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Abstract

Selected soft N-donor ligands are highly effective extractants for the separation of trivalent actinides (An(III)) from lanthanides
(Ln(III)) in the partitioning and transmutation (P&T) strategy. Comparative structural investigations using X-ray absorption spec-
troscopy (EXAFS) on An(III) and Ln(III) complexed with tris[(2-pyrazinyl)methyl]amine (TPZA) and 2,6-di(5,6-dipropyl-1,2,4-
triazin-3-yl)pyridine (BTP) are performed in order to evaluate if ligand extraction performance is reflected in coordination structure
differences, specifically in variations in the metal cationeN bond lengths. We observe U(III) to generally exhibit a decrease in the
bond distance over that expected for pure ionic binding for the ligand complexes investigated and interpret this as higher covalent
character of the U(III)eN binding. In contrast, no measurable differences for Am(III), Cm(III), and the Ln(III) elements in the mid-
dle of the 4f series are observed. Time-resolved laser fluorescence spectroscopy (TRLFS) investigations on solution BTP com-
plexed with Cm(III) and Eu(III) reveal that the selective extraction behavior of this ligand can be explained by the large
difference in conditional stability constants of their 1:3 complexes (K13). The K13 value for CmeBTP3 is a number of orders of
magnitude larger than that for EueBTP3. To cite this article: Melissa A. Denecke et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Certains ligands comportant des atomes d’azote donneurs mous sont des extractants très efficaces pour séparer les actinides
trivalents (An(III)) des lanthanides (Ln(III)), dans le cadre de la stratégie séparation/transmutation. Des études structurales compa-
ratives utilisant la spectroscopie d’absorption X (EXAFS) sur des An(III) et des Ln(III) complexés par la tris[(2-pyrazinyl)méthyl]-
amine (TPZA) et la 2,6-di(5,6-dipropyl-1,2,4-triazine-3-yl)pyridine (BTP) ont été menées afin de déterminer si les performances en
extraction liquide/liquide de ces ligands sont corrélées à des différences structurales, en particulier à des variations dans les dis-
tances de liaison cation métalliqueeazote. Nous observons que les complexes d’U(III) étudiés se caractérisent par un raccourcisse-
ment général des distances de liaison par rapport à celles attendues pour une liaison purement ionique, pouvant être expliqué par un
caractère plus covalent de la liaison UeN. En revanche, aucune différence mesurable n’est observée jusqu’ici entre les An(III)
mineurs étudiés et les Ln(III) du milieu de la série des éléments 4f. Des études de spectroscopie de fluorescence laser résolue
dans le temps (TRLFS) sur des solutions de Cm(III) et d’Eu(III) complexés par la BTP indiquent que la sélectivité de ce ligand
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en extraction peut être expliquée par une grande différence dans les constantes de stabilité conditionnelle de leurs complexes 1:3
(K13). La valeur de K13 du complexe Cm(BTP)3 est supérieure de plusieurs ordres de grandeur à celle du complexe Eu(BTP)3. Pour
citer cet article : Melissa A. Denecke et al., C. R. Chimie 10 (2007).
� 2007 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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Mots-clés : EXAFS ; TRLFS ; Séparation ; Actinides trivalents
1. Introduction

The separation of trivalent actinides (An(III)),
namely Am(III) and Cm(III), from lanthanides (Ln(III))
is a key step in the partitioning and transmutation (P&T)
strategy. P&Taims at reducing the long-term radiotoxic-
ity of high-level nuclear wastes through separation of
long-lived actinides from spent nuclear fuels and trans-
muting them by irradiation with neutrons into short-lived
isotopes. An(III)/Ln(III) separation is the decisive step in
the partitioning process as some Ln nuclides have a high
neutron absorption, which if not removed would reduce
actinide transmutation efficiency [1]. The chemical
properties and the ionic radii of An(III) and Ln(III) are
comparable, rendering high demands on the selectivity
of the extraction ligand. As already shown some 20 years
ago [2], ligands containing soft donor atoms (such as S or
N) exhibit this selectivity. The use of organic N-donor
ligands has an application advantage that they can be
incinerated to gaseous products, thereby reducing the
volume of active waste to be disposed of [3].

Ligands containing aromatic N atoms as donor
atoms are reported to complex An(III) more strongly
than Ln(III), due to a greater covalent character of the
An(III)eN bond [4,5]. A number of such aromatic N-
donor ligands as candidates for partitioning have been
reported (see, e.g., Refs. [6e8], Fig. 1). Tripodal oligo-
amines such as tris[(2-pyrazinyl)methyl]amine (TPZA)
exhibit high selectivity for Am(III) in An(III)/Ln(III)
extraction [4,9] Alkylated 2,6-di(1,2,4-triazin-3-yl)pyr-
idines (BTP) are among the most effective extractants
for the separation of Am(III) and Cm(III) from Ln(III)
[10]. In liquideliquid extractions these extractants are
able to extract An(III) selectively in preference of
Ln(III) from nitric acid solutions into the organic phase.
This is of technological importance, as these elements
are present in a nitric acid solution following dissolu-
tion of spent nuclear fuel and subsequent partitioning
in the PUREX and DIAMEX processes [1,6].

