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Although many low-valent (III, IV) actinide (An) ions are
known to form coordination complexes with the α-2 isomer
of the lacunary Wells−Dawson polyoxoanion, [P2W17O61]10−,
there is little structural information about the An−O interac-
tions, particularly in solution. We have probed the An−O co-
ordination environment for the series of clusters [An(α-2-
P2W17O61)2]n− with An4+ (Th4+, U4+, Np4+, Pu4+) and An3+

(Np3+, Pu3+, Am3+) in both solution and solid phases using X-
ray absorption fine structure (XAFS). Comparisons are made
with the lanthanide (Ln) coordination environments in the
series of 4f-ion clusters, [Lnn+(α-2-P2W17O61)2]n−20, and with
the related monovacant Lindqvist anions, [Lnn+(W5O18)2]n−12,

Introduction

A significant body of international work demonstrates
that polyoxometalates like the lacunary monovacant
Wells�Dawson anion [P2W17O61]10� act as stabilizing chel-
ators of tetravalent actinide (An) ions.[1] The stabilization
of these otherwise-reactive cations of uranium and the
trans-U elements provides the basis for the application of
polyoxoanions to selected aspects of An separations science
in nuclear waste processing.[2] One recent practical appli-
cation conceived at the CEA (Commissariat à l’Energie
Atomique � France) concerns the use of α-2-[P2W17O61]10�

as a reagent for the confinement and off-line analysis of
U4� as part of the plutonium recovery process known as
PUREX.[3,4] Another application advanced by the CEA to
separate Am3� from Cm3� and trivalent lanthanide (Ln)
elements involves its selective oxidation to Am4� in the
presence of α-2-[P2W17O61]10� followed by solvent extrac-
tion. In this process, known as SESAME,[5,6] neither Cm3�

nor Ln3� (except Ce) are oxidized thereby facilitating their
separation from Am4� as a valence-stabilized complex of
α-2-[P2W17O61]10�. In research at JAERI (Japan Atomic
Energy Research Institute), the process known as PARC is
similarly planned to exploit the chemistry of α-2-
[P2W17O61]10� for separation of Am.[7] These applications
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for n = 3, 4. The average An−O8 and Ln−O8 distances correl-
ate with their cationic VIII-coordinate ionic radii, indicating
that the An and Ln ions have indistinguishable coordination
behavior. Metrical details are consistent with simple charge
and size considerations for both trivalent and tetravalent An
ions as well as Ln ions coordinated with α-2-[P2W17O61]10−

and [W5O18]6−. This result is contrasted to trends established
for these f-ions coordinated to the Preyssler anion
[Lnn+P5W30O110]n−15.

( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

are driven by the oxidizing power of α-2-[P2W17O61]10� and
its coordination chemistry, specifically its service as a val-
ence-controlling complexant.

Despite current practice and future promise, there are few
metrical details about the coordination of An4� ions in
complexes with α-2-[P2W17O61]10�. Such information
would provide insights about the strength and nature of the
An-ligand interactions. A large collection of previous work
has shown that An4� ions are strongly chelated by the α-
2-[P2W17O61]10� anion in butterfly-like complexes with 1:2
stoichiometry wherein one An cation is coordinated be-
tween two α-2-[P2W17O61]10� anions. Although there is
considerable physical and spectroscopic evidence for clus-
ters of the general form [An(α-2-P2W17O61)2]n� (n � 16 for
An4�, and n � 17 for An3�),[1,4,8] no complete crystal struc-
tures are available.[9] The combination of results from
exhaustive studies of the coordination chemistry of U4� in
[U(α-2-P2W17O61)2]16� both in the solid state and in aque-
ous solution indicates a square antiprismatic environment
of 8 O about U.[4] The oxophilic trans-uranium elements are
assumed to maintain this same coordination environment
throughout the 5f series of [An(α-2-P2W17O61)2]n� com-
plexes. Similar, albeit weaker, complexation with the tri-
valent actinides is also known.[10] The crystal structures of
the lanthanide clusters [Lu(α-2-P2W17O61)2]17� and [Ce(α-
2-P2W17O61)2]16� reveal eight-coordinate square antiprism
geometries for both Lu3� and Ce4�.[11,12] The common
structure is illustrated in Figure 1(a). It shows that the cen-
tral 4f-ion is coordinated to 2 α-2-[P2W17O61]10� anions in
a syn conformation through 4 O atoms on each.
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Figure 1. Molecular structures of (a) [Lu(α-2-P2W17O61)2]17� [11]

