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Different inner-sphere coordination environments are observed for
the uranyl nitrate complexes formed with octyl-phenyl-N,N-
diisobutylcarbamoylmethylphosphine oxide and tributyl phosphate
in dodecane and in the hydrophobic ionic liquids (ILs) [C4mim]-
[PFe] and [Cemim][N(SO,CFs),]. Qualitative differences in the
coordination environment of the extracted uranyl species are implied
by changes in peak intensity patterns and locations for uranyl UV—
visible spectral bands when the solvent is changed. EXAFS data
for uranyl complexes in dodecane solutions is consistent with
hexagonal bipyramidal coordination and the existence of UO(NOs).-
(CMPO),. In contrast, the complexes formed when uranyl is
transferred from aqueous nitric acid solutions into the ILs exhibit
an average equatorial coordination number of approximately 4.5.
Liquid/liquid extraction results for uranyl in both ILs indicate a net
stoichiometry of UO,(NO3)(CMPQ)*. The concentration of the IL
cation in the aqueous phase increases in proportion to the amount
of UO2(NO3)(CMPO)* in the IL phase, supporting a predominantly
cation exchange mechanism for partitioning in the IL systems.

lonic liquids (ILs) are currently being investigated as
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Figure 1. 1-Alkyl-3-methylimidazolium cation ([@mim]*), where n

designates the number of carbons in the alkyl chain (e.gmi[@]" indicates
n-butyl) and the ligand CMPO.

ties? while both anion selection (e.g., CINO;~, PR, or
N(SO,CFs), ") and the alkyl chain length of the cation control
the water miscibility of the IL.

When an IL is sufficiently hydrophobic to form a two-
phase aqueous/IL system, solutes partition between the
aqueous and IL phases according to their relative solubility
in the solvents. Aqueous metal ions are poorly soluble in
ILs5® except when coordinated with, or solvated by, hydro-
phobic molecules added to the IL phd&se€;° or with
hydrophilic complexing aniofighat can facilitate metal ion
transport into the IL phase. Given the substantial differences
between ILs and conventional molecular solvents, it is
conceivable that the complexes found in ILs are considerably
different from the complexes known to exist in molecular

alternative reaction media to replace conventional organic solvents.

solvents in numerous applications, including chemical syn-
thesis and catalysisnd nuclear fuel reprocessifgnd as
alternatives to traditional organic solvents for metal ion
separations in liquid/liquid systemslhese salts, which by
definition melt below 100°C, are composed of an organic
cation, like quaternary ammonium, 1-alkyl-3-methylimida-
zolium (Figure 1), on-alkyl-pyridinium derivatives, and one
of a variety of anions. The length of the alkyl chain

Recent studi¢s” of S and C$ complexes with crown
ether ligands in two-phase aqueous/IL systems have shown
that the transfer of the metal ion complex into the IL phase
occurs by a significantly different and more efficient biphasic
mechanism than is observed when these ions partition into
a molecular solvent containing a crown ether. FGi" $he
phase transfer reaction changes from ion-pairing/solvation
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in 1-octanol to cation exchange in some ILs and can be 0.7
accompanied by an obvious change in the coordination - |Cmim][PFg]
environment of the Sr—crown ether comple¥ Two water g 0s
molecules replaced two axially coordinated nitrate anions g gj
to give a cationic Sr—crown complex when the solvent 202 i
was changed from 1-octanol to {@im][N(SO.CFs),]. o1

The increase in the fraction of Cand S#* transferred 0.0
into the IL phases relative to conventional solvents is 340 390 440 490 540
potentially important, but it does not establish that this is a Wavelength (nm)

general phenomenon linked to changes in the coordinationFigure 2. - Absorption Spgtfa of dOdecf?”e a”‘iﬂfm“l[i':e] solutions
environment of the metal ion. The highly ionic character and SOMaining 0.1 M CMPO a1 M TBP, after contact with 20 mM U9
(NO3)2 in 1 M HNOa.

