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Room temperature ionic liquids form potentially important solvents in novel nuclear waste reprocessing methods,
and the solvation, speciation, and complexation behaviors of actinides and lanthanides in room temperature ionic
liquids is of current interest. In this study, the coordination environment of uranyl(VI) in solutions of the room
temperature ionic liquid 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide containing either tetrabutylam-
monium nitrate or nitric acid was characterized using attenuated total reflection-Fourier transform infrared spectro-
metry. Both UO2(NO3)2 and UO2(NO3)3

- species were detected in solutions containing tetrabutylammonium nitrate.
νas(UO2) for these two species were found to lie at 951 and 944 cm-1, respectively, while νas(UO2) arising from
uranyl(VI) coordinated by bis(trifluoromethylsulfonyl)imide anions in 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide was found to lie at 968 cm-1. In solutions containing nitric acid, only UO2(NO3)2 was detected, due to the high water
content. The UO2(NO3)

þ species was not detected under the conditions used in this study. From the results shown here, we
conclude that infrared spectroscopy formsa valuable addition to the suite of tools currently used to study the chemical behavior
of uranyl(VI) in room temperature ionic liquids.

Introduction

Reprocessing of spent nuclear fuel with recycling of fissile
isotopes is necessary to optimize energy extraction from
actinide resources and to minimize waste product produc-
tion. A number of solvent extraction processes have been
used in order to separate plutonium and uranium from
fission products in spent nuclear fuel, with the most widely
used process being the plutonium and uranium recovery by
extraction (PUREX) process.1 In the PUREX process, tri-n-
butylphosphate (TBP) is dissolved in a paraffinic hydrocar-
bon and used to extract uranium and plutonium from nitric
acid solutions, thus allowing the recovery of these elements
from fission products.2 This technique requires the use of
potentially hazardous organic solvents with relatively high
disposal costs. Separations processes that can safely and
effectively separate the useful components of discharged
nuclear fuel from the wastes, while dramatically reducing
their volume and toxicity, are currently being developed.3,4 A
new three-step extraction technique for the extraction of
actinides and lanthanides from a solid or an aqueous phase

into a room temperature ionic liquid (RTIL) phase and then
from theRTIL phase into a supercritical CO2 (sc-CO2) phase
has been proposed as an alternative “green” technology for
nuclear waste treatment, because the physical and chemical
properties of RTILs and sc-CO2 make them attractive
replacements for volatile organic solvents.3,4 New, greener
separations methods are needed to help improve public
acceptance of nuclear power.
Extractions of actinides and lanthanides into RTILs and

sc-CO2 are still in the initial stages of development and little is
known about the extraction mechanisms at work in these
solvents. In order to gain insight into extraction mechanisms
and optimize extraction efficiencies for the different radio-
nuclide species, it is important to understand the solvation,
speciation, and complexation behaviors of actinides and
lanthanides in RTILs, sc-CO2, and RTIL/sc-CO2 mixtures.
While the chemistry of actinides and lanthanides in sc-CO2

has been little studied, there is currently a great deal of
interest in the speciation and coordination chemistry of
actinides and lanthanides inRTIL, and several review articles
have recently been published on this topic.5-7 To date, the
bulk of the spectroscopic studies on uranium complexes in
RTIL has been completed using UV-visible spectrophoto-
metry and/or extended X-ray absorption fine structure
(EXAFS) spectroscopy. However, vibrational spectroscopy
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can also provide important information regarding uranyl(VI)
complexation and coordination in solution and has been
extensively used for that purpose.8-16 The Raman active
νs(UO2) mode and the infrared active νas(UO2) mode are
sensitive to changes in the uranyl(VI) coordination environ-
ment. Complexation of uranyl(VI) weakens the OdUdO
bonds, causing νs(UO2) and νas(UO2) to shift to lower
wavenumbers. The extent of this shift can be correlated to
the complex formed and can be used to track uranyl(VI)
speciation in solution. In this study, we use attenuated total
reflection-Fourier transform infrared spectrometry to char-
acterize the complexes formed in solutions of the RTIL
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([BMIM][Tf2N]) containing uranyl(VI) and either tetrabuty-
lammonium nitrate (TBAN) or HNO3.

