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A. INTRODUCTION 

Polynuclear molecules containing transition metal and main group bare atoms 
cemented together, and surrounded by ancillary ligands, constitute a fascinating topic 
of modern coordination chemistry Cl]. When a direct metal-metal bond is present 
in these molecules they are generally referred to as “clusters”. We will use the term 
cluster in a loose sense to include all molecules formed by a number of metal atoms 
larger than one. In some compounds, the relative disposition of the metals and ligand 
atoms resembles the geometry of clusters found in naturally occurring enzymes and 
they are considered the synthetic analogues of their active sites [2-41; in other 
compounds, similarity is found between structural units which are present in the 
lattice of inorganic solids showing peculiar physical properties (electrical conduction, 
ferromagnetism, etc.) [S] or which enter into heterogeneous catalytic processes [6]. 
The chemistry of these molecules and the experimental and theoretical characteriza- 
tion of their physical properties is therefore intrinsically important, the novelty of 
the synthetic, structural and theoretical aspects issuing a challenge to inorganic 
chemists. 

In order to limit the size of the present article, we must choose a subset of the 
universe of clusters synthesized up to the present time. Our leading criterion will be 
to show the contribution of the Florence research groups in this area. A huge part 
of the research interest of Prof. Luigi Sacconi, to whom this special edition of 
Coordination Chemistry Reviews is dedicated, in the years 1960-1980 was devoted to 
the synthesis and the structural and physico-chemical characterization of 3d-metal 
complexes. Among the systems investigated, metal-chalcogen complexes received 
particular attention; therefore in Sect. B we will deal with polynuclear iron, cobalt 
and nickel-chalcogen species containing terminal ligands such as halides, thiolates, 
phosphines, etc. Organometallic species containing metal-carbon, hydrogen or nitro- 
syl bonds will not be considered. In this section, emphasis will be placed on the 
synthetic routes which lead to the formation of clusters. 

Modern synthetic strategies in coordination chemistry, generally involve the 
use of sophisticated reagents and sterically hindered ligands or ligands with varied 
donor atoms in order to stabilize particular coordination geometries and/or to 
promote special chemical processes. On the other hand, the synthesis .of metal- 
chalcogen clusters is basically achieved by the spontaneous self-assembly of simple 
inorganic reagents. Later, new compounds can be obtained by exploiting the reactivity 
of the parent clusters. Although, just for these reasons the pursuit of the metal- 
chalcogen chemistry remains a largely empirical approach, we will try to discuss 
some synthetic strategies. The structural features of this class of compound have 
already been carefully treated in the literature, and we will therefore give only a brief 
description of them, but we will report the results of the most significant investigations 
of their magnetic properties. 

The aggregation of paramagnetic ions in the presence of ligands can likely lead 
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to the formation of polynuclear paramagnetic species and Sect. C will give a brief 
account of the electronic structure of paramagnetic clusters. The magnetic properties 

of polynuclear transition metal compounds have attracted the interest of several 
researchers for a long time. This is a consequence of the fact that some of these 
compounds have a number of electronic states, differing in their total spin, populated 
at the same temperature and possess a peculiar temperature dependence of the 
magnetization which give rise to ferro-, antiferro, ferri-, etc. magnetism at the molecu- 
lar level. This behaviour is opposite to that found in many other molecular 

compounds where only one spin state is thermally populated at room temperature, 
either a singlet, diamagnetic, or a paramagnetic state. These properties have been 
ascribed to so-called “super-exchange interaction’s”. The nature of the chemical bond 

between the transition metal ion and the intervening ligands is, of course, responsible 

for these interactions and in Sect. C we will be concerned with the phenomenological 

description of these effects and with their interpretation at the electronic level. 
These properties are rather peculiar to the complexes of the first row transition 

metals and Prof. Sacconi always looked to this research as a natural complement to 
chemical synthesis and strongly encouraged theoretical development in this field. 
This is the main reason why we collected together chemical synthesis and quantum 

mechanical aspects, which, at a first glance, may seem to be the subjects of two 

different reviews. The reader will note that most of the compounds described in 
Sect. B have not yet been fully theoretically characterized due to the complexity of 

their geometries and to the large number of electrons which makes any quantum 
mechanical description of their electronic structure difficult. The full experimental 
and theoretical characterization of large transition-metal molecular clusters is a 

challenge for future research. 
In Sect. C, we will not give any account of the physico-chemical techniques 

used to determine experimentally the magnetic structure of the clusters examined, 
which are treated in the review article by Benelli and Gatteschi in this same issue. 

Also, we will limit ourselves to the description of the interactions at the molecular 
level and we will not consider solid state effects for which a quantitative theoretical 

description is still far from being available. Knowledge of the mechanisms which 
govern the electronic interactions at the molecular level constitutes the basis for the 
comprehension of solid state effects and for the description of the magnetic properties 
of those clusters found in living organisms. 

B. CHEMISTRY OF IRON, COBALT AND NICKEL-CHALCOGEN CLUSTERS 

The iron-sulphur proteins and analogous clusters have been extensively 
reviewed [2-4,7,8]. Fenske recently reported the results obtained by his group on 
cobalt- and nickel-chalcogen systems [9]. 
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(i) Structural and magnetic aspects 

At least 19 structural types of cluster with metallic nuclearity ranging from two 
to nine have been identified so far. They are collected in Tables 1 and 2. Some other 
compounds of higher nuclearity, whose cores’are likely formed by the condensation 
of two or more of the above structural types, and some examples of giant frameworks 
of unique structural type will also be considered. An account of the physical properties 
of those clusters which have been characterized will also be given. 

The structures of the most relevant bi, tri, and tetrametallic cluster cores (l-7) 
are shown in Table 1. 

Dinuclear species with one or two chalcogen bridges are known. Iron(II1) Schiff 
base complexes show different bent sulphur bridges (Fe-S-Fe angle in the range 
121”- 174”) depending on the steric requirements of the ligands [68]. In the complex 
[Fez S(SALen),], (Fig. 1) the Fe-S-Fe bridge (122”) is slightly asymmetric with Fe-S 
bond distances of 215.0(2) pm and 219.0(2) pm, respectively [lo]. The dependence of 
the magnetic properties of [FezX14+ units on the bridging angles has been investi- 
gated by Mukherjee et al. [68]. A linear arrangement of the two metals and of the 
bridging chalcogen, Mz E (1) is found in the tripodal phosphine nickel(I1) and cobalt(I) 
complexes shown in Fig, 2 [ll]. The metal-sulphur bond length (203.4(2) pm) is 
rather short and indicates a strong metal-ligand interaction. The complexes are 
diamagnetic. 