Recently there has been a surge of activity in attempts
to understand the underlying reason for the partitioning
ligand selectivity. This understanding can potentially be
used to optimize partitioning ligand design and, hence,
extraction performance. The selectivity may be due to
an enhanced covalence in An(III)eN bonds compared
to those of their Ln(III) counterparts. This enhanced
bond covalence can be expressed by a contraction in
bond length and/or a higher thermodynamic stability.
Our previous investigation [11] on Cm(III) and Eu(III)
complexed with BTP in non-aqueous organic solution
by extended X-ray absorption spectroscopy (EXAFS)
and quantum chemical calculations shows the solution
structure to be the 1:3 complex with a structure compa-
rable to crystal structures of solid LneBTP3 [12]. The
complex is comprised of three ligands directly bonded
to the metal ion, with BTP acting as a tridentate ligand
via binding of the central pyridine nitrogen (Npy) and
two triazine nitrogens (Ntz) of the neighboring rings to
the metal cation. In our EXAFS analysis we find no sig-
nificant differences in the coordination numbers and
bond distances of CmeBTP3 and EueBTP3 [11]. We
conclude, the observed selectivity of BTP for Cm(III)
over Eu(III) is not structural in origin. This result is ap-
parent contrast to the observation that in crystalline
U(III) and Ce(III) BTP complexes have U(III)eN bonds
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Fig. 1. Chemical structure of tris[(2-pyrazinyl)methyl]amine

(TPZA) and 2,6-di(5,6-dipropyl-1,2,4-triazin-3-yl)pyridines (BTP).
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observed to be 0.06e0.09 Å shorter than Ce(III)eN
bonds while the difference in their ionic radii is only
0.015 Å [13,14]. Other X-ray diffraction investigations
show U(III), however, to generally exhibit structurally
different complexes with N-donor partitioning agents
compared to their Ln(III) counterparts. For example,
U(III)eN bond lengths are shorter than Ln(III)eN
bond lengths in their TPZA crystalline complexes
[4,5]. This observed bond shortening is interpreted as in-
dicative of a stronger bond covalence for An(III) over
Ln(III).

In this investigation we study the solution coordina-
tion chemistry of Am(III) and U(III) complexed with
BTP and compare this with that for the trivalent lantha-
nides Gd(III) and Lu(III). Using EXAFS we also study
the coordination structure of U(III) and Sm(III)
complexed with TPZA in non-aqueous organic THF so-
lution containing coordinated iodide counterions (THF
is not a counterion). The EXAFS investigations are
aimed at detecting if the solution complexes have coor-
dination structures similar to solid state ones, with indi-
cations of any higher covalence in the An(III)eN bonds.
In addition, fluorescence lifetimes of Cm(III) and Eu(III)
(both exhibiting fluorescence emission) in the presence
of varying amounts of BTP ligand (i.e., varying ligand-
to-metal cation ratios, [L]/[M]) are determined by means
of time-resolved laser fluorescence spectroscopy
(TRLFS). These results are used to determine if signifi-
cant differences in the stoichiometry and thermody-
namic stability of the Cm(III) complex versus Eu(III)
complex exists.

2. Experimental

n-C3H7eBTP (designated in the following simply as
BTP) and TPZA are synthesized as described in Refs.
[10] and [9]. The experiments are performed using stock
solutions of 6.05� 10�6 M Cm (89.68% 248Cm, 0.07%
247Cm, 9.38% 246Cm, 0.14% 245Cm, 0.30% 244Cm, and
0.43% 243Cm) and 5.0� 10�4 M Eu in 0.1 M HClO4.
The organic diluent used is a TPH/n-octan-1-ol (7:3 v/
v; TPH is a kerosene from Prochrom, France) solution.
Europium nitrate used for preparing the Eu-stock solu-
tion is of reagent grade with>99% purity. The Cm stock
solution (30 mL) is evaporated to dryness and dissolved
in 1500 mL of the organic diluent. Seven hundred and
fifty microliters of 1.51� 10�4 M BTP in organic dilu-
ent is added in portions ranging from 10 to 375 mL to the
Cm stock solution resulting in a [L]/[Cm] ratio of 8.3e
624, and the decrease of fluorescence intensity as a func-
tion of delay time is recorded after each addition. The
Eu(III) experiment is performed in a similar manner
beginning with 36 mL of a 5.0� 10�4 M Eu-stock solu-
tion, adding portions of a 1.51� 10�2 M BTP in organic
diluent ([L]/[Eu] ratios 8.4e629), and recording life-
times after each BTP solution addition.

