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ABSTRACT: Cyclic staircase voltammetry, controlled potential coulometry, and
electronic absorption spectroscopy were used to probe the coordination and
accessible oxidation states of Ce®* dissolved in the ionic liquid I-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BuMePyroTf,N) before
and after the addition of chloride ion as BuMePyroCl. Controlled potential
coulometry indicated that the oxidation of Ce metal in this ionic liquid produces
only Ce®*. Spectroscopic examination of the resulting solutions indicated that
Ce®* was weakly solvated by T,N™ ions as [Ce(T£,N),]*™3~, x > 3. This species
can be reduced at negative potentials, probably to a related Ce?" species, but the
latter is unstable and quickly disproportionates to Ce®* and Ce’; the latter appears
to react with the ionic liquid. The addition of CI~ to solutions of
[Ce(TfZN)x](x_3)_ causes the precipitation of CeCly(s), providing a convenient
route to the nondestructive recovery of Ce®* from the ionic liquid. However, as
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the CI™ concentration is further increased, the CeCl;(s) redissolves as the octahedral complex, [CeCly]*", and the voltammetric
and spectroscopic signature for [Ce(TEN),]¢3- disappears. Absorption spectroscopy indicated that the bulk controlled
potential oxidation of solutions containing [CeCly]*>~ produces [CeCls]*~. Although stable on the time scale of voltammetry, this

species slowly reacts with the ionic liquid and is converted back to [CeClg]*".

B INTRODUCTION

Ionic liquids (ILs) are defined by consensus as molten salts that
are liquid below 100 °C. Compared to conventional organic
solvents, ILs exhibit several advantages, including minimal
vapor pressure, significant thermal stability, and nonflamm-
ability. The physical, chemical, and electrochemical properties
of these ionic solvents depend strongly on the particular
organic cations and anions from which they are prepared.
These aspects of ionic liquids as they relate to their use as
solvents for electrochemistry have been discussed at length in
recent monographs"” and reviews.”* Although a seemingly
infinite array of cations and anions from which to prepare ILs
now exists, a very versatile, easily synthesized hydrophobic IL
with a wide electrochemical window and substantial liquidus
range is obtained by the association of 1-butyl-1-methylpyrro-
lidinium cations (BuMePyro*) with bis(trifluoromethyl-
sulfonyl)imide anions (Tf,N~).> The resulting BuMePyroTf,N
salt has a melting point of —18 °C. The physical and transport
properties of this IL and those of five similar Tf,N"-based ILs
were recently reported.*” From the standpoint of electronic
absorption spectroscopy, this ionic solvent has a definite
advantage over the aromatic imidazolium-based IL systems® by
virtue of its extended UV-cutoff, which is comparable to that of
aliphatic alcohols.

The processing of spent nuclear fuel (SNF) results in large
quantities of toxic, radioactive waste containing in addition to
Pu and U minor actinides, such as Am, Cm, and Np, as well as
trivalent lanthanides. There is considerable interest in replacing
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the inflammable volatile organic solvents normally used for the
liquid—liquid separation of actinide and lanthanide fission
products with ILs, which offer many obvious safety
advantages.”'® Although many investigations of lanthanides
and actinides have been carried out in ILs,"' ™" there is still
uncertainty about the coordination, accessible oxidation states,
redox potentials, and transport properties of lanthanide and
actinide solutes in these solvents.