The double bridging arrangement, M,E2 (2) is exemplified in Fig. 3 by the 
structure of the complex [Co, S,(triphos)] [15]. Several iron(II1) compounds have 
been synthesized with the intent of finding synthetic models of the two-iron two- 
sulphur clusters present in some iron-sulphur proteins. The electronic structure of 
these bimetallic clusters has been investigated through electronic, Mtjssbauer, cyclic 
vol tamme try, ‘H NMR and EPR spectroscopy [2,3]. In all cases, an antiferromag- 
netic coupling between the iron centres is operative with an exchange coupling 

constant, J, in the range 300-400 cm-l (see Sect. C for the definition of J). 
The structure of the type 3 trinuclear cluster [Fe, S4(SPh),13 -, shown in Fig. 4, 

is closely related to type 2 structures, having a linear array of three pseudo-tetrahedral 
iron atoms doubly bridged by sulphur [16]. The magnetic structure of clusters with 
a linear arrangement of the iron atoms has been investigated carefully by Girerd 
et al. [17]. In the compounds investigated, the ground state was found to be a spin 
sextet (S = 5/2) arising from antiferromagnetic exchange interactions between adja- 
cent high spin (S, = S2 = S3 = 5/2) iron(II1) ions (JIZ = JZ3 x 300 cm- ‘) and smaller 
interactions between terminal atoms (-100 < J13 2 100 cm-‘). Other trimetallic clus- 
ters show a triangular arrangement of the three metals, capped (4) or bicapped (5), 
by one or two chalcogens, respectively. In Fig. 5, the structure of the complex 
[Fe, S(S2-dur)3]2- is shown [ 191. In these complexes [20,21], a discrete pyramidal 
M3 (p3-S) fragment is found, which is rather uncommon for inorganic complexes and 
is more easily encountered in organometallic compounds, The complex 
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m 

Fig. 1. Structure and ORTEP view of the skeleton of [Fez S(salen),]. (From ref. 10.) 

[Fe3S2(WSJJ4- is the only example of an iron complex containing the trigonal 
bipyramidal core 5 [22]. On the other hand, several clusters of nickel(I1) have been 
reported [23-271. In Fig. 6, the structure of the complex miJS2(PEt3)J2+ [23] is 
shown. All these compounds are diamagnetic and can be described as being formed 
by three square-planar Ni2 E2 L, moieties sharing two pJ-E ligands. 

The linear arrangement of the metals in tetrametallic clusters (6) is still rare 
[28], the most common geometry being the cubane-type (7). A long series of com- 
pounds with geometries derived from the ideal cubane has indeed been characterized 
and their structural features and properties have been extensively reviewed 
[3,9,29-421. Recently, the crystal structures of iron-selenium cubane clusters have 
been determined [18] and the main distortions of the [Fe,Se,]‘+*+ cores from cubic 
arrangement have been discussed. 

Fig. 2. ORTEP drawing of the skeleton of ~i,S(triphos),]*+. (From ref. Il.) 
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Fig. 3. Perspective view of [Co,S,(triphos),]. (From ref. 15.) 

The nature of the ground state of complexes containing the [Fe,X,]’ (X = 
S, Se, Te) core, which is formed by three iron(I1) and one iron(II1) centres, has been 
studied by Mossbauer, magnetic and EPR techniques [2,30,31,69-711. In Table 1, 
we report the values measured for the exchange coupling constants (when available) 
relative to the magnetic coupling between two iron(I1) centres (J) and between iron(I1) 
and iron(II1) (J’) according to the hamiltonian used in Sect. C. The exact ground 
state, either S = l/2, S = 3/2 or an admixture of them, was found to be dependent 
on very subtle factors, not yet rationalized, such as the nature of the counterions. In 
these and other cubane-like clusters, such as those containing the core [Fe4S4]2+‘3+, 
valence delocalization (“double exchange”) was found to be important in determining 

SW 

Fig. 4. ORTEP view of the skeleton of [Fe,S,(SPh),J3-. (From ref. 16.) 
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Fig. 5, ORTEP view of [Fe3S(S,-dur),]‘-. (From ref. 19) 

Fig. 6. ORTEP view of [Ni,S,(PEt,),12’. (From ref. 23.) 
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the total spin ground state and the detailed spin coupling pattern. We cannot enter 
here in a full characterization of the magnetic structure of these clusters, but it was 

generally observed that the overall interaction is antiferromagnetic. A brief account 
of the double exchange is given in Sect. C, where we also give principal references 
to the studies performed on the iron-sulphur cubane systems. 

Hexa, hepta, octa, and nona-metallic clusters (S-19) are reported in Table 2. 
Four types of hexametallic species have been isolated. The most symmetric 

structure (8) can be described as being formed by an octahedron of metals with eight 
chalcogens triply bridging the octahedral faces. The eight chalcogens lie at the vertex 
of a cube [42,43,45-481. An example of this structure is given in Fig. 7 for the cation 
[FesS,(PEt,),]‘+ [45]. The iron atoms lie at the vertex of an almost perfect 
octahedron (average Fe-Fe distance = 262 pm). The actual site symmetry of the 
complexes obtained with both iron and cobalt depends on the nature of the counter- 
ion. For the hexafluorophosphate derivatives, C3 site symmetries have been found 
[43&l]. The magnetic properties of compounds of this series are rather peculiar and 
are briefly mentioned at the end of Sect. C. 

A unique example of a trigonal prismatic core MsS5 (9) has been found in the 
complex Ni,Se,(PPh,),. The longest Ni-Ni bond distances are those between the 
nickel atoms on the triangular faces of the prism [49]. 

Pl 

Fig. 7. ORTEP view of [Fe,S8(PEt&J2+. (From ref. 45.) 
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The structure of the prismane core Fe,& (10) can be described as being formed 
by three rhombic Fez Sz units linked to yield a distorted hexagonal prismatic arrange- 
ment [SO-521. In Fig. 8, the molecular structure of [Fe6S61s]*- is shown [52]. 

The basket-like Fe,!!& core (ll), as found in the compound [FesSg(PEt&] +, 
can be viewed as being formed by six non-planar FezSz moieties fused together to 
form an open basket with a bridging Fe(p2-S)Fe group, with bond angle 75.5”, as 
the “handle”. In this structure, which approaches an idealized C2v.symmetry, three 
inequivalent bridges are present, namely p2-S, pJ-S, and ,uo-S [53-551. 

Three types of bridging chalcogen atom are also present in the Fe, Eg structural 
type 12 [S&-58]. This is exemplified in Fig. 9 by the complex [Fe,Se,(SMe),14 [SS]. 
The core of the cluster is formed by eight Fe,Se, moieties fused to form four 
Fe(pc2-Se)&-Se)Fe, two Fe@*-Se)(p4-Se)Fe and two Fe&-Se)(p4-Se)Fe subunits. 

The monocapped prismane 13 is the only heptametallic structural type so far 
reported [9,59,60]. 