BTP complex EXAFS samples are prepared by
extracting the trivalent metal cation in acidic aqueous
solution (243Am(III), Gd(III), or Lu(III) in 0.01 M
HNO3þ 2 M NaNO3) into a solution of 0.04 M BTP
in the organic diluent. Following phase separation, the
organic phase is transferred into sealed polyethylene
vials for measurement. Previous test results of the sam-
ple preparation method with Am(III) and Eu(III) (for
a description of the method see Ref. [15]) are used to
scale the extraction to yield a distribution ratio of at least
10 or better and a metal concentration in the organic
phase of approximately 1� 10�3 M for all samples.

The metal solvates UI3(THF)4 and SmI3(THF)4 are
prepared according to Refs. [16] and [17].

The U(III)eBTP complex is prepared by mixing
1 mL of a 3.3� 10�2 M solution of BTP and 1 mL of
1.0� 10�2 M solution of UI3(THF)4 in pyridine yield-
ing a 5� 10�3 M solution of [U(BTP)3]3þ.

The solid samples of SmI3(TPZA)(THF) and
UI3(TPZA)(THF) are prepared as described in Ref. [4].

The TPZA complexes are prepared by mixing 1 mL
of a 1.1� 10�2 M THF solution of TPZA and 1 mL of
a 1.0� 10�2 M THF solution of SmI3(THF)3.5 or UI3

(THF)4 yielding a 5� 10�3 M solution of [M
(TPZA)]3þ. As the Sm(III) sample is sensitive to hydro-
lysis in organic neutral media and the U(III) is sensitive
to oxidation, utmost care is taken to prevent contact of
the samples with moisture and air. All samples are pre-
pared in an inert gas glovebox with less than 1 ppm O2

and H2O. Ln(III) samples are transferred for EXAFS
measurement into capped vials and heat-sealed within
Ar-filled polyethylene (PE) foil (‘‘pillow’’ technique)
while still within the glovebox. Samples are transported
to the beamline in an Ar-filled desiccator and kept there
until use. The U(III) samples are also placed into capped
vials. These are placed inside of individual PE bottles,
which are equipped with air-tight inlet and outlet tubing.
Three bottles are connected to each other in a daisy-
chain fashion (i.e., the outlet of the first bottle is con-
nected to the inlet of the second bottle, the outlet of
this bottle to the inlet of the last bottle) and flooded
with Ar. The inlet of the first bottle and the outlet of
the last bottle are equipped with valves which are closed
before removal from the glovebox and transport to the
INE-Beamline. The transport from the INE controlled
laboratories to the INE-Beamline, where the bottles
are then continuously flushed with argon for measure-
ment, takes less than 30 min. No measurable shifts in
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the U L3 white line energy in the XANES of the U(III)
samples at 17.172 keV is observed and the dark blue
color of the samples is preserved over 5 h showing that
this setup is sufficient for keeping the samples stable.

TRLFS measurements are performed as described in
Ref. [11]. For measuring the lifetime of the fluorescence
emission, the delay time between excitation pulse and
detection is shifted in 25 ms steps within a 1.2e
1400 ms time interval for Cm(III) and in 50 ms steps
within a 1.2e11 000 ms time interval for Eu(III).

Am L3 and U L3 EXAFS measurements are per-
formed at the INE-Beamline for actinide research [18]
at ANKA, Forschungszentrum Karlsruhe, Germany, us-
ing a Ge(422) crystal pair (2d¼ 2.3094 Å) in the double
crystal monochromator (DCM). Sm, Gd, and Lu L3 EX-
AFS spectra are recorded at the ANKA-XAS Beamline
using a Si(111) pair. Both stations have a fixed exit DCM
geometry and an encoder on their theta angle positioning
motors. Higher harmonic radiation in the incident beam
is suppressed by detuning the parallel alignment of the
DCM crystals to 60e70% of photon flux peak intensity.
The actinide L3-edge spectra are calibrated against the
first derivative X-ray absorption near edge structure
(XANES) spectrum of a Zr or Y foil (17 998 or
17 080 eV, respectively), and the Ln L3-edge spectra
using a Fe foil (7112 eV). EXAFS spectra are recorded
in fluorescence detection mode using a 5-pixel energy
dispersive solid state Ge detector (Canberra LEGe).
Incident beam intensity, I0, is measured using N2 (for
Ln L3 spectra) or Ar (An L3 spectra) filled ionization
chambers. Up to five scans are collected and averaged
for each sample.

