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Structural parameters of the Sr2+ and, for the first time, of the Eu2+ ions in aqueous solution were determined
by the XAFS method. For the Sr2+, the use of an improved theoretical approach led to a first shell coordination
number of 8.0 (3), a Sr-O distance of 2.600 (3) Å and a Debye-Waller factor ofσ2 ) 0.0126 (5) Å2. These
results were confirmed by an analysis performed with experimental phase and amplitude, extracted from the
solid reference compound [Sr(H2O)8](OH)2. The same theoretical approach was used for the analysis of the
Eu2+ XAFS spectra in aqueous solution. This gives a first coordination shell of Eu2+ formed by 7.2 (3) water
molecules, an Eu-O distance of 2.584 (5) Å, and a high Debye-Waller factor ofσ2 ) 0.0138 (5) Å2. Whereas
Eu3+ occurs as an equilibrium between the [Eu(H2O)8]3+ and the [Eu(H2O)9]3+ ions, Eu2+ occurs in aqueous
solution as an equilibrium between a predominant [Eu(H2O)7]2+ ion and a minor [Eu(H2O)8]2+ species.

Introduction

Eu2+ is isoelectronic to Gd3+ and shows similar magnetic
properties. The high magnetic moment (S) 7/2) of both ions,
associated to relatively slow electron spin relaxation rates, makes
them an ideal choice for nuclear magnetic relaxation enhance-
ment,1 a highly regarded property in contrast agents for medical
magnetic resonance imaging.2 Unfortunately, Eu2+ is unstable
in aqueous solution3 as it reacts quickly with oxygen and is
slowly oxidized by water.4 We have recently demonstrated that
carefully prepared samples are sufficiently stable to be studied
over several hours.5 Little is known so far about the Eu2+ ions
in aqueous solution.6 By 17O NMR, it has recently been found
that Eu2+ shows the fastest water exchange process measured
so far by this technique.5 Because structural parameters of the
first coordination shell, like the coordination number and the
metal-oxygen distance, were unknown, assumptions had to be
made on the basis of comparison with the available Sr2+ data.

Few direct methods are currently available to determine
structural parameters such as the metal-water distance and the
coordination number in aqueous solution. X-ray scattering needs
highly concentrated solutions. Structural investigations using
the neutron diffraction difference technique are based on the
availability of pairs of isotopes with sufficiently different
coherent neutron scattering lengths (for lanthanides: Nd, Sm,
Dy, Yb).7 As the stable151Eu and153Eu isotopes have too similar
coherent scattering lengths, the neutron diffraction difference
technique cannot be performed. The large angle X-ray scattering
(LAXS) method gives weighted contributions of all interatomic
distances in the sample. In aqueous solution, there is severe
overlap between the metal-oxygen distances, and the water-
water distances from the bulk, and a difference procedure must
be applied.8 The X-ray absorption fine structure (XAFS) method
has become an important experimental method for the examina-

tion of the local atomic environment in both solid and liquid
states.9 Trivalent lanthanide ions in aqueous solution have been
studied by XAFS during the past decade,10,11 but only very
recently has an X-ray absorption near-edge structure (XANES)
been reported on the Eu2+ ion in solution.12 It showed that white
line positions and amplitudes differ substantially between di-
and trivalent europium ions: the white line of Eu3+ appears in
the energy region of Eu2+ XAFS. Therefore, even small amounts
of Eu3+ present in solution make the analysis of Eu2+ XAFS
spectra difficult, which may explain why no XAFS structural
data of Eu2+ in aqueous solution have been published so far.

As Sr2+ is similar in size (ionic radii are, respectively, 1.25
and 1.26 Å for the octacoordinated Eu(II) and Sr(II) ions)13 and
shows a similar chemistry,14 this alkaline earth metal is often
used as an easy-to-handle model compound for the unstable
europium(II) ion. In recent years, several studies on Sr2+ in
aqueous solution using XAFS,15-21 neutron22 and X-ray23

diffraction, and molecular dynamics simulation24,17,21have been
performed. Unfortunately they showed widespread results
concerning Sr-O distances as well as coordination numbers
(from 7 to 10).

In the present work, the experimental L3-edge XAFS spectra
of Eu2+ in aqueous solutions as well as the Sr2+ K-edge have
been measured, analyzed, and compared using the cumulant
approach combined with efficient analysis techniques.25,26Both
theoretical (calculated ab initio27) and experimental (extracted
from aqua ion crystalline reference28) phases and amplitudes
have been used.

Experimental Section

Chemicals.[Eu(H2O)9](O3SCF3)3 was prepared as described
in the literature.29 [Sr(H2O)8](OH)2 crystalline compound (98%)
was purchased from Acros. Both compounds were checked by
single-crystal X-ray diffraction.29,1698% CF3SO3H (triflic acid)
was purchased from Aldrich Chemicals. All commercial com-
pounds were used as received.

Preparation of the Samples.An Eu3+ aqueous solution (0.15
M) was prepared by dissolution of the trifluoromethansulfonate
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(triflate) salt into diluted triflic acid (5× 10-2 M). The strontium
triflate solution (0.14 M) was obtained by dissolution of the
hydroxide salt in water followed by addition of an excess of
98% triflic acid (final acid concentration: 5× 10-2 M).

The Eu2+ solutions were prepared electrochemically from an
europium(III) triflate stock solution (0.15 M) in 0.1 M triflic
acid using controlled potential coulometry in a homemade
electrolysis cell14 at a potential of-0.9 V vs Ag/AgCl. After
complete reduction, the samples were taken out with a syringe
and filled into a round-bottom flask, sealed with a septum to
avoid oxygen contamination. Additionally, the solutions were
treated by amalgamated zinc just before the XAFS measure-
ments to avoid traces of Eu3+. The 5% amalgamated zinc
pellets30 were prepared from analytical grade zinc purchased
from Merck. Eu2+ concentrations were checked using the
procedure described elsewhere.14 The L3-edge XANES mea-
surements (see below) have confirmed that sealed oxygen-free
samples of Eu2+ (0.15 M) aqueous solutions are stable in the
multipurpose cell we used for at least 5 h.