Among the octametallic clusters, the structure in which a cube of eight metals 
is penetrated by an octahedron of sulphur (14) is surely the most symmetric [61-641. 
An example is given in Fig. 10, where the molecular structure of the complex 
[FesS&,14- is shown [61]. This molecular arrangement is similar to that found in 
M,Es cluster of type 8 in which the position of the metals and of the chalcogens is 
exchanged. Interestingly, the structure of 14 is topolo~cally related to those of 10 
and 13 [59], as shown in Fig. 11. 

Fig. 8. Structure of [Fe6S616]2-. (From ref. 52.) 
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se121 

Fig. 9. Two views of [Fe,Se,(SMe),14-. (From ref. 58.) 

Fig. 10. ORTEP view of [Fe,S&J-. (From ref. 61.) 
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Fig. 11. Structural relationships among MsSs, M,Ss, and MsS, cores. (From ref. 59.) 

Two unique structures of octametallic clusters are shown in Figs. 12 and 13. 
One of these clusters, 15, is formed by two NiS trigonal-bipyramids with a common 
edge [60]; the other, 16, is formed by two trans Co, square-pyramids with a common 
edge [65]. 

Three examples of nonametallic clusters have been reported so far. The core 
M,E6 (17) found in the complex Ni,Te,(PEt,),, is closely related to the octametallic 
complex of type 14, with one metal atom located at the centre of the structural 
framework [67]. In the cores MgE, (18) and M9Ell (19) found in the complexes 
mi,S,(PEt,),]*+ [67], shown in Fig. 14, and [Co,Se,,(PPh,),] [42], respectively, 
the metal arrangement can be described as being formed by the condensation of two 
octahedra (8) sharing one face. The cores 8, 17, 18, and 19 are closely related to 
structural units which have been found in the Chevrel phases of molybdenum 

P P2 

Fig. 12. Molecular structure of [Ni,S,(PPh,),]. (From ref. 60.) 
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Fig. 13. Molecular structure of [Co,S,(PPh,),]. (From ref. 65.) 

107 

Fig. 14. Inner core of [N&,S&PEt,),]*+. (From ref. 67.) 
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chalcogenides, most of which were found to be high-field and high-temperature 
superconductors [5]. Each cluster in these solids can be viewed as a combination of 
a cube of chalcogens and an octahedron of metals. 

Few examples of.clusters having metallic nuclearity larger than nine have been 
reported so far. The complexes [49] [Ni,,Se,,(PEt,),] and ~ilSSe,,(PPh,),] 
represent an extension of the structural types 18 and 19, being topologically formed 
by the condensation of three and four octahedra of metals, respectively, having 
common faces. 

Quite recently, giant clusters of unique exotic structure, [Na, Fe,, SJO]‘- [72] 

(Fig. 1% CNa,FezOSe,J9- 1731, lYi,OTelAPWIJ C66l~lYi&WPPhAJ C42l 
(Fig. 16) have been reported. This shows how this fascinating field of inorganic 
chemistry can be developed. 

(ii) Synthetic procedures 

The basic strategy to most initial metal-chalcogen cluster syntheses consists of 
the thermodynamically controlled reaction of simple inorganic reagents. Thus a 
reactant mixture containing a metal source (element metal, salt, complex), a source 
of the chalcogen E (elemental E, EZ-, EH-, EH2, E(SiMe,),, etc.), an ancillary 
ligand (SR-, X-, PR3), and a cation or anion to counterbalance the charge of the 
cluster, is allowed to react to form products, which are the most thermodynamically 
stable under the condition of the experiment. In some cases, kinetics control the 
formation of cluster species, which are generally metastable and spontaneously 
rearrange to form the thermodynamically stable complexes. The term “spontaneous 

Fig. 15. Structure of [Na, Fe,, S3,,]*-. (From ref. 72.) 
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P3 Pb 
s@6 

PC’ d b P3 

Fig. 16. Molecular structure of ~i,Se,,(PPh,),,]. (From ref. 42.) 

self-assembly” has been applied to these processes first by Ibers and Holm [74] as 
a reminder of the thermodynamic origin of cluster formation. 

The actual nature of the products of a given reaction strictly depends on 
experimental conditions such as the relative amount of reagents, the nature of the 
solvent, the temperature and the nature of the counterion. Redox processes are also 
often involved in the reaction mechanism, sometimes leading to species in which a 
non-integral oxidation number must be attributed to the metals (“mixed valence” 
compounds). 

The parent clusters so assembled can in turn be used to form new compounds by 
exploiting their reactivity. Thus the oxidation or the reduction of the clusters can afford 
products with different oxidation states. The coupling of two identical or different clus- 
ters is a potential method to construct a new polynuclear species with different nuclear- 
ity. Finally, terminal ligand exchange reactions on clusters, when possible, allow the 
incorporation of virtually any desired ligand or combination of ligands. 

(a) Spontaneous self-assembly reactions 
Rigorous classification appears impossible since apparently very similar reac- 

tions can lead to the isolation of different products, whereas some reactions give 
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unique products. We have therefore separated the self-assembly reactions according 
to the chalcogen source into sections (l)-(6). 

(1) Elemental chalcogens, E, as chalcogen source. The reaction systems FeCl, (or 
FeClJER-/E (E = S, Se) in non-aqueous solutions have been widely used to synthe- 
size iron-chalcogen clusters ranging in metal nuclearity from 2 to 6. Holm and 
coworkers [75] systematically explored these reactions and some general statements 
can now be formulated. Two factors appear to decide the general development of 
the reaction: (i) the molar ratios between the reagents and (ii) the protic or aprotic 
nature of the solvent and, in some cases, also the nature of the SR- anion and the 
temperature. 

The mixtures FeCl,/SR-/S have been found to react in protic solvents with 
the stoichiometry [76] 

4FeC1, + 14SR- + 4S+ [Fe,S,(SR),]‘- + SRSSR + 12Cl- 

The process occurs via the reaction sequences reported in Scheme 1 according to 
the actual molar ratios between the reagents and the nature of the solvent. In aprotic 
solvents when FeCl, > 5SR-, the reaction stops at the dinuclear species, while in 
protic solvents, the cubane-like cluster is always obtained [75]. In the case of FeCl, 
(FeCli-)/SR-/S, similar reactions occur as shown in Scheme 2, reactions (1) [77] 
and (2) [78]. Reaction (3) shows an example of the influence of the nature of the 
counter-ion [79]. The oxidation of RS- to RSSR and the oxidative addition of E to 
Fe(I1) thiolate complexes such as [Fe(SR),]‘-, [Fez(SR),]‘- or [Fe4(SR),,,]2- are 
important steps in the reaction. Similar reactions occur when Se is used instead of 
S [18]. 

Elemental iron has also been used as the metal source. In this case, both S and 
I2 can oxidize the metal [52,80]. 

