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Abstract 

T h e  i n t e r c o n n e c t i o n s  a m o n g  orb i ta l  i n t e r ac t ions ,  e l ec t ron  de loca l i za t ion  a n d  sp in  c o u p l i n g  

in i r o n - s u l f u r  c lus te r s  a re  reviewed,  wi th  special  a t t e n t i o n  to t he  c o m p l e x  n a t u r e  o f  sp in  a n d  
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orbital states in 4Fe4S complexes. We summarize the uses of broken symmetry density 
functional calculations and spin projection methods for extracting Heisenberg spin coupling 
and electron delocalization parameters, as well as for understanding charge distributions and 
orbital aspects of electronic structure. The value of spin projection coefficients for sorting out 
spin coupling patterns in complex systems is also emphasized. Among the systems examined 
are oxidized, high-potential, iron-sulfur proteins, 4Fe ferredoxin proteins and related synthetic 
complexes. By analysis of experimental hyperfine parameters, a detailed model of spin coupling 
for the "double cubane" P cluster of nitrogenase has been proposed in recent work based on 
M6ssbauer, electron paramagnetic resonance (EPR) and X-ray structural data; there is one 
pairwise valence delocalized and one trapped valence cubane in the P (oxidized) state. In the 
area of electron transfer energetics, we have found that Heisenberg spin coupling and electron 
delocalization both contribute substantially to the redox potentials of 4Fe4S complexes, 
and Heisenberg coupling contributes to the difference in redox potential between 1Fe 
and 2Fe2S complexes, based on recent density functional calculations for model systems 
in solvents. 

Keywords: Iron-sulfur clusters; Orbital interactions; Electron delocalization; Spin coupling. 

1. Introduction 

Iron-sulfur proteins, which were clearly recognized by biochemists only about 
30 years ago, have been an important part of living creatures for a large fraction of 
the Earth's history [ 1]. These metalloproteins play a significant role in electron 
transfer and also in catalysis over the full range of living organisms, encompassing 
bacteria, plants and higher animals. They can have a variety of functions: (1) as 
single electron transfer agents in the mitochondrial electron transport chain in 
eukaryotic cells with coupling to energy transducing processes (proton pumping) 
across the mitochondrial inner membrane [-2,3]; (2) in photosynthetic electron 
transport in plants and algae [4];  (3) as catalytic agents in (de)hydratases (where 
there is no net electron transfer from enzyme to substrate), of which aconitase (a 
mitochondrial enzyme of the Krebs cycle) is the best known example [5,6]; (4) as 
part of complex multielectron oxido-reductases where substrate binding and catalytic 
transformations are combined with multielectron transfers [-7-10]. 

The state of the field has been periodically reviewed in the so-called "iron-sulfur 
books" [1-13] ,  which also include information about synthetic model compounds 
that use organic thiolates in place of cysteine ligands from the protein [14].  
Compared with the native FeS clusters in proteins, the synthetic structures can be 
accurately determined by X-ray diffraction, magnetic measurements can be more 
precise [15] and, in some cases, the orientation of the g tensor and the Fe hyperfine 
tensors determined by electron paramagnetic resonance (EPR) and electron-nuclear 
double resonance spectroscopy (ENDOR) can be related to the geometric orientation 
of the cluster [16,17]. The properties of the synthetic clusters can be usefully 
compared with those of FeS proteins, and considerable insight is then gained into 
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which properties are intrinsic to the FeS clusters themselves, and which depend on 
the protein polypeptide environment. 

A common motif of metalloprotein active sites is the presence of ligand-bridged 
transition metal centers which act as electron transfer or catalytic agents. In addition 
to the iron-sulfur proteins, these include cytochrome oxidase [8], the oxygen evolv- 
ing complex (OEC) of photo system II [ 10,18 ], manganese catalase [ 19 ] and hemer- 
ythrin-like two-iron centers, including the enzymes methane monoxygenase and 
ribonucleotide reductase [-20,21]. Functionally, these play a vital role in coupling 
electron transfer to energy conserving processes in cells, and in performing various 
biosynthetic tasks. From the viewpoint of electronic structure, these systems, like 
iron-sulfur proteins, possess active sites where high-spin transition metal atoms are 
spin coupled via bridging and terminal ligands [14]. The catalytic and electron 
transfer events that occur when the protein interacts with its reaction partner are 
usually quite different from the more familiar processes of Lewis acid-base chemistry, 
and the catalytic cluster can act like a stable radical (or a diradical or polyradical) 
center. There is a large literature on the application of spin hamiltonian models to 
polynuclear transition metal clusters, including a number of excellent reviews 
[22-25]. A number of groups have also been active in applying quantum chemistry 
calculations, particularly to dinuclear transition metal complexes [26-34]. 

In this review, we describe the recent progress towards the development of unifying 
concepts that can aid in the interpretation of a variety of physical and spectroscopic 
results in iron-sulfur clusters. Section 2 discusses quantum chemistry calculations 
(using the broken symmetry molecular orbital model) which provide fundamental 
information about energy level schemes and the nature of the charge and spin 
distributions of various states. In Section 3, we outline the connections between the 
molecular orbital description and spin hamiltonian models which provide a compact 
description of the large number of low-lying excited states that can arise as a resuk 
of antiferromagnetic coupling between metal sites. This section also describes a spin 
projection "algebra" that relates observable parameters, such as hyperfine couplings 
and g tensors, to quantities that characterize the intrinsic properties of each metal 
site. Section 4 then applies these ideas to the four-iron cubane systems found in 
ferredoxins, aconitase and high-potential iron proteins, and to the 'double cubane" 
P cluster of nitrogenase. 

2. Quantum chemistry calculations on iron-sulfur clusters 

Applications of quantum chemistry to polynuclear iron-sulfur clusters have a Iong 
history, beginning with qualitative symmetry arguments [35,36], and including early 
molecular orbital calculations at the Hartree-Fock or X~ level [37-39]. The early 
spin polarized 1Fe models showed the importance of high-spin Fe for the electronic 
structure of Fe(SR)4 systems [-37,38]. By contrast, the early dinuclear and polynuclear 
models employed a spin restricted molecular orbital framework [35,36,39]. Although 
such models can be useful for obtaining a qualitative understanding of some aspects 
of optical spectra (but failing in other aspects), they have serious deficiencies in 
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describing ground and low-lying excited states. (For example, the individual metal 
sites are low spin rather than high spin within a spin restricted framework.) The 
problems arise for much the same reason that molecular orbital theory fails for H2 
at large internuclear distances: when the overlap of atomic orbitals on two or more 
centers becomes very small, a molecular orbital description assigning electrons of 
both spins to each center is inappropriate. For iron-sulfur clusters, the iron d-d 
interactions are quite weak, and the closed-shell solution is unstable to perturbations 
that allow electron spins to localize at the iron centers. This lack of correlation 
between electrons of opposite spin leads to important effects, most notably a failure 
to predict the existence of low-lying paramagnetic excited states in the [Fe4S4] 3+ 
state or to rationalize the patterns of hyperfine interactions in odd-electron systems. 

A practical method that can circumvent these problems and can interpolate 
between molecular orbital and valence bond limits uses the idea of spin and space 
unrestricted wavefunctions to provide an improved description of exchange correla- 
tion effects. These ideas were first applied to iron-sulfur clusters about 15 years ago, 
using the X~-scattered wave approximation [40,41]. This level of computation has 
since been supplanted by more accurate (and expensive) methods, but the scattered 
wave model is actually quite reasonable for compact systems such as iron-sulfur 
clusters, and many of the early conclusions have been borne out by more recent 
calculations [42]. In this section, we give an overview of the applications of the 
broken symmetry model to iron-sulfur dimers and cubane-like systems, concentrat- 
ing on relatively recent calculations that use modern density functional techniques. 

2.1. Density funct ional  calculations 

Density functional theory is now becoming widely recognized as a high-level 
method for carrying out quantum chemistry calculations, particularly for transition 
metal clusters, which are difficult to handle by more conventional ab initio techniques 
[43,44]. Compared with ab initio methods, the distinctive feature of density func- 
tional theory is that both the exchange and correlation parts of the electronic energy 
are approximated by terms that depend only on functionals of the electron density. 
As with any quantum chemistry method, however, the results depend in an important 
fashion on the quality and flexibility of the basis set used. Because density functional 
methods scale as a lower power of basis set size than Hartree-Fock or more complex 
ab initio methods, large basis sets are often feasible with a density functional 
approach. 

Recent improvements in density functional theory involve the introduction of non- 
local correction terms, which allow an improved description of molecular geometries, 
bond energies and vibrational frequencies. These non-local terms depend both upon 

and [3 densities and their gradients. For small molecules, density functional methods 
usual!y give bond energies accurate to 3-5 kcal mo1-1, bond lengths accurate to 
0.02 A and bond angles accurate to a few degrees. In addition, accurate energies 
have been obtained for a variety of chemical reactions, excitation energies, electron 
affinities, proton affinities and ionization potentials [43]. 

Transition metal complexes provide greater challenges for all quantum chemical 
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methods. Geometries and vibrational frequencies have been calculated with good 
accuracy in recent work (average bond length error, 0.03 A) [45]. We have calculated 
bond energies for a variety of small, spin polarized, transition metal complexes 
(MnC12, FeC12, FeC13, ScO, TiO, VO, CuO), which gave bond energies with errors 
in the range 1%-17% (0.8-11 kcal mol-~), in agreement with the findings of other 
groups (for example, on simple metal hydrides) [46]. This range of accuracy is also 
typical for ionization energies and excitation energies of transition metal atoms [47]. 
When we compare these results with those achieved with ab initio methods, we find 
that they are considerably better than Hartree-Fock, and as good as second-order 
Moller-Plesset (MP2) results, while the computational efficiency is much greater. 
Because of this, much larger systems are feasible with density functional methods, 
and we can also use very high quality basis sets (typically of triple ~ quality on the 
transition metals and double or triple ~ on the ligand atoms). 

The best currently available non-local (i.e. gradient based) exchange correlation 
potentials are associated with the names of Becke (B) for exchange and Perdew (P), 
Stoll (S) or Lee, Yang and Parr (LYP) for correlation [43,48]. These are added to 
the local potential due to Vosko, Wilk and Nusair (V). Most of our recent calculations 
are either of Vosko-Becke-Perdew (VBP) or ¥osko-Stoll-Becke (VSB) type. There 
are continuing efforts in testing and improving new density functionals [48]. The 
calculations reviewed here have mostly used the Amsterdam density functional 
(ADF) codes developed in the laboratory of E.J. Baerends [49]. The ADF codes 
expand orbitals in a basis of Slater-type orbitals (STOs), which generally allows a 
more rapid convergence than gaussian basis expansions, at the expense of some 
computation time. Other large transition metal clusters have been investigated with 
this program set, including iron and cobalt porphyrins [50], metal phthalocyanines 
[51] and polynuclear manganese-oxo-carboxylate complexes [52]. 

2.2. Application to iron-sulfur complexes 

Fig. 1 shows a schematic diagram of the structures of rubredoxin (1Fe) and 
ferredoxin (2Fe,4Fe) active sites Fe(SR)4 , Fe2S2(SR)4 and Fe4S4(SR)4. In proteins, 
R = cysteine as depicted, and the cysteine residues are connected to the polypeptide 
chains of the protein. In synthetic systems, R is an organic ligand which may be 
covalently bonded to a particular terminal sulfur, bonded to two sulfurs, as in 
S2-o-xylyl [53], or to three sulfurs, as in recently synthesized trithiol (LS3) ligands, 
useful in making site differentiated clusters [54]. 

Some special techniques are required to apply density functional calculations to 
spin coupled systems where there are (formally) a large number of unpaired electrons. 
Most of these systems are antiferromagnetically coupled, but the total spin of the 
ground state (or low-lying excited states) is not obvious, nor is the composition of 
the total spin in terms of subunits evident in polynuclear systems. Furthermore, there 
is a close connection between electron delocalization and spin coupling. We have 
constructed a novel broken symmetry method which is well adapted for treating 
high-spin transition metal sites that are spin coupled via bridging ligands, and where 
metal-ligand covalency must be realistically represented [55]. These may also be 
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Fig. 1. Schematic diagram of the structures and spin alignments for [Fe(SR)4]  l -  (oxidized form), 
[Fe2S2(SR)4] 3- (reduced form) and [Fe4S4(SR)4] 2- with R -= S-cysteine (oxidized ferrodoxin). The large 
spin vectors represent high-spin S~ = 5/2 spin vectors on the Fel sites. The smaller spins represent 
additional electrons of opposite spin s, = 1/2 which can combine with the larger spins to give high-spin 
ferrous S, = 2 on some sites, leaving the remaining sites as St = 5/2 (high-spin ferric). In the 4Fe4S systems, 
there are two delocalized mixed valence pairs, each with aligned site spin vectors. 

referred to as density functional valence bond calculations since the energies and 
properties of pure spin states can be extracted from the theory by the use of spin 
coupling algebra. 

