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High-Energy X-ray Absorption Spectroscopy: A New Tool for Structural
Investigations of Lanthanoids and Third-Row Transition Elements

Paola D’Angelo,**! Simone De Panfilis,” Adriano Filipponi,'! and Ingmar Persson'”!

Abstract: This is the first systematic
study exploring the potential of high-
energy EXAFS as a structural tool for
lanthanoids and third-row transition el-
ements. The K-edge X-ray absorption
spectra of the hydrated lanthanoid(IIT)
ions both in aqueous solution and in
solid trifluoromethanesulfonate salts
have been studied. The K-edges of lan-
thanoids cover the energy range from
38 (La) to 65 keV (Lu), while the cor-
responding energy range for the L;-
edges is 5.5 (La) to 9.2keV (Lu). We

Moreover, for lanthanoid compounds,
more accurate structural parameters
are obtained from analysis of K-edge
than from L;-edge EXAFS data. The
main reasons are the much wider &
range available and the absence of
double-electron transitions, especially
for the lighter lanthanoids. A compara-
tive K- and L;-edge EXAFS data anal-
ysis of nonahydrated crystalline
neodymium(III) trifluoromethanesulfo-
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nate demonstrates the clear advantages
of K-edge analysis over conventionally
performed studies at the L;-absorption
edge for structural investigations of
lanthanoid and third-row transition
metal compounds. The coordination
chemistry of the hydrated lanthanoid-
(IIT) ions in aqueous solution and solid
trifluoromethanesulfonate salts, based
on the results of both the K- and L;-
edge EXAFS data, is thoroughly dis-
cussed in the next paper in this series
(L. Persson, P. D’Angelo, S. De Panfilis,

show that the large widths of the core-
hole states do not appreciably reduce
the potential structural information in
the high-energy K-edge EXAFS data.

hydrates -
structures
spectroscopy

Introduction

X-ray absorption spectroscopy (XAS) is an excellent tool
for investigating the coordination structure of electrolyte
solutions. The major advantages of XAS over diffraction
techniques are its sensitivity to short-range order and site se-
lectivity, which make this method a unique probe for struc-
tural determination of the first coordination shell of metal
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complexes in electrolyte solutions. A major weakness in
EXAFS studies on lanthanoid compounds using the L;-edge
(5483 eV for La) is the short data range, due to the appear-
ance of the L,-edge (5891 eV for La). This limits the effec-
tive k range for EXAFS studies to less than 400 eV for La
and thus considerably decreases the resolution. Further-
more, L;-edge EXAFS spectra of lighter lanthanoid(III)
compounds show a couple of very intense features in the k
range of 5-7 A~!, which have been assigned to double-elec-
tron transitions 2p4d —5d>!"? It is well known that double-
electron excitations modify the fine structure beyond the ab-
sorption edge and introduce errors in the determination of
bond length and coordination number, and the effect is pro-
portional to the magnitude of the double-excitation peak.®l

In this context, XAS spectra above the K-edge of
lanthanoids(IIT) could be used to address some of the afore-
mentioned shortcomings. In general EXAFS has been con-
fined to absorption edges below 30keV, as the structural
signal can be strongly damped at very high energy. In fact,
the higher the energy of the absorption edge, the shorter the
lifetime of the excited atomic state, and the greater the
damping and broadening of the signal. This affects in partic-
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ular the high-frequency components of the measured signal
and consequently reduces the sensitivity of the technique to
the more distant coordination shells. Nevertheless, recent
EXAFS investigations on solid Eu,O; at the K-edge have
shown that although the core-hole width is five time larger
at the K-edge than at the L;-edge, the corresponding loss of
information is largely remediated by the wide k range, the
extent of which is more than twice that of the L;-edge of the
lighter lanthanoids.*! In addition, in the case of disordered
systems such as aqueous solutions, high-frequency compo-
nents are strongly damped in the spectra, and the structural
information content of the K-edge data is the same as that
of the L;-edge data. Another important advantage of using
the K-edge spectra is that at very high energy the absorption
of most materials is very low, and the samples can be held
in cells with almost any type of window. This facilitates, for
example, the use of high-pressure cells to perform experi-
ments under extreme conditions of pressure and tempera-
ture. Nowadays, high energies are commonly accessible
from third-generation synchrotron radiation sources and
beamlines that can provide sufficient flux up to 70-80 keV.
In particular, previous experimental work at high energy has
been performed at the BM29*°! and GILDA!! beamlines of
the European Synchrotron Radiation Facility (ESRF) in
France, and at the SPring-8 Facility”:*! in Japan.

The aim of the present work is to explore the potential of
EXAFS spectroscopy at K-edge absorption energies higher
than 38 keV. For a systematic study one needs a series of el-
ements with varying absorption energy and, in principle, the
same structure. In this context the hydrated lanthanoid(III)
ions are an ideal set of probes, as they contain fourteen ele-
ments with very similar chemical properties and very small
systematic changes in their structures. Here the data analysis
of solid isostructural nonaaqualanthanoid(III) trifluorome-
thanesulfonates [Ln(H,0),](CF;SO;); is presented. The
lanthanoid(IIT) ions have furthermore been shown to have
almost identical structures both in the solid state and solu-
tion.”! We present a complete data set for both solids and
aqueous solutions at both K- and Ls;-edges, which allows
direct comparison to be made. The presentation of the de-
tailed coordination chemistry of these systems is made in
the adjacent paper.”] Similar studies have also been per-
formed on dimethyl sulfoxide-solvated lanthanoid(IIT) ions
in solid iodide salts and in solution, all of which are eight-
coordinate in a square-antiprismatic fashion,"” and on N,N'-
dimethylpropyleneurea-solvated lanthanoid(III) ions in solid
jodide salts and in solution,""! where the lanthanoids are six-
and seven-coordinate, respectively. Here, we present a de-
tailed description of the data treatment only for two exam-
ples, neodymium and lutetium, as they have large differen-
ces in absorption energy. Moreover, we intend to provide
with this study, and with the separate investigations on the
series of hydrated and solvated lanthanoid(III) ions reported
in the following paper in this series,””) a reference work for
future application to other systems containing elements ab-
sorbing X-rays at energies above 30 keV. This work should
stimulate others to perform high-energy EXAFS studies,
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as it has several advantages over low-energy Ls-edge
EXAFS.

