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Abstract: The structure and stoichiometry of the lanthanide(III) (Ln) complexes with the ligand 2-thenoyl-
trifluoroacetone (Htta) formed in a biphasic aqueous room-temperature ionic liquid system have been studied
by complementary physicochemical methods. Equilibrium thermodynamics, optical absorption and
luminescence spectroscopies, high-energy X-ray scattering, EXAFS, and molecular dynamics simulations
all support the formation of anionic Nd(tta)4

- or Eu(tta)4
- complexes with no water coordinated to the metal

center in 1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (C4mim+Tf2N-), rather than the
hydrated, neutral complexes, M(tta)3(H2O)n (n ) 2 or 3), that form in nonpolar molecular solvents, such as
xylene or chloroform. The presence of anionic lanthanide complexes in C4mim+Tf2N- is made possible by
the exchange of the ionic liquid anions into the aqueous phase for the lanthanide complex. The resulting
complexes in the ionic liquid phase should be thought of as weak C4mim+Ln(tta)4

- ion pairs which exert
little influence on the structure of the ionic liquid phase.

Introduction

Room-temperature ionic liquids (RTILs) are being considered
as replacement solvents for a host of synthetic, catalytic,
electrochemical, and separations processes.1-3 They possess
fundamentally unique combinations of properties,4 such as being
nonvolatile and able to dissolve both ionic and nonionic species.
At the same time, a subset of ionic liquids retain important
properties of certain conventional, molecular organic solvents,
such as immiscibility with water. Studies have demonstrated
that the mechanisms of numerous synthetic reactions are the
same in molecular solvents and in RTILs,5 but this is not
universally true.6

In biphasic systems, like those used in phase transfer catalysis
or those used for the separation or purification of a metal ion
containing complex by liquid-liquid partitioning, the differences
between the chemical equilibria observed in RTILs and con-
ventional (molecular) organic solvents can be especially large.7

Recent studies of the partitioning mechanism of Sr2+-crown

ether8,9 and UO2
2+-carbamoylmethylenephosphine oxide com-

plexes10 showed that substituting a water immiscible 1-alkyl-
3-methylimidazolium-based ionic liquid for molecular organic
solvents in biphasic aqueous-organic solvent systems altered
the stoichiometry, charge, and structure of the metal ion
complexes in the organic phase. At the same time, the
partitioning mechanism changed from ion pairing (eq 1) to
cation exchange (eq 2). (Species present in the organic phase
are indicated by the subscript org.)

In the cation exchange reaction (eq 2), the partitioning of the
cationic metal complex into the RTIL phase is accompanied
by the transfer of 1-alkyl-3-imidazolium cations from the RTIL
into the aqueous phase. These findings suggest that some RTILs
may not be suitable for use in biphasic systems, prompting us
to systematically examine other partitioning reactions to un-
derstand if the formation ofcationic metal-ligand complexes
in the RTIL phase, driven by cation exchange, is a general
phenomenon of 1-alkyl-3-methylimidazolium-based ionic liquids
in biphasic systems. Consequently, we studied the RTIL-phase
complexes of trivalent lanthanide cations (Ln3+) with the
commonâ-diketone ligand 2-thenoyltrifluoroacetone (Htta, 1-(2-
thienyl)-4,4,4-trifluoro-1,3-butanedione) in biphasic aqueous/
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Mm+ + mNO3
- + xLorg h M(NO3)mLx,org (1)

Mm+ + mCnmim+
org + xLorg h ML x,org

m+ + mCnmim+ (2)
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RTIL solutions. The ionic liquid used as the organic solvent,
1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]im-
ide (C4mim+Tf2N-), was chosen to increase the likelihood of
cationexchange into the aqueous phase by employing a cation
containing a shorter alkyl chain (butyl vs pentyl, hexyl, or octyl
methylimidazolium cations) than had been used in previous
systems where cation exchange had been identified.8-10

We report three key findings regarding the nature of the ionic
liquid and the formation of Ln3+-tta- complexes in the biphasic
aqueous/C4mim+Tf2N- system. Under the common-place con-
ditions employed for this reaction, C4mim+Tf2N- behaves as a
liquid anionexchanger, promoting the formation of the anionic
complex, Ln(tta)4-, in the RTIL phase in contrast to the neutral
complexes commonly observed in molecular organic solvents
or the cationic complexes previously reported in RTILs. Unlike
common liquid anion exchangers, though, the cationic compo-
nents of the RTIL do not form large aggregates11 in the organic
phase when these anionic metal-ligand complexes are present.
In addition, despite the significant water content of the
equilibrated C4mim+Tf2N- phase (1.05 M) and in contrast to
the recent reports of the formation of hydrated complexes
through cation exchange reactions in RTILs,9,10all of the water
is expelled from the inner coordination sphere of the metal ion
of this complex.

Experimental Section

Materials and Sample Preparation. 2-Thenoyltrifluoroacetone
(99%, Aldrich) was purified by vacuum sublimation, yielding fine pale
yellow needles. Weighed amounts of Htta were dissolved ino-xylene
(99%, Acros Organics) or the ionic liquid C4mim+Tf2N- (Covalent
Associates), which were used as received. Solutions containing Htta
were stored in the dark when not in use to avoid photodecomposition
of the ligand. Aqueous solutions of Eu(ClO4)3 or Nd(ClO4)3 and 0.001-
0.02 M HClO4 with sufficient NaClO4 to maintain the ionic strength
of the aqueous phase at 1.0 M were prepared and standardized as
previously described.12 For measurements of the Eu or Na distribution
ratios, 1 µL aliquots of radiochemically pure152,154,155Eu or 22Na
radiotracer solutions in 0.01 M HClO4 were added to 400µL portions
of aqueous 1.0 M (Na,H)ClO4 of known acidity. The Nd concentration
in the RTIL phase and the Nd distribution ratios were calculated from
the difference in the Nd concentration in the aqueous phase before and
after extraction, which was determined spectrophotometrically using
the Nd-Arsenazo III complex after dilution.13