In the spin polarized version of density functional theory, the spin-up (~) and spin- 
down ([3) electrons are treated separately, and this is critical for high-spin transition 
metal sites, indeed for any system with significant spin density (defined as the local 
difference p ~ - p ~  of the ~ and [3 electron densities). The electrons move in a self- 
consistent field (SCF) potential due to all the electrons and nuclei, but one that is, 
in general, locally different for the spin ~ and spin [3 electrons. This is because 
electrons of the same spin will avoid each other "automatically" by virtue of the 
antisymmetry of the many-electron wavefunction (the Pauli principle), whereas 
electrons of opposite spin are not as effective in avoiding electron-electron repulsion. 
Where possible, then, opposite spin electrons can optimize their interactions by 
occupying different spatial orbitals. These spin-dependent spatial preferences appear 
as SCF potentials that have different shapes for ~ and [3 electrons. In general, the 
SCF potential stabilizes ~ electrons (relative to [3) in regions of excess ~ spin 
density [55]. 

In the presence of weak field ligands, such as thiolates, this means that the iron 
majority spin electrons (those having a spin index, either ~ or [3, which has the larger 
local density at that atom) are stabilized in energy, while the corresponding minority 
spin electrons are destabilized on the same center. (This destabilization holds true 
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for the minority spin orbitals, whether or not these are occupied leveIs.) The Fe(3d) 
shell is quite compact, and the energy splitting between majority spin and minority 
spin electrons is very large (of the order of 4-5 eV for Fe 3+) [55,56]. The spin 
polarization energy of high-spin iron substantially exceeds the ligand field stabiliza- 
tion energy that would be available to low-spin iron sites, so that this competition 
strongly favors high-spin metal sites. This large energy splitting between majority 
and minority spin 3d energy levels also means that simple molecular orbital pictures 
that ignore spin polarization effects (such as in extended Hackel theory) can lead 
to misleading descriptions of the balance of forces in high-spin transition metal 
complexes. 

The large vectors shown in Fig. 1 denote majority spin vectors, representing the 
majority spin electrons. Each large spin vector shows an iron site spin of magnitude 
Si = 5/2 (total spin quantum number on the Fe site i, which may include some 
delocalized spin density on the nearby ligands), and this corresponds to a high-spin 
ferric site. The smaller vectors denote individual minority spin electrons which may 
be present, since these complexes may have some combination of high-spin ferric 
(Fe 3+, five valence electrons) and ferrous (Fe z+, six valence electrons) sites. In 
addition, truly intermediate, delocalized, mixed valence (Fe z'5+) sites may be present, 
as found in 4Fe systems. Each smaller spin vector is always of opposite sign to the 
large spin vector on the same iron site (or on pairs of parallel spin sites), since the 
Fe(3d) shell is always at least half full. Some of the large spin vectors are parallel 
aligned, and others are antiparallel aligned. Later, we will present an analysis of the 
energy terms contributing to parallel or antiparalM alignment of site spin vectors. 

2.3. Ligand field states in spin polarized systems 

The principal ligand field states of high-spin ferrous sites are derived from minority 
spin orbitals, which reside mainly on the metal sites, but have significant metal-ligand 
covalency involving both bridging and terminal ligands. In a roughly tetrahedrat 
ligand field, the ligand field orbitals are e and t 2 (in point group Ta) for the 
weakly antibonding (M--L re*) and strongly antibonding (M--L cy*) metal-ligand 
orbitals respectively; in lower site symmetry (Czv), these transform as e--,at, a2 and 
tz ~ b2, al, bl. The lowest lying of these al orbitals is c~ to the Fe-Fe axis in both 2Fe 
and 4Fe systems. It is important to realize that ligand field orbitals can be either 
metal-metal bonding (lower energy) or metal-metal antibonding (higher energy), while 
being simultaneously metal-ligand antibonding. The metal-metal interactions become 
particularly significant for those pairs whose spin vectors are parallel aligned. 
Furthermore, the ligand field orbitals derived from the weakly antibonding e-~ al, a2 
are the most important for the energetics of the ground and low-lying excited electronic 
(and spin) states. This is because the orbitals derived from e are of the correct energy 
to be the highest occupied or lowest unoccupied in both mononuclear and polynuclear 
complexes; the tz derived levels are too high in energy to be part of the occupied (or 
lowest unoccupied) level set, and this is not changed by metal-metal interactions. 
These conclusions have been obtained from our quantitative density functional calcula- 
tions on iron-sulfur complexes with one to four irons, but the results are clearly quite 
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consistent with the general ideas of ligand field theory [57,58] and the theory of 
metal-metal bonding interactions [59]. There are, however, a number of subtle issues 
involved in the analysis of metal-ligand and metal-metal bonding interactions in the 
presence of high-spin metal sites and spin coupling interactions. 

2.4. Energy level structure and the inverted level scheme 

One important question is where do the S(3p) energy levels lie relative to the 
Fe(3d) levels? Fig. 2 gives the energy level structure for the antiferromagnetically 
aligned, broken symmetry state of an oxidized 2Fe2S cluster FezS2(SR)4 2- 
(R = CH3), calculated with a VBP exchange correlation potential. The vertical axis 
gives the orbital energies and the horizontal axis separates levels according to their 
spin index (~ or 1~) as well as their principal spatial location (on the left, middle or 
right of the molecule, as shown in Fig. 1). While the geometric symmetry of the 
model system is D2d, in the broken symmetry state, the antiferromagnetic alignment 
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Fig. 2. Energy level diagram for the broken symmetry (BS) state of [ F e 2 S 2 ( S C H 3 ) 4 ]  2 -  a s  calculated with 
a density functional Vosko-Becke-Perdew (VBP) potential. Spin-up (c~) and spin-down (13) levels are 
indicated by the column label (see bottom panel). Filled levels are given by the full lines, with empty 
(ligand field) levels given by the broken lines. The orbitals are also grouped horizontally by their spatial 
location on the left, center or right ((RS)2Fe-S2*-Fe(SR)2) of the molecule (see also the structural 
diagram, Fig. 1). The filled majority spin Fe(3d) levels along with S,S*(3p) are shown. The minority spin 
Fe(3d) levels (empty) lie higher, and the character of each Fe orbital is shown. The Fe-Fe axis is z, the 
Fe2S2* bridge plane is yz and the Fe(SR)2 terminal plane is xz. 
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of the spins leads to the lower electronic symmetry of C2~, so that the left and right 
sides of the molecule become inequivalent. As in Fig. 1, the majority spin Fe levels 
are spin-up (a) on the left and spin-down (13) on the right, and these levels are 
stabilized by exchange interaction and have low energies. The filled terminal and 
bridging sulfur (S,S*)(3p) derived levels lie between the occupied majority spin Fe(3d) 
levels and the unoccupied (or partially occupied) minority spin Fe(3d) levels (above 
the broken line). 

The minority spin Fe(3d) orbitals display the energy splitting pattern expected for 
M--L antibonding ligand field orbitals described above. (By contrast, the majority 
spin Fe(3d) levels show a different splitting pattern and are M--L bonding.) Like 
the majority spin levels, the minority spin orbitals are largely localized to the left or 
right depending on the spin index ~ or f3. The iron-sulfur complexes display signifi- 
cant metal-ligand covalency, so that mainly Fe energy levels can have 20%-40% 
ligand (mainly S,S*) character, and conversely for mainly S,S* levels. 

A similar level pattern, with Fe(3d) majority spin orbitals lying below S,S*(3p) 
levels, which in turn lie below Fe(3d) minority spin levels, applies to all the 
Fe(SR)4 t- 'e-, Fe2S2(SR)4 2-'3- and Fe4S4(SR)41-'2-'3- complexes. This pattern of 
energy levels is called the "inverted level scheme" to distinguish it from the "normal 
level scheme". In the "normal level scheme", appropriate to some low-spin transition 
metal complexes [60,61], all occupied metal levels tie above all occupied ligand 
levels, and the lowest unoccupied levels are also metal in character. In dinuclear 
transition metal complexes with low-spin metal sites (organometallic systems), 
the "normal level scheme" is followed in some systems (such as Fez(CO)9, 
Fez(CO)6(PPh2)20'2- and Co2(CO)6C2H2) and not in others (e.g. Fe2(CO)6S2°'e-), 
even where these are related in structure and other electronic features [61]. If the 
highest occupied levels and/or the lowest unoccupied Ievels are highly covalent (i.e. 
there is thorough mixing of metal-ligand character in these molecular orbitals, or 
metal and ligand levels are closely spaced in this energy region), we can call this the 
"mixed level scheme" (e.g. Fe2(CO)6820'2-) [61]. Another example of a system 
obeying the "xrfixed level scheme" for a spin polarized and spin coupled cluster is 
the tetranuclear manganese cubane complex treated in Ref. [52]. 

In iron-sulfur complexes, the strong spin polarization of high-spin Fe sites combines 
with the energies of the S(3p) band of the bridging sulfur and terminal thiolates (which 
are destabilized by their anionic character) to produce this inverted pattern. 
Experimental confirmation of the inverted level scheme in FeSR41- and FeCI41- has 
been obtained by Solomon's group using a combination of photoelectron, polarized 
absorption and magnetic circular dichroism spectroscopies [62-65]. For example, 
there is strong charge transfer character in the lowest lying spin forbidden transition 
of the ferric thiolate complex, which formally would be spin forbidden Fed  ~ d from 
a simple ligand field perspective. There are also low-lying S,S*--, Fe spin allowed (and 
dipole allowed) charge transfer transitions, consistent with the inverted level scheme. 

2.5. Electron relaxation on oxidation or reduction 

The phenomenon of electron relaxation is an important aspect of metal-ligand 
covalency. It is often underappreciated because it exemplifies, along with spin polar- 
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ization, the limitations of the frontier orbital picture of electronic structure. Frontier 
molecular orbital theory focuses on the energies and character of the highest occupied 
(HOMO) and lowest unoccupied (LUMO) molecular orbitals as the controlling 
features of reactivity. Spin polarization shows that low-lying orbitals can have an 
important net influence both on the system spin and on the character and delocaliza- 
tion of the higher lying minority spin orbitals. Electron relaxation shows that orbitals 
other than the "active" ones (HOMO and LUMO) can have substantial cumulative 
effects. Both covalency and relaxation are well established in transition metal com- 
plexes [37,38,40,56,66], and they are inherent in the self-consistent field framework. 
Metal-ligand covalency can be manifest through direct mixing of metal and ligand 
atomic orbitals in the molecular orbitals, or through electron relaxation effects. 
During an oxidation or reduction process, the electron and spin density may change 
both by altering the occupation of the single "active" orbital (which accepts or gives 
up an electron) and also by changes in the remaining "passive" orbitals (electron 
relaxation). Our calculations show that electron relaxation effects are quite large in 
FeS systems. In most redox events, an electron is added (or subtracted) from a 
mainly metal orbital. Although there are significant changes in the electron density 
distribution at the corresponding Fe sites, as shown by M6ssbauer spectroscopy 
(consistent with predictions from density functional calculations) [67], most of the 
change in net charge is found to be spread over the bridging and terminal sulfurs 
[55,56,67]. This is shown in electron density difference maps for 2Fe2S complexes 
[56]. 

In Fig. 3, we show an electron density difference map for the reduced minus 
oxidized model 2Fe2S cluster calculated from the broken symmetry states with a 
VBP potential. The reduced half of the complex is the lower part of the plot. The 
asymmetric change in the charge distribution at Fe is clear, showing an increased 
density in Fe(3d)=2)rea (full contours), along with an increased density on reduction 
at all terminal sulfurs (and methyl groups). The largest density increase shown is on 
the Srea atoms and on (CH3)~d (see also Table 1). (The bridging S* atoms also show 
a population increase on reduction.) 

For 4Fe4S complexes, we have obtained color, three-dimensional (3-D), electron 
density difference maps of the charge flow on oxidation or reduction of 4Fe4S 3 +,2+ 
and 4Fe4S 2+'1+ clusters with the model thiolate as S R - S C H  3 [55]. This corres- 
ponds well with the pattern of increased N- -H- - - -S  hydrogen bonding found on 
reduction of 4Fe4S clusters in proteins. In a more extreme example, protonation of 
a bridging g2-S is observed on 3Fe4S 1 ÷'° reduction at low pH in a protein, consistent 
with very substantial changes in electron density at S* [68]. 