Experimental Section

Chemicals and Reagents.Uranium trioxide, UO3, and uranyl
nitrate hexahydrate, UO2(NO3)2 3 6H2O, were purchased from
International Bio-Analytical Industries, Inc. (Boca Raton, FL).
Concentrated nitric acid (70%w/w), tri-n-butylphosphate (TBP),
1-butyl-3-methylimidazolium chloride, [BMIM]Cl, and lithium
bis(trifluoromethane) sulfonimide, [LiN(CF3SO2)2] were pur-
chased from Sigma-Aldrich (Milwaukee, WI). Acetonitrile and
methylene chloride were purchased from Fisher Scientific
(Pittsburgh, PA). Toluene was purchased from EMDChemicals Inc.
(Gibbstown, NJ). Deuterated chloroform (99.8% D) and D2O
(99.9%D) were purchased fromCambridge Isotope Laboratories,
Inc. (Andover, MA).

Instruments. A Bruker Avance 500 MHz NMR spectrometer
was used to check the purity andwater content of [BMIM][Tf2N]
after synthesis. Absorption spectra were acquired using a model
440 UV-visible spectrophotometer with a CCD array detector
(Spectral Instruments Inc., Tucson AZ). ATR-FTIR spectra
were acquired using a Nicolet Magna 760 FTIR spectrometer
equipped with a DTGS detector. ATR-FTIR measurements
were made with a SplitPea attenuated total reflection accessory
(Harrick Scientific Corporation). A silicon internal reflection
element was used as a reflection medium. Silicon is relatively
inert and resistant to corrosive materials, while zinc selenide is
not compatible with acids and strong bases, and germanium is
soluble in nitric acid. ATR-FTIR spectra were acquired using
500 coadded scans at 2 cm-1 resolution with Happ-Genzel
apodization. A single-beam reference spectrum of the silicon
ATR internal reflection element was acquired at the start of each
experiment, and each single-beam sample spectrum collectedwas
ratioed against this background reference spectrum. Spectra were
not otherwise corrected. Each sample spectrum required∼17min
to collect.

Synthesis of 1-Butyl-3-methylimidazolium Bis(trifluoromethyl-

sulfonyl)imide [BMIM][Tf2N]. [BMIM][Tf2N] was synthesized
from the metathesis of [BMIM]Cl and [LiN(CF3SO2)2] following
an established literature procedure.3 The resulting ionic liquidwas
washed and extracted with dichloromethane and deionized water.

The excess dichloromethane was removed by evaporation under
reduced pressure using a rotary evaporator. The sample was left
under vacuum overnight at 68 �C to remove excess water. The
purity and water content of the ionic liquid were evaluated using
1H NMR, and the chloride content was determined by neutron
activation analysis at the Washington State University (Pullman,
WA) Nuclear Radiation Center. The water concentration was
determined as follows: a known volume and mass of [BMIM]-
[Tf2N] was placed in a 5 mm diameter NMR tube. An insert
containing 66 μL of 99.9% D2O was placed in the NMR tube
with the sample, and a 1HNMRspectrumwas acquired. Residual
HDO (chemical shift 4.74 ppm) arising from theD2O in the insert
was used as a reference. Water in the [BMIM][Tf2N] sample gave
rise to a 1H NMR signal at 2.38 ppm. This signal (IH2O) was
integrated and compared to the integrated signal of a butyl chain
CH2 proton triplet (ICH2, 1.8 ppm). The number of water protons
(nH2O) could be calculated using the relationship nH2O/nCH2 =
IH2O/ICH2. The number of protons giving rise to the CH2 proton
triplet (nCH2) was calculated using the sample mass andmolecular
weight, and, since the sample volume was also known, the
concentration of water in the sample could be determined. The
concentration of water in the final product was 10 mM, while the
chloride concentration was 0.008 mM.

Synthesis ofUranyl(VI)Bis(trifluoromethylsulfonyl)imide.Uranyl-
(VI) bis(trifluoromethylsulfonyl)imide (UO2(Tf2N)2 3 xH2O) was
synthesized according to the method of Nockemann et al.17 The
synthesis began with the conversion of lithium bis(trifluoro-
methylsulfonyl)imide (2M) into the correspondingacid,H(Tf2N),
with the addition of excess 20% H2SO4. In the process of
converting the salt into an acid, lithium sulfate was produced.
The desired acid was extracted with diethyl ether andwashedwith
water to remove trace amounts of lithium sulfate. Evaporation of
diethyl ether under reduced pressure using a rotary evaporator
gave H(Tf2N). In the next step, uranium(VI) oxide (0.023 mol)
was suspended in water in a round-bottom flask, and a small
excess of H(Tf2N) (0.033 mol) was added. This mixture was
allowed to react for 3 days at 50 �Cwith stirring, following which
the temperature was increased to 75 �C for an additional
24 h. Water was removed under reduced pressure, and a viscous
yellow product was obtained. This product was washed with
dichloromethane to remove unreacted H(Tf2N), then dissolved
in methanol, and stirred for 1 h. Unreacted UO3 was filtered off,
giving a clear yellow solution. Excess methanol was removed
under reduced pressure using a rotary evaporator, leaving a
viscous dark yellow substance. The samplewas left under vacuum
overnight for further solvent removal. The final product was
stored in a desiccator.