The reference crystalline sample [Sr(H2O)8](OH)2 was finely
ground and mechanically mixed with cellulose powder under
nitrogen atmosphere to give pressed pellets with thickness
chosen to obtain an absorption jump value of about 1.

To avoid oxidation of Eu2+ samples and carbonation of
[Sr(H2O)8](OH)2, manipulations were performed under nitrogen
or argon atmosphere.

XAFS Measurements.XAFS measurements of europium and
strontium solutions were performed on the beam line BM29 of
the 3rd generation synchrotron radiation facility ESRF (Greno-
ble, France). Electron-beam energy and average current were
6.0 GeV and 200 mA, respectively. The XAFS spectra of the
Eu L3-edge (6976 eV; scan 6900-7650 eV) and Sr K-edge
(16105 eV; 16 000-17 000 eV) were measured in transmission
mode. The synchrotron radiation was monochromatized using
the Si(111) double-crystal monochromator and 50% of harmonic
rejection was achieved by slightly detuning the two crystals from
parallel alignment. The experimental spectra were measured
using two ionization chambers (He+ N2 mixture for Eu, and
He + Ar mixture for Sr measurements) with a variable step in
the wave-vector range of 0.025 Å-1, a count rate of 1 s per
point, and an energy resolution of 0.7 eV. The white line (WL)
edge positions were reproducible with a precision better than
0.1 eV. A multipurpose X-ray absorption cell31 was used for
the in-situ XAFS measurements of sealed oxygen-free solutions.
The measurements were done at an optical length of 1 mm for
Eu and 4 mm for Sr, resulting in values of the absorption jump
of about 0.5 (WL amplitude about 2) for Eu and about 1 for Sr.
To estimate the saturation effect on the WL amplitude, additional
measurements for europium solutions were done at different
optical lengths (1, 1.5, and 2 mm). At least two complete and
identical XAFS scans were collected for each solution. The
kinetics of the Eu2+oxidation was followed by 10 successive
scans in the XANES region.

Additional strontium solution measurements and all the solid-
state strontium XAFS spectra were recorded at LURE (Orsay,
France) on the DCI D42 (XAFS 13) beam line (1.85 GeV and
320 to 250 mA) on the Sr K-edge (16105 eV; scan 16000-
17200 eV). The synchrotron radiation was monochromatized
using a Si(331) channel-cut monochromator. The experimental
spectra were measured by two ionization chambers filled with
Ar with a count rate of 1 to 3 s per point. The solution sample
was measured in the same multipurpose X-ray absorption cell
with an optical path length of 4 mm resulting in an absorption

jump of about 1. All samples were measured at room temper-
ature.

Data Analysis. The experimental XAFS data were treated
using the EDA software package.32 The X-ray absorption
coefficientµ(E) ) ln(I0/I) was obtained from the intensities of
the synchrotron radiation, measured before (I0) and after (I) the
sample. Particular attention was devoted to the XAFS zero-
line removal (background and multielectron contributions)
through a multistep polynomial/cubic-spline procedure.33 The
obtained XAFS spectra,ø(E), were converted to thek-space of
the photoelectron wavevector, defined ask ) x(2m/p2) (E -
E0) , where (E - E0) is the photoelectron kinetic energy
measured. In the case of the L3-edge of rare earth elements,E0

is located at energies higher than the white line.34 For Eu3+

and Eu2+ the energiesE0 were located at ca. 2 eV above the
white line maxima. For Sr, the energyE0 was located above
the first inflection point and about 3 eV below the maximum.
The experimental XAFS spectraø(k) of both Eu and Sr were
multiplied by a factork3 to compensate for the decrease of
amplitude with increasing wave-vector value.

The experimental XAFS spectra were Fourier transformed
(FT) with a Kaiser-Bessel window in the 0-14 Å-1 range for
both Eu and Sr. The experimental spectra were compared with
the corresponding first shell XAFS spectrum filtered by back
Fourier transform in the 1.1-2.7 Å range for both Eu L3-edge
and Sr K-edge. The differences, or residual curves, show the
presence of well-defined peaks (Figure 1) corresponding to
multielectron transitions.11,18 These peaks were removed from
the experimental XAFS spectra on appropriate ranges, given in
Table 1.

The resulting spectra were then Fourier transformed using a
photoelectron phase shift correction, and the first shell XAFS
contributions were singled out by back FT procedure in the 1.9-

Figure 1. Comparison between the experimental XAFS spectra before
(‚‚‚) and after correction (s) for the multielectron transition contribu-
tions (- - -) both for (a) 0.14 M Sr2+ and (b) 0.15 M Eu2+ ions in
aqueous solution.
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3.2 Å range for both Eu2+ and Sr2+. Use of the phase shift
correction (see below) allowed us to reduce the nonstructural
peaks distorting the baseline, and led to a significant sharpening
of the first shell peak (Figure 4), allowing a more precise Fourier
filtering. The successive subtraction of multielectron transition
contributions and the use of the corrected Fourier filtering
procedure led to a real increase in the fitting reproducibility
when changing the∆k fitting range.

The first-shell XAFS spectra were fitted using the single-
scattering curved-wave formalism with cumulant expansion:25

where N is the coordination number;C2 ) σ2 is the Debye-
Waller (DW) factor (in harmonic approximation). The higher-
order cumulantsC3 and C4 characterize the deviation of the
distribution of distances from a Gaussian shape. The first
cumulantC1 is closely related to the interatomic distanceR. To
obtain the real mean distanceR, the following expression35 has
to be applied:

This correction is particularly important for systems with a large
DW factor, as for the Eu2+ and Sr2+ aqua ions. From calculated
λ(k) functions, the 1+C1/λ term has been approximated to 1.2,
leading to an uncertainty of 0.0005 Å on distances.

λ(k) ) k/Γ is an adjustable function that models the lowk
damping factors. The FEFF6 code27 already includes in the
calculated scattering amplitude functionsf(π,k) damping factors
to take into account the photoelectron mean-free path and the
core-hole level lifetime using the Hedin-Lundqvist potential.
However, we allowed theΓ parameter to vary during the fitting
procedure, for fine adjustment between these theoretical con-
tributions and the experiment. This parameter also allows us to
compensate for the FT boundary effects, or the resolution
difference between spectra recorded at LURE or ESRF.