Cerium is somewhat unique among the lanthanides because
it is one of few such elements with a stable 4+ oxidation state.
Because of the close correspondence of the ionic radius of Ce
to that of Pu in an eight-coordination environment (Ce* 97
pm and Pu* 96 pm),"* some similarities between their
chemistries, and the significant radiological toxicity of the latter,
Ce is often used as a surrogate for Pu. For example, Ce was
recently used as a substitute for Pu to assess the hydrothermal
stability of the zirconolite phase in SynRoc, which is a synthetic
ceramic material intended for the sequestration of radioactive
waste.”> In addition, Ce** has been found to be a valuable
reagent for the oxidative transformation of organic compounds
in ionic liquids. However, effective methods for converting the
Ce’* resulting from these reactions to Ce*" have remained
elusive.'® Cerium is also produced during the fission of **Pu
and U, with the medium-lived '*'Ce and '*Ce, being
particularly problematic to human health.
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There is a surprising paucity of information about the
electrochemistry and/or coordination of cerium in ionic liquids.
A previous investigation that was conducted in the Lewis basic
or chloride-rich AICl;-EtMeImCl ionic liquid indicated that the
chemistry of Ce** and Ce* is dominated by the [CeClg]*~ and
[CeClg]>™ anions, respectively.'” Although kinetically stable in
water containing chloride in the absence of a catalyst,18 the
former reacts slowly with unbound CI” in this ionic liquid. The
electronic spectra of these species in chloride-rich AlCI;-
EtMeImCl were quite similar to those reported by Ryan and
Jorgensen in Et,NCl-saturated CH;CN." More recently, the
electrochemistry of Ce*”/3* was examined in BuMeImCl over
the temperature range extending from 343 to 373 K.*° As
anticipated, given the coordination environment afforded by
this ionic liquid, the electrochemistry of cerium is dominated by
the [CeCls]*™/3~ electrode reaction. By contrast, Ce>" can be
reduced directly to the metal in a single three-electron step in
classical halide-based molten salts (or high melting ionic
liquids), such as LiF-CaF, at 1093 K.*!

In this article, we report an investigation of the electro-
chemistry and electronic absorption spectroscopy of Ce®" in the
BuMePyroTf,N ionic liquid before and after the addition of
CI". Many metal ions, including actinides and lanthanides, are
soluble in Tf,N7-based ILs as a result of the weakly
coordinating environment provided by interactions with the
oxygen atoms of this anion.”? In fact, molecular dynamics
simulations suggest that the coordination number of Eu®" in
BuMeImT£,N is around 9—10.>* Homoleptic compounds of
the type BuMePyro,[Ln(Tf,N);], Ln = Nd**, Pr**, and Tb*,
with the lanthanide cations coordinated to nine oxygen atoms
by one monodentate and four bidentate Tf,N~ ligands have
been isolated from the BuMePyroTf,N ionic liquid.****
However, CI” is a much stronger ligand than Tf,N~ and
would be expected to displace the latter from the lanthanide
coordination sphere. Thus, the addition of CI™ to solutions of
Ce* in BuMePyroTf,N is expected to result in a dramatic
change in the Ce®" solvation environment, which should be
reflected by changes in the voltammetry and electronic
absorption spectroscopy of these solutions.

B EXPERIMENTAL SECTION

The preparation and purification of BuMePyroCl was carried with a
modification of the classical method used to prepare 1,3-
dialkylimidazolium chloride salts.*® The 1-methyl pyrrolidine (Aldrich,
97%) starting material was vacuum distilled from Ca(OH), and
refluxed with a large excess of 1-chlorobutane (Aldrich >99.8%) in
acetonitrile at 80 °C for 72 h. Upon cooling, yellowish-white crystals of
BuMePyroCl were obtained. The crude product was dissolved in
acetonitrile and crystallized by adding ethyl acetate; excess solvent was
removed by filtration. Finally, the crystals were washed with small
amounts of ethyl acetate and dried under vacuum overnight.
BuMePyroTf,N was prepared by adding BuMePyroCl to an equal
molar amount of lithium bis(trifluoromethylsulfonyl)imide dissolved
in water with stirring for a minimum of 24 h. The resulting the
BuMePyroTf,N was extracted with dichloromethane and washed
repeatedly with water in a separatory funnel until no chloride could be
detected by the silver nitrate test (voltammetry was also used to test
for the presence of chloride, see for example the voltammograms of
Cl™ in Figure 8). The dichloromethane solution of BuMePyroTf,N
was passed through a column of activated alumina and evacuated in a
rotary evaporator to remove the solvent. The last traces of
dichloromethane and water were removed by heating the ionic liquid
to 60 °C at a pressure of 1 X 10~ Torr for 36 h. The final product was
a colorless liquid with a water content of less of less than 1 ppm as
determined with a Brinkman 756 Karl Fischer coulometer.
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Cerium metal (Alfa AESAR, 99.98%) was used as purchased.
Because of the significant reactivity of Ce metal with moisture and
oxygen, all experiments were carried out in a Vacuum Atmospheres
Co. Nexus nitrogen-filled glovebox with H,O and O, < S ppm.
Electrochemical experiments were carried out with an EG&G PARC
Model 263A potentiostat/galvanostat controlled by EG&G PARC
Model 270 software (version 2) running on a PC. Electronic positive
feedback resistance compensation was employed during all electro-
chemical experiments. A Pine Instrument Co. Teflon-shrouded
platinum disk electrode (geometrical surface area = 0.196 cm?) served
as the working electrode. The electrode was polished successively with
1.0, 0.3, and 0.05 pm alumina (Bueheler) on a Buehler Metaserv
grinder-polisher, washed with distilled water, and dried in the glovebox
antechamber before use. A Bioanalytical Systems MF-2042 non-
aqueous Ag*/Ag electrode served as the reference electrode. The
potential of the Fc"/Fc couple was 0.061 V versus this reference. The
counter electrode consisted of a platinum wire spiral immersed in
BuMePyroTf,N, but separated from the bulk IL by a porosity E glass
frit (ACE Glass). The temperature of the electrochemical cell was
controlled to 323 + 1 K with a small hot plate/stirrer.

