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bstract

Ionic liquids (ILs) have found widespread use in biochemical, electrochemical, catalytic, and synthetic applications, and have recently been
pplied to important areas of f-element chemistry. This review highlights the use of ILs in separation schemes for the sequestration of actinide ions
including lanthanides, where appropriate, as stand-ins for actinide ions), the solid-state chemistry of actinide complexes containing imidazolium
ations, and the spectroscopy and electrochemistry of actinide cationic and anionic species. Particular emphasis is placed on the coordination
nvironments that are present under a variety of conditions, such as acidic and basic tetrachloroaluminate melts. Also, this review touches on the
ecent use of computer simulations to elucidate the microscopic interactions that result in the preferential solvation of actinide ions in ILs.

2005 Elsevier B.V. All rights reserved.

eywords: Ionic liquids; Actinides; Separations; Crystal structures; Electrochemistry; Spectroscopy; Simulation; Molecular dynamics

. Introduction

Ionic liquids (ILs) are a distinct set of compounds which
y most accepted definitions are composed of fully dissoci-
ted ions and melt at temperatures lower than 100 ◦C. The
ost common ILs are composed of organic cations, including

midazolium, pyridinium, pyrrolidinium, ammonium, and phos-
honium (Fig. 1), and inorganic anions. Seddon [1] has remarked
hat over 1018 simple organic salts that might be potential ILs
ould be prepared by varying the substitution patterns and anion

∗ Corresponding author. Tel.: +1 2053484323; 2053480823.
E-mail address: RDRogers@bama.ua.edu (R.D. Rogers).

choices, even just within imidazolium and pyridinium systems,
not to mention binary, ternary and higher order mixtures.

ILs have been investigated recently as solvents for synthetic,
catalytic, biochemical and electrochemical applications and as
liquid phases for separations processes, primarily as potential
alternatives to conventional solvents, especially volatile organic
compounds (VOCs) [2,3]. Some of the unique properties of the
most widely studied ILs include negligible volatility, wide liquid
temperature range, high thermal stability, electrical conductivity,
and tunable physical properties. These are significant character-
istics with regard to reduction of chemical and environmental
hazards associated with exposure to VOCs, and the increasing
restriction of their use, particularly in industry. In addition, ILs
are composed of fully dissociated cations and anions, making

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.09.019
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Fig. 1. Common organic IL cations.

them unique systems for studying the coordination chemistry
and extraction mechanisms of metal ions, particularly actinides
[4]. Lanthanide ions, Ln(III), coordinate in the same way to
similarly sized trivalent actinides with hard donor ligands, thus
allowing many studies to be conducted using nonradioactive
Ln(III) ions as stand-in elements for highly radioactive trivalent
actinides [5,6].

Ionic liquids have started to gain high interest in actinide
chemistry studies due to their potential applicability as sol-
vents for actinide ion separations from spent fuel radioactive
wastes, for electrochemical separation of actinides, and for
solid-state studies of actinides. An important consideration
in the use of ILs in areas such as f-element separations is
solvent stability. In such separations, ILs may be subjected
to large radiation fields from intense activity due to the
radioactive decay of heavy actinides and short-lived fission
products. A collaborative study by Allen et al. screened a
series of ILs for their radiochemical stability, including 1-butyl-
3-methylimidazolium nitrate, 1-ethyl-3-methylimidazolium
chloride, and 1-hexyl-3-methylimidazolium chloride, towards
alpha, beta, and gamma irradiation [7]. The results suggest
that these ILs are comparable to benzene in terms of overall
stability, and are significantly more stable than mixtures
of tri-n-butylphosphate and odorless kerosene (historically
important solvent systems in the nuclear industry) under
similar degrees of irradiation. Overall, the imidazolium cation
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to systems comprised of purely molecular solvents, ILs have two
components, a cation and an anion, both of which can be antici-
pated to have roles in metal ion extraction, a fact highlighted in
the recent literature discussed below.

Metal ion separations have been of interest ever since the
first reports of using extractants to partition metal ions from
aqueous media to ILs appeared in 1999 [10,11]. Actinides
are known to represent major components in nuclear tank
wastes and the success of these initial studies with fission
products such as Sr(II) led to conjecture that IL could be
used as solvents in metal ions separation from aqueous
media. Visser et al. [8] studied uranyl (UO2

2+) extraction
with CMPO and TBP into [C4mim][PF6] and [C8mim][Tf2N]
(Tf2N = bis(trifluoromethanesulfonyl)imide) from aqueous
acidic media and showed enhancement for UO2

2+ ion extrac-
tion into ILs when compared to dodecane. Coordination
studies to elucidate the nature of the metal ion coordination
responsible for this enhancement were conducted. Extended
X-ray absorbtion fine structure (EXAFS) measurements
showed that UO2

2+–CMPO complexes in [C4mim][PF6] and
[C8mim][Tf2N] are similar, but different from those in dode-
cane. The UO2

2+–CMPO coordination in dodecane consists
of a hexagonal bipyramidal UO2(NO3)2(CMPO)2 complex
with two U–O (CMPO) distances of 2.38(2) Å and four U–O
(nitrate) distances of 2.53(2) Å. In the presence of the ILs, just
a single equatorial U–O bond distance of 2.40(1) was observed
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ppears to be relatively radiation resistant, with no substantial
ecomposition of the organic components. Thus, ILs may be
onsidered as potential solvents for use in a variety of nuclear-
elated applications where intense radiation is an important
actor.