In this paper, the strontium XAFS data were analyzed using
two different approaches: the phasesφ(π,k) and amplitudes
f(π,k) were either calculated or obtained experimentally from a
crystalline aqua ion reference.

Theoretical backscattering amplitudes and phases were cal-
culated by the FEFF6 code27 using different clusters that mimic
the possible environment of the Eu2+ and Sr2+ ions in aqueous
solutions, respectively. The choice of the clusters used will be
discussed later in the article but were based in all cases on the
[Sr(H2O)8](OH)2 crystalline coordinates.16

As the threshold energy of the photoelectronE0 is defined in
the FEFF6 code27 relative to the Fermi level and depends on
the muffin-tin radii, the spectra have to be corrected to avoid
E0 difference errors in the fitting process. Consequently, the
phase differences between theoretical and experimental spectra

were set to zero at lowk, according to Bunker and Stern’s
criterion,36 and E0 was allowed to vary for fine adjustment
during the fitting procedure.

Experimental f(π,k) and φ(π,k) were extracted from the
experimental XAFS data obtained on the crystalline [Sr(H2O)8]-
(OH)2. These functions were obtained assuming Gaussian
distribution with N ) 8 andR ) 2.619 Å, from the crystal-
lographic data,16 andσ2 ) 0.0117 Å2 from the fit with theoretical
phase and amplitude.

Note that use of experimental phases and amplitudes allows,
to a certain extent, the compensation of systematic errors as
they include the contribution of the mean free path, of the mul-
tielectron amplitude reduction factor S0

2, of glitches and reso-
lution, reducing the number of adjustable parameters, and
consequently increasing the reliability of the fitted results. To
ensure the phases and amplitudes transferability, and to allow
estimation of systematic errors, all the data were analyzed in a
similar way, using the same theoretical phases and amplitudes,
filtering procedures and parameters.

Results and Discussion

Eu3+ Contamination. It was early recognized that the two
valence states of Eu2+(4f7) and Eu3+(4f6) can be easily distin-
guished by XANES spectroscopy due to the different threshold
energies (about 8 eV) of their white line (WL) resonance which
correspond to the transition to the unoccupied 5d-states.37,38The
basic reason for this difference is the lower binding energy of
the respective core electrons caused by the shielding of the
nuclear potential through the additional 4f-electron.37 The
experimental XANES spectra (Figure 2) on the Eu L3-edge of
Eu2+ and Eu3+ aqueous solutions are in good agreement with
recently published results.12 The Eu2+ XANES spectrum consists
of a dominant WL (normalized amplitude 3.2 at 6974 eV) and
a very weak peak around 6982 eV. This peak can be attributed
either to the traces of Eu3+ ion (WL) or to multiple-scattering
effects or to a combination of both. Note that the Eu3+ aqua
ion XANES spectrum consists of a WL with normalized
amplitude 4.3 at 6982 eV and also a weak peak at ca. 6994 eV,
commonly attributed to multiple-scattering effects.39 By analogy,
it is reasonable to consider that the very small peak present in
the Eu2+ solution treated with amalgamated zinc can be
attributed solely to multiple scattering effects and no more to
Eu3+ contamination. No oxidation occurs in the XANES spec-

TABLE 1: Multielectron Transition Positions, and
Corresponding Corrected k-Ranges in the Experimental
XAFS Spectraa

MET position corrected range

Sr K-edge1s3d 6.4 5.9-7.3
Sr K-edge1s3p 8.9 8.3-9.2
Eu L3-edge2p4d 6.1 5.3-6.8

a Every value is given in Å-1.

ø(k) ) N

kC1
2

f(π,k) exp(-
2C1

λ(k)) exp(-2C2k
2 + 2

3
C4k

4)
sin(2kC1 - 4

3
C3k

3 + φ(π, k)) (1)

R = C1 + (2σ2/C1) (1 + C1/λ) (2)

Figure 2. XANES spectrum of a 0.15 M Eu2+ solution just after
treatment by amalgamated zinc ()), its evolution in an open cell
showing oxidation by air (-), and XANES spectrum of a pure 0.15 M
Eu3+ solution (- - -).
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trum of the freshly reduced Eu2+ solution after 1 h of mea-
surement. If we assume the freshly reduced solution to be free
of Eu3+ ions, we can estimate the Eu3+ contamination after 5 h
to ca. 2%. A further reduction by addition of amalgamated zinc
leads to the original spectrum, confirming the multiple scattering
hypothesis.

In situ XANES measurements after exposure of the solution
to oxygen show a decrease with time of the Eu2+ WL (6974
eV) and an increasing amplitude of the peak at 6982 eV (Figure
2). This is a clear indication of Eu2+ oxidation to Eu3+. From
the different sets of data collected for contaminated Eu2+ solu-
tions, we can evaluate the maximum quantity of Eu3+ present
in the freshly reduced Eu2+ solution to less than 1%.

The experimental XAFS spectraø(E) of the Eu2+ and Eu3+

aqueous solutions show destructive interference when plotted
versus an energy scale (Figure 3) due to their differentE0

energies (∆E0 ∼ 8 eV). Additionally, we observe that the Eu3+

XAFS spectrum is about twice as high as the Eu2+ one, for the
same europium concentration. Consequently, even traces (down
to 5%) of Eu3+ in solution make the analysis of Eu2+ XAFS
spectra very difficult and can lead to a misinterpretation of the
data and wrong coordination numbers and distances. This may
explain why no XAFS data of Eu2+ in aqueous solution have
been published so far whereas XANES results are present in
the literature.12

