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An extensive investigation of the extended X-ray absorption fine structure (EXAFS) spectra of Fe2+ and Fe3+

in aqueous solution is presented. Anomalous peaks at 3.9 and 5.3 Å-1 have been detected and assigned to the
simultaneous excitations of the 1s3p and 1s3s electrons, referred to as KM23 and KM1 channels. The Fe3+

water solution absorption cross section displays the presence of peculiar features that reflect the existence of
two electronic configurations in the ground state, giving rise to two channels of comparable intensity. The
influence of many-body effects on the quantitative extraction of the structural parameters from the EXAFS
spectra was investigated. Omission of double-electron excitation edges from the atomic background significantly
worsens the quality of the EXAFS fits and results in slightly incorrect values of the structural parameters.
Conversely, the [Fe(H2O)6]3+ structural parameters obtained from the EXAFS data analysis, performed in the
framework of the one-electron approximation, are affected by severe systematic errors, despite the perfect
agreement between the experimental and theoretical data. An accurate determination of the hydration geometry
of the Fe3+ ion can be only obtained using a theoretical scheme based on the multichannel multiple-scattering
theory. The hydrogen contribution has been included in the EXAFS data analyses and Fe-H distances of
2.84 and 2.76 Å have been obtained for Fe2+ and Fe3+, respectively, which are in excellent agreement with
the results of ab initio quantum-mechanical/molecular-mechanical molecular dynamics simulations.

1. Introduction

With the availability of intense third-generation synchrotron
radiation sources, the past decade has seen a rebirth of interest
in X-ray absorption spectroscopy (XAS), with a growing list
of applications in a variety of scientific fields. Similarly, new
theoretical advances in the calculation of X-ray absorption cross
sections have considerably improved the reliability of theoretical
standards,1,2 and today the XAS technique can be considered
one of the most powerful tools to obtain quantitative structural
information on the local environment of an excited atom.

Even if valuable chemical and structural information have
been obtained by XAS experiments on a large number of
systems, some important points concerning the comparison
between the experimental and calculated absorption cross
sections have not, until now, been properly addressed. Several
investigations on gaseous and condensed systems have shown
the existence of multielectron photoexcitations superimposed
onto the smooth energy dependence of the dominant channel
of the single-electron photoeffect.3-7 Moreover, the presence
of peculiar features arising from two independent electronic
configurations of the final state has been found in the X-ray
absorption near edge (XANES) spectra of some compounds.
This phenomenon has been detected at the Eu L3 edge of
homogeneous and inhomogeneous mixed-valent materials,8 at
the Cu K edge of Nd2CuO4 and La2CuO4 compounds,9 and at
the Fe K edge of [Fe(H2O)6]3+ complexes in solution.10 In these
cases, the theoretical cross section calculated in the usual one-
electron approximation within the multiple-scattering (MS)
theory framework is not able to correctly reproduce the
experimental data. In particular, the low-energy part of these

XAS spectra shows the presence of features closely resembling
the main structures associated with the fully relaxed electronic
configuration that are not accounted for by the one-electron
approximation. A description of this phenomenon was given
some years ago, using a scheme that extends the one-electron
multiple-scattering theory to cases where the ground state is a
real many-body wave function accounting for different electronic
channels.11 This multichannel multiple-scattering (MCMS)
theory can be a valid aid in interpreting XAS experimental data,
although it has not been implemented in any computer code.

Until now, the problem of the influence of multichannel
contributions on the extraction of the structural parameters from
the XAS data has not been properly dealt with. These effects
are likely to affect the parameters linked to the amplitude of
the signal, such as the Debye-Waller (DW) factors and the
coordination numbers.

The aim of this paper is to investigate the influence of many-
body effects on the quantitative extraction of the structural
parameters from the X-ray absorption fine structure (EXAFS)
spectra. To this end, we will carry out an accurate XAS analysis
of Fe2+ and Fe3+ aqueous solutions that are ideal systems, as
the structural description of the hydration sphere of these ions
has been provided by a variety of experimental and theoretical
methods.12 By properly accounting for the presence of multi-
electron configurations, it is possible to improve the reliability
of the EXAFS analysis at the Fe K edge and to provide an
accurate determination of the hydration properties of the Fe2+

and Fe3+ ions. The contrasting coordination of these cations is
of significance in explaining fundamental aspects of electro-
chemical processes, and the redox reaction which couples these
ions is one of the most fundamental in chemical kinetics. Clearly
ferrous and ferric cations, and compounds of iron, are worthy
of deep investigation because of their presence in many
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commercially important processes, both as useful materials in
chemical reactions and as unwanted products due to corrosion.
Moreover, iron is one of the key elements in biology, and it
plays an important role in the activity of large biomolecules in
solutions. The results of this study provide the basis for the
quantitative analysis of the XAS spectra at the Fe K edge.

2. Methods

2.1. Experimental Spectra.Fe K-edge X-ray absorption
spectra of 100 mM Fe2+ and Fe3+ water solutions were recorded
at the ESRF (Grenoble, France), beam-line BM29,13 with ring
energy 6 GeV and ring current 175 mA. Samples were prepared
by dissolving FeSO4‚7H2SO4 and Fe2(SO4)3 in deionized water.
The pH of the solutions was 2 and 4 for Fe2+ and Fe3+,
respectively, and was fixed by controlled addition of HNO3.
Spectra were recorded in transmission mode using a Si(311)
double-crystal monochromator, detuned to 50% of the rocking
curve full width at half-maximum, for harmonic rejection. The
energy calibration was performed by recording the iron foil
spectrum. Data points were collected for 1 s each, and several
spectra were recorded and averaged. The solutions were kept
in cells with Kapton film windows and Teflon spacers of 0.8
µm.

