
Determination of Antiferromagnetic Exchange Coupling in the
Tetrahedral Thiolate-Bridged Diferrous Complex [Fe2(SEt)6]2-

Yiannis Sanakis,†,‡ Sun Jae Yoo,† Frank Osterloh,§,| R. H. Holm,§ and Eckard Mu1nck*,†

Department of Chemistry, Carnegie Mellon UniVersity, Pittsburgh, PennsylVania 15213, Institute
of Materials Science, NCSR “Demokritos”, 15310 Ag. ParaskeVi, Attiki, and Department of
Biological Applications and Technologies, UniVersity of Ioannina, 45110 Ioannina, Greece,
Department of Chemistry and Chemical Biology, HarVard UniVersity,
Cambridge, Massachusetts 02138, and Department of Chemistry, UniVersity of California,
DaVis, California 95616

Received July 16, 2002

Protein-bound iron−sulfur clusters and their synthetic analogues are characterized by tetrahedral metal sites, multiple
oxidation levels, and exchange coupling. The recent attainment of several all-ferrous protein clusters and the presence
of sulfide- and thiolate-bridged sites in the all-ferrous state of the nitrogenase P-cluster provides an imperative for
determination of exchange coupling between tetrahedral Fe(II) sites with sulfur bridges. The cluster in the previously
reported compound (Et4N)2[Fe2(SEt)6] is centrosymmetric with distorted tetrahedral coordination and a planar Fe2-
(µ-SEt)2 bridge unit. The compound is diamagnetic at 4.2 K, indicating antiferromagnetic coupling. The lower limit
J > 80 cm-1 (H ) JS1‚S2) is obtained by Mössbauer spectroscopy. Analysis of magnetic susceptibility data affords
J ) 165 ± 15 cm-1. It is noteworthy that the J value of the diferrous pair obtained here is comparable to the J
values reported for the mixed-valence state of plant-type Fe2S2 ferredoxins. The near temperature independence
of the quadrupole splitting (∆EQ ) 3.25 mm/s at 4.2 K and 3.20 mm/s at 180 K) indicates that no excited orbital
states are appreciably populated at temperatures less than 300 K. The paramagnetism arises solely from thermal
population of the S ) 1 state of the spin ladder. This work provides the only measure of antiferromagnetic coupling
by Fe(II) pairs in a tetrahedral sulfur environment.

Introduction

The established cluster core structures in iron-sulfur
proteins1 are rhombic Fe2S2, cuboidal Fe3S4, cubane-type
Fe4S4, and the bridged double-cubane Fe8S7 (P-cluster) of
nitrogenase.2-4 These clusters contain distorted tetrahedral
FeS4 sites and exhibit multiple oxidation states. The geo-

metric and electronic structures of the more oxidized states
have been extensively studied and are now rather thoroughly
elucidated. Recently, reduced states have been attained and
electronically characterized in several proteins. The diferrous
[Fe2S2]0 state of a ferredoxin isolated fromAquifex aeolicus
was demonstrated by Mo¨ssbauer spectroscopy.5 The all-
ferrous [Fe4S4]0 state has been attained in the Fe protein of
theAzotobacterVinelandiinitrogenase system.6,7 These states
are to be distinguished from [Fe2S2]2+/+ and [Fe4S4]3+/2+/+,
which are all-Fe3+ or mixed-valence Fe3+/Fe2+ oxidation
levels implicated in the usual physiological redox couples
of iron-sulfur proteins.

Iron-sulfur clusters in all oxidation levels are exchange-
coupled systems with spectroscopic properties that reflect
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the oxidation states of the metals as well as details of the
specific coupling. The exchange interactions involve Fe3+-
Fe3+, Fe2+Fe3+, or Fe2+Fe2+ pairs. For the mixed-valence
pairs, both Heisenberg-Dirac-van Vleck (H ) JS1‚S2) and
double exchange have to be considered. For a polynuclear
cluster, it is very difficult to extract a reliable set ofJ values
from magnetization studies. As one example, the determi-
nation of the exchange couplings of [Fe4S4]2+clusters requires
specification of sixJ values and at least two double exchange
coupling constants. We have, therefore, searched for systems
containing onlyoneexchange-coupled Fe-Fe pair in envi-
ronments that resemble those encountered in certain protein-
bound clusters. We have obtained the valueJ(Fe3+Fe3+) )
280 cm-1 by studying the cubane-type cluster [Fe4S4(SEt)2-
(ButNC)6], in which two Fe(II) sites are rendered diamagnetic
by isonitrile coordination.8 For the antiferromagnetically
coupled [Fe2S2]0 state ofA. aeolicusferredoxin, we deter-
mined from Mössbauer spectroscopy the lower limitJ(Fe2+-
Fe2+) ) +80 cm-1.5

