metal-ligand bonding. The polyhedral skeleton electron
pair theory would predict a square antiprismatic structure [95-97]. Unfor-
tunately, the structure shows the Nig core to be octahedral as for 86 electron
clusters like Rh4(CO),¢ [100]. Steric constraints have been invoked to explain
this behavior.

Wei and Dahl have used the LCAO-MO method for hexanuclear clusters
such as Cog(t3-S)(p3-SC,H)s(p-SC, H)(p-CO)5(CO)g [270]. This complex
consists of two Co, triangles bridged by three p,-SC, H; ligands. The ground
state of each triangle is aZaZe%e®e*“a*2. If one assumes that the antibonding
orbitals exactly cancel the effect of the corresponding bonding orbitals, then
there are six electrons available to form metal-metal bonds. This was
interpreted as there being three o bonds within each triangle, but no
metal-metal bonds between the triangular moieties [270].
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(vii) Higher nuclearity cluster complexes

Mingos has performed an EHMO calculation on a molecular cluster with
more than six metal atoms. His studies dealt with the gold clusters AuyL}*
Augl?*, and Au,L%*, where L is a phosphorus donor ligand {271]. The
metal core was treated first and the ligand effects were included as perturba-
tions upon the central electronic structure. The 6s orbitals were found to te
important in the metal-metal bonding scheme, and both radial and periph-
eral bonding was important in these clusters, which have a single metal atom
at the center. This finding was contrary to previous reports which em-
phasized one or the other of these two effects [272—-276]. The gold clusters
were found not to adhere to the established electron counting rules and
factors which contribute to the breakdown were discussed.

C. SPECTROSCOPIC STUDIES
(i) Photoelectron spectroscopy

Photoelectron spectroscopy has recently become an important technique
for investigating the electronic structure of inorganic complexes. Reviews on
both ultraviolet photoelectron spectroscopy (PES) [67] and X-ray photoelec-
tron phenomena (XPS) {71,277,278] have appeared. The ability to study
chemisorbed substrates as well as molecular species by photoelectron spec-
troscopy has allowed a direct comparison of ligand binding in clusters and
on metal surfaces. The XPS spectra of carbon monoxide in transition metal
carbonyl compounds and CO absorbed onto the corresponding metal surface
show remarkable similarities [272]. Even the mononuclear carbonyls exhibit
nearly all the features of metal-adsorbed CO. Clusters of three or four metal
atoms were found to adequately reproduce the spectrum of CO on a surface
[277]. The shake-up energies as well as the oxygen ls binding energies were
used to evaluate CO binding. Analysis of the XPS spectrum of Co,(CO),,
reveals that bridging carbonyls back bond to a greater extent than do the
terminal carbonyls [279]. X-ray photoemission techniques were applied to
Ir,(CO),, adsorbed onto a gold crystal [280]. Electron energy loss and Auger
data were compared to previous XPS and ultraviolet visible studies, and
analogies to CO on iridium were noted. A description of the metal-metal
bonding in the oligomers of [Pt,(CO)s}]?~ (n=2, 3, 4, 5, 6, ~ 10) by XPS
showed very little interaction between trinuclear units [281]. Each Pt atom
was assigned a 5d'® configuration, with the observed signal from these
valence electrons split by 1.3 €V in all cases. This behavior was ascribed to
spin-orbit couplmg, with a value comparable to that of a free 5d electron.
The binding energies of the 4f and 4d levels were found to have a 1/n?
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dependence, indicating charge delocalization throughout the cluster.

The XPS technique has also been used to probe structural features. The
2p;,, iron XPS signal from HFe,(CO);; confirmed the presence of a unique
iron atom in the cluster [282], a feature seen in earlier Mossbauer and X-ray
structural analyses [283,284].

Walton and co-workers have published the XPS spectra of a number of
Re; X -3L and MogX3~ compounds (X =Cl, Br; L=N, P, O donors)
[278,285-287]. Variation of the donor ability of L does not greatly affect the
Re; X, bonding. Ultraviolet photoelectron spectra have been reported for
Re,;Cl, [205,206] and Re;Br, [206]. These measurements in conjunction with
theoretical caiculations helped delineate the nature of metal-metal and
metal-ligand bonding in these compounds (see Section B). A platinum
halide cluster compound has been studied and its XPS spectrum compared
to that of the bulk metal [288]. The results indicated strong metal-metal
bonding in Pt Cl,,.

Large gold clusters have been of interest because the structures contain a
central gold atom encased in a gold polyhedron [271,289,290}. The XPS
spectra of Au,,L%", Au,L3", and Augl3t (L =PR;; R = Aryl group) are
very similar and show the central atom to be distinct from its neighbors. The
centrai gold has much less electron density than the other gold atoms, and
consequently possesses a iower binding energy (ca. 6 eV difference). The
studies further evidence strong electron delocalization throughout the cluster
[289].