2.2. EXAFS Data Analysis.To extract structural information
from the XAS spectra, we used an advanced theoretical scheme
based on a multiple-scattering formalism. The data analysis was
performed by means of the GNXAS code,14,15 which is based
on the calculation of the EXAFS signal and a subsequent
refinement of the structural parameters. The GNXAS method
accounts for MS paths, with correct treatment of the configu-
rational average of all the MS signals to allow fitting of
correlated distances and bond variances (Debye-Waller factors).

Recently, it has been shown that the inclusion of hydrogen
atoms is essential to perform a quantitative analysis of the
EXAFS spectra of 3d transition metal ions in water solution.16

Here, the hydrogen atoms were included both in the potential
and in the cross-section calculations. A correct description of
the first hydration sphere of ionic solutions has to account for
asymmetry in the distributions. Therefore, the Fe-O and Fe-H
two-body theoretical signals associated with the first-shell water
molecules were modeled withΓ-like distribution functions,17,18

which depend on four parameters: the coordination number,
N, the average distance,R, the mean-square variation,σ, and
the skewness,â. Note thatâ is related to the third cumulant C3

through the relation C3 ) σ3â, andR is the first moment of the
function 4π ∫ g(r)r2 dr. It is important to stress thatR is the
average distance and not the position of the maximum of the
peak (Rm). R is longer thanRm for asymmetric distributions,
while these values are equal for peaks which result in Gaussian
functions (â ) 0). The first-shell water signals were calculated
assuming an octahedral coordination of the water molecules
around the Fe ions.

Several EXAFS analyses on 3d transition metal aqueous
complexes pointed out the importance of accounting for MS
effects within the first hydration shell.16,19,20The strongest MS
contributions are generated by the three linear O-Fe-O
configurations due to the well-known focusing effect, which
enhances the amplitude of the three-body signals associated with
linear configurations. Nevertheless, the MS signals associated
with the 12 rectangular O-ion-O triangles provide a detectable
contribution, and they have been included in the theoretical
curve.

Phase shifts were calculated using muffin-tin potentials and
advanced models for the exchange-correlation self-energy

(Hedin-Lundqvist).21 The values of the muffin-tin radii were
0.2, 0.9, and 1.2 Å for hydrogen, oxygen, and iron, respectively.
The muffin-tin radius of the hydrogen atoms, which corresponds
to about 0.06 electron for the integral of the charge density,
was adjusted so as not to overestimate the signal from the
scattering of hydrogen atoms, which is expected to be weak.
Inelastic losses of the photoelectron in the final state were
accounted for intrinsically by complex potential. The imaginary
part also includes a constant factor accounting for the core-
hole width (1.25 eV fwhm).22

The ø(k) theoretical signal is related to the experimental
absorption coefficientR(k) through the relation:

whereσ0(k) is the K-edge atomic cross section,J is the edge
jump, S0

2 provides a uniform reduction of the signal and is
associated with the many-body corrections to the one-electron
cross section, andb(k) is the background due to further
absorption processes. Double-electron excitations are accounted
for by modeling theb(k) function as the sum of a smooth
polynomial spline plus a step-shaped function, as described in
ref 23. Each function depends on three parameters, which
represent the edge position relative to the single-hole state,Ed,
the width,∆E, and the jump,H, of the double-electron channel
contribution. This background is then summed to the structural
contribution to build a theoretical signal that is fitted to the raw
data. It is well known that shake-up, shake-off, and resonant
channels contribute to double-electron photoexcitations, and,
while the onset of shake-up channels is quite sharp, shake-off
and resonant channels show large onsets at the threshold. The
step-shaped function used in our atomic background model
provides a good description of the shake-up channels only.
Nevertheless, this model function has been found to allow a
reliable extraction of the structural parameters, which are not
very sensitive to the fine details of the atomic background used
in the EXAFS analysis.7

Least-squares fits are performed by minimizing a residual
function of the type:

whereN is the number of experimental points,Ei,{λ} ) (λ1,
λ2, ..., λp) are thep parameters to be refined, andσi

2 is the
variance associated with each experimental point,Rexp(Ei). In
most cases,σi

2 can be directly estimated from the experimental
spectrum and akm weighting (with m ) 2, 3, ...) results in a
good approximation.15,23

The refinement of EXAFS spectra was performed using the
following structural parameters: the Fe-O and Fe-H first-
shell average distance,R, variance,σ2, and skewness,â; the
angle, θ, angle variance,σθ

2, bond-bond, FR1R2, and bond-
angle,FR1θ, dimensionless correlations for each 90° configura-
tion; the angle variance,σθ

2, and bond-bond,FR1R2, correlation
for each 180° configuration. The 180° angles were kept fixed
at their equilibrium extremal values. Details about this param-
etrization of the three-body configurations can be found in ref
15. Other important nonstructural parameters included in the
refinement were the energy difference between the experimental
and theoretical scale and the amplitude correction factorS0

2.

3. Results

3.1. Experimental Evidence of Multielectron Configura-
tions. The experimental XAS spectra of the [Fe(H2O)6]2+ and

R(k) ) Jσ0(k)[1 + S0
2ø(k)] + b(k) (1)

Rsq({λ}) ) ∑
i ) 1

N [Rexp(Ei) - Rmod(Ei; λ1, λ2, ...,λp)]
2

σi
2

(2)
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[Fe(H2O)6]3+ complexes are shown in the upper and lower
panels of Figure 1, respectively. Although these complexes are
expected to have the same local geometry, their XANES spectra
exhibit marked differences. The Fe3+ XAS cross section shows
a broader main resonance peak, with a shoulder at about 6 eV
from the first inflection point of the spectrum (feature A in
Figure 1), compared to the Fe2+ case. In a recent work, it has
been shown that this feature is not sensitive to pH changes and
does not have its origin in a structural contribution.10 All the
attempts to fit the Fe3+ XANES experimental data by means of
the MXAN procedure24,25 produced unrealistic coordination
geometries with a large mismatch between experimental and
best-fit theoretical data. In particular, the one-electron ap-
proximation within the MS theory framework is not able to
correctly reproduce the Fe3+ experimental data, and the low-
energy features of the spectrum can be accounted for by
considering a second excitation channel associated with an
electronic final state configuration different than that of the fully
relaxed one.10