Strategy for the Choice of the XAFS Reference.A wide-
spread range of coordination numbers is reported for the Sr2+

ion in aqueous solution, from 7.3 to 10.3, with a majority of
values around 8.15,18 Attempts to determine the coordination
number of metal aqua ionswithoutusing appropriate calibration
compounds may give large errors.16 A good reference should
provide the metal center with a local environment which mimics
its environment in aqueous solutions,46 e.g., an 8-coordinated
aqua ion with a narrow distribution of distance. The octahydrated
strontium hydroxide [Sr(H2O)8](OH)2 is the best candidate as
it crystallizes in the solid state with a Sr2+ ion surrounded by
eight water molecules in a distorted square antiprism with a
mean distance of 2.619 Å (corresponding to two distances of
2.613 and 2.625 Å) and 24 oxygen atoms from 4.630 to 4.875
Å, from both hydroxide ions and second sphere water mol-
ecules.16

The corresponding Eu2+ compound has not been isolated yet.
Only a monohydrated europium(II) hydroxide has been obtained,
but it reacts with water to yield Eu(OH)3. To find an alternative

europium(II) experimental reference, XAFS spectra were re-
corded for the hexacoordinated SrO,40 the octacoordinated
SrSO4

41 and the enneacoordinated [Sr(H2O)6]Cl242 and SrCO3,43

as they are supposedly isostructural to their europium(II)
homologues.44,45 All but the oxide proved to have too large a
distribution of distances to allow the extraction of transferable
phase and amplitude functions.

However, cubic SrO containing only one distance in the first
shell is not a very good reference for the aqueous solution, as
it is 6-fold coordinated and possesses a rather short Sr-O
distance. As Palmer et al.17 found that the coordination number
of 7.7 was increased by 3-4 when using experimental phases
and amplitudes from SrO instead of the SrO-like cluster (with
Gaussian formalism), we can reasonably think that the use of
EuO experimentalf(π,k) and φ(π,k) will neither confirm nor
invalidate the coordination obtained with Eu L3-edge theoretical
phases and amplitudes.

Until now, no europium(II) crystal pure and stable enough
to be used as an XAFS reference compound has been obtained.
However, for the strontium solution, we have found an excellent
agreement between the structural parameters obtained using
phases and amplitudes extracted from solid [Sr(H2O)8](OH)2,
on one hand, and from a purely theoretical approach, on the
other. This agreement validates the theoretical approach for the
Sr2+ aqua ion, and allows us to use a similar approach for the
Eu2+ aqua ion, based on the [Eu(H2O)8](OH)2 cluster.

Multielectron Transition Effect. A number of authors15,16,18

have already mentioned the presence of anomalous features in
the Sr2+ aqua ion XAFS spectrum. Persson16 encountered
difficulties in determining a coordination number because of a
“curious feature” at ca. 6.4 Å-1, with a shape that cannot be
modeled by normal curve-fitting.16 Having no plausible expla-
nation, but suspecting an electronic transition origin, he resolved
to fix the coordination number to 8 when fitting the experimental
XAFS curves. D’Angelo et al.18 proved that these anomalies
originated from the simultaneous excitation of1s4s, 1s3d,and
1s3pelectrons and led to distortions in the XAFS spectrum at
about 3.4, 6.4, and 8.9 Å-1, respectively. In most cases, the
multielectron transitions (MET) do not disturb the XAFS
analysis, as their intensities are low, compared to the oscillations
amplitude. In our case, these anomalies result after Fourier
transform in humps distorting the base of the major peak
standing for the first sphere Sr-O peak, especially at low
distances. These humps prevent good first shell filtering of the
experimental XAFS spectra by back Fourier transform, and
induce an even greater distortion in the resulting curve.

The presence of sharp contributions modifying the fine
structure beyond the absorption edge and consequently distorting
the XAFS spectrum have also been reported in the case of the
tripositive rare-earth L3 edges and attributed to2p4d double-
electron transitions.11 Figure 1b shows that similar MET features
are found for the Eu2+ solution at ca. 6.1 Å-1.

These distortions increase the error in the determination of
the structural parameters, and also decrease the fitting reproduc-
ibility when changing the∆k fitting range. The multielectron
excitation background being not properly described by the
standard multistep polynomial/cubic-spline functions used in
zero-line removal procedures,18 we decided to remove the
anomalous distortions following a procedure analogous to the
one used by Solera et al.11 This procedure, combined with the
phase shift corrected Fourier filtration, allowed us to lower our
fitting errors by 1 order of magnitude. The fittings performed
without MET removal show a 10% increase of the coordination
number. The quality of the removal procedure can be checked

Figure 3. Experimental XAFS spectrum vs energy of 0.15 M Eu2+

(-) and 0.15 M Eu3+ (- - -) aqueous solutions, showing destructive
interference between the experimental Eu2+ and Eu3+ spectra.
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directly by a simple Fourier transform, with the disappearance
of the nonstructural peaks (Figure 4) previously observed by
Pfund (Figure 4 of ref 15), Persson (Figure 8a of ref 16),
D’Angelo (Figure 2 of ref 18) and Parkman (Figure 6 of ref
20).

Influence of the Hydrogen Atoms in Cluster Calculations.
Due to the lack of an appropriate solid reference compound for
the study of Eu2+ solutions, it is extremely important to
determine the theoretical phase and amplitude with the highest
absolute accuracy. The methodology will be tested on a
strontium solution for which a good solid reference compound
is available. To obtain good theoretical phases and amplitudes,
the choice of an appropriate cluster is crucial. Palmer et al.17

concluded, after extensive calculations performed on Sr2+

clusters with ca. 20 water molecules taken from Molecular
Dynamics simulations, that the presence of hydrogen atoms on
the water molecules distorts the FEFF6 theoretical calculations
and leads to an underestimation of the coordination number by
2 or 3. As the [Sr(H2O)8](OH)2 mimics best both the first and
second hydration shell of the strontium aqua ion in solution,
we tested several approaches on the basis of its crystal structure
coordinates16 with (a) all the oxygen and hydrogen atoms, i.e.,
Sr(OH2)8(H2O)16(OH)8 (1); (b) all the oxygen and only the
second sphere hydrogen atoms, i.e., SrO8(H2O)16(OH)8 (2); (c)
only the SrO8O24 cluster (3); (d) only the SrO8 cluster (4). Figure
5 compares the FEFF6 calculations for the XAFS first shell
contribution of these clusters to the experimental [Sr(H2O)8]-
(OH)2 spectrum. The calculated curve closest to the experimental
reference is the cluster2, with all the oxygen atoms and only
the second sphere hydrogen atoms.