Results

High-energy K-edge X-ray absorption spectra: In condensed
systems the X-ray absorption cross section is characterized
by well-defined absorption edges corresponding to the onset
of core-electron excitations to unoccupied electronic levels,
and sharp features due to transitions to discrete resonances.
The edge features are broadened by intrinsic and instrumen-
tal effects, the former of which are essentially determined
by the finite lifetime of the excited atomic state. Figure 1 A
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Figure 1. A) Normalized K-edge X-ray absorption spectra of lanthanoi-
d(III) ions in aqueous solution. The zero positions correspond to the first
inflection point of each spectrum. B) K-edge X-ray absorption spectra of
lanthanoid(III) ions in aqueous solution after deconvolution of the core-
hole widths.

shows the K-edge X-ray absorption near-edge structure
(XANES) spectra of lanthanoid(III) ions in aqueous solu-
tion, where the effect of the core-hole lifetime on high-
energy spectra is clearly visible.

As expected, the edge resonance is strongly damped and
the intensity of the main transition peaks becomes much
smaller on going from lanthanum(III) to lutetium(IIT). The
core-hole widths at the K-edge are I'=14.1 and 33.7 eV for
lanthanum and lutetium, respectively.'”

The EXAFS spectra of the hydrated lanthanoid(III) ions
in aqueous solution above the K-edge are reported in
Figure 2. Despite the extremely large core-hole widths, the
structural signals are detectable with good signal-to-noise
ratio up to 13 A" The frequencies of the EXAFS oscilla-
tions reveal a structural trend across the lanthanoid(III)
series. In particular, contraction of the lanthanoid(III)-
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Figure 2. K-edge EXAFS spectra of lanthanoid(III) ions in aqueous solu-
tion.

oxygen first-shell distance occurs on going from lanthanum-
(IIT) to lutetium(III) as a result of the decreasing ionic radii
throughout the series due to the lanthanoid contraction.

As the core-hole effect provides a constant broadening in
energy space, the low-k region of the XAS spectra is more
affected than the higher k region. Moreover, when dealing
with K-edge spectra at very high energies, the influence of
the Debye-Waller (DW) term is stronger than normally en-
countered at lower energies, and this makes it impossible to
detect more distant shells when working at room tempera-
ture. The effect of the core-hole width on the low-k range is
clearly detectable in the spectra of hydrated lanthanoid(III)
ions, especially for elements of higher atomic number, but
the damping is not as dramatic as in the case of solid sam-
ples such as platinum” or Eu,0; In disordered systems,
such as aqueous solutions, due to the broad correlation func-
tions at large distances the medium-range order only weakly
affects the absorption spectra, and EXAFS is essentially in-
sensitive to the higher coordination shells. Therefore, the
structural information that can be extracted from the high-
energy EXAFS spectra at the K-edge is the same, if not
more complete, as that of the L;-edge.

Since multiple-scattering effects make large contributions
to the low-energy range of the absorption spectra, XANES
is very sensitive to the geometric environment of the ab-
sorbing site. Therefore, its quantitative analysis may provide
additional insights into the coordination structure of the
photoabsorber atom which are not achievable from analysis
of the EXAFS region. As previously shown, XANES spec-
tra at very high energies are strongly broadened by the
core-hole widths and the structural oscillations are smeared
out in the spectra. Recently, it was suggested to deconvolute
the core-hole width in the analysis of X-ray absorption spec-
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tra.'” This treatment greatly facilitates the detection of
spectral features and comparison with theoretical calcula-
tions. Figure 1B shows the X-ray absorption spectra of
lanthanoid(III) ions in aqueous solution for which deconvo-
lution of the tabulated core-hole widths has been per-
formed, by applying Gaussian filters with full widths at half-
maximum ranging from 2.8 to 7.5eV. The trend of the
white-line intensity observed in Figure 1B is mainly related
to the Gaussian filter used in the deconvolution procedure,
and no physical information can be derived from it. An
ideal deconvolution with no filter would provide the real
shape of the XANES region, but due to the finite noise
level of the experimental data, this approach is actually im-
possible. After deconvolution, the threshold regions are con-
siderably sharpened with respect to the original spectra, and
the intensity of the structural oscillations is also clearly en-
hanced. To test the reliability of this procedure, the decon-
voluted K-edge spectrum of neodymium(III) in aqueous so-
lution is compared with the L; spectrum in Figure 3 A.
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Figure 3. A) Comparison between L;-edge (dashed line) and deconvolut-
ed K-edge (solid line) XANES spectra of [Nd(H,0),]>* in aqueous solu-
tion. B) Comparison between the K-edge XANES spectra of
[Nd(H,O),’* in aqueous solution (solid line) and solid
[Nd(H,0),](CF;S0s3); (dotted line).

Note that the two spectra have similar shapes since the
broadening associated with the core-hole width of the L;-
edge (I'=4.52 eV), which has not been removed, is compa-
rable with that in the deconvoluted K-edge spectrum due to
the adopted Gaussian filter with 0=4.5 eV and additional
resolution broadening by the monochromator. The similarity
of the two spectra demonstrates that deconvolution of the
core-hole width in high-quality, low-noise K-edge spectra
can reveal most of the structural and electronic information
they contain. Thus, one can use the XANES spectra at the
K-edge to obtain structural and electronic information on
systems absorbing at very high energies of 40 keV or more.
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This is an advantage, as the theoretical framework for quan-
titative analysis of the XANES at K-edges is less problemat-
ic and better established.