Moreover, both the Fe2+ and Fe3+ water solution spectra show
the presence of sizable features at about 7180 eV that alter the
regularity of the first EXAFS oscillation, which is expected to
have a simple sinusoidal behavior due to the octahedral
symmetry of the first coordination sphere. Careful inspection
of the magnified region of the spectra shown in the insets of
Figure 1 reveals the existence of sharp features in the absorption
coefficient around 7188 and 7181 eV for Fe2+ and Fe3+,
respectively. Note that, in the case of Fe3+, this feature is broader
than the corresponding structure of the Fe2+ spectrum, resem-

bling the twin peak structure of the main transition edge. From
these findings, it seems that, even if the 1s3p channel is very
similar in the case of Fe2+ and Fe3+, the atomic background
for iron in different valence states is not completely transferable.
In a previous investigation, it was shown that a unique atomic
background can be defined for routine EXAFS analyses in the
case of gaseous compounds of arsenic in different valence
states.26 Nevertheless, in the EXAFS analysis context, use of a
fitting procedure that refines the parameters defining the atomic
background overcomes this problem.

The energy positions of these anomalous structures are
consistent with the energy onset of the 1s3p double-electron
transition predicted by the Z+1 approximation. This approxima-
tion is the atomic limit of the more general MCMS theory. The
channel assignments of Figure 1 have been obtained from the
experimental data with the use of a proper background model
as described in the previous section and confirmed by spin-
polarized X-R self-consistent field (SCF) potential calculations.
The identification of the 1s3s edge in the raw spectra is
hampered by the superimposition of the oscillating structural
contribution.

3.2. EXAFS Analysis of Fe2+ Aqueous Solution.To gain
full understanding of the effect of double-electron excitations
on the extraction of the structural parameters from the EXAFS
data at the Fe K edge, we performed a thorough investigation
of the [Fe(H2O)6]2+ spectrum. As shown in the previous section,
the Fe3+ water solution absorption cross section displays peculiar
structures that reflect the presence of two configurations in the
ground state which are not present in the case of Fe2+. For this
reason, the XAS analysis of the Fe3+ aqueous solution is
expected to be affected by the presence of both multielectron
excitations and multichannel processes, and a preliminary
analysis of the Fe2+ data has been undertaken in an effort to
shed light on the effect of double-electron excitations on the
EXAFS results only.

For an aqueous system, in which there is a rather high degree
of disorder, the XAFS oscillations are relatively weak and the
opening of multielectron excitation channels can significantly
distort the structural signal, especially fork smaller than 4 Å-1.
Yet, in the case of solutions and biological samples, where the
availablek range is usually narrow, it is important to extract
theø(k) to lowerk values to maximize the spatial resolution, to
better analyze asymmetric distribution functions, and to gain
structural information on smaller atomic number backscatterers.
In this case, it is crucial to efficiently remove multielectron
excitations from the experimental spectra to obtain reliable
structural information.

In the first step of the investigation, the low-energy region
of the [Fe(H2O)6]2+ spectrum comprising the double-electron
channels was not considered, and the EXAFS data analysis was
performed over the rangek ) 5.4-12.5 Å-1. The ø(k)
experimental signal was obtained by subtracting a smooth two-
segmented spline function, and an octahedral geometry was
considered for the first hydration shell.

The best-fit analysis of the Fe2+ water solution EXAFS
spectrum is reported in the upper panel of Figure 2. Theγ(n)

signals are shown multiplied byk2 in Figure 2 and in the other
figures throughout the paper for better visualization. The first
four curves from the top of the upper panel are the Fe-O and
Fe-H first-shellγ(2) contributions and the MS signals associated
with the 3 linear and 12 orthogonal O-Fe-O configurations.
The reminder of the figure shows the total theoretical contribu-
tion compared with the experimental spectrum and the resulting
residual. The agreement between the experimental data and the

Figure 1. Normalized K-edge absorption spectra of Fe2+ (upper panel)
and Fe3+ (lower panel) in water. Arrows refer to the thresholds for
shake-up channels involving the additional excitation of the 3p and 3s
electrons. The Fe3+ spectrum shows an additional structure (peak A),
which is associated with the existence of an additional electronic
configuration in the final state.
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theoretical signal is excellent and the residual curve contains
experimental noise only. The accuracy of the data analysis can
also be appreciated by looking at the Fourier transform (FT)
(non-phase-shift-corrected) of the experimental, theoretical, and
residual signals shown in the lower panel of Figure 2.

As expected, the dominant contribution to the total XAFS
curve is given by the Fe-O first-shell signal, but the Fe-H
contribution is clearly detectable up tok ) 10 Å-1. Conversely,
the amplitude of the MS signals associated with the O-Fe-O
linear and rectangular configurations is quite low in this region
of the spectrum. For this reason, the O-Fe-O three-body terms
were kept fixed to an octahedral configuration, the bond-bond
and bond-angle correlations have been assumed to be zero,

and only the angle variances were refined. The best-fit values
for the full set of structural parameters defining the Fe2+ first
hydration sphere are listed in Table 1. Statistical errors were
estimated by looking at the confidence intervals in the param-
eters’ space. Standard deviations and correlation effects were
obtained from correlation maps calculated for the parameters
of each shell. The estimated statistical errors associated with
the 95% confidence interval were obtained as described
elsewhere.15,27 The amplitude reduction factor,S0

2, was found
to be 0.94( 0.06, and the zero position of the theoretical scale
was found at 0.3( 0.3 eV above the first inflection point of
the spectrum.