Here we review the use of ILs in several actinide-related
pplications, including separations, solid-state analysis, elec-
rochemistry, spectroscopy, and computer simulations over the
ast 25 years. Particular emphasis is placed on describing the
oordination environment around the actinide ion, and the effect
hat the IL itself has on this environment in comparison to

ore traditional solvents. The primary focus will be on 1-
lkyl-3-methylimidazolium ([Cnmim]+) and 1-alkylpyridinium
[Cnpyr]+) based ILs, where n represents the length, in carbon
toms, of the alkyl chain.

. Separations

Actinide coordination has been studied with a range of com-
lexants in a number of IL/aqueous biphasic systems in the
ontext of separations and metal ion extraction [8,9]. In contrast
y EXAFS with the average number of equatorially bound
xygen atoms approximately 4.5.

Slope analysis for the IL systems indicated that the
xtracted UO2

2+ complex was UO2(NO3)(CMPO)+, while
he extracted UO2

2+ complex in dodecane was the neutral
O2(NO3)2(CMPO)2. The different inner coordination sphere

or extracted UO2
2+ species in [C4mim][PF6] and dodecane

rom 1 M HNO3 with CMPO and TBP was probed also using
V–vis spectroscopy. The spectra containing extracted UO2

2+

omplexes in [C4mim][PF6] and dodecane are not equivalent
ndicating that the primary coordination environments are dif-
erent. These results demonstrated that the differences in UO2

2+

ptake into ILs compared to dodecane are due to a change in
xtraction equilibria from Eq. (2) in dodecane to Eq. (1) (Table 1)
n the ILs. In Eq. (1) an imidazolium cation must migrate to the
queous phase in a cation exchange process to maintain charge
alance.

The origin of uptake enhancement for metal ions, including
ctinides, into ILs from aqueous media consequently results in
oss of ILs cations in the aqueous phase, thus limiting the use
f ILs for these applications. Further investigations have been
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Table 1
Extraction mechanisms in IL/aqueous vs. organic/aqueous systems

Ligand Equilibrium reaction for Mn+ separation in ILs Equilibrium reaction for Mn+ separation in molecular solvents

(1)UO2(aq)
2+ + [Cnmim]IL

+ + NO3(aq)
− + LIL

⇔ [(UO2)(NO3)L]IL
+ + [Cnmim](aq)

+
(2)UO2(aq)

2+ + 2NO3(aq)
− + 2Lorg ⇔ [(UO2)(NO3)2L2]org

(3)Ln(aq)
3+ + 4HLIL + [C4mim][Tf2N]IL ⇔

[C4mim]+[LnL4]IL
− + 4H(aq)

+ + [Tf2N](aq)
−

(4)Ln(H2O)n(aq)
3+ + 3HLorg ⇔ [LnL3(H2O)n−6]org + 3H(aq)

+ + 6H2O(aq)

(5)Ln(H2O)n(aq)
3+ + 4HLorg ⇔ LnL3·HLorg + 3H(aq)

+ + nH2O(aq)

Eqs. (1) and (2) [8]; Eqs. (3)–(5) [6].

made to try to understand if this phenomenon is a general one
for metal ion separation into ILs.

In contrast to previous results, Jensen and Bond [5]
reported a study of trivalent lanthanide transfer into the IL
using 2-thenoyltrifluoroacetone (Htta) as a charged complex-
ant. Ln(III) form anionic complexes of the form [Ln(tta)4]−
in [C4mim][Tf2N] (Eq. (3), Table 1), rather than the neutral
[Ln(tta)3(H2O)n] n = 2 or 3 (Eqs. (4) and (5), Table 1) com-
plexes as observed in molecular solvents. Here the limitations
for practical applications include the extraction of anionic com-
plexes which requires the transfer of IL anions to the aqueous
phase, thus depleting the IL and complicating the recovery of
extracted metal.

In an effort to find metal ion coordination environments which
would facilitate practical extractions, Cocalia et al. [9] stud-
ied the coordination and extraction behavior of Am(III) and
UO2

2+ with Cyanex-272 and bis-(2-ethylhexyl) phosphoric acid
(HDEHP) into [C10mim][Tf2N] from acidic aqueous solutions.
The distribution ratios for both Am(III) and UO2

2+ versus nitric
acid concentration follow the same trend in the IL and dodecane
indicating that the same extraction equilibria take place. The
coordination of the extracted metal ions was studied by UV–vis
and EXAFS. The UV–vis spectra for the extracted UO2

2+ from
0.25 M HNO3 with HDEHP into [C10mim][Tf2N] and dode-
cane exhibited similar peak shapes and energies of the vibronic
fine structure for the uranyl complexes, indicating that the inner
c
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coordination sphere of trivalent lanthanides and actinides is
the same for HDEHP/Cyanex-272 complexes in both dodecane
and [C10mim][Tf2N]. The best fit for the Eu(III) data corre-
sponds to 6.3 ± 0.6 coordinated O–P groups from 3.1 ± 0.3
HDEHP dimers. The Eu–O distance of 2.284(7) Å agrees with
M–O distances corresponding to Cyanex-272 complexes of
Nd(III), Sm(III) and Cm(III). The Eu–P distance of 3.78(2) Å
and Eu–O–P angle of 150◦ both support the coordination of three
monodeprotonated dimers of HDEHP or Cyanex-272 rather than
bidentate monomers of the ligands.

