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the out-of-plane displacement 4a as depicted in 7a. The dy; 
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band at r has the nodal property shown in 8 along the z axis, 

8 a @  

in which the interaction between Nb  and 0 is antibonding 
within a chain but bonding between neighboring chains. Thus 
the out-of-plane Nb  displacement 4a would enhance the an- 
tibonding but decrease the bonding interaction. Figure 2 shows 
how the d+g+ band top and the d,,; band bottom vary as a 
function of a2 when 6, = 0.2 A. As expected from the above 
discussion, the out-of-plane Nb  displacement 4a is found to 
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slightly lower the d+,,z+ band but greatly raise the dy; band, 
eventually giving rise to a band gap beyond a certain value 
of 62. The repeat unit of the NbOX2 net with 6, = 0 and J2 
# 0 is (NbOX2), and thus there exists one electron per unit 
cell to fill the d-block bands. Such an NbOX2 net cannot 
become semiconducting as in the case of NbX4 chain with no 
Nb-Nb-.Nb alternation.6 Therefore, the out-of-plane Nb 
displacement is as crucial as the pairing distortion of Nb atoms 
for the semiconducting property of NbOX2 net. 

An alternative way of introducing Nb-O-*Nb alternation 
into 3 is shown in 4b, which shows a displacement of the 
oxygen atoms in each NbOXz chain of 3 toward the Nb atoms 
that are held in the X4 planes. It is not 4b but 4a that is 
observed. The preference of 4a over 4b may be due in part 
to the stabilization of the dg-,,z+ band, which arises from the 
distortion 4a as indicated in 7a. When the Nb-O--Nb al- 
ternation is introduced as in 4b into the NbOX2 net with 6, 
= 0.2 A, our calculations show the d,z-,,z+ and d,,; bands to 
remain overlapping for the oxygen atom displacement of as 
large as 0.2 A. Incidently, the distortion 4a leads to a rehy- 
bridization of the dyz orbital as shown in 7b. As a consequence 
of the energy level changes indicated in 7a and 7b, the dis- 
tortion 4a becomes more efficient than the alternative 4b in 
introducing a band gap into NbOXz net. 
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The exchange coupling of Fe atoms in the mixed-valence clusters [ Fe4S4(SPh),]" and [Fe4S4(SPh),I3-, synthetic analogues 
of [ 4 F 4 ]  sites in ferredoxin proteins, has been examined in terms of a theoretical treatment of previously reported magnetic 
susceptibility and magnetization properties. Both clusters exhibit antiferromagnetic behavior at 4.2-338 K. The isotropic 
exchange Hamiltonian 

is used to parameterize the results in terms of the exchange constants Jij. It is shown that a single value of Jij does not 
produce satisfactory results for either cluster oxidation level. Allowing Ji, to have different values for coupled Fe sites 
in different combinations of Fe(I1,III) oxidation states affords an accurate simulation of the temperature dependence of 
the magnetic susceptibility of (Et4N)2[Fe4S4(SPh)4]. The best simulation was obtained with J,.(Fe3+ * Fe3+) = -275 
cm-', JU(Fe2+ F? F$+) = -225 cm-', and J,,(Fe3+ e Fez+) = -250 cm-l. For (Et4N)3[Fe4S4(SPh)4j a reasonable simulation 
of both the susceptibility and the magnetization results (at 4.2 K) was obtained with two independent Jij values, Jij(Fe3+ 
F? Fe2+) = -60 cm-I and J,,(Fe2+ s Fe2+) = -40 c d .  The addition of a single electron to the [4Fe-4S] core unit is 
seen to produce a large decrease in the magnitude of the exchange constants. A similar behavior has been observed in 
the susceptibility properties of oxidized and reduced 2-Fe protein sites [Fe&(Cy~-s)~]. Limitations of the theoretical treatment 
are discussed. 