It is worth stressing that the total number of parameters used
in the fit is 11 (three parameters for each two-body signal, since
the coordination numbers have been kept fixed, two angle
variances associated with the three-body terms, plus three
nonstructural parameters), and this value has to be compared
to the number of independent data points,NI ) (2δkδR/π) + 2
) 21, for δk ) 7.1 Å-1 and δR ) 4.4 Å.28 The independent
data-to-parameter ratio shows that the fit is overdetermined,
pointing to the reliability of the minimization. At the same time,
we are sure that the structural parameters obtained from this
analysis are not affected by the opening of the double-electron
excitation channels, which occur in the energy range below 5
Å-1.

In the second step of the investigation, the structural and
nonstructural parameters derived from the short-range analysis
were also used to calculate theø(k) signal in the low-energy
region where the 1s3s and 1s3p multielectron excitation edges
are present. A conventional three-region polynomial spline was
used to model the atomic background, while the theoretical
signals were calculated starting from the parameters previously
determined, without performing any minimization. The results
of this procedure are shown in Figure 3. The agreement between
the theoretical and the experimental signals is not satisfactory
in the low-k region of the spectrum, and the residual curve shows
a pattern with two step-shaped features around 3.9 and 5.3 Å-1.
The energy positions of these two structures (indicated in Figure
3 by arrows) correspond to the energy onsets of the 1s3p and
1s3s edges, respectively. As previously pointed out, even if the
intensity of the double-electron channels is only a few percent
of the single-electron transition, the amplitude and the frequency
of theø(k) first oscillation of the Fe2+ water solution spectrum
are clearly distorted. As a consequence, the structural results
obtained from a standard data analysis are expected to be
affected by systematic errors if the low-k region is included.

A quantitative description of the intensity and shape of the
multiexcitation edges was obtained using a proper model
background, which reproduces the steps and changes of slope
associated with the opening of double-electron channels. Ad-
ditional least-squares fits were performed over the rangek )
3.1-12.5 Å-1, and the background model was refined together
with the set of structural and nonstructural parameters mentioned

Figure 2. Upper panel: fit of the Fe2+ water solution EXAFS spectrum
performed over the rangek ) 5.4-12.5 Å-1. From the top to the
bottom, the following curves are reported: the Fe2+-O two-body first-
shell signal, the Fe2+-H two-body first-shell signal, the O-Fe2+-O
linear and orthogonal three-body signals, the total theoretical signal
(full line) compared with the experimental spectrum (dotted line), and
the residual curve. Lower panel: non-phase-shift-corrected Fourier
transforms of the experimental data (dotted line), of the total theoretical
signal (full line), and of the residual curve (dashed-dotted line).

TABLE 1: Structural Parameters for Fe 2+ and Fe3+ Water Solutions Obtained from the EXAFS Data Analysis

N R(Å) Rm (Å) σ2 (Å2) â

Fe2+-O short-range analysis 6a 2.12(1) 0.008(1) 0.3(2)
long-range analysis 6.0(2) 2.120(3) 2.100 0.0075(5) 0.3(1)

Fe2+-H short-range analysis 12a 2.85(5) 0.011(6) 0.5(3)
long-range analysis 11.9(3) 2.84(2) 2.82 0.011(4) 0.5(2)

Fe3+-O one-electron analysis 6a 2.010(6) 2.000 0.0053(5) 0.5(2)
MCMS analysis 6.0(2) 2.010(3) 2.000 0.0037(4) 0.5(2)

Fe3+-H one-electron analysis 12a 2.77(3) 2.72 0.0096(9) 0.8(3)
MCMS analysis 12.0(3) 2.77(2) 2.72 0.0080(8) 0.8(3)

a Fixed parameter. The estimated standard deviations are given within parentheses for refined parameters.
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above. The parameters defining the 1s3p and 1s3s double-
electron channels, obtained from the EXAFS minimization, are
Ed ) 59 and 108 eV,∆E ) 14 and 80 eV, andH ) 6 and 3%
of the main transition edge intensity, respectively. To confirm
these results and to provide a more accurate determination of
the energy position of these multielectron excitation processes,
we performed spin-polarized SCF calculations. These calcula-
tions were carried out by means of the standard SCF procedure,
using an electronic high-spin configuration and a perfect
octahedral geometry around the metal ion. The theoretical onset
value of the 1s3p double-electron edge, obtained as the
difference of the total energy between the 1sT1u

1 and the 1s 3p
T1u

1 vT1u
1 V electronic configurations was found to be 59.4 eV. As

far as the 1s3s channel is concerned, the energy difference
between the 1sT1u

1 and the 1s 3s T1u
1 VA1g

1 V is about 91.2 eV.
While the agreement between the experimental and calculated
values is very good in the former case, the discrepancy in the
latter case is on the order of 15%. This discrepancy could be
due to the contribution of the shake-off channel, which shows
a linear onset at the threshold with a large saturation range.

It is important to stress that even if the inclusion of each
double-electron threshold implies the use of three additional
adjustable parameters in the EXAFS data analysis, the extension
of the available energy-range (δk ) 9.4 Å-1) greatly increases
the number of independent experimental data points, and the
NI value supports the least-squares fitting procedure. Both the
spline and the double-electron channel parameters have been
found to be uncorrelated with the structural and nonstructural
parameters obtained from the fitting procedure. In this case,
the coordination number was also refined, and the statistical
error on this parameter was evaluated. The best-fit analysis of
the [Fe(H2O)6]2+ spectrum is reported in Figure 4. After removal
of multielectron excitations, there are significant improvements
in the agreement between the experimental and theoretical
curves in thek region below 5.4 Å-1, and the anomalous
structures in the residual curve are completely eliminated. The
Fourier transform moduli of the EXAFSø(k)k2 theoretical,
experimental, and residual signals calculated over thek range
3.1-12.5 Å-1 are shown in the lower panel of Figure 4. The
FT spectra show a prominent first-shell peak, which is due to
the Fe2+-O first-shell distance. A second peak is present in
the FT spectrum at about 2.4 Å, and it is associated with the
hydrogen atoms, while the contribution at about 3.8 Å is due
to the MS paths within the first hydration shell.