Sample Preparation. Samples were prepared by dissolving
uranyl(VI) nitrate hexahydrate and uranyl(VI) bis(trifluoro-
methylsulfonyl)imide in [BMIM][Tf2N] to a final concentration
of 0.1 M. Nitrate was added in the form of TBAN or concen-
trated HNO3. Nitrate concentrations ranged from 0.05 to 0.5M
in [BMIM][Tf2N]. The samples were sonicated to completely
homogenize all solutes in the ionic liquid. A small droplet of
sample was placed directly on the silicon internal reflection
element prior to analysis by ATR-FTIR. Samples were exposed
to the atmosphere during analysis. In order to evaluate the
extent of water uptake from the atmosphere, a sample of
[BMIM][Tf2N] was placed on the internal reflection element,
andwater νs(OH)modes at 3636 and 3565 cm-1 weremonitored
over the course of 17 min, the time required to collect a typical
spectrum. No increase was seen in the intensities of these modes
during this time, indicating little water is absorbed from the
atmosphere during spectral acquisition under our laboratory
conditions.
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Results and Discussion

The effect of changing uranyl(VI) coordination environ-
ment on νas(UO2) is illustrated in the infrared spectra shown
in Figure 1a,b. Figure 1a shows a spectrum acquired from a
solution of 0.1 M uranyl nitrate hexahydrate dissolved in
[BMIM][Tf2N], while Figure 1b shows a spectrum acquired
from a 0.1 M solution of uranyl nitrate hexahydrate in
[BMIM][Tf2N] to which 0.1 M TBAN had been added.
Figure 1c shows a spectrum acquired from a 0.1 M solution
of TBAN. TBAN does not have any significant vibrational
modes in the νas(UO2) region. When uranyl nitrate hexahy-
drate is dissolved in [BMIM][Tf2N], a complex is formed
having νas(UO2) at 950 cm

-1, as shown inFigure 1a.With the
addition of nitrate in the form of TBAN, such that the total
concentration of nitrate in solution is 0.3 M, the uranyl(VI)
coordination environment is changed and νas(UO2) is shifted
to 945 cm-1 (Figure 1b). Previous work using UV-visible
spectrophotometry and EXAFS to examine uranyl(VI) ni-
trate complexes formed inRTIL has indicated that the major
species areUO2(NO3)

þ, UO2(NO3)2, andUO2(NO3)3
-.17-20

Servaes et al.19 and Georg et al.20 have shown that
UO2(NO3)3

- is the major species in RTIL solutions when
nitrate is present in excess. Thus, we assign the mode at
945 cm-1 (Figure 1b) toUO2(NO3)3

-. Themode at 950 cm-1

can then be assigned to the dinitrato complex, UO2(NO3)2
(Figure 1a). The formation of the two uranyl(VI) nitrate
complexes may also be followed through the growth of a
ν(NO) mode at 1537 cm-1 (Figure 2a,b). This mode is dia-
gnostic for nitrate that is coordinated to a metal ion21 and
offers further evidence that nitrate forms a complex with
uranyl(VI) in [BMIM][Tf2N]. The ν(NO) mode increases in
intensity when TBAN is added to the solution (Figure 2b).
Figure 2c simply shows a solution of [BMIM][Tf2N] towhich
TBAN has been added. TBAN does not have vibrational
modes in the ν(NO) region.
To more easily detect any uranyl(VI) nitrate complexes

formed, UO2(Tf2N)2 was used as a source of uranyl(VI). The

bis(trifluoromethylsulfonyl)imide anion is easily displaced by
nitrate.18,20 In order to track uranyl(VI) speciation in the
presence of nitrate, the molar ratio of uranyl(VI) to TBAN
was systematically varied and the infrared spectra acquired.
The spectra are shown in Figure 3a-d.When UO2(Tf2N)2 is
dissolved in [BMIM][Tf2N], the νas(UO2) mode appears
at 968 cm-1 (Figure 3a). This mode can be assigned to
uranyl(VI) coordinated by Tf2N