Ln3+-tta- complexes were formed by mixing equal volumes of a
pre-equilibratedo-xylene or C4mim+Tf2N- solution, containing a known
amount of Htta (0.05-0.5 M), and an aqueous 1.0 M (Na,H)ClO4

solution, containing Eu3+ or Nd3+ (e10-8 - 0.06 M Ln3+), at 295(
1 K. Equilibrium was attained within 60 min of mixing. For the
preparation of samples containing more than 0.001 M of the lanthanide
complex, a known amount of NaOH also was added to the aqueous
phases to drive the complexation equilibria. The concentrations of C4-
mim+ and Htta in the aqueous phase were determined spectrophoto-
metrically at 210 nm (ε ) 4560 M-1 cm-1) and 266 nm (ε ) 9840
M-1 cm-1), respectively, after dilution in 0.01 M HCl. The water content
of the RTIL phase was determined by Karl Fischer titration.

The concentration of Tf2N- in the aqueous phase was determined
as the colored ion pair, bis[(trifluoromethyl)sulfonyl]imide bis(2,9-
dimethyl-1,10-phenanthroline)copper(I) in ethyl acetate using a modi-
fication of the indirect spectrophotometric procedure for anion analysis

developed by Collinson and Boltz.14 Chloride salts replaced perchlorate
salts as the background electrolyte in this set of experiments to avoid
severe interference from perchlorato bis(2,9-dimethyl-1,10-phenan-
throline)copper(I) in the analysis. Known concentrations of LiTf2N
(Aldrich) were used to calibrate the background corrected absorption
response, which followed the Beer-Lambert law to the highest
concentration measured, 4.7× 10-5 M Tf2N- in the diluted aqueous
analyte, with a molar absorptivity of (2.33( 0.02)× 104 Maq

-1 cm-1

at 456 nm (Maq ) molar concentration of Tf2N- in the aqueous copper
solution before extraction into ethyl acetate).

The crystalline complex 1,4-dimethylpryridinium tetrakis(2-thenoyl-
trifluoroacetonato)europate(III), (1,4-Me2py)Eu(tta)4 was prepared as
a standard for X-ray absorption measurements according to literature
procedures.15

Spectroscopic and Scattering Measurements. Optical absorption
spectra of the Nd containing samples were measured in 1.000 cm quartz
cuvettes with a computer-controlled Cary-14 spectrophotometer (OLIS,
Inc.). Time-resolved laser-induced fluorescence measurements of Eu
containing organic phases were made after contact with aqueous phases
containing H2O or 99.9% D2O. The emission spectra of the samples
were measured after excitation at 355 or 532 nm. The lifetime of the
Eu 5D0 state was measured by monitoring the5D0 f 7F2 transition,
analyzing the data as described previously.16 The measured lifetimes
were independent of the excitation wavelength.

X-ray absorption spectra at the Eu L3-edge were measured of a
C4mim+Tf2N- solution containing 0.2 M Htta and 0.015 M Eu in a 4
mm inner diameter polyethylene tube and of solid (1,4-Me2py)Eu(tta)4
diluted with boron nitride contained in a 2.2 mm thick holder with
Kapton windows. Measurements were made in the fluorescence mode
with a 13-element Ge detector (Canberra) at the Advanced Photon
Source bending magnet beamline 12-BMB.17 The energy scale was
calibrated against the first inflection point of the K-edge of an Fe foil
(7.112 keV). Two spectra of each sample were averaged, and the k3-
weighted Eu EXAFS were isolated and analyzed by standard proce-
dures18 using the program Ifeffit19 and the phase and amplitude functions
generated by FEFF7.0220 from the atomic positions derived from the
crystal structures of Eu(tta)3(H2O)221 or (1,4-Me2py)Eu(tta)4.15 The
threshold energy,E0, was set to the first inflection point of the measured
Eu L3 absorption edge, 6.982 keV.

The EXAFS of crystalline (1,4-Me2py)Eu(tta)4, which is known to
contain discrete, octacoordinate Eu(tta)4

-,15 was fit to the FEFF phase
and amplitude functions with fixed coordination numbers (NO ) NC )
8), while allowing the Debye-Waller factors,σ2, to vary. The resulting
value of σ2 for the coordinated oxygen atoms, 0.0045( 0.0017 Å2,
was then used as a fixed parameter to fit the EXAFS of the RTIL phase
sample, allowing the number of coordinated oxygen atoms,NO, to vary.
The amplitude reduction factor,S0

2, was held equal to unity for both
fits. The uncertainty in the coordination number derived from the fitting,
(1.0, includes both the intrinsic uncertainty in the fit ofNO and the
uncertainty in the value ofσ2 from fitting the standard.

High-energy X-ray scattering experiments (HES) were conducted
at beamline 11-ID22 of the Advanced Photon Source at a beam current
of 100 mA and an energy of 98 keV. Samples were enclosed in thin

(11) Danesi, P. R.K. Tek. Hoegsk. Handl.1972, 248-296, 419.
(12) Jensen, M. P.; Beitz, J. V.; Rogers, R. D.; Nash, K. L.J. Chem. Soc., Dalton

Trans.2000, 3058.
(13) Marczenko, Z.Separation and Spectrophotometric Determination of

Elements; Halsted Press: New York, 1986; pp 468-470.