and (b) [Np(W5O18)2]8� [13] that emphasize the square antiprism
oxygen coordination environments of the Lu3� (IR � 0.977 Å) and
Np4� (IR � 0.98 Å) ions, depicted as the central solid circles. The
striped WO6 octahedra contain the O atoms, depicted as open
circles, that bind the Ln and An ions. The shaded WO6 polygons
complete the ligand structures

Insights about the structural aspects of An�O coordi-
nation and its influence on the stability of the An4� com-
plexes are what interest us for both fundamental and practi-
cal reasons. In order to probe An4��O bonding and stabil-
ization throughout the 5f-series of complexes [An(α-2-
P2W17O61)2]16� for An � Th, U, Np, Pu we report the An
L3-edge XANES (X-ray absorption near edge structure)
and EXAFS (extended X-ray absorption fine structure).
These techniques provide access to a quantitative under-
standing of the An�O coordination for the solution speci-
mens generated under electrochemical control and for the
poorly-crystalline solids examined herein, for which con-
ventional molecular level measurements like X-ray diffrac-
tion can be problematic. The results are compared with
those for the An3� complexes of [An(α-2-P2W17O61)2]17�

for An � Np, Pu, Am, and discussed in light of available

Figure 2. Normalized fluorescence L3-edge XANES for the series of clusters [An(α-2-P2W17O61)2]n� with An of, in left to right panel
order, Th; U; Np; Pu; Am. The An4� and An3� spectra are shown as solid and dashed lines, respectively. All Np and Pu XANES spectra
were obtained as solution samples. Th and Am XANES were obtained as solid samples, and the U spectra were obtained as both solution
and solid samples, shown here with open circles and a solid line, respectively

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2663�26692664

metrical information for Ln3� polyoxoanion complexes of
α-2-[P2W17O61]10� and [W5O18]6�. This latter tungsten ox-
ide is known as the monovacant Lindqvist isopoly-
oxoanion. It binds tetravalent An as well as trivalent and
tetravalent Ln ions to form complexes of 1:2 stoichiometry,
[An(W5O18)2]8� and [Lnn�(W5O18)2]n�12. Many crystal
structures have been determined of the actinide[13�15] and
lanthanide[16�24] decatungstate clusters, as typified by the
illustration in Figure 1(b). The direct comparisons of the
An4��O and An3��O bonding in terms of interatomic
distances provides an atomic-level perspective of the An co-
ordination environments in polyoxometalates.

Results and Discussion

The An L3 XANES data for the solid salts and aqueous
solutions of the [An(α-2-P2W17O61)2]n� anions are shown
in Figure 2. All spectra reveal a steeply rising edge peak
whose position is diagnostic of the An oxidation state. The
U, Np, and Pu solution XANES collected at rest potential
all have edge energies consistent with An4�. After obtaining
these spectra, the Np and Pu samples were electrochemi-
cally reduced in situ, and the XANES spectra were recorded
of the blue solutions held at reducing potentials. These
data, shown as the dashed lines in Figure 2, have edge ener-
gies shifted with respect to the data obtained at rest poten-
tial. Analyses of the edge positions indicate that both Np4�

and Pu4� have been reduced to An3�. The 4.6 and 4.3 eV
differences between the Np4� � Np3� and Pu4� � Pu3�

edge peak positions of Table 1 attest to the An4�/An3� re-
dox activity in the clusters, which is an independent subject
of interest.[1] The edge resonances and their shifts with oxi-
dation state are consistent with previous work on the tri-
valent and tetravalent An ions.[25,26] The results from the
fits to the XANES spectra, including peak positions, line
widths, and intensities, are detailed in Table 1.