The P-cluster of nitrogenase can be considered as a double
cubane linked by two bridging cysteinates and a common
sulfide.3,4 In the reduced, all-ferrous state PN the bridging
sulfide isµ6 while in the two-electron-oxidized form POX it
is µ4. In the PN state, the Fe-Fe distances in the two bridged
Fe2(µ6-S)(µ2-S‚Cys) fragments are 2.92-3.05 Å in the
proteins fromA. Vinelandii andKlebsiella pneumoniae. In
the POX state, one distance decreases slightly to 2.97-2.99
Å while the other increases to 3.74-3.79 Å in the formation
of the Fe2(µ4-S)(µ2-S‚Cys) fragment.3,4 Mouesca et al.9 have
analyzed spin coupling in the state POX. This state comprises
six Fe2+ and two Fe3+ sites, and in the coupling scheme of
Mouesca et al. all six bridging irons are ferrous. In analyzing
published magnetic hyperfine interactions reported from
Mössbauer studies of POX, Mouesca et al. assumed that the
coupling between the cubanes is weak compared to the
coupling within each cubane. It is known that the exchange
coupling of two Fe3+ ions linked by a single sulfido bridge
can be considerable:J ≈ 180 cm-1 in [Fe(salen)]2S.10 The
oxidation state of the iron components of the M (cofactor)
cluster MoFe7S9 of nitrogenase is still uncertain. For the MN

(S ) 3/2) state, either 6Fe2+Fe3+ 11 or 4Fe2+3Fe3+ 12 is
compatible with present data.13

In the absence of suitable model complexes, the inter-
cubane coupling of the P-cluster is difficult to assess. To
proceed further with this and related problems involving
reduced clusters, information on the strength of coupling
between pairs of tetrahedral Fe2+ sites bridged by sulfide
and/or thiolate would be useful. Pertinent data, however, have

not been reported. As part of a systematic study of Fe(II)
thiolate complexes, the compound (Et4N)2[Fe2(SEt)6] was
prepared and structurally characterized.14 Because of crys-
tallographically imposed centrosymmetry, the complex has
the advantage of equivalent iron sites, with distorted tetra-
hedral coordination, a planar Fe2(µ-S)2 bridge unit with ethyl
groups in the anti conformation, and an iron-iron separation
of 2.978(1) Å. We report here the Mo¨ssbauer spectroscopic
and magnetic properties of this complex.

Experimental Section

The compound (Et4N)2[Fe2(SEt)6], 1, was prepared by a pub-
lished method.14 All measurements were carried out under strictly
anaerobic conditions. Mo¨ssbauer spectra were recorded with a
constant acceleration spectrometer equipped with a Janis Research
cryostat and a superconducting magnet that allows application of
magnetic fields up to 8.0 T parallel to the incidentγ-rays. Isomer
shifts are referenced to iron metal at 298 K. Magnetic measurements
were made with a MPMS Quantum Design SQUID susceptometer
calibrated with a palladium standard. The Mo¨ssbauer spectra were
analyzed with the software package WMOSS (WEB Research Co.,
Edina, MN). The data of Figure 2 were analyzed with a program
that generates the powder susceptibility based on the electronic
terms of eq 1.