(14) Collinson, W. J.; Boltz, D. F.Anal. Chem.1968, 40, 1896.
(15) Chen, X.-F.; Liu, S.-H.; Duan, C.-Y.; Xu, Y.-H.; You, X.-Z.; Ma, J.; Min,

N.-B. Polyhedron1998, 17, 1883.
(16) Beitz, J. V. InSeparations of f-Elements; Nash, K. L., Choppin, G. R.,

Eds.; Plenum Press: New York, 1995; pp 153-164.
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walled (0.01 mm) silica tubes with a 3 mmouter diameter (Glas Mu¨ller).
Data were collected in two regions, 0.48 Å-1 < Q < 3.5 Å-1 and 0.6
Å-1 < Q < 30 Å-1, with Q ) 4π/λ sin θ. After correction for the
detector dead time and instrumental background, the different scan
regions were merged into a single data set for each sample and were
further corrected for geometry and polarization before normalization
as previously described.23

Molecular Dynamics Simulations. Molecular dynamics simulations
were done using the MOSCITO 3.9 code.24 The simulations employed
125 C4mim+ and 125 Tf2N- ions, 38 H2O molecules, and 8 enolic Htta
molecules in a cubic box with periodic boundary conditions to reproduce
the water saturated Htta/RTIL solution at a temperature of 300 K. For
simulations of solutions containing the Eu(tta)4

- complex, the eight
enolic protons were replaced with two Eu3+ ions, yielding two Eu(tta)4-

anions. All ions were represented by charged 12-6 Lennard-Jones
sites bound together by harmonic bond distance, bond bending (angular),
and dihedral potentials. Each C-H unit was treated as a pair of united
atoms, and intramolecular 1,2- and 1,3-interactions were neglected.
Intermolecular interactions were calculated to a distance of 17.0 Å,
incorporating long-range electrostatic interactions through the particle
mesh Ewald technique.25 The Lennard-Jones parameters were taken
from the Amber 4.1 force fields,26 except for the Eu ion, which used
the parameters of van Veggel and Reinhouldt.27 Lorenz-Berthelot rules
were used throughout for the mixed Lennard-Jones terms. The atomic
charges28,29 and estimates of the geometric parameters28,30 were taken
from the literature. The time step of the simulations was 1 fs with 500
ps of equilibration and an additional 500 ps for averaging.

Results

The fundamental metal/proton/ligand stoichiometry of the
Ln3+-tta- complexes in the RTIL phase was determined by
equilibrium measurements of the Eu3+ partitioning between the
aqueous and RTIL phases as a function of the aqueous phase
acidity and the initial concentration of Htta in the RTIL, as
shown in Figure 1. Slope analysis31 of the data indicates the
participation of 4.0( 0.4 Htta molecules in the partitioning
equilibrium accompanied by the release of 4.2( 0.2 protons
to the aqueous phase for each Eu3+ that moves from the aqueous
phase to the C4mim+Tf2N- phase. As illustrated in Figure 2,
sodium ions do not participate in the partitioning equilibrium,
but the extraction of the Ln3+-tta- complex does cause a linear
increase in the aqueous phase concentration of Tf2N- from the
initial aqueous Tf2N- concentration of 0.0139 M.

Other data from the solutions represented in Figure 2 provide
independent confirmation of the stoichiometry of the complexes
in the RTIL phase through the stoichiometric correspondence
between the amount of OH- added to drive the Ln3+ partitioning
and the amount of Ln3+ in the RTIL phase. Addition of 26(
1 µmol of OH- causes the extraction of 5.8( 0.6 µmol of Eu

into the RTIL. This agrees with the 6.4( 0.3 µmol of Eu that
would partition if Eu(tta)4- is formed in the RTIL through an
anion exchange mechanism. In contrast, if neutral Eu(tta)3(H2O)3
or Eu(tta)3(Htta) complexes or the anionic Eu(tta)3(Tf2N)-

complex is formed in the RTIL phase, 8.6( 0.4 µmol of Eu
would be extracted. Furthermore, measurement of the change
in the amount of uncomplexed Htta and tta- in the system when
macro concentrations of Nd partition in the RTIL phase confirms
the Ln/tta stoichiometry of the complex. The transfer of 14.9
( 0.5 µmol of Nd into the RTIL phase decreased the amount
of uncomplexed ligand from 152( 1 µmol to 89 ( 3 µmol.
Therefore, 64( 3 µmol of tta- are bound to 14.9( 0.5 µmol
of Nd3+, which gives a bound tta/Nd ratio of 4.3( 0.3 in the
RTIL phase of solutions used to determine the spectrum of
Nd(tta)4- in Figure 3.

Optical spectroscopy confirms that the bulk of the Ln ions
in the RTIL are present as Ln(tta)4

-, in accord with the
equilibrium stoichiometry derived at the tracer and macro scales.
The absorption spectra of the Nd3+-tta- complexes ino-xylene,
C4mim+Tf2N-, and o-xylene containing 0.02 M tricaprylm-
ethylammonium perchlorate (TCMA+ClO4

-), a liquid anion
exchanger known to form ion pairs with Ln(tta)4

- in molecular
solvents,32 are compared in Figure 3 (also see the Supporting
Information). The Nd3+ 4I9/2 f 4G5/2, 2G7/2 transition depicted

(23) Weitkamp, T.; Neuefeind, J.; Fischer, H. E.; Zeidler, M. D.Mol. Phys.
2000, 98, 125.
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Dortmund, 2000.
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Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. D.; Kollman, P.
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(30) (a) Chen, X.-F.; Zhu, X.-H.; Xu, Y.-H.; Raj, S. S. S.; O¨ ztürk, S.; Fun,

H.-K.; Ma, J.; You, X.-Z.J. Mater. Chem.1999, 9, 2919. (b) Takahashi,
S.; Curtiss, L. A.; Gosztola, D.; Koura, N.; Saboungi, M.-L.Inorg. Chem.
1995, 34, 2990.
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Figure 1. Dependence of the partitioning of Eu3+ from aqueous 1.0 M
NaClO4 into C4mim+Tf2N- on the aqueous phase acidity (0, [Htta]org )
0.5 M) and on the concentration of Htta in the RTIL phase (O, log[H+]aq

) -3.05). Lines represent best fit by linear least-squares regression.

