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Abstract: Sulfur K-edge X-ray absorption spectroscopy (XAS) is reported for [Fe4S4]1+,2+,3+ clusters. The
results are quantitatively and qualitatively compared with DFT calculations. The change in covalency upon
redox in both the [Fe4S4]1+/2+ (ferredoxin) and the [Fe4S4]2+/3+ (HiPIP) couple are much larger than that
expected from just the change in number of 3d holes. Moreover, the change in the HiPIP couple is higher
than that of the ferredoxin couple. These changes in electronic structure are analyzed using DFT calculations
in terms of contributions from the nature of the redox active molecular orbital (RAMO) and electronic
relaxation. The results indicate that the RAMO of HiPIP has 50% ligand character, and hence, the HiPIP
redox couple involves limited electronic relaxation. Alternatively, the RAMO of the ferredoxin couple is
metal-based, and the ferredoxin redox couple involves extensive electronic relaxation. The contributions
of these RAMO differences to ET processes in the different proteins are discussed.

Introduction

Iron-sulfur proteins are ubiquitous in nature, performing
many biological functions involving electron transfer and
catalysis. The most common iron-sulfur proteins have mono-
nuclear, binuclear, trinuclear, and tetranuclear clusters in their
active site.1,2 The four-iron clusters, found in bacterial ferre-
doxins and high potential proteins (HiPIPs), have fourµ3Ssulfide,
forming a cubane structure (Scheme 1), with one terminal Scysteine

ligand for each Fe atom. These clusters generally perform one-
electron transfer. The tetranuclear site undergoes two different
biologically functional redox couples.1a

The HiPIP proteins cycle between the oxidized [Fe4S4]3+ and
the resting [Fe4S4]2+ states (the HiPIP couple), whereas the
bacterial ferredoxins cycle between the [Fe4S4]2+ resting form
and the reduced [Fe4S4]1+ state (the ferredoxin couple). All three

oxidation states have been isolated in proteins and inorganic
model complexes.2 The electronic structures of these states are
well-known from detailed spectroscopic and computational
studies.3-7 The reduced [Fe4S4]+ state has a valence-delocalized
[Fe2S2]+ subcluster antiferromagnetically coupled to an all-
ferrous [Fe2S2]0 subcluster. The spin states of these clusters are
predominantlyS ) 1/2 in the protein active sites, while in the
[Fe4S4]+ model complexes higher spin states,S) 3/2 andS)
5/2 are also found.8,17 The EPR silent resting form [Fe4S4]2+

† Stanford University.
‡ Present address: Institut fu¨r Anorganische und Analytische Chemie,

Westfaelische Wilhelms-Universita¨t Muenster, Germany.
§ UniversitéLaval.
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Scheme 1. Schematic Diagram of Fe4S4 Cluster in Bacterial
Ferredoxin and HiPIP Proteins
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shows a characteristic Mo¨ssbauer spectrum, indicating that it
has two valence-delocalized [Fe2S2]+ subclusters antiferromag-
netically coupled to give anS) 0 ground state.3 The oxidized
[Fe4S4]3+ state has a valence-delocalized [Fe2S2]+ subcluster
antiferromagnetically coupled to an all-ferric [Fe2S2]2+ cluster,
resulting in a total spin state ofS ) 1/2.4

Ligand K-edge X-ray absorption spectroscopy (XAS) pro-
vides a direct estimate of ligand-metal bond covalencies.9 The
primary transition at the K-edge is the ligand 1sf 4p transition.
However, because of the covalent mixing of the ligand 3p
orbitals into the unoccupied metal 3d antibonding orbitals of
Fe, transitions to these orbitals from the filled ligand 1s orbital
obtain absorption intensity. This is derived from the electric-
dipole allowedness of the intrinsic 1sf 3p transition. The
intensity of this transition depends on the ligand character in
the 3d antibonding orbital (R2), from which the covalency of
the metal-ligand bond can be quantified according to eq 1.

In eq 1,I(L1s|r|L3p) is the transition moment integral or the
intensity of a purely ligand 1sf 3p transition, which depends
on theZeff of the ligand.10 Thus, the pre-edge intensity provides
a direct estimate of ligand-metal bond covalency.

A general methodology has been developed11 for dn systems
where there can be multiple dn+1 final states. In these cases,
the pre-edge intensity depends on the number of holes, the
intensity redistribution into higher energy excited states due to
CI, and the ligand-metal bond covalency. These factors have
been considered in the analysis of ligand K-edge data of two
series of complexes, [MCl4]2- (M ) Cu, Ni, Co, Fe, and Mn)
and [M(SR)4]2- (M ) Ni, Co, Fe, and Mn).11,12 A relation
between ligand-metal bond covalency and the corrected (i.e.,
where these factors were taken into account) pre-edge intensity
(Do) has been derived from these analyses.