6Fe + 6S + 212 + 21- + [Fe,S,IJ’-(10) 

4Fe(CO), + 4S + I2 + 21- + [Fe,S,IJ2-(7) + 20C0 

(2) Chalcogenides, E2-, as chalcogen source. Replacing chalcogens with chalcogen- 
ide anions in the reactions shown in the previous section yielded a large variety of 
clusters. Some representative reactions are shown in Scheme 3. 

Triangular capped complexes, 3, are obtained through the simple metathetical 
reaction (1) of Scheme 3 [20]. 

Redox processes are in turn involved in the synthesis of tetra- and hexa-metallic 
iron clusters (reactions (2)-(7)). In reactions (2) [Sl] and (3) [82], the iron(II1) is 
reduced by SR- and by S2- respectively, while the stoichiometries of the other 
reactions are still unclear. The synthesis of the cubane-like reduced core [Fe,Te,]+ 
might be due to the high redox power of telluride solutions (reaction (4)) [30]. 

It is interesting to note again that similar reaction systems FeC13/S2 - /SR- but 
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Scheme 1. (From ref. 75.) 

with different reagent ratios (reactions (2) and (5)) afford different clusters [56]. The 
uncharged phosphine ligands, PEt,, favour the formation of basket-like clusters 
(reactions (6) and (7)) [53,55]. 

Finally, it has recently been found that direct reactions of FeCl, with E2- in 
the presence of weak ligands such as [PhNC(O)Me] - provide high nuclearity 
exotic clusters, without terminal ligands, such as [Na,Fe,,S,,]*- [72] and 
[Na,Fe2,Se,,]g- [73]. 

(3) Hydrogen chalcogenides ions, EH-, as chalcogen source. The use of EH - as 
chalcogen source allows the formation of different clusters (Tables 1 and 2). Some 
representative reactions are collected in Scheme 4. The first reported synthesis of an 
iron-sulphur cubane-like cluster used SH- ions as sulphur source according to 
reaction (1) of Scheme 4 [32]. In this reaction, SR- is acting as the reducing agent 
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of iron(II1). Similar reactions occur with SeH- [33]. Quite interestingly, the related 
FeCl,/SR-/SH- system permits the direct synthesis of the [Fe,S,(SR),13- species 
containing the reduced core [Fe4S,]’ (reaction (2), [83]. This reaction probably 
occurs via the formation of the adamantane-like cage complex [Fe4(SEt)10]2-, but 
the actual oxidant of iron(I1) remains unidentified. 

Reactions (3) [62], (4) [lo], and (5) [84] do not involve either reduction or 
oxidation of the metals. 

(4) Dihydrogen chalcogenides, H2E, as chalcogen source. It was generally recognized 
25 years ago that the reactions of divalent 3d metal ions with H2 S invariably afforded 
insoluble binary sulphides. However, Sacconi and coworkers found that iron( 
cobalt(I1) and nickel(I1) salts, in the presence of tertiary phosphine ligands, reacted 
with H2S to yield soluble mercapto- and thio-derivatives [l l,SS]. Typical reactions 
affording metal-chalcogen clusters are shown in Scheme 5. Whereas, in the presence 
of the tridentate ligand triphos, only dimetallic species were isolated (reaction (1) of 
Scheme 5) [11,15-j, triethylphosphine permits the synthesis of tri-, hexa-, and nona- 
metallic clusters (reactions (2) [43,45,86], and (3) [23,67]. Reactions (1) and (3) also 
occur using H, Se or HzTe in place of H2 S, but in this case reaction (3) only affords 
the trimetallic species 5 [24,25,87]. In reactions (4) [26] and (5) [37], low-valent 
metal species have been used as metal sources. Apart from complexes of structural 
types 1 and 5, the formation of the clusters involves partial or complete oxidation 
of the metal. The mechanism of these reactions is still unclear. Two possible pathways 
which permit the formation of M-S-M bridges, with oxidation of the metal ions, 
can likely be proposed (Scheme 6). In both cases, the first step is coordination of 
H2S to the metal centre: in case (l), the rapid formation of a mercapto derivative, 
in presence of a base B, is followed by elimination of H,; in case (2), oxidative 
addition of H,S to the metal occurs with formation of a mercaptohydride and 
subsequent elimination of Hz. The formal oxidation state of the metal is increased 

M.Fc 

(2) ,HIH20M2+< ‘;z;;;; ; 
aw 

(3) [Ni(H30),12’ 3Pb, Hz.5 c INi3S&‘E13)~~2’ (6). INig5g(PEt3 )612’ (18) 

(4) I(CpH4)NiWh3&1 
3PEt3, H,S 

THF 
- [Ni3!$(PEt3 )s(SH)j* (6) 

(5) CpFe(CO)21 I-&, air, PPhi. Et3N 
DMFlMeOH 

-m IFe4S4(SH)412- (7) 

Scheme 5. 
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Scheme 6. 

by 1 and 2, respectively. Formation of SH complexes of 3d metal ions by reaction 
with HzS, in the presence of a base, is well documented (reaction (1) of Scheme 7 
[88]). Oxidative addition of H2S to a metal centre followed by subsequent Hz 
elimination has recently been reported for a rhodium complex with a tripod-like 
ligand (reaction (2) of Scheme 7) [89]. 

1 
2+ 

H2S 

Lv 

W, NaBPhi 

- H2 

I 

Ar 

Scheme 7. 
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(5) E ( SiMe3 ) 2 as chalcogen source. This particular type of self-assembly reaction 
was principally developed by Fenske et al. [9]. Some typical reactions are shown in 
Scheme 8; reactions (1) and (4) are described in refs. 59 and 90. Generally, halide- 
monotertiary phosphine-metal(I1) complex reacts, in organic solvents, with 
E(SiMe3)*. A great variety of clusters, many of them with high nuclearity, were 
obtained in this way depending on the ratio M : E : PR,, the solvent (usually toluene, 
MeCN, THF), the nature of PR3, and the nature of the halide. The formation of 
uncharged species appears highly favoured. The breaking of the M-X and E-Si 
bonds with formation of XSiR3 and M-E bonds are obvious steps in these reactions. 
However, the redox processes which occur and also the general stoichiometries 
remain unclear. This method allowed the preparation of [CosS,I,(PEt,),]‘+, a 
unique cluster containing bridging S and I atoms in the inner core. The structure of 
this cluster is shown in Fig. 17 [go]. 

(6) Miscellaneous sources of chalcogens. Organic trisulphides, R-S-S-S-R, have 
been used successfully as sulphur sources in place of elemental sulphur in reactions 
similar to those described in Sect. B. (ii)(a)(l) ( reaction (1) of Scheme 9) [91], whereas 
solutions of polysulphides or polyselenides can act as sources of chalcogens in the 
assembly of hexametallic iron clusters (reaction (2)) [57,58]. 