Multielectron excitations: Several XAS investigations on
the lanthanoid(IIT) and yttrium(III) ions have shown the
presence of multielectron excitations at the L-edges of these
elements.">'*"% In particular, the presence of anomalous
peaks, appearing in the range from 5 to 7 A~! and superim-
posed on the main single-frequency oscillatory signal, has
been explained as due to double-electron transitions 2p4d —
5d? in the case of the L;- and L,-edges, and 2s4d —6p5d for
the L, spectra.”)

The EXAFS spectra of the hydrated neodymium(III) ion
in aqueous solution at the L;- and K-edges are compared in
Figure 4, which clearly shows the phase difference of about
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Figure 4. Comparison between the Ls;-edge (solid line) and K-edge
(dashed line) EXAFS spectra of [Nd(H,O),]’* in aqueous solution. The
arrow indicates the onset of the 2p4d double-electron excitation edge.

nt and the higher amplitude of the L;-edge signal. The L;
spectrum shows an anomalous feature at about 6 A~ which
causes a distortion in the structural oscillation, while the K-
edge spectrum contains a regular single-frequency oscilla-
tion without visible spurious peaks. As previously men-
tioned, recent methods of EXAFS data analysis account for
the presence of double-excitation channels by properly mod-
eling the atomic background used in the extraction of the
x(k) signal.”! Step-shaped functions can be used to repro-
duce the background discontinuities and changes of slope
due to the presence of double-electron transitions. Never-
theless, when the features associated with the opening of
multielectron thresholds are sharp and structured, as in the
case of the lanthanoid L-edges, they cannot be completely
removed from the EXAFS structural oscillation. This ham-
pers accurate determination of the structural parameters, es-
pecially for disordered systems, where the presence of multi-
electron transitions is more evident due to the weakness of
the structural contribution.?

The presence of multielectron excitation channels is de-
tected also in the K-edge spectra of aqueous solutions of the
lanthanoids, but in this case they give rise to changes in
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slope and smooth edges in the atomic background which
can be properly reproduced by the model functions used in
the extraction of the EXAFS signal. The sharp features
which are visible in the L;-edge spectra are not present in
the K-edge data due to the broadening effect caused by the
short lifetime of the excited atomic state. In particular, of
the three double-electron processes that are expected to
occur in the EXAFS region, namely, the 1s4d—6p5d,
1s4p—6p%, and 1s4s—6p7s, only the first has appreciable in-
tensity. This double-electron excitation can be easily includ-
ed in the atomic background, and this allows extraction of
the structural parameters from the experimental data with
higher accuracy as compared to the L-edge spectra.

EXAFS data analysis: To assess the reliability of the XAS
technique at the K-edge of lanthanoid(III) ions, here we
compare K- and L;-edge EXAFS data analysis of crystalline
[Nd(H,0),](CF5S03);. The coordination of the neodymium-
(IIT) ion in this compound is well-established by X-ray dif-
fraction.”?! Moreover, the hydrated neodymium(IIT) ion in
aqueous solution has the same geometry as in the solid tri-
fluoromethanesulfonate salt, as can be clearly deduced by
looking at the comparative plots of the two XAS spectra in
Figure 3B. In [Nd(H,0),](CF;S03); the first coordination
sphere is composed of nine water molecules arranged in a
tricapped trigonal configuration with six prismatic and three
capping Nd—O distances at 2.451 A and 2.568 A, respective-
ly (see Figure 5).2* In the first step the EXAFS data were
analyzed with a two-shell model. Least-squares fits of the
EXAFS spectra were performed in the range k=2.4-
16.3 A~' for the K-edge, while a smaller k interval (2.8-
11.3 A‘l) was analyzed in the case of the L;-edge. Fitting
procedures were applied to the whole set of structural and
nonstructural parameters to improve, as far as possible, the
agreement between calculated signals and experimental
spectra. In particular, we optimized four structural parame-
ters for each single-shell contribution, and two additional
structural parameters (the O-Nd-O angle and its variance)
for the three-body contribution. The best-fit analyses of the
L;- and K-edge EXAFS spectra are shown in the upper
panels of Figure 5. The first five curves from the top of each
panel are the Nd—O and Nd—H first-shell y® contributions,
and the multiple-scattering (MS) signals associated with the
three short-bond O1-Nd-O1 configurations. The reminder of
the figure shows comparisons of the total theoretical contri-
butions with the experimental spectra, and the resulting re-
siduals. Overall, the fitted EXAFS spectra match the experi-
mental data quite well, both for the L;- and K-edge spectra.
The dominant contribution to the total XAFS signals is
given by the Nd—O first-shell signals, even though, due to
the well-ordered structure of the water molecules around
the ion, the 12 plus 6 hydrogen atoms of the first hydration
shell give rise to rather strong y® signals, which are detecta-
ble up to about k=11 A~' (see Figure 5). The contribution
of the second hydration shell is negligible, while the MS
paths from the O1-Nd-O1 configurations yield detectable
amplitude signals in the low-k regions of the spectra.