A numerical measure of the extent of these relaxation changes can be obtained by 
defining effective atomic populations in various oxidation states. Although there is 
no rigorous way to divide charge among atoms, it is often useful to consider so-called 
"electrostatic potential" (ESP) charges [69-73]. These are obtained by a least- 
squares fitting procedure, so that the potential arising from the effective partial 
charge distribution matches as well as possible the potential arising from the full 
wavefunction. The comparisons are made at points outside the van der Waals' 
envelope of the molecule or cluster, because the most common application of these 
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Fig. 3. An electron density difference map for the reduced minus oxidized model 2Fe2S cluster calculated 
from the broken symmetry states with a VBP potential. The plot is made in the (SR)2 Fe2(SR)2 plane (xz). 
The Fe-Fe (z) axis is vertical through the center of the plot. The reduced half of the complex is the lower 
part of the plot. The asymmetric change in the change distribution at Fe is clear, along with the increased 
density on reduction at all terminal sulfurs (and methyl groups), given by the full contour lines. The 
largest density increase is on the Srod atoms and on (CH3)r~a (see also Table 1). 

Table 1 
Charges and spin populations for 1Fe and 2Fe systems 

~Fe(SCHa)4]a-/1 - 

Atom ESP charges Spin populations 

2-- 1-- 2 -  1 -  

lEe2 $2" (SCH3)4] 3-/2- 

Atom ESP charges Spin populations 

3 -  2 -  3 -  2 -  

Fe +0.900 +0.813 +3.338 +3.577 
S -0.708 -0.507 +0.159 +0.326 
CH3 -0.017 +0.054 +0.006 +0.032 

Feox +0.907 +0.761 +3.256 +3.119 
Fer~ a +0.818 +0.761 -2.847 -3.119 
S* -0.780 -0.614 +0.174 0.000 
Sox -0.731 -0.590 +0.187 +0.235 
Sred --0.804 --0590 --0.100 --0.235 
CHaox -0.013 +0,015 +0.028 +0.026 
CH3red -0.034 +0.015 +0.007 -0.026 
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effective charge distributions is to estimate the electrostatic interactions between the 
cluster and other nearby charges, such as those in the surrounding protein. 

We have determined ESP charge models for a variety of iron-sulfur clusters in 
various oxidation states, and the results are given in Tables 1 and 2. (These calcula- 
tions were performed with a Vosko-Stoll potential plus Becke energy correction 
term, and are referred to as VS + B [70].) These should be useful for molecular 
mechanics or dynamics simulations of iron-sulfur proteins, and also provide one 
picture of the way in which electron relaxation occurs. For example, the charge on 
each sulfur increases (becomes more negative) by about -0 .2e-  on one electron 
reduction of the Fe(SR)41- system. Comparable changes of -0.15e- to -0 .2e-  per 
sulfur atom are observed for reduction of Fe2S2(SR)42-, and charge differences of 
about -0.15e- for each S or S* are seen for each one electron reduction event in 
the Fe4S4(SR)41- (or 2 - )  system. This leaves very little in the way of additional 
electronic charge for the iron sites on reduction. Most of the le-  added has gone to 
the sulfurs, and is fairly uniformly divided over these, consistent with increased 
N--H--  --S hydrogen bonding in Fe--S proteins on recmcnon. (There is still a 
small left-right charge asymmetry in the 2Fe systems on reduction, and a small 
top-bottom charge asymmetry for the odd-electron 4Fe systems.) Surprisingly, the 
positive charge on Fe typically increases slightly on reduction, even where this is the 
Fe site formally reduced. In fact, the main changes in the electronic distribution at Fe, 
based on our calculations, are in the shape and anisotropy of the electron density, 
particularly the Fe(3d) density, not in the net charge [55,56]. There is a small 
increase in Fe(3d) net population on reduction (by Mulliken or charge partitioning 
analysis) [56,67], consistent with increases in M6ssbauer isomer shifts for reduced 
Fe sites, but the changes in Fe(3d) anisotropy (as monitored by M6ssbauer quadru- 
pole splittings) are much larger [-74,75]. The ESP charges in Tables 1 and 2 also 
show substantial Fe--S and Fe--S* bond polarity, with the Fe sites positive and 
S,S* negative, but with much smaller charges than indicated by the formal Fe 2+, 
Fe 3 + and S 2- charges. In this respect, the ESP charges are also more polar than the 
Mulliken charges, but the charge differences on reduction are very comparable with 
the two methods. 

3. Broken symmetry method for spin coupled systems 

Although the density functional methods outlined above provide a powerful way 
to obtain fundamental information about the energetics and electron distributions 
in iron-sulfur clusters, there are distinct problems in describing the ground and 
excited states of most spin coupled systems. This is because the ground state wave- 
functions of these systems are not close to a single determinant of molecular orbitals, 
and can only be represented by a multiconfiguration wavefunction (and correspond- 
ing electron density). In fact, the spin-up, spin-down "arrow" representation in Fig. 1 
looks more like a valence bond description than a molecular orbital description. 
Because of the large amount of metal-ligand covalency, a simple VB picture also 
fails to capture the primary aspects of the electron distribution. 
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T a b l e  2 

C h a r g e s  a n d  s p i n  p o p u l a t i o n s  f o r  [ F e 4 S 4 * ( S C H 3 ) 4 ]  3 - / 2 - / 1 -  

2 1 t  

A:  E S P  c h a r g e s  

A t o m  3 - 2 - 1 - 

O C 1  O C 2  R E F  O S 1  O S 2  O S 3  

Feox + 0.518 + 0 .484  + 0 .409 + 0 .304  + 0 .286 + 0.343 

Fer~a + 0 .460 + 0.481 + 0 .409 + 0.321 + 0 .340  + 0 .326 

Sox* - 0 .576 - 0 .542 - 0 . 3 9 3  - 0 . 2 3 3  - 0 . 3 2 3  - 0 .249 

Stud* - -  0 .513 --  0 .523 - -  0 .393 - -  0 .238 --  0 ,267 - -  0 .260 

So~ - 0 . 7 1 6  - 0 . 7 1 0  - 0 . 5 6 7  - 0 . 3 9 8  - 0 . 3 8 3  - 0 . 4 1 6  

Sred - -  0 .707 --  0 .724  --  0 .567 --  0 .429 --  0 .416  - -  0 .419 

CH3o~ + 0 .028 + 0 .020  + 0 .050 + 0 .084 + 0 .089 + 0 .086 

CH3rea  + 0 .007  + 0 .014 + 0 .050 + 0 .089 + 0.085 + 0 .090  

B: M u U i k e n  c h a r g e s  

A t o m  3 -  2 -  1 - 

O C 1  O C 2  R E F  O S 1  O S 2  O S 3  

Feo~ + 0 .087  + 0 ,089 + 0.021 - 0 .044  - 0 .034  + 0 ,009 

Fer~d + 0.071 + 0 .070  + 0,021 - -  0 .016 --  0 .011 - -  0.011 

Sox* - 0 .354 - 0 .346  - 0 .206  - 0 .080  - 0 .093 - 0 .119 

Sr~a* - 0 .323 - 0 .322  - 0 .206  - 0.081 - 0 .100  - 0 .097 

Sox - 0 .329 - 0 ,331 - 0 .211 - 0 .082 - 0.071 - 0 .093 

Sroa - 0 . 3 2 5  - 0 . 3 3 8  - 0 . 2 1 1  - 0 , 1 0 0  - 0 . 1 0 3  - 0 . 0 9 6  

CH3ox  - 0 .157 - 0 .158 - 0 .105 - 0 .047 - 0 .043 - 0 .044  

CH3~oa - 0 .169  - 0 .163 - 0 .105 - 0 .050  - 0 .046  - 0 .049 

C :  S p i n  p o p u l a t i o n s  

A t o m  3 - 2 -  1 - 

O C 1  O C 2  R E F  O S 1  O S 2  O S 3  

Feox + 2 .886 + 2 .835 + 2.668 + 2 .086 + 2 .130  + 2 .858 

Fete a - 2 .550  - 2 .472 - 2 .668 - 2 .502 - 2 .513 - 2.541 

Sox* + 0 .186 + 0 .120 - 0 . 0 0 l  - 0 .090  - 0 .066 + 0 .077 

S r ~ *  - 0 .049 - 0 .026 + 0.001 - 0 .006  + 0 .055 + 0 .049 

Sox + 0 . 1 4 0  + 0 . 1 3 7  + 0 . 1 8 5  + 0 . 2 0 9  + 0 . 1 3 0  + 0 . 2 8 5  

Sr~ a - 0 .125  - 0 .092  - 0 .185 - 0 .200  - 0 .226  - 0 .232 

C H 3 o  x + 0 .010  + 0 .010  + 0 .014  + 0 .019 + 0 .014  + 0 .022  

CHafed  + 0.001 - 0 .013 - 0 .014 - 0 .015 - 0.021 - 0 .019 
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The broken symmetry approach for spin polarized and spin coupled systems, in 
combination with spin projection methods, provides an intuitive picture of the 
energetic interactions which contains most of the physics involved. The basic idea is 
to construct "broken symmetry" single determinant wavefunctions, which are not 
pure spin states, and therefore are not expected to represent the true wavefunctions 
of the system. Rather, spin projection techniques are used to estimate the energies 
and properties of the "correct" pure spin states. This represents a synthesis of density 
functional ideas with the ideas of broken space and spin symmetry perhaps best 
exemplified by Lowdin's "symmetry dilemma" from the 1950-1960s and his different 
orbitals for different spin (DODS) methods [76,77a]. Earlier important work includes 
that of Coulson and Fischer [77b] on the dissociation of H2, while contemporaneous 
and later work includes that of Nesbet [78,79], Anderson [80,81] and Hay [82]. 
Fukatome [83] has summarized and carefully developed the unrestricted approach 
for H2 dissociation. In the 1970-1980s, similar ideas were shown to be relevant for 
single and multiple metal-metal bonds, where the weaker g and 6" components can 
break space and spin symmetry to form an overlapping valence bond pair [82,84,85]. 

We represent an antiferromagnetic spin coupled state (broken symmetry state) 
within density functional theory as analogous to a spin unrestricted determinant in 
which spin-up electrons are predominantly located on some metal sites and spin- 
down electrons on others [-55,86]. It is called a broken symmetry state because the 
electronic symmetry is often lower than that of the nuclear geometry. The broken 
symmetry method has been applied to a number of other transition metal complexes, 
in most cases within the density functional framework [32-34,87]; however, there 
are some recent examples in which the application of the broken symmetry method 
within an ab initio unrestricted Hartree-Fock (UHF) (with an open-shell restricted 
Hartree-Fock (ROHF) representation of the high-spin state) has been demonstrated 
in various transition metal complexes [88-90]. Prominent among the density func- 
tional applications of the spin polarized broken symmetry method has been work 
on dicopper peroxide model complexes related to the active sites of oxy-hemocyanin 
and tyrosinase [34], and on model complexes for the diferric active site related to 
hemerythrin [87]. In addition, there are applications to copper dimer (d9-d 9) and 
copper-vanadium dimer complexes in both the strong metal-metal bonding and 
weak bonding limits [32,33]. Here we show how these ideas can be applied to 
iron-sulfur clusters. 

3.1. Examination of broken symmetry in spin coupled dimers 

The concept of broken symmetry has both conceptual and computational advan- 
tages. From a conceptual viewpoint, it is helpful to separate orbital aspects of 
electronic structure from the specification of detailed pure spin states. However, there 
is always a link between spin and orbital degrees of freedom in such systems, and 
the goal is to describe the phenomenon in the most compact way. The broken 
symmetry (BS) state represents an "averaged" antiferromagnetic (AF) alignment of 
spins, while the high-spin state gives a ferromagnetic (F) alignment. From a computa- 
tional viewpoint, it is very difficult to represent pure spin states in a spin coupled 
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system within density functional theory, but the representation of broken symmetry 
states is straightforward. 

A density functional high-spin (HS) state is analogous to a (UHF) high-spin state. 
The ~ orbitals are different from those of [3 spin, but both sets obey the overall 
molecular symmetry; Fig. 4 gives the energy levels for the Dzh model of the oxidized 
2Fe2S cluster, again with a VBP exchange correlation potential The minority spin 
Fe(3d) orbitals are entirely delocalized over both Fe centers, forming bonding or 
antibonding combinations of Fe(3d) orbitals, and including some ligand interaction 
as well. The relevant delocalized orbitals are shown in Fig. 5. This is in strong 
contrast with the localized character of Fe minority spin orbita!s in the BS state; the 
latter is a direct consequence of the antiparallet alignment of Fe site spin vectors, 
while parallel alignment in HS allows full Fe-Fe delocalization. 