This method has previously been used to analyze the
electronic structure and bonding of models and active sites of
mononuclear Fe-S proteins (rubredoxins) and binuclear Fe2S2

proteins (spinach ferredoxin and Rieske protein).13,14The method
has also been used to understand bonding in tetranuclear
[Fe4S4]2+ sites using model complexes having a single type of
donor ligand, i.e., sulfide only in [Fe4S4Cl4]2- or thiolate only
in [Fe4Se4(SPh)4]2-.15 In particular, the contribution ofµ3Ssulfide

bridging to the electronic delocalization of the [Fe2S2]+ subunit
of a [Fe4S4]2+ cluster was analyzed. In ref 15 it was shown that
the decrease in bridgingµ3Ssulfidecovalency in a [Fe4S4]2+ cluster
decreases the superexchange coupling, causing it to be delo-
calized because of double exchange.

In the present study, the S K-edge XAS of the model complex
[Fe4S4(SEt)4]2-, having both thiolate and sulfide ligands, are
analyzed and compared to results from DFT calculations on
the resting [Fe4S4]2+ site. The spectrum and the electronic
structure of the resting state are then used as reference points
to study the changes upon oxidation in the HiPIP couple and
reduction in the ferredoxin couple. For the ferredoxin couple,
model complexes of the reduced and resting state are studied,
while for the HiPIP couple the study focuses on the enzyme
active site to establish covalency changes with redox. For HiPIP,
the protein and model data for the resting form are found to be
very similar, indicating that the HiPIP centers are not signifi-
cantly affected by the protein environment.

These S K-edge results are compared to DFT calculations
for these couples to decompose the observed changes in
electronic structure into contributions from the redox active
molecular orbital (RAMO) and electronic relaxation. Electronic
relaxation is the redistribution of charge density in a molecule
upon oxidation to compensate for the hole produced and can
make a significant contribution to ET processes. Recently, it
has been shown, using a combination of variable energy
photoelectron spectroscopy (VEPES) and DFT calculations, that
in mononuclear iron tetrathiolate complexes the redox process
involves extensive electronic relaxation, which contributes
significantly to the thermodynamics and kinetics of ET in
rubredoxin.16 Here the possible contributions of the nature of
the RAMO and electronic relaxation to the ET properties of
the HiPIP and the ferredoxin redox couples will be considered.

Materials and Methods

Sample Preparation.The model complexes [Bu4N]2[Fe4S4(SEt)4]
and [Et4N]3[Fe4S4(SMe)4] were prepared according to published
methods.17 For XAS experiments, sample preparations were performed
in a dry, nitrogen-filled anaerobic atmosphere glovebox. The samples
were ground into a fine powder and dispersed as thinly as possible on
sulfur-free Mylar tape. This procedure has been verified to minimize
self-absorption effects. The sample was then mounted across the
window of an aluminum plate. A 6.35µm polypropylene film window
protected the solid samples from exposure to air during transfer from
the glovebox to the experimental sample chamber.

The HiPIP protein was expressed fromEscherichia colias described
in the literature.18 The reduced protein solutions (in 100 mM phosphate
buffer having pH 7.2-7.3) were pre-equilibrated in a water-saturated
He atmosphere for∼1 h to minimize bubble formation in the sample
cell. The protein sample was oxidized before experiments by using a
∼3 to 4-fold excess of potassium ferricyanide. The solution was then
loaded via a syringe into a Pt-plated Al block sample holder sealed in
front using a 6.3µm polypropylene window.

Data Collection and Reduction.XAS data were measured at the
Stanford Synchrotron Radiation Laboratory using the 54-pole wiggler
beam line 6-2. Details of the experimental configuration for low energy
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studies have been described previously.19 The energy calibration, data
reduction, and error analysis follow the same methods described in ref
20.

Fitting Procedures.Pre-edge features were fit by pseudo-Voigt line
shapes (sums of Lorentzian and Gaussian functions). This line shape
is appropriate as the experimental features are expected to be a
convolution of a Lorentzian transition envelope21 and a Gaussian line
shape imposed by the beam line optics.22 A fixed 1:1 ratio of Lorentzian
to Gaussian contribution successfully reproduced the pre-edge features.
The rising edges were also fit with pseudo-Voigt line shapes. Fitting
requirements included reproducing the dataand its second derivative,
using a minimum number of peaks. There are two components in the
pre-edge region (sulfide and thiolate). Fits were performed using single
peaks to simulate the pre-edge feature of each component with a half-
width of 0.6 to 0.7 eV. Fits were also performed using two peaks for
the sulfide to more accurately simulate the second derivative, which
did not significantly change the total integrated areas and their mean
energy positions. The energies of the pre-edge features of the reduced
model complex and protein were allowed to vary by 0.1 to 0.2 eV
from the values obtained from previous studies (2470.1 eV for Fe2.5-
µ3Ssulfide

15 and 2470.9 eV for Fe2.5-Sthiolate
13), to allow for shifts due to

oxidation or reduction of the Fe centers. The intensity of a pre-edge
feature (peak area) represents the sum of the intensity of all the pseudo-
Voigt peaks which were needed to successfully fit the feature in a given
fit. The reported intensity values for both the model complexes and
the proteins are an average of all of the accepted pre-edge fits, typically
6-8 (which differed from each other by less than 3%).