First hydration shell structural parameters derived from this
fitting procedure are presented in Table 1. These are not
significantly different from the corresponding values obtained
from the previous short-range analysis, even if the statistical
errors are smaller. This finding enforces the reliability of the
model atomic background used to extract theø(k) signal. Note
that the inclusion of the low-k region in the minimization allows
the refinement of the structural parameters associated with the
O-Fe-O three-body correlation functions. As already observed
in the case of 3d transition metal ions in aqueous solutions, the
amplitude of the MS paths within the first hydration shell is
stronger fork values below 5 Å-1, and the inclusion of this
energy region is essential to gain information on the three-body
distribution in solution.16 Here, the average O-Fe-O angle
value and the angle varianceσ2

θ were determined to be 178°
and 4°2 for the linear three-body configuration, while the bond-
bond correlation was found to be zero. Analysis of the MS signal
associated with the 12 O-Fe-O rectangular configurations
revealed an average angle value of 92°, with σ2

θ ) 6°2, while
bond-bond and bond-angle correlations were found to be
negligible. The nonstructural parameters were found to be equal
to those previously determined, within the reported errors.

Finally, it would be of interest to observe the effect of the
omission of the double-excitation contributions on the refined
structural parameters. A fitting procedure was applied to the

Figure 3. Comparison between the Fe2+ total theoretical curve (full
line) and theø(k) experimental spectrum (dotted line) extracted without
the inclusion of the double-excitation edges. The residual curve shows
the presence of two well-defined steps at about 3.9 and 5.3 Å-1, which
are associated with the KM23 and KM1 double-excitation edges.

Figure 4. Upper panel: fit of the Fe2+ water solution EXAFS spectrum
performed over the rangek ) 3.1-12.5 Å-1. From the top to the
bottom, the following curves are reported: the Fe2+-O two-body first-
shell signal, the Fe2+-H two-body first-shell signal, the O-Fe2+-O
linear and orthogonal three-body signals, the total theoretical signal
(full line) compared with the experimental spectrum (dotted line), and
the residual curve. Lower panel: non-phase-shift-corrected Fourier
transforms of the experimental data (dotted line), of the total theoretical
signal (full line), and of the residual curve (dashed-dotted line).

XAFS Analysis at the Fe K Edge J. Phys. Chem. A, Vol. 108, No. 20, 20044509



EXAFS spectrum, extracted with a conventional smooth spline
function over thek range 3.1-12.5 Å-1. In this case, the
agreement between the experimental and theoretical spectra is
remarkably worse, and the fit indexRsq becomes 1 order of
magnitude bigger than before. As far as the refined values are
concerned, the most evident effect was observed for the Fe-O
first-shell coordination number and the DW factor, while all
the other parameters were found to be equal to the previous
determination, within the reported errors. In particular, both the
coordination number and the variance associated with the Fe-O
two-body signal are underestimated by about 15% when double-
excitation effects are not included. Moreover, theS0

2 value
obtained from this minimization was 0.94, a value only slightly
smaller than the one obtained from the analysis accounting for
double-electron excitation effects. This result was previously
observed for other ions in water solution.29

3.3. EXAFS Analysis of the Fe3+ Aqueous Solution.The
EXAFS analysis of the Fe3+ aqueous solution spectrum was
performed along the line of the previous investigation. Least-
squares fits of the experimental spectrum were carried out over
the rangek ) 3.2-13.5 Å-1, and double-electron excitation
edges have been included in the atomic background, as
previously described. Theγ(2) andγ(3) signals associated with
the Fe3+ first hydration shell were calculated within the usual
one-electron scheme, and fitting procedures were applied to the
whole set of structural and nonstructural parameters in order to
improve, as far as possible, the agreement between the calculated
signals and the experimental spectra. When the first-shell
coordination number was allowed to vary in a wide range, the
best-fit value was found to be 4.5. For this reason, the
minimization was carried out using a fixed octahedral config-
uration of the water molecules around the Fe3+ ion, and the
full set of refined structural parameters is listed in Table 1. As
expected, both the Fe-O distance and the DW factor are lower
for Fe3+ than for Fe2+, due to the higher charge of the ion. The
refined values of the O-Fe-O angles and angle variances were
178° and 5°2, and 91° and 4°2 for the linear and rectangular
configurations, respectively. The bond-bond and bond-angle
correlations were found to be negligible, whileE0 andS0

2 were
1.5 ( 0.4 eV from the first inflection point of the spectrum,
and 0.97( 0.04, respectively.

Also, in this case, the inclusion of double-electron excitation
edges in the atomic background gives rise to an excellent
agreement between the experimental and theoretical spectra, in
a wide k range. The parameters defining the 1s3p and 1s3s
double-electron channels, obtained from the EXAFS minimiza-
tion, areEd ) 60 and 110 eV,∆E ) 12 and 60 eV, andH )
8 and 2% of the main transition edge intensity, respectively.
The results of the minimization are reported in Figure 5. Note
that the hydrogen signal is clearly detectable up tok ) 10 Å-1,
and its amplitude is slighter larger than that of the MS
contributions. The magnitude of the FT of the experimental,
theoretical, and residual signals is shown in the lower panel of
Figure 5. In this case, the three frequency components from
the Fe-O, Fe-H, and O-Fe-O configurations are clearly
separated by the transformation.