For the ground state of a 2Fe2S dimer, the spin-up electrons reside mainly on one 
half of the molecule and spin-down electrons on the other half (antiparalM alignment 
of spins). A "high-spin" state can also be constructed where the spins of the cluster 
are aligned in a parallel manner. In quantum mechanics, if the two Fe sites have spin 
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Fig. 4. Energy level diagram for the high-spin (HS) state of [Fe282(SCH3)432-, as calculated with a 
density functional Vosko--Becke-Perdew (VBP) potential. Spin indices as in Fig. 2. The orbitals are 
separated horizontally according to their location on terminal (SR)2, Fe 2 or bridging (S*)2 (left, center, 
right). The ten empty Fe(3d) levels (ligand field levels) are given by broken lines, while the filled Fe(3d) 
majority spin levels are given by full lines, along with filled S*,S(3p) levels of both spins. 
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Fig. 5. The ten empty ligand field levels of the high-spin [Fo2S2(SR)4] 2- system shown on an expanded 
energy scale. The orbitals are grouped according to their symmetry representations in the C2v point 
group. The detailed Fe orbital character and representations in the higher D2h group are shown. Note 
the Fe--Fe bonding-antibonding splittings, particularly between d,2 + dz2, dz2 - d~2. 

quantum numbers SA and S B ,  then possible spin states for the coupled system have 
total spin St ranging from [SA- SB[ to SA + SR in integer steps, forming a ladder of 
pure spin states. When the fundamental electronic interactions are such that the system 
obeys a Heisenberg hamiltonian defined by/-/spin = JSA" SB, the successive spin state 
energies are given by E(St)- E ( S  t - 1)= J S  t. A necessary condition for this hamilto- 
nian is that the metal sites interact fairly weakly (per electron pair) compared with a 
metal-metal bond. We have presented elsewhere a perturbation theory rationalization 
for using a Heisenberg spin hamiltonian to describe these systems [55,56,86,91]. From 
the discussion above, it is evident that there are many pure spin states, but the dimer 
has only one broken symmetry state. It can be shown that the broken symmetry 
state Us is a weighted average of the pure spin states g'(St), the weights being 
Clebsch-Gordan coefficients (CI(St)= C ( S A S B S t ; M s A M s B ) ) ,  and that the broken 
symmetry state energy is a weighted average of the pure spin state energies [86] 

~]B = E Cl(St)~[ff(St) ( 1 )  

s t  

EB = ~, CI(St)2E(St) (2) 
S t  

Since the Heisenberg spin ladder is determined by only one parameter, the energy 
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difference between the high-spin and broken symmetry states can be used to calcu- 
lated J from the equation 

E(S,~,.x = S .  + S,,) - E ~ ( M ~  = ]SA - -  SB1) = 2JSAS~ (3 )  

and the entire Heisenberg ladder of pure spin states can be constructed. This general 
idea also applies to Heisenberg Fe - -Fe  pair interactions in polynuclear complexes. 
A detailed exposition of its application to 3Fe systems where all the irons are in the 
Fe 3+ state is given in Ref. [92].  Applications to reduced 3Fe systems are described 
in Ref. [93],  and an initial examination of Zn3Fe systems is given in Ref. [94].  In 
the dimer case, there is only one broken symmetry state, but for polynuclear systems, 
there can be more than one. The lowest energy broken symmetry state is the one 
whose spin coupling pattern most  resembles that in the spin ground state. 

For a mixed valence FeZ+-Fe 3 + dimer, an additional complication arises. When 
one electron is added to the oxidized system to form a mixed valence state, the 
electron becomes trapped in BS, but fully delocalized in HS. This is shown schemati- 
cally in Fig. 6. Because of the energetic degeneracy between the Fe2+-Fe 3+ and 
Fe 3 +-Fe / + configurations, resonance delocalization can occur, and the delocalization 
energy depends on the spin quantum number  (Su) of the mixed valence pair, so that 
the expected spin dependence can be written as B(S u + 1/2), and then the delocaliza- 
tion energy increases with the pair spin. This resonance delocalization or double 
exchange hamiltonian for mixed valence pairs was first proposed by Anderson and 
Hasegawa [95] following the initial work of Zener [96] on mixed valence pairs. 
Later developments in this area, with particular reference to dinuclear and polynu- 
clear FeS complexes, have been described in papers by Noodleman and Baerends 
[56],  Girerd and Blondin [24,971 and Papaefthymiou et al. [98].  In the reduced 

ferromagnetic 

_..f._ 

ttttt ttttt 
L R 

antiferromagnetic 

- ,-j---  
L R 

Fig. 6. Schematic diagram of the dependence of the detocalization of the sixth d electron (minority spin) 
on an Fe site for ferromagnetic vs. antiferromagnetic alignment of the site spin vectors. There is no 
barrier to resonance electron delocalization for the ferromagnetic (high-spin) alignment. By contrast, 
resonance delocalization of the sixth (minority spin, 13, left) electron is not allowed in the broken 
symmetry, antiferromagnetically aligned state due to the Pauli principle (13 spin orbitals are all filled on 
the right). Instead, some transfer of the majority spin (c~, left) electrons occurs to the right, and for 
majority spin ([3, right) to the left, but this costs energy; these terms contribute to the Heisenberg coupling 
in the broken symmetry state. (Reprinted with permission from Ref. [55]. Copyright, Academic Press, 
1992.) 
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high-spin state, the bonding (g)-antibonding (u) energy splitting (Eu-  Eg) of the 
minority spin Fe(3d) orbital delocalized over the Fe-Fe pair gives the B parameter, 
since (Eu - gg)  = 10B with SAB = 9/2. This orbital is occupied by one electron, with 
qbg=Fel(dz2)+Fez(dz2) and ~u=Fet(d~2)-Fe2(dz2). The total Heisenberg plus 
resonance energy takes the form 

E(S)u,g = JreaS(S + 1)/2 ___ B(S + 1/2) (4) 

In 2Fe2S systems, valence delocalization competes directly with Heisenberg (anti- 
ferromagnetic) coupling. Heisenberg coupling usually dominates, keeping the total 
spin low (S = 1/2). While all spin states would be delocalized from the spin hamilto- 
nian above, clearly the resonance term is smallest for S = 1/2 compared with larger 
S. We have evaluated B quantitatively by density functional methods, and obtained 
B in the range 400-500 cm-1 in reduced Fe2S2(SR)4 3-  (R-= H or CH3). With B this 
small, we can expect asymmetric effects, including vibronic interactions, solvation 
and/or protein electrostatic effects, to quench valence delocalization for S--1/2 
[56,97]. For larger pair spins, trapping forces may be insufficient to overcome 
valence delocalization effects [99], as discussed below. 

The broken symmetry state contains a substantial part of the antiferromagnetic 
coupling interaction present in the spin ground state. It is also valuable to have a 
reference state where the spin coupling interaction has been averaged out. We call 
this the spin barycenter state, and it is analogous to the barycenter state of ligand 
field stabilization energy, but now applied to spin coupling hamiltonians. This energy 
is defined by 

EBAR = ~ D(S)E(S) / ~s D(S ) (5) 
S 

where D(S) = (2S + 1) is the spin degeneracy of spin state S. 
Figs. 7 and 8 give spin ladder diagrams for oxidized and reduced Fe2S2(SR)4 2 - ' 3 - .  

For the oxidized cluster, Fig. 7 compares the simple Heisenberg spin ladder (middle) 
with the spin barycenter (left) and broken symmetry and high-spin calculations 
(right). The broken symmetry state lies above E(S = 0), but well below the energy 
of the "uncoupled" spin barycenter state. For the reduced form, Fig. 8 shows the 
Heisenberg spin ladder (second column) and the Heisenberg plus resonance splitting 
ladder (third column). Again, the spin barycenter (first column, left) state lies well 
above the broken symmetry state, and both of these are above the ground state 
E(S = 1/2). At the right, the broken symmetry (BS) energy is compared with the 
high-spin (HS) (S = 9/2) state energies. To calculate the Heisenberg parameter Urea), 
we take the average E(S = 9/2) energy; the B parameter is calculated from the 
(Eu - Eg) difference. 

3.2. Hyperfine tensors and g tensors 

Through the use of the Wigner-Eckart theorem and the vector model 
[22,100-102], we can relate the observed hyperfine parameters to intrinsic site values 
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Fig. 7. The Heisenberg spin ladder for an oxidized 2Fe2S system is shown (center), along with the broken 
symmetry vs. high-spin energy difference used to calculate the Heisenberg coupling parameter Jo~ (right). 
The spin barycenter energy is shown (left); the energy of this "uncoupled" state is compared with the 
ground state (S = 0) energy. The broken symmetry state also lies above the S = 0 ground state, but well 
below the spin barycenter state. All spin ladder diagrams for 2Fe2S and 4Fe4S complexes show energies 
to scale based on quantitative calculations of J, B and B' parameters with a VS + B potential. 

ai (characteristic of the monomer subunits). Furthermore, the total g tensor is given 
as a weighted sum of site gi tensors. The lowest energy broken symmetry state 
provides [55,103] a direct way of evaluating intrinsic site hyperfine tensors (ai) and 
site g~ tensors, which are then related to the observed Ai and total g tensor by 

A i = K i a  i a n d  gtot  = 2 K i g l  ( 6 )  
i 

K~ are the spin projection coefficients giving the projection of the local site spin Sg 
onto the total spin St 

K~ = (S i z ) / (S t z )  = (Si" S, ) / (S ,"  St)  (7)  

This equation has a simple closed form when the total spin vector of the system 
St = Si + Sj and Si, Sj and St are good spin quantum numbers 

Ki = [St(St + 1) + S~(S~ + 1) - Sj(S~ + 1)]/E2St(st + 1)3 (8)  

For dimer systems, Eq. (8) can be used directly giving K1 = 7/3 and K 2 = -4 /3  for 
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Fig. 8. The spin hamiltonian energies for a 2Fe2S reduced system. Starting from the left, the energies of 
the spin barycenter ("uncoupled") state, the Heisenberg spin ladder and the Heisenberg plus resonance 
splitting energies are shown. At the right, the broken symmetry (BS) energy is shown in comparison with 
the high-spin (HS) S = 9/2 energies for the bonding (g), antibonding (u) and average (av) states. The 
Heisenberg parameter (Jred) is determined from the difference energy 10Jroa as indicated (right), while the 
resonance (B) parameter is calculated from the HS (E~ - Eg) (S = 9/2) energy difference 10B. (Reprinted 
with permission from Ref. [70]. Copyright, American Chemical Society, 1994.) 

the ferric and ferrous sites respectively in the St = 1/2 ground state [100,104]. For 
polynuclear systems (for example, in 4Fe4S systems), completely analogous equations 
can be used to obtain the spin projection coefficient for coupling the sites Si, Sj to 
an intermediate spin Sq, and then for coupling the subunits Sq (q -- 1, 2) to the total 
spin St (by replacing the spins Si, Sj by Sq). 

Another necessary condition for application of the above equations is that the 
relevant Heisenberg J parameters must be much greater than site zero field splitting 
(ZFS) parameters, which is a good approximation for most FeS complexes, with 
small correction terms when St = 1/2 [-105,106]. Site and net system zero field 
splittings can significantly affect spin-dependent properties when St > 1/2. Both the 
effective g values and the internal magnetic fields are strongly affected. For large 
total spin, the internal magnetic fields are often uniaxial, with the main axis deter- 
mined by the largest principal value of the ZFS tensor. These effects can considerably 
complicate the observed spectrum, but are beyond the scope of this review. 
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3.3. Spin projection chain and sum rules 

Next, we introduce the spin projection chain rule for a total system spin composed 
of subunits with good spin quantum numbers. Let us consider a system of total spin 
St, which can be decomposed into two subunits of spin Sq which couple together to 
give St, and where each subunit can in turn be decomposed into a sum of site spins 
&. Then, the spin projection coefficient K~ for projecting the local site spin S~ onto 
the subunit spin Sq is 

K~ = (Siz)/(Sq~) (9) 

Similarly, the coefficient for projecting the subunit spin Sq onto the total system spin 
St is 

K t --~ (Sqz)/(Stz)  (10) 

Then, the spin projection coefficient for projecting the site spin onto the total system 
spin is 

Ki = [(Siz)/(Sqz )] [(Sqz)/(Xtz )] = g q s  t (11) 

This equation is very useful when obtaining spin projection coefficients for 4Fe 
complexes from those of dimeric subunits [74,107,108]; it is also applicable to the 
P clusters of nitrogenase containing an 8Fe cluster [ 109]. In the latter, the hyperfine 
parameters of the sites in the complete system can be related to those expected for 
4Fe subunits, using the hyperfine parameters of typical 4Fe4S and 4Fe4Se systems. 
Alternatively, from intrinsic site hyperfine parameters (ai), the parameters for the 
complete 8Fe complex can be predicted for various postulated spin coupled states 
by successively coupling together individual site spins, to pairs, to cubane subunits 
and then to the total cluster spin. 