- anions. A small peak
at ∼950 cm-1 arises from [BMIM][Tf2N]. With the addition
of 0.1 M TBAN, the νas(UO2) mode at 968 cm-1 decreases
in intensity, while a new νas(UO2) mode begins to grow in at
951 cm-1, indicating that a uranyl(VI) nitrate complex has
formed in solution (Figure 3b). When the solution TBAN
concentration is increased to 0.2 M, the intensity of the
νas(UO2)mode at 951 cm-1 also increases, while the νas(UO2)
mode at 968 cm-1 disappears completely (Figure 3c). The
uranyl(VI) nitrate complex formed may be assigned to a
UO2(NO3)2 species, based on the peak position of νas(UO2)
for uranyl nitrate hexahydrate dissolved in [BMIM][Tf2N]

Figure 1. ATR-FTIR spectra showing the νas(UO2) region for solutions
of [BMIM][Tf2N] containing (a) 0.1 M UO2(NO3)2 3 6H2O, (b) 0.1 M
UO2(NO3)2 3 6H2O with 0.1 M TBAN, and (c) 0.1 M TBAN.

Figure 2. ATR-FTIR spectra showing the ν(NO) region for solutions
of [BMIM][Tf2N] containing (a) 0.1 M UO2(NO3)2 3 6H2O, (b) 0.1 M
UO2(NO3)2 3 6H2O with 0.1 M TBAN, and (c) 0.1 M TBAN.

Figure 3. ATR-FTIR spectra showing the νas(UO2) region for solutions
of 0.1 MUO2(Tf2N)2 in [BMIM][Tf2N] containing (a) no TBAN, (b) 0.1
M TBAN, (c) 0.2 M TBAN, and (d) 0.3 M TBAN.
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(Figure 1a). Upon addition of a third aliquot of TBAN, such
that the total nitrate concentration in solution is 0.3 M, the
νas(UO2) mode shifts to 944 cm-1 (Figure 3d). This shift in
νas(UO2) represents the formation of the UO2(NO3)3

- com-
plex. In our study, the absorption bands diagnostic for
UO2(NO3)3

- 22,23 can be seen in a UV-visible absorption
spectrum acquired from this solution (Supporting Informa-
tion, Figure 1). These bands can also be seen, albeit at a lower
intensity, in a UV-visible absorption spectrum acquired
from the solution of 0.1 M UO2(Tf2N)2 in [BMIM][Tf2N]
containing 0.2 M TBAN, indicating that some UO2(NO3)3

-

is present there as well, (Supporting Information, Figure 1).
On the basis of the presence of these characteristic absorption
bands for UO2(NO3)3

- in a solution prepared by dissolution
of uranyl nitrate hexahydrate in [BMIM][Tf2N], Gaillard
et al.18 have suggested that UO2(NO3)2 can dissociate into
UO2(NO3)

þ and UO2(NO3)3
-. In our ATR-FTIR spectra,

the diagnostic mode for UO2(NO3)2 (νas(UO2) 951 cm-1)
is rather broad and may include a small component at
944 cm-1. Interestingly, the infrared spectra show no evi-
dence for a νas(UO2) mode that could be assigned to the
UO2(NO3)

þ species; however, as the νas(UO2) modes are
relatively broad, it is possible that a small mode between
νas(UO2) 968 cm-1 and νas(UO2) at 951 cm-1 would not be
detected. As in the case for the uranyl nitrate hexahydrate/
TBANsystemdiscussed earlier, the presenceof a ν(NO)mode
at 1536 cm-1 indicates that nitrate is indeed complexed to
uranyl(VI) (Supporting Information, Figure 2).
In the three-step extraction method for actinides and

lanthanides mentioned above, uranium dioxide is first dis-
solved in a RTIL containing a mixture of HNO3 and tributyl
phosphate and the resulting uranyl complex is then extracted
into sc-CO2. Thus, it is of interest to examine the uranyl
complexes formed when HNO3 is used as a nitrate source
instead of TBAN. Figure 4a-d shows a series of infrared
spectra acquired from solutions of 0.1 M UO2(Tf2N)2 in
[BMIM][Tf2N] to which varying amounts of HNO3 have
been added. νas(UO2) for a solution 0.1 M in UO2(Tf2N)2 in