Figure 6 shows that the theoretical amplitude functions,
calculated by the FEFF6 program are significantly influenced
by the presence of hydrogen atoms (due to mean free path
damping factors). This is not surprising as inelastic scattering
processes are dominated by weakly bound electrons.46 Moreover
the presence of hydrogen atoms leads to an anomalous decrease
of oxygen muffin-tin (MT) radius in the FEFF6 program from
about 1.2 to ca. 0.7 Å (Table 2), whereas they are not supposed
to take part in the Sr-O scattering phenomenon. As the MT
approximation starts from overlapped spherically averaged
relativistic atomic charge densities, the presence of close
hydrogen atoms lowers the first sphere oxygen MT radius, and
consequently increases the strontium MT radius (by at least 0.1

Figure 4. Comparison between Fourier transforms (modulus and
imaginary parts) of the experimental XAFSø(k)k3 spectra of: (a) 0.14
M Sr2+ solution (- - -) and solid [Sr(H2O)8](OH)2 (-‚-‚-) (LURE),
(b) 0.14 M Sr2+ (- - -) and 0.15 M Eu2+ (-) solutions (ESRF).
These Fourier transforms have been corrected for the photoelectron
phase shift using the theoretical phase and amplitude, and the Eu2+

solution imaginary part has been inverted for clarity.

Figure 5. Experimental XAFS spectrum of the [Sr(H2O)8](OH)2 solid
compound ()) compared with the theoretically calculated spectra based
on the following clusters: Sr(OH2)8(H2O)16(OH)8 (1: - - -), SrO8-
(H2O)16(OH)8 (2: s), SrO8O24 (3: ‚‚‚), and SrO8 (4: ‚-‚-). These curves
have been corrected for the experimental threshold energyE0 and DW
factor.

Figure 6. Theoretical backscattering amplitudes calculated by the
FEFF6 program including mean free path damping factor exp(-2R/λ)
for the following clusters: Sr(OH2)8(H2O)16(OH)8 (1: - - -), SrO8-
(H2O)16(OH)8 (2: s), SrO8O24 (3: ‚‚‚) and SrO8 (4: ‚-‚-).

TABLE 2: Muffin-Tin Radii ( RMT) for the First
Coordination Shell Atomsa

calculation cluster RMT (Sr) RMT (O)

1st and 2nd shell H 1 1.610 0.678
2nd shell H only 2 1.491 1.143
SrO8O24 3 1.467 1.209
SrO8 4 1.448 1.166

a All the muffin-tin radii are given in Å.
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Å). By removing the hydrogen atoms of the first sphere water
molecules, the two MT radii remain unchanged and a realistic
amplitude function is obtained. The eight hydroxide hydrogen
atoms of the 2nd shell are pointing toward the first sphere
oxygen atoms,16 and recreate a realistic inelastic scattering
background. The presence of this hydrogen pseudo-layer located
about 1 Å farther than the actual first sphere water hydrogen
atoms seems to compensate to a certain extent for the flaws of
the model, and reproduces well the experimental spectrum as
was shown in Figure 5.

As a consequence, cluster2 was chosen as a reference to
analyze the strontium K-edge spectra. For the Eu L3-edge, a
similar cluster, with all the oxygen atoms and only the second
sphere hydrogen atoms around the Eu2+ ion was used, and a
scaling factor of 0.99 was applied to take into account the radius
contraction from Sr2+ to Eu2+.13

Results for the Sr2+ Aqua Ion. The FT of the Sr experi-
mental XAFS spectrum in both solution and solid state consists
of only one contribution near 2.6 Å, corresponding to the first
coordination shell (Figure 4a). In the liquid phase, the absence
of any significant contribution from the second hydration shell
and from the multiple scattering in the XAFS FT is due to a
highly disordered first shell and a diffuse second sphere, as
already shown by Persson’s16 LAXS measurements. In the solid
[Sr(H2O)8](OH)2, the presence of strong thermal and structural
disorder in the second coordination sphere (3 different Sr-O
distances from 4.6 to 4.8 Å) explains the absence of such
contributions, therefore, taking into account only the first
coordination shell is sufficient in first approximation to interpret
the experimental XAFS spectra in both states.

Table 3 summarizes the results from the analyses using both
experimental and theoretical phases and amplitudes, and shows
the good agreement of the two approaches in the case of the
Sr2+ aqua ion. The experimental XAFS spectraø(k)k3 after first
shell filtering and the corresponding spectra, calculated from
the parameters presented in Table 3, are compared in Figure 7.
The very low residual intensities (dotted lines) demonstrate the
excellent quality of these fits. The statistical errors presented
in Table 3 have been evaluated accounting for correlations
among parameters, by extensive fittings of the experimental first
sphere XAFS spectra, changing the fitting intervals. Outside
the fitting intervals indicated in Table 3, the fitting errors were
at least doubled.

One may wonder why we did not refine the structural
parameters directly from the unfiltered data and why we went
through a complex procedure of windowing, removal of multiple
excitation contributions, and back Fourier transforming. In fact,
we did try to analyze directly the unfiltered data, but the fitted
parameters were dependent on the∆k fitting range and on the
fitting procedure. To obtain coherent structural parameters from

the unfiltered data, we proceeded in the following manner:
f(π,k) and φ(π,k) functions were extracted from the filtered
ESRF XAFS spectra considering theN, R,and DW (C2) values
presented in Table 3. A final refinement was then performed
for each ion on the original unfiltered XAFS spectrum using
thesef(π,k) andφ(π,k) functions (Figure 8). We consider the
resulting parameters (Table 4) as the most reliable values for
both aqua ions. As one can see, an excellent agreement is
obtained between the filtered and unfiltered fitted data for both
Sr2+ and Eu2+ ions.