There is also a sum rule that applies to the spin projection coefficients 

K, = ~ ( & . S ~ > / ( S , . S , )  = 1 (i2) 
i i 

This result is well known for spin coupled dimers [22], trimers [ 110] and tetramers 
[ 111 ]. It is applicable generally, and has been used recently for mixed metal MFe 3 
complexes [ 112]. It has considerable value for analysis where some Ki values of a 
cluster can be determined accurately, while others are ill-determined or are unknown. 

4. Applications to cubane-like iron-sulfur clusters 

4.1. Overview 

The 2Fe2S ferredoxins exhibit trapped FeZ+-Fe 3+ valence sites in the mixed 
valence state [100], whereas M6ssbauer spectroscopy shows that 4Fe4S clusters 
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exhibit delocalized valence electron distributions over specific We 2"5 +-Fe 2"5 + dimers 
[74,75,113]. Our work [55] and that of others [24,114,115] has shown that the 
spin state of a system is often the result of competition between Heisenberg exchange 
and resonance delocalization (double exchange). Since there are many possible spin 
quantum states that can differ not only in total spin, but also in intermediate 
spin, we need to understand what electronic effects are decisive in selecting out the 
spin coupling pattern of the ground state and low-lying excited states, and how this 
is related to electron delocalization. 

A Heisenberg-only hamiltonian for a 4Fe4S system with a single J parameter has 
a highly degenerate spin ground state, with many possible spin alignments for each 
Fe-Fe dimeric subunit, but this is inconsistent with the magnetic hyperfine parameters 
observed by M6ssbauer spectroscopy for the spin ground states of the odd-electron 
systems. It is generally observed that only a few particular spin alignment patterns 
are found for the dimeric subunits. However, these can still generate a considerable 
variety of final spin states. Furthermore, M6ssbauer spectroscopy, which allows the 
cross-correlation of isomer shifts, quadrupole splittings and magnetic hyperfine 
parameters for Fe sites, shows that delocalized, mixed valence pairs have parallel or 
nearly parallel Fe spin vectors. This correlation of spin alignment and electron 
delocalization does not occur within a spin hamiltonian with only Heisenberg-type 
coupling terms, even where multiple J parameters are postulated. 

As discussed above, the addition of resonance delocalization terms of the form 
B(S~j+ 1/2) dramatically changes this situation, and the overall spin state now 
represents a compromise between these competing forces. The concept of "spin 
frustration" is well known in polynuclear transition metal complexes; antiferromag- 
netic coupling (governed by one or more J parameters) cannot lead to antiparallel 
alignment of all metal-metal spin pairs, because the various metal sites are intercon- 
nected in globular clusters [25]. Spin frustration also occurs in systems where both 
Heisenberg antiferromagnetic coupling and resonance delocalization are simulta- 
neously present, but here the resonance terms will help to determine the lowest 
energy spin states, as shown by the following simple argument. In mixed valence 
complexes with substantial orbital overlap, the resonance delocalization (double 
exchange) energy of a pair is largest for parallel spins. Consequently, for the lowest 
energy states, in 3Fe, 4Fe and MFe3 systems, some pair spin vectors can be large, 
facilitating valence delocalization, while keeping many other pair spin vectors small 
(with antiparallel alignment of the corresponding site spins), maintaining a favorable 
Heisenberg antiferromagnetic energy. 

Some simple examples of this correlation of spin states and electron delocalization 
are apparent in Fe3S4 and MFe3S 4 systems [116,117]. In [Fe3S4] °, the total spin 
St = 2, and this cluster appears to be composed of a delocalized Fe 2"5 +-Fe 2'5 + pair 
with spin Slz = 9/2 antiferromagnetically coupled to an Fe 3 + site with $3 = 5/2. The 
[ZnFe3 $4] + system has total spin St = 5/2, and is composed of a similar delocalized 
$12 = 9/2 pair antiferromagnetically coupled to an Fe 2+ site with $3 = 2. Similarly, 
a delocalized $12 = 9/2 pair is coupled to a parallel aligned Fe z+ ($3 = 2)-Ni z+ ($4 = 
1) pair to give the net spin of St = 3/2. Thus the Sij = 9/2 delocalized pair appears 
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to be a typical subunit in these systems. Despite this apparent simplicity, there are 
a number of subtle issues involved in the electronic structure of 3Fe and MFe3 mixed 
metal complexes with respect to magnetic properties, and concerning the electronic 
and spin interactions of the heterometal site with the iron sites, but the basic spin 
coupling appears to be well understood. 

This general picture also applies to cubane-iike 4Fe4S and 4Fe4Se systems. In 
[Fe4 $4 ]2+, there are two parallel Fe-Fe pair spin vectors, and four antiparallel, and, 
correspondingly, two delocalized Fe 2's +-Fe 2's ÷ pairs, each associated with a parallel 
spin Fe-Fe pair (see Fig. 1). The antiferromagnetic coupling of these two pairs yields 
a total spin St = 0. Adding or subtracting one electron can yield a variety of spin 
and electronic states, and this has a profound effect on the observed properties. For 
example, in 4Fe4S cluster states 3 + and 2 +, the ground spin states (with S = 1/2 
and S -- 0 respectively) are well separated in energy from states of higher spin. In 
contrast, the 1 + oxidation state may have ground states with S = 1/2, 3/2 and 7/2 
or statistical mixtures of these in different proteins or synthetic analogs, and excited 
spin states appear at lower energy than in the 3 + or 2 + oxidation states. Both 
experimental studies of the magnetic susceptibility and recent theoretical analyses 
show that there is a significant decrease in the size of the Heisenberg antiferromag- 
netic coupling constants J when the cluster oxidation state is reduced from 3 + to 
2 + to 1 +. The different spin states and patterns of electron delocalization and spin 
coupling serve as important probes of the differences among proteins and clusters. 

We have already noted the importance of resonance delocalization over particular 
mixed valence pairs; there are two such pairs for the 2 + oxidation form and one 
pair for either the 3 + or 1 + oxidation state. The resonance stabilization energy of 
each pair is B(Sij + 1/2), where Sij is the spin of the pair. It is also possible to have 
delocalization between the ferric and mixed valence pairs in the 3 + cluster, and 
between mixed valence and ferrous pairs for the 1 + state. The corresponding 
resonance term, now representing a resonance over the entire cluster (all Fe sites) is 
B'(S t -b 1/2), where St is the total system spin. Here, St acts like the total pair spin 
of the reduced 2Fe2S system, and the pair spins themselves ($12, $34) are analogous 
to the individual site spins of the reduced 2Fe2S system, using a Heisenberg plus 
resonance hamiltonian, as in Fig. 8. 

In the following sections, we consider in turn the orbital and spin coupling aspects 
of the 4Fe4S complexes. Initially, the broken symmetry and pure spin states are 
considered in the framework of spin hamiltonians of rather high symmetry, having 
a single Heisenberg J coupling parameter and resonance parameters B, B'. These 
parameters can be determined from energy differences between the high-spin and 
broken symmetry states, along with energy differences for electronic excitations 
within these states (the B parameter from the intralayer g--* u energy difference 
within the broken symmetry state, and the B' parameter from the interlayer resonance 
energy of the high-spin state). The consequences of these spin hamiltonians are then 
explored. Subsequently, we extend these spin hamiltonians to allow for two different 
J parameters in the HPox(3+ ) and Fd~ed(l+) type systems. We then explore the 
relationship between these spin hamiltonians and the properties of experimentally 
characterized systems. 
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4.2. Orbital states of 4Fe4S complexes 

Fig. 1 shows schematically how the two minority spin electrons, one for each 
Fe2S2*(SR)2 layer, are delocalized across opposite cube faces in the [FeeS4~ 2+ 
oxidation state. In orbital terms, these are 20a 1 ~, 13 of the broken symmetry state 
(the point group of the electronic hamiltonian is C2v, while the geometric group 
is D2d ). 

For further analysis, the two layers can be labelled t for top and b for 
bottom. Let the two Fe-Fe pairs be Fet-Fet (x axis) and F%-F% (y axis), with z 
perpendicular to these, corresponding to the axis of compression of the cluster. A 
color 3-D isovalue map of the minority spin 20a113 orbital (Fe-Fe ~ bonding 
Fetl(dx2_y2) + Fet2(dxz_y2)) from the broken symmetry state is shown in Ref. [55]. 

The corresponding 20a1~ orbital is related by an $4 symmetry operation (about 
the z axis) of the Dza geometric point group acting on 20al 13 combined with spin 
reversal (transforming the Fe-Fe pair (top) into the Fe-Fe pair (bottom)) and 
conversely. Similarly, the large spin vectors and their corresponding spin orbitals 
can be interconverted under this operation of the D2d group, combined with spin 
reversal. We have here the molecular analog of the color (Shubnikov) groups from 
the solid state theory of magnetic crystal lattices [118]. 

As in the 2Fe2S case, the mainly Fe(3d) majority spin orbitals are low lying. The 
overall level structure of the [Fe4S4] 2+ oxidation state (broken symmetry state) has 
been depicted previously, from X~z-scattered wave calculations [67]. Both X~-LCAO 
(linear combination of atomic orbitals) calculations and VS + B (Vosko-Stoll poten- 
tial plus Becke exchange energy correction) calculations give a qualitatively similar 
picture for the overall level structure for both the majority spin and minority spin 
orbitals [42,55]. 

Fig. 9 shows the energies of the two highest occupied majority spin orbitals for 
each layer and the single highest occupied minority spin orbital (20al [3 for the top 
layer; 20oh cz for the bottom layer), together with the lowest lying empty levels. The 
two highest occupied majority spin orbitals (14b~cz, 13b1~ top) are largely from the 
exchange split S,S*(3p) band of levels, but with significant Fe(3d) mixing. These will 
prove important when we consider the low-lying orbital electronic states of the 3 + 
cluster form, HPox. 

The $4 operation of Dad transforms bl~--~b2, which accounts for the energetic 
degeneracy of bl~ in one layer with b213 in the opposite layer. Similarly, there is 
energetic degeneracy beween b2~ and bx 13 in the opposite layer. In the correlation 
table of the D2d point group with the C2v subgroup, the degenerate representation 
e ~ b l  + b2, and bl and b2 are orthogonal components [119]. 

Focusing now on the empty levels in the top layer, 13 spin, we find that they are 
of two kinds. The 9a2 level is of 8" character with respect to the Fe-Fe interaction 
Fetl(dyz)-Fet2(dyz) (perpendicular to the Fet-Fe t x axis), while 14bl is the cy* anti- 
bonding counterpart to 20at. The resonance delocalization parameter within either 
of the two mixed valence pairs can be calculated from 10B--AE(14b~-20al), where 
AE is the excitation energy for this transition and 10B is the double exchange form 
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diagram, t = top and b = bottom of the molecule, the numbering of the energy levels is given for each 
symmetry and the occupied levels are shown with up-spin arrow for ~ and down-spin for [3. 

of  the resonance splitting energy 2B(S~s + 1/2), where Sis = 9/2 for the para lM spin 
al ignment within the mixed valence pair. 

The electronic character  of  the reduced 1 + cluster form (Fdrea) depends on 
whether 14bl or  9az is occupied, and these lie very close in energy. Fig, 10 shows 
the orbital level d iagram resulting from the occupat ion of  14b113. We will refer to 
this state as OC1 (orbital configurat ion 1). We also show how the alternative orbital 
configurat ion OC2 (orbital configurat ion 2) can be obtained by a spin allowed 
transit ion 14bx--+9a2, or  o*-+~*.  The major  difference here is in the occupat ion 
scheme of the ferrous layer (Fe2+-Fe2+), which changes f rom (20at,  14b1) to 
(20al,  9a2), [3 spin, while the mixed valence pair  retains the occupied 20a t~  orbital, 
giving resonance delocalization within this layer. The consequences of  this for spin 
states are discussed below. 