DFT Calculations. All calculations were performed on IBM 3BT-
RS/6000 work stations and a SGI Origin 2000 computer using the
Amsterdam density functional (ADF) program, versions 2002.03 and
ADF 2000, developed by Baerends et al.23,24 A triple-ú Slater-type
orbital basis set (ADF basis set TZP) with a single polarization function
at the local density approximation of Vosko, Wilk, and Nusair25 with
nonlocal gradient corrections of Becke26 and Perdew27 were employed.
The crystal structure of the model complex [Fe4S4(SEt)4]2- was
optimized toC2 symmetry and used for all calculations (See table S1
in the Supporting Information). The electronic structures of the clusters
were calculated in the spin unrestricted broken symmetry state.28 The
density of states (DOS) is a sum of pseudo-Voigt curves having
amplitudes given by the calculated orbital covalencies, centered at the
respective orbital energy (see Supporting Information for more details)
and with a peak width given by that of a single pre-edge transition
(0.45 eV). On the basis of previous results, an offset of 0.8 eV was
applied to the thiolate DOS relative to the sulfide DOS to account for
difference between the 1s orbital energies.

Results

S K-Edge XAS of [Fe4S4(SEt)4]2-. The S K-edge of the
resting form [Fe4S4(SEt)4]2- model complex (Figure 1a) shows
two distinct features. There is a broad, intense pre-edge feature,
between 2469 and 2472 eV, involving transitions from the ligand
1s orbitals to the metal antibonding orbitals, and another intense
rising edge feature, at 2473.0 eV, corresponding to the thiolate
1sf C-S σ* transitions.12 The pre-edge feature represents an

envelope of transitions from bothµ3Ssulfide and Sthiolate1s orbitals
to the d-antibonding manifold. It has been previously deter-
mined, using sulfide-only and thiolate-only model complexes,
that the pre-edge transitions from theµ3Ssulfide 1s orbital are at
∼2470.2 eV, 0.8 eV lower in energy than the transitions from
the 1s orbital of Sthiolate (at ∼2471.0 eV).15 Fits to the
experimental spectrum and its second derivative (Figure 1b) give
the relative contributions of theµ3Ssulfide- and Sthiolate-based
transitions to the pre-edge intensity (Do in Table 1). This pre-
edge intensity is related to the total percentage ligand character
in the d antibonding manifold by eq 2. The transition moment
integrals (〈L1s|r|L3p〉) for specific ligands have been determined
by relating the pre-edge intensities of model complexes whose
percentage ligand character in the d antibonding manifold is
known from independent experiments.9 Note that the thiolate
ligand has a higher transition moment integral (namely,
I〈L1s|r|L3p〉 ) 8.05 for thiolate and 6.54 for sulfide), and hence,
the thiolate pre-edge feature is more intense than that of the
sulfide for the same percentage ligand character in the accepting
orbital. As a result, the relative pre-edge intensities (Do) do not
directly reflect the relative bond covalencies of these ligands
(Figure 1b). The experimentalDo value gives the total ligand
character summed up over 18 holes, present in the resting form,
using eq 2. ADo of 1.72 for sulfide in [Fe4S4(SEt)4]2- gives a
total hole sulfide character of 492%, and aDo of 0.70 for thiolate
gives a total hole thiolate character of 164%. This total intensity
is then divided by the number of ligand-metal bonds present
in the complex (12µ3Ssulfide-Fe bonds and four Sthiolate-Fe
bonds) to get an average ligand-metal bond covalency. The

(19) Hedman, B.; Frank, P.; Gheller, S. F.; Roe, A. L.; Newton, W. E.; Hodgson,
K. O. J. Am. Chem. Soc.1988, 110, 3798.
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1994, 33, 4235.
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276 ff.

(22) Tyson, T. A.; Roe, A. L.; Frank, P.; Hodgson, K. O.; Hedman, B.Phys.
ReV. B 1989, 39A, 6305.

(23) Baerends, E. J.; Ellis, D. E.; Ros, P.Chem. Phys.1973, 2, 41.
(24) te Velde, G.; Baerends, E. J.Int. J. Comput. Phys.1992, 99, 84.
(25) Vosko, S. H.; Wilk, L.; Nusair, M.Can. J. Phys.1980, 58, 1200.
(26) Becke, A. D.J. Chem. Phys.1986, 84, 4524.
(27) Perdew, J. P.Phys. ReV. B 1986, 33, 8822.
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Figure 1. (a) S K-edge XAS spectrum of the model complex [Fe4S4(SEt)4]2-

and the second derivative showing sulfide and thiolate contributions. (b) S
K-edge XAS spectrum of the model complex [Fe4S4(SEt)4]2-, the fitted
data, the fit components from sulfide and thiolate transitions, and the second
derivative data and its fit.
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average covalencies of Fe-µ3Ssulfide and Fe-Sthiolate bonds are
both found to be 41% (Table 1).29

