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Abstract: We report results of Xa valence bond scattered wave (Xa-VB-SW) calculations for a variety of clusters that mimic 
the active sites in iron-sulfur proteins: Fe(SR)4

1"-2- (R = H, CH3), Fe2S2(SH)4
2"3-, and Fe4S4(SCH3)4

2"3". Emphasis is placed 
on comparisons among the various clusters, including changes in the elctron distribution upon reduction, upon going from 
low spin to high spin, and upon changes in cluster geometry. We present estimates based on the calculations of Mossbauer 
isomer shifts and quadrupole splittings which lead to a consistent account of many experimental observations. The calculations 
predict the iron-(bridging sulfur) bonds to be stronger than those between iron and the terminal sulfur atoms; this has interesting 
structural and spectroscopic implications. To a good approximation, the oxidized 4-Fe complex can be viewed as two high-spin 
reduced 2-Fe clusters, despite the differences in geometry. Some of the implications of these results for structure-function 
problems in iron-sulfur proteins are discussed. 

Iron-sulfur proteins are widely distributed in both lower and 
higher organisms. Most of the proteins characterized so far 
contain iron-sulfur clusters with one, two, or four iron atoms, 
connected to the protein through the side chains of cysteine amino 
acids, as shown in Figure 1. Many of these clusters serve as the 
active sites for electron transport, but a variety of other catalytic 
functions have also been proposed.2 Quantum mechanical de
scriptions of the electronic structures of such complexes should 
aid interpretation of the magnetic properties, spectroscopy, and, 
ultimately, the chemistry of these species. However, the problem 
of obtaining useful wave functions is not an easy one, because of 
the large number of electrons and the relatively weak interactions 
between the transition metals. 

Recent theoretical calculations on active site models for 2-Fe 
and 4-Fe iron-sulfur proteins have emphasized the importance 
of a valence-bond (VB)-like description of the iron sites and their 
interactions. In its simplest form, this corresponds to the spin 
Hamiltonian commonly used to interpret Mossbauer and magnetic 
resonance spectra, in which each iron atom is assigned a spin of 
5 /2 or 2, and these sites interact through ferromagnetic or anti-
ferromagnetic coupling.3 A more correct model must include 
derealization of the charge and spin densities onto the ligands. 

One approach to such a description is through spin-unrestricted 
broken symmetry molecular orbital (MO) calculations. This 
technique can interpolate between the conventional VB and MO 
limits, yielding an energy lower than either, with a wave function 
that gives a qualitatively correct picture of antiferromagnetic 
coupling between the largely localized spins on each iron site. 
Calculations of this type have been reported for oxidized 2-Fe and 
4-Fe clusters (using the Xa scattered wave technique4,5) and for 
both oxidized and reduced 2-Fe clusters (using an Xa basis set 
expansion method.6). 
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Here we present in detail Xa scattered wave results for reduced 
forms of the 2-Fe and 4-Fe clusters, and extend previous results7 

for the 1-Fe clusters found in rubredoxin. This gives, for the first 
time, a set of calculations for all of these species at a common 
level of theory. We use these results to compute the charge and 
spin distributions as a function of cluster size and overall oxidation 
state, and for ferromagnetic vs. antiferromagnetic coupling 
schemes. In addition, we compare calculated and experimental 
Mossbauer isomer shifts and quadrupole splittings, showing that 
the qualitative features of these measurements can be understood 
in terms of the broken symmetry orbital picture. 

The present results also extend previous calculations by con
sidering possible geometrical variations in the 2-Fe and 4-Fe 
clusters. For the 2-Fe clusters, the orientation of the S-H bond 
directions relative to the cluster "core" is connected in an important 
way to the Mossbauer quadrupole splittings, the g tensors, and 
the predicted excitation energies. For the 4-Fe clusters, tetragonal 
distortions that both compress and elongate the core along an S4 

axis are considered. Although we are not able at present to 
determine theoretically optimized geometries, these results give 
some measure of the sensitivity of the charge and spin distributions 
to changes in geometry. 

In a separate paper, we compare the results of these scattered 
wave calculations to Hartree-Fock-based configuration interaction 
calculations (for the 1-Fe cluster) and to basis set Xa calculations 
(for the 2-Fe clusters).8 These complement earlier comparisons 
of scattered wave and basis set Xa calculations for the 4-Fe 
clusters.5 In general, the comparisons show that the approxi
mations involved in multiple scattering theory are not severe for 
these fairly compact clusters. In particular, all of the trends in 
charge and spin distributions reported below for the 2-Fe clusters 
are also seen in the basis set calculations, although actual values 
predicted by the two methods are somewhat different.8 There 
are some significant differences between the predictions of 
scattered wave and basis set calculations for the energies of 
charge-transfer excited states, but the differences in the 
ground-state properties are minor. It is only for the scattered wave 
calculations that we have available results for the whole range 
of clusters at a common level of approximation, and we use the 
trends predicted by the calculations to study their common fea
tures. 
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Table I. Geometries Used in the Calculations" 

cluster: 
charge: 
geometry: 

Fe-S 
Fe-S* 
Fe-Fe 

Fe-S*-Fe 
S-Fe-S 
S*-Fe-S* 
Fe-S-R 

Fe(SCH3)4 

I - 2-

2.29 

109.5 

107.2 

2 -
A1B 

2.31 
2.21 
2..69 

75.0 
109.5 
105.0 
109.5 

Fe2S2(SH)4 

3-
C ,D 

A. Bond Lengths4 

2.31 
2.21 
2.73 

2.38 
2.28 

B. Bond Angles' 
75.0 

109.5 
107.3, 
109.5 

102.7 

2-
E 

2.25 
2.24 (4), 
2.73 (4), 

73.8 

104.1 
103.0 

2.31 
2.78 

Fe4S4(SCH3)4 

(8) 
(2) 

3 -
F 

2.30 
2.35 (4), 
2.74 

72.9 

104.8 
103.0 

2.29 (8) 

The S-H bonds point toward the Fe-Fe axis in geometries A and C, and away from it in geometries B and D; see text. 4In A. cIn degrees. 
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Figure 1. Types of iron-sulfur clusters considered in this paper. 

Computational Section 

The scattered wave calculations reported here are analogous to those 
of earlier papers,4,5,7 so that only those features unique to the present work 
are presented here. The Xa multiple scattering method has been re
viewed recently,9 and computer codes are available from the Quantum 
Chemistry Program Exchange10 and the National Energy Software 
Center.11 

The geometries used in the present calculations are collected in Table 
I. Generally, the structures chosen for the theoretical models have some 
dimensions averaged to retain elements of molecular symmetry. 