For  the EFe4S4] 3+ HPox system, there are three low-lying electronic states f rom 
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Fig. 10. The highest occupied and lowest unoccupied levels are shown for [Fe4S4(SCH3)4] 3- ,  as 
calculated with a VS + B potential. The electronic configuration is OC1 (orbital configuration 1), and 
the transition to OC2 (orbital configuration 2) is shown (see the hole in 9az[~). The ct and [3 levels are 
shown by braces, and the occupied levels are indicated with arrows. (Redrawn from Ref. [70]. Copyright, 
American Chemical Society, 1994.) 

the broken symmetry calculations, obtained by removing one electron from the 2 + 
cluster; these three states, designated OS1, OS2 and OS3 (OS, orbital state), differ 
mainly in the nature of the Fe 3 +-Fe 3 + pair, with the delocalized mixed valence pair 
being quite similar in all states. The energy level diagrams are given in Fig. 11. The 
hole is in 20a113 for OS3, and this moves to 14b1~ for OS1, or to 13b2a for OS2. 
The sites of the diferric pair are both high-spin Si = 5/2 for state OS3, but these are 
a quantum mixture of high-spin and intermediate spin Si = 5/2, 3/2 for OS1 and 
OS2. (The situation may be something like the spin state of ferric iron in some heme 
complexes, which are S = 5/2 or 3/2, or mixtures thereof [ 120].) 

Now let us consider the orbital interactions which are important for determining 
the resonance interaction between a mixed valence pair and a ferric pair (3 + ,  HPox) 
or between a mixed valence pair and a ferrous pair (1 + ,  Fdred). These are interlayer 
interactions. They are mostly absent in the broken symmetry state, since the spin 
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OS1 and OS2 are shown. Notice that these are spin forbidden transitions, from occupied ~ spin orbitals 
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vectors of the two layers are oppositely aligned, but are fully present in the high- 
spin states, with all Fe spin vectors parallel aligned (St = 19/2 (or 17/2) for HPo~ and 
S t = 17/2 for Fdred). We consider a molecular geometry with D2a symmetry; the high- 
spin states then have D2a for the electronic symmetry. The resonance delocalization 
of an orbital depends strongly on its symmetry in the Dzd group and Czv subgroup; 
only energetically degenerate levels from the different Fe2S2*(SR)2 layers can be 
combined. Starting with the C2v group, orbitals of ax character can combine to give 
cluster orbitals al, b2 in D2d; a2(C2~) gives a2, bl(D2d), while bl, b2(C2v) are compo- 
nents of e in D2a [119]. This implies that of the C2v layer orbitals, al and a2 give 
net interlayer resonance B' ~ 0, because the orbitals of different symmetry in Oza will 
also have different energies, while b 1, b2 give B' -- 0, because of the twofold degeneracy 
of the e representation. 

4.3. Spin states of 4Fe4S complexes 

Fig. 12 shows the Heisenberg and Heisenberg plus resonance spin ladders for the 
[Fe4S4] 2+ cluster form, equivalent to HPred and to Fdo×. The corresponding spin 
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h a m i l t o n i a n  is 

t =j. Z 
i < j = 1 , 4  

with energies 

S i • Sj + B($12 q- 1/2) _+ B(Sa4 + 1/2) (13) 

E(S)  = (Jm/2)S(S  + 1) -I- B($12 q- 1/2) _+ B(S34 q- 1/2) (14) 

where  S = St, the to ta l  system spin. The  resonance  terms,  giving the sp in -dependen t  
de loca l iza t ion  energy, can be der ived in a more  general  way  from a sp in -dependen t  
t ransfer  o p e r a t o r  BT~j which generates  the a p p r o p r i a t e  R a c a h  coefficient [24,98] .  

The  range  of  $12, $34 is given by  the vec tor  sum formula  (also called the t r iangle  
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inequality) 

IS~ - Szl <~ Slz <<. $I + $2 (15) 

or 1/2 ~< S~z ~ 9/2, with a similar equation for $34. Also, the range of total S allowed 
is 

1812 -- $341 ~ S ~<~ 812 q- $34 (16) 

The resonance part of the diagram is actually simplified by showing only those 
states derived from $12 = $34 = 9/2 (maximum values). These pair quantum numbers 
are characteristic of the broken symmetry state (shown on the right), the spin S = 0 
ground state (also shown on the right, and as the lowest thick line in the fourth 
column) and the highest spin state S = 9. The spin barycenter state, where both 
Heisenberg coupling and resonance delocalization are averaged out, is shown in the 
leftmost column. (The spin barycenter is calculated for the maximum fixed pair spins 
S12 = $34 = 9/2, since these apply to the spin ground state as well as to the broken 
symmetry state.) The second column contains the Heisenberg ladder alone (with B 
terms averaged out). On the right (labelled broken symmetry), the procedure for 
calculating the Heisenberg parameter dm is illustrated 

E(Smax) - EB = 2Jm(Slz)raax(S34)max = 81Jm/2 (17) 

AS described above, the B parameter is calculated from the g--+ u orbital energy 
difference within the broken symmetry state. 

Fig. 13 shows the Heisenberg plus resonance spin ladders for reduced [Fe4S41 ~+ 
clusters, equivalent to Fdr~a. The corresponding spin hamiltonian is 

H = J r d  £ Si 'Sj+_B(Sa4+l/2)+_B'(S+1/2) (18) 
i<j=l,4 

with solutions 

E(S) = (drd/2)S(S + 1) _+ B($34 + l/2) _+ B'(S + 1/2) (19) 

where $34 is the mixed valence pair spin and S is the total system spin. Fig. 13 includes 
the location of the spin barycenter state, the Heisenberg ladder and the effects of 
resonance delocalization within the mixed valence pair (B term) and between mixed 
valence and ferrous pairs (B' term). The last column (right) shows how drd is calculated 
from the E ( S m a  x = 17/2) - EB energy difference. The B parameter is once again obtained 
from the resonance splitting of the g and u energies in the mixed valence pair; the B' 
parameter is obtained within the high-spin (S = 17/2) state from the interlayer reso- 
nance splitting of a2(C2v) (Fe-Fe 6* orbital) which generates az, bl in D2d- The orbital 
configuration shown is OC2, so that B' v a O, as outlined above. The presence of a B' 
term allows the final spin ladder to be non-monotonic with respect to the total spin 
S; that is, S = 3/2 can lie below S = 1/2 if B'/dra is large enough (for B'/Y~d >~ 3/2). By 
contrast, occupation of the Fe-Fe or* orbital (with orbital symmetry b 1 or b2) gives 
B' = 0, in orbital configuration OC1. Our density functional calculations, with a VS + B 
potential, predict that OC2 and OC1 are very close in energy, with OC2 slightly lower 
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Fig. 13. Spin state diagram for [Fe4S4(SR)4] 3-, for the orbital electronic state OC2 (see also Fig. 10). 
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difference within the high-spin S = 17/2 set of states). 

in our model system (by about 0.1 eV); this is also shown in the broken symmetry 
level structure of Fig. 10. B ' - -0  implies that the resonance B' splitting in Fig. 13 is 
absent in OC1, and S = 1/2 in the ground state [70]. 

For reduced 4Fe (Fdred and synthetic analogs), there are thus two nearly degenerate 
electronic configurations. Either of these could represent the ground state of the 
system, and in low symmetry environments, these different orbital states can mix 
and split from theoretical considerations. Analysis of the calculations and of the 
corresponding spin hamiltonian then shows that one electronic configuration (OC1) 
must have an S = 1/2 ground spin state, while for the other, either S = 1/2 or S = 
3/2 can be the ground state, depending on the detailed spin hamiltonian parameters 
(cf. Fig. 13). These predictions are in good correspondence with the observed presence 
of spin ground states S = 1/2 or S = 3/2 (or mixtures of S = 1/2, 3/2) in different 
reduced 4Fe4S complexes and proteins [121,122]. Also, full valence delocalization 
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over the cluster (Robin-Day class III behavior [123]) or a small inequivalence 
between the mixed valence and the ferrous pairs is observed when the ground state 
is S = 3/2, and usually larger inequivalence between pairs for S = 1/2 (Robin-Day 
class III within the mixed valence pair; Robin-Day class II between the mixed 
valence and ferrous pairs). This is in good accord with the calculations, since 
resonance delocalization within the mixed valence pair is always energetically large, 
resonance between pairs can give either an S = 1/2 or S = 3/2 ground state, and 
larger delocalization (or less external trapping) favors S = 3/2. The M6ssbauer quad- 
rupole splitting (AEQ) is typically smaller on the diferrous pair of S = 3/2 systems 
compared with S = 1/2, and S = 1/2 states have highly variable AEQ [121,122]. This 
is consistent with the occupation of cy6* (OC2) for S = 3/2, since this has a lower 
calculated quadrupole splitting than crc~* (OC1) [67]. These M6ssbauer quad- 
rupole splittings are consistent with OC1 and OC2, or some mixture of these for 
S = 1/2 systems. 

Fig. 14 shows the Heisenberg plus resonance ladder for HPox systems (for orbital 

~ I O B  ~ / ~ - - - \/ 
\\ 

Spin 
Barycenter ~ ~ ~-.~. - -  45Jox 

\ \ \ \  s=9/z ..><-. 

o%x | . . . . .  ~ • , (9/2)Jox 
--"~ . . . . . . . . . . . . . . . . . . . .  ~" . . . .  S=I/2 

GS 

Heisenberg Resonance B' 
Uncoupled state Resonance B Broken Symmetry 

Fig. 14. Spin state diagram for [Fe4S4(SR)4] 1-, for the orbital electronic state OS3 (see also Fig. 11). 
From left to right, the energies of the spin barycenter state, the Heisenberg spin ladder, the added effect 
of intralayer resonance (B term) and the additional effect of interlayer resonance (B' term) are shown. 
The last column shows the energy of the broken symmetry state compared with the ground state 
(S = 1/2) and the high-spin state (HS is the lowest energy high-spin state Eg(S = 19/2)). The Heisenberg 
parameter Jox is obtained from the difference E(S = 19/2)~v(B,)- E~. (Reprinted with permission from 
Ref. [70]. Copyright, American Chemical Society, 1994.) 
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state OS3) corresponding to the spin hamiltonian 

U = Jo~ ~ S,. Sj + B(S34 + 1/2) _+ B'(S + 1/2) (20) 
i< j=1 ,4  

with solutions 

E(S) = (Jox/2)S(S + 1) + B($34 q- 1/2) __+ B'(S + 1/2) (21) 

where $34 is the mixed valence pair spin and S is the total system spin. Although 
the diferric pair spin does not appear explicitly in the energy expression, it is 
important because of the distinction between the orbital and spin composition of 
OSl and OS2 vs. OS3. For OS3, the maximum diferric pair spin is $12 = 5, whereas 
for OS1 and OS2 the maximum diferric spin is only $12 = 4. The largest possible 
total spin is then S = 19/2, but only S = 17/2 for OS1 and OS2. The Jox parameter 
is again determined from a comparison of the high-spin and broken symmetry 
energies 

E(Sma~)av(B') -- EB = 2Jox(S12)max(S34)max (22) 

This energy difference is 45dox for OS3, but only 36dox OS1 and OS2. We note also 
that the E(Smax)- E(Smi  n = 1 /2 )  energy will also have a different form for OS1 and 
OS2 vs. OS3. 

As in previous symmetry arguments, B' v a 0 for OS3, and the electron in ax (Fe-Fe 
cy bonding) can delocalize with energy B'(S + 1/2)). (Equivalently, we can say that 
the hole in al is delocalizing.) By contrast, in OS1 and OS2 the hole is derived from 
b~ or b2 symmetry orbitals, and B '=  0 by symmetry, so there is no B' term. Even 
for the OS3 state of HPox(3 +), the B' term (interlayer resonance) is quantitatively 
smaller than for the OC2 state of Fdrea(1 +) based on VS + B calculations (about 
half as large). This is not surprising since the ~*-5" interlayer overlap in the reduced 
clusters is larger than the or-or overlap in the oxidized systems. Consistently, 
only S = 1/2 ground states have been seen in HPo~ systems, while both S = 1/2 and 
S = 3/2 have been observed in Fdroa systems. 

The electronic structure of most HP protein active sites, judging from the observed 
g tensors (nearly axial with all g values above 2.0, and gl > g2 = g3)  [ 7 5 ] ,  appears 
closest to that expected for OS3, which we originally proposed to be the lowest lying 
electronic state [108]. The low-lying spin coupled states are similar for all three 
orbital electronic states, as in Fig. 14, based on our initial calculations of spin 
coupling parameters. We are in the process of examining the properties of the three 
different orbital electronic states for comparison with HP proteins and synthetic 
analogs. The synthetic analogs, in particular, show considerable variability and 
sensitivity in experimental g tensors [75], and this requires further study. 