[BMIM][Tf2N] in the absence of any HNO3 appears at
968 cm-1, assigned above to uranyl(VI) coordinated by
Tf2N

- anions (Figure 3a). When HNO3 is added to the
solution such that its final concentration is 0.1 M, the
νas(UO2) mode at 968 cm-1 decreases in intensity as a new
uranyl(VI) nitrate complex having νas(UO2) at 951 cm-1

forms (Figure 4b). νas(UO2) at 968 cm-1 disappears almost
completely when the concentration of HNO3 is increased
to 0.2 M (Figure 4c). The νas(UO2) mode at 951 cm-1 can
be assigned to the UO2(NO3)2 species. However, no new
νas(UO2) modes are detected in the infrared spectra when the
concentration of HNO3 is increased beyond 0.2 M. The
characteristic trinitrato absorption bands22,23 can be clearly
seen in the UV-visible absorption spectra of a solution
0.3 M in HNO3, indicating that some UO2(NO3)3

- is indeed
present (Supporting Information, Figure 3). However, the
UO2(NO3)3

- anion is not a major species, existing at con-
centrations which cannot be detected using infrared spectros-
copy under the experimental conditions used for this study.
As was the case in the TBAN/[BMIM][Tf2N] system, the

ν(NO) mode at 1536 cm-1 appears to grow as the concentra-
tion ofHNO3 increases, indicating that nitrate is coordinated
to uranyl(VI) (Supporting Information, Figure 4). The
νas(NO2) stretching mode can be seen at 1670 cm-1 when
HNO3 concentrations reach 0.2M (Supporting Information,
Figure 4b,c).
A major difference between the TBAN/[BMIM][Tf2N]

and the HNO3/[BMIM][Tf2N] systems is that the amount
of H2O introduced into solution is greater in the
HNO3/[BMIM][Tf2N] experiment, because, a solution of
70% wt/wt HNO3 was used as a nitrate source. Kaplan
et al.22 studied the formation of the UO2(NO3)3

- complex in
organic solvents using UV-visible spectrophotometry. The
authors noted that the equilibrium reaction

UO2ðNO3Þ2 þ NO3
-hUO2ðNO3Þ3 -

is affected by the presence of water and suggested that a nitrate
ion and water molecules compete for a coordination position
around the uranyl(VI) ion. Billard et al.23 also noted that the
formation of the UO2(NO3)3

- complex in [BMIM][Tf2N] is
affected by the presence of water. In our study, no signi-
ficant shifts in νas(UO2) were seen in solutions of 0.1 M
UO2(NO3)2 3 6H2O or 0.1 M UO2(Tf2N)2 in [BMIM][Tf2N]
towhich aliquots ofwaterwere deliberately added.Thus,water
is not a strong enough ligand in [BMIM][Tf2N] to displace
NO3

- or otherwise affect the OdUdO bond strength.

Conclusions

We have conducted a detailed spectroscopic examination
of the uranyl(VI) nitrate system in [BMIM][Tf2N], using
ATR-FTIR spectrometry to characterize the coordination
environment of uranyl(VI) in solutions of [BMIM][Tf2N]
containing either TBAN or HNO3. Both UO2(NO3)2 and
UO2(NO3)3

- species were detected. νas(UO2) for these two
species were found to appear at 951 and 944 cm-1, respec-
tively, while νas(UO2) arising fromuranyl(VI) coordinated by
Tf2N

- anions in [BMIM][Tf2N] appears at 968 cm-1. The
UO2(NO3)

þ species was not detected under the conditions
used in this study. Formation of the uranyl(VI) nitrate
complexes may also be followed through the growth of the
ν(NO)modeat 1537 cm-1, which is diagnostic for nitrate that

Figure 4. ATR-FTIR spectra showing the νas(UO2) region for solutions
of 0.1 M UO2(Tf2N)2 in [BMIM][Tf2N] containing (a) no HNO3, (b) 0.1
M HNO3, (c) 0.2 M HNO3, and (d) 0.3 M HNO3.
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is coordinated to a metal ion. The UO2(NO3)3
- complex did

not form in solutions of [BMIM][Tf2N] containing HNO3

under our experimental conditions, likely as a result of
competition fromwater. More research is needed to examine
the role that water and other potentially competing species
play in uranyl(VI) solution chemistry in RTIL. Overall, our
results indicate that infrared spectroscopy can form a valu-
able addition to the suite of tools currently used to study the
chemical behavior of uranyl(VI) in RTIL.
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