Absorption spectra were acquired outside the glovebox in 2-mm
path length fused silica cells fitted with airtight Teflon caps by using a
Shimadzu UV-1600 UV—visible spectrophotometer. X-ray diffraction
(XRD) measurements were carried out with a Shimadzu XD-D1
diffractometer. X-ray photoelectron spectroscopy (XPS) was per-
formed with a VG Science, Ltd., ESCA 210 equipped with an Al (Ka)
standard X-ray source operating at 1486.6 eV. Binding energy (BE)
data were calibrated to C 1s at 284.6 eV. Both XRD and XPS
measurements were carried out at the NSC Instrument Center at
National Cheng Kung University in Taiwan. Elemental chemical
analysis (C, Cl, F, H, N) was performed by Galbraith Laboratories,
Inc.,, Knoxville, TN.

B RESULTS AND DISCUSSION

Coulometric Oxidation of Ce. To avoid the introduction
of foreign anions during the dissolution of cerium in
BuMePyroTf,N, Ce™ was introduced into the ionic liquid by
the oxidation of Ce metal at a potential of 0.8 V in a divided
cell. The oxidation state, n, of the dissolved Ce"" species was
calculated from the change in the weight, Aw, of the Ce metal
electrode after the passage of a given charge, Q. by using
Faraday’s law,

n = 140'12Qexp/FAw (1)

where F is the Faraday constant. The results of these
experiments are given in Table 1, and they clearly indicate

Table 1. Anodic Dissolution of a Ce Electrode in the
BuMePyroTf,N Ionic Liquid at an Applied Potential of 0.75
A%

Aw (g) Qo (C) n

0.0211 45.0 3.09
0.0197 410 3.02
0.0161 347 3.05

that the species introduced by using this procedure is Ce®*.
Because this coulometric method for introducing Ce** into the
ionic liquid is not based on the dissolution of a compound or
complex with attendant anions and because no appreciable
concentration of water is present in the ionic liquid, the
resulting soluble Ce®* species must be solvated or coordinated
by Tf,N~ anions. Therefore, we investigated the coordination
of Ce** by using electronic absorption spectroscopy.
Electronic Absorption Spectroscopy of Ce®' in
BuMePyroTf,N. Absorption spectra for solutions of Ce*" in
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BuMePyroTf,N that were recorded at different concentrations
are shown in Figure 1. These spectra exhibit four moderately
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Figure 1. Electronic absorption spectra in BuMePyroTf,N: (- - -) neat

ionic liquid versus air; (—) Ce® as a function of concentration. Inset:
Plot of the absorbance at 254 nm versus the Ce>* concentration.

intense absorption bands at 254 nm (1160 1 mol™" cm™), 244
nm (990 1 mol™ cm™), 228 nm (470 1 mol™* cm™), and 216
nm, as well as a poorly resolved shoulder at about ~290 nm.
(No molar absorptivity value is given for the 216 nm band,
because the absorbance of this band cannot be measured
accurately due to its proximity to the UV-cutoff of the ionic
liquid.) The inset of this figure illustrates that the band at 254
nm obeys the Lambert—Beer law. These spectra are very similar
in appearance, especially with regard to the band profiles and
relative intensities, to that reported for weakly solvated Ce*" in
aqueous 1.0 M HCIO,, where bands are observed at 253 nm
(705 1 mol™ ecm™) nm, 240 nm (600 1 mol™ cm™), 222 nm
(360 1 mol™! ecm™), and 211 nm (270 I mol™! cm™);*’ these
bands have been attributed to 4f — Sd electronic transitions.
Note that in aqueous solutions, an fifth band is reported at 200
nm for Ce®,”” but if present in the ionic liquid solutions, this
band would appear below the UV-cutoff of the solvent. In
addition, a weak band is reported at 297 nm in aqueous
solution, but this band is not attributed to a f — d transition.
The shoulder that we observe at 290 nm may correspond to
this band. Thus, despite the differences in the solvating ligands,
the concordance between the spectroscopic results found in the
ionic liquid and those reported in aqueous HCIO, provides
strong evidence that Ce® is only weakly solvated in
BuMePyroTf,N, probably in the form of species such as
[Ce(TfZN)x]é"s)', most likely with x = S. This conclusion is
supported by the aforementioned isolation of homoleptic
compounds of the type [BuMePyro],[Ln(Tf,N);] (Ln = Nd,
Pr, and Tb).>*** Recent EXAFS and MD calculations also
support this conclusion.”®