For the 2-Fe clusters, two values of the S*-Fe-S-H torsion angle are 
considered. (Here S* represents the bridging or "inorganic" sulfur). 
These are labeled "A" and "B" for the oxidized cluster, and "C" and "D" 
for the reduced cluster. The S-H bonds in structures "A" and "C" point 
toward the Fe-Fe (z) axis, rather than away from it, as in structures "B" 
and "D". In all cases the entire Fe(SH)2 unit is coplanar. For the 
oxidized structures, the two halves of the molecule are identical, and the 
overall symmetry is DM. The reduced model geometries differ from the 
oxidized form by a 0.07 A increase in all Fe-S bonds at the reduced site; 
the overall symmetry is thus C21,. Hence our reduced structures corre
spond to a trapped valuence situation in which the iron(II) and iron(III) 
sites see different local geometries. Earlier calculations have shown that 
a trapped valence picture is appropriate even in a Dlh geometry,6 and 
experimental results for proteins and model compounds with reduced 
2-Fe clusters are in accord with this notion.12,13 

For the 4-Fe clusters, a variety of distortions from idealized tetrahedral 
core symmetry are seen experimentally in model compounds and in 
proteins.14,15 The model structures that most closely correspond to those 
in proteins can be viewed as involving a tetragonal distortion along an 
S4 axis of the core. In the oxidized clusters, a compression occurs, 
yielding four "short" and eight "long" Fe-S* distances. Such a geometry 
("E" in Table I) was used in our earlier calculations on oxidized 4-Fe 

Fe(SMe); Spin • Spin* 
Fe(SMe)J 

- 10 r— 

-.20 

-.30 

8e 
6b* 

3b; 

60, } 

20: " 2 - 1 

7e J 

Fe-S 
an t i -
bonding 

S non-
bonding 

Fe-S 
bonding 

8e 
6b 2 

3b< 
2a2 

6 a, 

6e 

Sa, 
5b, 
2b, 

8e 
6b? 

3b,* 

* 
6a, 

2a z 

7e 

2b, 

6e 
5b2 

5a, 

Figure 2. SCF-Xa-SW-MO energy levels for the oxidized rubredoxin 
model Fe(SCH3J4" above -0.33 hartree, in Z)w symmetry. All levels are 
fully occupied except those marked with an asterisk, which are half-filled 
in the spin-restricted diagram and empty in the spin-polarized diagram. 
Valence energy levels below -0.33 hartree are largely localized on the 
CH3S" ligand (see ref 7): 1 hartree = 27.2 eV. 

clusters,5 and is based on the idealized structure14 of the tetraethyl-
ammonium salt of Fe4S4(SCH2Ph)4

2". In the reduced species, there 
appears to be a general expansion of the core, sometimes accompanied 
by a tetragonal elongation, leading to four "long" and eight "short" Fe-S* 
distances. Our idealized structure is labeled "F" in Table I and is based 
on that of Fe4S4(SPh)4

3", which also has approximate Du geometry.15 

Calculations on the reduced species are reported here for both geometries 
"E" and "F". 

Other details of the calculations, including sphere radii and a param
eters, are given in previous papers.4,5,7 All calculations were carried out 
in double precision (64-bit arithmetic) on IBM 4041 or DEC VAX 
11/780 machines, or in single prcision (60-bit arithmetic) on CDC 7600 
or CYBER 170/750 machines. 

Molecular Orbital Energies 

Broken symmetry molecular orbital energy diagrams for one-, 
two-, and four-iron clusters are presented in Figures 2-4. These 
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Table II. Orbital Energies and Charges for [Fe4S4(SCHj)4]
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S 3p 
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SH 
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20a / 

13b2 

14b, 

8a2 

energy, 
eV 

-6.17 
4.97 

-5.27 
-6.24 
-5.10 
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Figure 3. Orbital energy diagram for Fe2S2(SH)4
2" in geometry D. 

Orbitals on the left, center, and right side of the diagram are approxi
mately localized on the corresponding region of the molecule. An 
analogous figure for geometry C is given in ref 4. Basis set Xa results 
for geometry D may be found in ref 6: 1 hartree = 27.2 eV. 
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Figure 4. Orbital energy diagram for Fe4S4(SCH3),,
3- in geometry F. 

Localization at the top or bottom of the molecule, as shown in Figure 1, 
is indicated. An analogous figure for the 2- oxidation state is given in 
ref 5: 1 hartree = 27.2 eV. 

were determined by a "spin-unrestricted" procedure, which allows 
different orbitals for different spins. In addition, for the two- and 
four-iron cases, a "broken symmetry" procedure was used, in which 
the symmetries of the orbitals (C2c) are allowed to be lower than 
that of the nuclear framework (which is Dlh or Dltl). This sym
metry lowering removes the reflection plane through the two S* 
atoms (for the 2-Fe cluster) or the S4 operation that interconverts 
the "top" and "bottom" of the molecule (for the 4-Fe cluster). The 
orbitals may then partially localize on one side of the molecule 
or the other, yielding orbitals similar to those that would be found 

"All orbitals shown are spin a. For each orbital, the top line refers 
to the 2- calculation; the middle line is for the 3- cluster in the 2-
("E") geometry; the bottom line is for the 3- cluster in the expanded 
("F") geometry. * Charges, in percent of one electron. Top and bottom 
refer to top and bottom of the cluster as in Figure 1. c Highest occu
pied orbital in the 3- cluster. ''Highest occupied orbital in the 2-
cluster. 

in a generalized valence bond calculation. For this reason, the 
method has been called the Xa-VB approach.416 

It is important to realize that the single determinant wave 
function calculated in this fashion has neither the space nor spin 
symmetry expected for the true wave function. Spatial symmetry 
can be imposed by adding the "mirror image" (or "S4 image"5) 
wave function, and we will always take the resulting two-deter
minant wave function as our model solution. Approximate spin 
projection techniques may then be used to obtain estimates of the 
energies of the true spin states of the cluster.16,17 Such projections 
enable one to calculate antiferromagnetic coupling constants, but 
they are not required for the conclusions reported here, which are 
obtained from the qualitative features of the broken symmetry 
molecular orbital model. A detailed discussion of the connection 
between the broken symmetry model and other approximate wave 
functions is given elsewhere.6,17 

Several common features are evident in the molecular orbital 
energy diagrams. In all cases five occupied Fe 3d-like orbitals 
(the ones occupied in the formal +3 oxidation state) are found 
well down in the valence band, below occupied orbitals which are 
mainly sulfur 3p in character. Higher yet are the orbitals made 
up primarily from the remaining five iron 3d orbitals; some of 
these will be occupied if the average formal oxidation state is less 
than +3. This simple classification scheme is useful, but it must 
be remembered that all of the orbitals are delocalized to some 
extent; the "iron" orbitals identified above, for example, contain 
10-30% sulfur character as well. 

Figures 2, 3, and 4 show results for the "oxidized" one- and 
two-iron clusters, and for the "reduced" form of the four-iron 
cluster. In general, the differences between the oxidized and 
reduced diagrams for a given cluster levels are minor, indicating 
that the presence of an extra electron has only a small effect on 
the orbital energies, aside from a uniform upward shift. In the 
even-electron, oxidized clusters there is a "mirror symmetry" in 
the molecular orbitals such that a spin-up orbital on the left has 
a partner of equal energy which is spin-down and on the right (see, 
e.g., Figure 3). This symmetry is broken slightly in the odd-
electron reduced clusters, but as seen in Figure 4, for the most 
part each orbital still has a partner, although one with a slightly 
different energy. 