The EXAFS oscillations are extracted according to
standard procedures using the Athena program [19] or
WinXAS [20]. The threshold energy of L3-edges (E0)
is set to the white line position. Conventional analysis
of EXAFS data is made by performing theoretical least
squares fits of the EXAFS spectra to the EXAFS eq-
uation in R-space using the feffit software [21]. Metric
parameters describing the coordination structure are ob-
tained: coordination numbers (N), interatomic distances
(R), mean square radial displacements or EXAFS
DebyeeWaller factors (s2), and relative shifts in thresh-
old energy (DE0). The amplitude reduction factor S0

2 is
held constant at unity during fits. Theoretical single
scattering phase shift and backscattering amplitude
functions calculated with the ab initio multiple-scatter-
ing code feff8 [22] are used in the fits. For the TPZA
complexes a 31-atom cluster (1 central metal ion, 3 I
ions, 22 C and N atoms from the TPZA ligand, and 5
O/C atoms from THF; H atoms are neglected) having
Cartesian coordinates calculated from XRD results [4]
is used for the feff8 calculations. For BTP a 55-atom
cluster (1 central metal ion and 54 C and N atoms
from three BTP ligands, excluding rest groups on the
triazine rings) having Cartesian coordinates for the
Ce-complex reported in Ref. [13] is used. In this
case, the EXCHANGE 3 2 1 control card in feff8 is
specified.

The BTP sample data are modelled in the fits in
a manner analogous to that of our previous investigation
using four coordination shells in the R-range 1.2e4.9 Å
[11]. These shells are 9 nearest Npy and Ntz atoms di-
rectly bound to the metal cations, the second and third
shells of 18 C/N atoms each (designated C/N and C0/
N0, respectively), and a fourth, most distant shell of 9
C atoms, corresponding to the C atom located para to
the ligating N atoms. Three significant three-legged
multiple-scattering paths (An/Ln / N / C/N / An/
Ln, An/Ln / C/N / C0/N0 / An/Ln, and An/Ln /
N / C0/N0 / An/Ln paths) are included in the fits
with their effective path lengths correlated to single scat-
tering distances involved. A global DE0 and also s2

values are varied. EXAFS are Fourier transformed in
the k-range 2.8e10 Å�1, except for Gd data (2.8e
11.3 Å�1), using symmetric square windows with
Dk¼ 0.1 Å�1 ‘Hanning sills’.

The solid SmeTPZA_Ts sample (Sm(TPZA)I3

(THF)) spectrum is initially modelled with a single N
shell and an I shell. Subsequently, the data is fit with
three shells: O, N, and I in order to include the coordi-
nated THF into the fit model. The results for this fit
had high statistical errors, especially for parameters as-
sociated with EXAFS amplitude, as these parameters
are found to be highly correlated. For this reason, input
parameters for N are held constant at the next nearest in-
teger obtained in those fits (1, 4 and 3, respectively),
which are also the expected values from XRD results.
The Sm solution sample SmeTPZA_Tl spectrum is fit
using the same model as the solid sample. The quality
of the U L3 EXAFS for the solid UeTPZA_Ts

(U(TPZA)I3(THF)) sample is not high enough to fit
a model beyond an initial two-shell (a single N shell
and an I shell) fit. The two shells fit to the solution
UeTPZA_Tl sample yields coordination numbers for
the N and I shells of 5.2 and 2.6, respectively. The
data are then fit with three (O, N, and I) shells in a man-
ner analogous to the Sm data.

Sm L3 EXAFS are Fourier transformed in the k-
range 2.4e10.5 Å�1 and fits performed in the R-range
0.6e3.2 Å. U L3 are Fourier transformed in the k-range
1.6e9.9 Å�1 and fits performed in the R-range 1.1e
3.2 Å. As for fits to the BTP samples, DE0 is treated
as a global parameter throughout.
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3. Results and discussion

3.1. EXAFS of the trivalent metal
cation solution BTP complexes

The k2-weighted EXAFS of the BTP complexes are
shown in Fig. 2. Upon inspection of the spectra we ob-
serve that the amplitude of the U L3 spectrum is damp-
ened in comparison to the other spectra. The higher
amplitude of the Ln L3 EXAFS is due to the better back-
scattering ability of the light N/C atoms at the lower Ln
L3 energies. All spectra exhibit a similar beat pattern
with the most prominent features being a small intensity
maximum between 5 and 6 Å�1, followed by the most
intense maximum at about 6.5 Å�1, and a split oscilla-
tion centered at 9 Å�1.