Introduction onstrated the isoelectronic nature of the synthetic species with 
certain oxidation levels of the [Fe4S4(Cys-s)4] electron-transfer The svnthesis and detailed structural and Dhysiwhemical 

charact&ization of the cubanetype clusters [Fi4S4(SR)4]z-*3- 
have been previously These results have dem- (2) J. Cambrav. R. W. Lane. A. G. Wedd. R. W. Johnson, and R. H. Holm, . ,  

Inorg. Chim., 16, 2565'(1977). 
(3) R. W. Lane, A. G. Wedd, W. 0. Gillum, E. J. Laskowski, R. H. Holm, 

R. B. Frankel, and G. C. Papaefthymiou, J.  Am. Chem. Soc., 99,2350 (1) (a) Massachusetts Institute of Technology. (b) Bell Laboratories. (c) 
Harvard University. (1977). 
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Figure 1. Schematic structures of [Fe4S4(SPh)4]2-*3- clusters in the 
crystalline state presented in orientations of maximum congruence 
of the [4Fe-4Sl2+9'+ core units. Idealized symmetry axes and mean 
values of Fe-S distances are shown; dark lines depict the longer core 
Fe-S bond lengths. 
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Figure 2. Temperature dependence of magnetic susceptibility per 
cluster for (Et4N)2[Fe4S4(SPh)4]. Experimental points (A) have been 
corrected for an estimated apparent TIP of 440 X lod cgsu: (a) best 
theoretical simulation for a single J value (-232 cm-I); (b) best 
theoretical simulation with three values of exchange constants, Jl = 
-275 cm-l, Jz = -225 cm-I, J3  = -250 cm-'. 

sites in ferredoxin (Fd) proteins. These oxidation levels are 
specified in eq 1 in terms of [4Fe-4S] core units, below which 

Fdrd ( [ 4Fe-4SI l+)  * Fd,, ( [ 4Fe-4SI 2+) 

[Fe,S4(SR),I3- F= [Fe,S,(SR),]*- 
Fe(II1) + 2Fe(III) + 

3 Fe( 11) 2Fe(II) 

are placed isoelectronic synthetic analogues of the sites and 
formal Fe oxidation states. In the crystalline state all dianion 
clusters exhibit an idealized tetragonal core structure com- 
pressed along the 4 symmetry axis, as illustrated for [Fe4S4- 
(SPh)4]2-9 in Figure 1. The reduced cluster [Fe,S4(SPh),l3-, 
as its crystalline Et3MeN+ salt, also possesses a tetragonal core 
structure, which, however, is elongated along the 4 axis.5 The 
clusters differ only slightly in structure, as seen from the 

(4) J.  G. Reynolds, E. J. Laskowski, and R. H. Holm, J.  Am. Chem. Soc., 
100, 5315 (1978). 

(5) E. J. Laskowski, R. B. Frankel, W. 0. Gillum, G. C. Papaefthymiou, 
J. Renaud, J. A. Ibers, and R. H. Holm, J.  Am. Chem. Soc., 100,5322 
(197R1 ~-~ .-,. 

(6) J. M. Berg, K. 0. Hodgson, and R. H. Holm, J .  Am. Chem. SOC., 101, 
4586 (1979). 

(7) E. J. Laskowski, J. G. Reynolds, R. B. Frankel, S. Foner, G. C. Pa- 
paefthymiou, and R. H. Holm, J .  Am. Chem. SOC., 101,6562 (1979). 

(8) G. C. Papaefthymiou, R. B. Frankel, S. Foner, E. J. Laskowski, and R. 
H. Holm, J .  Phys. Colloq. (Orsay, Fr.), 41, C1-493 (1980). 

(9) L. Que, Jr., M. A. Bobrik, J. A. Ibers, and R. H. Holm, J .  Am. Chem. 
Soc., 96,4168 (1974). 