(16) Noodleman, L.; Norman, J. G., Jr. J. Chem. Phys. 1979, 70, 4903. 
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Table III. Ground-State Charge and Spin Populations" 

cluster charge: 
formal Fe oxidation state: 

Fe (3d) 
Fe (total) 
S* 
S 

Fe (3d) 
Fe (total) 
S* 
S 

Fe(SCH3)4 Fe2S2(SH)4 

-1 
+3 

6.57 
8.05 

6.20 

+3.43 
+3.64 

+0.24 

-2 -2 
+2 +3 

A. Valence Populations 
6.88 6.80 
8.38 8.02 

6.42 
6.34 6.35 

B. Spin Populations' 
+3.12 ±2.84 
+3.30 ±3.00 

0 
+0.10 ±0.27 

-3 
+3, +2 

6.80, 7.02s 

8.07, 8.13 
6.57 
6.43, 6.53 

+2.98, -2.65 
+3.13,-2.74 
+0.13 
+0.24,-0.15 

-2 
+2.5 

6.95 
8.05 
6.27 
6.18 

±2.77 
±2.92 
±0.06 
±0.39 

Fe4S4(SCHj)4 

-3 
+2.5, +2 

6.99, 7.05* 
8.07, 8.12 
6.37, 6.35 
6.28, 6.31 

+2.85, -2.60 
+2.97, -2.71 
+0.17, -0.04 
+0.27,-0.18 

"Cluster geometries are given in Table I. For Fe2S2(SH)4
3", geometry D was used; for Fe4S4(SCH3J4

3" geometry F. Values for the 2-Fe and 4-Fe 
complexes are for the low-spin (antiferromagnetic) forms. b First value refers to the more highly oxidized half of the molecule, the second value to 
the more highly reduced half. 'Positive sign indicates excess of spin-up electrons. 

This similarity between oxidized and reduced complexes is true 
for orbital populations as well as energies. To illustrate this, we 
report in Table II the charge distribution of orbitals near the Fermi 
level for the 4-Fe cluster. For each orbital, comparison of the 
top two lines shows the effect of adding an electron with no change 
in geometry, while a comparison of the second and third lines 
shows the sensitivity of the reduced cluster to a change in geom
etry. Although the changes are small, the general trend upon 
reduction is to increase the localization of orbitals, i.e., orbitals 
such as 2Oa1, 9a2, and 14b2, which are localized on the bottom 
irons in the 2- complex, are more strongly localized in the 3 -
complex. The expansion of the core that takes place in going from 
geometry E to F also increases this localization. In terms of the 
molecular orbital distributions, then, the reduced complexes appear 
to be slightly closer to the localized valence bond limit than are 
the oxidized complexes, but the differences are not great. 

In spite of these similarities in orbital energies and characters, 
the overall electronic changes upon reduction cannot be understood 
in terms of just the accepting orbital, because the small changes 
that do take place in many of the other valence orbitals have an 
important cumulative effect. We examine this behavior in the 
next section. 

The oxidized 4-Fe complex can be considered formally to arise 
from the antiferromagnetic coupling of two high-spin reduced 2-Fe 
subunits, each having S = 9/2.18 Our energy level diagrams 
support such a model. A diagram for the high-spin 2-Fe complex 
is shown in Figure 5; these may be compared with results for the 
low-spin 4-Fe complex shown in Figure 4. For both complexes 
the highest occupied molecular orbital is mainly a symmetric 
combination of Fe 3dz2 orbitals (with respect to a local Fe-Fe z 
axis); this orbital also has some contribution from IAxI.^, as 
discussed below. The first two spin-down LUMCs of the reduced 
2-Fe cluster ( 3 - ion) are of au and b l u symmetry, and closely 
resemble the 9a2 and 14b2 LUMO's of Fe4S4(SCHj)4

2". Using 
a local z axis along the Fe-Fe direction, and letting the xz plane 
be the mean plane of the top of the 4-Fe "cube", these orbitals 
mainly have the form (dxy)lcft-(dxy)tig]li for au and 9a2, and 
(dz2)ieft-(dz2)rigilt for b l u and 14b2. In an earlier paper6 we showed 
that high-spin reduced 2-Fe clusters are expected to have a de-
localized structure (as shown in Figure 5), in contrast to the 
trapped valence situation expected for the low-spin 2-Fe clusters. 
This is consistent with our model of the 4-Fe clusters being made 
up of delocalized, high-spin 2-Fe clusters, and with Mossbauer 
evidence that fails to find spin trapping in the 4-Fe clusters. 

Charge and Spin Distributions 
Table III compares the charge and spin populations for ground 

states of the one-, two-, and four-iron clusters. It is useful to 
compare these values with those of idealized structures. In the 

(18) Dickson, D. P. E.; Johnson, C. E.; Thompson, C. L.; Cammack, R.; 
Evans, M. C. W.; Hall, D. O.; Rao, K. K.; Weser, U. /. Phys. (Paris) 1974, 
35, C6-343. See also ref 3. 
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Figure 5. Orbital energy diagram for the high-spin form of Fe2S2(SH)4

2". 
Localization information is only approximate, since all orbitals are de-
localized. In the 2- form, the LUMO is ag; for 3-, ag is the HOMO, and 
blu is LUMO with au nearby. 

localized VB (or spin Hamiltonian) model, the oxidized one- and 
two-iron clusters have iron atoms that are formally in the +3 state. 
This model predicts a charge of +3 electrons and a spin population 
(spin-up minus spin-down) of +5. The other clusters have smaller 
formal charges on iron, as shown in Table III. In the delocalized 
(restricted) MO model the spin populations become zero for the 
diamagnetic states, and the charges are the same for each sym
metry-equivalent iron atom. 

Covalent bonding with the ligands substantially reduces the net 
charge on the iron atoms, so that they have 6'/2-7 d electrons, 
and a neutral or slightly negative total charge. The largest spin 
population is +3.6 for the oxidized 1-Fe cluster. There are also 
substantial spin populations at the sulfur sites, with the bridging 
sulfur having smaller values than the terminal sulfurs; the bridging 
positions are also slightly more negative in total charge than the 
terminal ones. Hence all of the clusters are intermediate between 
the delocalized MO limit (for which all spin populations are zero) 
and the localized VB limit (in which the spin is localized at the 
iron sites.) 

The 1-Fe clusters have smaller d-orbital occupations and higher 
spin densities at iron than the larger clusters in equivalent formal 
oxidation states. This suggests that Mossbauer and ESR pa
rameters found for rubredoxins may be only partially transferrable 
to multinuclear clusters. On the other hand, the 2-Fe and 4-Fe 
clusters are much more nearly alike in their charge and spin 
populations; we explore this comparison in more detail below. 

Table IV gives results for the high-spin or ferromagnetic forms 
of the 2-Fe and 4-Fe complexes. These correspond to molecular 
excited states in which the spin directions for the two halves of 
the molecule are parallel, rather than being antiparallel as in the 
low-spin ground states. Breaking symmetry does not lower the 
total energy in this case, so that these results correspond to 



3422 J. Am. Chem. Soc, Vol. 107, No. 12, 1985 Noodleman et al. 

Table IV. Charge and Spin Populations for High-Spin Clusters" 

net charge: 
formal Fe charge: 

Fe (3d) 
Fe (total) 
S* 
S 

Fe (3d) 
Fe (total) 
S* 
S 

Fe2S2(SH)4 

-2 -3 
+3 +2.5 

A. Valence Populations 
6.73 6.85,6.87 
7.98 8.14, 8.00 
6.49 6.65 
6.33 6.45, 6.47 

B. Spin Populations 
+3.14 +3.04,+3.03 
+3.29 +3.19,+3.15 
+0.58 +0.45 
+0.33 +0.24, +0.22 

Fe4S4(! 