Results

(a) Mo1ssbauer Spectra. Shown in Figure 1A is a
Mössbauer spectrum of polycrystalline (Et4N)2[Fe2(SEt)6],
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Figure 1. Mössbauer spectra of polycrystalline (Et4N)2[Fe2(SEt)6] recorded
at 4.2 K (A, B) and 180 K (C, D) in zero field (A) and in an 8.0 T field (B,
C, D) applied parallel to the observedγ-radiation. The solid lines are spectral
simulations based on eq 1 using, for both sites,D ) 5.7 cm-1, E/D ) 0.25,
gx ) gy ) 2.08, gz ) 2.00, Ax ) -20.1 MHz, Ay ) -11.3 MHz, Az )
-33.4 MHz, δ ) 0.70 mm/s,∆EQ ) -3.25 mm/s at 4.2 K and∆EQ )
-3.20 mm/s at 180 K, andη ) 0.65. For spectra B and C we employedJ
) 165 cm-1, and for spectrum D we employedJ ) 50 cm-1. The same
electronic parameters were used for generating the theoretical curves in
Figure 2.
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1, recorded at 4.2 K in the absence of an applied magnetic
field. The spectrum consists of a symmetric doublet with
quadrupole splitting∆EQ ) 3.25 ( 0.02 mm/s and isomer
shift δ ) 0.70 ( 0.02 mm/s. These values are typical for
high-spin Fe2+ in a distorted tetrahedral environment of
thiolate ligands.15 The quadrupole splitting is essentially
independent of temperature; thus, at 180 K we observed∆EQ

) 3.20 mm/s. The spectrum shown in Figure 1B was
recorded at 4.2 K in a field of 8.0 T applied parallel to the
γ-rays. The solid line is a spectral simulation based on the
assumption that both irons of1 reside in a diamagnetic
environment. The good fit of the theoretical curve to the
experimental data supports this assumption. Because the two
irons are intrinsically high-spin Fe2+, the observation of a
diamagnetic ground state shows that the two iron sites are
antiferromagnetically coupled. The simulations also suggest
that both iron sites are equivalent, in accord with the
crystallographic information; for both sites we obtained∆EQ

< 0 and asymmetry parameterη ) 0.65.

In order to estimate the exchange coupling constantJ with
Mössbauer spectroscopy, we have recorded 8.0 T spectra at
temperatures up to 180 K. The 180 K spectrum is shown in
Figure 1C and Figure 1D. At sufficiently high temperatures,
excited states withS> 0 (essentially theS) 1 level) of the
spin ladder become populated. These paramagnetic states will
contribute magnetic hyperfine structure when the samples
are studied in applied magnetic fields. If the electron spin
relaxes slowly, population of states withS > 0 would
manifest itself by the appearance of additional spectral
components. For fast spin relaxation, however, only one

spectrum would be observed. The latter situation applies to
the 180 K spectrum of Figure 1C.

Kauffmann and Mu¨nck16 have shown how the exchange
coupling constant,J, of a dimer can be determined by
variable-temperature, high-field Mo¨ssbauer spectroscopy (this
method works very well forJ < 80 cm-1). For the present
case we can describe the Mo¨ssbauer spectra with the spin
Hamiltonian (S1 ) S2 ) 2),

wherej sums over the two (equivalent) iron sites.Dj is the
zero-field splitting tensor of sitej (principal valuesDj and
Ej), gj is the electronicg-tensor,A j is the magnetic hyperfine
tensor, andHQ(j) describes the interaction of the electric field
gradient (EFG) tensor with the nuclear quadrupole moment;
Vxx, Vyy, andVzz are the principal components of the EFG
tensor, andη ) (Vxx - Vyy)/Vzz is the asymmetry parameter
(we have dropped the site indexj). Because of the inversion
symmetry of1, the local tensors of the two sites have to be
the same. At temperatures for which states of the spin ladder
with S > 0 are populated, the magnetic splittings of the
Mössbauer spectra depend on theA-tensors and (although
less sensitively) on theg andD values. The 4.2 K spectrum
of Figure 1B is independent of theA values (only theS) 0
state is populated).