(10) R. B. Frankel, B. A. Averill, and R. H. Holm, J.  Phys. (Orsay, Fr.), 

(11) R. H. Holm, B. A. Averill, T. Herkovitz, R. B. Frankel, H. B. Gray, 
0. Siiman, and F. T. Grunthaner, J.  Am. Chem. Soc., 96,2644 (1974). 
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Table I. Magnetic Data for [ Fe,S,(SPh),] 2-, 3 -  ClusterP at 
Selected Temperatures 
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3.03 
3.27 
3.43 
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4.21 
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4.54 

a Data presented for both anions are for their Et,N+ salts5 
Susceptibility is given per 4 Fe atoms of the tetrameric unit. 
fieif= 2828(xT)'". 
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Figure 3. Temperature dependence of magnetic susceptibility ((0) 
experimental points) and effective magnetic moment (inset: ( 0 )  
experimental points) per cluster for (Et,N),[Fe,S,(SPh),]. The solid 
lines are theoretical simulations with one or two values of J, as follows: 
(a) Jl = -60 cm-I, Jz = -40 cm-', best fit; (b) J1 = -60 cm-', Jz 
= -38 cm-I; (c) Jl = -60 cm-', Jz = -42 cm-I; (d) J ,  = -65 cm-', 
Jz = -40 cm-I; (e) J = -20 cm-I (single value of J); (f) (inset) JI 
= -60 cm-I, J2 = -40 cm-'. 

-0.06-A difference in bonds approximately parallel to the 4 
axis and a core volume increase of 0.18 A3 (1.9%) in passing 
from the oxidized to the reduced form. External constraints 
can modify core structures of various [Fe4S4(SR),I3 clusters,5~' 
but the elongated tetragonal geometry (or close approaches 
thereto) is uniformly adopted in s~lution.~~'  Consequently, the 
structures in Figure 1 are considered the intrinsically stable 
forms of both analogue and protein site [4Fe-4SIZ+J+ core 
units. 

Both cluster oxidation levels are of the mixed-valence type 
but, on the basis of a variety of spectrocopic properties, are 
extensively delocalized. The clusters [Fe4S4(SR)4]2- contain 
essentially equivalent Fe sites"' with a mean Fe oxidation 
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Theoretical Considerations 
The simple isotropic exchange Hamiltonian expressed by 

eq 2 is used to parameterize the exchange among Fe atoms 
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Figure 4. Magnetization vs. applied field at T = 4.2 K for 
(Et4N)JFe4S4(SPh),]: (0) experimental data; (-) theoretical sim- 
ulation with J1 = -60 cm-', J2 = -40 cm-'. 

state of +2.5. Negative spin-exchange interactions result in 
a singlet ground state and an array of integral spin excited 
states. The absence of an EPR signal and magnetic hyperfine 
interaction in Mossbauer spectra reveal that only the ground 
state is appreciably populated at 4.2 K. Magnetic susceptibility 
( x )  results for [Fe4S4(SPh),lZ- at 50-338 K? shown in Figure 
2 and Table I, indicate increasing effective moment per cluster 
(re*) with increasing temperature, corresponding to the pop- 
ulation of higher spin states. The reduced clusters [Fe4S4- 
(SR),]>, having a mean Fe oxidation state of +2.25, exhibit 
different physical properties in the solid state dependent upon 
tetragonal vs. nontetragonal core  structure^.^^^ Mossbauer 
spectra of salts of [Fe4S4(SPh),13- at low temperature reveal 
two magnetically inequivalent Fe sites with hyperfine inter- 
actions of different magnitude and opposite sign, corresponding 
to antiparallel spin coupling. This interaction produces a 
doublet ground state (gll = 2.05, g, = 1.93 in frozen solution5) 
and a spectrum of excited half-integral spin states. The x(  T )  
behavior of [Fe4S4(S€?h),]", shown in Figure 3 and Table I, 
is consistent with the occupation of higher spin states as the 
temperature is increased. Magnetization results at fields up 
to 50 kOe at 4.2 K, given in Figure 4, suggest a moment per 
cluster approaching 1 pB, corresponding to a S = ' /z  ground 
state. 