EXAFS results for UO2
2+ complexes in dodecane and

[C10mim][Tf2N] showed bond distances and coordination num-
bers consistent with four oxygens from HDEHP coordinated to
UO2

2+ in both cases. The U O bond distances corresponding to
the two axial oxygens from UO2

2+ are 1.768(7) and 1.767(6) Å
in [C10mim][Tf2N] and dodecane, respectively. The number of
equatorially coordinated oxygens to UO2

2+ is 3.6 ± 0.4 in the IL
and 3.7 ± 0.5 in dodecane corresponding to 1.8 ± 0.2 HDEHP
dimers. The U–O distance corresponding to the oxygens bound
equatorially to the UO2

2+ is 2.38(1) Å in both solvents. The
similar extraction and coordination modes for trivalent and hex-
avalent actinides in ILs show that previous found limitations
for using ILs in separation can be overcome by choosing the
appropriate ligand–solvent combination.

3. Solid-state chemistry of actinide/imidazolium-based
s
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oordination sphere is the same in both solvents.
Nd(III) was used as a stand-in for Am(III) in the UV–vis

pectroscopy measurements. The UV–vis spectra for extracted
d(III) with HDEHP into the IL and into dodecane are sim-

lar in the visible region for the hypersensitive 4I9/2 → 4G5/2,
G7/2 and 4I9/2 → 2H9/2, 4F5/2 transitions centered at 281 and
03 nm. These results denote that Nd(III), and consequently
rivalent actinides, coordinate in the same way to HDEHP and
yanex-272 when extracted into [C10mim][Tf2N].

To corroborate the optical spectroscopy and obtain more
tructural information on the complexes studied, EXAFS mea-
urements were carried out. EXAFS results for the Eu(III) (as
stand-in for Am(III)) extracted complex with 1 M HDEHP

nto [C10mim][Tf2N] are similar to the Cm(III) complexes with
yanex-272 from the literature, demonstrating that the inner
alts

Even though ILs have only recently enjoyed a high level of
nterest for actinide chemistries, there have been several ear-
ier solid state studies with ILs or IL-based compounds, e.g.
midazolium-based salts, many of which are listed in Table 2.
he first uranyl imidazolium salt was reported by Perry as
dimer, bis-�-aquo-bis(dioxobis(nitrato)uranate(VI)) diimida-

ole, where two water molecules were reported to act as bridges
etween uranium atoms [12]. Later X-ray photoelectron and
nfrared studies indicated that the bridge between the ura-
ium(VI) center is most probably hydroxide and not water
13]. The two [(UO2)(NO3)2] units are thus bound through two
H− bridges and charge balanced by two imidazolium cations.
he U–OH bridging distances were reported to be 2.35(1) and
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Table 2
Actinide crystal structures containing imidazolium cations

Compound References

Bis(imidazolium) bis-�-hydroxo-bis[bis(nitrato-O,O)dioxouranate(VI)] [12,13]
Bis(2-methylimidazolium) tetrachlorodioxouranate(VI) [14]
Bis(imidazolium) tetrachlorodioxouranate(VI) [15]
Bis(1-ethyl-3-methylimidazolium) hexachlorouranate(IV) [16]
Bis(1-ethyl-3-methylimidazolium) tetrachlorodioxouranate(VI) [16]
Bis(1,3-dimethylimidazolium) bis(nitrato-O,O)bis(nitrato-O)dioxouranate(VI) [18]
Bis(1-ethyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)dioxouranate(VI)] [18]
Bis(1-propyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)-dioxouranate(VI)] [18]
Bis(1-butyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)dioxouranate(VI)] [17,18]
Bis(1-pentyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)dioxouranate(VI)] [18]
Bis(1-hexyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)-dioxouranate(VI)]/1-hexyl-3-methylimidazolium nitrate (1/1) [18]
Bis(1-dodecyl-3-methylimidazolium) bis(nitrato-O)bis(nitrato-O,O)dioxouranate(VI)] [18]
Bis(1-hexadecyl-3-methylimidazolium) �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)dioxouranate(VI)]/acetonitrile (1/6) [18]

2.37(1) Å and the uranium–axial oxygen bonds to be 1.78(1) and
1.76(1) Å.

Uranyl chloride hydrate reacts with imidazole or methylim-
idazole at a pH of about 2 to form tetrachlorodiox-
ouranate(VI) ions stabilized by either two imidazolium or 2-
methylimidazolium cations [14,15]. The imidazolium cations
in these structures are planar entities and the chloride ions are
situated in the equatorial positions around the UO2

2+ cation. The
U–O distances in the two characterized compounds are within
the reported values for tetrachlorodioxouranate ions.

Hitchcock et al. [16] synthesized [C2mim]2[UCl6]2 by treat-
ing [C2mim]Cl with UCl4 in 6 M HCl in the absence of oxy-
gen. In this structure, uranium is surrounded by six chloride
ions in an octahedral environment with an average U–Cl dis-
tance of 2.61 Å. The oxidation of [C2mim]2[UCl6] in air led
to [C2mim]2[UO2Cl4], an octahedral complex with a mean
uranium chlorine distance of 2.664 Å and an average distance
between uranium and axial oxygens of 1.76 Å. Interestingly,
only [imidazolium]2[UO2Cl4] is distorted from octahedral coor-
dination [15]; the other two tetrachlorouranate complexes have
O–U–O angles of 180◦ [14,16].