S K-Edge XAS of [Fe4S4(SMe)4]3-. The S K-edge spectrum
of the reduced model complex, [Fe4S4(SMe)4]3-, (Figure 3a)
shows two distinct broad features similar to the spectrum of
the resting-form [Fe4S4(SEt)4]2- model complex. The pre-edge
between 2469.0 and 2472.0 eV involves transitions from the
ligand 1s to the metal d-antibonding orbitals. The transition at
2472.5 eV is the thiolate 1s to C-S σ* transition. The second
derivative to the experimental spectrum (blue line in Figure 2a)
shows the presence of distinct contributions to the pre-edge from
µ3Ssulfide and Sthiolate. The fits to the experimental spectrum and
its second derivative (Figure 2b) giveµ3Ssulfide and Sthiolate

contributions to the pre-edge intensities (Do) as 1.59 and 0.59,
respectively. These correspond to average Fe-µ3Ssulfideand Fe-

Sthiolate bond covalencies of 38% and 34%, respectively (Table
1). The intensity of the pre-edge has decreased significantly,
and it appears to be broader than the pre-edge of [Fe4S4(SEt)4]2-.
Since the ligand environment in the reduced model complex is
very similar to that of the resting state model complex (there is
negligible difference between donor properties of SMe and SEt),
the decrease of pre-edge intensity is in part attributed to loss of

(29) Note that the numbers here differ slightly from published values in ref 31
as the contributions of sulfide and thiolate to the pre-edge intensity was fit
separately rather than using reference spectra. The differences are all less
than 2%.

Table 1. S K-Edge XAS Results of [Fe4S4] Model Complexes and Proteins

sulfide thiolate

Do energy (eV)
covalency per

Fe−S bond (%)a Do energy (eV)
covalency per

Fe−S bond (%)a

[Fe4S4(SEt)4]2- 1.72( 0.05 2470.1( 0.1 41( 1 0.70( 0.04 2470.9( 0.1 41( 1
[Fe4S4(SMe)4]3- 1.59( 0.08 2470.2( 0.1 38( 2 0.59( 0.1 2471.1( 0.1 34( 2
[Fe4S4(SCys)4]2- HiPIP resting 1.55( 0.05 2470.1( 0.1 37( 1 0.69( 0.06 2470.9( 0.1 40( 2
[Fe4S4(SCys)4]- HiPIP oxidized 1.83( 0.03 2470.0( 0.1 44( 1 0.81( 0.06 2470.8( 0.1 48( 2

a Obtained by using eq 2 and dividing the total hole covalency by the number of bonds: 12 for sulfide and four for thiolate.

Figure 2. (a) S K-edge XAS spectrum of [Fe4S4(SEt)4]2- and [Fe4S4-
(SMe)4]3- and the second derivative of [Fe4S4(SMe)4]3- showing the
components. (See Figure S2 in the Supporting Information for an expanded
energy region plot.) (b) S K-edge XAS spectrum of the model complex
[Fe4S4(SMe)4]3-, the fitted data, the fit components from sulfide and thiolate
transitions, and the second derivative data and its fit.

Figure 3. (a) S K-edge XAS spectrum of the model complex [Fe4S4(SEt)4]2-

and S K-edge XAS and second derivative of the experimental spectrum of
HiPiP protein in its resting [Fe4S4]2+ form and in its oxidized form. (See
Figure S1 in the Supporting Information for an expanded energy region
plot.) (b) S K-edge XAS spectrum of resting form of HiPIP, the fitted data,
the fit components from sulfide and thiolate transitions, and the second
derivative data and its fit. (c) S K-edge XAS spectrum of oxidized form of
HiPiP, the fitted data, the fit components from sulfide and thiolate transitions,
and the second derivative data and its fit.

Ligand K-Edge XAS of [Fe4S4]1+,2+,3+ Clusters A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 26, 2004 8323



one hole in the reduced model complex relative to the resting
form. An estimate of this contribution to the intensity decrease
can be made based on average covalency per hole of the resting
state [Fe4S4(SEt)4]2- complex. Subtracting this average ligand
character of one hole from the total hole covalency of the resting
form gives an estimate of the covalencies of the reduced cluster
as 39% for both the Fe-µ3Ssulfide and the Fe-Sthiolate bonds.
However, the actual bond covalencies are less than this (38 and
34%, respectively). Thus, the decrease in pre-edge intensity is
more than that expected from a decrease by one hole and
provides insight into the nature of the RAMO and the presence
of electronic relaxation in the redox process involving the
[Fe4S4]2+/+ couple. Note that the sulfide and thiolate pre-edge
transitions shift to a higher energy in the reduced model complex
compared to those of the resting-form [Fe4S4(SEt)4]2- complex.
The sulfide feature shifts by 0.1 eV (Table 1, from 2470.1 to
2470.2 eV) while the thiolate pre-edge feature shifts by 0.2 eV
(Table 1, from 2470.9 to 2471.1 eV). This is due to the
decreasedZeff on the Fe with reduction, which shifts the
d-manifold to higher energy. Also note that the C-S σ*
transitions shift from 2472.2 to 2472.7 eV from the reduced to
the resting-form model complex. This is due to a combination
of lower 1s orbital energy of the Sthiolate and stronger C-S
bonding (raising C-S σ* orbital energy) in the resting-form
model complex.