4.4. Redox potentials 

Since electron transfer plays a key role in the function of many iron sulfur clusters, 
it is clearly of great interest to understand the ways in which electron delocalization 
and spin coupling affect redox potentials. Until recently, realistic calculations of 
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redox potentials were not feasible for two reasons. First, even for the hypothetical 
gas phase clusters, the electron affinities or ionization potentials computed from 
early quantum mechanical methods were unreliable. Second, no generally applicable 
theory for solvent or environmental effects was available that could be applied to 
complex systems of this sort. There were some early efforts to make crude estimates 
of redox potentials for iron-sulfur clusters [37,56], but, for the most part, quantum 
chemists focused on spectroscopic issues and ignored redox energetics. 

This situation has changed in recent years. First, as discussed above, modern 
density functional calculations appear able to determine energetics in a much more 
reliable fashion than was possible before. Second, several approaches to the computa- 
tion of the response of a solvent or protein environment to a charge change in a 
solute have been developed that give physically reasonable results. Ichiye and 
coworkers [124,125] have begun to use microscopic molecular dynamics methods 
to study the influence of protein and solvent on the redox behavior of rubredoxins. 
An alternative approach is based on continuum dielectric theory, in which the solute 
(cluster) is assigned a low dielectric, and the solvent a higher dielectric, characteristic 
of its static dielectric constant [ 126,127]. Then the macroscopic Poisson-Boltzmann 
equation can be solved (numerically or analytically) to obtain an estimate of the 
solvent polarization response. A similar method treats the solvent as an array of 
dipoles on a grid, and solves stochastic equations to determine the electrostatic 
coupling between solvent and charge on the solute [128]. This latter model has 
recently been used to study the differencs in redox potential among different 4Fe 
ferredoxin proteins [129,130]. 

The continuum approach has also recently been used to look at environmental 
effects on redox potentials in iron-sulfur proteins, specifically contributions to redox 
potential shifts from sequence variations in related proteins [ 131,132]. These meth- 
ods require partial charge models; some of these have been provided through our 
work [67,70]. More directly, quantum mechanical density functional methods can 
be combined with solvation terms; we have calculated redox potentials of the 4Fe4S 
systems F e 4 S 4 ( S C H 3 ) 4 1 - ' 2 - ' 3 -  by treating solvation effects through a continuum 
dielectric model [ 70]. The solvent contribution to the redox potential can be obtained 
by calculating the reaction field potential (~b ~) from the Poisson-Boltzmann equation, 
and integrating (1/2) the product of this with the charge density. The charge density 
was modelled as a set of point charges which give the "best fit" to the electrostatic 
potential outside the dielectric boundary. These are the electrostatic potential (ESP) 
charges given in Tables 1 and 2. Then the solvation contribution to the redox 
potential is given by 

AEpB = ~ 2 q~X q~}~(ox) - ~ ~ q~°a4iy(red ) 
x j  \ j  / 

(23) 

We will summarize some of the most important conclusions here [70]. Overall, 
the redox potentials for 1Fe, 2Fe and 4Fe systems are predicted with good accuracy, 
so that there is a good correlation between the predicted potentials for our model 
systems and synthetic systems in organic solvents. The typical error is between 0.2 
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and 0.5 eV, compared with contributing energy terms which are much larger (4-9 eV 
for electronic and solvation (AEpB) terms). The spin barycenter concept, discussed 
earlier, allows us to separate out the specific effects on redox potentials of resonance 
delocalization and Heisenberg spin coupling from other electronic effects (largely 
electron-electron repulsion) and from solvation effects (from AEpB). The redox poten- 
tial is decomposed in the following way 

E ° = [E,,(vac) + AEpB] + A B T  + A J T  (24) 

where the term Eun(vac ) + AEpB = E°n represents the redox potential of the system 
in the absence of spin coupling and electron delocalization as a sum of the vacuum 
term plus the solvation energy difference, A B T  is the resonance delocalization contri- 
bution to the redox potential and A J T  is the Heisenberg spin coupling contribution. 

Both Heisenberg spin coupling and resonance delocalization contribute to the 
much higher redox potential found for the 4Fe high potential couple (HPox,rea) 
compared with the reduced ferredoxin couple (Fd ..... d). The effect of the B terms in 
4Fe systems is simple and striking, but previously unrecognized. The B term stabiliza- 
tion for Fdox (or equivalently for HPred) is 10Bin because there are two delocalized 
mixed valence pairs, while that for HPox and Fdred is only 5Bo~ or 5B~ed because 
there is only one delocalized pair in each of these. The net result is that the redox 
potential becomes more positive for the HPo~,~,d couple (where A B T =  10Bin - 5Bo~) 
and more negative for the Fd .... ~d couple (where A B T - -  5B~ d - 10Bin) because the 
greater stabilization occurs for the reduced state of HP (positive shift) and for the 
oxidized state of Fd (negative shift). The A J T  term also contributes to these shifts, 
acting in the same direction as ABT. Qualitatively, we would expect the HPo×,r~o 
redox potential to be more positive than Fd .... ~a because the true cluster charges 
are smaller for the first couple ((1 - , 2 - )  vs. ( 2 - ,  3 -)).  However, the greater electron- 
electron repulsion for the ( 2 - , 3 - )  couple in Eu,(vac) is almost completely compen- 
sated by the greater solvation term AEpB for ( 2 - , 3 - )  compared with ( 1 - , 2 - ) .  

For the calculated redox potentials of the HP models, we find the three low-lying 
electronic states (OS1, OS2, OS3) for the HPox state with redox potentials 
HPox ~ HPr~d within 0.3 eV, which could contribute to the two redox potential peaks 
observed by differential pulse polarography in the SR - S(tert-butyl) synthetic system 
[-133]. The HPo~ clusters in synthetic systems and in proteins could involve any of 
these three states. The exact ordering of the ground and low-lying excited states is 
probably a sensitive function of the ligand (for synthetic systems), and of the protein 
environment for HP proteins. The close proximity of these states in solvents is 
similar to their relative energies from vacuum calculations. 

4.5. Phenomenology of spin coupling in [Fe4S4] 3+ clusters 

In Section 4.3, we presented a simplified model for spin coupling in which only a 
single Heisenberg J parameter was used in the spin hamiltonian, along with one or 
two resonance delocalization terms. These models give a consistent and powerful 
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account of many aspects of iron-sulfur clusters, but are not sufficient to explain all 
of the interesting spectroscopic features that are encountered. In the next four 
sections, we will review some of the expected consequences of more complex models 
that have more than one Heisenberg parameter. 

M6ssbauer spectroscopy of [Fe 4 $4] 3+ clusters in proteins and in synthetic analogs 
shows that the four Fe sites occur in two pairs. The M6ssbauer hyperfine spectra 
show that the effective A values of the mixed valence pair are negative, while those 
of the diferric pair are positive [75]. This means that the mixed valence pair spin is 
aligned with the system spin, while the diferric pair spin is oppositely aligned. 
Consequently, the mixed valence pair spin $34 must exceed the diferric pair spin S~2 
in the spin ground state, S -- 1/2. We should then consider whether this is compatible 
with the high symmetry spin hamiltonian used previously (Eq. (20)) or whether a 
lower spin symmetry is required. There is another form of the triangle inequality 
which gives us insight into this question 

[S -- $34 ] ~ S12 ~ (S -~- $34 ) (25) 

Since the energy E(S) in Eq. (21) is a function only of $34 and S, not $12, Eq. (25) 
shows that there is degeneracy in S~2. In particular, for 1S34S)= 19/2, 1/2), possible 
Saz values are 4 and 5, but S~2 = 5 is incompatible with the signs of the M6ssbauer 
hyperfine parameters. We proposed the following spin hamiltonian 

H = Jox 2 S i • Sj 4- B($34 4- 1/2) + AJtz(S ~ • Sz) + AJ34(S 3 " $4) (26) 
i<j=l,4 

with solutions 

E(S) = (Jox/2 )S(S + 1) + B($34 + 1/2) + (AJt2/2 )S12(SIz + 1) 

4- (AJ34/2)$34($34 + 1) (27) 

to deal with this problem [108]. To simplify the analysis, we set AJ34=0, and 
considered A J12 ~> 0. This means that the diferric pair coupling parameter Jtz = 
J + A J12 is taken as the largest Heisenberg parameter for the 3 + cubane, and alt 
other Fe-Fe Heisenberg coupling parameters are equal to J=Jox,  defined as 
the Heisenberg parameter governing interlayer Fe-Fe spin coupling. This trend 
J(Fe 3 +_Fe 3 + ) > J(Fe 2.5 +_Fe 3 + ) >1 J(Fe 2.s + Fe2.5 + ) (diferric > interlayer ~> mixed 
valence pair) is expected from experimental trends or from calculations on related 
FeS systems. The B' term was also omitted in this work; the B' term affects the 
relative energies of different total spin states, but is the same within a given totat 
S value. 

Fig. 15 gives the spin state energies IS34S) for S =  1/2,3/2 when A J12=0, 
A J34 = 0, SO that only a single J and B parameter are used in the hamiltonian. The 
degeneracies of these states are lifted when AJ > 0, and the lowest lying spin states 
[$34 $12 S) are shown in Fig. 16. Depending on the AJ/J ratio, either [9/2 4 1/2) or 
]7/2 3 1/2) becomes the ground spin state. The temperature dependence of the 
magnetic susceptibility of a synthetic model compound has been analyzed with the 
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Fig. 15. Spin state energies E(S) for an EFe4S4(SR)4] I -  system (HPox) with a spin hamiltonian having 
one B term and one Heisenberg term (J term). Plot of E/J vs. B/J for S = 1/2 and S = 3/2. There are 
degenerate states; these degeneracies are lifted when A J12 ¢ 0. (Reprinted with permission from Ref. I-108 ]. 
Copyright, American Chemical Society, 1988.) 

spin hamiltonian above [ 134]. (Magnetic susceptibility cannot distinguish between 
the electronic states OS1, OS2 and OS3.) The best fit to the data gives B/J = 0.9, 
AJ12/J = 0.22 and J = 652 cm- 1. Recently, we have calculated J, A J12 and B for the 
model system SR -= SCH3, in the electronic state OS3, obtaining J -- 673 cm-1, B/J = 
1.3 and AJ12/J = 0.24 [135]. The calculation of these three parameters requires the 
density functional energies of two different broken symmetry states as well as the 
high-spin state. The calculated results are in good agreement with measurements in 
the synthetic model system. The states [9/2 4 1/2) and 17/2 3 1/2) are close in energy, 
as shown in Fig. 16. Furthermore, ENDOR proton hyperfine spectra for "hole" sites 
in the related SR - benzyl-thiolate complex indicate that either of these states can 
be the ground state depending on the location of the mixed valence pair. 
Spectroscopically distinguishable signals from ENDOR (proton and Fe hyperfine) 
and EPR (g tensors) can be correlated with the location of the mixed valence pair 
on different faces of the cubane [16,17]. 

4.6. Ligand hyperfine interactions 

Ligand hyperfine parameters obey a closely related equation to that for the Fe 
site, where the intrinsic Fe site hyperfine ai parameter is replaced by that of the 
ligand p (ap)  and the observed hyperfine parameter at the ligand is given by Ap 
(Ap = Kiap) (Fei is the Fe site closest to ligand p, i.e. the Fe site whose spin density 
controls that of ligand p). This equation applies to the isotropic ligand hyperfine of 
the ground state, and may be used for comparison with proton ENDOR spectra. 
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Fig. 16. Low-lying spin states of HPox , plotting E/J vs. AJ12/J, where we have chosen B/J = 1. Notice 
the ground state spin crossover from t9/2 4 1/2) to [7/2 3 1/2) with increasing AJ12/J. Notice also the 
degeneracies at A J12 =0. (Redrawn from Ref. [137].) 

For comparison with paramagnetic nuclear magnetic resonance (NMR), a thermal 
ensemble average over accessible spin states is required. For the anisotropic hyperfine, 
a similar equation applies, but it is advantageous to construct first an effective spin 
density at the Fe atoms by Ds(Fel) = KIIAPi[/2Si (or on sulfurs) from the correspond- 
ing spin populations (APi), since the ligand nucleus has a through-space interaction 
with the effective "spin coupled" spin density. 