Recently, uranyl salts were demonstrated to precipitate from
room temperature ILs [17]. Bradley et al. isolated and charac-
terized a series of 1-alkyl-3-methylimidazolium salts of nitra-
todioxouranate(VI) from 1-alkyl-3-methylimidazolium nitrate,
n
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Fig. 2. Crystal structure of bis(1,3-dimethylimidazolium) bis(nitrato-
O,O)bis(nitrato-O)dioxouranate(VI). (Diagram prepared from the coordinates
in Ref. [18].)

[C12mim]+ IL, it was not clear why the precipitated compound
contains the nitrate anions and not the oxalate anion. All of
the other isolated salts contained [{UO2(NO3)2}2(�4-C2O4)]2−
anions and 1-alkyl-3-methylimidazolium cations.

The structure [C6mim]2[{UO2(NO3)2}2(�4-C2O4)] is the
first published co-crystal with an IL and consists of
[C6mim][NO3] incorporated into the crystal lattice. When very
long alkyl chains ([C16mim]+) were used in the ILs (Fig. 3),
the anions associated with the headgroups of the cations formed
channels between cationic layers which were filled with acetoni-
trile molecules.

Fig. 3. Packing diagram of bis[1-hexadecyl-3-methylimidazolium] �4-
(O,O,O′,O′-oxalato)bis[bis(nitrato-O,O)dioxouranate(VI)]/acetonitrile (1/6),
with acetonitrile molecules omitted. (Diagram prepared from the coordinates
in Ref. [18].)
itric acid, and usually an oxalate source [18]. The majority of
he isolated complexes were oxalate-bridged dinuclear nitrato-
ioxouranate 1-alkyl-3-methylimidazolium salts. Interestingly,
he oxalate bridge was present even when no oxalate source was
ntroduced in the media. It was suggested that the oxalate could
e formed from acid impurities oxidized by nitric acid or from
he oxidation of glyoxal (which was used in the synthesis of
midazolium ILs), by concentrated nitric acid.

When [C1mim][NO3] and [C12mim][NO3] ILs were used,
he presence of oxalate was confirmed by NMR spectroscopy
n the solution, but the precipitates obtained were char-
cterized as 1,3-dialkylimidazolium bis(nitrato-O)bis(nitrato-
,O)dioxouranate(VI) salts (Fig. 2). This was explained as
acking preferences of the [C1mim]+ IL with the smaller
itrate anions rather than the large oxalate dimer anions. In the
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Bradley also studied the possibility of isolating the ura-
nium from [C4mim][NO3] by reducing U(VI) to U(IV), but the
attempt was unsuccessful due to the fact that UO2 is an insu-
lator at low temperatures and it could not be recovered. In this
context, Bradley et al. studied the speciation of uranium fol-
lowing the oxidative dissolution of UO2 in [C4mim][NO3]. The
UV–vis spectrum of the solution indicated that U(VI) species
are present in the solution and IR measurements indicated that
oxalate participates as a tetradentate ligand in the metal binding.

EXAFS spectra of UO2(NO3)2·6H2O dissolved in [C4mim]
[NO3] suggested a number of possible structural arrangements,
e.g. [UO2(η2-NO3)2(η1-NO3)(H2O)]−, or [UO2(η2-NO3)2(η1-
NO3)2]2−. A comparison of the EXAFS results for oxidative
dissolution of UO2 in [C4mim][NO3] with those obtained
for uranyl nitrate hexahydrate solution and bis[1-butyl-3-
methylimidazolium] �4-(O,O,O′,O′-oxalato)bis[bis(nitrato-
O,O)dioxouranate(VI)] solution in [C4mim][NO3] in the
presence or absence of acetone, indicated that a mixture of
nitrate monomer and oxalate bridged dimer is present in both
cases. The best fit was obtained for a 15/85 mole ratio of a
mononuclear nitrate complex/dinuclear oxalate complex [18].

4. Electrochemistry/spectroscopy

Ionic melts containing aluminum chloride (AlCl ) have been
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4.1. AlCl3:1-butylpyridinium ionic liquids

Many of the early electrochemical and spectroscopic studies
of actinide ions in low-temperature ionic melts were performed
in AlCl3:1-n-butylpyridinium chloride ([C4pyr]Cl) systems of
both acidic and basic character. An early Raman investigation
[23] of this melt over the 0.75:1.0–2.0:1.0 molar composition
range, established the equilibrium reaction as the following
equation:

2AlCl4
− + Al2Cl6 ↔ 2Al2Cl7

− (6)

and that no molecular aluminum is present in the 2:0:1:0 melt.
A subsequent potentiometric characterization [34] of the sys-
tem determined the major acid–base equilibrium to be as in the
following equation:

2AlCl4
− ↔ Al2Cl7

− + Cl− (7)

for which the equilibrium constant at 30 ◦C was estimated to
be K ≤ 2.8 × 10−13. Due to the more favorable properties of the
AlCl3:[C4pyr]Cl system compared to the alkali halide melts (i.e.
lower sublimation loss of Al2Cl6, even at high temperatures),
many studies were performed to stabilize lower oxidation states
in the acidic melts, as well as expand investigations into the basic
regime.

The earliest electrochemical studies in the acidic AlCl :
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3
sed quite extensively as solvents for the electrochemical and
pectroscopic study of organic and inorganic solutes, including
anthanides and actinides [19]. The earliest studies of various

etal ions were performed in AlCl3:MCl mixtures, where M+

s an alkali metal cation. However, substitution of M+ with an
rganic heterocycle, such as pyridinium or imidazolium, reduce
he working temperature of the melt from greater than 200 ◦C to
oom temperature or lower. Melts that have working temperature
t or below 100 ◦C will hereafter be referred to as ILs [20–22].