The fit results to the spectra are listed in Table 1. We
see from the results that the low amplitude of the U
oscillations is expressed in a higher s2 value. We do
not think that is an indication of partial oxidation of
U(III). Great efforts are made to keep the sample under
inert gas atmosphere during transport and measurement.
The white line maximum remained within 1/10 eV
throughout the measurements indicating no change in
the oxidation state (no oxidation to U(IV)) and the first
derivative of the XANES region (not shown) showed
no shoulder corresponding to the ‘‘yl’’ multiple-scatter-
ing resonance expected for U(VI). In systematic EXAFS
studies of Np(IV)/Np(V) mixtures, the neptunyl pres-
ence is reported to be easily identified from the observa-
tion of the short bonds associated with the axial oxygen
atoms [23]. We find no evidence for the axial oxygen
atoms in our U L3 EXAFS data.

The trend observed comparing R-values between
An(III) samples and between Ln(III) samples follows
that expected for ionic radii contraction across the 5f
and 4f series; the AmeN bond is shorter than the Ue
N bond length (although the difference in AmeN and
UeN distances is not significant; similar results have
recently been reported in a quantum chemical study
[24]) and the LueN shorter than R(GdeN). The ob-
served trends, however, lie outside the range expected
judging from tabulated ionic radii (U3þ 1.01 Å, Am3þ

0.96 Å, Gd3þ 0.94 Å, Lu3þ 0.85 Å). The difference be-
tween the metaleN distance and the metal cation radius
is smallest for U(III) (1.56 Å) and greatest for Lu
(1.67 Å). If we consider this difference between bond
distance and ionic radius to be a measure for the bond
strength or covalence (i.e., deviation from an ionic
bond), then we conclude that the covalence of the metal
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cationeN bond is the greatest for U(III) and the ionic
character of the metal cationeN bond is the greatest
for Lu(III). This difference between Am(III) and
Gd(III) is only 0.01 Å (1.60 Å versus 1.61 Å, respec-
tively) and lies inside the error of determination (ap-
proximately 0.02 Å). Previously reported coordination

Table 1

Metric parameters from fits of R-space data in Fig. 2

Sample Shell Na R [Å] s2 [Å2] DE0 [eV] r-Factorb

AmeBTP3 N 9 2.562(5) 0.004(1) �0.75(f) 0.037

C/N 18 3.423(7) 0.004(2)

C0/N0 18 4.77(6) 0.002(24)

C 9 5.25(7) 0.001(6)

UeBTP3 N 9 2.57(2) 0.012(2) 2(2) 0.031

C/N 18 3.44(2) 0.007(2)

C0/N0 18 4.85(8) 0.004(3)

C 9 5.34(9) 0.005(18)

LueBTP3 N 9 2.52(1) 0.004(1) 4(1) 0.030

C/N 18 3.35(2) 0.006(2)

C0/N0 18 4.77(3) 0.005(2)

C 9 5.26(3) 0.0004(12)

GdeBTP3 N 9 2.554(5) 0.004(1) 4.2(f) 0.030

C/N 18 3.41(3) 0.005(2)

C0/N0 18 4.80(3) 0.001(5)

C 9 5.29(4) 0.0005(12)

Estimated standard deviations for a parameter’s fit result last signifi-

cant digit are listed in parentheses and do not include systematic

errors, unless designated with f meaning the value is held constant dur-

ing the fit.
a Held constant in the fit model.
b Parameter describing goodness of fit¼weighted sum of squares

of residuals divided by the degrees of freedom.
structures of the EueBTP3 and CmeBTP3 [11] also
yield comparable differences between bond distance
and trivalent metal ionic radius, being 1.61 (Eu) and
1.62 (Cm). If any difference in covalent character of
the binding between Am(III) or Cm(III) cations and
the BTP ligand compared to that of complexes of
Ln(III) in the middle of the 4f series exists, then this
character is not large enough to be expressed in bond
contractions larger than 0.02 Å.

The values for the third and fourth shell distances
for Am(III) appear too short for the 2.56 Å AmeN
distance. The quality of the fit to this spectrum is
also worse than the other spectra. This may indicate
that the BTP ligands are not simply oriented in a planar
fashion but are tilted or twisted. This would cause
a bend or variation in the relative AmeNeC/N angles
and, hence, a decrease in the distances between
Am(III) and the next shells. In comparison, the BTP
ligands in the solid structure of [Ce(BTP)3]3þ are
also non-planar [13].