A variety of spectroscopic techniques, including XPS, were used to
characterize Fe,S,(SCH,C¢H;); ™, a model for ferrodoxin and high potential
iron proteins [291]. The iron atoms were shown to be equivalent, and the
sulfur 2 p binding energies similar to those in the biochemical systems. The
same analysis was performed on another sulfur cluster Mo;S; . The XPS
showed the six S. units to be essentially S~ and- the molybdenum values
consistent with the 4 + oxidation state [292]. The Mo 34, ,, XPS signal from
(Mo, Cl,)Cl,, formally a Mo(Il) compound, is essentially the same (230.2
eV) as found in Mo(iV) complexes such as MoS,, MoO,, and Mo,S?;” [259].
This deviation was attributed to non-uniform charge distribution in the
cluster. Broadening of all the XPS signals was assigned to this same strange
phenomenon.

Vapor phase ultraviolet photoelectron spectra have been reported for a
number of metal cluster carbonyl compounds. This technique is useful for
directly probing the energies of the valence d electrons as they are well
separated and to lower energy than the ionizations due to CO orbitais (see
Fig. 9). The d electrons ionize between 7 and 12 eV, whereas the ligand
localized electrons are more tightly bound and generally appear above 14 eV.
Both He(I) (hv = 21.2 eV) and He(Il) (h» = 40.8 eV) excitation sources were
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Fig. 9. Ultraviolet photoelectron spectrum of Os;(CO),, with CO and Ar calibrants.

used to obtain spectra for Ru;(CO),,, Os;(CO),,, and Os,(CO),, in the d
band region (7-12 eV) [293]. Subsequently, the entire He(I) spectrum of
Ru,(CO),, was published along with a CNDO calculation to help assign the
spectroscopic features [119] (see Section B). Photoelectron spectra of the
hydrocarbonyls H;Re;(CO),,, H,O0s,(CO),,, and H,0s,(CO),, were re-
ported and interpreted in terms of a 3 center—2 electron bonding scheme,
using a topological model similar to that used for boranes [294].

Condensed phase PES spectra are also known. The sample is usually
adsorbed onto a pure metal crystal and the experiment is performed in a
similar fashion as XPS. The spectrum of Rh¢(CO),, on copper is almost
identical to that of CO on Pd4(III) [295], again emphasizing the gross
similarities in CO binding on surfaces and in metal complexes. The spectra
of Os4(CO),, and Ir,(CO),, are similar to their XPS counterparts [277,280].
Triiron dodecarbonyl yields a PES spectrum that is similar to that of
0s,(CO),, [277].

(ii} Optical spectroscopy

Electronic transitions in transition metal cluster complexes usually occur
in the visible and ultraviolet regions of the spectrum. Optical spectroscopy
therefore allows direct characterization of the lowest unoccupied molecular
orbitals [296].
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Optical spectra of naked transition metal atoms and clusters have been
thoroughly studied, and an extensive review has recently appeared [297].
Formation of these clusters has often been diagnosed by the growth of new
broad electronic absorption bands, which contrast with the sharp atomic
spectra. Cluster size is determined by monitoring the dilution and annealing
dependence of electronic absorption bands. A theoretical model for cluster-
ing upon deposition has been developed [304]. Ozin and co-workers have
introduced. the technique of cryophotoclusterification, where selective irradi-
ation leads to a M, + M —» M __, reaction [168,298—-303]. The kinetics of
this process have been determined for M = Ag [300].

Small silver clusters have received the most attention due to their impor-
tance in catalytic and photographic processes. Silver species as large as Ag,
have been assigned and their corresponding band maxima noted [167,168].
The same clusters have been formed by the photoclusterification approach
[298-300]. Welker and Martin have disputed these assignments based upon
EHMO calculations and their own matrix isolation work [166]. In particular,
for the following photoprocess the peak area of the band associated with the
dimer

initially increases and suggests more complex behavior than simple, stepwise
photoaggregation. The cptical spectra of gold and nickel trimers have been
reported, with some evidence for higher oligomers [305]. An extensive
theoretical study of small nickel clusters has recently appeared and will
greatly aid in the characterization of the electronic properties of these
materials [159]. Cobper species up to Cu; have been observed spectroscopi-
cally, and comparison of the optical spectra to that of the bulk shows little
similarity [303, 306]. Selective photoaggregation techniques have also been
used to obtain visible-ultraviolet spectra of Cr,, Mo;, Ag,Cr, CrMo,, and
Cr,Mo [168,301,302]. Small clusters have been supported on polymers by a
metal vapor technique: Discrete Mo; and Cr; species have been observed
[307]. . 4

Matrix isolation methods can also be applied to reactions of small metal
clusters with ligands, to form species that would be quite unstable under
ambient conditions. Hanlan and Ozin have made Rh+(0,),, (m =2 or 6) and
recorded its UV-VIS spectrum [308]. Reactions of this type with single atoms
or diatomics are already well known [297].