The acid–base properties of these ionic melts vary widely
epending on their composition. Melts that contain greater than
0 mol% AlCl3 are “acidic” melts because they contain the large,
ewis acidic anions AlCl4− and Al2Cl7−. Melts that contain

ess than 50 mol% AlCl3 are “basic” melts because they contain
ree chloride ions that strongly complex with large metal cations
23].

The acidic melts stabilize metal cations of low oxidation state
ue to the presence of large AlCl4− and Al2Cl7− anions of very
ow solvating power. Cations including Cd2

2+, Pb+, Sn2
+, Bi+,

i53+, Hg3
2+, Te4

2+, Te2+, Te2
2+, Se4

2+, and Se8
2+ have all been

dentified in the acidic alkali earth AlCl3:NaCl and AlCl3:KCl
elts [24–30]. In fact, acidic sodium and 1-n-butylpyridinium

hloroaluminates stabilize the divalent oxidation state in several
f the lanthanides, a feat that has been accomplished only in
nhydrous organic salts due to the high reactivity of these species
ith water. In very acidic melts, the low solvating power of

hese solvents has allowed for the stable preparation of Sm(II),
u(II), Tm(II), and Tb(II) via reversible reduction of the trivalent
xidation state. However, as the acidity of the melt is decreased,
recipitation of the trichloride or dichloride is typically observed
ue to the formation of cationic chlorocomplexes [31–33].
3
C4pyr]Cl room temperature IL (working temperature of
30 ◦C) were performed on U(IV) in an attempt to reduce it

nd stabilize the U(III) species. In two papers published in 1982
35] and 1986 [36], De Waele et al. studied the behavior of ura-
ium over the 1.05:1.0–2.0:1.0 molar composition range. They
ound that the well-defined reduction of U(IV) to U(III) was
rreversible. In the interpretation of the potentiometric data, it
as concluded that U(IV) forms a series of chlorocomplexes in

he acidic IL, while U(III) remains uncomplexed (and is only
olvated by AlC4

− and Al2Cl7− ions). The uncomplexed nature
f U(III) was established by noting that: (1) its absorption spec-
rum was independent of the melt composition and compared
ell with that in AlCl3:NaCl melts, (2) high intensity bands
hich are characteristic for the formation of U(III) chlorocom-
lexes in solution and the solid state were absent in the melt, and
3) it was comparable to data obtained for Np(III) in the same
L.

The formation of U(IV) chlorocomplexes was supported
y the large variation of the formal standard potential of the
(IV)/U(III) redox couple with melt acidity, particularly in the

ess acidic melts, suggesting different coordination environ-
ents with oxidation state. It was suggested that the U(IV)

omplexes exist as UCl(AlCl4)m
(3−m)+, UCl2(AlCl4)m

(2−m)+,
nd UCl3(AlCl4)m

(1−m)+ at the lower acidities, with Al2Cl7−
ikely replacing some of the AlCl4− anions in the solvation shell
t higher acidities.

Oxidation of U(IV) to U(V) in the same IL proceeded
eversibly and was highly dependent upon melt acidity. The
(V) species likely exists as an octahedral chlorocomplex of the

ype UCl6−, since the absorption spectrum compared well with
hat in other solvents. Oxidation of U(V) to U(VI) was observed
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beyond the electrochemical window of the melt, resulting in
solvent breakdown and chlorine gas evolution.

An electrochemical and spectroscopic investigation of ura-
nium in basic AlCl3:[C4pyr]Cl IL [37], revealed that U(VI)
oxide readily dissolves and is stable in the melt, and the absorp-
tion spectrum supported the formation of [UO2Cl(4+x)](2+x)−
(x = 0–2) species. The U(VI) species readily underwent an irre-
versible two electron reduction to form UCl62− according to the
following equation:

[UO2Cl(4+x)]
(2+x)− + 2AlCl4

− + 2e−

→ UCl6
2− + 2AlOCl2

− + (2 + x)Cl− (8)

The spectrum of UCl62−, obtained via oxidation, was identical to
that of U(IV) chloride dissolved in the melt, and compared well
with the same species reported in the literature. U(III) was found
to be unstable in the basic IL, and resulted in the precipitation
of solid UCl3.

Neptunium has also been investigated in both the acidic
and basic AlCl3:[C4pyr]Cl IL using electrochemical and spec-
troscopic means [38]. Dissolution of Cs2NpCl6 in the basic
IL resulted in the precipitation of CsCl and the formation of
NpCl62−, as confirmed by comparing the absorbance spec-
trum to that in other chloride media. One-electron reduction of
NpCl62− resulted in the formation of Np(III) as NpCl63−, which
had never previously been observed in chloride-rich media.
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a pyridinium cation band masked the presence of the actinide
anion band. This masking band was absent in the [C2mim]Cl
melt, thus allowing for unambiguous assignment of the NpCl63−
fingerprint.

Anderson et al. [39] performed spectroscopy and electro-
chemistry of U(VI)/U(III) in the basic AlCl3:[C2mim]Cl IL.
U(IV) exhibited a one-electron reduction to form U(III), and
the corresponding oxidation was reversible. Measurement and
analysis of the potential of the U(IV)/U(III) redox couple as
a function of melt composition suggested the presence of hex-
achloro complexes in each oxidation state (UCl62− and UCl63−).
The absorption spectrum of the U(IV) was identical to that in
the AlCl3:[C4pyr]Cl IL, thus confirming the UCl62− species.