-2 
+2.5 

6.87 
7.98 
6.35 
6.17 

+3.15 
+3.32 
+0.61 
+0.49 

SCH3)4 

-3 
+2.25 

6.94 
8.03 
6.44 
6.28 

+3.12 
+3.25 
+0.56 
+0.40 

"See footnotes to Table III. 

conventional, spin-unrestricted MO calculations. (However, in 
the reduced form of the 2-Fe complex, the iron-sulfur bond lengths 
are different in the two halves of the molecule, as shown in Table 
I, leading to slightly inequivalent populations.) Compared to the 
low-spin forms, the high-spin complexes have lower d-orbital 
occupations and higher spin populations. This makes the mul-
tinuclear high-spin complexes more like the 1-Fe complexes. One 
feature unique to the high-spin results are the large spin popu
lations on the ligands, especially for the bridging sulfurs. 

It is of special interest to compare the high-spin reduced 2-Fe 
model (Table IV) with the low-spin form of the oxidized 4-Fe 
cluster (Table III), since, from a spin-Hamiltonian point of view, 
the latter cluster may be considered as comprised of two of the 
former.618 The comparison based on populations is not strong; 
the 2-Fe cluster has lower 3d populations and higher spin densities 
(especially for the sulfurs) than the 4-Fe complex. These dif
ferences probably reflect two ways in which the 4-Fe cluster is 
not like two 2-Fe clusters. First, the Fe-S*2-Fe unit is planar 
in the 2-Fe cluster but not in the 4-Fe. Second, the bridging sulfurs 
connect two parallel-spin iron atoms in the high-spin 2-Fe complex 
(and hence have a high-spin population, +0.45); in the 4-Fe cluster, 
S* bridges three iron atoms, one with spin opposite in direction 
to the other two (leading to a low-spin population, 0.06). The 
higher terminal S spin population in the 4-Fe cluster relative to 
the 2-Fe probably results from the fact that there is only one 
terminal S per iron atom in the larger complex, compared to two 
for the smaller cluster. In spite of these differences in overall 
charges, the orbital energy patterns are similar, as we saw above, 
so that many spectroscopic features of the high-spin reduced 2-Fe 
complex should resemble those of the oxidized 4-Fe complex. 

Table V considers changes that occur when the various iron-
sulfur clusters are reduced. Results for the 4-Fe cluster illustrate 
a common theme: even though the orbital accepting the extra 
electron (9a2, see Table II) has about 90% iron character, reduction 
increases the population of the two more reduced irons by a total 
of only 0.14 electron. Small changes in the other orbitals distribute 
the remaining 0.86 electron among sulfur and methyl groups and 
the two more oxidized iron atoms. Although the iron population 

changes by only a small amount, the spin populations of the two 
more reduced iron atoms change by more, decreasing in absolute 
magnitude by a total of 0.42. This is the direction one would 
expect since the sixth d electron must be opposite in spin to the 
first five. There is a small increase (totalling 0.1 electron) in the 
spin populations of the more oxidized iron sites upon reduction, 
making them even more like the iron atom in the oxidized 1-Fe 
system. 

The charge distribution in the 2-Fe cluster also displays some 
interesting features upon reduction. Here the change in iron 
charge is greater, especially for the 3d shell, where the increase 
is 0.22 for a single center (Table V). A significant fraction of 
the is in the Fe 3d^ orbital, which arises from occupying the mainly 
dr2 12a! orbital (see Figure 3). We show below how this affects 
the Mossbauer quadrupole splitting at the reduced site. Upon 
reduction there are also increases in the electronic populations 
at all sulfurs, in the order S(red) « S* > S(ox); here "ox" and 
"red" denote terminal sulfurs adjacent to the oxidized and reduced 
Fe sites. Such charge increases should lead to enhanced hydrogen 
bonding in the reduced forms in proteins where hydrogen donors 
are available (see section VII). 

These changes parallel closely the corresponding changes on 
Fe, S*, and S when the 4-Fe cluster is reduced, indicating a close 
comparison between the electronic structures of the two types of 
cluster. As we discuss below, the changes that take place in the 
sulfur charge and spin distributions may plausibly be related to 
the mechanism for electron transfer and chemical reactions that 
are associated with these clusters. 

Nature of the Iron-Sulfur Bonds 

There are two principal groups of orbitals that contribute to 
the Fe-S cr bonds: the majority spin magnetic orbitals (which 
are mainly Fe 3d with some sulfur 3p character), and the minority 
spin S and S* orbitals, which delocalize to some extent onto the 
empty minority spin iron orbitals. The relative energies and 
characters of these orbitals suggests that the bridge S*-Fe bonding 
is stronger that the terminal S-Fe bonding, since the lower energy 
orbitals have more S*-Fe character (see Figures 3 and 4.) 

For the 2-Fe clusters, the terminal S-Fe bond strength also 
depends upon the geometric orientation of the SR groups (R = 
H in the calculations, R = cysteine in proteins). This is illustrated 
in Figure 6 which shows the Sa1I (majority spin magnetic) and 
12ajt (accepting orbital) for geometries C and D of the reduced 
2-Fe model. The Sa1 orbital is typical of Fe-S bonding inter
actions, and changes in the S 3p orientation with geometry are 
due to the requirement to maintain orthogonality with the adjacent 
(and lower lying) S-H bond. As shown in the figure, the Fe 3d-S 
3p overlap is more favorable in the upper part of the figure, where 
the hydrogens are pointed away from the Fe-Fe axis. Where 
known, the SR orientation in proteins is usually intermediate 
between the two idealized structures considered here. 

Geometric factors also influence the shape of the mostly non-
bonding orbital Oa1 (right side of Figure 6) which accepts the 
reducing electron in 2-Fe ferredoxins. As discussed earlier,6 this 
orbital can be written as cos 6 {&zi) + sin d (d^.^). The bond 

Table V. Charge and Spin Population Changes upon Reduction" 

Fe (3d) 
Fe (total) 
S* 
S 

Fe (3d) 
Fe (total) 
S* 
S 

Fe(SH)4
1--2" 

+0.30 
+0.32 

+0.15 

-0.30 
-0.32 

-0.14 

Fe(SCH3V-'2" 

A. Charges' 
+0.31 
+0.33 

+0.14 

B. Spins' 
-0.31 
-0.32 

-0.14 

Fe2S2(SH)4
2-3-

+0.00 (+0.22) 
+0.05 (+0.11) 
+0.15 
+0.08 (+0.18) 

+0.14* (+0.19) 
+0.13* (+0.25) 
+0.13 
-0.03 (+0.12) 

Fe4S4(SCH3),2"'3-

+0.04 (+0.10) 
+0.02 (+0.07) 
+0.10 (+0.08) 
+0.10 (+0.13) 

+0.08* (+0.17) 
+0.05* (+0.21) 
+0.11* (+0.02) 
-0.12 (+0.21) 

" Values given are individual-atom charge or spin populations for the reduced cluster minus those for the oxidized cluster. Where two values are 
shown, the first is for the more oxidized half of the cluster, and the value in parentheses is for the more reduced half. b For charge populations, a 
positive sign means an increase in the electron population upon reduction. cFor sites where the absolute magnitude of the spin density has increased 
upon reduction, the spin population is followed by an asterisk; for a decrease, no asterisk. 
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Figure 6. Contour diagrams for Fe2S2(SH)4
2-. Left-hand side shows the 

8a, t Fe-S bonding orbital (see Figure 3); right-hand side shows the 12at 
t LUMO. Upper figures are for geometry D, lower figures for geometry 
C. The plane of the figure contains the 2Fe, 4S, and 4H atoms; locations 
of the hydrogens are marked by crosses. Contours (solid = positive, 
dashed = negative) are at ±0.005, ±0.075, ±0.10, ±0.125, and 
±0.16a0"

3/2. Dotted contours are nodes. 

strength relationship S*-Fe > S-Fe implies that 6 is positive so 
that the 12a! orbital has greater density along the y (in the 
terminal Fe-S plane) than along x (in the S* plane). In this way 
the orbital attains less antibonding character by avoiding the 
occupied electrons in the Fe-S* orbitals. As the SR orientation 
changes, the value of 6 should decrease as the Fe-S bond becomes 
stronger, i.e., as the Fe-S and Fe-S* bonds become more nearly 
equal. This behavior is evident on the right side of Figure 6; 
although the differences in the 12a! orbital are not large, we show 
below that such an effect should be observable in the Mossbauer 
quadrupole splittings. 