The rhenium(III) halide trimers, Re; Xy (X = Cl, Br), were the subject of
many early investigations. Their optical spectra nnder a variety of conditions
have been reported {309-314]. The spectrum of Cs;Re,Cl,, (Figs. 10 and 11)
is typical of the spectra of these complexes. Iatense bands are found at 515
nm (€ = ca. 1600) and 350-300 nm. These two features are assigned [312]} to
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Fig. 10. Optical spectrum of Cs;Re;Cl, in the near IR region.

Fig. 11. Optical spectra of Cs;Re;Cly,: (1) crystal spectrum; (2) spectrum in KCI pellet at
10 K; (3) spectrum in Csl pellet at 10 K.

metal-metal # — #* and chloride to metal charge transfer transitions respec-
tively. The weak (¢ == ca. 400) absorption band system at 750 nm appears to
consist of two components and the temperature dependence would indicate
an allowed electronic transition. This band system has been attributed to
metal localized = — #* and 7« — o* one electron excitations. A very weak
peak at 1200 nm has been attributed to the HOMO — LUMO transition;
however, the large spin orbit coupling of Re might complicate the simple
interpretation. Attempts to measure the electronic spectrum of Re,Cl3}; in a
molten salt medium showed only decomposition to Re,ClZ~ and rhenium
metal [313]. The electronic spectrum of Re,Br s, another compound contain-
ing the trinuclear rhenium cluster, was-found to be similar to Re;Br,, but no
assignments were offered [315].

Electronic spectra have been recorded for the hexanuclear halide clusiers
of molybdenum (MogXg™ ), niobium, and tantalum (M X% ). Sheldon has
reported two bands at 308 and 345 nm in the spectra of Mo,Cl§* salts in
5 M HCI [316,317], designating them as charge transfer bands of unknown
origin. Although the spectra of the hexameric niobium and tantalum halides,
M XZ", have appeared numerous times [64,318—-323], few attempts have
been made to assign them. Robin and Kuebler’s MO calculation attributed
the main features of the optical spectrum of Nb,Cl},” (n=2, 3, 4) [64] to
d-d transitions and symmetry-forbidden charge transfer bands. A detailed
summary of early theoretical work on M¢XZ%" clusters as well .as explicit
assignments for the optical transitions have been presented [318). The iow
energy bands (<20kK cm™!) have been ascribed to five metal localized
transitions. Bands occurring in the ultraviolet region were thought to be of a
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charge transfer variety. Other contemporary work reported spectral data, but
offered no specific assignments [319,320,322]. Espenson and McCarley were
the first to report the spectra of Ta,Cly; (n=2, 3, 4) [322]. The higher
oxidation states were achieved by reaction with Fe3* , and kinetic data were
taken. Application of magnetic circular dichroism spectroscopy (MCD) to
this problem allowed further characterization of the optical spectrum [321].
These measurements, along with EPR [324] and magnetic susceptibility
studies [325], gave a grcund state configuration of a,gtf’utf‘ua 5s- The two
lowest unoccupied orbitals were f,, in symmetry. The bands below 30000
cm™! were assigned to metal loca]jzed transitions involving the orbitals
mentioned above. At higher energy, LMCT transitions occurred [321].

The opticai spectra of other niobium and tantalum halide clusters have
been reported. Hexamethylbenzene complexes of the trinuclear and
hexanuclear complexes have similar spectra [326]. The visible-near IR
region of the spectrum has been recorded for Nby; X, and Nb, X, (X=Cl,
Br) [323]. No assignments for either have been suggested.

The (17°-C;H;),Fe,(CO); complexes are known to exist for n= —1 to
n= +2. Spectra are known for all species except the dication [327,328].
Bock and Wrighton have identified a charge transfer to solvent band in the
neutral compound, the intensity of which is linearly related to the Korower
Z values [329,330]. This charge transfer band may explain the photooxida-
tion observed in halocarbon solvents [328]. The optical spectra of iron
carbonylmetallates and carbonylhydndes such as HFe,(CO);;, Fe,(CO)3,,
HFe,(CO),;, and Fe,(CO)?%;” have been known for quite some time [331,332],
but no nigorous assignments have been proposed. Neutral carbonyl clusters
have received more attention. Spectra for M;(CO),, (M = Fe, Ru and Os)
and M,(CO),, (M =Co, Rh and Ir) are well known [208,213,331,333-335].
Chini and co-workers have even examined all the known mixed metal
clusters of the M (CO),, series [334,335].

A large amount of theoretical work has concerned the trinuclear carbonyls
[119,211,213,214] (see Figs. 3 and 4). This has lent invaluable assistance to
the task of characterizing their optical spectra. Although qualitative assign-
ments for metal localized transitions had already been made [333,334], it was
not uxatil the EHMO study of Tyler et al. that specific states were identified
[213]. Their work was also aided by MCD studies [213] to detect E” excited
states (see Section B). The iron analog, Fe,(CO),, poses another problem. It
possesses bridging carbonyl groups and its spectrum is more complicated
[208,213,333]. Whether the “extra” transitions are due to charge transfer to
the biidging carbonyls as previously suggested [208], or to splitting caused by
the lower symmetry of the molecule is uncertain [213]. Recently, the optical
spectrum of HOs;(CQO),; has been obtained and assigned [214].