Cyclic Voltammetry of Ce** in BuMePyroTf,N. Cyclic
staircase voltammograms (CSV) recorded at a Pt electrode in
BuMePyroTf,N with and without added Ce* are shown in
Figure 2. The former voltammogram exhibits three well-defined
waves; one large reduction wave with a cathodic peak potential,
ES, of about —1.34 V, and two associated oxidation waves
located at E,* & —0.8 and ~0.4 V, respectively. Figure 3 (top)
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Figure 2. Cyclic staircase voltammograms recorded at a Pt electrode in

BuMePyroTf,N: (- - -) pure ionic liquid; (—) 0.095 M Ce?*. The scan

rates were 50 mV s~ ..

indicates that at a fixed scan rate the peak current for the
reduction wave at —1.34 V scales linearly with the Ce’*
concentration, confirming that this wave arises from the
reduction of Ce’*.

Comparison of the voltammograms in Figures 2 and 3 with
those reported for the reduction of several other trivalent
lanthanides with stable divalent oxidation states, such as Eu’",
Sm**, and Yb** dissolved in this and related Tf,N~-based ionic
liquids,®* ™" suggests that the reduction wave and first
oxidation wave in these voltammograms corresponds to the
Ce®/?* electrode reaction. However, it is obvious from
inspection of the voltammograms in these figures that the
current for the oxidation wave at E,* &% —0.8 V is much smaller
than expected for a chemically stable system, that is, the ratio of
the oxidation peak current to the reduction peak current, i,"/i,",
is considerably less than one. This suggests that the Ce®*
reduction reaction is not a simple process, but involves
homogeneous chemistry coupled to the charge transfer process.

Figure 3 (bottom) shows a series of voltammograms that
were recorded at different scan rates at a fixed concentration of
Ce®". The data taken from these voltammograms are collected
in Table 2. As shown in the inset of this figure, the peak current
function, iPC/I/l/ 2 decreases by about 30% as the scan rate is
increased from 0.010 to 0.300 V s™!. Furthermore, as the scan
rate is increased, E,° for the wave at —1.34 V shifts toward more
negative potentials. Taken together, these results are consistent
with a coupled chemical step involving disproportionation of
the primary product of the charge transfer reaction.*” A
reasonable explanation for these results is provided by the
following reaction sequence in which the charge transfer
product, Ce**, undergoes rapid disproportionation to Ce** and
Ce’

Ce’t +e

2 Ce’t (2)

2Ce>T - Ce3t + Ce’ (3)

This result is not unexpected because cerium does not exhibit
any significant divalent chemistry, and no verified divalent
compounds appear to have been have been isolated.
Furthermore, it is doubtful that the Ce® produced during this
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Figure 3. Cyclic staircase voltammograms recorded at a Pt electrode in
BuMePyroTf,N. Top: 0.020, 0.035, 0.050, 0.075, and 0.095 M Ce™*;
the scan rates were S0 mV s’ Inset: Plot of the reduction peak
current versus the Ce® concentration. Bottom: voltammograms
recorded at a Pt electrode in BuMePyroTf,N containing 0.095 M
Ce*" as a function of scan rate. Inset: relationship between the peak
current function and the logarithm of the scan rate.