The final results (unfiltered data) are summarized in Table 4
alongside those found in the literature for the Sr2+ aqua ion.
Most of the authors15,17,20,21used the strontium oxide SrO as a
reference compound, with a 6-coordinated strontium atom, and
a Sr-O distance of 2.570 Å. Pfund et al.15 used the ratio method
and very narrow FT and fitting ranges, because of their high-
pressure experimental setup. A coordination number of 7.3 and
a distance of 2.62 Å were found at room temperature. In a

TABLE 3: First Coordination Shell Structural Data Obtained from XAFS Analysis of Sr 2+ and Eu2+ Aqua Ions at Room
Temperaturea

sample fit N C1 (Å) R (Å) C2 (Å2) C3 (Å3) ×10-4 ∆E0 Γ ∆k ε × 10-3

Fit with Experimental Phase and Amplitude from the Solid [Sr(OH2)8)](OH)2 Reference Compound
Sr2+ solution LURE I 7.92 (3) 2.600 (1) 0.0126 (1) 1.8 (2) 1-11 1.2
Sr2+ solution ESRF II 8.13 (3) 2.601 (3) 0.0127 (1) 2.6 (5) 2-11 3.5

Fit with Theoretical Phase and Amplitude
[Sr(OH2)8)](OH)2 III 7.95 (5) 2.604 (1) 2.615 (2) 0.0117 (1) 1.1 (2) -0.75 -0.052 (2) 2-12 1.5
Sr2+ solution LURE IV 7.8 (3) 2.588 (2) 2.599 (3) 0.0124 (2) 2.6 (3) -0.8 -0.04 (2) 3-10 3.5
Sr2+ solution ESRF V 8.0 (1) 2.587 (1) 2.599 (2) 0.0125 (2) 2.8 (2) -0.7 -0.08 (1) 2-13 0.8
Eu2+ solution ESRF VI 7.0 (2) 2.570 (3) 2.583 (3) 0.0135 (3) 1.5 (3) 0 2-12 1.6

a N is the number of atoms located in the first shell at a distanceR from the metal,C1 is the first cumulant,C2 ) σ2 is the DW factor,C3 is the
third cumulant characterizing the asymmetry of the RDF,∆E0 is the difference between experimental and theoreticalE0, Γ is a parameter related
to the core-hole lifetime,∆k is the fitting interval, andε is the fitting error.33 Statistical errors are presented within brackets.

Figure 7. Comparison between the experimental XAFS spectraø(k)-
k3 after first shell filtering (s) and the corresponding spectra, calculated
from the parameters presented in Table 3 (- - -). Residual curves
are also represented (‚‚‚).
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second paper,17 the same group used the harmonic Gaussian
formalism with theoretical phase and amplitude based on a SrO-
like cluster with the metal surrounded by 6 oxygen atoms at a
distance of 2.60 Å, i.e., 0.03 Å higher than the crystallographic
value. In this paper, a distance of 2.63 Å and a coordination
number of 7.7 were found for the Sr2+ aqueous solution. Axe
et al.19 used a large FT range, and theoretical phase and
amplitude based on a similar SrO-like cluster but with a Sr-O
distance of 2.58 Å. They reported a fitted distance of 2.60 Å
for the solid SrO and 2.62 Å for the Sr2+ solution. TheC3 and
C4 cumulant values found seem to be overestimated for the
solution, and more especially for the cubic strontium oxide, a
C3 value of ca. 0.001 Å3 corresponding to a distance shift of
about 0.05 Å, due to the strong correlation between them.
D’Angelo et al.18 fitted the XAFS raw data (no FT) using a
cluster based on a Molecular Dynamics simulation with a mean
Sr-O distance of 2.63 Å and a mean coordination number of
9.8,24 including the hydrogen atoms of the water molecules in
their theoretical phase and amplitude calculations. The abnor-
mally high coordination number of 10.3 is consistent with the
long distance (2.643 Å) and with the important RDF asymmetry.
Seward et al.21 also fitted the XAFS raw data and used
theoretical phase and amplitude based on a sequence of clusters
derived from Molecular Dynamics simulations. A distance of
2.57 Å and a coordination number of 7.9 or 7.8 were obtained
for the Sr2+ aqueous solution, depending if an asymmetric
approximation was used or not. They concluded that the
anharmonic effects were negligible. As a comparison, a distance
of 2.56 Å and a coordination number of 5.9 were obtained for
the SrO.

Instead of the SrO, Persson et al.16 used the solid [Sr(H2O)8]-
(OH)2 as a reference compound. As already discussed, this
compound is 8 coordinated, with a mean Sr-O distance of 2.619
Å. Having a first coordination sphere close to the one in solution,
this compound is a better reference than the SrO for the Sr2+

aqua ion, and allows a better precision on fitted parameters.
Persson et al.16 used experimental phase and amplitude extracted
from the solid [Sr(H2O)8](OH)2, and found a distance value of
2.61 Å for the Sr2+ solution. However, they could not fit the
coordination number because of the MET effects, and resolved
to fix it to 8.

We used the reference compound suggested by Persson et
al.,16 and took into account the improvements presented in the

literature today available, including the cumulant expansion, the
MET subtraction, the phase-corrected Fourier filtration, the use
of optimized theoretical phase and amplitude functions. Fur-
thermore, we used large FT windows (0-14 Å-1 in k-space),
and slightly shorter fitting intervals to avoid the systematic errors
introduced by the Fourier filtering procedure. These errors were
estimated over the 2-13 Å-1 fitting interval and a value of 1.5
× 10-4 was found, about 1 order of magnitude less than the
fitting errors reported (Table 3). This, together with the excellent
quality of the measurements performed in the ESRF, allowed
us to gain an order of magnitude, both on fitting errors and
statistical parameter incertitude (Table 4).