We have recently completed a comprehensive analysis of
the Mössbauer spectra of the tetrathiolate site of ferrous
rubredoxin, Rdred.17 Not surprisingly, the values of∆EQ, δ,
andη obtained here are virtually the same as those of Rdred.
Thus, it is reasonable to assume that theA values of1 are
also similar to those of Rdred. Moreover, we will assume that
1 and Rdred have the same zero-field splitting parameters,
namely,Dj ) 5.7 cm-1 and (E/D)j ) 0.25.17 The solid line
drawn through the data of Figure 1D is a simulation
generated from eq 1 forJ ) 50 cm-1. It can be seen that the
splitting of the low-energy feature of the theoretical spectrum
is smaller than that of the experimental one. This indicates
that the population of theS ) 1 level, which produces an
internal magnetic field opposed to the applied field, is less
than assumed in the calculation, and thusJ must be larger
than 50 cm-1. By performing simulations with largerJ values
we have established by Mo¨ssbauer spectroscopy a lower limit
J > 80 cm-1. The simulation shown in Figure 1C will be
discussed below.

(b) Magnetization Data. Shown in Figure 2 is the
temperature dependence of magnetic susceptibility of poly-
crystalline1 obtained in applied fields of 3.0 T (O) and 5.0
T (×). The sample studied was from the same batch as that
used for the Mo¨ssbauer measurements. Our analysis revealed
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Figure 2. Plot of the temperature dependence of the magnetic susceptibility
of polycrystalline (Et4N)2[Fe2(SEt)6]. Data were recorded at 3.0 T (O) and
5.0 T (×) applied fields. Two minor contaminants, each perhaps representing
0.4% of total iron, and the diamagnetism of the sample holder were fitted
to the equationø ) A/T + B, with A ) 0.26 J K/T mol andB ) 0.033 J/T2

mol (at 3.0 T), and their contributions were subtracted from the raw data.
The solid line drawn through the data is a fit based on eq 1 forJ ) 165
cm-1. For comparison, simulated curves forJ ) 155 cm-1 andJ ) 175
cm-1 are also shown. The small differences between the 3.0 and 5.0 T data
for T > 150 K may indicate that the assumptions about the assumed
impurities are not strictly correct.

H ) JS1‚S2 + ∑
j)1,2

{Sj‚Dj‚Sj + âSj‚gj‚B + Sj‚A j‚I j -

gnânB‚I j + HQ(j)} (1)
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the presence of two minor contaminants. First, the sample
contained a paramagnetic impurity. Its contribution was
recognizable by the rising susceptibility behavior below ca.
40 K; if this contaminant were mononuclear high-spin Fe-
(II) (S) 2), it would represent 0.4% of the iron in the sample.
Second, the sample appeared to contain a minor ferromag-
netic contaminant having an apparent Curie temperature
above 300 K. Such a contaminant would produce a temper-
ature-independent susceptibility behavior that scales with the
applied field; this was indeed observed. If we assume
arbitrarily that this ferromagnetic contaminant contains only
high-spin Fe(II), it would represent ca. 0.4% of the total iron
in the sample. At these concentrations the two contaminants
would be difficult to detect by Mo¨ssbauer spectroscopy.
Finally, the measured susceptibility contains a diamagnetic
contribution from the sample holder that was determined by
blank runs at 3.0 and 5.0 T. We have fitted the contributions
of the gel cap and of the ferromagnetic and paramagnetic
contaminants at both fields to the expression susceptibility
ø ) A/T + B, with the assumption thatø ≈ 0 for 1 below
30 K. The susceptibility vs temperature data for the
compound, after subtracting the contaminants, are shown in
Figure 2. We have analyzed these data using eq 1, dropping
the hyperfine terms.

Although the determining parameter forø(Τ) is the
exchange coupling constantJ, the zero-field splittings and
theg values have some influence onø. Given the similarity
of the local sites of1 with that of Rdred, we have used the
above-quotedD andE/D values to fit the data of1. For the
g values we have usedgx ) gy ) 2.08 andgz ) 2.00 as
determined by high-frequency EPR of [PPh4]2[Fe(SPh)4];18,19

this synthetic complex has essentially the same hyperfine
and zero-field splitting parameters as Rdred (see Table 1 of
ref 17). We have also varied theDj andgj within reasonable
bounds to assess to what extent the determination ofJ would
be affected by these parameters.