Chem. Eur. J. 2008, 14, 30453055


www.chemeurj.org

2(k)k? /A2

Magnitude of FT

High-Energy X-ray Absorption Spectroscopy

7® Nd-0,
+® Na-H,
7*® Na-H,
+® 0-Nd-0
Total | 025
Residual Residual
NTN“-.-H"VWM\?“{#‘{%*’{":‘ NFMM‘V!
2 4 6 8 10 12 5 10 15
k /A
2
. L1 K
=
00 —o—\—a—fl‘-zl’-"\‘*l’ L ,-.4,, 00 Lo .rr»—..!z...; I, 4-
R /A R /A

Figure 5. Fit of the L;-edge (left panels) and K-edge (right panels)
EXAFS spectra of solid neodymium(III) trifluoromethanesulfonate.
From top to bottom of each panel, the following curves are reported: the
Nd—O first-shell signals, the Nd—H first-shell signals, the O1-Nd-O1
three-body signal, the total theoretical signal compared with the experi-
mental spectrum, and the residual curve. The lower panels show the
Fourier transforms (not corrected for phase shift) of the experimental
data (dotted line), the total theoretical signals (full line), and the residual
curves (dashed-dotted line). At the top a perspective view of the first co-
ordination shell of the hydrated neodymium(III) ion in solid
[Nd(H,0),](CF;S053); is shown.

As expected the signal is damped at the K-edge due to
the short core-hole lifetime corresponding to a core-hole
width of 17.3 eV, while a stronger signal is obtained at the
L;-edge (I'=3.65 eV).'”l In contrast, the presence of the L,-
edge limits the L;-edge EXAFS spectral range to around
k=11.8 A!, while reliable structural information can be ex-
tracted from the corresponding K-edge EXAFS up to k=
16 A" in this case. The lower panels of Figure 5 show the
corresponding k*-weighted Fourier transform (FT) calculat-
ed with no applied phase shift correction in the k ranges of
2.8-11.3 A~' and 3.4-13.5 A~! for the L;- and K-edge spec-
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tra, respectively. The FT spectra show a prominent first-
shell peak that is mainly due to the Nd—O first-shell distan-
ces. The Nd—H first shell is located at about 2.8 A, and is
clearly separated in the K-edge signal, whilst such a separa-
tion is not possible with the L; real-space resolution. Longer
distance contributions due to the MS paths are also visible
at about 4.2 A in the K-edge data. This example illustrates
the gain in spatial resolution achieved with the large k range
available when working at the K-edge in comparison with
the L;-edge. Refined values for the full set of parameters
obtained from the two-shell model are listed in Table 1 for

Table 1. First-shell structural parameters of solid neodymium(III) tri-
fluoromethanesulfonate from the EXAFS data analysis at the K-edge
and L;-edge.!

N R[A] o [A%) B
K-edge
Nd-O1 6.0(0.5) 2.495(0.009) 0.0068(0.0013) 0.5(0.1)
Nd-02 3.0(0.8) 2.583(0.018) 0.0097(0.0045) 0.1(0.1)
Nd-H1 11.9(0.7) 3.20(0.03) 0.003(0.004) 1.4(0.5)
Nd-H2 6.0(0.8) 3.34(0.05) 0.006(0.006) 0.9(0.6)
Nd—O4ym 9.1(0.5) 2.524(0.007) 0.010(0.001) 0.7(0.1)
Nd—H,ym 18.1(0.9) 3.28(0.04) 0.011(0.003) 1.4(0.6)
Nd—Oguss 9.0(0.6) 2.509(0.009) 0.009(0.005) -
Nd—Hg,uss 18.0(1.0) 3.25(0.05) 0.010(0.009) -
L;-edge
Nd-0O1 6.0(1.0) 2.50(0.04) 0.014(0.006) 0.5(0.2)
Nd-02 3.0(1.2) 2.57(0.04) 0.009(0.007) 0.1(0.3)
Nd-H1 11.9(1.0) 3.18(0.06) 0.006(0.007) 0.9(0.6)
Nd-H2 6.1(1.2) 3.28(0.08) 0.007(0.008) 0.4(0.7)
Nd—O,4ym 9.0(0.8) 2.520(0.013) 0.013(0.002) 0.4(0.2)
Nd—H,gym 18.1(0.5) 2.524(0.007) 0.010(0.001) 0.5(0.6)
Nd—=Og,uss 9.0(0.7) 2.501(0.013) 0.015(0.007) -
Nd—Hguss 18.0(1.2) 3.16(0.07) 0.012(0.009) -

[a] HI/H2, O1/02: two-shell model; asym: asymmetric single-shell
model; Gauss: Gaussian single-shell model.

the L;- and K-edge spectra. In both cases the Nd—O bond
lengths to the six oxygen atoms in the prism and to the
three capping ones are in perfect agreement with the crys-
tallographic determination. Nevertheless, the accuracy of
the structural parameters is very different between the L;-
and K-edge data. In particular, to establish error limits in
the refined parameters, a statistical analysis applying two-di-
mensional contour plots to selected parameters of the fit
was applied. This analysis examines the correlations among
fitting parameters and evaluates the statistical errors by fol-
lowing the procedure described in detail in ref. [23].
Figure 6 shows the contour plots of the Nd—O1 and Nd—O2
distances versus E, for the L;- and K-edges, where the in-
nermost contour refers to the 95% error confidence inter-
val. In the case of the K-edge, the error in the determination
of the six Nd—O1 distances is half of that of the three Nd—
O2 distances (see Table 1). This is not surprising, as in a
wide radial distribution function the shorter bond lengths
contribute more to the EXAFS signal than the longer ones,
because of the longer period in the sinusoidal oscillations
and a smaller Debye—Waller factor. This is especially true in
the case of high-energy edges, as the amplitude of the high-
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Figure 6. Two-dimensional contour plots for selected parameters in the
EXAFS fit of the L;-edge and K-edge spectra of solid nonaaquaneody-
mium(III) trifluoromethanesulfonate. A) R(Nd—O1) versus E, for the K-
edge. B) R(Nd—O2) versus E, for the K-edge. C) R(Nd—O1) versus E,
for the L;-edge. D) R(Nd—O2) versus E, for the L;-edge. The innermost
curve of each plot corresponds to the 95% confidence interval from
which the statistical errors are determined.