The spectra of mixed metal carbonyl clusters are not only known for the
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M (CO),, series (M = Co, Rh, Ir) and the M,;(CO),, compounds (M = Fe,
Ru, Os) [333-335], but the mixed iron—-Group VII metal carbonyls have also
been characterized by optical spectroscopy [211,333]. Spectra for the
MFe,(CO),, anions are known for all three metals in the family (M = Mn,
Re, Tc) [333]. The linear trinuclear complexes M ,Fe(CO),, have a number of
unexplained weak features [213] and the mixed metal clusters CoM;(CO);
and HCoM,(CO),; (formed by reaction of Co(CO); and the closed shell
M (CO),, complexes) each show an intense transition in the visible [336].
Optical spectra have also been measured for the mixed dihydrides
H,FeRuM,(CO),; (M, = Ru,, RuOs, Os,) [333,337]. Analogies have been
drawn between the visible spectra of H;M4(CO),, (M = Mn, Re) and the
isoelectronic triiron and triosmium dodecarbonyls [338].

The Fe,S, clusters have been of interest as models for bioinorganic
systems. An extensive study [291] of Fe,S,(SCH,C,H;);~, a model for
ferrodoxin and high potential iron proteins, concluded that the optical
spectrum (with bands at 290 and 390 nm) was similar to that of the naturally
occurring systems [339,340]. These transitions appear to derive from delocal-
ized states in the Fe,S, core [291]. The methyl analog, Fe,S,(SCH,)3~ shows
bands at 295 and 413 nm [237]. Aided by an SCF-Xa-SW calculation,
these transitions were assigned to sulfur to iron charge transfer and a weak
band at 650 nm assigned to a d-d transition. Miiller and co-workers have
investigated Mo-S complexes and recently reported the UV-VIS spectrum
of Mo,S{;” [287]. The lowest energy band was assigned to d—d transitions in
the Mo; moiety. To higher energy, a charge transfer band of the type
7*(S27 ) > 0*%(dp,) occurred. The optical spectrum of a reduced tetra-
thiometallate complex, [(MoS,),Fe]>~, has also been reported, but no
specific assignments were possible [341].

A novel bent trinuclear cluster {Cu(dien)},Fe(CN),-6H,O has been pre-
pared [342]. Although there are no formal metal-metal bonds, charge
transfer bands assigned to Fe?* — Cu?* have been identified. Three intense
bands are observed in the visible spectral region for Cp;Ni,(u;-NC(CH,),),
a cluster containing a triply bridging nitrene functionality {343]. Optical
spectra for salts of Pd {PPh,),(p,-PPh,); have also been reported [232].

(iii) Electron paramagnetic resonance spectroscopy

The technique of electron paramagnetic resonance (EPR) spectroscopy is
invaluable in the characterization of metal cluster complexes having un-
paired electrons. Spectra have been reported for naked metal clusters as well
as for molecular complexes. Using the theory introduced by Frohlich [25]
and elaborated by others {344,345], Kubo [24] and Kawataba [165] have
shown that the bandwidth and g-shift of the EPR signal of a small metallic
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cluster of silver is directly related to the size of the microcrystal. The
dimensions of these silver clusters trapped in rare gas matrices were esti-
mated at ca. 10 A in diameter, roughly correspondmg to a face centered
cubic Ag,; species {346]. A hexanuclear Ag' cluster [Ag(imid)]¢(ClO,)¢ also
yields an EPR signal [347]. Mixed Ag!/Ag? clusters have been prepared in
zeolites and there appears to be both Ag'—-Ag! and Ag?-Ag® metal-metal
bonding [348,349]. Disagreement has risen over the actuality of bonding
between silver(I} ions [350,351]. It appears from recent examples that there is
at least a weak inieraction {352,353].

The niobium halide cluster Nb,Ci}; yields a signal at g = 1.95 with *Nb
fine structure [324]. This indicates electron delocalization throughout the
metal cluster framework. In the trimeric niobium cluster [Nb,Cl ((C¢Meg)-12*
there is also one unpaired electron that is metal centered {354]. The EPR
signal 1s broad with a nearly isotropic g value (g = 1.996). Conductivity
measurements indicate semiconductor behavior with a room temperature
conductivity of 1 X 10 73 ohm™! cm™!, suggesting that some mechanism for
electron exchange between clusters must exist.

The hexanuclear species, Mo,Cl3* and Mo,Cl3™ , generated in a glass by
vy irradiation are EPR active [355]. The oxidized species has a highly
anisotropic g value (g = 1.933, g = 2.122), indicative of a degenerate HOMO.
This is assigned as the metal localized 7,, orbital. The reduced species, on the
other hand, has an isotropic g value (g = 1.943), assigned to an electron
residing in the antibonding Qg orbital. Support for a non-degenerate orbital
occupation in this case is given by Mqo,ClZ*, which is diamagnetic. The
measurements also determined the relative ordering of the d orbitals [355].