The spin distribution in oxidized, high potential (HP) 4Fe4S systems, whether 
from proteins or from synthetic analogs, has been explored by magnetic M6ssbauer 
(at Fe), E N D O R  and paramagnetic N M R  spectroscopies, as well as by theoretical 
calculations [16,75,136,137]. The proton isotropic hyperfine coupling is of 
considerable value, since this has a geometrical dependence. In particular, the 
isotropic coupling of the 13 (methylene) protons is dependent on the corresponding 
F e - - S - - C - - H  dihedral angle. Recently, we have calculated this angular dependence 
for a model system Fe4Sg(SR)4 I -  where R----CH3 (electronic state, OS3) and com- 
pared these results with E N D O R  measurements for the corresponding centers in the 
synthetic system where R = benzyl. The angular dependence of the low-lying spin 
states is in good agreement with experimental observations, and this is consistent, 
both theoretically and experimentally, with a n-type spin distribution on the terminal 
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sulfurs with respect to the corresponding Fe--S bonds [137]. Further theoretical 
and experimental work is in progress. 

4.7. Spin states and valence trapping in reduced 4Fe4S and 4Fe4Se complexes 

The methods above are based on a pairwise equivalence picture which is also 
consistent with the electronic symmetry C2v for [Fe4S4(SR)4] 1 - ' 2 - ' 3 -  complexes in 
Dzd or C2v geometries. However, there may be other environmental or geometric 
asymmetries where a pairwise equivalence model or "dimer of dimers" model is no 
longer valid. In particular, it may be possible to lower the cluster symmetry from 
pairwise equivalence (2: 2) to having a single site which is differentiated from the 
other Fe sites to make 3 : 1 or 2: 1 : 1 site equivalence patterns. This is described by 
the phenomenological model discussed next. 

A spin coupling model has been described that allows for lower symmetry for 
reduced [Fe4S4] 1+ and 4Fe4Se 1+ proteins and synthetic analogs [111,138]. The 
elements of the model are two different Heisenberg (J1, J2) parameters for all formal 
mixed valence (Fe a +-Fe 2 ÷ ) and ferrous pairs (Fe 2 +-Fe 2 ÷) respectively, delocalization 
within a single mixed valence pair (described by a single B parameter) and an external 
site asymmetry energy favoring electron trapping. In this model, the six Fe-Fe pair 
Heisenberg interactions are divided into a 3:3 ratio (three mixed valence pairs and 
three ferrous pairs); this is in contrast with the previous models where either all 
Heisenberg pairs are the same (6: 0, one J parameter) or some are different (4: 1 : 1, 
three d parameters; 5 : 1, two J parameters). Direct application of Racah spin algebra 
to this model shows that spin crossover from delocalized S = 1/2 (with pairwise 
site equivalence, 2:2) and S = 3/2 states to a valence trapped S = 7/2 state (3:1 site 
equivalence) is quite feasible, as is observed in reduced 4Fe4Se 1 ÷ clusters of Se 
substituted clostridial ferredoxin [139,140]. This is illustrated in Figs. 17 and 18. 
The region of stability of S = 7/2 compared with S = 1/2 is greater for the trapping 
parameter f~oc = 5 compared with f~oc = 0, shown in Figs. 17 and 18 respectively. 
Recently, we have found good evidence that the pOX state of the Fe8S8 cluster in 
nitrogenase FeMo proteins contains an S = 1/2 cubane coupled to an S = 7/2 eubane, 
showing the broader relevance of this situation (discussed below). 

4.8. Analysis of hyperfine interactions and spin states in nitrogenase P clusters 

The P clusters of nitrogenase are Fe8 $8 superclusters which are an important part 
of the FeMo protein. Their expected role is to transfer electrons to the catalytic 
FeMo cofactor, where binding and reduction of molecular nitrogen to ammonia 
occur [ 141]. Two oxidation states of the P cluster that have been examined in some 
detail are pN ( N =  native, the normal resting state) [142-144] and pOX which is 
oxidized by two electrons with respect to pN [ 145-147]. pOX has been studied by 
both magnetic M6ssbauer and integer spin EPR spectroscopy. We have recently 
proposed a spin coupling model for oxidized P clusters [109], including both 
the alignment of Fe site spins and sequence specific assignments of Fe valences 
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Fig. 17. Each subunit of pox has a formal oxidation state [Fe4S4] 1+. The spin state energies of a 
delocalized (1 +) cluster were determined from a spin hamiltonian with four different parameters, -/2 for 
all pairwise FeZ+-Fe 2+ Heisenberg coupling interactions, J1 for all pairwise Fee+-Fe 3+ Heisenberg 
interactions and a single resonance delocalized mixed valence pair with resonance parameter B. The 
parameter c~ = J2/Jl and E/J 1 is plotted vs. c~ for the lowest energy S = 1/2, 3/2, 5/2 and 7/2 states (one 
of each spin type). The scaled localization energy parameter floo = Eloc/B, where Eloc is the difference in 
site energies within the mixed valence pair. Here f~oc = 0. (Reprinted with permission from Ref. [109]. 
Copyright, American Chemical Society, 1994. See also Refs. [ 111,138].) 

(Fe z +, Fe 3 +, Fe z'5 +) to the 2(Fe484) subclusters, based on the analysis of magnetic  
M6ssbauer  hyperfine data  [145,146] and E P R  spectra [ 147]. 

In  our  model,  each half  of  the dus te r  is formally equivalent to a classic [Fe4S4] 1+ 
unit formally containing one ferric and three ferrous ions. However,  due to the 
presence of an addit ional  serine ligand at one iron site, the spin properties of the two 
halves are distinct; one has a typical spin Sx = 1/2 and the other, close to the serine, 
a spin $2 = 7/2. Cubane  1 has a delocalized mixed valence pair  and a ferrous pair, 
while cubane 2 exhibits t rapped valence (Fe 3+, FEZ+). The rationale for an Si = 1/2 
to Si = 7/2 spin crossover being connected with valence t rapping was discussed in 
the previous section. A parallel coupling of  these two subspins (resulting in the state 
1S1, $2, St )  with St equal to 4) is found to be more  likely than the antiparallel 
11/2, 7/2, 3). The overall spin al ignment is illustrated in Fig. 19. 

This conclusion is based on three lines of  evidence. First, a spin coupling f ramework 
is developed which relates observed site hyperfine values for the entire Fe8 $8 cluster 
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Fig. 18. The spin state energies of a (1 +) cluster in the presence of site inequivalence (static trapping) 
within the mixed valence pair, floc= 5; all other parameters as in Fig. 17. (Reprinted with permission 
from Ref. [109]. Copyright, American Chemical Society, 1994. See also Refs. [-111,138].) 

to those typically observed in simpler cubane subunits by using spin projection 
coefficients. This acts as a sieve on possible spin coupling schemes, eliminating most 
of these. Second, the ferrous ions (identified from their large isomer shifts) present 
both positive and negative hyperfine parameters, which points to a ferromagnetic 
coupling of the two cubane subspins $1 and $2. Third, we propose the use of a 
simple empirical quantity atest equal to the sum of A i o v e r  all 8Fe sites. Comparison 
of the values of atest (which is markedly spin dependent) for P clusters from 
Clostridium pasteurianum (Cp) and from Azotobacter vinelandii (Av) with theoretical 
estimates for the possible parallel coupled states [1/2, 5/2, 3) and ll/2, 7/2, 4) clearly 
favors the latter. Our spin coupling model predicts a 5 : 3 (5 negative and 3 positive) 
pattern for the hyperfine parameters, rather than 4:4 as originally measured in Av 
or 6:2 as in Cp (and also in Av after experimental reanalysis) [145-147]. Analysis 
of M6ssbauer hyperfine data can be ambiguous about the signs of some hyperfine 
parameters in complicated cases, while it can be completely definitive in simpler 
situations. Integer spin EPR indicates that the total system spin is either S = 3 or 4 
(or possibly a quantum mixture of these) for nitrogenase P clusters from various 
species (Xanthobacter autotrophicus (Xal), Avl, Klebsiella pneumoniae (Kpl)) [ 147], 
while our analysis supports S - -4  for Avl and Cpl. Thus our proposal resolves 



L. Noodleman et al./Coordination Chemistry Reviews 144 (1995) 199-244 239 

Cys  a: 2ys  ~r() 

O•Cy $1-=-1/2 
S a62 

Fig. 19. The P cluster structure is taken from the X-ray structure of Kim and Rees [142,143] for the 
resting state of the cluster pN A model for valence assignments of the different Fe sites and for the 
alignment of Fe site spin vectors was obtained by analysis of M6ssbauer internal magnetic fields, and 
from other MOssbauer and EPR measurements for oxidation state pox which is a paramagnetic integer 
spin system, pox is 2e- oxidized with respect to the resting from pN. (Reprinted with permission from 
Ref. [109]. Copyright, American Chemical Society, 1994.) 

current ambiguities in experimental data, while being clearly testable by future more 
definitive EPR, M6ssbauer, and magnetic circular dichroism (MCD) experiments. 
This sort of analysis illustrates some of the power of the spin projection "algebra" 
outlined in Section 3.3. 

4.9. Vibronic coupling 

There are various possible sources of asymmetry in polynuclear transition metal 
complexes. One of these is vibronic coupling [24,97,99,115,148]. We expect that 
different Fe oxidation states within a particular complex wilt have different Fe--S,S* 
bond lengths and bond angles at the energy minimum, and that this will compete 
with valence delocalization. The vibronic distortion is governed by an electron-- 
nuclear coupling parameter 2, by the Fe-S force constant (k, usually assumed to be 
for an Fe-S stretch mode) and by valence delocalization (for example, by B(Sij + 1/2) 
in a mixed valence dimer). In a dimer, when ]B(Sij + 1/2)1 > 22/2k, the system remains 
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delocalized, and the upper (u) and lower (g) potential energy surfaces of the system 
are nested harmonic surfaces; for 2Z/2k larger than the resonance energy, a double 
well lower potential energy surface develops, and the excess electron becomes trapped, 
with a correlated bond length distortion [24]. Such vibronic coupling models have 
now been developed for mixed valence 2Fe2S, 3Fe4S and (high potential) 4Fe4S 
systems. These models give insights into electron trapping onto pairs of sites with 
electron delocalization within a pair for 3Fe and 4Fe systems, and into the trapped 
site valence observed in 2Fe systems [-24,97,99,115,148]. The relative importance of 
vibronic coupling vs. coupling to solvent or hydrogen bonding in determining 
electron localization-delocalization is still an open question. Also, there are a variety 
of geometric distortions that may be relevant beyond the Fe--S,S* bond lengths. 
Finally, we note that the B parameters linking different Fe-Fe pairs can differ, and 
are dependent on the orbital electronic state of the system (for example, B vs. B'). 
Future models will have to deal with these important factors. 

5. Conclusions 

Our purpose in this review has been to demonstrate the close interconnection 
between orbital interactions and spin coupling in iron-sulfur complexes. We have 
emphasized some basic themes. First, spin polarization effects are strong for these 
high-spin transition metal sites, and this affects the relative energies of iron compared 
with mainly sulfur based levels, and leads to an inverted energy level scheme. Second, 
because of the compact Fe(3d) shell, electron relaxation effects are also strong, so 
that redox events affect the net charges mainly on bridging and terminal sulfurs, and 
the anisotropy of the charge distribution on iron. Third, Heisenberg coupling and 
valence electron delocalization (resonance delocalization or double exchange) com- 
pete; the large number of spin states possible in polynuclear systems provides a way 
for effective pairwise valence delocalization over mixed valence pairs in 3Fe4S and 
4Fe4S complexes. A strong resonance delocalization energy requires parallel (or 
nearly parallel) spins within a mixed valence pair (or pairs). Valence electron delocal- 
ization over an entire [-Fe4 $4] 1 + cluster is possible, but this is more easily disrupted 
by external asymmetries than pairwise delocalization. Fourth, Heisenberg spin cou- 
pling and resonance delocalization can contribute significantly to the comparative 
redox potentials of different clusters and oxidation states. Solvation effects can 
compensate even for large differences in electron-electron repulsion among different 
redox couples. External asymmetries, from the coordination environment, from 
solvation or from the protein environment can strongly affect spin states and spectro- 
scopic properties, with significant effects on cluster energetics as well. In this work, 
we have emphasized the value of broken symmetry density functional calculations 
and spin projection methods both for extracting relevant spin coupling, electron 
delocalization and other spectroscopic parameters, and as tools for understanding 
the underlying physical phenomena. At a more phenomenological level, spin pro- 
jection coefficients provide a valuable means for evaluating patterns of spin coupling 
in complex polynuclear systems. The power of the computational tools now available 



L. Noodleman et al./Coordination Chemistry Reviews ]44 (199.5") 199-244 241 

to examine these and other aspects of iron-sulfur clusters is impressive, and we 
expect to see significant progress in the next few years. 
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