Earlier we had reported detailed x (  T )  data for a number 
of [Fe4S4(SR)4]z-,3- salts, all of which displayed antiferro- 
magnetic behavior, and demonstrated that both susceptibility 
and magnetization properties differed between tetragonal and 
nontetragonal cluster t r ian ion~.~-~  Other than the observation 
that the conventional antiferromagnetic coupling modell2 with 
a single exchange constant J does not reproduce the suscep- 
tibility results sati~factorily,~J no attempts were made to an- 
alyze the x ( T )  data in greater detail. Here we report the 
parameterization of the magnetic susceptibility data for 
[Fe$4(SPh)4]z-~* and the magnetization data for the trianion 
cluster by analysis with a Heisenberg exchange Hamiltonian, 
characterized by exchange coupling constants JiP The analysis 
indicates that the addition of an electron passing from dianion 
to trianion results in an approximately fivefold decrease in the 
magnitudes of the exchange parameters Jii. 

in a cluster and to simulate the x (  7') data of the clusters in 
the two oxidation levels. The first term gives the Zeeman 
interaction of the Fe spins with the applied magnetic field H, 
assumed in the z direction, and allows the calculation of the 
magnetization of the 4-Fe system at different values of applied 
field. The second term is the isotropic exchange interaction. 
In eq 2 g is the electronic gyromagnetic ratio, ke is the Bohr 
magneton, Si is the spin on the ith Fe atom, and Jij is th_e 
e_xchange integral coupling atoms i and j with total spins Si, 
Sj. The sign of .Iij is positive for parallel and negative for 
antiparallel spin coupling. 

While Mossbauer spectral and other experimental evidence 
indicates a high degree of electron delocalization in both cluster 
oxidation levels, we assume Fe(I1) and Fe(II1) sites with 
localized spins of S = 2 and S = 5 / 2 ,  respectively, in simulating 
the x(  T) data. Furthermore, interactions between clusters are 
assumed to be negligible compared to the interactions among 
Fe atoms within a cluster. 7f operates on the spin wave 
functions in the uncoupled basis set obtained as product states 
of individual Fe spin states lSi,Siz). Thus, S1 = Sz = s/z and 
S3 = S4 = 2 for the cluster dianion and S1 = s/z and S2 = S, 
= S, = 2 for the cluster trianion. This results in a 900 X 900 
spin matrix for the former and a 750 X 750 spin matrix for 
the latter cluster. The eigenvalue problem is greatly simplified 
by the fact that if only isotropic Zeeman and exchange in- 
teractions are considered, these matrices can be block-factored, 
thereby reducing the problem to that of separately diago- 
nalizing a number of matrices of smaller dimensionality. For 
example, the trianion matrix breaks into pairs of blocks of 
dimensions 1 X 1, 4 X 4, 10 X 10, 20 X 20, 35 X 35, 53 X 
53, 71 X 71, 86 X 86, and 95 X 95 corresponding to the z 
component of the total spin S,l of f17/,, flS/,, f13/,, f"/,, 
f9/,, f7/,, &/,, f3/,, and fl/,, respectively. The resulting 
energy levels E, correspond to eigenfunctions of total spin 

With the assumption of a Boltzmann distribution for the 
population of the various energy levels the temperature de- 
pendence of the molar susceptibility is given by eq 3 in which 

JSnltSznl) * 

N = Avogadro's number, H is the applied field, T is the 
temperature, E, are eigenvalues, and k is Boltzmann's constant. 
The index n ranges over all 900 or 750 resulting energy levels 
for the appropriate cluster. The magnetization in Bohr 
magnetons is given by e,s 4, wiere z is the direction of the 
applied magnetic field H and S,,l is the z component of the 
total spin of the nth eigenstate. 