The Co,(CO),S complex contains one unpaired electron, and has been
subjected to an EPR analysis [225,226]. On the basis of this work, the
electren has been assigned to an a, orbital which is primarily of d character.
This antibonding orbital is localized in the Co; plane. As a result, the
Co-Co bond lengths are significantly longer (2.64 A) than in the corre-
sponding diamagnetic cluster FeCo,(CO),S (2.55 A) [226]. Similar results
were obtained for Co,(CO),Se. Hyperfine coupling due to the **Co nucleus
(I =17/2) has only been detected in single crystal studies [226]. All twenty-two
lines could be resolved upon excitation perpendicular to the three-fold axis.
The g value observed for the isoelectronic Co,(CO),CR™~ species was almost
identical and an analogous assignment for the HOMO symmetry (a,) can be
made [356] (R=Cl, g=2.020). Isoelectronic nickel clusters Cp;Ni;(p;-
(CO),), and Cp,yNi {p,-NC(CH;);) have also been prepared. The latter
compouncd shows no 'YN hyperfine coupling from the bridging nitrene
moiety, which suggests that the unpaired electron is metal localized [343].
The orbital was described as 7-bonding between metal atoms, in agreement
with the studies on the iricobalt systems. The structure shows slight distor-
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tion from three-fold symmetry with Ni-Ni bond lengths of 2.39, 2.37 and
2.34 A. This was attributed to Jahn—Teller effects or possibly crystal interac-
tions; however, the distortions seem too large for the latter. The original
work on Cp;Ni,(CO), assigned the unpaired electron to a metal-metal
bonding orbital [357). This was later shown to be incorrect, as its bond
lengths are longer than the diamagnetic analogue Cp;CoNi,(CO), [226]. The
g shifts and bandwidths are not inconsistent with an assignment similar to
those mentioned aforehand [357].

A large number of metal carbonyl clusters have been irradiated in glasses
to produce the radical aniomns. The spectra have been communicated, but no
extensive analysis concerning the significance of the data or identity of the
EPR active species has appeared [358,359). Of particular note are the signals
obtained for the trinuclear carbonyls Fe;(CO),, (g = 2.051, 2.003), Ru,(CO),,
(g=1.982), and 0s3(C0),2 (g =2.001). It was later shown that the radical
anions of Ru,(CO),, and Os,(CO),, decomposed readily to give unidenti-
fiable products [360]! The radical anion of Fe,(CO),, appears to be stable at
low temperatures and the reduction is completely reversible [359,360]. The g
value is reported as 2.004, and warming leads to a decomposition product
with two signals at g = 2.05 and 2.00 [359].

The [Fe,Mo0,S,,]° cluster [361], later shown by X-ray crystal structure
analysis to be [(MoS,),Fe]®>~ [341], has three unpaired electrons (x =
3.85 pg). The EPR spectrum exhibits resonances at g=4.6, 3.3, and 2.0
[362].

(iv} Magnetic susceptibility measurements

The hexameric Nig(Cs;H,)4 contains two unpaired electrons and its mono-
cation three [100]. It was concluded that the HOMO is triply degenerate in
this molecule of O, symmetry. The ground state is assigned as “4,, for the
monocation, presuming the HOMO to be the metal-metal antibonding ¢,,
orbital. This predicts a > T), ground state for the neutral species. Other nickel
clusters with unpaired electrons are known. The tetranickel cluster hydride
Cp,Ni,H, has three unpaired electrons as determined by bulk magnetic
measurements [243]. No convincing explanation was given; however, acci-
dental degeneracy was proposed. Subsequent analysis by Hoffmann et al.
placed three electrons in a nearly triply degenerate metal-centered orbital of
¢, pseudosymmetry (see Section B). The Cp;Ni;(p,-NC(CH,);) molecule
with a triply bridging nitrene group shows one unpaired electron {x = 3.85
g at 300 K). The tetranuclear iron—sulfur cluster Fe S,(#°~C;H) has had
its magnetic susceptibility measured numerous times [234,344,363,364], giv-
ing. values of 0.96—-1.33 pg. The neutral Cp,Fe,S, is diamagnetic, but has a
temperature independent paramagnetism (TIP) of 0.80 p,. The
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Fe,S,(SCH,C¢H,):™ cluster, with a p_; of 1.04 pp [291], has a magnetic
moment similar to the biological system it models [365].

Magnetic susceptibility measurements on the Mo, X3 (X = Cl, Br) clus-
ters indicate they are diamagnetic {258—263,317] in accord with the many
theoretical schemes proposed for these compounds. The analogous Nb X7+
systems are also diamagnetic, but with a large TIP [324]. The oxidized
species Nb,Ci3} has a magnetic moment of 1.62 py corresponding to one
unpaired electron, consistent with other spectroscopic data including the
EPR data (g = 1.95) [324].