The L3-edge k3χ(k) EXAFS for the heteropolyoxoanion
complexes with An3� and An4� is shown in the left panels
of Figure 3 as solid lines. These data were Fourier trans-



Coordination of Actinide Ions in Wells�Dawson Heteropolyoxoanion Complexes FULL PAPER

Table 1. Ionic radii (IR) and physical forms of the [An(α-2-P2W17O61)2]n� complexes with An4� (Th, U, Np, Pu) and An3� (Np, Pu,
Am). Inflection points from the first differential L3-edge Th, U, Np, Pu, and Am XANES and results � positions (eV), widths (eV), and
heights � from curve fitting to the normalized XANES of Figure 2 with one Gaussian peak shape and one arctangent function. Estimated
error for positions and widths, �0.5 eV; all arctangent heights, 1.00�0.01

Th4� U4� Np4� Np3� [b] Pu4� Pu3� [b] Am3�An

IR, CN�VIII[a] 1.05 1.00 0.98 1.12 0.96 1.10 1.09
Color/Phase white/solid violet/solution violet/solid yellow/solution blue/solution pink/solution blue/solution orange/solid
Inflection Point 16299.7 17171.5 17171.7 17616.1 17611.5 18063.1 18058.8 18508.4
Gaussian Position 16303.9 17175.9 17176.5 17620.3 17616.1 18067.6 18063.1 18513.2
Gaussian FWHM 12.3 15.5 15.5 16.1 15.7 16.9 15.2 11.9
Gaussian Height 1.10 0.98 0.97 1.04 0.84 1.08 0.93 0.83
Arctan energy 16296.0 17171.1 17171.4 17616.5 17611.5 18065.4 18059.7 18503.8
Arctan FWHM 15.9 19.3 18.9 20.1 16.0 20.5 17.9 15.6

[a] Obtained from Shannon[27] for coordination number (CN) 8. [b] XAFS data for the heteropoly blues of [An3�(α-2-P2W17O61)2]n� with
Np and Pu collected in situ following exhaustive electrolysis at �1.00 V and �0.30 V, respectively, vs. Ag/AgCl.

Table 2. Metrical results � oxygen coordination number, An�O interatomic distance and Debye�Waller (DW) factor, and energy shift
� obtained from curve fitting the Th, U, Np, Pu, Am L3-edge k3χ(k) EXAFS of Figure 3 for [An(α-2-P2W17O61)2]n� with An4� (Th, U,
Np, Pu) and An3� (Np, Pu, Am) in solution and solid forms

Th4� soln �U4�� solid Np4� Np3� Pu4� Pu3� Am3�An

CN, NO 8.5(10) 8.4(10) 8.2(10) 8[a] 8[a] 8[a] 8[a] 7.6(10)
Dist., rAn-O Å 2.38(1) 2.35(1) 2.33(1) 2.34(2) 2.45(2) 2.33(2) 2.44(2) 2.40(1)
DW, σ2, Å2 0.006(1) 0.007(1) 0.008(2) 0.007(1) 0.019(8) 0.006(1) 0.011(2) 0.008(1)
E0 Shift, eV 3.1(5) 3.0(8) 2.5(8) 5.5(9) 5.5(9) 5.0(9) 4.1(9) 1.7(9)

[a] Fixed parameter.

formed without phase-shift corrections to reveal a single
strong peak, due to An�O coordination, as shown in the
right panels of Figure 3 (solid lines). There are no other
features of physical significance, despite the presence of the
distant P and W atoms in the framework structure. The
An�O interatomic distances obtained from the curve fit-
ting of the k3χ(k) EXAFS are presented in Table 2. The fits
to the experimental k3χ(k) EXAFS are shown as dashed
lines in the left panels of Figure 3. The FTs representing the
best fits (dashed lines) exhibit good correspondence with
the primary data (solid lines), thereby confirming that the
one-shell fits of 8 oxygen atoms adequately describe the
An�O coordination in [An(α-2-P2W17O61)2]n� for both
An3� and An4� in solution as well as in the solid phase.
These results are consistent with the previous EXAFS
model for Ln bonding with the monovacant Wells�Dawson
anion [α-2-P2W17O61]10�,[11] and with the independent
work of Bion et al.[4] who have shown that the 8 O environ-
ment of U4� is the same for the solid and the solution. The
average An�O8 and Ln�O8 bond lengths for the [An(α-2-
P2W17O61)2]n� and [Ln(α-2-P2W17O61)2]n� series of clusters
are presented in Figure 4 as a function of 5f- and 4f-ionic
radii (IR) of Shannon[27] for coordination number (CN)
VIII.