EXAFS investigations on ionic solutions can provide not only
reliable structural proprieties but also information on the ligand-
exchange process in the first hydration shell. Sham was the first
to point out that the ligand-exchange rate constant in water
solution of 3d metal ions is closely related to the EXAFS
Debye-Waller factor.30 More recently Miyanaga et al.31 showed
that theσ2 values do not reflect the real ligand exchange but
rather the intrinsic character of the metal-oxygen bond. The

rates of aqua metal ion substitution reactions, themselves, give
little insight into the exchange mechanism, which is a subject
of continuing debate and controversy. Today, there is a growing
acceptance in the literature that the ligand-exchange reaction
of 3d metal complexes is neither a dissociative nor an associative
process, because the leaving or entering ligand always remains
associated, to some degree, with the entire assemblage of
hydrogen-bonded water molecules in the first and second
hydration shells. A theoretical derivation of the correlation
between DW factors and ligand-exchange rate constantsk1 was
developed by Miyanaga et al.31 under the assumptions that the
reaction proceeds predominantly dissociatively and that the
Morse-type interatomic potential is operative as reaction
coordinate. According to this approach, the relation between
σ2 and logk1 becomes:

whereK is an arbitrary constant at a given temperature,r is the
ion-nearest-neighbor distance, andA is a parameter linked to
the maximum value of the ligand-exchange reaction rate
pertaining to the zero activation energy. In Figure 6, the (r2/
σ2)2 values associated with the first-shell oxygen atoms of some
3d metal ions in aqueous solution are plotted against logk1.
The parameters for Fe2+ and Fe3+ are those determined from

Figure 5. Upper panel: fit of the Fe3+ water solution EXAFS spectrum
performed over the rangek ) 3.2-13.5 Å-1. From the top to the
bottom, the following curves are reported: the Fe3+-O two-body first-
shell signal, the Fe3+-H two-body first-shell signal, the O-Fe3+-O
linear and orthogonal three-body signals, the total theoretical signal
(full line) compared with the experimental spectrum (dotted line), and
the residual curve. Lower panel: non-phase-shift-corrected Fourier
transforms of the experimental data (dotted line), of the total theoretical
signal (full line), and of the residual curve (dashed-dotted line).

(r2/σ2)2 ) K(log A - log k1) (3)
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the present EXAFS analyses, while for Ni2+, Co2+, and Zn2+,
r and σ2 values are taken from ref 16. The ligand-exchange
rate constant values are those reported in ref 31. All the EXAFS
results are consistent with a linear dependence, as stated by eq
3, with the exception of the Fe3+ ion, which is out of the straight
line by more than 3 times the value of the error bars. This is a
clear indication that the [Fe(H2O)6]3+ structural parameters
obtained from the EXAFS data analysis performed in the
framework of the one-electron approximation can be affected
by systematic errors.

As previously mentioned, the [Fe(H2O)6]3+ XANES spectrum
was interpreted assuming the existence of two electronic
configurations in the final state separated by an energy shift of
about 6 eV.10 According to the sudden limit of the MCMS
theory, the total cross section can be written as the sum of two
independent contributions, each of them arising from the
electronic configurations present in the final state.11 In particular,
the total cross sectionσ(ω) can be written as

where σ0(k0) and σ1(k1) are the partial cross sections corre-
sponding to the fundamental and excited electronic configura-
tions, with the wave vector given byk0

2 ) pω - Ic andk1
2 )

pω - Ic - ∆E. Ic is the photoemission binding energy and∆E
is the energy splitting between the two configurations in the
final state. The coefficientsaf

2 and bf
2 are the weights of the

two channels, and, for the [Fe(H2O)6]3+ complex, they were
determined to be 0.72 and 0.28 for the excited and fundamental
configurations in the final state, respectively.10

The presence of two channels with a comparable intensity is
expected to affect the EXAFS structural determinations, espe-
cially concerning the structural parameters related to the intensity
of the signal, and a deeper insight can be gained by using the
multichannel theoretical approach previously described for the
analysis of the EXAFS region. To this end, a further investiga-
tion of the [Fe(H2O)6]3+ EXAFS spectrum was carried out
accounting for the presence of two electronic configurations in
the final state. In particular, using the same hydration geometry,
we calculated two additional Fe-O and Fe-H γ(2) signals with
a k scale shifted by 6 eV. A model EXAFS spectrum was
generated by adding the Fe-waterγ(2) contributions associated
with the two channels, using weights of 0.72 and 0.28 for the
excited and fundamental configurations, respectively. The total

ø(k) signal was refined against the experimental data by using
a least-squares minimization procedure on a unique set of
structural parameters. In this case, the first-shell coordination
number was refined and a best-fit value of 6.0( 0.2 was found.
Figure 7 shows the results of this analysis; the curves reported
are the Fe3+-O and the Fe3+-H γ2 theoretical signals associated
with the excited and fundamental electronic configurations in
the final state, the total MS contribution, their sum compared
with the experimental data, and the residual. The agreement
between the calculated and experimental spectra is very good
and theRsq value is equal to the one obtained from the one-
electron analysis. The best-fit values are listed in Table 2. It is
interesting to note that the structural parameters defining the
frequency of the oscillation do not change with respect to the
one-electron analysis, while a decrease of about 40 and 15% is
obtained for the DW factors associated with the Fe-O and
Fe-H signals.

The two-channel EXAFS data analysis of the Fe3+ spectrum
gives rise to a lower DW factor, and the Fe3+-O first-shell-

Figure 6. Relation between the EXAFS first hydration shell structural
parameters of some metal ions (r is the first-shell distance andσ is the
Debye-Waller factor) and logk1 (k1 is the ligand-exchange rate
constant). The Fe3+ structural parameters refer to the EXAFS data
analysis performed in the framework of the one-electron approximation.