high water conteritof the ILs are at least partly responsible

for the change in the phase transfer mechanism from ion- 10 To=om)

pairing/solvation to cation exchange, but the low charge o 81 g U0

density of C$ and S#" may be an important factor. To E p —— [C4mim][PF]

address this issue, we have examined theZd@mplexes & - {gfs"(';;"é}s)zl

formed through contact with the well-studied hydrophobic E 4 —— Dodecane

ligand, CMPO (Figure 1), in the [@im][PFs] and [Gmim]- =2

[N(SO.CR),] ILs, and the conventional solventdodecane. 0

Dodecane is the preferred solvent for the industrial scale 0 1 2 3 4 5 6

separation of actinides from nuclear waste by the TRUEX R+A, ()

processl.l Figure 3. Fourier transform magnitude of thé weighted U Ls EXAFS

; without phase shift correction) of the Y& complexes in dodecane (solid
e e e oo T W) EmniER) (s, 3 GHTINEOEE (.
TBP is known to form complexes with UNOs),, it is
employed in the TRUEX process to provide a more polar
organic medium that will accommodate higher concentrations

of actinides. Extensive previous work has demonstrated thatSON@ining 0.1 M C_MPO anlM TI?’P after contact with
the interaction of TBP with the uranium is minimal despite 20 MM UQANOs)z in 1 M HNG; (Figure 2) demonstrate

the 10:1 mole ratio of TBP:CMPO, largely because the that the urany-CMPO complexes in dodecane and the ILs
phosphine oxide donor group of CMPO s a significantly &€ not equivalent. Particularly notable features are the
stronger Lewis base than the phosphate oxygen of TBP.change in the relative intensity of the peaks in the,50
Though TBP might not be necessary in the CMFAD fingerprint region and the red-shift in the longer wavelength
system, it was also added to both ILs to keep the conditions peaks of the [@mim][PFs] sample.

as comparable to those in dodecane as possible. The TBP Changes in the U@‘*’ inner sphere coordination environ-

is the only ligand, and unique interactions and speciation
have been reportéd.'® In our case, the spectra of the phases

does not directly interact with the extracted B0in the  ment were investigated by extended X-ray absorption fine
ILs, since increasing the TBP concentration does not alter srycture (EXAFS) measurements. The Fourier transform
the partitioning equilibria of the uranium complexes. magnitudes of the EXAFS are shown in Figure 3, and the

Coordination of linear dioxo actinyl ions like U&" in results of fitting the EXAFS data to the single scattering

the conventional aqueous nitric acid/dodecane-based Systemy o oretical phase and amplitude functions generated by
results in a neutral, hexagonal bipyramidal complex with two FEEE7.026 are summarized in Table 1 and included as

coordinated bidentate nitrate anions and two monodentate . .
. . Supporting Information. In the dodecane (TRUEX) sample,
(P=0 coordinated) CMPO molecules coordinated equato- S i
the coordination numbers for the | complex were fixed

rially.12 As was the case for Brand C¢g extraction by crown h | derived f . Sawith
ethers, the fraction of U@" transferred out of the aqueous at the values derived from previous w It two
monodentate CMPO molecules P bound) and two

phase is consistently higher for IL/aqueous systems relative " ) X i .

to dodecane/aqueous systeémi principle, this could bidentate nitrate anions coordinated to the linear, A0
indicate either the formation of different complexes in the Moiety (.., UQ(NOs)(CMPOY)). In this complex, the 5O

IL or improved compatibility of the same complexes with distances of the CMPO ligand and nitrate anions are distinct.

ILs. The two CMPO oxygen atoms are 2.380.02 A from the
Absorption spectroscopy has been used previously toU center while the four B O(nitrate) distances are 2.53
investigate uranium in AlGH ILs and systems wherein ClI

(13) Dai, S.; Shin, Y. S.; Toth, L. M.; Barnes, C. Borg. Chem.1997,

(10) Jensen, M. P.; Dzielawa, J. A.; Rickert, P.; Dietz, MJLAmM. Chem. 36, 4900.
Soc.2002 124, 10664. (14) Anderson, C. J.; Deakin, M. R.; Choppin, G. R.; D'Olieslager, W.;
(11) Horwitz, E. P.; Chiarizia, R. IrBeparation Techniques in Nuclear Heerman, L.Inorg. Chem.1991 30, 4013.
Waste Managemen€arleson, T. E., Chipman, N. A., Wai, C. M., (15) Anderson, C. J.; Choppin, G. R.; Pruett, D. J.; Costa, D.; Smith, W.
Eds.; CRC Press: New York, 1996; p 1. Radiochim. Actal999 84, 31.
(12) Horwitz, E. P.; Diamond, H.; Martin, K. ASobent Extr. lon Exch. (16) Zabinsky, S. I.; Rehr, J. J.; Ankudinov, A.; Albers, R. C.; Eller, M. J.
1987, 5, 447. Phys. Re. B 1995 52, 2995.
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Table 1. Results from Fitting Four Shells (Dodecane) and Two Shells
(ILs) of the k¥ Weighted U L3 Edge EXAFS with Uncertainties in the
Last Digits of the Fit Parameters Indicated in Parentheses