This species was also supported by Hitchcock et al. who
irreversibly reduced UO2Cl42− to UCl62− in the same IL [16].
Reduction of U(IV) resulted in a color change from pale green to
deep blue, and the visible spectrum of the blue solution was sim-
ilar to that in high-temperature molten chloride salts containing
U(III) [39]. The trivalent uranium species was also suggested by
Hitchcock et al. [16].

UO3 dissolved in the basic room temperature melts, AlCl3:
[C2mim]Cl and AlCl3:1-propyl-2,3-dimethylimidazolium chlo-
ride, was found to form UO2Cl42− species in both cases, but the
interactions were stronger between UO2Cl42− and [C2mim]Cl
than with 1-propyl-2,3-dimethylimidazolium chloride [40]. This
difference was attributed to the stronger hydrogen bonding capa-
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his was supported by Raman and UV–vis spectra of the solid
s2NaNpCl6 salt. In slightly acidic solutions, NpCl4 and NpCl3
recipitate, but redissolve when the IL is made more acidic
51–55 mol% AlCl3). The absorption spectrum of Np(III) was
bserved to be independent of melt composition and comparable
o that in non-complexing perchlorate media, thus suggesting the
xistence of the solvated Np(III) cation, similar to the U(III) case.

Oxidation of Np(III) to Np(IV) resulted in the formation of
pClx(4−x)+ species, primarily NpCl3+ (in less acidic melts),
pCl22+, and NpCl3+. These were assigned based on the shift

n the oxidation potential with melt composition, analogous
o the situation in the U(IV)/U(III) redox couple, suggesting
ifferent coordination environments in both oxidation states.
pontaneous oxidation of the melt by Np(IV) with increasing
elt acidity resulted in both Np(III) and Np(IV), with Np(III)

ecoming the only stable species at 57 mol% AlCl3. Interest-
ngly, using Nugent’s potential linearization theory, the authors
ere able to predict that in acidic melts, the +4 oxidation state
ill not be stable for actinides beyond neptunium, while protac-

inium and thorium will not display the +3 oxidation state, even
n this stabilizing medium.

.2. AlCl3:1-ethyl-3-methylimidazolium ionic liquids

The properties of actinide ions in tetrachloroaluminate
Ls incorporating the 1-ethyl-3-methylimidazolium ([C2mim]+)
ation have also been studied due to the low working temperature
f these melts, as well as the large electrochemical window of the
midazolium cation. One of the earliest studies with this cation
as performed by Schoebrechts and Gilbert [38] in the Raman

haracterization of NpCl63− in the AlCl3:[C4pyr]Cl melt where
ilities of [C2mim]Cl than 1-propyl-2,3-dimethylimidazolium
hloride.

In the acidic AlCl3:[C2mim]Cl IL (55:45 mol ratio), solu-
ions of UO2

2+ were found to be unstable, as evidenced by a
istinct color change (pale yellow to bright orange) over 5–10
ays [41]. UV–vis spectra of UO2

2+ in the acidic IL minutes
fter preparation clearly indicated a reaction between the starting
aterial and the IL, and after 5 days the spectrum was indicative

f nearly complete conversion to UCl6− (pentavalent uranium).
proposed mechanism that fit the experimental results for the

ecomposition of UO2
2+ in the acidic melt is shown in the fol-

owing equations:

O2
2+ + Al2Cl7

− ↔ UO4+ + AlCl4
− + AlOCl3

2− (9)

O4+ + Al2Cl7
− ↔ U6+ + AlCl4

− + AlOCl3
2− (10)

6+ + AlCl4
− ↔ U5+ + AlCl3 + 1/2Cl2 (11)

his suggested a distribution of di-oxo, mono-oxo, and non-oxo
(VI) species in the acidic IL. Prior to the reduction of UO2

2+

n this acidic IL, Dai et al. [42] confirmed the stability of the
(V) oxidation state as UCl6− (from optical spectroscopy) by
issolving UCl5·SOCl2 in a 62:38 melt and also studied its disap-
earance upon making the IL basic (45:55). The disappearance
as attributed to the formation of UCl62− from oxidation of

he IL itself, not a disproportionation reaction of the hexachloro
omplex.

A rare plutonium study in the basic and acidic AlCl3:
C2mim]Cl ILs was conducted by Costa et al. [43]. They
bserved a pseudo-reversible Pu(IV)/Pu(III) couple when study-
ng the PuCl3 and Cs2PuCl6 compounds in the basic IL, and a
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second irreversible couple in PuCl3 that may be attributed to
a plutonium-oxo species. In the acidic melt, PuO2Cl2 under-
went an irreversible redox couple and resulted in the formation
of an insoluble precipitate, presumably Pu(IV), which has no
solubility in the acidic IL. Costa et al. [44] have also looked
at the electrochemistry and spectroscopy of uranium in non-
AlCl3 based ILs, namely [C2mim][Tf2N] and [C4mim][Tf2N],
primarily as an alternative to aqueous-based decontamination
and conversion systems for the electrolytic stripping of contam-
inated uranium surfaces.