σ(ω) ) a2
fσ0(k0) + b2

fσ1(k1) (4)

Figure 7. Fit of the Fe3+ water solution EXAFS spectrum performed
over the rangek ) 3.2-13.5 Å-1 using the multichannel multiple-
scattering theory. From the top to the bottom, the following curves are
reported: the Fe3+-O two-body first-shell signals associated with the
excited (E) and fundamental (F) electronic configurations in the final
state, the Fe3+-H two-body first-shell signals associated with the
excited (E) and fundamental (F) electronic configurations in the final
state, the total O-Fe3+-O three-body signal, the total theoretical signal
(full line) compared with the experimental spectrum (dotted line), and
the residual curve. The weights of the two channels are 0.72 and 0.28
for the excited and fundamental configurations, respectively.

TABLE 2: Fe-O and Fe-H Bond Distances for Fe2+ and
Fe3+ Water Solutions

method/referencea Fe2+ Fe3+

RFe- O(Å)

XD, ND, EX/ref 10 2.10-2.28 1.99-2.05
NDIS/ref 33,34 2.12 2.01
MD(QM/MM)/ref 36 2.10 2.02
EX/this work 2.100 2.000

RFe- H(Å)
NDIS/ref 33,34 2.75 2.68
MD(QM/MM)/ref 36 2.83 2.72
EX/this work 2.82 2.72

a The methods are abbreviated as follows: ND, neutron diffraction;
XD, X-ray diffraction; EX, EXAFS; NDIS, neutron diffraction isotopic
substitution; MD, molecular dynamics; and QM/MM, quantum-
mechanical/molecular-mechanical.
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(r2/σ2)2 value is now in excellent agreement with the linear
dependence predicted by eq 3, as shown in Figure 8.

3.4. Structure of the Hydration Shells of Fe2+ and Fe3+.
Due to the important role of Fe2+ and Fe3+ in chemical and
biological processes, several experimental and theoretical studies
have been carried out on the hydration properties of these ions.
X-ray diffraction (XRD) and neutron diffraction (ND) are the
experimental techniques which have been most used for the
determination of the coordination properties of ionic, aqueous
solutions.12 An important advantage of neutron diffraction over
X-ray diffraction is the application of the isotopic substitution
method (NDIS), which compares experimental data of samples
with the same atomic composition, but different isotopes, for a
particular element.32,33 A peculiar and important characteristic
of the ND technique is the ability to determine the ion-H (or
ion-D) mean distance. Provided the ion-O distance is known,
the orientation distribution of the hydrated water molecules can
be obtained by neutron diffraction.32

All structural studies on the hydration properties of iron ions
confirm the existence of well-defined octahedral complexes with
Fe-O first-coordination peaks in the ranges 2.10-2.28 and
1.98-2.05 Å for Fe2+ and Fe3+, respectively.12,33An outstanding
experimental investigation was undertaken by Herdmann and
Neilson on 1m ferric and 1.52 M ferrous solutions,34,35 using
the NDIS technique, and the structural results obtained in this
study are listed in Table 2. The distances between the water
oxygens in the first hydration shell and the iron ions determined
in our investigation are in good agreement with these NDIS
results.

As previously mentioned, recent investigations have shown
that the inclusion of hydrogen-scattering phenomena is essential
to perform quantitative EXAFS analysis of aqueous solu-
tions.16,29 Here, the Fe-H contribution to the totalø(k) of
aqueous Fe2+ and Fe3+ is clearly detectable up tok ) 10 Å-1,
and the amplitude of the oscillations is about 15% of that of
the oxygens. Proof of the importance of the hydrogen contribu-
tion was obtained by performing additional fitting procedures
on the [Fe(H2O)6]2+ spectrum, which did not include the
hydrogen signal. The fitting procedures were applied both to
the structural parameters associated with the Fe-O SS and MS
signals and to the nonstructural and background parameters. It
is important to outline that theE0, the S0

2, and the double-
electron excitation values obtained from these minimizations

were equal, within the reported errors, to those determined from
the previous analysis including the hydrogen contribution. The
results of this minimization are shown in the upper panel of
Figure 9, where the total theoretical signal, including the Fe-O
first-shell and the MS contributions, is compared with the
experimental spectrum. The agreement between the experimental
and theoretical signals is not particularly good, and the residual
curve shows the presence of a leading frequency. The hydrogen
contribution can also be clearly detected in the real-spaceøj(R)
data shown in the lower panel of Figure 9. When the hydrogen
contribution is not included in the analysis, the theoretical curve
does not reproduce the peak at about 2.4 Å, which is clearly
associated with the hydrogen shell-distribution, as no other
structural contributions are present in this distance range. On
the other hand, the residual curve shows a well-defined peak at
about 2.4 Å. Our estimates of the Fe-H distance are slighter
longer than the values obtained from the NIDS investigations
(see Table 2). It is important to stress that theRvalues reported
in Table 1 are the average distances and not the positions of
the maxima of the Fe-H peaks (Rm). In the presence of
asymmetric distributions,R is longer thanRm, and the latter
value should be compared with the NIDS experimental results.
The Fe-H Rm values obtained from our analysis are 2.82 and
2.72 Å for Fe2+ and Fe3+, respectively. These values correspond
to a dipole orientation of the water molecules around the iron
ions, while the mean ion-hydrogen distances obtained from
the neutron diffraction studies imply a tilt angle for the ferrous
and ferric ions of 32° and 20°, respectively.34,35

A similar result was obtained from a previous EXAFS
investigation on a diluted Ni2+ aqueous solution, and, in this
case, the EXAFS ion-H distance was slightly longer than that
derived from neutron scattering.16,36 This discrepancy could
originate from the different concentration of the investigated
samples, as the NDIS experiments are carried out on quite
concentrated solutions (1 M is usually the lower limit). It is

Figure 8. Relation between the EXAFS first hydration shell structural
parameters of some metal ions (r is the first-shell distance andσ is the
Debye-Waller factor) and logk1 (k1 is the ligand-exchange rate
constant). The arrow shows the variation of the Fe3+ structural
parameters obtained when the EXAFS data analysis is carried out in
the framework of the multichannel multiple-scattering theory.