S K-Edge of Resting HiPIP Protein.The S K-edge XAS
spectrum of the active site of the HiPIP protein (Figure 3a) from
ChromatiumVinosum, in its resting form, is very similar to that
of the resting-form model complex [Fe4S4(SEt)4]2- (black line
in Figure 3a). Fits to the experimental data (Figure 3b) give
µ3Ssulfide and Sthiolate pre-edge intensities of 1.55 and 0.69,
respectively. These correspond to average covalencies of 37 and
40% for the Fe-µ3Ssulfide and Fe-Sthiolate bonds, respectively
(Table 1).30 The slight decrease in the covalencies of the protein
active site compared to the model (4% for Fe-µ3Ssulfide and
1% for Fe-Sthiolate) is due to the presence of H-bonding in the
protein active site.31 Note that this difference in covalency is
higher for theµ3Ssulfide as these have higher electron density
and are more affected by H-bonds.

S K-Edge of Oxidized HiPIP Protein. The S K-edge XAS
spectrum of the oxidized HiPIP protein (Figure 3a) also shows
the two broad and intense bands characteristic of Fe4S4 clusters.
The pre-edge is centered around 2468.5-2471 eV, and the rising
edge transition is centered at around 2473 eV. Fits to the
experimental spectrum and its second derivative (Figure 3c) give
the contributions ofµ3Ssulfide and Sthiolateto the pre-edge intensity
(Do) as 1.80 and 0.81, respectively. These give average Fe-
µ3Ssulfide and Fe-Sthiolate bond covalencies of 44 and 48%,
respectively. Hence, there is an increase in pre-edge intensity
in the oxidized relative to the resting protein site. An increase
in pre-edge intensity on oxidation is expected as the number of
acceptor holes has increased to 19, from 18 in the resting state.
An estimate of this contribution to the increase in pre-edge
intensity can be made by adding the average one-hole covalency
of the resting form of the HiPIP protein to its total hole
covalency. This gives 39 and 42% for Fe-µ3Ssulfide and Fe-
Sthiolate, respectively, as the covalencies of the oxidized cluster.
This increase of 7 and 8% in the observed Fe-µ3Ssulfide and
Fe-Sthiolate covalencies provides insight into the RAMO in-
volved and nature of the electronic relaxation in the redox
process and will be addressed in the following sections. The
pre-edge position of the oxidized protein shifts down by 0.1
eV relative to that of the resting site. The shift in the pre-edge
energy position reflects the increase inZeff of the iron atoms
upon oxidation, which shifts the d-manifold acceptor orbitals
to lower energy. Also note that there is a shift of the thiolate 1s
f C-S σ* position from 2472.8 eV in the resting form to
2473.2 eV in the oxidized form. The shift is not clear in the
experimental spectra of the protein (Figure 3a) because of the
broad nature of the peaks. However, the shift is clearly visible
in the second derivative of the spectra where the first minimum
after the pre-edge region indicates the position of this transition.
This is due to lower energy of the 1s orbital of the Sthiolate and
the stronger C-S bonding (shifting the C-Sσ* orbital to higher
energy) upon oxidation.

Differential Changes on Redox in HiPIP and Ferredoxin
Couples. In both the HiPIP and the ferredoxin redox couples
(Figure 4), the changes in metal-ligand bond covalency are
more than that expected on the basis of ground state hole
covalencies. Additionally, the difference between the S K-edge
XAS spectrum of the oxidized and the reduced partners (Figure

(30) Note that the numbers here are∼3-5% higher than results published in
ref 31 because of higher purity of the protein sample (see ref 32).

(31) Glaser, T.; Bertini, I.; Moura, J. J. G.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc.2001, 123, 4859.

Figure 4. Difference of S K-edge XAS of HiPIP and ferredoxin couple. The difference spectra were calculated by subtracting the resting form spectrum
from the corresponding oxidized protein and by subtracting the reduced model spectrum from the resting model spectrum.
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4) shows that the change in intensity in the HiPIP couple is
more than that in the Fd couple. This difference is quantified
by the fits to the spectra (Table 1). The total ligand character
(12 × Fe-µ3Ssulfide covalency+ 4 × Fe-Sthiolate covalency)
changes by 107% for the HiPIP couple as compared to only
66% for the ferredoxin couple. Since both processes involve
creation of one hole, the observed difference between these
couples is important.

Analysis

DFT Calculations on the Resting [Fe4S4]2+ State. DFT
calculations were performed on the resting form of the cluster
to quantitatively compare to the ligand K-edge results. These
will then be used to evaluate the relative contributions of the
nature of RAMO and electronic relaxation to the change in
metal-ligand bond covalency observed experimentally upon
reduction/oxidation.