Figure 2. Dependence of the partitioning of Na+ into C4mim+Tf2N- on
the organic phase concentration of Eu(tta)4

- (O, 1.0 M NaClO4) and the
dependence of the partitioning of Tf2N- into the aqueous phase on the
organic phase concentration of Nd(tta)4

- (9, 1.0 M NaCl). Lines indicate
best fit of data by linear least-squares regression.
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in Figure 3 is a hypersensitive 4ff 4f transition. The energy
of this transition shows little sensitivity to the ligand environ-
ment, but the shape and intensity of these absorption bands are
very sensitive to changes in the Nd3+ coordination environ-
ment.33 The shape and intensities of the absorption bands of
the Nd complex in the RTIL bear little resemblance to those of
Nd(tta)3(H2O)3 in o-xylene, clearly demonstrating the change
in the Nd coordination environment. At the same time, the
spectrum of the Nd3+-tta- complex in the RTIL is very similar
to the spectrum of [TCMA+][Nd(tta)4-] in o-xylene. The
increase in the maximum molar absorptivities of the 572 nm
(71% increase) and 584 nm (28% increase) bands and the 28%
increase in the integrated intensity of the4I9/2 f 4G5/2, 2G7/2

transition (565-610 nm) of the Nd(tta)4- complex as compared
to Nd(tta)3(H2O)3 in o-xylene are well within the range
commonly observed for the replacement of coordinated water
molecules with an anionic oxygen-bearing ligand.34 The slightly
lower intensity of the Nd absorption in the RTIL as compared
to the [TCMA+][Nd(tta)4-] ion pair in o-xylene is within
experimental error of this determination of the Nd concentration
in these organic phases ((3%). In addition, the single peak of
the 5D0 f 7F0 transition of the Eu3+-tta- containing RTIL
solutions (Supporting Information) indicates that the metal ion
is present primarily in a single coordination geometry35 and that
any other complexes present are below the limit of detection
of the combined fluorescence spectral and lifetime measurements
(ca. 5% of the total Eu concentration in the RTIL).

Luminescence lifetime measurements of the Eu complexes
in the water-equilibrated RTIL phase also support the assignment
of the complexes as the anionic Eu(tta)4

- complexes. The
number of water molecules directly coordinated to Eu,NH2O,
was calculated from the well-established correlation between

NH2O and the difference in the fluorescence decay constants,k,
of trivalent Eu complexes containing H2O and D2O,36

The results (Table 1) demonstrate that the tta- anions displace
all of the coordinated water molecules from the Eu inner
coordination sphere. This is in contrast to the hydrated, neutral
1:3 Ln/tta complexes found in the solid state21 and solution37,38

but is in accord with the fully dehydrated 1:4 Ln/tta- complexes
observed in the solid state.39,40The absolute uncertainty inNH2O,
(0.5 H2O, was previously estimated from the agreement
between standards with a known hydration number and the
measuredNH2O.36

Structural parameters of the Eu3+-tta- complex in the RTIL
were determined by EXAFS and HES. The results are sum-
marized in Figures 4 and 5 and in Table 2. The EXAFS signals
of both the RTIL sample and the Eu(tta)4

- solid standard (Figure
4) are dominated by the shell of oxygens directly coordinated
to the Eu ion at 2.4 Å. The next shell of atoms, the ketone
carbons of the tta- ligands, is obviously present in the solid
standard at 3.4 Å but is of sufficiently small intensity in the
RTIL sample that it was not considered in the analysis. The
absence of a detectable Eu-C distance in the EXAFS data
would appear to arise from greater disorder in this shell of
atoms for the complex in solution and the inherently low

(32) Atanassova, M.; Jordanov, V. M.; Dukov, I. L.Hydrometallurgy2002,
63, 41.

(33) (a) Choppin, G. R.; Henrie, D. E.; Buijs, K.Inorg. Chem.1966, 5, 1743.
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23, 1641. (c) Birnbaum, E. R.; Gomez, J. E.; Darnall, D. W.J. Am. Chem.
Soc.1970, 92, 5287.
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W.; Gao, J.; Kang, J.; Yang, W.J. Solution Chem.1997, 26, 105. (e) Wang,
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167.
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Soc.1964, 86, 5125.

(40) (a) McPhail, A. T.; Tschang, P.-S. W.J. Chem. Soc., Dalton Trans.1974,
1165. (b) Criasia, R. T.Inorg. Chim. Acta1987, 133, 189. (c) Criasia, R.
T. Inorg. Chim. Acta1987, 133, 195. (d) Wang, K.-Z.; Huang, C.-H.; Xu,
G.-X. Polyhedron1995, 14, 3669. (e) Lalancette, R. A.; Cefola, M.;
Hamilton, W. C.; La Placa, S. J.Inorg. Chem.1967, 6, 2127.

Figure 3. Visible absorption spectra of Nd(tta)3(H2O)3 in o-xylene (dashed
line), Nd(tta)4- in C4mim+Tf2N- (solid line), and Nd(tta)4- in o-xylene
containing 0.02 M tricaprylmethylammonium perchlorate (b).

Table 1. Number of Water Molecules Coordinated to Eu in the
RTIL Phase Determined from Fluorescence Lifetime
Measurements

[Htta]org, M kH2O, msec-1 kD2O, msec-1 NH2O, Eua

0.2 2.154( 0.020 1.976( 0.027 0.2
0.5 2.378( 0.035 2.294( 0.041 0.1

a Estimated uncertainty( 0.5 H2O.

Figure 4. k3-weighted Eu L3-edge EXAFS of Eu(tta)4
- in C4mim+Tf2N-

(offset vertically) and (1,4-Me2py)Eu(tta)4 solid standard. Solid lines
represent the experimental data, while the points represent the best fit.