frequency components decreases rapidly at higher k values
due to lengthening of the core-hole lifetime and the stronger
Debye—Waller effect. Conversely, in the case of the L;-edge
the amplitude of the Nd—O2 y® signal is comparable to that
of Nd—O1 over the whole k range used in the analysis, and
the error in the two distances is the same (see Table 1). The
outstanding result of this analysis is that the errors in the
bond lengths determined from the analysis of the K-edge
data are much smaller (four and two times for the Nd—O1
and Nd—O2 distances, respectively) in comparison with the
L;-edge. This is due both to the wider k range used in the
analysis of the K-edge and to the presence of strong double-
electron excitations at the L;-edge that hamper a proper ex-
traction of the EXAFS structural signal. Note that in the
case of L;-edge the sharp peak at about 6 A~! in the experi-
mental spectrum (see Figure 5) is associated with opening of
the 2p4d double-electron excitation channels. As it is not
possible to mimic such a sharp peak in the extraction of the
atomic background, the experimental points in a range of
about 20 eV around this peak were excluded from the fitting
procedure. These results demonstrate that the accuracy in
the determination of the Ln"—O first-shell distances is sig-
nificantly higher for K-edge than for L;-edge EXAFS data
analysis. The amplitude reduction factors S were found to
be 0.99 for both edges. In addition, the positions of the the-
oretical energy scales were (43567.6+0.5) eV and (6218.7 £
0.5) eV for the K- and L;-edges, respectively.

In the second step the K- and L;-edge EXAFS spectra
were analyzed with a single-shell model. Asymmetry of the
positional disorder around the neodymium(IIT) ion was ac-
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counted for by using a gammalike distribution curve to de-
scribe the shape of the Nd—O first peak. The EXAFS data
were minimized in the same k range as the previous analy-
ses, and the results for the K-edge are shown in Figure 7 A.

A)
B)

P P :

0 2 RIA 4 0 2 RIA 4
Figure 7. A) Fit of the K-edge EXAFS spectrum of solid

[Nd(H,0),](CF;S0;); using an asymmetric single-shell model. From top
to bottom the following curves are reported: the Nd—O first-shell total
signal, the Nd—H first-shell total signal, the total theoretical signal com-
pared with the experimental spectrum, and the residual curve. B) Non-
phase-shift-corrected Fourier transforms of the experimental data (dotted
line), of the total theoretical signals (full line), and of the residual curves
(dashed-dotted line) reported in A). C) Fit of the K-edge EXAFS spec-
trum of solid [Nd(H,0),](CF;SO;); using an Gaussian single-shell model.
The curves are as in A). D) Nonphase-shift-corrected Fourier transforms
of the experimental data (dotted line), of the total theoretical signals
(full line), and of the residual curves (dashed-dotted line) reported in C).
A zoom of the region between 1.8 and 3.6 A is shown in the inset.

In this case the first curve from the top represents the total
Nd—O y® theoretical signal comprising both the short and
long distances of the tricapped trigonal prism, while the
second curve is the theoretical signal associated with the 18
hydrogen atoms. The agreement between the experimental
spectrum and the theoretical model is very good, and this is
also evident from the FT spectra shown in Figure 7B. The
structural parameters obtained from this analysis are report-
ed in Table 1. Also in this case the accuracy in the determi-
nation of the Nd—O distance is higher for the K-edge than
for the L;-edge. Moreover, the error associated with the
Nd—O first-shell distance is smaller than that obtained from
the two-shell analysis. This is due to the large statistical cor-
relation among the structural parameters describing the dis-
tribution of six oxygen atoms in the prism and three in cap-

Chem. Eur. J. 2008, 14, 30453055
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ping positions, which is responsible for the large uncertainty
in the refined parameters obtained from the two-shell analy-
sis. Therefore, the structural parameters obtained from the
single-shell fit are more accurate, and the gamma function
allows a reliable description of the Nd—O radial distribution
function. This can be verified by comparing the pair distri-
bution functions obtained from the single- and two-shell
data analyses. Figure 8 A compares the Nd—O asymmetric

A)
15
A\
10F N
= \
S0 \
L \
5 //‘\
, NN
- \

R/A
B)
15F
10
O
S
5 —
0 s 1 PRI PR
22 24 26 28 30
R/A

Figure 8. A) Comparison between the first-shell peak obtained from the
EXAFS data analysis of the K-edge spectrum of solid
[Nd(H,0),](CF;SO3); using a single-shell model (circles) and superposi-
tion of the Nd—O1 and Nd—O2 peaks (dashed line) obtained from the
two-shell model (full line). B) Comparison between the first-shell peak
obtained from the EXAFS data analysis of the K-edge spectrum of solid
[Nd(H,0),](CF;SOs); using an asymmetric peak (circles) and a Gaussian
function (full line).

peak obtained from the single-shell analysis with the super-
position of the two separate Nd—O peaks. The two curves
are identical, that is, the Nd—O distance distribution which
is present in the tricapped trigonal structure can be properly
described by using a suitable asymmetric peak.

The EXAFS data of disor-
dered systems are often ana-
lyzed by using Gaussian peaks A)
to model the photoabsorber

coordination shell. The reliabil- = /;/ ! =

: e

ity of such an approach can be e

checked by comparing the re- - \

sults from this method with ‘ ‘ | ‘

FULL PAPER

form relative to the magnitude of the FT (see Figure 7D),
which is an indicator of asymmetry. Note that the residual
curve shows an oscillation trend for k>10 A™! and that the
agreement between the theoretical and experimental FTs is
not very good in the distance range between 1.8 and 2.8 A.
The peak at about 22 A in the FT of the residual curve,
which is more clearly visible in the magnified sections of the
FT of Figure 7D, is clearly due to neglecting the asymmetry
in the description of the neodymium(III) coordination shell.