The 8 data points for the An-coordinated complexes
[Pu4�, Np4�, U4� (solid and solution), Th4�, Am3�, Pu3�,
and Np3�] are shown as solid squares in Figure 4(a). There
is a linear dependence of the bond lengths from the smallest
(Pu4�, IR � 0.960 Å) and highest charge cations to the
largest (Np3�, IR � 1.12 Å) and lowest charge ones. The
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overall increase of the An�O distances with increasing
ionic radii is evident from the linear least-squares fit (R2 �
0.929), which is shown as the solid line in the figure. The
slope and intercept are 0.77(9) and 1.58(9) Å, respectively.

The Ln�O distances in the isostructural [Ln3�(α-2-
P2W17O61)2]17� and [Ce4�(α-2-P2W17O61)2]16� complexes
are plotted against their published eight-coordinate ionic
radii[27] in Figure 4(b). The 11 open squares illustrate the
systematic increase of the Ln�O distances with the increas-
ing ionic radii of Ce4�, Lu3�, Er3�, Y3�, Dy3�, Tb3�,
Gd3�, Eu3�, Nd3�, Pr3�, and Ce3�. The linear least-
squares fit (R2 � 0.949) is shown as the solid line in the
figure. The slope, 0.78(6), and intercept, 1.56(6), of this fit
are statistically equivalent to those obtained from the fit to
the An�O distances of Figure 4(a), suggesting that the An
and Ln ions have similar coordination behavior as a func-
tion of ionic size.

As with the An and Ln Wells�Dawson butterfly com-
plexes of Figure 1(a), the Lindqvist decatungstate com-
plexes provide an 8 O square antiprism coordination en-
vironment, illustrated in Figure 1(b), for both An and Ln
cations. In view of the resemblance of the innermost O co-
ordination environments provided by these two po-
lyoxoanions, evaluation of the Lindqvist Ln�O bond
length dependence on IR as shown in Figure 4(c) is in-
formative. For the six [Ln3�(W5O18)2]9� (Ln3� � Dy, Tb,
Gd, Sm, Nd, Pr) previously published[18] crystal structures
with the same countercations�K3Na4H2�there is a linear
dependence of bond length with IR. The least-squares fit
(R2 � 0.846) to the 6 distances � open squares in Fig-
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Figure 3. (Left panel) The experimental k3χ(k) EXAFS data (solid
lines) for [An(α-2-P2W17O61)2]n� with An of (a) Th4�, (b) U4�;
(c) Np4� (top) and Np3� (bottom); (d) Pu4� (top) and Pu3� (bot-
tom); (e) Am3�. (Right panel) Fourier transform data (solid lines)
of the k3χ(k) EXAFS to the immediate left. The best fits are shown
as dashed lines in both the Left and Right panels