Q(H) = CgS,,' exp(-E, /kT) /Cexp(-E, /kT)  (4) 

It should be pointed out that the Hamiltonian -2CJi&-3j 
is only an approximation to the interaction energy between 
atoms with unpaired spins. Diracl3,l4 first showed that for a 
system of m electrons distributed among m mutually orthog- 
onal one-electron orbitals the spin-dependent part of the in- 
teraction energy is given as a first-order approximation by eq 
5 ,  where ik is the spin of the kth electron. If all the orbitals 
on the same center are identical, the above Hamiltonian is 

n n 

(12) W. E. Hatfield, in "Theory and Applications of Molecular 
Paramagnetism", E. A. Boudreaux and L. N. Mulay, Eds., Wiley-In- 
terscicnce, New York, 1976, Chapter 7. 

(13) P. A. M. Dirac, Proc. R. Soc. London, Ser. A,  123, 714 (1929). 
(141 P. A. M. Dirac, 'The Principles of Quantum Mechanics", Oxford 

University Press, London, 1947, Chapter 9. 
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%ex = -2 Jk$k‘.?/ ( 5 )  
electron 
pairs k.1 

expressed by eq 6 in which Sidj = &3ik-C12j/ and the sum- 
Hex = -2 C JijSi-Sj ( 6 )  

mation is now over pairs of centers (atoms) rather than pairs 
of electrons. In the case of [Fe4S4(SR)4]2-,3- clusters the 
Fe(I1,III) atoms are subject to local tetrahedral ligand fields 
causing splitting of the 3d orbitals in e and t2 sets. Because 
the individual one-electron orbitals of each atom are noni- 
dentical and the further requirement that all atoms are in 
orbital singlet ground statesIs is satisfied only by Fe(III), the 
simple isotropic exchange Hamiltonian ( 6 )  does not rigorously 
apply. Thus, the model should become less satisfactory as the 
Fe(I1) character of the cluster is increased, as observed in 
passing from the oxidized to the reduced clusters (vide infra). 
With recognition of its limitations the model is applied as the 
simplest feasible method of analysis allowing, at the least, 
parameterization and qualitative comparison of the strengths 
of the exchange interaction in the [Fe4S4(SPh)4]2-,3- clusters. 
Analysis and Results 

Descriptions of the compounds, the measurements of the 
magnetic susceptibility and magnetization data, and the in- 
corporation of impurity corrections to the susceptibility data 
have been published elsewhere.s 

A. [Fe4S4(SPh)4]2-. Susceptibility data for (Et4N)2- 
[Fe4S4(SPh),] are presented in Table I and Figure 2. Sus- 
ceptibilities per tetrameric unit are given in all cases. The 
plotted values in Figure 2 have been corrected for the tem- 
perature-independent paramagnetism (TIP) estimated at 440 
X 10” cgsu.s Also shown in Figure 2 are theoretical x(T)  
curves generated from the spin-coupling Hamiltonian of eq 
2 applied to the basis set of localized spin states S1 = S2 = 
5 / 2 ,  S3 = S4 = 2 corresponding to the formal Fe oxidation 
states of the oxidized cluster. Negative J values result in a 
diamagnetic S’ = 0 ground state with low-lying excited states 
being populated at higher temperatures. The best simulation 
for [Fe4S4(SPh),12- with g = 2 as determined by visual com- 
parison of the experimental data and the theoretical curves 
was obtained with the unique set of parameters J1 = Ju(Fe3+ 

Fe3+) = -275 cm-’ and J2 = Ji,(Fe2+ F? Fe2+) = -225 cm-l. 
For the minimization of the number of free parameters, cross 
coupling between Fe(II1) and Fe(I1) was given a value J3 = 
Jij(Fe3+ F? Fe2+) = -250 cm-’, equal to (J1 + J 2 ) / 2 .  Thus 
a fairly accurate reproduction of the experimental data is 
obtained with two independent parameters. For comparison 
the best simulation obtained with a single value of J ,  -232 
cm-l, and g = 2 is also shown. 