Table 2. Cyclic Staircase Voltammetric Data for the Ce>*/**
Reaction in BuMePyroTf,N

v (Vs Ef(V) 10%, (A)  10%,/0'* (A s2V712) i,/i
0.01 —1.344 3.07 3.07 0.481
0.02 —1.394 3.89 275 0.530
0.05 —1414 5.62 2.51 0.552
0.10 —1.434 7.45 2.36 0.553
0.20 —1.474 9.79 2.19 0.569
0.30 —1.498 11.19 217 0.567

reaction is thermodynamically stable because we were unable to
obtain any evidence for the deposition or formation of metallic
Ce? on the electrode (vide infra). This result is counterintuitive
to the observation that bulk Ce® electrodes, such as the Ce°
coupons we routinely use to prepare solutions of Ce** by
anodic oxidation (vide supra), seem to be stable at room
temperature in the ionic liquid for extended periods of time. A
reasonable explanation for this result is that Ce” reacts with the
component ions of the ionic liquid to form a solid electrolyte

interface (SEI) layer similar to that found when Li’ is immersed
in ionic liquids.*® This passivating SEI layer prevents further
reaction with the solvent (and in the case of Li® makes lithium-
ion batteries possible). However, Ce® produced during the
disproportionation of Ce* is another matter because it is
expected to be finely divided and therefore highly reactive.

To test this possibility further, we conducted a series of bulk
electrolysis experiments with ionic liquid solutions of Ce®" at a
large surface area Pt electrode at an applied potential of —1.75
V. During the course of these experiments, the electrode surface
became fouled with an unidentifiable insoluble, passivating
material. The activity of the electrode could only be restored if
its surface was thoroughly cleaned with a suitable organic
solvent, such as CH,Cl, or CH;CN. This electrode surface film
undoubtedly resulted from the disproportionation reaction
because no electrochemical reactions are expected at this
potential, cf. the background voltammogram in Figure 2. In
fact, the second oxidation wave at E;* ~ 04V in Figures 2 and
3 may be due to oxidation of the product resulting from the
reaction of Ce” with the ionic liquid.

Amperometric Titration: Addition of CI~ to Solutions
of Ce®*. The coordination of Ce* by chloride in
BuMePyroTf,N was probed by conducting amperometric
titration experiments in which CSV was used to monitor the
reduction and oxidation currents of the species of interest. In
the first of these experiments, the peak voltammetric currents
for the reduction of Ce® in a solution containing a fixed
amount of this species were recorded at the same scan rate after
the addition of weighed portions of BuMePyroCl. Some
examples of the voltammograms that resulted from these
experiments are given in Figure 4. The graphical results are
depicted in Figure 5 as a plot of the Ce** reduction current at
E,° = —1.34 V (left-hand axis) versus the mole ratio of chloride
to Ce*, mCl~/mCe>*.

Interestingly, after the first small addition of chloride, the
Ce* reduction current increases by about 15%. Close
inspection of voltammograms labeled a and b in Figure 4
shows that whereas the reduction current increases, the current
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Figure 4. Cyclic staircase voltammograms recorded at a Pt electrode in
BuMePyroTf,N containing: (a) 0.095 M Ce*, (b) 0.095 M Ce** +
0.110 M CI™ (mCl™/mCe® = 1.1), and (c) 0.095 M Ce** + 0.418 M
ClI™ (mCl™/mCe® = 4.4). The scan rates were S0 mV s~
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Figure 5. Plots of the Ce® voltammetric reduction current (left axis)
and the Ce®" oxidation current (right axis) versus mCl™/mCe’* for the
addition of CI™ to a 0.095 M solution of Ce** in BuMePyroTf,N. The
scan rates were 50 mV s~

for the oxidation of Ce** in the electrode diffusion layer does
not change, that is, ipa/ i,” actually becomes smaller as CI” is
added to the solution. Clearly, the addition of small amounts of
Cl™ increases the rate of the Ce?" disproportionation reaction.**
Further additions of chloride have little effect on the peak
potential and current for the Ce®" reduction wave until mCl~/
mCe®> =~ 3. When mCl~/mCe* > 3, the solution becomes
permeated with a dispersed, finely divided white solid, and the
Ce’* reduction current begins to diminish.