(v) Electrochemistry

The electrochemical reduction of a transition metal cluster complex fre-
quently results in concomitant metal-metal bond cleavage as often found
for dinuclear species such as Mn,(CO),, [366]. As opposed to dimers the
additional charge and bond ordering can be delocalized throughout a larger
cluster’s metal core. Consequently, some species undergo many reversible
electrochemical cycles without declusterification. The hexameric Ni,Cpg
complex can exist with n varying from —1 to +3 [100]. Since the four
highest energy electrons occupy metal-metal antibonding orbitals, their
removal by electrochemical oxidation is quite facile (see diagram below). The
voltages are measured versus a standard calomel electrode (SCE).

. —097V _ . —026V _ . +0.19V _ . e F1OV
Ni,Cp, — NigCp, — NiCpy — Ni,Cp;®™ — NiCp;*

The Cp,Fe,S, cluster can be oxidized through the series from monoanion
to trication [235] (see below). The voltages listed are uncorrected junction
potentials at a platinum electrode.

—033V +033V +0.88V +141V
Fe,S; > FeS, — FeS}t 5 FeSl"™ > FeSi+
Fe,S, = Cp,Fe,S;

The niobium chloride cluster, Nb,Cl3;", can be doubly oxidized and each
of the resultant clusters are stable and have been isolated [190]. The first
oxidation occurs at —0.10 V (vs. SCE) and the second at +0.70 V (vs. SCE).
The niobium and tantalum clusters with bound hexamethylbenzene ligands,
M,ClI(C,Me,)3* (M = Nb, Ta), can be oxidized or reduced. The processes,
using a silver /silver(I) chloride couple, occur at ca. —0.2 V for the oxidation
and ca. —2.0V for the reduction [194].

Using the same couple, the tricobalt carbon clusters, Co;(CO)4CR, reversi-
bly reduce to the radical anion. The potential varies with the organic
substituent R [367]. Cyclic voltammograms were given for a number of these
compounds. Triiron dodecacarbonyl, well known to undergo one electron
reduciion to the radical anion [216,241-243], has been reported to undergo a
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second reversible reduction to Fe,(CO)?, [241,243]. Potentials for the two
steps are —0.44 and —0.83 V vs. SCE, respectively. The same reduction has
been carried out using the Ag/AgCl couple [243]. The one-electron reduc-
tion peotentials for a number of the phosphine substituted derivatives of
Fe,(CO),, have also been measured. With only one exception, they cannot be
cleanly oxidized [243]. The Fe(CO),(P(OMe),), cluster reversibly oxidizes to
the radical cation. Employing a dropping mercury electrode and low temper-
atures, the carbonyl hydride species HFe,(CO),;; can be reversibly reduced.
The reduction is not reversible at a platinum electrode. The triruthenium-
and triosmiumdodecacarbonyls decompose upon reduction [243], contrary 10
previous reports [216]. A number of other carbonyl cluster compounds have
had their one electron reduction potentials measured [242]. The tetrameric
Fe,S,(SCH,C,H;)3~ compound, similar to the Cp,Fe,S, cluster above may
be reduced reversibly, but will oxidize irreversibly at a dropping mercury
electrode [162]. Attempts to use a platinum electrode did not succeed
because of cluster adsorption to the surface. Other sulfur clusters such as
Fe(MoS, )3~ [362] and Mo,S?%, [103] have been studied by cyclic voltamme-

try.
(vi) Resonance Raman spectroscopy

As the excitation frequency in a Raman expériment approaches an elec-
tronic transition, an intensity enhancement occurs for those normal modes
distinctly coupled to the resonant state [367-371]. For an electric dipole
allowed transition, the totally symmetric modes will be those primarily
enhanced. The magnitude of the effect will depend on (1) the frequency
difference between the excitation line and the resonant state’s energy, (2) the
Franck—Condon overlap factors, and (3) the intensity of the electronic
transition. In addition to an increase in the intensity of the fundamental, a
number of overtone and combination bands may be observed. If the excited
state is degenerate, Jahn-Teller active modes, which appear to be totally
symmeiric in the distorted excited state, may be enhanced [371]. In the case
of vibronically allowed, electric dipole forbidden transitions, the vibronically
enabling modes may be enhanced, but the effect is usually small due to the
lesser intensities of these types of bands. Interference effects and resonance
deenhancements are also possible in dipole forbidden transitions.

The resonance Raman spectrum of Re,Cl, in the solid state and isolated
in an argon matrix has been investigated [372]. The totally symmetric Re,
breathing mode shows a dramatic increase in intensity and three overtones
appear upon excitation into the first intense band. In the matrix, the totally
symmetric mode appears at 277 cm ™! compared to 250 cm™! in the solid. In
addition, numerous combination bands, which involve an out-of-plane Re-
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TABLE 5

Wavelength dependence of intensities of Raman active metal-metal stretching modes in
Co,(CO),, *

Wavelength (A) 247 cm™! 183 cm™!
6471 1.0 1.0
5145 1.1 44
4965 1.4 70
4880 1.6 1.2
4579 29 73
4545 4.6 74

2 Values denoted are relative to initial intensity at 6471 A.
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Fig. 12. Excitation profile and clectronic absorption spectrum of Ru(CO)y,: (+), totally
symmetric metal- metal stretching mode, af; (O), non-totally symmetric metal-metal stretch-
ing mode, ¢’.
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Re deformation (72 cm™'), appear in the matrix spectrum.