ure 4(c) � is shown as the solid line, which was extrapolated
(dashed line) to the IR minimum (0.96 Å) of Figure 4(a).
The soundness of the extrapolation is evident from the co-
incidence of the crystallographically determined Ce4��O
interatomic distance (square at 0.97 Å) for
[Ce4�(W5O18)2]8�.[24] The slope, 0.77(16), and intercept,
1.62(18), of the Ln�O distance vs. IR correlation for the
Lindqvist complexes are statistically equivalent with those
for the Ln and An Wells�Dawson complexes, thus provid-
ing quantitative evidence for the similarity of coordination
environments in these two tetradentate polyoxometalate li-
gands.
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Figure 4. Variation of the An�O8 and Ln�O8 interatomic dis-
tances with the appropriate ionic radii of Shannon[27] for CN�
VIII. (a) The EXAFS results for the solid K� salts and solutions
of [An(α-2-P2W17O61)2]n� with An3� and An4� ions (solid squares)
and the least-squares fit (solid line). Open diamonds are the
An�O8 distances for the AnO2 solids of Th4�, 2.421(1) Å;[43] U4�,
2.363(1) Å;[44] Np4�, 2.354(1) Å;[45] Pu4�, 2.337(1)[45] Å. (b) The
EXAFS-determined Lnn��O8 distances (open squares) for the
solid K� salts of [Lnn�(α-2-P2W17O61)2]n�20 and the least-squares
fit (solid line) with 11 ions (Ce4�, Lu3�, Er3�, Y3�, Dy3�, Tb3�,
Gd3�, Eu3�, Nd3�, Pr3�, and Ce3�, in order of increasing IR). The
EXAFS-determined distances of Ishiguro et al.[32] for the trivalent
aquo ions of Lu�Tb are shown as open circles. (c) The crystallo-
graphically-determined average distances of Ozeki et al.[18] for 6
Na4K3H2[Ln3�(W5O18)2] salts (open squares) and the least-squares
fit (solid line), which is extrapolated to the IR for Ce4� (0.97 Å) for
comparison with the average crystallographic Ce4��O8 distance
determined for Na8[Ce4�(W5O18)2][24]

Having viewed the Ln- and An�O distances in the con-
text of polyoxometalate structural chemistry, it is informa-
tive to gauge the distances of Figure 4(a) and (b) (solid and
open squares, respectively) with those for other systems in
which Ln and An ions are known to be 8 coordinate with
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O atoms. For example, the solid dioxides, AnO2, are proto-
typical materials in which all An4� are 8 coordinate. The
An�O bond lengths for Pu4�, Np4�, U4�, and Th4� in the
AnO2 fluorite structures are presented in Figure 4(a) as
open diamonds. Although these are generally longer than
the An�O distances [Figure 4(a), solid squares] for the
Wells�Dawson complexes of An4�, they are within agree-
ment in view of the experimental uncertainties, including
the 0.04 Å difference between the [Th(α-2-P2W17O61)2]16�

and ThO2 distances.
Comprehensive studies of the Ln3�·nH2O aquo species

indicate that the hydration number (n) is 8 for the small,
heavy ions at the end of the 4f series, Tb3��Lu3�.[28�31]

The Ln�O bond lengths, from the work of Ishiguro et
al.,[32] for these 8 coordinate Ln aquo ions is shown in Fig-
ure 4(b) (open circles). The bond lengths for the [Ln(α-2-
P2W17O61)2]17� complexes [Figure 4(b), open squares] with
Tb�Lu (0.977 � IR � 1.04 Å) generally agree with those
for the corresponding aquo ion species. In view of the dif-
ferences in nuclearity and charge between the tetradentate
anionic (10�) heteropolyoxometalate and the monodentate
neutral water molecule, it is surprising that the bond lengths
are so much alike.

Because the large, light Ln3� and An3� ions can assume
hydration numbers of 9 or more, there is a dearth of metri-
cal detail for additional systematic comparisons. In fact, the
fixed eightfold O coordination for all An/Ln ions in the
Wells�Dawson butterfly series of Figure 1(a) may not re-
sult in the formation of especially robust complexes with
the large Ln3� and An3� compared with the smaller ones,
including the tetravalent ions. This view is borne out in the
data of Figure 5, which is a plot of the formation constants,
logβ2, available from the work of Bion et al.[10] versus 1/IR
for CN � VIII of Ce3�, Am3�, Eu3�, U4�, Ce4�, and Pu4�.
Based upon interpretations of similar plots for other Ln3�

complexes,[29,31] the overall direct dependence of logβ2 with
1/IR is evidence that the coordination does not change.