Small amounts of the precipitate were recovered by
centrifuging the ionic liquid. These samples were washed
repeatedly with CH,Cl, to remove as much of the ionic liquid
as possible and dried under vacuum. Samples of this material
were first evaluated with elemental chemical analysis. Although
the results varied somewhat between samples, a typical result
gave an empirical formula of C,;4CeCl, 44Fq0sH; 01N 130153
Soo2- XRD analysis indicated that the precipitate was
amorphous; therefore, it was examined with XPS. High-
resolution photoemission spectra of the precipitate are shown
in Figure 6 for the binding energy (BE) regions typically
associated with Ce 3d, Cl 2p, and O 1s. The Ce 3d spectrum
(Figure 6a) consists of two distinct bands at 886.0 and 904.6 eV
corresponding to the 3ds/,—3d;,, spin orbit doublet, as well as
shoulders at 882.4 and 901.0 eV, respectively, which are
typically attributed to charge transfer (CT) emission. The BE
region for Cl 2p in Figure 6b shows two incompletely resolved
bands at 198.3 and 200.0 eV corresponding to the Cl 2p;,,—Cl
2py/, spin orbit doublet. These core level spectra are consistent
with Ce®* and Cl in CeClL,.>**® We also examined the BE
region associated with O 1s, and the results are shown in Figure
6¢. In this case, the spectrum consists of a prominent band at
532 eV and a small shoulder at 529.7 eV. The first band was
assigned to the O 1s emission from H,0%"3® and the shoulder
was attributed to oxygen bonded to cerium in a cerium oxide
compound, Ce,COy.a'9

Taken together, the evidence presented above suggests that
the precipitate obtained by adding chloride to the IL consists
primarily of CeCl; with small amounts of entrapped residual IL,
H,0, and Ce,O,. The latter two species most likely originated
from post processing of the precipitate because there is no
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Figure 6. High resolution core-level photoemission spectra for the
cerium precipitate: (a) Ce 3d, (b) Cl 2p, and (c) O Is.

ready source of H,O or oxygen in the very dry IL or glovebox
atmosphere.

When mCl~/mCe* reaches 4.2, approximately 50% of the
original Ce** has precipitated. The fact that not all of the Ce®*
has precipitated as CeCl; when mCl™/mCe®" = 3, suggests that
the solubility product constant is fairly large. At this point in the
titration, a voltammogram of the solution shows a new
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oxidation wave and associated reduction wave at El=039V
and E° = 027 V, respectively (Figure 4c). These new
voltammetric waves are assigned to the Ce**’*" redox reaction.
Thus, by virtue of the increased thermodynamic stability
afforded to Ce** by complexation with chloride, the potential of
the Ce>*/** reaction has shifted cathodically and can now be
observed within the potential window of the IL. The variation
of the Ce** oxidation peak current as a function of mCI™/
mCe® is also shown in Figure S, but on the right-hand axis.
Figure 7 shows the evolution of the overall voltammetric

of CI”™ has been studied by Compton and co-workers*"** in

ionic liquids similar to that employed in this investigation and
will not be discussed here.) Figure 8 shows voltammograms
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" Figure 8. Cyclic staircase voltammograms recorded at a Pt electrode in
2001 a 0.30 M solution of chloride in BuMePyroTf,N as a function of the
& Ce’* concentration. Inset: Plot of the Cl™ concentration versus the
2] : Ce>* concentration. The scan rates were 50 mVs ™.
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Figure 7. Cyclic staircase voltammograms recorded at a Pt electrode in
BuMePyroTf,N containing Ce>* and chloride as a function of mCl~/
mCe*. The Ce® concentration was 0.095 M. Inset: plot of the
chloride peak oxidation current versus mCl~/mCe>*. The scan rates
were 50 mV s7L

signature of the Ce* solution with the addition of Cl™ as
mCl™/mCe>" is varied from 4.6 to 6.5. The Ce%" oxidation
current continues to increase after each addition of CI™ until
mCl~/mCe® ~ 6. When this ratio is attained, the Ce**/?*
electrode reaction can no longer be observed within the
potential window of the IL, the solution becomes completely
clear, and no precipitate is visible. Subsequent additions of CI~
for mCl™/mCe®" > 6 do not have any appreciable effect on the
current for the Ce®" oxidation wave, that is, the current reaches
a constant value. However, it is now possible to observe a new
oxidation wave at E,* & 0.90 V. The peak oxidation current for
this wave increases as more chloride is added to the solution
(Figure 7). This wave is attributed to the two-electron,
quasireversible oxidation of chloride that is not coordinately
bound to Ce*', according to the reaction***'

3CIT 2 Cly™ + 2e” (4)

The inset of Figure 7 shows that no free chloride is present in
the solution until mCl~/mCe3" > 6.0.