Resonance enhancement has been observed for the metal-metal stretches
in Co,(CO),, [373,374). Totally symmetric modes are observed at 247 and
183 cm™!, corresponding to the metal-metal bonds with and without
carbonyl bridges, respectively [374]. The excitation profile confirms the
presence of a weak band at 4800 A, and that the band at 3750 A is of
metal-metal bonding to antibonding character [214] (see TableS). The
excitation profile of Ru,(CO),, reveals that both the totally symmetric and
e’ M; modes exhibit resonance enhancement (see Fig. 12) [214]. As the
excited state is degenerate, the e’ vibration is Jahn-Teller active and signals
a distortion of the metal framework in the excited state [214]. Such behavior
may dictate the photofragmentation often observed with Ru;(CO),, [375,376].
The symmetric metal-metal stretch in Cp,(CO), also shows a resonance
enhancement upon excitation into the lowest energy electronic absorption
band [377(a)]. This band at 540 nm is predicted to be metal localized (see
Section B).

Resonance Raman spectra of matrix isolated Ni; shows it to be bent with
a bond angle of ca. 100° [377(b)]. Up to six overtones of the totally
symmetric stretch (232 cm™ ') were observed. The ground state was assigned
as A, in symmetry, and evidence for Renner-Teller distortion was given. '

(vii) Mdossbauer spectroscopy

The Méossbauer effect arises from the absorption of y-radiation by a
radioactive nucleus. Nuclear transitions are chiefly influenced by the orbitals
showing the greatest nuclear penetration, i.e. the s electrons. Therefore, the
isomer shift, or energy of this transition, directly reflects the electron density.
in addition, if the nucleus possesses a non-integral spin and is in a non-cubic

symmetry environment, quadrupole splittings may arise.

Of all the nuclei of cluster forming metals, >’ Fe is the most conducive to
this type of spectroscopy. As a result, almost all studies on metallic cluster
compounds involve iron. Greenwood and co-workers were the first to report
the Mossbauer spectra of some metal cluster complexes and studied the
common iron carbonyls, carbonyl metallates, and carbonyl hydrides
[283,378]. They also measured the spectra of Fe,Cp,(CO), and its monoca-
tion [378]. The latter two compounds possessed identical isomer shifts and
only one type of iron was seen in both compounds. This indicates the
HOMO is deiocalized over all the iron atoms or perhaps that it is not
involved in metal—metal bonding. Theoretical studies have shown this orbital
to be metal-metal non—bondmg [234] (see Section B). The Mbssbauer

spectrum of Fe,S,(SCH,C,H;);™ shows all the iron atoms to be in equiva-
lent environments [291], but the isomer shift and quadrupole splitting do not
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agree with the biochemical systems this compound is supposed to model
[379-381].

The only other data available on iron clusters are for mixed iron—cobalt
and iron—rhodium carbonyl clusters [382,383]. Substitution of HFeCoy(CO),,
with phosphorus donor ligands did not seem to affect the isomer shift [383].
Massbauer spectroscopy was used to show that CpCoFe,(CO), and
CpRhFe,(CO), are not isostructural [382].

The '"/Au Mossbauer spectrum of Au,L,X; (L=Pr;; X=Cl) com-
pounds verify that the central gold atom has a different charge density and
electronic structure than the peripheral relatives {384]. Those outer atoms
also exhibit differing shifts which depend upon coordination to chloride or
phosphine. Only small interactions were evident between peripheral gold
atoms.

D. PHOTOCHEMICAL STUDIES

Metal carbonyl cluster complexes and their derivatives provide com-
pounds of photochemical interest. Recall that these species exhibit low
energy electronic transitions to metal-metal antibonding excited states.
Primarily two types of reactions are observed; (1) cleavage of metal-metal
bonds and fragmentation to produce species of low nuclearity; (2) ligand
(C<3) substitution. The relative contributions of these processes are not very
clear at the present time. Most investigations have been chiefly aimed toward
synthesis and catalysis, and irradiation conditions have not been carefully
specified. One tentative observation is that ligand substitution becomes more
important for the third row metal complexes, presumably due to the in-
creased strength of metal-metal bonding. The recent use of excited state vs.
ground state electron density difference maps offers the possibility of
visualizing the bonding properties in excited states [214].

Most cluster photochemistry has concerned the trinuclear M(CO),, (M =
Fe, Ru, Os) compounds. Knox and Stone reported a number of reactions of
Ru,(CO),, and Os4(CO),, with silanes, stannanes and germanes during
ultraviolet photolysis [385-388). The products were mostly mononuclear and
of the type (Me;EYM(CO),H or (Me;E),M(CO), (M = Os, Ru; E=8n, §j,
Ge). Disilanes, on the other hand, exclusively yield [388] bridged dimers (1).