NH2O
) 1.05(kH2O

- kD2O
) (3)
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backscattering of the C shell caused by the rapid decrease in
scattering intensity with increasing distance. The absence of a
Eu-O-S scattering peak at 3.8 Å in the RTIL sample is
consistent with the absence of significant amounts of Eu
coordinated to Tf2N- through the sulfonyl oxygens, as expected
from the equilibrium partitioning measurements.

The HES data were fit to the scattering calculated for models
based on the structures of Eu(Tf2N)3, Eu(tta)3(H2O)2, or
Eu(tta)4- in the RTIL derived from molecular dynamics
simulations, allowing the number of coordinated oxygens,NO,
and the Eu-O bond distances to vary. The fit of the HES data
to the Eu(tta)4- model (Figure 5) was significantly better than
that to either the Eu(Tf2N)3 or Eu(tta)3(H2O)2 models, which
were unable to reproduce the Eu-O scattering peak at 2.35 Å
without requiring unreasonable values for the parameters. The
good agreement between the scattering calculated from the
simulation of Eu(tta)4- in the RTIL and the experimental
scattering data is demonstrated in Figure 5C and D, which show
the simulated scattering of Eu(tta)4

- before fitting NO or the
Eu-O bond distances to the experimental data.

These structural measurements are most consistent with Eu
coordination by eight oxygen atoms from four bidentate tta-

anions. The coordination numbers determined from EXAFS and
HES (Table 2) agree within the fitting error and indicate the
presence of eight oxygen atoms in the Eu inner coordination
sphere in the RTIL phase. Furthermore, the average Eu-O bond
distance in the RTIL sample (Table 2) is consistent with
octacoordination, agreeing well with the average Ln-O dis-
tances reported for crystalline Ln(tta)4

- complexes (expected
average Eu-O distance) 2.39 Å),15,40while being considerably
shorter than the average Eu-O distance reported in the hydrated
octacoordinate complex Eu(tta)3(H2O)2, 2.44 Å.21

The molecular dynamics simulations also are in accord with
the picture derived from the structural, thermodynamic, and
spectroscopic measurements. The simulations indicate that the
Eu(tta)4- anion is more stable in water-saturated C4mim+Tf2N-

containing 0.2 M Htta than are either the Eu(Tf2N)3 or Eu(tta)3-
(H2O)2 complexes.

Discussion

Mechanism of Eu Partitioning. The reactions ofâ-diketone
ligands with trivalent lanthanide cations (Ln3+) are well
characterized, varied, and have been studied in aqueous, organic,
and biphasic aqueous-organic solvent systems. Among these,
the reactions of Htta with lanthanides in biphasic systems have
been the subject of particularly intensive study, forming an
extensive basis for comparing partitioning reactions in different
solvents. In biphasic systems, both cationic42 and anionic32,43,44

Ln(tta)n3-n complexes (n ) 2 or 4) may form ion pairs in
molecular organic solvents in the presence of an appropriate
counterion. These are special cases, however. The neutral
complexes Ln(tta)3(H2O)h-6

38 and Ln(tta)3(Htta)45 are much
more commonly observed in molecular organic solvents. The
formation and partitioning of these neutral complexes into
conventional solvents are governed by the equilibria

and

whereh, the hydration number of a given lanthanide aquo cation,
varies between 9 and 8 as the atomic number of the lanthanides
increases.46 Equilibria 4 and 5 both display characteristic
dependencies on the [Htta]org and [H+]aq, as described in Table
3, reactions A and B.

In contrast to the species observed in conventional solvents
(eqs 4 and 5), our combined thermodynamic, spectroscopic, and
X-ray absorption and scattering measurements, together with
molecular dynamics simulations, demonstrate that the Ln3+-

(41) Lorch, E.J. Phys. C: Solid State Phys. 1969, 2, 229.
(42) Kitatsuji, Y.; Meguro, Y.; Yoshida, Z.; Yamamoto, T.; Nishizawa, K.

SolVent Extr. Ion Exch.1995, 13, 289.
(43) Kononenko, L. I.; Vitkun, R. A.Russ. J. Inorg. Chem.1970, 15, 690.
(44) Noro, J.; Sekine, T.Bull. Chem. Soc. Jpn.1992, 65, 2729.
(45) Sekine, T.; Dyrssen, D.J. Inorg. Nucl. Chem.1967, 29, 1457.
(46) Rizkalla, E. N.; Choppin, G. R. InHandbook on the Physics Chemistry of

Rare Earths; Gschneidner, K. A., Jr., Eyring, L., Eds.; Elsevier: New York,
1991; Vol. 15, pp 393-441.

Figure 5. Background corrected high energy scattering of C4mim+Tf2N-

solutions equilibrated with aqueous 1.0 M (Na,H)ClO4 and containing a
total of 0.2 M Htta. (A) Top, scattering of 0.2 M Htta with 0 M Eu. Bottom,
scattering of 0.2 M Htta with 0.046 M Eu. (B) Fourier transformation of
scattering data in panel A using the Lorch function.41 (C) Comparison of
the scattering of Eu(tta)4

- from the scaled difference of the samples in panel
A (dotted line) and the scattering intensity predicted from molecular
dynamics simulations of octacoordinate Eu(tta)4

- in C4mim+Tf2N- (solid
line). (D) Fourier transformation of scattering data in panel C using the
Lorch function.41

Table 2. Metrical Parameters from Fitting the EXAFS and HES of
the Eu(tta)4

- Complexes

N R, Å σ2, 10-3 Å2 ∆E0, eV

(1,4-Me2py)Eu(tta)4 solid
Eu-O EXAFS 8a 2.40( 0.01 4.5( 1.7 8.9( 1.4
Eu-C EXAFS 8a 3.40( 0.03 3.7( 3.1

Eu(tta)4- in RTIL
Eu-O EXAFS 8.7( 1.0 2.39( 0.01 4.5a 8.8( 2.1
Eu-O HES 7.5( 0.6 2.35( 0.01

a Fixed parameter.