Amperometric Titration: Addition of Ce3* to Solutions
of CI™. To further explore the coordination of Ce®* in solutions
containing excess chloride, we carried out experiments in which
Ce’* was added coulometrically to BuMePyroTf,N containing a
fixed amount of BuMePyroCl. However, we first verified that
the chloride oxidation current in these solutions varied linearly
with the CI™ concentration over the concentration range
encountered during these experiments. (The electrochemistry

recorded after the coulometric addition of various amounts of
Ce® to BuMePyroT£N initially containing a large excess of
BuMePyroCl. In this figure, oxidation and reduction waves for
chloride are apparent as well as small waves for the Ce>*/**
reaction. As the concentration of Ce>* in this solution increases,
the oxidation wave for CI~ decreases whereas that for Ce®"
increases. A plot of the chloride oxidation current versus the
Ce*" concentration constructed from this voltammetric data is
given in the inset of this figure. The slope of this plot is 6.0,
indicating that each Ce*" must be complexed by six chlorides.

To verify the titration results, we also examined these
solutions with electronic absorption spectroscopy. An absorp-
tion spectrum of Ce’ in BuMePyroTf,N with an excess of
added chloride (mCl~/mCe*" = 9) is shown in Figure 9. This
spectrum exhibits a single symmetrical band located at 332 nm
(1640 1 mol™" em™) and is in close agreement with that
reported for the octahedral chloride complex, [CeCl¢]*, in
CH,;CN saturated with Et,NCl. In CH;CN/Et,NCl, the
spectrum consists of a single band at 330 nm (1600 1 mol™*
cm™"), which is attributed to a transition from the ground state
?Fs, of [Xe]4f to the [Xe]Sdys excited configuration.'® In view
of the high concentration of CI” in these solutions and the
observation of a spectroscopic signature consistent only with
[CeCly]?, it appears likely that this octahedral species is the
limiting complex in this ionic liquid under the present
conditions.

Electrochemistry of the [CeCls>>~ Reaction in
BuMePyroTf,N. Cyclic staircase voltammetric data were
collected for the for the [CeCly]>* reaction in a solution of
[CeCls]* (Figure 10). This solution was prepared by the
coulometric addition of Ce** to the neat ionic liquid and careful
adjustment of mCl™/mCe®" to ~6. The resulting solution
contained no precipitate, no voltammetric waves could be
detected for the reduction of Ce®* or the oxidation of Cl~, and
the absorption spectrum was identical to that in Figure 9.

dx.doi.org/10.1021/ic301172g | Inorg. Chem. 2012, 51, 11450—11457



Inorganic Chemistry

3.0

Absorbance

250 300 350 400 450 500 550

Wavelength (nm)
Figure 9. Electronic absorption spectra of Ce®" recorded in

BuMePyroTHN: (—) [Ce(TEN),]® )7, (- -) [CeClg]*, and (--)
solution of [CeCl¢]* oxidized at 0.95 V.
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Figure 10. Cyclic staircase voltammograms recorded at a Pt electrode
in BuMePyroTf,N containing 0.095 M Ce** and chloride with m¢~/
mc>t & 6 as a function of scan rate: 0.010, 0.020, 0.050, 0.100, and
0.200 mV s~

Voltammetric data resulting from these experiments are
collected in Table 3. The peak current ratio, iPC/ i calculated
by using Nicholson’s empirical procedure,* was close to one
for all of the scan rates tested, indicating that the [CeCls]*~
produced by the oxidation of [CeClg]*~ was chemically stable
on the time scale of voltammetry. The data in Table 3 place the

voltammetric half-wave potential of the [CeCl4]*/* reaction at
0.308 + 0.008 V versus Ag"/Ag or at about 0.25 V versus Fc/
Fc”. The peak potential separation, AE,, for this redox couple is
greater than 100 mV over the range of scan rates examined,
which is larger than the theoretical separation of 64 mV
expected for a Nernstian reaction at 323 K. However, we
hesitate to label this as a quasireversible reaction. This is
because uncompensated solution resistance is problematic in
modestly conducting ionic liquids such as BuMePyroTf,N,
even when standard electronic resistance compensation
techniques are employed, leading to artificially large values of
AEP.44 Thus, before this assignment can be made, this redox
process must first be examined with a technique such as
electrochemical impedance spectroscopy (EIS) that permits the
discrimination of the solution and charge transfer resistances.
An EIS investigation of the heterogeneous kinetics of the
[CeClg]*>™/*" reaction is outside the scope of this study and will
be reported separately.