Figure 4a shows that the Sr2+ aqua ion environment in
solution and in the solid octahydrated hydroxide are very similar,
with coordination numbers in both states close to 8, and with a
longer Sr-O distance in the solid by 0.016 Å (Table 3). The
longer distance might be explained by the presence of the
hydroxides counterions in the crystal 2nd shell. This difference
is much smaller than the ionic radius difference (0.05 Å) for a
one unit change in the coordination number.13 The DW factor
(C2) of aqua ions in solution can be described as the sum of
three terms:σ2

stat due to static disorder,σ2
vib due to thermal

vibration andσ2
exch due to the exchange of water molecules

between the first and second hydration shells.47 The larger DW
factor (C2) in solution indicates an increase of disorder in the
liquid phase, and may also be related to the first coordination
sphere water exchange rate. The radial distribution function
(RDF) of the Sr2+ aqueous solution and of the [Sr(H2O)8](OH)2

crystalline compound were simulated from the fitted parameters
(Table 3), using both Gaussian and asymmetric approximation,
and are compared in Figure 9. TheC3 cumulant measuring the
skewing of distribution is rather low in both states, showing
the small asymmetric character of the RDF. TheC4 cumulant
which measures the weight in the tails of distribution was fitted
and found negligible, corroborating D’Angelo’s observation.18

The asymmetry difference between the Sr2+ ion in the solid
and solution states can be related to the disorder increase in
solution.

In the solid [Sr(H2O)8](OH)2, the [Sr(H2O)8]2+ unit takes up
a highly distorted square antiprismatic arrangement approaching
a dodecahedral geometry.6 This relatively unsymmetrical ar-
rangement is related to the presence of the hydroxide anions in
the 2nd coordination sphere of the solid. In solution, due to
less constraints, the square antiprismatic arrangement is ener-
getically favored,48 and could therefore correspond to the opti-
mum averaged representation of the [Sr(H2O)8]2+ ion.

We found for the [Sr(H2O)8](OH)2 crystalline reference, using
theoretical phase and amplitude, a mean Sr-O distance of 2.615,
very close to the 2.619 Å distance obtained by XRD at room
temperature.16 This confirms the reliability of our theoretical
approach, together with the good concordance between results
obtained using phases and amplitudes either calculated theoreti-
cally or extracted from a solid reference compound. It also
justifies the theoretical approach used for our study of the Eu2+

ion in aqueous solution.
Results for the Eu2+ Aqua Ion. Shannon13 published for

the Eu2+ ion an ionic radius smaller by 0.01 Å than for the
Sr2+ ion in the isomorphous solid chalcogenides. Recent XRD
structural data for isostructural Eu2+ and Sr2+ oxygen bonded
complexes give an Eu-O distance longer than the Sr-O
distance by 0.01149 and 0.01550,51Å. Hence the comparison of
crystallographic data in the solid state shows that the metal-
oxygen distance is the same for the Eu2+ and Sr2+, within 0.02
Å for the same coordination number. Shannon13 also suggested

Figure 8. Final refinement (- -) performed on the original unfiltered
XAFS spectrumø(k)k3 (s) using filteredf(π,k) andφ(π,k) functions
for both Sr2+ (a) and Eu2+ (b) aqua ions. Residual curves are also
represented (‚‚‚).
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for both Eu2+ and Sr2+ ions an ionic radius difference of ca.
0.05 Å for a one unit change in the coordination number. In
solution, the Eu-O distance is shorter than the Sr-O distance
by 0.016 Å (Table 3). Within the experimental error, this
difference is consistent with a conservation of the coordination
number, or with a change of coordination number by less than
one unit.

The phase-corrected FT of the Eu2+ and Sr2+ XAFS spectra
in solution are compared in Figure 4b. As for Sr2+, no
contribution from the second hydration shell or multiple
scattering is present in the FT of Eu2+. The amplitude difference
between Sr2+ and Eu2+ ions in aqueous solution (Figure 4b)
comes from both a decrease in the coordination number from
8.0 to 7.2 and a 7% increase in the DW factor (C2), as shown
in Table 4. This increase of 0.0012 Å2 in the DW factor can be
interpreted as a large distribution of distance, due to the rather
low degree of symmetry of a heptacoordinated polyhedron.52

The equilibrium between the much more symmetrical coordina-
tion numbers 6 and 8 is not relevant since it would lead to an
increase in the DW factor of 0.0100 Å2, given the 0.05 Å ionic
radius difference for a one unit change in the coordination
number.13 We therefore suggest an equilibrium between pre-
dominant 7 and minor 8 coordinated species, which would lead
to a maximum DW factor increase of 0.0025 Å2.

Considerations on partial molar hydration volumesVi
0 led

Persson et al.16 to conclude that the hydration number in aqueous
solution of the divalent alkaline earth metal ions decreases from

8 for the large Ba2+ and Sr2+ ions, to ca. 7 for Ca2+, 6 for
Mg2+, and finally 4 for Be2+. Additionally, the XAFS measure-
ments performed by Seward et al.21 show, for the Sr2+ aqua
ions in aqueous solution, a decrease in coordination number
from 7.8 to 6.2 when increasing the temperature from 25 to
308°C, with an intermediate 7-fold coordination at ca. 200°C.
This temperature increase is associated with a decrease of the
Sr-O distance by 0.05 Å and an increase of the DW factor
(C2). Consequently, an heptacoordinated Eu2+ in aqueous solu-
tion would be structurally similar, in terms of first coordination
sphere radius, to the Sr2+ ion, and similarly, in terms of coordi-
nation number, to the Ca2+ ion at room temperature and to the
Sr2+ ion at higher temperature. However, even if Eu2+ and Sr2+

are not as similar in aqueous solution as they were thought to
be, solid structures clearly show that they are very similar when
coordinated with stronger and/or less flexible ligands.49,50

We now compare the Eu2+ ion (ionic radius of 1.25 Å)13

and the Eu3+ ion (1.066 Å)13 in aqueous solution. These two
aqua ions present a difference in both ionic radii and charges
that will influence the coordination number in two opposing
ways. A larger ionic radius leads to more space around the ion
and consequently to a higher coordination number. On the other
hand, a lower charge will produce a weaker electric field and
therefore a weaker attraction of the surrounding water molecules,
i.e., a lower coordination number. It is a priori not obvious to
decide which of these two effects will predominate. To solve
that problem we have summarized in Table 5 the solid-state
coordination numbers of Eu2+ and Eu3+ acetates,50,53-57 hy-
droxyacetates,58,59 and oxalates60,61 obtained by XRD studies.
The data show that there is a systematic one unit decrease in
coordination number for the larger Eu2+ ion. This one unit
difference in the solid state is also observed in aqueous solution.
While Eu3+ occurs as an equilibrium between the [Eu(H2O)8]3+

and the [Eu(H2O)9]3+ ions, Eu2+ occurs in aqueous solution as
an equilibrium between a predominant [Eu(H2O)7]2+ and a
minor [Eu(H2O)8]2+ species.

