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ABSTRACT: Task-specific ionic liquids (TSILs) present
an opportunity to replace traditional organic solvents for
metal dissolution or separation. To date, a thorough in-
vestigation of the physical properties of biphasic TSIL—
H,O systems and the effects of metal loading is lacking.
In this work, the change in the liquid—liquid equilibrium
of [HBet][Tf,N]—H,O upon the addition of Nd(III) is
investigated by cloud-point measurements. The addition of
Nd(III), drops the upper critical solution temperature by
over 20 °C. Further investigation of the [HBet][Tf,N]—
Nd(III) system led to the formation of single crystals of
[Nd,(H,0)s(ky-Bet), (u3-Bet), ] [(CL),(TEN),] from  the
TSIL phase.

Room-temperature ionic liquids (ILs) are liquid salts with
melting points below 100 °C. ILs can be applied to a wide
range of applications by taking advantage of their varying prop-
erties such as viscosity, density, and solubility. Recent reviews
have highlighted applications for ILs in areas such as solvent
extraction, electrodeposition, and catalysis." One application that
has attracted increased interest is the use of ILs for separation in
advanced nuclear fuel cycles.”* Solvent extraction is one of the
primary techniques for the purification of radionuclides, and ILs
are strong candidates to replace conventional organic solvents.
While the solubility of metals in noncomplexing ILs is generally
poor, task-specific ILs (TSILs) can be designed by incorporating
functional groups into the IL cation or anion. For example,
Nockemann et al. suggested (trimethylammonio)acetate bis-
((trifluoromethyl)sulfonyl)imide, also known as betaine bis-
(triflimide) or [HBet][Tf,N], for the solubilization of metal
oxides and salts.® This TSIL greatly increased the solubility of a
range of transition-metal salts and oxides, including uranium and
the lanthanides. Additional amino-based carboxyl-functionalized
ILs have been studied, and a number of crystal structures were
isolated for several f element and transition metals.®®
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One interesting property of [HBet][Tf,N] is its signifi-
cant solubility with H,O. Nockemann et al. reported that the
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liquid—liquid equilibrium (LLE) of [HBet][Tf,N] and H,O has
an upper critical solution temperature (UCST), with the two
components being miscible in all compositions above 5.5 °C.
The temperature-dependent miscibility with H,O provides
several advantages for separations processes: (1) H,O is known
to alter the solvation properties and increase dissolution kinetics,
(2) higher UCSTs generally increase solubility and dissolution
kinetics, (3) better mixing can be achieved during dissolution with
a single-phase system, and (4) cooling to two phases concentrates
the metal in the IL phase (Figure 1).

Figure 1. Neodymium (III) preconcentrated in [HBet][Tf,N] at room
temperature and miscible with water at elevated temperature.

For development of a [HBet] [ Tf,N]-based extraction process,
it is necessary to understand how the physical properties change
with temperature and composition. Several pure-component
properties for [HBet][Tf,N] have previously been reported.
Nockemann et al. reported a melting point of 57 °C and density and
viscosity at 60 °C of 1.531 g cm™ and 351 cP, respectively.” Our
thermal analysis of [HBet][Tf,N] indicates a glass transition
temperature (T,) of —39 °C, a melting point of 54 °C, and a de-
composition temperature (T,..) of 325 °C, which is comparable to
the thermal gravimetric analysis reported by Rao et al.” The pure-
component density at 65 °C was determined to be 1.54 g cm™,
which matches the previously reported value.® The viscosity of
[HBet][Tf,N] (with less than 100 ppm of H,O and halide) was
measured from 65 to 100 °C (see the Supporting Information)
and fit to the Vogel—Fulcher—Tammann (VFT) equation (eq 1)

n(T) = n, exp[B/(T — T,)] (1)

where 17, = 1.099 cP, B = 510 °C, T, = =39 °C, and R* = 0.9998.
The viscosity of 147 cP, measured in this work at 65 °C, is
considerably lower than the previously reported value of 351 cP,’
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and extrapolation of the VFT fit to 60 °C significantly under-
predicts the viscosity. Our viscosity measurements at 60 °C did
not provide reliable results because the temperature is too close
to the melting point. Seddon et al. have shown CI™ impurities can
greatly increase viscosity.'"’ Nockemann et al. used the silver
nitrate test to measure Cl~ impurities, which has a higher limit of
detection than ion chromatography and is complicated by the
ability of betaine to complex silver ions.® The effect of the water
content on the density of [HBet][ Tf,N] was studied from 25 to
60 °C. The densities of pure [HBet][T,N] and [HBet][T,N]—
H,O mixtures decrease linearly with temperature, while the density
of the mixtures decreases non-linearly with increasing water.