Steigerwald et al. [47,66] have recently found that the labile adduct TePEt, is 
an efficient source of tellurium for the synthesis of high-nuclearity of metal-tellurium 
clusters (reactions (3) and (4)). 

(b) Redox reactions 
A basic function of the metal-sulphur clusters found in living organisms is their 

behaviour as electron carriers in redox processes. The electrochemical behaviour of 

(1) FeCll 2PEta f S(SiMC3)z 
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(31 [CoClz(MrCN)z1 
Pm, * 2S(SiMrJ), 
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Scheme 8. 
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Fig. 17. Perspective view of [Co,S,12(PEt&]‘+. (From ref. 90.) 

the synthetic clusters was carefully studied and recently reviewed [92]. The oxidation 
or reduction of a cluster is a straightforward method to prepare species with similar 
geometries but different oxidation states. As a matter of fact, clusters belonging to 
the structural types 2,7,8,10 and 14 undergo redox processes under mild conditions. 
Sodium tetrahydroborate [ 151, sodium naphthalenide [ 151, sodium acenaphthylenide 
[29,62], nitrosyl tetrafluoroborate [ 151 and ferrocinium tetrafluoroborate [40] have 
been used in turn as reducing or oxidizing agents, respectively. It is noteworthy that 
these clusters contain highly symmetric cores in which all the metals are nearly 
equivalent. 

2 Br SSSBr 
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fc) Coupfing reactions 
The reaction of a metal-chalcogen cluster with an elemental metal, a metal 

complex, or another cluster can afford new clusters with different nuclearity as 
appears in Scheme 10. The cuboidal cluster [Fe,S,IJ3- was obtained by capping 
the open faces of the prisman-like [Fe,S,IsJ2- ion, using Fe metal, I-, and I2 
(reaction (1) of Scheme 10) [61]. Reactions (2) are modeis for incubations of proteins 
having cuboidal Fe,& cores with hIZf salts [41]. 

Using topological considerations, Feske et al. [9] suggested that aggregation 
to more highly condensed compounds by the reactions of Sect. B. (ii)(a)(s) occurred 
via smaller fragments, In this framework, the trimetallic units 5 should be the 
structural units to assemble cluster cores 8, 18 and 19. 

fd) ~ermfnaf figand exchange reactions 
Ligand substitution is a fundamental process in the chemistry of synthetic iron- 

sulphur clusters. Indeed, this reaction forms the basis of the core extrusion method 
[93], useful for identifying some clusters present in proteins, and allows the introduc- 
tion of diverse chemical environments around the iron-sulphur core. These reactions 
concern essentially iron clusters of types 2 and 7. 

The most straightforward substitution method is to react the chalcolgenide 
ligated species with the sodium salt of an anionic ligand, the precipitation of NaCl 
driving the reaction to completion as in reaction (1) of Scheme 11. 

Thiolate ligand substitution reaction (2) occurs via stepwise reversible equilibria. 
The reaction proceeds to the right provided that the acidity of R’SH is stronger than 
that of RSH [94]. 

Ligand substitution can likewise be affected with electrophilic reagents EL 
with E = H, acyl, sulphoxyl, and L = halide, thiolate, phenolate, carboxylate, etc. 
(reaction (4)) [36,95]. 

A fundamental characteristic of these reactions is that they give rise to a 
statistical mixture of products which can occasionally be differentiated only in the 
solid state. The independent reactivity of the terminal ligands is due to the fact that 
they are separated by 6-7 A around a nearly dimensionally isotropic cluster core. 

fl) fFe,&I,i*- (to) . 2Fe. I-. 0.51, - (Fe&+ I$-(141 

(2) [Fe$@Et~?-(3) 
<--g w4(SEt).lZ-(7) 
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(3) 2lFeg&9hW (If w IFe,S,tSPh),12-(7) . 2Sf’h- 
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IFcgS#Etj~,Ct~1 (11) 

Scheme 10. 
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Recently, Holm et al. have synthesized cubane-type clusters of formula 
[Fe,S,(LS,)L’]2- (LS3 is a semi-rigid tridentate thiolate ligand) (Fig. 18) containing 
core units whose iron subsites are differentiated in the ratio 3 : 1 [39,96]. In this way, 
they skilfully solved the problem of performing site-specific chemistry at one iron 
site in a Fe,!& cluster. 

Terminal ligand substitution reactions have also been carried out on type 5 
nickel clusters (reaction (5) of Scheme 11). In this case, only the synthesis of differenti- 
ated subsites was achieved [25,27]. 

C. ELECTRONIC STRUCTURE OF PARAMAGNETIC CLUSTERS 

(if Weak bonding: the exchange inte~uction 

Usually, the formation of a covalent bond in molecules results in an antiparallel 
alignment of the electronic spins in a molecular orbital, unless a system with an odd 
number of electrons is considered or some orbital degeneracy is present. States with 
a total spin different from that of the ground state are at energies much higher than 
kT when T is room temperature. In polynuclear transition metal complexes, especially 
those with metals of the first transition series, the metal atoms are separated by 
intervening ligands, but the metals in the complex do not behave inde~ndently. For 
example, in dinuciear copper(I1) complexes with oxalato moieties as bridging units 
[97], in which the metals are more than 500 pm apart, the electrons on the metal 
eentres are correlated and the magnetic moment of the complex is temperature 
dependent because the splitting between the singlet and triplet spin states, 
AE x 390 cm-‘, is comparable with k?: As a consequence, the bonding interactions 
in polynuclear transition metal complexes cannot easily be rationalized using a 
molecular orbital scheme and are generally called beak-bonding” interactions. Their 
theoretical treatment requires the use of configuration interactions calculations and 
a phenomenological approach is widely used by experimentalists to rationalize the 
expe~mental properties of polynuclear complexes. In this approach, the multiplet 
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4 

Fig. 18. Structure of [Fe4S,(LS,)Cl]2-. Above: ORTEP view of the skeleton. Below: stereoview of the 
entire structure. (From ref. 39.) 

structure is derived as a consequence of a magnetic coupling between the spins of 
the interacting metal ions through a spin hamiltonian [98], which allows one to 
parameterize the relative energies of the various muitiplets; this is called the exchange 
spin hamiltonian. The theoretical models will therefore be concerned with the correla- 
tion between the spin hamiltonian parameters and the electronic and geometrical 
structure of the polynuclear compound [99]. 

A common form of the spin hamiltonian used to describe the interaction 
between two magnetic centres is 

H=JS,.Sz+S,.Dlz~Sz+dlz.S, xS, (1) 

where the first term accounts for the isotropic exchange interaction, which can be 
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directly linked to the weak-bonding interaction, and the other terms, the anisotropic 
and the antisymmetric interactions, originate from direct magnetic interactions. and 
spin orbit coupling effects. Usually, the values of J are of the order of hundreds of 
wavenumbers, while BIZ rarely exceeds few wavenumbers and d12 is smaller. .J12 can 
thus describe the overall ordering of the spin states in a large number of cases. 