A value of 4.4× 109 s-1 has been measured by17O NMR5

for the Eu2+ ion-water exchange rate in aqueous solution

TABLE 4: XAFS Structural Data for Sr 2+ and Eu2+ Ions in Aqueous Solution: Final Results and Comparison with Literaturea

sample ∆k N C1 (Å) R (Å) C2 (Å2) C3 (Å3) ×10-4 ref

Sr2+ Solutions- Literature Data
0.2 M Sr(NO3)2 2-5.8 7.3 (5) 2.62(3) 15
0.8 M Sr(ClO4)2

b 2.5-14 8d 2.61(1) 0.0116(5) 16
0.2 M Sr(NO3)2

c 2-5.8 7.7 (5) 2.63 (3) 17
0.1 and 3 M SrCl2c 3-13/3-15 10.3 (1) 2.643 (2) 0.0210 (2) âe 18
0.05 M Sr(NO3)2

c 2.4-11.5 9 (1) 2.62 (2) 0.012(4) 9 (4) 19
0.1 M SrCl2c 2.5-10.5 8.3 (7) 2.61 (2) 0.012 20
0.1 M SrCl2c 2.5-9.5 7.8 2.57 (1) 0.010 (1) B, Ce 21
0.1 M SrCl2c 2.5-9.5 7.9 2.57 (1) 0.012 (1) B, Ce 21

Sr2+ and Eu2+ Solutions- Present Study
0.14 M Sr(O3SCF3)2 2-13 8.0 (3) 2.588 (3) 2.600 (3) 0.0126 (5) 2.7 (5) -
0.15 M Eu(O3SCF3)2 2-12 7.2 (3) 2.571 (3) 2.584 (5) 0.0138 (5) 1.5 (5) -

a ∆k is the fitting interval,N is the number of atoms located in the first shell at a distanceR from the metal,C1 is the first cumulant,C2 ) σ2

is the DW factor,C3 is the third cumulant characterizing the asymmetry of the RDF, and total errors are presented within brackets.b Analysis with
experimental phase and amplitude.c Analysis with theoretical phase and amplitude.d Parameter fixed.e Parameters related to the RDF asymmetry.

Figure 9. Reconstructed RDFs using both Gaussian (- - -) and
asymmetric (s) approximations, of the first coordination shell of (a)
solid [Sr(H2O)8](OH)2, (b) Sr2+ in solution, and (c) Eu2+ in solution.

TABLE 5: Solid-State Coordination Numbers of Eu2+ and
Eu3+ Ions in Acetates, Hydroxyacetates, and Oxalates from
XRD Measurementsa

aqua ion acetate hydroxyacetate oxalate

Eu2+ (8, 7)53; 850; (8, 8)54 858 (8, 8)60

Eu3+ 955; (9, 9)56; (9, 9)57 959 961

a For crystalline structures where two different clusters are present
in the unit cell, the coordination number within both clusters is given
in parentheses.
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assuming a coordination number ofN ) 8. Given the XAFS
results, the change of coordination number from 8 to 7 would
result in a water exchange ratekex of 5 × 109 s-1, representing
an increase of 14%. Furthermore, an increase of the rotational
correlation time,τR, from 16.3 to 20.5 ps can be calculated from
the change in coordination number and from the change in
Eu-O distance from the assumed value of 2.63 to 2.584 Å as
determined by XAFS. The large value of-11.3 cm3 mol-1 for
the volume of activation,∆V‡, for the water exchange reaction
remains unchanged. This very negative volume leads to the
attribution of a limiting associative mechanism. Supposing a
coordination number of 7, this mechanism would suggest that
the water exchange proceeds, for the [Eu(H2O)7]2+ ion, through
an 8-coordinate transition state (typically square antiprismatic48),
possibly similar to the [Sr(H2O)8]2+ ion structure in solution.
The presence of an equilibrium between the coordination
numbers 7 and 8 suggests that the energy difference between
the [Eu(H2O)7]2+ and [Eu(H2O)8]2+ ions is small, as is the
energy barrier for the water exchange reaction, resulting in a
very fast water exchange rate.

Otherwise, Sham47 pointed out that the ligand exchange rate
constant,kex, in aqueous solution should be closely related to
the DW factor (C2) value. The large DW factor obtained in the
present study for both the Eu2+ and Sr2+ ions are in good
agreement with previously published results for other aqua ions,
known to have very fast water exchange rates.62,63

Conclusion

Structural parameters of the Sr2+ ion in solution were
reestablished by the XAFS method, taking into account all the
improvements presented in the literature, including: the cumu-
lant expansion, the MET subtraction, the phase-corrected Fourier
filtration, the use of optimized theoretical phase, and amplitude
functions. It allowed us to obtain a significant gain in the
precision of the metal-oxygen distance and other structural
parameters. The analysis with theoretical phase and amplitude
was compared to an analysis where experimental phase and
amplitude, extracted from the solid [Sr(H2O)8](OH)2 reference
compound, were used. The results showed good concordance.
We obtained for the Sr2+ ion in aqueous solution a coordination
number of 8.0, and an Sr-O distance of 2.600 Å.

This work establishes for the first time the Eu2+ ion structural
parameters in aqueous solutions. The Eu2+ XAFS analysis was
performed using a theoretical approach that was optimized for
the Sr2+ aqua ion. We obtained an unexpected low coordination
number of 7.2 together with an Eu-O distance of 2.584 Å.
Whereas Eu3+ occurs as an equilibrium between the [Eu-
(H2O)8]3+ and the [Eu(H2O)9]3+ ions, Eu2+ occurs in aqueous
solution as an equilibrium between a predominant [Eu(H2O)7]2+

ion and a minor [Eu(H2O)8]2+ species.
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