Significant differences have been obtained in the structur-
al parameters obtained from the Gaussian and the asymmet-
ric peak analyses above the K-edge. In particular, the Nd—O
and Nd—H Gaussian peaks are shifted towards shorter dis-
tances, while a slight decrease is observed for the Debye—
Waller factors. A more direct description of the differences
between the coordination-shell parameters obtained from
the two EXAFS analyses can be obtained by examining the
comparative plots of the refined asymmetric and Gaussian
peaks shown in Figure 8 B. The maximum of the Gaussian
shell is shifted toward shorter distances, and the shapes of
the two distributions are markedly different in both the low-
and high-distance regions.

The L;-edge is not sensitive to the asymmetry of the pair
distribution. As shown in Figure 7C, the effect of the Gaus-
sian approximation is evident in the k range above 10 A
The presence of the L,-edge allows one to analyze the L;
EXAFS data only up to about 11 Al Asa consequence, in
this case, the L-edges are not very sensitive to the shape of
the oxygen distribution around the photoabsorber, and this
affects the accuracy of the structural parameters obtained
from the EXAFS analysis.

An important issue in the study of lanthanoid(III) ions in
aqueous solution is determination of the hydration poly-
hedra around the lanthanoid(III) cations. To this end it is
very important to establish whether the EXAFS technique
is able to determine the coordination numbers with suffi-
cient accuracy. Figure 9 A and B show the contour plots for
the Nd—O1 and Nd—O2 coordination numbers and Debye—
Waller factors for the K- and L;-edges, respectively. Also in
this case the errors in coordination numbers determined by
analysis of the L;-edge data are higher in comparison with

B)

those obtained from analyses

allowing asymmetric distance 7

distributions. Curve fitting of
the y(k) signal with a Gaussian
distribution (see Figure 7C) re-
veals a phase-shift at k values
higher than 10 A~', and also a

displacement of the sine trans-  errors are determined.
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Figure 9. Two-dimensional contour plots for selected parameters in the EXAFS fit of the L;-edge and K-edge
spectra of solid [Nd(H,0),](CF;S0O;);. A) Nd—O1 coordination number versus Debye—Waller factor for the K-
edge (dashed line) and for the L;-edge (full line). B) Nd—O2 coordination number versus Debye—Waller factor
for the K-edge (dashed line) and for the L;-edge (full line). C) Nd—O total coordination number obtained
from the single-shell model versus Debye—Waller factor for the K-edge (dashed line) and for the L;-edge (full
line). The innermost curve of each plot corresponds to the 95% confidence interval from which the statistical
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the K-edge. In the case of the two-shell model there is
strong statistical correlation between the amplitude parame-
ters of the two shells, and this is reflected in the very high
errors obtained form the analysis. This effect is also respon-
sible for the quite different DW values obtained from the
K- and L;-edge data analyses. When an asymmetric single-
shell model is used in the analysis of the EXAFS data, the
error in the total coordination numbers becomes smaller
(see Figure 9C). Nevertheless, the results of this analysis
show that the uncertainty in the coordination numbers is
too large for conclusive determination of the geometry of
lanthanoid complexes. As a consequence, for structural stud-
ies on aqua ions in solution, the mean metal-oxygen bond
length obtained from the EXAFS analysis is a more reliable
indicator of the coordination number than direct determina-
tion of the number of coordinated ligands. This shows the
importance of comparing the EXAFS spectra of hydrated
lanthanoid(III) ions in both aqueous solution and the solid
state, if the solid-state structure is well defined and well de-
termined. Furthermore, different configurations will give
somewhat different multiple scattering patterns even when
the M—O bond lengths are fairly similar. Therefore, identical
EXAFS spectra of a species in solid state and aqueous solu-
tion show that the structure in the solid state is maintained
in solution.

The hydrogen contribution: Previous work on 3d transition
metal ions in aqueous solution showed that the EXAFS
technique can provide reliable structural information on the
ion-H pair distribution function g(r) of ionic solutions.*
Neutron diffraction (ND) is the only alternative experimen-
tal technique which can give information on the ion-H g(r);
provided the ion—O first-shell distance is known, the orien-
tation distribution of the hydrated water molecules can be
obtained by ND. However, this technique is quite challeng-
ing, and accurate structural information is mainly obtained
with the isotopic substitution method (NDIS), which com-
pares experimental data of samples with the same atomic
composition but different isotopes for a particular element.
Unfortunately, a rather limited number of isotopes are suita-
ble for NDIS, as isotopes should have reasonably large dif-
ferences in their scattering lengths. As a consequence, the
coordination geometry of hydrogen atoms in the first hydra-
tion shell is usually poorly defined, and the aid of a new ex-
perimental technique may be essential to gain deeper insight
into the structural properties of aqueous solutions. The Nd—
H first-shell signals are quite strong and provide a detecta-
ble contribution to the total y(k) signal up to about 11 A~
(see Figure 5). The structural results for the Nd—H first-shell
distances are listed in Table 1. Proof of the importance of in-
cluding the hydrogen signal in the analysis of the EXAFS
spectra of lanthanoid(III) aqueous solutions has been ob-
tained by performing an additional fitting procedure on the
EXAFS spectrum of solid [Nd(H,0),](CF;SO5); without in-
cluding the hydrogen signals. The fitting procedure was ap-
plied both to the structural parameters associated with the
Nd—O single- and multiple-scattering signals, and to the
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nonstructural and background parameters. Note that the E,,
S5, and double-electron excitation parameters obtained from
this minimization were equal, within the reported errors, to
those determined from the previous analysis including the
hydrogen contributions. The results of this minimization are
shown in the upper panel of Figure 10, where the total theo-