(Me3Si)M(CO)3(;L2-SiMe2)ZM(CO)3(SiMe3) (1)
M = Os, Ru

Photolysis of M,(CO),, in the presence of donor molecules and CO leads to
the mononuclear species M(CO),L (L =C,H,, PR;; M = Fe, Ru, Os) [389].
Irradiation of Os,;{(CO),, in the presence of the bidentate cyclooctadiene
(COD) ligand also yields a mononuclear complex, Os(CO),(COD) [390].
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Tyler et al. [391] examined the photochemical reaction of Os;(CO),, with
chlorocarbon solvents. Although Os(CO),Cl, was the ultimate product, they
presented some evidence for an Os,(CO),,Cl, intermediate. Burkhardt and
Geoffroy [376] discovered that [Co(CO),]” photochemically adds to
Os,(CO),, to yield [CoOs,(CO),5;]1 . Cullen et al. found that M;(CO),,
(M = Fe, Ru) photochemically reacts with bridging phosphines and arsines
to yield trinuclear compounds M, (CO),, (L-L) (L-L=(Me,As)C=
C(AsMe, )CFE,CF,, (Ph,P)C = C(PPh,)CF,CF,CF,) [392-394]. Roberts and
Trotter isolated the iron—phosphine compound anrd verified its nuclearity by
X-ray structural analysis [395].

The ability of the M, (CO),, clusters to catalytically isomerize olefins
during irradiation has been studied by several groups [375,396—-399]. The
photogenerated species were also found to induce hydrosilation [375]. Larger
metal hydrido clusters, such as H,Ru ,(CO),,, catalytically isomerize pentenes
and stoichiometrically reduce them. Catalytic hydrogenation can be accom-
plished in the presence of 10 psi H, [400].

Transition metal hydrido carbonyl clusters such as H Ru,CO),, have
accounted for some recent interesting results. The photolysis of H,Os (CO),,
with olefins (H,C,HR) has led to stable, isolable materials [401,402] of the
form H;0s,(CO),,(HC,HR). These complexes lose H, upon heating, but are
otherwise very stable [402]. Trinuclear hydrides such as H;M;(CO),, (M =
Mn, Re) yield cluster fragments as the major photochemical products [338].
The rhenium complex quantitatively produces H,Re,(CO),. Both trimers are
known to isomerize pentenes upon photolysis {400]. These cluster complexes
provide an interesting contrast to mononuclear hydrides, which frequently
lose H, upon photolysis [403].

Geoffroy and Epstein have examined the declusterification of the
methynyltricobalt cluster HCCo,(CO), [404]. Under H,, CH, is produced
and the cobalt fragment can be recovered as Co,(CO),,. Addition of CO
during photolysis leads to Co,(CO); as the final oroduct. Photolysis of
HFeCo,(CO);, also yields Co,(CO),, as the ultimate cobalt cluster in the
absence of added CO [403]). The photochemistry of larger carbonyl clusters is
not well documented. Asinger et al. reported that irradiation of Co,(CO),,
with l-undecene leads to olefin isomerization [397]. Photolysis of Ir (CO),,
in the presence of (MeCO,),C, gives the tetranuclear compound
[Ir,(CO){(MeCO,),C, 4] in 35% yield [405].

A recent report has appeared on the photoreactivity of isocyanide bridged
dirhodium cations, Rh,(br);* (br = 1,3-diisocyanopropane) [406]. Tke reac-
tion scheme below outlines the results. Light induces redox chemistry as well
as metal-metal bond cleavage in this novel system.
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I-12$O4 hy 4+
Rhy(br), o Rh,](br’)g“ —ar 2Rhy(br)g
1'”’ Ced+
HCl
Rhgl br.)% + Dimerization Rhw(br):zi +
Amax=780nm Amex > 1300nm
v
hy

4+ 2 8 -
Rhy(br)gCl; ———  Rhy(br),CI5* + Rhg(brZ* + Ci

E. CONCLUDING REMARKS

It has probably been apparent that more experimental and theoretical
work will be necessary before the electronic structure of metal cluster
complexes can be regarded as a solved problem. Interesting questions posed
by existing work include: (1) the relationship between electron counting rules
and more quantitative theoretical models; (2) the energy barriers between
several cluster or ligand geometries; (3) the strengths of the metal-metal
bonds; (4) the extent of the similarity between metal surfaces, atomic
clusters and metal cluster complexes; (5) the importance of metal valence s
and p orbitals to metal-metal bonding; (6) the nature of bound H and CO
in metal cluster complexes and its significance for Fischer—Tropsch chem-
istry; (7) the role the HOMO and LUMO play in redox reactions of cluster
systems; (8) the relationship between excited state wavefunctions and photo-
chemical reactivity.
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