It is also of interest to look at changes in iron-sulfur bond 
strength and covalency with cluster size. In assessing net bonding, 
three factors are important, (a) The low-lying Fe-S orbitals are 
bonding, with Fe-S* lower than Fe-S, as dicussed above, (b) 
More complex considerations arise when minority spin sulfur 3p 
electrons delocalize into the empty 3d orbitals of the adjacent iron 
atoms. The S* electrons can delocalize onto alternate sites with 
either spin-up or spin-down character, and hence are expected to 
be stabilized to a greater extent than the terminal S orbitals, which 
see only one adjacent iron atom, (c) The orientation of the 
terminal S 3p lone pairs is more constrained than the S* lone pairs, 
since the former must remain orthogonal to the S-R bonds. 

The mean energy of S* 3p levels is below that of terminal S 
in both the 2-Fe and 4-Fe clusters, giving a relative bond strength 
Fe-S* > Fe-S. As Fe-S coordination is replaced by Fe-S* in 
the cluster sequence 1-Fe —* 2-Fe —• 4-Fe, there is an increase 
in Fe 3d population and a decrease in 3d and total spin population 
for equivalent oxidation states of Fe (Table III). The differences 
between the 1-Fe and 2-Fe complexes are greater than those 
between 2-Fe and 4-Fe. 

Observed bond lengths for Fe-S* in 2-Fe complexes are shorter 
than the Fe-S bonds in either 1-Fe or 2-Fe complexes (see Table 
I), consistent with the bond strength estimates made above. The 
4-Fe clusters have mean Fe-S* lengths similar to those for Fe-S, 
so that the difference between S and S* is less important. Sim
ilarly, the high-spin excited states of the Fe2S2(SH)4

2 '3- clusters 
are predicted to be more weakly bonded (and more ionic) than 
the low-spin forms, and to display larger Fe 3d spin populations 
and lower total Fe populations, i.e., to be more like the ionic Fe3+ 

structures. 

Mossbauer Spectra 
Mossbauer spectroscopy has been an important tool in unra

velling the nature of charge and spin distributions in proteins and 
model complexes having iron-sulfur cores. For diamagnetic 
complexes, the spectra may yield two parameters, the isomer shift 
and the quadrupole splitting. For paramagnetic systems it is often 
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Table VI. Mossbauer Isomer Shifts" 

Fe(SH)4 Fe2S2(SH)4 Fe4S4(SCHj)4 

1- 2- 2- 3- ~ 3 -

P(O)* 6.860 5.969 6.935 6.928, 5.944 6.023 5.780, 5.635 
5(calcd)c 0.23 0.51 0.20 0.20, 0.52 0.49 0.57, 0.62 
S(exptl) 0.25^ 0.65d 0.26^ 0.22, 0.56^ 0.42' 0.50, 0.58^ 

(protein) 0.25, 0.54* 
«(exptl) 0.13* 0.61* 0.17/ 0.35/ 0.57,0.64/ 

(model) 
"Isomer shifts in mm/s, relative to metallic iron, at 4.2 K unless 

otherwise noted. Where two values are given, the first is for the more 
highly oxidized Fe, the second for the more highly reduced one. 
'Computed nonrelativistic charge density at Fe, minus 1187Oa0"

3. 
'Determined from best-fit line of Figure 7. dReference 22. 
'Reference 23. /Reference 15b and references therein. ^Reference 12. 

also possible to determine the hyperfine interaction with the iron 
nucleus as well. Here we discuss theoretical predictions for these 
properties and compare them with experimental values. 

Isomer Shifts. The isomer shift is linearly related to the 
electronic charge density at the iron nucleus. The slope of the 
curve, however, is uncertain, since it depends upon the change 
in nuclear shape between the excited and ground states of the 
Mossbauer transition, for which accurate values are not known. 
Futhermore, relativistic effects are known to be important, but 
are not included in the present calculations. (For a general ov
erview, see ref 19 and 20). Hence, we are led to consider 
semiempirical relations to estimate isomer shifts. Post and co
workers21 have used results of Hartree-Fock calculations to develop 
the following relation between charge density at the nucleus (p(0)) 
and isomer shift: 

A/ = (1.3)(-0.239 mm s-1 aj)Ap(O) (1) 

based on a linear plot of / vs. p(0) for a number of Fe complexes. 
Here / is the isomer shift relative to Fe metal, and the factor of 
1.3 is an approximate correction for relativistic effects. We show 
below that the slope given in eq 1 is in good agreement with the 
Xa results, but that the intercept of the / vs. p(0) plot cannot be 
taken directly from the Hartree-Fock calculations since there is 
a substantial systematic difference in p(0) between Xa and 
Hartree-Fock calculations. 

A second, semiempirical, approach involves fitting a straight 
line by least squares to some or all of the Xa results, and using 
the resulting regression line as an interpolation formula. Table 
VI22'23 presents results for isomer shifts for iron-sulfur clusters, 
and the data are plotted in Figure 7. We see that the linear 
relation between / and p(0) is moderately good for the Fe-S 
clusters, but that some other iron complexes are not at all near 
the best-fit line. The least-squares line through the Fe-S data 
yields the relation: 

/ = 2.41 - 0.3I9(p(0) - 11870) (2) 

It is likely that the errors for the non-Fe-S clusters arise, at 
least in part, from the difficulty of comparing complexes of quite 
different coordination number and geometry. Within the Fe-S 
family, all of the iron atoms are tetrahedral and high spin, so that 
the approximations involved in the muffin-tin potential are about 
the same for all of them. It is clear from Figure 7 that we do 
not yet have the ability within the Xa scattered wave model to 
compare, for example, Fe-S isomer shifts with those of low-spin 
octahedral complexes such as ferricyanide. Hence, further work 
will be required a general procedure for making isomer shift 
calibrations from scattered wave results. The correlation within 

(19) Shirley, D. A. Rev. Mod. Phys. 1964, 36, 339. 
(20) Gutlich, P.; Link, R.; Trautwein, A. "Mossbauer Spectroscopy and 

Transition Metal Chemistry"; Springer-Verlag: New York, 1978, pp 60-84. 
Trautwein, A. J. Phys. (Paris) 1980, 41, Cl-95. 