The ground-state wave function obtained for the resting
[Fe4S4]2+ form gives twoS ) 9/2 delocalized [Fe2S2]+ sub-
clusters, antiferromagnetically coupled to give anS) 0 ground
state, a result well-known from spectroscopic and computational
studies.3,6 A schematic molecular orbital diagram, obtained from
the calculations, is given in Figure 5. EachS) 9/2 delocalized
[Fe2S2]+ subcluster (in blue and in red) has 10 occupiedR (or
â) spin-orbitals (in bold), one occupiedâ (R) spin-orbital,
and nine unoccupied orbitals (dotted lines) delocalized over the
two iron atoms. Since the cluster hasC2 symmetry, only the
relevantR orbitals are described, which are also labeled by the
subcluster on which they are localized (A or B). The HOMO
(A2R in Figure 5) is the dx2-y2 - dx2-y2 antibonding orbital
having 50% ligand character. The minority spin bonding dx2-y2

+ dx2-y2 orbital (B1R in Figure 5) from subcluster B, which is
believed to be the HOMO in a delocalized reduced two-iron
ferredoxin [Fe2S2]+ cluster, is the HOMO- 1 in this case. This
is due to strong Fe-Fe interaction in the [Fe4S4] clusters,32,33

which stabilizes this minority spin Fe-Fe bonding orbital of
the [Fe2S2]+ unit of the cluster. The LUMO (B2R in Figure 5)
is an Fe-Fe antibonding orbital having 6% ligand character.

The calculated covalencies (percent individual ligand char-
acters summed over all metal 3d holes) are 25 and 28% for
Fe-µ3Ssulfide and Fe-Sthiolate bonds, respectively, which are
quantitatively about 16 and 13%, respectively, less than the
experimentally obtained bond covalencies (from Table 1). The
calculated per hole covalencies are about 2% less than experi-
ment. The above DFT calculations used a pure density functional
(BP86) which is usually found to overestimate the covalency
with respect to experiment. It is therefore important to first
evaluate the process of obtaining numerical estimates of bond
covalencies from pre-edge intensities.

The experimentally obtained metal-ligand bond covalencies
could have errors due to: (a) inaccurate transition moment
integral (Do) and (b) an error in distributing intensities between
sulfide and thiolate as these have differentDo values. The
transition moment integrals used here are those of the S-Cys
bond in plastocyanin34 for thiolate andµ2Ssulfide in CsFeS214a

for µ3Ssulfide, which were obtained by correlating pre-edge
intensities of these complexes to known values of total hole

(32) Noodleman, L.; Norman, J. G.; Osborne, J. H.; Aizman, A.; Case, D. A.J.
Am. Chem. Soc. 1985, 107, 3418.

(33) Mouesca, J. M.; Chen, J. L.; Noodleman, L.; Bashford, D.; Case, D. A.J.
Am. Chem. Soc.1994, 116, 11898.

(34) Shadle, S. E.; Penner-Hahn, J. E.; Schugar, H. J.; Hedman, B.; Hodgson,
K. O.; Solomon, E. I.J. Am. Chem. Soc.1993, 115, 767.

Figure 5. Schematic molecular orbital diagram of the cluster in the resting [Fe4S4]2+ form. The two delocalized [Fe2S2]+ subclusters A and B are colored
blue and red. The occupied orbitals are represented by bold lines while the unoccupied orbitals are represented by dotted lines. The cluster isC2 symmetric,
and hence only theR orbitals are described below. All the orbitals delocalized over subclusters A and B are labeled accordingly. The HOMO- 1 (B1) is
dx2-y2 + dx2-y2 bonding orbital, the HOMO (A2) is dx2-y2 - dx2-y2 antibonding orbital with 50% ligand character, and the LUMO (B2) is an Fe-Fe antibonding
orbital with 6% ligand character.
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covalencies obtained from independent experiments. The transi-
tion moment integral is a function of theZeff of the ligand atom.10

However, theZeff is not expected to change significantly in the
ligands considered here (Sthiolate andµ3Ssulfide) relative to their
respective calibrants.35 Hence, the transition moment integrals
used above are reasonable. The second factor which could effect
the estimation of covalency from pre-edge intensities is the
incorrect distribution of the pre-edge intensity between the two
donors. This can also be ruled out because similar differences
between the DFT-calculated covalency and S K-edge results
have been observed in cases with only one type of sulfur donor.
In particular, the covalency of Fe-µ3Ssulfide bond obtained from
the pre-edge intensity of [Fe4S4Cl4]2- is 39%, whereas the
calculated covalency is 24%, and the covalency of Fe-Sthiolate

bond obtained from the pre-edge intensity of [Fe4Se4(SPh)4]2-

is 38%, whereas the calculated covalency is 26%.36

Thus, these results indicate that DFT at the GGA level
underestimates the increased bonding in these clusters. Alter-
natively, the DFT calculations give a good description of relative
bonding interactions of the different ligands in these clusters.
A DOS is constructed by plotting the calculated orbital
covalencies against orbital energy forµ3Ssulfide and Sthiolate

(Figure 6). An offset of 0.8 eV is used for thiolate to account
for the difference in its 1s orbital energy relative to the
µ3Ssulfide.15 This DOS is then used to theoretically predict the

pre-edge region of the S K-edge XAS of [Fe4S4(SEt)4]2-. This
requires a scaling to take into account the different transition
moment integrals of thiolate andµ3Ssulfide. The result is in good
agreement with the experimental pre-edge data. This suggests
that although the bonding description obtained from DFT
calculations at the GGA level are quantitatively too ionic for
the Fe4S4 system, the relative bonding interactions of sulfide
and thiolate are well-described.