To measure the LLE of TSIL—H,O mixtures, we utilized the
cloud-point method, in which a single-phase solution is cooled
while mixing until the first point of cloudiness is observed, in-
dicating a phase split. The previously reported equilibrium mea-
surements were performed using a gravimetric drying technique.’
While the UCST measurements for the two methods show a quali-
tative agreement, there is a consistent shift of the phase envelope -
to a higher weight percent of H,O. This indicates that [HBet]-
[T,N] has a higher water solubility than previously reported
by Nockemann et al.’ Karl Fischer coulometric titration for the
room-temperature solubility of H,O in [HBet][Tf,N] confirms
the cloud-point measurements in this study (Figure 2). Differences
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Figure 2. [HBet][Tf,N]—H,O LLE: This work and literature.®

between the measurement techniques are likely due to incomplete
drying in the gravimetric technique.’

Because [HBet][Tf,N] can solvate and complex metal ions,
the effect of metal loading on the LLE must be understood for the
design of a separation process. In Figures 2 and 3, we report for
the first time the effect of Nd,O; loading on the LLE of a TSIL—
H,O system. To quantify the change of the [HBet][Tf,N]—
H,0—Nd LLE, cloud-point measurements were repeated at
a constant [HBet][Tf,N]:Nd ratio of 4.45:1. At this Nd(III)
loading, the UCST decreases from 55.5 to 35.1 °C. In addition,
the overall mutual solubility of the two phases increases,
illustrated by a narrowing of the phase envelope (Figure 2).
This change in the UCST and LLE with high metal loading,
which has not been reported previously, is an important factor
for the design of a solvent extraction process.

The parabolic nature of the LLE phase envelope allows for the
UCST to be estimated at a 50:50 weight composition mixture.
To further demonstrate the drop in the UCST with metal
loading, cloud-point temperatures of mixtures with equal masses
of H,0 and Nd(III)-loaded [HBet][Tf,N] were determined
over a range of Nd(III) concentrations (Figure 3). The lowest
UCST of 342 °C corresponds to a molar ratio of 4 mols of
[HBet][Tf,N] per mol of Nd(III). It has been previously
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Figure 3. Dependence of the UCST for the 50:50 wt % ([HBet]-
[T£,N]—-Nd):H,O solutions upon Nd,O; loading.

reported that metal salts and oxides are soluble in [HBet][Tf,N]
up to stoichiometric ratios (up to 4:1), as found in crystal struc-
tures for lanthanide [HBet][Tf,N] complexes.””""

Three different structure types have previously been reported
for [HBet] [ Tf,N]—lanthanide complexes.”>”"" These complexes
all exhibit a 4:1 stoichiometry of HBet to Ln and were isolated
from aqueous solutions by reacting lanthanide oxides or chlorides
with [HBet][TE,N], followed by recrystallization from H,0. We
isolated from the TSIL a new Nd(IIT)-HBet complex with a 2:1
ligand-to-metal stoichiometry. [Nd,(H,0)s(u,-Bet),(u5-Bet),]-
[CL(TEN),] (1) was synthesized by dissolving NdCLy-6H,O into
the H,O-saturated TSIL phase and slowly evaporating water at
room temperature. Small rectangular plates of I were isolated and
characterized by single-crystal X-ray diffraction. Figure 4 shows the

Figure 4. Thermal ellipsoid of the cationic unit of I.

thermal ellipsoid and atomic numbering scheme for the dimeric
cationic unit of I; Table 1 lists selected bond lengths and angles.