In the dinuclear case, the spin states arising from the exchange interaction can 
be conveniently labelled using the total spin quantum numbers, S, arising from the 
vector coupling of the Sr and S2 spin operators. S must obey the equation 

IS,-SZl<S<SI+SZ 

the relative energies of the spin states are thus given by 

(2) 

E(S)-E(S- l)=JS (3) 

In the case of dinuclear compounds with only two unpaired electrons, S, = 
S2 = I/2, S can be 0 or 1 and f represents the separation between the triplet and the 
singlet states. The other terms in eqn. (1) remove the degeneracy of the Ms levels of 
each S manifold. The J values can conveniently be obtained by measuring the 
temperature dependence of the magnetic susceptibility, the effects of the anisotropic 
interactions can be observed through EPR spectroscopy, while the effects of the 
antisymmetric interaction are most subtle and are more difficult to ascertain. A 
recent book by Bencini and Gatteschi [loo] exploits most of the subtleties of the 
spin hamiltonian of eqn. (1), reviews the application of the EPR spectroscopy to the 
characterization of the magnetic structure in polynuclear compounds, and collects 
the results of the Florence group in the field. 

Quite often, one single technique is not able to describe completely the magnetic 
structure of a cluster. A nice example [lot] is given by the complex of formula 
Cu(salen)Ni(hfa), shown in Fig. 19. Magnetic susceptibility studies showed that the 
copper( S,, = l/2, and the nickel(II), SNi = 1, ions are antiferromagnetically cou- 
pled to yield an S = l/2 ground state. The single crystal EPR spectra were, however, 
characteristic of a triplet species split in zero field by IDI = 3 ID,,(/2 = 0.12 cm-’ and 
E = (D, - D,,Y)/2 = 0.019 cm-‘. This triplet state was found to arise from the inter- 
action between two molecular units which in the solid state are in close contact. The 
combined use of EPR and magnetic techniques gave the spin level structure shown 
in Fig. 20. 

NMR spectroscopy has been applied to investigate the electronic structure of 
paramagnetic metal clusters in proteins and these applications have recently been 
reviewed [ 1021. 

(a) Semiempirical models of the exchange interaction 
In 1963, Anderson Cl033 completed the formulation of the first theory of the 

exchange interaction. Considering a pair of interacting centres A and B with one 
unpaired electron on each centre and orbitally non-degenerate ground states, the 
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Fig. 19. Structure of Cu(salen)Ni(hfa),. 

S = 312 

s=o 

Cu-Ni [Cu-Ni]z 
Fig. 20. Spin level structure of the copper-nickel pairs in Cu(salen)Ni(hfa), 
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ground state of the whole system can be represented using an antisymmetrized 
product of functions localized on the two centres (magnetic orbitals). When these 
orbitals are allowed to interact, we have a partial delocalization of the electron on 
A onto centre B and vice versa. This means that ionic configurations of the type 
A+B- and A-B+ must contribute to the ground state. Since these ionic configura- 
tions are necessarily singlet states, the singlet state of the system is stabilized by an 
energy 

where bAB is the transfer integral between the magnetic orbital on A and that on B 
and U is the energy of the ionic states with respect to the covalent state. This term 
is called kinetic exchange. A second contribution must be taken into consideration 
arising from the self-energy of the charge distribution pAB = 4x& and is given by 
the exchange integral 

KAB = 

s 

~X(1)~B*(2)eZ/rlz~A(2)~B(1) dz (5) 

where $A and & are the magnetic orbitals on A and B, respectively. This term, 
called potential exchange, stabilizes the triplet state. The overall exchange interaction 
then takes the form 

E(S = 1) - E(S = 0) = J = u - KAB (6) 

This rationalization of the exchange interaction allowed Goodenough and Kanamori 
[104,105] to express some practical rules which allowed the experimentalists to 
correlate the sign of the exchange interaction to the topology of the magnetic orbitals. 

The quantitative applications of eqn. (6) were found to be practically impossible 
and Anderson himself stated: “it seems wise not to claim better than about 100% 
accuracy for the theory in view of uncertainties” (i.e. the error can be lOO%!). In 
1975, Hay et al. [IO61 showed that, including configuration interaction at the second 
order in perturbation theory, the singlet-triplet separation, J, can be written as 

E(S= l)-E(S=O)=J= -2KAB+ (6” - aJ2 

(JAA - JAB) 
(7) 

where KAB and JAA and JAB are the exchange and Coulomb integrals between the 
magnetic orbitals localized on centres A and B, respectively. In their procedure, the 
magnetic orbitals are obtained from the localization of the molecular orbitals com- 
puted from an MO-SCF calculation on the triplet state as 
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where & and 4, are the two singly occupied molecular orbitals of the triplet state, 
with energies .sg and E,. Since the magnetic orbitals in eqn. (8) are orthogonal to each 
other, KAB is always positive and eqn. (7) can be rewritten as 

J = JF + J*F (9) 

where JF is a negative term which favours the stabilization of the triplet state 
(ferromagnetic contribution) and JAF is a positive term which stabilizes the singlet 
state (antiferromagnetic contribution). Equation (7) strongly resembles eqn. (6), but 
the antiferromagnetic term can now be computed through a molecular orbital 
calculation. An equation similar to eqn. (9) was developed by Kahn and Briat [107] 
in 1976 using non-orthogonal magnetic orbitals. 

The advantage of eqn. (7) over eqn. (6) is that, if one is dealing with a series of 
complexes in which the ferromagnetic term can be considered as a constant, the 
energy difference E, -E, is responsible for the variation of J and eqn. (7), in this 
approximation, was indeed successfully used to correlate observed variations of J to 
bonding and geometrical features. As examples of applications, we now consider 
p-chloro- and p-carbonate-bridged copper(I1) dimers shown in Fig. 21. In the 
p-chloro complexes, the copper ions are in a square planar coordination environment 
when the angle C#J = 0” and in a pseudotetrahedral coordination for 4 = 90”. All the 
experimental systems were found to possess C$ angles ranging between 0” and 45”. 
Experimentally, a net antiferromagnetic coupling results when 4 is close to O”, while 
a ferromagnetic interaction is operative when 4 approaches 45”. In ,u-carbon&o 
bridged dimers the symmetric dimers with 01= 90” were found to be diamagnetic and 
those with CI > 90” were found to be antiferromagnetically coupled. Extended Hiickel 
calculations [106,108] showed that, in both cases, the singly occupied molecular 
orbitals are linear combinations of mainly d,, atomic orbitals of copper. The variation 
of their energies as a function of the 4 and c( geometrical parameters for the ychloro 
and CL-carbonato bridged complexes, respectively, are shown in Fig. 22. In the first 