5. Molecular dynamics simulations

There has been growing interest in ILs as solvents for f-
element separations in nuclear waste remediation due to their
favorable properties compared to traditional organic solvents. In
many cases, the mechanisms involved in the solvent extraction or
ion exchange of lanthanide and actinide ions are quite complex
due to the wholly ionic nature of the solvents [6,8–10]. Thus, in
order to grasp such difficult concepts, it is important to under-
stand fundamental variables, such as complexation and solvation
environments that, for example, stabilize lower oxidation states.
Although high-temperature molten salts have been part of the
nuclear industry for a long time [45], the same cannot be said
about low-temperature, organic-based ILs, which in many cases
have much more variability in terms of cation/anion compo-
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and electrostatic energies. The force field parameters for the
IL cations, as well as, the AlCl4− anion were taken from De
Andrade et al. [47], those for the PF6

− anion were taken from
the OPLS force field [55], and those for the UO2

2+ cation were
taken from Guilbaud and Wipff [56], which accounts for the free
energy of hydration of the uranyl cation. Details of the dynamics
are available from Chaumont et al. [54].

The study examined: (1) dissociated UO2
2+ and NO3

−, (2)
associated (intimate) UO2

2+ and NO3
−, and (3) UO2Cl2 and

UO2Cl42− in the ILs. In the first case, it was observed that the sol-
vent anions, PF6

− and AlCl4−, completely surround the UO2
2+

cation, with marked differences depending on the anion. The
radial distribution functions (RDF) of the liquid around UO2

2+

are shown in Fig. 4.
In the hexafluorophosphate IL, UO2

2+ is surrounded, on
average, by 6.0 ± 0.1 PF6

− anions. The narrowness of the
U–P peak at 4.0 Å in the RDF indicates that the P atoms are
quasi-equidistant from the uranium atom, with approximate D3
symmetry, and there is very little change in this coordination
number (Fig. 4). The U–F RDF indicates a sharp peak at 2.6 Å
containing 5.8 ± 0.6 F atoms. Interestingly, over the course
of the dynamics, each of the 36 F atoms contributed to the
primary coordination sphere due to dynamic anion rotation,
and the anions exchanged between monodentate and bidentate
coordination. Imidazolium cation contributions occur at 6 Å and
beyond.
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ents. In fact, little is known about the fundamental cation–anion
nteractions in the IL at the microscopic level, including their
olvation properties, which may depend on active solvent ions,
mpurities, and the presence of water.

The elucidation of the fundamental properties of ILs may
e aided by computer simulations, both of the bulk material, as
ell as, solutions with impurities or solute molecules and ions.
everal studies have begun to emerge in the scientific litera-

ure using molecular dynamics (or Monte Carlo) simulations to
robe pure ILs [46–49], as well as, metal ions [50,51] and small
olecules [52,53] in ILs. Recent molecular dynamics simula-

ions of actinide ions in ILs based on the imidazolium cation
ave also begun to shed light on the coordinating and solvating
bilities of these notable solvent systems.

The first molecular dynamics simulation of UO2
2+ in an IL

as performed by Chaumont et al. using [C4mim][PF6] and
eutral [C2mim][AlCl4] as solvent media [54]. The potential
nergy (U) was described in the functional form shown in the
ollowing equation:

=
∑
bonds

kb(b − b0)2 +
∑

angles

kθ(θ − θ0)2

+
∑

dihedrals

∑
n

Vn[1 + cos(nϕ − γ)]

+
∑
i<j

[
qiqj

Rij

− 2εij

R∗6
ij

Rij

+ εij

R∗12
ij

Rij

]
(12)

here the first three terms describe bond, angle, and dihedral
eformation energies, and the last three terms include pairwise
dditive 1–6–12 interactions between atoms for van der Waals
In the tetrachloroaluminate IL, the AlCl4− anions exhibited
ery little rotation, thus contributing to a rigid coordination
phere around uranium of 5.0 ± 0.1 Cl atoms at 2.8 Å. There
re 7.0 aluminum atoms at 4.85 Å from the uranium atom. Four
f the five nearest chlorine atoms reside equatorially around the
ranium, thus contributing to a UO2Cl42− species. Imidazolium
ations form an ill-defined shell beyond the AlCl4− anions.

The intimate UO2
2+:2NO3

− ion pairs in the hexafluo-
ophosphate ionic liquid remained associated, with unchanged
rans bidentate nitrate coordination. The remaining equatorial
oordination sites on uranyl are occupied by 2.0 ± 0.2 F atoms
t 2.5 Å from PF6

− anions, which dynamically exchange
although slower than in the naked cation) with F atoms at
.6 Å. Monodentate coordination is preferred, but bidentate
ccurs transiently. In the tetrachloroaluminate IL, the remaining
quatorial coordination sites in uranyl are occupied by 2.0 ± 0.1
l atoms at 2.9 Å, and exchange of Cl atoms occurs less readily

han in the PF6
− case, with transient changes from monodentate

o bidentate modes.
In the third case, both UO2Cl2 and UO2Cl42− retain their

oordinated Cl atoms over the course of the dynamics, with
verage U–Cl distances of 2.56 Å. In UO2Cl2, the remaining
quatorial sites are filled by solvent anions. In the PF6

− ILs,
here are 2.7 ± 0.6 F atoms from 2.3 PF6

− anions, leading to
n average equatorial coordination number of 4.7. One anion is
sually monodentate, while the other exchanges between mon-
dentate and bidentate coordination modes. In the AlCl4− IL,
here are 2.9 ± 0.6 Cl atoms from 2.8 ± 0.6 anions, with primar-
ly monodentate coordination modes. These results differ from
he UO2(NO3)2 dynamics due to the higher steric demand of
he nitrate group. In UO2Cl42−, the imidazolium cations play
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Fig. 4. Radial distribution functions for hexafluorophosphate (left) and tetrachloroaluminate (right) ILs around UO2
2+ (dissociated). Reprinted in part with permission

from Inorg. Chem. 42 (2003) 5348–5356. Copyright 2003 American Chemical Society.

a greater role, with six [C4mim]+ and eight [C2mim]+ cations
surrounding the solutes in each case.