Ln(H2O)h
3+ + 3Httaorg h

Ln(tta)3(H2O)h-6,org + 3H+ + 6H2O (4)

Ln(H2O)h
3+ + 4Httaorg h

Ln(tta)3(Htta)org + 3H+ + hH2O (5)
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tta- complexes in C4mim+Tf2N- exist as discrete, octacoordi-
nate Ln(tta)4- anions. The dissolution or formation of a number
of anionic complexes already has been identified in various
RTIL systems.2,47 What is different about the Ln(tta)4

- anions
in this system is that they form in the RTIL phase of this
biphasic system (or at the interface of the phases) through an
anion exchange reaction. In fact, the aqueous phase concentra-
tion of tta- is so low under our experimental conditions (1×
10-7 to 9 × 10-6 M) that appreciable aqueous concentrations
of Ln(tta)4- complexes would not exist even in the absence of
a second phase.44 This is born out by the optical spectra of Nd
in the aqueous phase after contact with the Htta/RTIL solution
where only the Nd3+ aquo ion is observed.

Although 1-alkyl-3-methylimidazolium-based RTILs are ef-
fective solvents for a variety of ionic solutes,1 the net charge
must be zero in both the RTIL and the aqueous phases at
equilibrium. Having experimentally demonstrated that the Nd
and Eu complexes in the RTIL phase are present as the Ln(tta)4

-

anion, the negative charge of the complex anion in the RTIL
phase must be balanced either by transferring a cation from the
aqueous phase or by displacing an anion from the organic phase.
From the vantage point of a Ln3+ cation forming a tta- complex
and moving from the aqueous phase into the RTIL phase, the
equilibrium described by Figure 1 is

As written above, eq 6 is obviously incomplete because it
creates a charge imbalance in both phases by separating one
cation-anion pair ([H3O+][Ln(tta)4

-]) between two phases.
Charge balanced versions of this reaction (Table 3, reactions
B, C, and F) are at odds with our experimental results (Figure
1), which require four protons to remain in the aqueous phase.
Only reactions D and E in Table 3 are consistent with the
measured Ln3+/H+ and Ln3+/Htta ratios in Figure 1 and the
requirement for a charge neutral reaction. Because the parti-
tionings of Na+ and Eu3+ into the RTIL are independent (Figure
2), reaction D, which involves the correct number of Htta
molecules and protons but requires a 1:1 relationship between
the Ln and Na concentrations in the RTIL phase, is also at odds
with the experimental results. Therefore, only an anion exchange

mechanism with the formation of [C4mim+][Ln(tta)4
-] ion pairs

(Table 3, reaction E) is consistent with the observations of
Ln(tta)4- in the RTIL phase, the release of four protons to the
aqueous phase, the independence of the Ln partitioning on the
sodium concentration, and the absolute requirement of charge
balance at equilibrium in both phases.

Further proof of the importance of anion exchange and the
formation of the Ln(tta)4- complex in the RTIL phase is given
by the direct relationship between the concentration of Tf2N-

in a 1.0 M (Na,H)Cl aqueous phase and the amount of Nd(tta)4
-

that partitions into the RTIL phase (Figure 2). Switching the
anion of the background electrolyte from noncomplexing ClO4

-

to weakly complexing Cl- was necessary to avoid severe
interference of colored ClO4- ion pairs in the Tf2N- optical
analysis. The presence of 1.0 M Cl- in the aqueous phase
depresses the Nd3+ distribution ratio by a factor of 2 through
the formation of aqueous NdCl2+ complexes, but it does not
alter the fundamental metal ion partitioning equilibria or the
structure or stoichiometry of the complex formed in the RTIL
phase, as evidenced by the optical spectrum of the Nd-loaded
RTIL. Taking the participation of Tf2N- into account, the full
equilibrium describing Ln3+ partitioning into the C4mim+Tf2N-

phase (ignoring the role of H2O and ClO4
- as spectator species)

is

Protonation of Tf2N- in the aqueous phase is not a major
reaction under the conditions of these experiments because of
its low pKa, 1.2.48

The anion exchange of Ln(tta)4
- into organic solvents is not

unique to ionic liquids. As demonstrated by the spectroscopic
data in Figure 3, Ln(tta)4

- anions are known to partition into
low polarity molecular solvents such as xylene in the presence
of liquid anion exchangers. In that particular case, one ClO4

-

anion was exchanged for each Nd(tta)4
- anion, and [TCMA+]-

[Nd(tta)4-] ion pairs were formed. Given the similarity of the
cations favored for making RTILs and the cations commonly
employed as liquid anion exchangers,49 metal ion partitioning
through anion exchange is not surprising. Nevertheless, two
particularly interesting aspects of the partitioning mechanism
are implied by eq 7.

The availability of the anion exchange pathway in the two
phase aqueous/RTIL system drives the formation of the anionic
1:4 Ln/tta complex under conditions that favor the formation
of neutral 1:4 complexes in molecular organic solvents. With
chloroform as the organic solvent, 36% of the Eu in the organic
phase would be present as the neutral 1:3 complex while 64%
would be the neutral 1:4 complex when the [Htta]org ) 0.5 M.45

When C4mim+Tf2N- is substituted for chloroform, only anionic
1:4 complexes are observed in the RTIL phase under these
conditions. While the RTIL could simply solvate neutral 1:3 or
1:4 complexes, the experimental free energies of extraction
demonstrate that the anion exchange reaction in C4mim+Tf2N-

(47) (a) Seddon, K. R. InMolten Salt Chemistry: An Introduction and Selected
Applications; Mamantov, G., Marassi, R., Eds.; NATO ASI Series C202;
D. Reidel Publishing: Dordrecht, 1987; pp 365-381. (b) Carmichael, A.
J.; Hardacre, C.; Holbrey, J. D.; Nieuwenhuyzen, M.; Seddon, K. R.Anal.
Chem.1999, 71, 4572. (c) Bradley, A. E.; Hatter, J. E.; Nieuwenhuyzen,
M.; Pitner, W. R.; Seddon, K. R.; Thied, R. C.Inorg. Chem.2002, 41,
1692. (d) Hamill, J. T.; Hardacre, C.; Nieuwenhuyzen, M.; Seddon, K. R.;
Thompson, S. A.; Ellis, B.Chem. Commun.2000, 1929.