(21) Post, D.; Van Duinen, P. Th.; Nieuwpoort, W. C. In ref 20, p 60. 
(22) Thompson, C. L.; Johnson, C. E.; Dickson, C. P. E.; Cammack, R.; 

Hall, D. O.; Weber, U.; Rao, K. K. Biochem. J. 1974, 139, 97. 
(23) Lane, R. W.; Ibers, J. A.; Frankel, R. B.; Papaefthymiou, G. C; 

Holm, R. H. J. Am. Chem. Soc. 1977, 99, 84. 
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Table VII. Mossbauer Quadrupole Splittings" 

theory experiment 

A£Q(ox) 1.05 
(red) -2.89 

A £ Q 
V 

Fe(ox) A£Q 

V 
Fe(red) A£Q 

V 
l«|. deg 

A'' 
0.98 
0.57 

C 
1.39 
0.42 

+3.32 
0.69(x) 

+24.4 

B' 
0.38 
0.73 

D' 
0.81 
0.77 

-3.11 
0.68(z) 

+ 13.4 

A. Fe(SH)4
1"'2-

0.57 (synthetic analogue,'' 0.78 (rubredoxin)' 
-3.28 (synthetic analogue), -3.16 (rubredoxin)' 

B. Fe2S2(SH)4
2" 

0.55 and 0.83 (algal)/ 0.65 (spinach)', 0.61 (adrenal),' 0.36 (synthetic)/0.60 (putida)* 
0.5 ± 0.3, 0.5 ± 0.3, 0.5 ± 0.3, , 0.42 

C. Fe2S2(SH)4
3" 

0.6 (algal)/ 0.64 (spinach),' 0.81 (adrenal),' 0.6 (putida)' 
0.3 ± 0.3, 0.6 (spinach), 0.5 

-3.2 (algal)/-3.0 (spinach),' +2.7 (putida)* 
0.0 ± 0.2(z), 0.0(z), 0.0(x) 
2 (algal)/ 4 (spinach)/ 17 (putida)* 

"Quadrupole splittings are in mm/s. The nuclear quadrupole moment of 57Fe is taken as 0.15 barn and the Sternheimer factor (1 - R) = 0.92 from 
ref 24. * Reference 23. 'Reference 25. ''Reference 26. 'Reference 27 and 12. Reference 28. * Reference 29. * Reference 30. 'Geometry 
designation. 

11877 

P(O)1Q-* 

Plot of observed isomer shift vs. calculated nuclear charge 
2-- (t\ ir»-<!i<!HV2-

Figure 7 
densities. Key: (1) Fe(SH)4"; (2) Fe(SH)4

2"; (3) Fe2S2(SH)4
2"; (4) 

oxidized (a) and reduced (b) sites of Fe2S2(SH)4
3"; (5) Fe4S4(SCH3J4

2"; 
(6) oxidized (a) and reduced (b) sites of Fe4S4(SCH3)4

3"; (7) Fe-
(Por)(Pyr)02 [Por = porphine, Pyr = pyridine]; (8) Fe(Por)(Pyr)CO; 
(9) Fe(bpy)3

2+ [bpy = bipyridyl]; (10) Fe(CN)6
3"; (11) Fe(CN)6

4". 
Observed values for (1) - (6) are collected in Table VI; two points 
connected by a line indicates a range of observed values, as given in Table 
VI. Computation details and observed values for (7) - (11) are given 
in ref 37 and 38. 

the Fe-S group is good enough, however, to identify the interesting 
trends that we discuss next. 

One of the surprising results from the charge distributions is 
that the Xa calculations indicate a higher Fe 3d population in 
the oxidized 2-Fe cluster (or at the Fe(ox) site of the reduced 
system) than in the corresponding 1-Fe model: 6.80 vs. 6.57 (see 
Table III). Other factors being equal, one expects this to lead 
to a larger isomer shift in the 2-Fe than in the corresponding 1-Fe 
cluster. However, both our isomer shift calculations and the 
experimental results for model complexes show only a small shift 
between the two clusters; in proteins, there is no shift to within 
experimental error. This emphasizes the fact that, even in clusters 
of nearly identical local geometry, the isomer shift, which depends 
upon the s orbitals, only indirectly reflects the 3d populations. 
Analyses based on Hartree-Fock calculations 20,21 have argued 
that the "potential distortion" effect caused by the Fe (3d) electrons 
is often of opposite sign to the "overlap distortion" effect caused 
by bonding effects in the molecular orbitals. Evidently these two 
contributions approximately cancel in this case, leading to no net 
isomer shift difference between the two clusters. 

Table VI also shows that there is a smaller observed isomer 
shift in the oxidized 1-Fe and 2-Fe model complexes with sub-

stituents (SR)2 = (S2-O-XyI) than in proteins where SR = cysteine. 
By electronegativity arguments, one expects (S2-O-XyI) to be more 
electron releasing than cysteine, resulting in a greater s density 
at Fe and a smaller isomer shift, in agreement with the obser
vations. The SW calculations predict a substantially smaller 
isomer shift for R = CH3 than for R = H in Fe(SR)4": calculated 
values from eq 2 are 0.23 mm/s for R = H and 0.09 for R = CH3. 
This shows that isomer shifts can be sensitive to changes in the 
second coordination shell around iron, so that comparisons between 
proteins and model complexes have to be made with some care. 

Quadrupole Splittings. The Mossbauer quadrupole splittings 
(AEQ) and asymmetry parameters (r;) of Fe-S proteins depend 
on the following factors: (1) the basic electronic structure and 
oxidation state of the Fe-S core; (2) the geometric orientation 
and electronic structure of the cysteine residues; (3) the extent 
of electron donation or withdrawal by the rest of the protein. Table 
yjj24-3o g j v e s predicted and experimental results, and it is clear 
that neither the theoretical calculations nor the synthetic models 
can account fully for the absolute values of the protein parameters. 
However, the Xa-SW theory does display a number of trends seen 
in the proteins. 

We consider first the variation in predicted quadrupole splitting 
for different geometries. For Fe2S2(SH)4

2", the geometry change 
from A to B lowers the predicted quadrupole splitting. The 
experimental values (Table VII) span a range comparable to 
theory, with the synthetic model, (SR)2 = (S2-O-XyI), at the low 
end and one site of algal ferredoxin at the high end. In the reduced 
2-Fe theoretical models, the quadrupole splitting at the oxidized 
site similarly decreases upon changing geometry from C to D. 
Larger effects are observed at the reduced site. Here the cal
culated sign of the quadrupole splitting changes from positive to 
negative and the direction of the major axis from x to z (Table 
VII). The magnitude of the quadrupole splitting is large, about 
3 mm/s, as is found experimentally. Note that spinach and putida 
ferredoxins differ in both the sign of the quadrupole splitting and 
in the direction of the major axis at the reduced site. This variation 
among proteins mimics differences in the calculations for geom
etries C and D. 

(24) Lauer, S.; Marathe, V. R.; Trautwein, A. Phys. Rev. A 1979, 19, 
1852. 

(25) Phillips, W. D.; Poe, M.; Wiener, J. F.; McDonald, C. C; Lovenberg, 
W. Nature (London) 1970, 227, 574. 

(26) Anderson, R. E.; Dunham, W. R.; Sands, R. H.; Bearden, A. J.; 
Crespi, H. L. Biochim. Biophys. Acta 1975, 408, 306. 

(27) Dunham, W. R.; Bearden, A. J.; Salmeen, I. T.; Palmer, G.; Sands, 
R. H.; Orme-Johnson, W. H.; Beinert, H. Biochim. Biophys. Acta 1971, 253, 
134. 

(28) Gillum, W. O.; Rankel, R. B.; Fouer, S.; Holm, R. H. Inorg. Chem. 
1976, 15, 1095. 