Figure 5. The absolute formation constants, log β2, of Bion et al.[10]

versus 1/IR of Shannon[27] for CN � VIII of the Ce3�, Am3�,
Eu3�, U4�, Ce4�, and Pu4� ions (in order of increasing 1/IR) for
the Wells�Dawson butterfly complexes of Figure 1(a). The least-
squares fit (dashed line, R2 � 0.889) with slope � 177�31 and
intercept � �145�30.
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Moreover, the regular variation of logβ2 with 1/IR indicates
similar cation-anion interactions throughout the 4f- and 5f-
series of Wells�Dawson complexes. Although detailed in-
sights are not available with the limited data (six points) of
Figure 5, the approximately linear correlation (R2 � 0.889)
is consistent with our EXAFS data. The fairly large forma-
tion constants of Figure 5 for U4�, Ce4�, and Pu4� are con-
sistent with their short bond lengths and, hence, strong
complexation. As expected, the largest ion, Ce3�, of the
series in Figure 5, has the smallest formation constant and
the longest distance.

The variation of interatomic distances and formation
constants with IR, depicted in Figures 4 and 5, show no
indication of precipitous changes in An�anion interactions
that would account for the stability of the An4� complexes.
Instead, a simple electrostatic explanation, arising from
ionic charge and size changes, is consistent with all the data
in hand. Although the Wells�Dawson and Lindqvist
anions stabilize the small An4� ions, this is not general be-
havior in An and Ln polyoxometalate chemistry. For ex-
ample, we have found that the Preyssler anion,
[P5W30O110]15�, stabilizes Ce3� over Ce4�,[33,34] despite the
large negative charge on the anion. Tetravalent Ce forms
one of the strongest complexes of the Wells�Dawson series,
[Ce(α-2-P2W17O61)2]16�, but has yet to form a complex with
the Preyssler anion.[33,34] Similarly, although Pu4� is stabil-
ized in [Pu(α-2-P2W17O61)2]16�, it is Pu3� that is stabilized
in [PuP5W30O110]12�.[35] Whereas the present results sup-
port the use of the monovacant α-2-[P2W17O61]10� isomer
in the PUREX and SESAME processes for U4� analyses
and Am4� valence control, respectively, a predictive under-
standing of the effects of different polyoxometalates on An
redox speciation is not yet available.

Conclusion

The technological prospects of polyoxometalates, in gen-
eral, and of α-2-[P2W17O61]10�, in particular, for use in
radioactive waste processing operations are due to, in part,
the strength of their chemical interactions with f-elements,
particularly the tetravalent 5f (actinide) ions. By compari-
sons with published structures of An dioxides with 8 O co-
ordination environments, we have shown that the An4��O
interactions in complexes of [An(α-2-P2W17O61)2]16� are of
the expected magnitude. The variations of An�O in-
teratomic distances and formation constants with An ionic
radii are consistent with behavior expected from simple
electrostatic considerations of charge and size. Identical be-
havior was found for Ln3��O and Ce4��O coordination
in [Ln(α-2-P2W17O61)2]17� and [Ce(α-2-P2W17O61)2]16� as
well as for the Lindqvist complex anions, [Ln3�(W5O18)2]9�

and [Ce(W5O18)2]8�. The stability of U4�, Np4�, and Pu4�

in complexes [An(α-2-P2W17O61)2]16� and [An(W5O18)2]8�

is understood in terms of strong electrostatic interactions
between the spherical An4� cations and the anionic polyox-
ometalate ligands.
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Experimental Section

CAUTION. Th, U, Np, Pu, and Am are radioactive elements. All
experiments with these isotopes were performed in specialized
laboratories using procedures designed and approved to minimize
radiological and chemical hazards. For the transuranic elements,
i.e., Np, Pu, and Am, their limited availability, together with radi-
ation exposure concerns, require the use of only mg quantities and
thereby limit studies to small sample sizes.