(48) Koppel, I.; Koppel, J.; Leito, I.; Pihl, V.; Grehn, L.; Ragnarsson, U.J.
Chem. Res., Miniprint1994, 1173.

(49) Dietz, M. L.; Dzielawa, J. A.; Jensen, M. P.; Firestone, M. A. InIonic
Liquids as Green SolVents: Progress and Prospects; Rogers, R. D., Seddon,
K. R., Eds.; American Chemical Society: Washington, DC, 2003; pp 526-
543.

Table 3. Expected Dependence of the Ln Distribution Ratio on
the Aqueous Proton, Organic Htta, and Aqueous Na
Concentrations for Various Hypothetical Partitioning Equilibria

slope of log DLn vs log

reaction [H+]aq [Htta]org [Na]aq

A. Ln3+ + 3Httaorg + 3H2O h Ln(tta)3(H2O)3,org + 3H+ -3 3 0
B. Ln3+ + 4Httaorg h Ln(tta)3(Htta)org + 3H+ -3 4 0
C. Ln3+ + 4Httaorg + H2O h [H3O+][Ln(tta)4

-]org + 3H+ -3 4 0
D. Ln3+ + 4Httaorg + Na+ h [Na+][Ln(tta)4

-]org + 4H+ -4 4 1
E. Ln3+ + 4Httaorg + [C4mim+][Tf 2N-]org h

[C4mim+][Ln(tta)4
-]org + Tf2N- + 4H+

-4 4 0

F. Ln3+ + 4Httaorg + [C4mim+][Tf 2N-]org h
[C4mim+][Ln(tta)4

-]org + H(Tf2N)org + 3H+
-3 4 0

G. Ln3+ + 2Httaorg + 5H2O + [C4mim+][Tf 2N-]org h
[Ln(tta)2(H2O)5+][Tf 2N-]org + C4mim+ + 2H+

-2 2 0

Ln3+ + 4Httaorg + [C4mim+][Tf 2N
-]org h

[C4mim+][Ln(tta)4
-]org + 4H+ + Tf2N

- (7)

Ln(H2O)h
3+ + 4Httaorg h Ln(tta)4

-
org + 4H+ + hH2O (6)
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is favored by more than 10 kJ/mol over the formation of the
neutral 1:4 complex in chloroform when-log [H+]aq ) 3 and
[Htta]org ) 0.5 M.

The exchange of the Ln(tta)4
- anion for the RTIL’s Tf2N-

anion also implies that the Ln3+-tta- complex is more than a
solute in the ionic liquid, in contrast to Ln(tta)3(H2O)n or Ln-
(tta)3(Htta) in conventional solvents. By displacing anions from
the RTIL phase, the anionic lanthanide complex becomes part
of the ionic liquid. The ultimate recovery of the metal complex
from the RTIL phase as part of a catalytic or separations cycle
will eventually destroy the ionic liquid unless the complex
anions are replaced by other anions. A similar problem was
encountered in the studies that demonstrated the cation exchange
of Sr2+ and UO2

2+ complexes into RTILs from aqueous
solutions.8,10 Unlike the incorporation of the cationic Sr2+ and
UO2

2+ complexes into the RTILs, though, the proton depen-
dence of eq 7 provides a realistic mechanism for recovering
the lanthanide cation from the RTIL phase and reconstituting
the RTIL. Contacting the RTIL phase with aqueous 0.01-0.1
M H(Tf2N) will reverse the lanthanide partitioning equilibrium
in eq 7 and replace the complex anions with Tf2N- anions
without breaking down the RTIL. Thus, the primary chemical
limitations of using this RTIL for large-scale chemical processes
with this type of anion exchange system would be the modest
solubility of the RTIL in the aqueous phase and, more
importantly, the initial loss of Tf2N- to the aqueous phase in
exchange for Ln(tta)4

-. While the RTIL in this chemical system
can easily be regenerated when the metal ion is recovered from
the RTIL phase, the contamination of the aqueous phase with
components of the RTIL can hardly be considered “green.”50

Structure of the Eu Loaded RTIL . Solvent ordering in ionic
liquids can be quite important51 and is well demonstrated by
the formation of liquid crystals by RTILs with the appropriate
alkyl chains.52 In addition to this, cations commonly used in
RTILs, the tetraalkylammonium andN-alkylpyridinium ions,
are well-known to form inverse micelles in nonpolar, molecular
organic solvents. These micelles can contain as many as 50
tetraalkylammonium cations in the presence of certain anionic
complexes.11,53 Could significant ordering of the RTIL phase
be responsible for the strong energetic preference for the anion
exchange mechanism in lanthanide partitioning?

The HES results and molecular dynamics simulations both
suggest that the presence of the Ln(tta)4

- complex does not
significantly alter the solution structure of the RTIL phase. In
the absence of Eu(tta)4

-, the HES scattering data (Figure 5A)
do not show large structures in the water-equilibrated RTIL
phase. After formation of the anionic lanthanide complex in
the RTIL phase, the small changes in the scattering peaks are

well accounted for by the presence of Eu(tta)4
- (Figure 5C).