(29) Munck, E.; Debrunner, P. G.; Tsibris, J. C. M.; Gunsales, I. C. 
Biochemistry 1972, ;/, 855. 

(30) Bertrand, P.; Gayda, J. P. Biochim. Biophys. Acta 1979, 579, 107. 
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For the reduced 2-Fe clusters we have computed the amount 
of axial character in the orbital to which the reducing electron 
is added (i.e., Ha1 spin up; see Figures 3 and 6). As mentioned 
above, this orbital has the general form cos 6 (&zi) + sin 6 (d^.^) 
on Fe(red). The value 0 = 0° represents a pure axial &zi orbital. 
The transformation C —•• D reduces | 6 |, as well as changing the 
sign of the quadrupole splitting. This result is consisten with the 
fact that spinach and algal ferredoxins, with negative quadrupole 
splittings along z, have nearly axial LUMO's, | 6 | = 4 and 2°, 
respectively. Putida ferredoxin, on the other hand, has a positive 
quadrupole splitting and is far from axial. (The basis set Xa 
method also predicts a low value of 0, +8.1°, vs. +13.4° in the 
SW calculation, both for geometry D.8) Since the calculated 
Mossbauer results and 6 values in geometry D are closer to those 
seen in typical ferredoxins, one might expect similar trends for 
other properties. We show elsewhere that, indeed, Zeeman and 
hyperfine tensors and d-d spectra in good agreement with ex
periment are predicted with geometry D and not with geometry 
C 8 

At present, there are not enough experimental data to correlate 
systematically quadrupole splittings with geometry in most fer
redoxins. The best situation exists for oxidized algal chloroplast 
ferredoxins, where the accurate Mossbauer spectra of Anderson 
et al.26 for the species Synechococcus lividus can be compared 
with the X-ray structure at 2.5-A resolution of the protein from 
Spirulina platensis.31 (It has been established that the amino 
acid sequence of most chloroplast ferredoxins is invariant in the 
vicinity of the Fe-S core.) It appears from the X-ray structure 
that the two Fe sites are quite different in geometric structure, 
although both are distorted tetrahedra. This agrees with the 
observation of two quadrupole splittings in the oxidized protein, 
0.55 and 0.83 mm/s. Neither Fe site has even approximate C20 

symmetry; the Fe-Cys 46, Cys 41 site has a approximate C2{z) 
axis and a geometry roughly intermediate between the theoretical 
C and D geometries; the Fe-Cys 79, Cys 49 site has a less regular 
geometry with Cys 79 roughly along z. 

The good agreement of the theoretical Fe2+ quadrupole splitting 
in geometry D with the reduced Fe2+ splitting of algal ferredoxin 
probably means that the reduced site is Fe-Cys 46, Cys 41 and 
not Fe-Cys 79, Cys 49. In the latter case, it is unlikely that the 
added electron would be found in a dz2-type orbital; consequently, 
the major axis would not be z and AEQ could have either sign. 
The Fe-Cys 46, Cys 41 site, however, should be geometrically 
compatible with a dr2-type LUMO. 

The relationship between the electronic structure of 4-Fe 
complexes and their Mossbauer spectra can now be considered. 
For oxidized ferredoxin, our theoretical model predicts four iron 
sites with equivalent charge distributions, leading to a single 
quadrupole splitting and isomer shift. The derealization of the 
sixth, minority spin 3d electron over two iron centers suggests that 
the observed parameters should be intermediate between the 
oxidized and reduced sites of 1-Feand 2-Fe complexes. Upon 
reduction, there are two inequivalent subsites in the 4-Fe clusters, 
with the iron atoms still equivalent in pairs. The extra electron 
should enter either the 9a2 or 14b2 orbitals (see Figure 4). The 
calculated energy splitting of these two orbitals is 0.12 eV in 
geometry F (Table II). 

Table VIII shows results for both oxidized and reduced 4-Fe 
clusters. When 9a2 is occupied upon reduction, the orientation 
of the electric field gradient tensor is changed at the reduced iron 
site, but the overall quadrupole splitting is about the same as for 
the oxidized iron site. The alternative occupation of 14b2 yields 
a 1.2-mm/s difference in AEQ between the reduced and oxidized 
sites, in qualitative agreement with the experimental observa
tions.15b,32_34 (The sign of AEQ is not known experimentally.) 

(31) Tsukihara, T.; Fukuyama, K.; Nakamura, M.; Katsube, Y.; Tanaka, 
N.; Kakudo, M.; Wada, K.; Hase, T.; Matsubara, H. /. Biochem. 1981, 90, 
1763. 

(32) Holm, R. H.; Averill, B. A.; Herskovitz, T.; Frankel, R. B.; Gray, H. 
B.; Siiman, O.; Granthaner, F. J. J. Am. Chem. Soc. 1974, 96, 2644. 

(33) Dickson, D. P. E.; Johnson, C. E.; Cammack, R.; Evans, M. C. W.; 
Hall, D. O.; Rao, K. K. /. Biochem. 1974, 139, 105. 

Table VIII. Mossbauer Quadrupole Splittings for 4-Fe Clusters" 
cluster 

A. 
this work 
exptl (synthetic) 
exptl (HiPIP) 
exptl (Fdox) 

B. 
this work, 9a2 occupied 
this work, 14b2 occupied 
exptl Fe4S4(SPh)4

3" 
exptl Fe4S4(SCH2Ph)4

3" 
exptl Fe(red) 

AEQ 

Fe4S4(SCH3J4
2" 

-1.08 
1.10-1.26 
1.01 
0.75 

Fe4S4(SCH3),3-" 
1.36, 1.43 
1.41, -2.63 
1.13, 2.04c 

0.93, 1.41 
1.32, 1.89 

V 

0.98 

0.60, 0.59 
0.60, 0.25 

ref 

32 
33 
34 

15b 
15b 
15b 

"See footnote a to Table VII. 'First value refers to the more highly 
oxidized Fe, second to the more highly reduced Fe. 'Experimental 
values are for crystalline samples at 4.2 K. 

The large variability in experimental values of AEQ is consistent 
with the notion that the energy splitting between the 9a2 and 14b2 

orbitals is a sensitive function of geometry. Spin-orbit mixing 
between these levels may also affect the quadrupole splittings; such 
considerations are beyond the scope of this paper. A more com
plete discussion of the Mossbauer spectra of the 4-Fe complexes 
will be presented elsewhere. 

Discussion 
In this section we summarize some of the important aspects 

of the electronic structure of Fe-S complexes, particularly with 
respect to physical and chemical properties and reactivity. We 
emphasize comparisons between different clusters as well as the 
effects of oxidation and spin state changes. 

Nature of the Chemical Bonds. All of the clusters considered 
here may be viewed as containing high-spin monomer subunits 
(with S = 2 or 5/2) that interact through ferromagnetic or an-
tiferromagnetic interactions. The high degree of spin polarization 
on the iron atoms leads to an energy level ordering with the 
occupied Fe 3d levels well below the occupied S and S* 3p bands, 
and with the minority spin Fe 3d levels as the lowest unoccupied 
orbitals. This spin polarization also produces a splitting of the 
terminal S 3p levels, resulting in a spin population of S having 
the same sign as on the adjacent Fe. In terms of spin populations, 
the clusters are intermediate between the completely delocalized 
MO and the completely localized VB limits, being closer to the 
latter than the former. 