Cl 
Fig. 21. Schematic view of the [Cu,CIJz- ion and of the core of dinuclear p-carbonate-bridged copper(I1) 
complexes. 
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Fig. 22. The energies of the highest occupied molecular orbitals for p-chloro (left) and p-carbonate-bridged 
(right) copper complexes computed by extended Hiickel calculations for different values of Cp and u. 
(From refs. 106 and 108.) 

case, a crossing of levels occurs (computed around 30”) and around this value the 
JF term is anticipated to be dominant in eqn. (9). On proceeding towards 90”, the 
energy separation increases and an antiferromagnetic contribution is anticipated. 
Unfortunately, so far no compounds with 4 larger than 45” have been synthesized. 
For the p-carbonato bridged dimers, no crossing of levels is computed, thus explain- 
ing the experimental observations which locate the singlet at lower energy than the 
triplet. A larger energy separation is computed for c1= 90”, thus qualitatively explain- 
ing the observed diamagnetism of the compounds. 

The above model can easily be extended to dinuclear units with more than two 
interacting electrons, the overall interaction being, in this case, reduced to a sum of 
interactions between pairs of molecular orbitals [106]. 

Similar qualitative arguments have been used to correlate magnetic and struc- 
tural properties in dinuclear complexes with bridging alkoxo [106,109,1 lo], pyrazo- 
lato [ill], azido [109,112], oxalato, oxamidato and related ligands [113] and 
chalcogenides groups [6&l 141. 

The extension of the above model to clusters with nuclearity larger than two 
is not straightforward and the number of geometrical parameters to be considered 
increases. As a matter of fact, no application has been reported so far except for 
cases in which the dominant interactions involve pairs of transition metals. Further- 
more, when tetra, hexa, and higher nuclearity clusters are concerned, the interest of 
the researchers has so far been focused mainly on electron transfer properties and 
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Fig. 23. Structure of copper(H) acetate hydrate. 

the magnetic behaviour of these clusters was generally reported without any further 
comment. 

(b) Quantitative calculations of the exchange coupling constants 
In 1981, de Loth et al. [ 1151 reported the first successful quantitative calculations 

of singlet-triplet separation in a transition metal dimer. The complex chosen was 
the copper acetate hydrate sketched in Fig. 23. The authors showed that the singlet- 
triplet energy difference can be expanded. in series using a perturbative development 
of the configuration interaction problem. This is, in a sense, a further development 
of the Hay et al. model [106] which appears in this framework to be corrected at 
second order. The CI problem bwas then treated at the ab initio level using a 
pseudopotential approach and the results for the copper acetate hydrate are summa- 
rized in Fig. 24. The computed value of the singlet-triplet splitting is 245 cm-’ with 
the singlet at lower energy. This is in nice agreement with experience, which shows 

S = 1 Kinetic exchange 

Hier order terms 

Fig. 24. Results of ab initio calculation of the singlet-triplet splitting in copper(I1) acetate hydrate. (From 
ref. 115.) 
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that the triplet state is ~290 cm- ’ above the singlet state. This result is obtained 
only after inclusion of higher-order perturbation terms. The ferromagnetic term, 
which is related to the potential exchange in the Anderson theory [103], is a very 
important factor. The same model has been successfully applied to the calculation 
of the singlet-triplet splitting in dinuclear copper(I1) complexes with hydroxo [ 1161, 
azido [ 1161, and oxalato-like [ 116,117] bridging groups and to the calculation of 
the singlet-triplet splitting in a copper(vanadyl(IV) complex exhibiting a ferro- 
magnetic ground state [118]. The influence of the calculation ingredients on the final 
value of J, like the choice of the atomic basis set and the ligand model, has been 
studied in a variety of cases [117,119-1221. Direct calculations of the singlet-triplet 
splitting on model systems using other ab initio methodologies have also been 
performed [123] and a VB approach has been applied to the calculation of the 
singlet-triplet splitting in copper acetate [ 1241. 

In 1979, Noodleman and Norman [125] developed a formalism particularly 
well suited for density functional theories [126] to compute the magnetic structure 
of dinuclear compounds. The basis of the method is the construction of a Slater 
determinant of broken spin and space symmetry. This determinant is built up using 
basis functions which are symmetry adapted to a subgroup of the full molecular 
point group, in particular any symmetry element relating to the two metal centres 
of the dinuclear unit is removed. Later, a specular symmetry is imposed on the spin 
densities of the two halves of the molecule. This procedure leads to a localization of 
the molecular orbitals and the unpaired electrons are in overlapping magnetic orbitals 
localized onto different parts of the molecule [ 1271. The extent of localization depends 
on the overlap: small overlap means weak bonding interaction and good localization 
of the magnetic orbitals. Considering, for the sake of simplicity, the case of two 
magnetic orbitals and two unpaired electrons, the energy of this broken symmetry 
determinant, (b), which corresponds to a spin state with M, = 0, can be expressed 
through the energies of the singlet and triplet states as 

E 
b 

= [E(S = 0) + RE(S = l)] 

(1 + R)-’ 
(10) 

where 

R= (1 -chl) 
(1 + SLl) (11) 

and SAB is the overlap integral between the magnetic orbitals. For weakly interacting 
dimers, S& < 1 (R x 1) and eqn. (10) becomes [ 1271 

E _ [E(S = 0) + E(S = l)] 
b-’ 2 (12) 

Comparing eqn. (12) with the isotropic part of the spin hamiltonian of eqn. (l), we 
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obtain the f~damental equation 

J = 2[E(S = 1) - E,J (13) 

When the bonding interaction is not weak, we are in the limit of strong averlap 
between the magnetic orbit&, SAB x 1, and R sa 0. In this case, eqn. (10) becomes 

EbzE(S==O) fW 

and we have 

J=E(S= I)-Eb (15) 
The exact value of J in the general case will be intermediate between eqns. (13) and 

(1% 
Let us now show two examples of the above model. The systems chosen are 

the [CuzC1,]*- and the pCI-carbonate-bridged copper(I1) dimers whose magnetic 
properties have been qualitatively investigated in Sect. C.(i). 