COMMUNICATION

Table 2. Aqueous Concentration of @im™* after Contact of IL with
Aqueous Phases

aqueous phase aqueous phase

CN R A 02, A2 AE, eV aqueous phase composition  [Csmim]*, M [Cemim]*, M

dodecane water 0.024 0.011

U=0(yl) 2 1.779(6)  0.0014(3) 9.6 1 M HNO; 0.520 0.290

U—O(P)q 22 2.38(2)  0.0040(15) (2.1) 20 mM UO(NOs)z + 1 M HNO;3 0.537 0.317

U—O(N)eq 42 2.53(2)  0.0038(16) 40 mM UOy(NO3); + 1 M HNO; 0.553 0.334

U-N 2 2.97(3)  0.0029(15) 60 MM UO(NOs); + 1 M HNO; 0.571 0.352
[Camim][PFg]

U=0(yl) 22 1.785(9)  0.0017(5) 9.3 T .

U—Oky 46(5) 2.40(1) 0.0038(15) (1.7) mim]* cation is Iea_cht_ad into the aqueous phasg gnd a smaller
[Csmim][N(SOCF)2] amount of the cationic U™ complex can partition to the

U=0(yl) 2 1.784(7)  0.0019(7) 9.4 IL phase, resulting in lower distribution ratios.

U—0Oeq 4.1(5) 2.40(1)  0.0029(17) (2.1)

aFixed parameter.

0.02 A. These values are similar to those observed in other
UO,(OPR)»(NO3), complexes’-18

Combining the oxygen coordination numbers derived from
the EXAFS of the IL samples (Table 1) with this 1:1:1
(UO*":NO;:CMPO) stoichiometry, it is still difficult to
determine the denticity of the nitrate anion and the CMPO
molecule because of the high water content of the ILs. If

In contrast to the dodecane sample, only a single equatorialhe nitrate and CMPO are both monodentate, two to three

U—O bond distance at 2.4& 0.01 A is observed in the
EXAFS of the U-CMPO complexes in ILs. The axial uranyl

water molecules would also be extracted with the,80
At the other extreme, if nitrate and CMPO are both bidentate,

oxygen distances remain uncha_nged, within experimental 535 gpserved in crystalline samples with B a maximum
error, as expected. At the same time, the average number off gne additional water molecule (050.5 H,O) would be

oxygen atoms equatorially coordinated to U decreases from
6 in dodecane to approximately-4.5 in [Cmim][PFs] and
[Csmim][N(SO.CFs3),]. Within the uncertainty of the obser-
vation, the number of coordinated equatorial oxygen atoms

in the IL samples reported in Table 1 can be assumed to be

identical for the two samples. In fact, whehis constrained
to be 0.0038 in the [@nim][N(SO.CRs),] sample, the
coordination number of the equatorial oxygen atoms in-
creases from 4.1 to 4.4 0.3. The similarity of the results
for the complexes in ILs with different anions,48im][PFs]
vs [Comim][N(SO,CFs),] (Figure 3), also indicates that the
IL anions are not present in the inner-sphere of,830n
these systems.

To determine the stoichiometry of the hydrophobic

present in the UG inner coordination sphere.

These results combined with the previoug'Sand Cs
studies indicate that if ILs are to be used as alternatives to
traditional organic solvents in liquid/liquid separations of
metal salt complexes, greater attention to the design of
appropriate ILs and selection of ligand systems will be
required. Although ILs have demonstrated their niche in
many applications, the observed loss of thgnfiin]™ cation
to the aqueous phase due to exchange with cationic metal
complexes presents unique challenges for future use of ILs
in metal ion separations. To prevent a cation exchange
mechanism from occurring upon metal ion coordination,
there is a need to design more hydrophobic cations for IL
composition, possibly through fluorination of the alkyl chain.

complexes, the partitioning of uranyl between the phases wasyjore research is needed not only in extraction, exchange,

measured as a function of [CMPO] and [HRA log—log
plot of the uranium distribution ratios as a function of [H§JO
(at constant [CMPQ]) and of [CMPO] (at constant [HNO

and solvation mechanisms but also to realize the true
potential of ultimately “tunable” solvents.
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