Although these complexes have a highly ionic formal oxidation 
structures like (SR)--Fe3+-(S*)2", the bonding is better described 
as polar covalent, as judged by the near electroneutrality of the 
Fe and S populations (see Table III). In terms of simple resonance 
structures, radical configurations of the form Fe2+(d6)-(SR) and 
Fe2+(d6)-(S*)" appear to make a larger contribution than the ionic 
structure in systems which formally contain Fe3+. We also note 
that typical calculated Fe 4s + 4p populations are 1.2 electrons, 
rather than the zero value assumed in the idealized structures. 
The formally Fe3+ 3d populations are 6.6 to 6.8 electrons, with 
a nearly isotropic d electron distribution. Upon reduction, the 
3d density becomes quite anisotropic, leading to large Mossbauer 
quadrupole splittings. 

Interactions between Iron Sites. For both the 2-Fe and the 4-Fe 
cluster the orientations of the "spins" of the monomers may change 
upon excitation, creating "ladders" of states that can be ap
proximated through a Heisenberg spin Hamiltonian. These excited 
electronic states lie within a few hundred wavenumbers of the 
ground state and many have significant thermal populations at 
room temperature. Our comparison of the high-spin and low-spin 
forms of the reduced 2-Fe complex indicates that the high spin 
form has a greater positive charge at Fe, and a more negative 
charge at S*, than does the low-spin form. More importantly, 
the high-spin form is expected to be a delocalized mixed-valence 
species, whereas the low-spin form is calculated (and observed) 

(34) Thompson, C. L.; Johnson, C. E.; Dickson, D. P. E.; Cammack, R.; 
Hall, D. O.; Weser, U.; Rao, K. K. J. Biochem. 1974, 139, 97. 
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to have a trapped valence character. The reasons for this im
portant difference between low-spin (antiferromagnetic) and 
high-spin (ferromagnetic) clusters have been discussed in some 
detail in ref 6. 

Although 2-Fe ferredoxins appear to exist exclusively in the 
low-spin form, the possibility exists that geometric or environ
mental influences might favor a ferromagnetic interaction between 
the monomers in which the high-spin, delocalized form becomes 
the ground state. This appears to be the case for the oxidized 
4-Fe clusters, for which the interaction energies between the 2-Fe 
subunits is apparently sufficient to drive each subunit into a 
high-spin conformation. Similar behavior has been postulated 
for certain 3-Fe clusters, which appear spectroscopically to be 
composed of a high-spin, reduced 2-Fe cluster coupled to the spin 
of a single Fe3+ unit.35 An important area for future research 
will be to determine the circumstances favoring ferromagnetic vs. 
antiferromagnetic interactions in multinuclear clusters. 

Electron Transfer. Upon reduction of all the "oxidized" clusters 
considered here, most of the added charge (56 to 70%) migrates 
to the sulfur atoms, as a result of changes in orbitals other than 
those which formally accept the extra electron. Both S and S* 
bear a negative charge, even in the oxidized complexes. These 
results are in accord with the extensive hydrogen bonding observed 
at both S and S* in iron-sulfur proteins, and with the increase 
in hydrogen bonding observed upon reduction of a 4-Fe "high-
potential" Fe-S protein.36 

The close proximity in energy of the filled S orbitals and empty 
Fe 3d orbitals (see Figures 2-4) may be important for the elec-

(35) Munck, E. In ref Ic, pp 147-175. 
(36) Carter, C. W. Jr.; Kraut, J.; Freer, S. T.; Alden, R. A. J. Biol. Chem. 

1974, 249, 6339. Adman, E. T.; Watenpaugh, K. D.; Jensen, L. H. Proc. Natl. 
Acad. Sci. U.S.A. 1975, 72, 4854. 

(37) Aizman, A.; Case, D. A. Inorg. Chem. 1981, 20, 528. 
(38) Case, D. A.; Huynh, B. H.; Karplus, M. J. Am. Chem. Soc. 1979, 

101, 4433. 

This paper is part of a project in which we are investigating 
solute-solute interactions in nonaqueous solvents by means of 
enthalpic interaction coefficients on the basis of the McMillan-
Mayer theory.1 In this approach, which has been discussed by 
several authors,2"6 the nth interaction coefficient refers to the 

(1) W. G. McMillan, Jr., and J. E. Mayer, J. Chem. Phys., 13, 276 (1945). 
(2) H. L. Friedman, "Ionicvialution Theory", Interscience Publishers, New 

York, 1962. 
(3) T. L. Hill, "An Introduction to Statistical Thermodynamics", Addi-

son-Wesley Publishing Co., Reading, MA, 1962, Chapter 19. 

tron-transfer function of ferredoxins. In both 2-Fe and 4-Fe 
ferredoxins the iron sites are buried in the protein interior, whereas 
the cysteine sulfurs are more exposed to solvent. Internal electron 
transfer from cysteine S to Fe could be induced by the electrostatic 
field of a charged donor and might be the initial step in electron 
transfer; this would be followed by electron transfer from the donor 
to the more accessible hole in the S 3p band. In this context, it 
is of interest that the charge-transfer spectra of 2-Fe ferredoxins 
and their analogues begin at lower energy and have larger ex
tinction coefficients than is the case for the 1-Fe rubredoxin. 
Indirect electron transfer of the type considered here should thus 
be a more facile process in the larger clusters. 

The intimate relation between antiferromagnetic coupling and 
electron-transfer mechanism indicated above may also apply to 
other biological oxidation-reduction systems that have several 
metals, e.g., to cytochrome oxidase or nitrogenase. A common 
feature in all of these appears to be the presence of low-lying empty 
orbitals on the metal centers, in close proximity to filled orbitals 
on the ligands. A two-step electron-transfer model, such as that 
outlined above, could allow electrons to move over significant 
distances (10 A or more) while still maintaining specificity at both 
the metal and the ligand sites. These characteristics are important 
for electron-transfer proteins and for multielectron oxido-reduc-
tases. 
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interaction of n solute particles mediated by the solvent. In 
previous papers6,7 we have reported results on several amides as 
solutes in the solvent 7V,7V-dimethylformamide (DMF). 

In this paper we focus our attention on urea and alkyl-sub
stituted ureas. These compounds are of biochemical importance 

(4) H. L. Friedman, J. Solution Chem., 1, 387, 413, 419 (1972). 
(5) J. E. Desnoyers, G. Perron, L. AvSdikian, and J.-P. Morel, J. Solution 

Chem.,5,631 (1976). 
(6) M. Bloemendal and G. Somsen, J. Solution Chem., 12, 83 (1983). 
(7) M. Bloemendal and G. Somsen, J. Solution Chem., 13, 281 (1984). 
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Abstract: Enthalpies of dilution of urea and several alkyl-substituted ureas dissolved in 7V,/V-dimethylformamide (DMF) have 
been measured calorimetrically at 298.15 K. The results are analyzed in terms of the McMillan-Mayer theory in order to 
obtain enthalpic interaction coefficients. For urea these coefficients are extraordinarily large. When an increasing number 
of methyl groups is introduced in the solute molecules, the values of the interaction coefficients change gradually to values 
usually found for compounds of this type. This is interpreted in terms of solute-solvent association. The enthalpic pair interaction 
coefficients of 1,1- and 1,3-dimethylurea differ distinctly. This indicates that simple additivity models are not applicable in 
thir "ase. Considering DMF as a model system for the interior of a globular protein, the results are compared with those 
in water and discussed with respect to the denaturation of proteins by means of urea compounds. 
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