B. [F~,S,(SP~I),]~-, Susceptibility data for (Et4N),- 
[Fe,S,(SPh),] are given in Table I and are plotted in Figure 
3. Theoretical curves calculated by diagonalization of the 
energy level matrix obtained with the exchange Hamiltonian 
of eq 2 operating on the basis set SI = 5 / 2 ,  S2 = S3 = S4 = 
2 are also shown. For all Jij equal, the Hamiltonian of eq 2 
cannot even qualitatively reproduce the experimentally ob- 
served temperature dependence of the magnetic susceptibility 
for the cluster. A representative curve for a single value of 
the exchange integral J = -20 cm-l with g = 2 is shown. It 
is seen that a single J value predicts a very sharp decrease of 
x with increasing temperatures below -25 K and almost no 
variation for T > 50 K. 

Calculations with two independent J values, J1 = Jii(Fe3+ 
F? Fe2+) and J2 = Jij(Fe2+ F! Fe2+), are in qualitative 

(15) A. P. Ginsberg, Inorg. Chim. Acta, Rev., 5, 45 (1971). 
(16) W. E. Hatfield, in ‘Mixed-Valence Compounds”, D. B. Brown, Ed., 

Reidel Publishing Co., Dordrecht, Holland, 1980, pp 191-241. 

atom 
i j  
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agreement with the overall behavior of the x(T) data. The 
introduction of two J values in the Hamiltonian described by 
eq 2 results in a partial lifting of the degeneracy of the S,’ 
energy levels within each total spin S‘ manifold, thereby 
causing a broader distribution of states in energy space and 
a smoother x vs. T variation. A systematic search in J1, J2 
parameter space between -5 and -200 cm-l was undertaken. 
The theoretical curve calculated with J1 = -60 cm-’, J2 = -40 
cm-’, and g = 2 gives a reasonable simulation of the data. The 
sensitivity of the simulated x( T )  curve shape to changes in 
J1 and J2 is also seen in Figure 3. The inability to fit accurately 
the low-temperature data reflects the importance of the mixing 
of states with differing Si.  This mixing results from rhombic 
distortions of the tetrahedral ligand fields experienced by the 
iron atoms and is not taken into account in eq 2. The deviation 
between theory and experiment is expected to be particularly 
noticeable at low temperature when the expectation value of 
the spin at each iron site differs from its full S = 5 / 2  and S 
= 2 value for Fe3+ and Fe2+, respectively. Thus the values 
of Jij obtained must be viewed as giving the correct order of 
magnitude of the strength of the exchange interaction in this 
system, within the limitations of the theoretical assumptions. 

Searches in J 1 ,  J2 parameter space for the best simulation 
of the x( T )  data revealed that reasonable simulations were 
obtained with nonunique J1 and J2 values. However, the 
uniquely best set can be selected by imposition of the added 
constraint that the values of J1, J2  that produce acceptable 
simulations of the x( T )  data (eq 3) also produce acceptable 
simulations of the M(H) data (eq 4). Only the set JI = -60 
cm-’ and J2 = -40 cm-’ satisfies this criterion. The simulation 
of the magnetization data with these parameters is shown in 
Figure 4. 

The resulting energy level diagram for eq 2 with these values 
of J ,  and J2  is shown in Figure 5 ,  column B, in which the 
low-lying states are also shown separated on the basis of total 
spin S’. This diagram may be contrasted with those obtained 
from eq 2 with single J values, J = -40 cm-’ (column A) and 
J = -60 cm-’ (column C). Thus comparison shows that the 
introduction of two inequivalent J values leads to a partial 
lifting of the degeneracy of the states within a total spin 
manifold,I7 and a consequent complexity of the low-energy 
excitation spectrum. 