RAMOandElectronicRelaxationEffectsonthe[Fe4S4]3+/2+

and [Fe4S4]2+/+ Redox Couples.In the following sections, the
observed changes in the S K-edge XAS on oxidation will be
decomposed into contributions from the nature of the RAMO
and from electronic relaxation, and a model for differences in
the redox processes in HiPIP and ferredoxins will be developed.
Since these clusters show only small changes in geometry
between different redox states, geometric relaxation has a small
effect and is not considered in the following analysis.

HiPIP Couple. The changes in pre-edge intensity on oxida-
tion of the HiPIP active site (Figure 3c and Table 1) are larger
than that expected from a simple increase of one hole, assuming
the covalency of this hole is equal to the average covalency of

(35) Note that theIo has to increase by 33% for the experimentally observed
metal-ligand covalency to be comparable to the calculated covalency. An
increase inIo will require an increase inZeff relative to theZeff of the
calibrant.Zeff will increase with increase in covalency. Therefore, an increase
in Io to reduce experimental estimates of covalency will require an increase
in covalency, which means increasing intensity.

(36) The model complex [FeIII (S2-o-xyl)2]- has been well-characterized using
photoelectron spectroscopy (PES), and the covalency of the Fe-Sthiolatebond
in this complex is known to be 45%. The Fe-Sthiolate bond covalency
obtained from pre-edge intensity of the S K-edge XAS spectrum of this
complex is 43%, very close to the value obtained by PES. However, both
single-point and geometry-optimized DFT calculations (at a GGA level)
on this complex indicate that the Fe-Sthiolatebond covalency is 29 to 30%.
This parallels the difference between the calculated and experimental
metal-ligand bond covalencies observed here.

Table 2. Correlation between Theoretically Estimated and Experimentally Observed Changes in Total Covalency of Different Redox
Couples

total hole covalencya

system sulfide (%) thiolate (%)
No. of
holes

ligand character
per hole (%)b

change in total
ligand character
on redox (%)c

Fd couple [Fe4S4](SEt)42-

model expt
41 41 18 36.5 -10.2

[Fe4S4](SMe)43-

model expt
38 34 17 34.7

HiPIP couple [Fe4S4](SCys)42-

protein expt
37 40 18 34.2 +16.0

[Fe4S4](SCys)41-

protein expt
44 48 19 37.6

resting [Fe4S4](SMe)42-

theory
25 28 18 23

reduced [Fe4S4](SMe)43-

theory unrelaxed
1/2 25 27 17 23.9 -1.9

3/2 27 30 17 26.5 +8.7
[Fe4S4](SMe)43-

theory relaxed
1/2 23 19 17 20.2 -10.1

3/2 24 20 17 21.9 -16.9
oxidized [Fe4S4](SMe)41-

theory unrelaxed
29 31 19 24.8 +13.8

[Fe4S4](SMe)41-

theory relaxed
30 35 19 26.4 +21.0

a Experimental total hole covalency is derived from the intensity of transitions to the empty Fe3d antibonding orbitals from 1s orbitals of both types of
ligands.b Observed or calculated total covalency over all holes divided by number of holes.c Decrease in covalency is indicated by a negative sign and
increase by a positive sign.

Figure 6. Experimental data and fit pre-edge components and calculated
DOS for total pre-edge and components sulfide and thiolate. (See Figures
S4 and S5 for details on DOS of sulfide and thiolate.)
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the holes of the resting [Fe4S4]2+ state. DFT calculations on
the resting form show that the RAMO for the HiPIP couple
(HOMO, A2R in Figure 5) has more than 50% ligand
character.37 An estimate of the increase of the total ligand
character due to removal of an electron from the RAMO
(without relaxation, Table 2) shows that the total ligand character
(summed over all holes) should increase by 13.8% (Table 2) of
the total ligand character in the resting state. The experimentally
observed increase for the HiPIP protein is 16% of the total hole
covalency of the resting form, which is close to the unrelaxed
estimate. On allowing the electronic structure to relax, the
increase in total ligand character is about 21% (relaxed, Table
2) higher than the experimental result, though still reasonable.
Hence, for the HiPIP couple only one third of the total calculated
increase in the ligand character on oxidation (7% of 21%) is
from electronic relaxation. Thus, most of the increase in ligand
character is derived from the RAMO involved in the HiPIP
couple in Figure 5 (A2R HOMO). The deviation of the
calculated total change (+21%) from the experimentally ob-
served total change (+16%) may be due to difference in the
geometry of the model complex [Fe4S4(SEt)4]2-, on which the
calculation has been performed, and protein active site contribu-
tions.