3.2. Fluorescence lifetime measurements of Cm(III)
and Eu(III) with BTP at varying [L]/[M] ratios

Fluorescence lifetimes for Cm(III) and Eu(III) with
varying [L]/[M] ratios are determined by measuring
the decrease in fluorescence intensity as a function of de-
lay time. The plots of these measurements are depicted
in Fig. 3. Fig. 3a shows the lifetime measurements for
Cm(III) and Fig. 3b those for Eu(III). The lifetime of
Cm(III) in the organic diluent alone is 394 ms. For-
mation of BTP complex leads to a decrease of the
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Fig. 3. Lifetime measurements for Cm(III) (a) and Eu(III) (b) in TPH/n-octan-1-ol with varying [L]/[M].
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fluorescence lifetime. The decay of the fluorescence
intensity of Cm(III) in the presence of BTP follows
a monoexponential law and the lifetime is invariant of
[L]/[Cm]. We conclude that a single species forms,
which we know from EXAFS investigation [11] to be
the 1:3 CmeBTP3 complex. We find the average life-
time for CmeBTP3 to be 313� 8 ms at [L]/[M] values
between 16.7 and 624.2. This 313 ms lifetime is signif-
icantly shorter than the calculated radiative lifetime of
1.3 ms [25] expected for Cm(III) with 9-fold coordi-
nation by three tridentate ligands, replacing all nine
coordinating water molecules in aqueous solution.
The observed shorter fluorescence lifetime results
from a quenching process via intramolecular energy
transfer from the Cm(III) excited state to a low lying
triplet state of the organic ligand. Quenching via or-
ganic impurities of the organic solvent can be excluded,
as measurements performed in organic solvents other
than TPH/n-octan-1-ol also exhibit the same lifetime
to within the error bars. Similar quenching processes
are observed for Cm(III)e(ClPh)2PSSH-synergist com-
plexes. The lifetimes (221 ms for Cme(ClPh)2PSSHe
TBP, 267 ms for Cme(ClPh)2PSSHeTOPO, and
318 ms for Cme(ClPh)2PSSHeT2EHP [26]) are also
significantly shorter than the theoretical lifetime of
1250� 80 ms [25].

The fluorescence lifetime of Eu(III) in the organic
diluent used is 382 ms. In contrast to Cm(III), Eu(III)
in the presence of increasing amounts of BTP shows
a biexponential fluorescence intensity decay with a
short-lived (species I) 524� 5 ms lifetime and a long-
lived (species II) 2437� 22 ms lifetime component.
We can extract the emission spectra of both species
through deconvolution of emission spectra over the
entire [L]/[M] range studied (Fig. 4). As for Cm(III),
we can associate the 1:3 EueBTP3 complex deduced
by EXAFS analysis [11] with the 2437� 22 ms lifetime.
The lifetime increase is associated with increasing num-
ber of coordinating ligands (see Section 3.3). The obser-
ved increase allows us to safely assume that quenching
via the organic ligand for Eu(III) is negligible.

3.3. Identification of species I (Eue(n-C3H7eBTP)x;
x¼ 1 or 2)

The fluorescence lifetime is determined by radiative
and non-radiative decay processes of the excited state.
In aqueous solution non-radiative decay is predominantly
caused by energy transfer from the metal ion excited state
to ligand vibrational states, e.g., OH-vibrations of coordi-
nated H2O molecules. Replacement of water molecules
in the inner coordination sphere with complexing ligands
reduces the non-radiative decay and, hence, leads to an in-
crease in fluorescence lifetime. Kimura and Choppin [27]
empirically determined a linear equation relating the
number of water molecules coordinating Eu(III) and the
fluorescence decay rate Kobs (the reciprocal of the excited
state lifetime t):

nH2O¼1:07Kobs�0:62 with Kobs¼1=tðmsÞ ð1Þ
We apply a similar method for determining the num-

ber of BTP molecules coordinating Eu(III). We make a
linear plot of Kobs versus number of coordinating BTP
molecules using the 2437� 22 ms lifetime for Eue
BTP3 and the lifetime for Eu(III) in the organic diluent
alone (382 ms), defined as ‘‘zero’’ coordination with
BTP (Fig. 5a). We derive a linear correlation between
the number of BTP molecules coordinating Eu(III) and
Kobs similar to Eq. (1) for coordinating water molecules:

nBTP¼�4:08Kobs þ 10:67 ð2Þ
Using Eq. (2) or Fig. 5a we can estimate expected

Kobs (t) values for the 1:1 EueBTP and 1:2 Eue
BTP2 complexes to be 1.8801 ms�1 (532 ms) and
1.1451 ms�1 (873 ms), respectively. Comparison of
these values with the experimental value for the fluores-
cence lifetime of species I (524 ms) allows us to identify
species I as the 1:1 EueBTP complex.