Magnetization properties of [Fe4S4(SR)4]3- salts in the solid 
state are dependent upon identity of R and the quaternary 
ammonium co~ntercation.~** None of these compounds exhibit 
saturation behavior at 4.2 K and applied fields up to 50 kOe, 
but their saturation moments can be obtained with reasonable 
confidence by extrapolation. If these data are taken together 
with other electronic properties, clusters that approach 1 pB 
(e.g., (Et4N)3[Fe4S4(SPh)4], Figure 4) have an elongated 
tetragonal structure whereas those approaching 3 pB (e.g., 
(Et4N), [Fe4S4(SCH2Ph)4]) are associated with nontetragonal 
structures. Detailed arguments are given el~ewhere.~,~ In this 
context it is interesting to observe that the exchange Hamil- 
tonian of eq 2 yields lowest lying states having S‘ = ‘I2 only 
for negative J1 and J2 differing by 5 35%. When this dif- 
ference exceeds 35%, states of an S’ = 3 / 2  spin manifold be- 
come the lowest lying states. As the percent difference between 
J1 and J2 is increased to much higher values, states having S’ 
= 5 / 2  eventually become the lowest lying states. 

(17) Gayda et aI.’* have analyzed the temperature dependences of the EPR 
spectra of several reduced iron-sulfur proteins in terms of relaxations 
via a single excited state at energy 110 cm-l < A C 300 cm-I. Using 
a similar procedure, we have reanalyzed our EPR data* for [Fe4S4- 
(SPh),13-, affording A = 170 cm-l. However, the presence of many 
low-lying states in the calculated energy level diagram (Figure 5 ,  column 
B) complicates the interpretation and probably invalidates single-pa- 
rameter analyses in these systems. 

(18) J. P. Gayda, P. Bertrand, C. More, J. Le Gall, and R. C. Camack, 
Biochem. Biophys. Res. Commun., 99, 1265 (1981). 
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Figure 5. Energy level diagram of states resulting from the Heisenberg exchange Hamiltonian (eq 2). Column A corresponds to J1 = J z  = 
-40 cm-I; column C corresponds to J1 = J z  = -60 cm-I; column B corresponds to J1 = -60 cm-l, J2 = -40 cm-l. States below 800 cm-l in 
column B are reproduced in the inset, separated on the basis of total spin. Integers in the diagram indicate multiplicities. 

A more rigorous treatment within the spin Hamiltonian 
approach would require the introduction of axial and rhombic 
zero-field splitting terms for each iron site. This, however, 
introduces a computational difficulty because the resulting 
mixing of states of differing S; requires the diagonalization 
of a 750 X 750 matrix. Furthermore, the increase in the 
number of independent parameters would make conclusions 
drawn from such a simulation less meaningful. The present 
treatment, while approximate, is the most extensive analysis 
attempted for a tetranuclear cluster containing nonequivalent 
coupled spins.’g This subject has been reviewed.12J6 
Discussion 

The observation of a reduction in the magnitude of the 
exchange constants as the oxidation state of the cluster is 
reduced is qualitatively consistent with Anderson’s theory of 

superexchange.20 According to this theory the metal d or- 
bitals, in which the unpaired spins originate, overlap with filled 
s and p orbitals of intermediary atoms, i.e., sulfur atoms in 
this case. As a consequence of this overlap the orbitals con- 
taining the unpaired spins are no longer localized atomic d 
orbitals, but molecular orbitals that encompass both iron and 
sulfur atoms. The spin in two such delocalized 3d orbitals, 
originating from two different metal atoms, interact to couple 
the spins parallel or antiparallel in the low-energy state. In 
the case of superexchange, antiparallel coupling is most com- 
mon and results from orbital overlap. The exchange integral 
is given by eq 7 in which bi, is the transfer integral, which gives 

Ji, = -bi?/U (7) 

a measure of the degree of orbital overlap, and U is the 
Coulomb repulsion of the electrons when they are all on one 
atom. Assuming U of a free ion and including corrections for 