Ferredoxin Couple. The ligand S K-edge XAS of the
ferredoxin couple (investigated here using the model complexes)
also shows a larger decrease in ligand character upon reduction
than expected based on the average covalency of the resting
state. The total ligand character changes by-10.2% relative to
the resting form, upon reduction, in the ferredoxin couple. Note
that though the reduced protein sites haveS) 1/2 ground states,
the reduced model complex [Fe4S4(SMe)4]3- is a physical
mixture of S ) 1/2 andS ) 3/2 states.8 Thus, we need to
consider a mean of the changes calculated for these two different
reduced states in the analysis. TheS) 1/2 state can be achieved
by adding an electron to the LUMO (B2R in Figure 5) of the
resting [Fe4S4]2+ form, which has only 6% ligand character.
This reduces the total hole covalency by-1.9% (reduced, theory
unrelaxed,S) 1/2, Table 2). TheS) 3/2 state is achieved by
a spin-forbidden transition creating a hole in the HOMO (A2R
in Figure 5, 50% S character) and occupying the LUMO+ 1
(B3 R in Figure 5, 18% S character) upon reduction of the
LUMO. This increases the total covalency by 8.9% (reduced,
theory unrelaxed,S) 3/2, Table 2). The mean of these changes
indicates that on reduction the covalency of the model complex
should increase by 3.5% when experimentally it is observed to
decrease by-10.2%.

After allowing for electronic relaxation in these calculations
(reduced, theory relaxed, Table 2), the ligand character changes
by -16.9 and -10.1% for S ) 1/2 and S ) 3/2 states,
respectively. Now, the mean of these changes show that on
reduction the covalency should decrease by-13.5%, which is
close to the experimental results. Thus, electronic relaxation is
needed to account for the observed decrease in total ligand
character in the ferredoxin couple.

In summary, in the ferredoxin couple (involving theS) 1/2
reduced state) the RAMO is a metal-based orbital (B2R in Figure
5, 6% ligand character) and adding an electron to this orbital
will induce extensive electronic relaxation, which in the HiPIP

couple, the RAMO is rich in ligand character and electronic
relaxation effects are small.

Discussion

Electronic Relaxation in HiPIPs and Ferredoxins. The
schematic MO diagram of the resting [Fe4S4]2+ form in Figure
5 shows that the RAMO involved in the HiPIP couple (A2R in
Figure 5) is very different in nature from the RAMO involved
in the ferredoxin couple (B2R in Figure 5). The RAMO of HiPIP
is the HOMO of the [Fe4S4]2+ resting form and has 50% ligand
character. Removal of an electron from this orbital upon
oxidation results in a limited change in electron-electron
repulsion, and thus the system needs less electronic relaxation
for charge compensation.

Alternatively, the redox process in the ferredoxin couple is
quite different from that of the HiPIP couple. The RAMO,
leading to the biologically relevantS ) 1/2 reduced state of
the ferredoxin couple is the LUMO in Figure 5, which has only
6% ligand character. Adding one electron to this RAMO,
localized mainly on the metal centers, leads to a large increase
in metal-centered electron-electron repulsion, and this induces
electronic relaxation, redistributing the electron density onto the
ligands to compensate for the excess charge.

(37) Similar results were obtained by XR calculations by Noodleman and co-
workers in ref 33.

Figure 7. (a) A spacefill model of the ferredoxin protein fromBacillus
thermoproteolyticus.40 The cluster sulfide and thiolate sulfurs are visible
from the surface, indicating that the cluster is solvent-exposed. (b) A spacefill
model of HiPIP protein fromC. Vinosum39 obtained from the crystal structure
of protein. Note that the cluster is not visible from the surface.
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Functional Relevance.As mentioned above, the RAMO for
HiPIP and ferredoxin are different in nature. The coefficient of
the ligand character in the RAMO couples the cluster into the
protein superexchange pathways for ET.38 Thus, HiPIPs with
greater ligand character in the RAMO (and low electronic
relaxation) will have better superexchange pathways for electron
transport between the cluster and the surface of the protein. This
is required in HiPIP for efficient electron transport, as this Fe4S4

active site is buried in the hydrophobic core of the protein
(Figure 7b).39 Also, most of the ligand character in the RAMO
of HiPIP is sulfide. There is a highly conserved H-bond to the
sulfide in the HiPIP proteins. From the crystal structures of
oxidized and resting HiPIP fromC. Vinosum, the [Fe2S2]+

subcluster containing the H-bond to the sulfide is the redox-
active subcluster.40 Thus, this H-bond may provide an ET
pathway into the cluster.

Alternatively, the active site of ferredoxin is at the surface
of the protein and is solvent-exposed (Figure 7a).41 This

correlates with the fact that the RAMO has very little ligand
character (6%) (and significant electronic relaxation) and, hence,
only a limited coupling into the protein superexchange pathways.
Thus, efficient ET requires a direct interaction with the redox
partner as would be the case for the solvent-exposed cofactor
of the four-iron ferredoxin.
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