Complex I crystallizes in the monoclinic space group P2,/n.In
the cationic unit, each neodymium atom is nine-coordinate with
four bound water molecules and five coordinated carboxylate
oxygen atoms from four betaine ligands to complete the mono-
capped distorted square-antiprismatic geometry around the
metal. The structure of I is similar to those of [Eu,Bety(H,0),]-
[(T£,N),] (II) and [Eu,Bety(H,0),][(T£,N),] (II),” which
contain dimeric lanthanide cations connected by both y*- and
u>-bridging betaine ligands. The y*-coordination mode for the
bridging ligands is not present in [Dy,Bets(H,0),][(Tf,N),]
(IV).> The bond lengths for Nd—O in I vary from 2.454(4) to
2.631(3) A, where the shortest bonds are the bidentate bridging
betaine carboxyl groups (O3 and O4) and the longest bonds
are the y°-bridging oxygen atom (O1). The Nd—OW bonds
vary from 2.478(3) to 2.518(3) A, which is longer than the
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Table 1. Selected Bond Lengths and Angles for I

Nd1-01 2.631(3) Nd1-05sW 2478(3)
Nd1-02 2.518(3) Nd1-06W 2.497(3)
Nd1-03 2.454(4) Nd1-07W 2.518(3)
Nd1-04 2.446(4) Nd1-08W 2.478(3)
01-Nd1-01 71.2(1) 01-C1-02 122.1(4)
01-Nd1-02 50.4(1) 03-C6-04 127.7(4)
03-Nd1-04 134.9(1)

bidentate bridging Nd—O bonds but shorter than the p°-
bridging bonds. The y*-oxygen atoms have a sharper bridging
angle, 108.8°, compared to the bidentate bridging, 134.9°, for
03—-Nd1-04. The dimeric cations are surrounded by four
TE,N™ and two Cl™ counterions in the lattice.

L is notably different from the reported structures because it has
alower stoichiometric ratio of HBet to Nd and it contains both CI™
and Tf,N™ counteranions. In addition, some of the betaine ligands
have been replaced by coordinated H,O molecules. Complexes
II-IV all contain monodentate terminal betaine ligands, while
complex I only contains bridging ligands. Metal-to-metal
distances in the dimers are 4.0989(4), 4.0210(2), 4.1080(7),
and 4.4271(3) A for complexes I-IV, respectively. The Ln—Ln
distance in IV is greater due to the absence of y>-bridging ligands.

Previous work with betaine zwitterions in acidic solutions
has yielded complexes with both 4:1 and 2:1 betaine:Ln(III)
stoichiometries. [Eu,Bet,(H,0);]Cls:6H,0 (V) was crystallized
from HCl with a dissolved betaine zwitterion.'' The stoichiometry
and coordination geometry of the cationic unit of V are the same as
in I, which was isolated from an IL. Despite similar coordination
geometries, V crystallized in the more ordered orthorhombic
crystal system compared to the monoclinic system of I, which has a
distorted monocapped square-antiprismatic geometry.

The existence of several compounds with varying stoichio-
metric ratios of H,O to betaine indicates that there is a dynamic
competition between betaine and water for lanthanide coordina-
tion. It is noteworthy that the dimeric lanthanide moiety with
bridging ligands remains intact while the terminal betaine ligands
can be replaced by H,0.

Additional spectroscopic characterization of complex I
redissolved in [HBet][Tf,N] is shown in Figure S. The electronic

——Nd,0, dissolved in 1.4 M HT{,N
1 redissolved in [HBet][Tf,N]
——60°C cloud-point sample (4.45:1 mol ratio HBet:Md]
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Figure S. UV-vis comparison of various [HBet] [ Tf,N]—H,0—Nd samples.

absorbance spectrum for Nd(III) is characterized by a number
of Laporte-forbidden f—f transitions in the visible region from
400 to 900 nm.'” The prominent Nd(III) absorbances of I in
[HBet][T,N] and in a single-phase cloud-point sample at
60 °C are shifted to higher wavelengths compared to Nd,O;
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dissolved in 1.4 M HT£,N. This suggests that Nd(III) is complexed
with betaine in solution. Differences in the two Nd—TSIL samples
could indicate the formation of different solution species,
influenced by changes in the water content and temperature.

TSILs such as [HBet][ Tf,N] exhibit characteristics that can be
exploited for metal separation by utilizing unique temperature-
dependent water miscibilities. In this work, we report for the first
time the change in the LLE of an TSIL—H,O system with metal
loading. A large change in the UCST, as well as a decrease in the
hydrophobicity of the TSIL phase, is observed. In addition, im-
portant physical parameters, such as the density and viscosity, for
the design of a process have been developed and compared to
existing data. The Nd(III) crystal structure obtained directly
from [HBet][Tf,N] as opposed to aqueous dilution indicates
integration of the lanthanide into the TSIL matrix. A full under-
standing of the actual solution speciation of lanthanides in
[Hbet][T£,N] is currently under investigation.
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