(19) For a treatment of spin coupling in MoFe3S4-type clusters cf. G .  
Christou, D. Collison, C. D. Gorner, and F. E. Mobbs, Inorg. Nucl. 
Chem. Lett., 17, 137 (1981). (20) P. W. Anderson, Phys. Reu., 115, 2 (1959). 
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valence, nearest-neighbor, and polarization effects, Andersonm 
arrived at rough estimates of U = 10 eV for Fe3+ and U c 5 
eV for Fe2+, which interpolate to an average of -7.5 and 6.25 
eV for the dianion and trianion clusters studied in this work. 
Thus the fivefold difference in the strength of Jij between the 
two oxidation states is likely due to greater transfer integrals 
b, for the dianion. This would imply greater electron delo- 
calization in the dianion, a behavior not inconsistent with 
Mossbauer results, which indicate strict equivalence of iron 
sites in the oxidized, but not in the reduced,  cluster^.^^^^^^^" 

Quantitative calculations of exchange constants from first 
principles require detailed electronic structure calculations of 
transition-metal complexes.21i22 The work of GinsbergZ2 on 
[Mo2Cl9I3- is a recent case in point. With reference to F e S  
complexes the only such calculations are for [Fe2S2(SH)4]2-*3-, 
simple models of the oxidized and reduced [Fe2S2(Cys-S),] 
Fd sites, by Norman et al.23 Xa  valence bond theory predicts 
a reduction of J from -265 cm-' in the oxidized (2 Fe(II1)) 
to -76 cm-' in the reduced (Fe(II1) + Fe(I1)) form if equiv- 
alent Fe centers are assumed. The calculated values are in 
rather good agreement with results obtained by analysis of 
experimental x( T )  data of one analogue2, and several F&25 
proteins using a simple exchange Hamiltonian of the form 
-2JSI-S2: oxidized, -148 to -185 cm-'; reduced, 5-100 to -1 15 
cm-'. Yang et a1.26 have presented a preliminary electronic 
structure calculation of [Fe4S4(SCH3)4]z- by the Xa-cattered 
wave method. Further  calculation^^^ show that addition of 
an electron to the lowest unoccupied ( lot2) orbital affects states 
lying below it that correspond to Fe-Fe or Fe-S molecular 
orbitals with predominant metal 3d character. Although the 
exchange integrals and coupling constants were not calculated, 
these predicted changes in orbitals of 3d character suggest 
modifications in the overlap integrals upon addition of the last 
electron. 

Finally, negative spin-exchange interactions and consequent 
antiferromagnetic behavior are a consistent property of 

Papaefthymiou et al. 

[F~,S,(CYS-S)~] protein sites with core oxidation levels 
[4Fe-4SI3+q2+J+. This behavior has been directly observed 
by magnetic susceptibility measurements (3+, 2+)28J9 and has 
been deduced from temperature dependencies of EPR (3+)30 
and 'H NMR (3+, 2+, 1+)31 spectra. In addition, magnetic 
hyperfine interactions of opposite sign have been observed in 
Miissbauer spectra (3+, l+).32 For the reduced protein from 
Chromatium (2+) the estimate -J 5 200 cm-' has been ob- 
tained.28 Presently available protein susceptibility data are, 
however, insufficiently extensive to permit meaningful ap- 
plication of the analysis procedure used here. Accurate x(T) 
and M(H) results for proteins with the [4Fe-4S]+ oxidation 
level would be of substantial interest as a subject for inter- 
pretation by the model developed here, because of the sensi- 
tivity of both to core structural differences in [Fe4S4(SR)4]3- 
analogues. In particular, magnetization properties at cryogenic 
temperatures have the potential of distinguishing between 
tetragonal and nontetragonal core structures of 4-Fe sites in 
F& proteins. On the basis of the significant work of Johnson 
et magnetization information can be obtained from field 
and temperature dependence of protein MCD spectra. No 
crystallographic results are available for any reduced protein. 
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