In Fig. 25, a contour map of the magnetic orbitals computed for [CuzC&J2- 
for $=O’ and d,=45”, using the XX-SW method [128,12!9], is shown [130-j. It is 

Fig. 25. Contour maps of the magnetic orbitals af [Cu,C1.J2- obtained from Xa-SW calcukhns. Spin 
up levels are plotted on the left, spin down levels are plotted on the right. Dotted lines represent negative 
values. (From ref. 128.) 
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TABLE 3 

Observed and computed J values for [CuZCi,]’ - dimers’ 

Compound 
&P) :m-1) 

[LiCuC1,]2 .2Hz0 0 >o 197.6 
CKCuCl, 12 0 40 
[Me2NH2CuCI,]2 0 3 
C(Bh4 Sb)CuCl, 12 44.4 -90 

45.0 -210 
CPh&PCLl, 48.2 -80 
CPhJ’)CuCM, 50 -80 

“Details on the method of calculations are given in ref. 128. 

apparent that for 4 = 45” the magnetic orbitals are largely localized onto the metals 
and the overlap between them is smaller than for the planar case, qualitatively 
justifying the computed and observed ferromagnetism. The computed values of J are 
compared with the experimental figures in Table 3. The overall agreement with 
experiment, as far as the order of magnitude and the sign of the interaction is 
concerned, is apparent. Of course, in these types of calculation, complete numerical 
agreement with experimental J values is not found since it is actually dependent on 
the details of the real geometrical structure of the systems. 

An opposite situation is encountered for the p-carbonato complex 
[C13Cu(C03)CuC1,]4-, which was used to model the experimentally obtained com- 
plexes [lOS]. The contour maps of the magnetic orbitals, computed through Xc&W 
calculations, are shown in Fig. 26. It is apparent that the extent of localization is 
much smaller than in the previous examples, indicating a stronger bonding interaction 
and justifying the observed diamagnetism of the complexes actually synthesized. The 
value of J calculated using eqn. (15) is in this case, 4710 cm-‘. Although this value 
cannot be measured experimentally, it provides a theoretical interpretation of the 
diamagnetism observed in the real systems. Other examples of the application of the 
method are to copper(I1) dimers with a ~-0x0 bridge [131], to a copper(II)- 
vanadyl(IV) complex [ 1321, and to dinuclear iron-sulphur complexes [ 133-1351. 

The above model can quite easily be extended to calculations of the magnetic 
structure of more complex systems. Examples of the application of the model to the 
calculation of the magnetic structure of iron-sulphur clusters are reported in 
refs. 135-138; 

It must be stressed at the end of this section how the proposed theoretical tools 
differ substantially in their essence. The semiempirical models allow one to draw 
qualitative magneto-structural correlations; the ab initio models give J values which 
are in extremely good agreement with the experimental values, even if they required 
a long CI procedure and there are no general criteria which allow one to predict 
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Fig. 26. Contour maps ofthe magnetic orbitals of [CI,Cu(C03)C1,]“- obtained from Xa-SW calculations. 
Spin up levels are plotted on the left, spin down levels are plotted on the right. Dotted lines represent 
negative’ values. (From ref. 108.) 

where to stop the perturbation procedure; furthe~ore, due to the large amount of 
computer time required for the calculations, they can seldom be applied to describe 
the variation of the magnetic parameters in series of complexes; the density functional 
theories have the possibility of handling complex systems and can be used to estimate 
the sign and the order of magnitude of the magnetic interactions in order to substanti- 
ate all the qualitative magneto-structural correlations found in series of similar 
complexes. 

(ii) Mixed-valence systems 

A mixed valence system can generally be defined as a polynuclear transition- 
metal complex in which the metals appear to have more than one oxidation state 
[139,140]. Systems with an odd number of unpaired electrons are particularly impor- 
tant from a magnetic point of view. In these cases, in fact, delocalization of the 
unpaired electron(s) over the metal centres is associated with a stabilization of the 
highest multiplicity spin state [141]. The classical example of this behaviour is given 
by the cation [Ni,(napy),Br, J’ synthesized by Sacconi and coworkers in 1974 
[1423. This complex formally contains one dg Ni(1) and one d8 Ni(I1) which are, 
however, symmetry equivalent at a crystallographic level. It is commonly assumed 
that the “extra” electron with respect to the d8-d8 system is delocalized over the two 
metals. The ground state of the system has an S = 3/Z spin and the other spin state, 
S = l/2, is thermally depopulated even at temperatures as high as 400 K [142,143]. 

The phenomenon of electron delocalization was already familiar to physicists 
from 1951 [103,144]. If we take as an example the simple three electrons (or holes) 
and two centre case, shown schematically in Fig. 27, we have to assume that, if the 
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Fig. 27. Schematic representation of the spin-dependent delocalization of one electron on two metal 
centres. 

two centres are related by a symmetry element, the two configurations with the 
“extra” electron localized on A or B must be equally probable. This means that we 
now have a double spin ladder with each total spin state, S, occurring twice. It is 
clear that the delocalization of the unpaired electron is facilitated when the electrons 
are all parallel. This spin-dependent electron transfer was called “double exchange” 
by Zener [144]. The energies of the doubled spin levels are phenomenologically 
accounted for in a spin hamiltonian framework with the expression 

E*(s)++ 1)fB (16) 

where B phenomenologically accounts for the electron delocalization and is related 
to the energy separation between the two spin manifolds by 

AE=E+-E-=2B(S++) (17) 

This difference is larger for the states with the higher spin multiplicity and a large B 
can stabilize the state with the highest spin multiplicity. 

We do not go further into the theory of the electronic structure of mixed valence 
systems here. This is indeed a matter of continuous research at the fundamental level 
and would require an entire review by itself. Recent advances in the phenomenological 
treatment of double exchange can be found in the review article by Blondin and 
Girerd [141], in the papers by Noodleman [145,146], and Belinskii [147,148]. 
Attempts to calculate the electron delocalization parameter B quantitatively have 
been performed for iron-sulphur clusters using the broken symmetry method pre- 
viously described [134,135,149]. In all calculations, however, a number of approxi- 
mations must be made to reduce the number of parameters to be computed. 

We will conclude the review showing two systems which have been synthesized 
in Florence, namely the [Fe,(p3-S)g(PEt3)6]“f complexes. These clusters are part 
of a series of isothermal clusters synthesized in Florence from 198 1 [43-46,481, whose 
magnetic and electronic structure is becoming evident. The temperature dependence 
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Fig. 28. Temperature dependence of the magnetic susceptibility of [Fe,S#Et&]+ (upper curve) and 
[Fe,S,(PEt,)6]*+ (lower curve). 

of the magnetic susceptibility for n = -t 1 and + 2 is shown in Fig. 28 [44]. The 
n = + 2 clusters is formed by iron(II1) centres and from Fig. 28 it is apparent that an 
overall antiferromagnetic interaction is operative between them, and the state of 
lowest multiplicity is the ground state. The n = + I cluster has one electron more 
and the temperature dependence of XT follow a perfect Curie law except for low 
temperatures when intercluster interactions become operative. The observed values 
of the magnetic moment agree with an S = 712 spin state, showing the dramatic effect 
of the delocalization which forces the parallel alignment of the electrons. 

The authors thank Mr. F. Cecconi, Dr. CA. Ghilardi, and Dr. C. Zanchini for 
their suggestions. 
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