We attempted to prepare a solution of [CeCls]*” by
coulometric oxidation of [CeClg)*™ at an applied potential of
0.95 V at a large surface area Pt electrode. During the course of
this experiment, the oxidation current decreased to a relatively
small value, but did not reach the near zero value expected at
the completion of an exhaustive electrolysis experiment.
However, a spectrum of the solution resulting from these
experiments (Figure 9) shows bands at 257 and 376 nm, which
are in good correspondence with those at 255 and 376 nm
reported for [CeCls]?~ in CH;CN saturated with Et,NCL,"® as
well as a small band at 332 nm attributed to residual [CeCl4]>".
Thus, it is possible to prepare solutions that contain a
preponderance of [CeClg]*” in neat BuMePyroTf,N by
controlled potential electrolysis, but this tetravalent cerium
complex slowly reacts with the ionic liquid and does not exhibit
long-term stability.

Taken together, the results presented above suggest the
following sequence of reactions as chloride is added to a
solution of Ce*" in BuMePyroTf,N

[Ce(szN)x](x_S)_ + 3CI" 2 CeCly(s) + xTE,N™ (5)

CeCly(s) + 3CI™ 2 [CeCl,*~ (6)
where the weakly solvated [Ce(TfZN)x]("_3)_ is first converted
to the insoluble CeCl,(s) and subsequently to the octahedrally
coordinated [CeCly]*~ complex. It is possible to obtain a rough
estimate the solubility product, K, of CeCl,(s) in the IL from
the data in Figure S at the point where the first obvious
decrease in the [Ce(T£,N),]® 3~ reduction current is
observed, that is, the point at which the IL becomes saturated
with CeCly(s). This decrease is observed at mCl™/mCe* = 3.2;
here the concentrations of Ce>" and CI™ are 0.095 and 0.304 M,
respectively, giving K, ~ 2.7 X 1073

Table 3. Cyclic Staircase Voltammetric Data for the [CeCl]>~>~ Reaction in BuMePyroTf,N at 323 K

v (Vs E} (V) Ef (V) AE,

0.01 0.380 0.280 0.100

0.02 0.384 0.276 0.108

0.05 0.392 0.268 0.124

0.10 0.408 0.256 0.152

0.20 0.424 0.240 0.184
“Estimated from E,;, = (E;* + E,5)/2.

11456

Ep (V)7 i,/iyt 10%, /072 (AsY2 V12)
0.300 1.0 570
0.304 1.1 786
0.308 1.1 11.8
0.312 12 156
0.316 12 204
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The ability to effect the precipitation of at least some of the
CeCl4(s) by careful manipulation of mCl™/mCe®" has positive
implications for the processing of spent nuclear fuel with ILs. If
it proves possible to apply these results to other trivalent
lanthanides as well as tetravalent actinides, then chloride
precipitation might serve as a simple route to recycling the
expensive IL. Furthermore, the rare-earth chloride compounds
produced by precipitation could be separated on the basis of
their high temperature volatilities. Preliminary experiments
involving the addition of CI” to solutions of Nd** and Pr’* in
BuMePyroTf,N produced results very similar to those reported
herein for Ce®*. It is also noteworthy that experiments in which
chloride was added to solutions of Np*' and Pu** in
BuMeImTf,N also resulted in chloride-containing precipitates,
but these amorphous solids were not identified.*

In summary, we have examined the electrochemistry and
coordination chemistry of Ce®" in the BuMePyroTf,N ionic
liquid. Spectroscopic results indicated that Ce® was weakly
solvated by Tf,N~ ions as [Ce(T£,N),]* >, x > 3 in the neat
solvent. This species can be reduced to a related Ce®" species,
but the latter exhibits only transient stability and quickly
disproportionates to Ce*" and Ce’; the latter appears to react
with the ionic liquid to form an electrode surface film. The
addition of CI” to solutions of [Ce(Tf,N),]* 3~ first causes
the precipitation of CeCly(s). However, the CeCly(s)
redissolves as the octahedral complex, [CeCls]*", when
mCl~/mCe®" is increased above 3. The [CeCls]>” can be
coulometrically oxidized to [CeClg]*~, which exhibits modest
stability in the ionic liquid.
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