YK 1A

Residual
5 10 15
k /A

Magnitude of FT

4

R/A

Figure 10. Top: comparisons between the EXAFS experimental spectrum
of solid [Nd(H,0),|(CF;SO;); at the K-edge and the theoretical signal
not including the hydrogen contribution. Bottom: nonphase-shift-correct-
ed Fourier transforms of the experimental data (dotted line), of the theo-
retical signal (full line) not including the ion—H signals, and of the residu-
al curve (dashed line).

retical signal, including the Nd—O first shell and the MS
contributions, is compared with the experimental spectrum.
Agreement between experimental and theoretical signals is
not particularly good, especially in the k region below 9 A
The presence of an additional contribution that has not
been included in the theoretical calculation is confirmed by
the residual curve shown in the upper panel of Figure 10.
The amplitude of this signal is quite large and, together with
the noise of the experimental spectrum, the presence of a
leading frequency can be identified clearly. This finding
clearly demonstrates that the hydrogen atoms provide a de-
tectable contribution to the XAFS spectra of lanthanoid(I1T)
ions in aqueous solution, which must be taken into account
to perform a complete analysis of the experimental data. It
is interesting to observe the effect of omitting the hydrogen
contribution on the refined values of the structural parame-
ters. All the ion—O first-shell parameters determined from
the minimization not including the H signals were found to
be equal to those of Table 1, within the reported errors.
Therefore, reliable structural information on the ion-H g(r)
can be obtained from the XAS technique, but exclusion of
the hydrogen contribution does not significantly affect the

Chem. Eur. J. 2008, 14, 30453055
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accuracy of the ion-O first-shell structural parameters ob-
tained from the EXAFS data analysis. The FT of the theo-
retical, experimental, and residual signals of Figure 10 are
shown in the lower panel. They were calculated in the same
k range as the previous analysis, with no phase-shift correc-
tions applied. The agreement between theoretical and exper-
imental curves is not very good in the distance range be-
tween 2 and 3 A. The peak at about 3 A in the FT of the re-
sidual curve is clearly associated with the hydrogen-shell dis-
tribution, as no other structural contributions are present in
this distance range.

Comparison of different lanthanoid(III) ions: A complete
picture of the potential of XAS spectroscopy at the K-edge
of lanthanoid(III) ions can be drawn by comparing the char-
acteristics of the EXAFS spectra throughout the series. To
this end, we carried out EXAFS data analysis of solid [M-
(H,0),](CF;S0s); [M=La, Eu (n=9); M=Lu (n=_82]. All
of the analyses started from the tricapped trigonal configu-
ration determined by X-ray diffraction,”*! and used a two-
shell model. The results of the minimization procedures are
shown in Figure 11, while the structural parameters are
listed in Table 2. It is interesting to compare the amplitude
of the experimental y(k) signals in the three cases. As ex-
pected, the core-hole effect is much more evident at higher
energy. In particular, the low-k region of the lutetium spec-

7(2) Eu-0y

7@ Eu-0,
7® Eu-H,
ANNA————

7® Eu-H,

,\/\/\/\/\/1(2/)\15195
7 La-H,
A\NA———

7 la-H,

FULL PAPER

Table 2. First-shell structural parameters of solid lanthanum(III), euro-
pium(IIl), and lutetium(III) trifluoromethanesulfonate from EXAFS
data analysis at the K-edge.

N RI[A] > [AY] B
La—O1 6.0(0.5)  2.560(0.009)  0.0070(0.0013)  0.5(0.6)
La—02 3.0(0.8)  2.660(0.018)  0.0065(0.0022)  0.4(0.2)
La—H]1 11.8(0.7)  3.25(0.03) 0.008(0.005) 1.0(0.5)
La—H2 6.000.8)  3.38(0.05) 0.006(0.006) 0.29(0.6)
Eu-O1 6.0(0.5)  2.433(0.009)  0.0064(0.0015)  0.6(0.2)
Eu-02 3.00.9)  2.565(00.016)  0.0090(0.0034)  0.8(0.2)
Eu-H1 121(0.8)  3.14(0.03) 0.016(0.009) 0.4(0.5)
Eu-H2 6.000.9)  3.18(0.05) 0.006(0.006) 0.2(0.6)
Lu-O1 6.00.7)  2.317(0.009)  0.0058(0.0018)  0.2(0.2)
Lu-02 3.0(0.9)  2.376(0.018)  0.0067(0.0055)  0.2(0.2)
Lu-Hl 11.7(0.9)  3.11(0.09) 0.004(0.009) 0.9(0.5)
Lu-H2 6.100.9)  3.09(0.12) 0.004(0.009) 0.9(0.6)

trum is strongly damped as compared to that of lanthanum,
due to both the core-hole and Debye—Waller effects. More-
over, the hydrogen contribution becomes much smaller at
higher energies, and the MS effects make a negligible contri-
bution in the case of the lutetium(III) ion. This is not sur-
prising, as the short lifetime of the excited atomic state
causes damping of the longer distance components of the
EXAFS signal, and reduces the sensitivity of this technique
to the more distant shells. Nevertheless, the ion—O first-shell
parameters can be extracted from the experimental data
with high accuracy, due also to
the large k range that can be

analyzed (see Table 2).
2@ Lu-0, Finally, we compare the am-
/\/\/\/V\Nv plitude of the Ol-ion-O1 MS
® theoretical signals calculated
K on the basis of the tricapped

7 Lu-H, trigonal geometry for some of

+® Lu—H,

7 0-La—0 7 0-Eu-0

x()k* /K7

Total I 0.4

Residual Residual

. ttindadngihind

the lanthanoid(III) ions at the
L;- and K-edges. The O-ion-O
MS contributions are shown in
the left and right panels of
Figure 12 for the L;- and K-
edge data, respectively. Note
that the amplitude of the
three-body contributions is

Total I 0.4
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Figure 11. Fit of the K-edge EXAFS spectra of solid [La(H,0),](CF;SO;); (left), [Eu(H,0),](CF;SOs5);

5 10 15

k /kt almost the same across the

series at the L;-edge, while it
shows a dramatic drop at the
K-edge. As a result, if one is
mainly interested in the angu-
lar distribution of the first-shell
cluster, analysis of the L;-edges
is better suited.