Figure 9. Upper panel: comparison between the Fe2+ EXAFS
experimental spectrum (dotted line) and the theoretical signal not
including the hydrogen contribution. Lower panel: non-phase-shift-
corrected Fourier transforms of the experimental data (dotted line), of
the total theoretical signal not including the hydrogen contribution (full
line), and of the residual curve (dashed-dotted line). A peak at about
2.4 Å is clearly detectable in the residual signal and is associated with
the hydrogen atoms.
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reasonable to expect a concentration dependence of the hydration
structure, and a tilted orientation of the water molecules could
be favored by the formation of significant numbers of cation
and anion ion pairs in the concentrated aqueous solutions. Proof
of this hypothesis can be obtained by comparing our results
with theoretical calculations. Recently, the hydration shell
structures of Fe2+ and Fe3+ ions have been studied by combining
ab initio quantum mechanical/molecular mechanical (QM/MM)
molecular dynamics simulations.37 The systems consisted of one
ion plus 499 water molecules, thus reproducing an aqueous
solution at infinite dilution. The characteristic values for the
Fe-O and Fe-H model distribution functions obtained are listed
in Table 2. In this case, there is a perfect agreement with our
EXAFS determination, both for the Fe-O and Fe-H first-shell
distributions. In this QM/MC molecular dynamics simulation,
the angleú, defined by the Fe-O axis and the dipole vector of
water, was used to characterize the orientation of water
molecules. The distribution of cosú displays only peaks centered
at-1.0 for both Fe2+ and Fe3+ (see Figure 2 of ref 37), pointing
to a dipole configuration of the water molecules, in agreement
with our results.

3.5. Discussion.Even if double-electron excitations and
multielectron configurations in the final state are accounted for
in the XAS data analysis using different approaches, these two
phenomena originate from the same physical process with
remarkably different intensities. In particular, the more the
electronic configuration giving rise to many-body processes
differs from the fully relaxed one, the lower the intensity of the
many-body effect.

All the phenomena connected to the excitation dynamics, such
as screening, polarization, relaxation, autoionization, etc., fall
outside the realm of effective one-electron theory and must be
treated on the basis of a general, many-body approach. The
multichannel generalization of the MS theory is made including
a channel index, which describes the final state of the excited
(N - 1) electron left behind by the photoelectron. In this way,
one can take into account all possible outcomes of the
photoemission process using a proper description of the (N -
1) electrons. All the states having one or more electrons in the
continuum, including both double photoionization processes and
the existence of excited electrons in a valence state, can be
treated on the same theoretical basis. Using this as a guide, it
is possible to understand the effect of the many-body phenomena
on the extraction of the structural information from the EXAFS
experimental data and to quantify their effect on the derived
structural parameters.

In this context, the analysis of the iron hydration complexes
is quite informative; as in the case of Fe3+, the multichannel
processes arise both from double-electron excitations and from
the presence of an additional electronic configuration in the final
state, while the Fe2+ XAS spectrum is only affected by the
opening of multielectron excitation channels. Investigation of
these two systems allows one to gain interesting insights into
the effect of both electronic dynamical processes on the
extraction of the structural parameters from the EXAFS data.
The omission of the 1s3p and 1s3s double-electron excitation
channels has been found to have a rather small effect on the
determination of the iron hydration complexes structural
parameters, even if the quality of the fit gets remarkably worse.
When multielectron photoexcitations are not accounted for, the
DW factors and the coordination numbers are slightly under-
estimated. Conversely, the presence of two excitation channels
in the low-energy region of the[Fe(H2O)6]3+ spectrum hampers
a reliable determination of the structural parameters when a one-

electron scheme is used in the data analysis, despite the very
good agreement between the theoretical and experimental
spectra. In particular, the parameters related to the amplitude
of the signal are affected by strong systematic errors, and when
the EXAFS analysis is carried out on systems with unknown
coordination geometries, it is not possible to determine the first-
shell coordination numbers correctly. On the other hand, the
presence of two electronic configurations in the final state makes
it very difficult to extract structural information from the
XANES spectrum. In this case, correct structural results can be
obtained only from an EXAFS data analysis carried out on the
basis of the MCMS theory.

4. Conclusions

A detailed investigation of the X-ray absorption spectra of
Fe2+ and Fe3+ aqueous solutions has been performed, and, for
the first time, the existence of double-electron excitation
channels at the Fe K edge has been clearly shown. Anomalous
features have been detected in the [Fe(H2O)6]3+ XANES
spectrum, which can be accounted for by considering two
electronic configurations in the final state.

The influence of multielectronic configurations on the extrac-
tion of the structural parameters from the EXAFS spectra has
been thoroughly investigated. Our analysis shows that the
omission of double-electron excitation edges gives rise to
slightly underestimated values of the first-shell coordination
numbers and DW factors. Conversely, if the [Fe(H2O)6]3+

EXAFS data analysis is carried out in the framework of the
one-electron approximation, the refined structural parameters
are affected by strong systematic errors; in this case, use of the
MCMS theory is mandatory.

From our analysis, the short-range hydration structure of Fe2+

and Fe3+ has been determined with high accuracy. The two ions
were found to be coordinated by six water molecules with iron-
oxygen distances of 2.120 and 2.010 Å for Fe2+ and Fe3+,
respectively, in agreement with previous experimental and
theoretical results. The EXAFS technique has been proven to
provide reliable structural information on the Fe-H pair
distribution functions. The Fe-H distances obtained from our
analysis are in remarkably good agreement with ab initio QM/
MM molecular dynamics determinations.

The results of the present investigation provide an invaluable
insight and guideline for the correct analysis of XAS spectra at
the Fe K edge.
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