Further proof for the formation of the 1:1 EueBTP
and 1:3 EueBTP3 complexes is obtained by slope anal-
ysis. We assume that EueBTP reacts with two BTP
molecules to form the 1:3 complex:

EueBTP þ 2BTP 4 EueBTP3 ð3Þ
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Fig. 4. Peak deconvolution result for the emission spectrum recorded

for [L]/[Eu]¼ 42.8.
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double-logarithmic plot of the [EueBTP3]/[EueBTP] concentration ratio versus BTP concentration (b).
According to Eq. (3), the conditional stability con-
stant K13 for the 1:3 EueBTP3 complex is defined by

K13 ¼
½EueBTP3��

EueBTP
�
½BTP�2

ð4Þ

It follows:

log
½EueBTP3�
½EueBTP� ¼ log K13 þ 2 log½BTP� ð5Þ

According to Eq. (5) there is a linear correlation be-
tween the logarithm of the [EueBTP3]/[EueBTP] con-
centration ratio and the logarithm of the [BTP]
concentration with a slope of 2. Fig. 5b shows a dou-
ble-logarithmic plot of [EueBTP3]/[EueBTP] verus
[BTP]. The concentration ratios are determined by de-
convolution of emission spectra. The plot in Fig. 5b is
linear with a slope of 1.96� 0.05. This corroborates
the postulated complexes EueBTP3 and EueBTP and
their formation according to Eq. (3). If the 1:2 Eue
BTP2 species forms at all, it is a transient species or
forms in negligible amounts. From the y-intercept of
Fig. 5b (linear regression results of the plot and Eq.
(5)) we estimate log K13 to be 6.45� 0.15.

3.4. EXAFS of the trivalent metal cation TPZA
complexes

The U and Sm L3 k2-weighted EXAFS and fit curves
for the SmI3 and UI3 TPZA complexes in THF both in
the solid state (SmeTPZA_Ts and UeTPZA_Ts) and as
solution complexes (SmeTPZA_Tl and UeTPZA_Tl)
are shown in Fig. 6. The results from fits to the data
are listed in Table 2. For comparison, interatomic
distances from reported XRD studies for the La and U
complexes are also listed in the table. We have scaled
the XRD values for the Sm samples to be 0.08 Å shorter
than the La counterpart to account for the difference in
their ionic radii. Upon comparing the results for Sme
TPZA_Ts with those for SmeTPZA_Tl we find the
only significant difference in the SmeI distances. In so-
lution this distance increases over that obtained in the fit
to the crystalline solid sample data to a value compara-
ble to the XRD average SmeI distance. The O and N
distances obtained in the EXAFS analysis for the two
solid samples are all 0.04e0.05 Å shorter than those
calculated from refined XRD data; the cationeI dis-
tances are 0.07 Å shorter for the SmeTPZA_Ts and
0.1 Å for the UeTPZA_Ts sample. We do not know
the source of this discrepancy.

Comparison of the interatomic distances obtained
from fits to the SmeTPZA_Tl EXFAS data with those
for UeTPZA_Tl reveals that they are the same to within
experimental error. Similar to our observations for the
results of trivalent metal cationeBTP3 complexes, this
is not what we expect based on their tabulated ionic radii
(U3þ 1.01 Å, Sm3þ 0.96 Å). The difference between the
metaleO (metaleN) distance and the metal cation ra-
dius is in this case 1.41 Å (1.63 Å) for U(III) and
1.47 Å (1.67 Å) for Sm. In other words, the distances
in the two solution complexes are the same although
the ionic radius of U(III) is 0.05 Å longer compared to
Sm(III). In solution, the UeO(N) bond distance is about
0.06(0.04) Å shorter than expected for a pure ionic bond.
This difference we consider to be a measure for the bond
covalence and conclude that UeTPZA_Tl has a greater
covalent character of its binding to the ligand than does
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Table 2

Metric parameters obtained from fits of R-space data for the TPZA samples indicated (spectra shown in Fig. 6)

Sample Shell N R [Å] s2 [Å2] DE0 [eV] r-Valuea

SmeTPZA_Ts

Two-shell fit N 5(1) 2.56(2) 0.009(4) �2.4(1.2) 0.036

2.62� 0.05

I 2.7(9) 3.06(1) 0.005(3)

3.13� 0.03
Three-shell fit O 1(f) 2.45(6) 0.001(6) �2(f) 0.031

2.49

N 4(f) 2.61(2) 0.007(6)

2.66� 0.05
I 3(f) 3.060(9) 0.006(1)

3.13� 0.03

SmeTPZA_Tl O 1(f) 2.43(3) 0.0001(49) �2.5(f) 0.024

N 4(f) 2.63(1) 0.001(2)

I 3(f) 3.12(1) 0.008(2)

UeTPZA_Ts N 6(1) 2.61(3) 0.0020(6) �5.4(f) 0.030

2.66� 0.05
I 3.0(8) 3.14(1) 0.008(3)

3.24� 0.06

UeTPZA_Tl O 1(f) 2.42(7) 0.011(11) �6(1) 0.020

N 4(f) 2.64(2) 0.009(4)

I 3(f) 3.12(2) 0.011(2)

Distances listed in italics are from reported XRD studies for the La and U complexes. Values in parentheses give the statistical error for that param-

eter’s fit result last significant digit, unless designated with f meaning the value is held constant during the fit.
a Parameter describing goodness of fit¼weighted sum of squares of residuals divided by the degrees of freedom.
SmeTPZA_Tl, in accord with conclusions based on the
solid crystalline structures [4].