LuHI

RN B .

0

2p sk 4

Conclusions

(middle), and [Lu(H,0),](CF;SOs3); (right). From top to bottom in each panel, the following curves are report-

ed: the ion-O first-shell signals, the ion-H first-shell signals, the O1-ion-O1 three-body signals, the total theo-
retical signals compared with the experimental spectrum, and the residual curves. The lower panels show the
nonphase-shift-corrected Fourier transforms of the experimental data (dotted line), of the total theoretical sig-

nals (full line), and of the residual curves (dashed-dotted line).
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We have measured XAS spec-
tra at the K-edge of
lanthanoid(III) ions in aqueous
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Figure 12. Theoretical Ol-ion-O1 three-body signals of different lantha-
noid(III) ions calculated for the L;-edge (left panel) and K-edge (right
panel).
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solution in the energy range 38-65 keV and demonstrated
the feasibility and the power of high-energy EXAFS. The
effect of core-hole lifetime broadening, though apparent, is
manageable if high-quality data are collected over the large
k range accessible for heavy-element K-edges. Analysis of
the K-edge EXAFS data provides more accurate structural
results as compared to the L;-edge, given a well-defined
structure. This is due both to the smaller influence of the
double-electron excitations and to the wider available k
range. From the analysis of a single EXAFS spectrum it is
not possible to unambiguously determine the first-shell coor-
dination number if the studied complex is not highly sym-
metric. However, the distance trend obtained from the anal-
ysis of the K-edge data can be successfully used to elucidate
geometrical change in the hydration structure throughout
the lanthanoid series. By using this approach a clear picture
of the hydration structure of lanthanoid(III) ions has been
obtained, and these results are reported in the following
paper.!

The results of this investigation pave the way for the use
of K-edge absorption spectroscopy for structural investiga-
tions of systems containing heavy elements.

Experimental Section

EXAFS data collection: Aqueous solutions of the trivalent lanthanoids
were made by dissolving weighed amounts of hydrated trifluoromethane-
sulfonates [Ln(H,0),](CF;SOs); (Ln=La, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu) in freshly distilled water. The concentration of the
samples was 0.2m and the solutions were acidified to about pH 1 by
adding trifluoromethanesulfonic acid. The data were collected at ESRF
on the bending magnet X-ray absorption spectroscopy beamline BM29/*"!
in transmission geometry. The storage ring was operating in 16-bunch
mode with a typical current of 80 mA after refill. The K-edge spectra
were collected by using an Si(511) double-crystal monochromator with
the second crystal detuned by 20% for harmonic rejection. The aqueous
solutions were kept in cells with Kapton film windows and Teflon spacers
ranging from 2 to 3 cm depending on the sample. Solid [Ln(H,0),]-
(CF;S0O;); [Ln=La, Nd, Eu, Gd, Tb, Dy (n=9); Ho (n=8.91); Er (n=
8.96); Tm (n=8.8); Yb (n=8.7); and Lu (n=82] were diluted with
boron nitride to give an absorption change over the edge of about one
logarithmic unit. The L;- and L;-edge spectra of solid [Nd(H,O)-
(CF;S0s;); were recorded by using an Si(311) Si(511) double-crystal mon-
ochromator with the second crystal detuned by 50% for harmonic rejec-
tion. The L;-edge spectrum of neodymium(III) in aqueous solution was
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collected by using the same experimental setup, but the sample was kept
in a cell with 500 um Teflon spacer.

EXAFS data analysis: The EXAFS data were analyzed with the GNXAS
program, which has proved to give reliable structural information also in
the high-energy domain.”?! This method is based on the theoretical cal-
culation of the EXAFS signal and a subsequent refinement of the struc-
tural parameters. In this approach, interpretation of the experimental
data is based on the decomposition of the y(k) signal into a summation
over n-body distribution functions, calculated by means of multiple-scat-
tering (MS) theory.

The theoretical signal y(k) is related to the experimental absorption coef-
ficient a(k) through the relation a(k)=Joy(k)SJ[1+Six(k)]+B(k), where
oy(k) is the atomic cross section, J the edge jump, S; provides a uniform
reduction of the signal and is associated with many-body corrections to
the one-electron cross section, and (k) is the background function,
which accounts for further absorbing processes. Multielectron excitation
channels are accounted for by modeling the 5(k) function as the sum of a
smooth polynomial spline and step-shaped functions.

In the present study the lanthanoid(IIT)-oxygen first coordination shells
were modeled with gammalike functions which depend on four parame-
ters, namely, the coordination number N, the average distance R, the dis-
tance variance ¢, and the skewness 3. The f value is related to the third
cumulant C; of the distance distribution through the relation Cy=0o"8,
and R is its first moment. The three-body distributions associated with
the O-Ln-O configurations were also considered, and the structural pa-
rameters were the two bond lengths, the intervening angle 6, and the six
covariance matrix elements. Additional nonstructural parameters were
minimized, namely, E, (core ionization threshold energy) and SZ.

Least-squares fits of the EXAFS raw experimental data were performed
by minimizing a residual function of the type [Eq. (1)]

[aexp(E[)iamnd(Ei;lh /125 DR lp)]z 1
> M

o

i

R({1}) = Z

i

where N is the number of experimental points E;, {A}=(4y, 4, ..., 4,) are
the p parameters to be refined, and o7 is the noise variance associated
with each experimental point a.,(E).” Phase shifts were calculated by
using muffin-tin potentials and advanced models for the exchange-corre-
lation self-energy (Hedin—Lundqvist).”
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