Chaumont and Wipff have also investigated the solvation
of UO2

2+ (including Eu3+, which will not be discussed here,
although may provide insight into trivalent actinide ion behav-
ior) in the basic IL AlCl3:[C2mim]Cl, where the Cl−:AlCl4−
ratios were about 1 and 3, respectively [57]. The same func-
tional form of the potential energy and force field parameters
were used as described previously. In these basic ILs, immersion
of a single UO2

2+ moiety initially resulted in the formation of
mixed [UO2Cl3(AlCl4)]2− species which, after further dynam-
ics, exchanged to form the thereafter stable UO2Cl42− species.
A mixing–demixing simulation further confirmed this observa-
tion.

A third simulation with nine UO2
2+ moieties gave mixed

results. In the 1:1 Cl−:AlCl4− IL, UO2Cl42−, [UO2Cl3
(AlCl4)]2−, and [UO2Cl2(AlCl4)2]2− species were formed.
However, in the 3:1 Cl−:AlCl4− IL, immediate formation of
UO2Cl42− occurred with all UO2

2+ cations. This indicates that
in the more basic ILs, the tetrachloro UO2

2+ complexes are the
more stable species. The imidazolium cations form a cage con-
sisting of 8–9 ions around the UO2Cl42− anion, with about two
AlCl4− anions residing in this shell, associated with the axial
UO2

2+ oxygen atoms.
Finally, Chaumont and Wipff have also used molecular

dynamics simulations to investigate the effect of water in the
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cations. The UO2Cl42− anion contains hydrogen bonds to an
average first shell of 12.5 water molecules within a disordered
shell of eight imidazolium cations (within 8.9 Å). The water
molecules display both bridging and monodentate associations
with the chlorine atoms. Energetic analysis indicates that uranyl
interaction with the solvent increases with increasing number
of bound Cl− ligands and solvation forces are responsible for
stabilizing the UO2Cl42− species.

6. Conclusions

The study of actinides (and lanthanides) in ILs is a relatively
new enterprise that has received only peripheral attention over
the past two decades. Although there have been many important
contributions in the areas of separations, solid-state characteriza-
tion, electrochemistry, spectroscopy, and computer simulations,
much has yet to be done. One of the most important facets of
ILs as solvents is their ionic nature, making them fundamen-
tally different from traditional molecular solvents. Although
they have been investigated for their utility in processing and
separations schemes, little is understood about the basic inter-
actions between solute and solvent that may aid in ultimately
tuning the properties of ILs for specific applications.

The use of ILs in actinide-related applications will be facil-
itated by obtaining a better understanding of solvent–solute
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L, or solvent “humidity”, on the coordination environment of
O2

2+ (and Eu3+/Eu2+, which will not be described here) in
C4mim][PF6] [58]. Once again, the same functional form for
he potential energy and the same force field parameters were
mployed. The naked UO2

2+ cation was observed to form the
O2(H2O)5

2+ aquo complex in less than 0.5 ns, and the same
as observed with a more concentrated solution containing nine
O2

2+ cations. The PF6
− anions form a shell around the aquo

on consisting of 6.9 anions (on average) within a distance of
.2 Å, penetrated by water molecules, and nearly 11.7 imida-
olium cations reside beyond this shell within 10.4 Å.

The UO2Cl2 and UO2Cl3− complexes coordinate with three
nd two water molecules, respectively, to achieve equatorial
oordination numbers of five. The second shell is more complex,
owever. The former complex has 4.0 PF6

− anions within 7.4 Å,
4 imidazolium cations within 10.6 Å, and 12 water molecules
ithin 7.4 Å, while the latter has 11 water molecules, includ-

ng loosely associated 2.7 PF6
− anions and 2.9 imidazolium
nteractions that govern important processes, such as solvent
xtraction or ion exchange. One key experimental technique
hat will continue to guide this understanding is extended X-
ay absorption fine structure spectroscopy (EXAFS). EXAFS
s one of the very few experimental techniques that provides
irect clues about behavior in liquids or solutions, thus making
t an invaluable resource for IL studies. EXAFS will continue to
rovide key information about the primary coordination envi-
onment of metal complexes in these solvents, including the
oordinating and solvating ability of IL cations and anions. This
ill then aid in the development of ILs that have “tuned” phys-

cal properties that are ideal for specific applications, such as
uclear waste remediation.

One of the most promising areas in f-element research in ILs
s computer-aided simulations that aim to elucidate the solvating
ower of ILs towards actinides, lanthanides, and even fission
roducts, all or which are important components of nuclear
astes and processing streams. Although spectroscopic and
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electrochemical investigations have given us a good understand-
ing of the complexes that may be formed in, for example, tetra-
chloroaluminate ILs, only preliminary work has been done in
extending this to water-stable ILs which show the most promise
for routine use. Computer simulations of ILs, which have begun
to receive widespread attention due to the development of reli-
able, accurate force fields and enhanced computing power, will
ultimately provide a bridge with experiment by allowing for the
direct energetic analysis and visualization of the solvating and
coordinating power of individual IL components, thus allowing
for the interpretation of complex experimental results.
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