Syntheses: The lacunary, monovacant isomer, K10[α-2-
P2W17O61]·20H2O, was isolated as described elsewhere.[36] The 1:2
[An(α-2-P2W17O61)2]n� complexes with natural Th and U, 237Np,
242Pu, and 243Am were prepared in milligram-scale quantities, by
methods adapted from larger-scale syntheses of the lanthanide
complexes,[37] through the dropwise addition of one equivalent of
Th4�, U4�, Np4�, Pu4�, and Am3� in 1  HClO4 to warm (60 °C)
stirred solutions containing two equivalents of K10[α-2-
P2W17O61]·20H2O in 0.5  CH3CO2Li buffers of pH � 4.7. The
resulting white, violet, yellow, pink, and orange colored solid pot-
assium salts, respectively, were obtained by cooling and slow evap-
oration of the mother liquor. The An sources were Th(NO3)4·nH2O
(Alfa�Aesar); UCl4 (Strem); purified 237Np stock solution of
[Np(V)O2]ClO4 that was electrochemically reduced to Np4� ac-
cording to previous procedures;[26,38] purified 242Pu stock solution
of [Pu4�(ClO4)4] in which the tetravalent oxidation state of Pu was
maintained by vigorous sparging with NO; column-purified
243AmCl3. The series of 1:2 [Ln3�(α-2-P2W17O61)2]17� complexes
for Ce, Pr, Nd, Eu, Gd, Tb, Dy, Y, Er, and Lu as well as [Ce4�(α-
2-P2W17O61)2]16� were synthesized and isolated as solid potassium
salts in the same manner from K10[α-2-P2W17O61]·20H2O and com-
mercial Ln nitrates and Ln chlorides.

Measurements: Aqueous electrolytes consisting of 2:1 v/v mixtures
of 0.5  CH3CO2Li buffer at pH � 4.7 and 1  HClO4 were used
for the solution XAFS experiments and in situ bulk electrolyses,
which were performed with a BAS 100B/W electrochemical workst-
ation and a purpose-built cell of previous design.[26,39] Carbon rod
(Alfa) working and auxiliary electrodes and a Ag/AgCl reference
electrode (BAS) were used as described elsewhere.[34] We first col-
lected data for dilute (ca. 1 m) solutions of [An4�(α-2-
P2W17O61)2]16� for An � U, Np, and Pu in the spectroelectrochem-
ical cell with the electrodes at rest potential. This was followed by
exhaustive (99�99.9%) electrolysis at �1.00 V and �0.30 V to pro-
duce the reduced heteropoly blue species with Np3� and Pu3�,
[An3�(α-2-P2W17O61)2]n�, that were maintained throughout the
data acquisition with the electrode polarized at these potentials.
Subsequent oxidation of the heteropoly blues provided X-ray and
electrochemical signals that were the same as those for the starting
materials, indicating reversibility of the redox chemistry. All XAFS
data were obtained at the 7 GeV APS BESSRC CAT station
12 BM-B with a Si�111� monochromator and focusing optics.[40]

The An L3-edge X-ray data were acquired with a multi-element
fluorescence detector (Canberra) and the Ln L3-edge data were ac-
quired with a Lytle-type ion chamber (The EXAFS Co.) in the
conventional 45/45° configuration without slits and filters. Energy
calibration was maintained with respect to Y metal powder (Th
and U L3-XAFS), Zr foil (Np and Pu L3-XAFS), and Nb foil (Am
L3-edge XAFS) by setting the inflection points in the first differen-
tial transmission XANES data to 17.038, 17.998, and 18.986 eV,
respectively. Between four and twelve scans were summed for the
solution species and solid samples. XANES and EXAFS data
analyses were performed with WinXAS.[41] All EXAFS data were
truncated at kmax � 9 Å�1 to reduce noise in the FT data and to
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keep the inner-sphere An�O structural information clear. In view
of the range of data available here (∆k � 7 Å�1, ∆r � 2 Å�1) and
the maximum number of independent parameters (Nidp � 8), we
were careful to use conservative models in the curve fitting with
single-scattering phase and backscattering amplitude calculations
from FEFF8.01.[42] Three or, at most, 4 parameters (O coordi-
nation number, NO; An�O interatomic distance, r; Debye�Waller
factor, σ2; energy shift, ∆E0) were refined in the single-shell curve
fitting with S0

2 � 1.[38]
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