As can be seen from an inspection of Figure 2, the 3.0
and 5.0 T data deviate slightly at temperatures above 150
K. This is not surprising given that the contribution of two
unknown contaminants had to be subtracted from the raw
data. However, the data obtained at both fields match well
between 50 and 120 K, the temperature range where the
susceptibility of [Fe2(SEt)6]2- is most sensitive toJ. From a
series of simulations, we inferJ ) 165 ( 15 cm-1. The
quoted uncertainties were estimated by making various
assumptions about the values ofDj and gj and about the
behavior of the impurities and by taking into account that
the 3.0 and 5.0 T data differ slightly above 150 K for reasons
not understood. The solid line in Figure 2 was obtained from
eq 1 using the parameters listed in the caption of Figure 1.

UsingJ ) 165 cm-1 we have simulated the 180 K Mo¨ssbauer
spectrum of Figure 1C. Clearly, the largerJ value of Figure
1C provides a better fit to the data thanJ ) 50 cm-1 used
to compute the curve of Figure 1D. Finally, the temperature
independence of∆EQ shows that no excited orbital states
are appreciably populated forT < 300 K. Thus, the
susceptibility of [Fe2(SEt)6]2- reflects solely the spin ladder
associated with the orbital ground state.

Discussion

The results reported here demonstrate that the planar Fe2-
(µ-SR)2 bridge unit with tetrahedral Fe(II) sites can sustain
substantial antiferromagnetic coupling at an Fe-Fe separa-
tion of 3 Å. To date, theJ value of1 is the only measure of
antiferromagnetic coupling by Fe2+ pairs in a tetrahedral
sulfur environment. Although theJ value determined here
should provide a reasonable estimate for the exchange
couplings of diferrous pairs in iron-sulfur clusters of higher
nuclearity, some caution is advised. Thus, analysis of the
spin-coupling of the all-ferrous Fe4S4 cluster of the Fe protein
from A. Vinelandii showed that theJ values of different
ferrous pairs differ by as much as a factor 3;7 however, the
analysis provided only ratios of exchange couplings pertain-
ing to different ferrous pairs, and thus the magnitude of the
J values has still to be established. Using the broken
symmetry method, Noodleman21 has estimated with density
functional theory theJ values of diferrous pairs in cubane
clusters; his calculations suggestJ values smaller than 100
cm-1 for [Fe4S4]+, with indications of ferromagnetic coupling
(J < 0) for the diferrous pair of [ZnFe3S4]+. The multipa-
rameter problem of [Fe4S4]0,+ clusters renders determination
of the J values of individual ferrous pairs exceedingly
difficult. Perhaps, magnetic susceptibility studies of theA.
aeolicus[Fe2S2] ferredoxin reduced with Ti3+ citrate could
provide a good opportunity for determiningJ for a sulfido-
bridged diferrous pair.

In the literature, the exchange couplings of diferrous pairs
are frequently assumed to be smaller than those of mixed-
valence Fe2+Fe3+ pairs. It is therefore noteworthy that theJ
value of diferrous1 is comparable to those reported for the
mixed-valence state of the [Fe2S2]+ clusters of plant-type
ferredoxins (150-200 cm-1; see Table 3 of ref 22).

Ginsberg et al.23 reportedJ values of ca. 50 and 100 cm-1

for two binuclear five-coordinate thiolate-bridged Fe(II)
complexes with FeN2S3 coordination and Fe-Fe distances
of 3.21 and 3.37 Å.24 Their magnetic analysis involved the
evaluation of orbitally dependent exchange pathways, with
the consequence that their results are not directly comparable
with theJ value determined here. (As stated above, only the
orbital ground state of1 is measurably populated in our
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of the ferrous ion are admixed by spin-orbit coupling into the ground
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has shown that ca. 40% of the value ofD is attributable to mixing
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Recently Hu¨bner and Sauer25 reported a theoretical study
of the naked iron-sulfur clusters Fe2S2 in the gas phase,
using complete active space self-consistent-field (CASSCF)
with subsequent multireference configuration interactions
(MRCI) calculations. The sulfide bridges provide a shorter
Fe-Fe distance (2.59-2.64 Å calculated) than observed for

complex1, but the calculatedJ ) 140 cm-1 is similar to
that observed here.
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