4. Conclusion

Our overall scientific objective of these EXAFS in-
vestigations of the interaction between An(III) and
Ln(III) cations and N-donor partitioning extractant li-
gands is to establish whether ligand selectivities mani-
fest themselves in coordination structure differences.
From our EXAFS studies of An(III) and Ln(III) com-
plexed with BTP and with TPZA, we find no obvious
link between structure and liquideliquid extraction per-
formance. We find that U(III) shows an apparent higher
covalent character of its UeN binding, expressed by
a decrease in the bond distance over that expected for
pure ionic binding. This result shows that the structural
differences observed in the solid state are significant
and well representative of the solution structural differ-
ences. However, we observe no measurable differences
for Am(III) and Cm(III) and the Ln(III) elements in the
middle of the 4f series. It therefore remains question-
able if U(III) can be used as a good model for Am(III)
and Cm(III). However, studying the contrast in behavior
between U(III) on one hand and Am(III) and Cm(III) on
the other hand has, and will, help us to understand
trends in the coordination structures. It remains to be
established if the presence of a covalent contribution
to U(III)eligand bonding, reflected in structural differ-
ences, can help to predict the extraction efficiency of
partitioning ligands. Work directed to elucidate this is
in progress in our groups.

The TRLFS study scientific objective is to determine
if differences in the stoichiometry and thermodynamic
stability of the solution BTP complexes of An(III) over
Ln(III) exist, using Eu(III) and Cm(III) because of their
excellent fluorescence properties. Our TRLFS results
show that CmeBTP3 is formed at much lower [L]/[M]
ratio than EueBTP3 confirming BTP’s selectivity in
liquideliquid extraction [6,10]. We are able to deter-
mine a conditional stability constant K13 for the 1:3
EueBTP3 of 2.8(�1.4)� 106. If we assume the Cme
BTP3 to form in a similar manner as Eq. (3), we can
predict K13 for the 1:3 CmeBTP3 by comparison with
the Eu results. The total BTP ligand concentration
used for the Cm(III) experiments is two orders of mag-
nitude lower than that used for Eu(III). This means that
K13 for CmeBTP3 is estimated to be more than three or-
ders of magnitude higher than that of EueBTP3. This
large difference in K13 can help explain the selective
extraction behavior of BTP, expressed as separation
factors (SF) for Am(III) or Cm(III) from Eu(III)
(SF¼ distribution ratio DAm/DEu upon extraction) on
the order of more than 100.
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Future work is aimed at synthesis of new, softer do-
nor ligands that promise to result in a higher covalent
character of the An(III)eN binding, even for Am(III)
and Cm(III). The An(III) and Ln(III) complexes of
these new ligands will be investigated using X-ray crys-
tallography in the solid state and solution complexes
studied by means of EXAFS. Furthermore, we plan to
study complexes prepared under conditions as close
as possible to actual partitioning conditions. Both
TRLFS and time-resolved EXAFS studies will be per-
formed in order to evaluate the role of kinetic effects
on the extraction performance.
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de l’Énergie nucléaire’’ (France). We thank B. Brende-
bach, K. Dardenne, J. Rothe, and S. Mangold for assis-
tance during experiments and ANKA for beamtime
allotment.

References

[1] Actinide and fission product partitioning and transmutation, sta-

tus and assessment report, OECD Nuclear Energy Agency,

Paris, 1999.

[2] C. Musikas, P. Vitorge, D. Pattee, Proceedings of the Interna-

tional Solvent Extraction Conference (ISEC), 1983, p. 6.

[3] C. Madic, M.J. Hudson, High-level liquid waste partitioning by

means of completely incinerable extractants. EUR 18038, Euro-

pean Commission, Luxembourg, 1998.

[4] M. Mazzanti, R. Wietzke, J.-M. Latour, J. Pécaut, P. Maldivi,

M. Remy, Inorg. Chem. 41 (2002) 2389.

[5] L. Karmazin, M. Mazzanti, J. Bezombes, C. Gateau, J. Pécaut,

Inorg. Chem. 43 (2004) 5147.

[6] C. Madic, M.J. Hudson, J.-O. Liljenzin, J.P. Glatz, R.

Nannicini, A. Facchini, Z. Kolarik, R. Odoj, New partitioning
techniques for minor actinides, EUR 19149, European Commis-

sion, Luxembourg, 2000.

[7] C. Madic, F. Testard, M.J. Hudson, J.-O. Liljenzin, B. Christian-

sen, M. Ferrando, A. Facchini, A. Geist, G. Modolo, A. Gon-

zales-Espartero, J. De Mendoza, PARTNEW e new solvent

extraction processes for minor actinides, CEA-R-6066, Com-
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