In contrast to the extraction-driven reverse micelle formation
found for some anion exchange reactions involving alkyl-
ammonium salts in benzene,11 evidence for larger structures
around the extracted metal anions is not observed in the RTIL
phase. Reverse micelle formation also is not supported by the
molecular dynamics simulations. Simulations of Eu(tta)4

- loaded
C4mim+Tf2N- suggest some ordering of C4mim+ cations around
each Eu(tta)4- anion (Figure 6), with a set of C4mim+ cations
at a distance (between centers of mass) of 5-6 Å. However,
this cation-anion ordering is weak. An average of only two
C4mim+ cations near each Eu(tta)4

- anion is found. Beyond
this pair of C4mim+ cations, beginning ca. 7 Å from the center
of mass of the Eu(tta)4

- complex, C4mim+ and Tf2N- ions are
mixed together and no additional medium range ordering of
the ionic liquid components is observed. Taken together, the
experimental and computational evidence show that the parti-
tioning of the Ln3+-tta- complexes is not enhanced by ordering
in the RTIL phase and that direct interactions between C4mim+

and Ln(tta)4- are present but minimal.
Role of Water in the Partitioning Mechanism. In previous

studies of cation exchange in biphasic RTIL systems, some sites
in the inner coordination sphere of the extracted metal ions
appeared to be occupied by water molecules.9,10 Low polarity,
water-immiscible molecular organic solvents are generally poor
solvents for ions and for water. Although this makes the
presence of hydrated complexes in conventional organic solvents
less common, the hydrated complex Ln(tta)3(H2O)n (n ) 2 or
3) is the most commonly encountered form of Ln3+-tta-

complexes in nonpolar, molecular solvents. The high water
content of the hydrophobic methylimidazolium-based RTILs in
equilibrium with water would seem to increase the likelihood
that a hydrated complex will form in the RTIL phase. This is
not the case in the Ln3+-tta- -C4mim+Tf2N- system. The
fluorescence lifetimes of the Eu3+-tta- complex in C4mim+Tf2N-

indicate complete dehydration of the lanthanide inner coordina-
tion sphere when the Ln(tta)4

- complex forms in the RTIL phase
despite the 1.05 mol/L H2O in the C4mim+Tf2N- phase before
and after loading with the Ln(tta)4

- complex and the general
stability of the Ln(tta)3(H2O)n complexes in molecular solvents.
The molecular dynamics simulations indicate that the Eu(tta)4

-

complex in water-saturated 0.2 M Htta/C4mim+Tf2N- is 5 kJ/
mol more stable than the hydrated Eu(tta)3(H2O)2 complex in
the same media. Thus, while the high water content of RTILs

(50) (a) Earle, M. J.; Seddon, K. R.Pure Appl. Chem.2000, 72, 1391. (b) Scurto,
A. M.; Aki, S. N. V. K.; Brennecke, J. F.J. Am. Chem. Soc.2002, 124,
10276.

(51) (a) Chen, H.; Kwait, D. C.; Gonen, Z. S.; Weslowski, B. T.; Abdallah, D.
J.; Weiss, R. G.Chem. Mater.2002, 14, 4063. (b) Firestone, M. A.;
Dzielawa, J. A.; Zapol, P.; Curtiss, L. A.; Seifert, S.; Dietz, M. L.Langmuir
2002, 18, 7258. (c) Hyun, B.-R.; Dzyuba, S. V.; Bartsch, R. A.; Quitevis,
E. L. J. Phys. Chem. A2002, 106, 7579-7585. (d) Morrow, T. I.; Maginn,
E. J.J. Phys. Chem. B2002, 106, 12807.

(52) (a) Gordon, C. M.; Holbrey, J. D.; Kennedy, A. R.; Seddon, K. R.J. Mater.
Chem.1998, 8, 2627. (b) Holbrey, J. D.; Seddon, K. R.J. Chem. Soc.,
Dalton Trans.1999, 2133. (c) Carmichael, A. J.; Hardacre, C.; Holbrey, J.
D.; Nieuwenhuyzen, M.; Seddon, K. R.Mol. Phys.2001, 99, 795. (d)
Bradley, A. E.; Hardacre, C.; Holbrey, J. D.; Johnston, S.; McMath, S. E.
J.; Nieuwenhuyzen, M.Chem. Mater.2002, 14, 629.

(53) Marcus, Y.; Kertes, A. S.Ion Exchange and SolVent Extraction of Metal
Complexes; Wiley-Interscience: New York, 1969; pp 780-800.

Figure 6. Eu(tta)4--C4mim+ and Tf2N- distance correlations from
molecular dynamics simulations of Eu(tta)4

- in C4mim+Tf2N-. Eu(tta)4--
C4mim+ distances (0) and Eu(tta)4--Tf2N- distances (b). Distances are
between Eu and the center of mass of C4mim+ or Tf2N-.
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may affect the formation of certain organic phase complexes,10

the enhanced partitioning of metal ions into RTILs as compared
to molecular solvents does not always arise from the ability of
RTILs to dissolve hydrated species.

Conclusion

Despite the previous observations of the partitioning of metal
complexes into RTIL solutions throughcationexchange, Ln3+-
tta- complexes partition from aqueous solution into the
C4mim+Tf2N- RTIL by an anion exchange mechanism under
the conditions we studied. The presence of the C4mim+ cation
and the availability of the anion exchange pathway in a second
phase enables a complex that otherwise would not be present
in the aqueous system to dominate the speciation. The required
charge balance is maintained by exchange of Ln(tta)4

- anions
with Tf2N- anions from the ionic liquid, and the resulting
[C4mim+][Ln(tta)4

-] ion pairs become part of the ionic liquid
without greatly altering the general structure of the RTIL phase.
Although the loss of the Tf2N- anion to the aqueous phase as
part of the anion exchange reaction (eq 7) may make this class
of RTILs unsuitable for practical application in some types of

biphasic catalysis or separations, the steep acid dependence of
the Ln(tta)4- partitioning provides a realistic mechanism for
recovering the lanthanide from the RTIL phase through treat-
ment with the acidic form of the anion, H(Tf2N). This
mechanism for recovering the lanthanide complex was not
available in the previously studied systems where cation
exchange was the mechanism for metal ion partitioning into
RTILs.8,10
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