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ABSTRACT: Reduction of UVIO2Cl4
2� in a mixture of

1-ethyl-3-methylimidazolium tetrafluoroborate and its chlor-
ide at E�0 = �0.996 V vs Fc/Fc+ and 298 K affords
UVO2Cl4

3�, which is kinetically stable and exhibits typical
character of UV in the UV�vis�NIR absorption spectrum.

The redox chemistry of UVIO2
2+ in molten salts is of great

interest not only for its basic chemistry but also for the
pyrochemical reprocessing of spent nuclear fuels. In most cases,
chloride melts were used, where UVIO2

2+ is regarded to form a
stable tetrachloro complex UVIO2Cl4

2�.1 The reduction product
of UVIO2Cl4

2� is believed to be the corresponding tetrachloro
uranyl(V) species, UVO2Cl4

3�, which was derived by the recent
extended X-ray absorption fine structure (EXAFS) studies.1f,g

The occurrence of this uranium(V) species is also of special
interest in uranium(V) chemistry, which attracts attention in
recent actinide chemistry because of the limited investigation of
its instability.2 The electronic absorption spectrum of UVO2Cl4

3� is
of U5+ in D4h symmetry, which is another system involving the
inversion center (cf. UVO2(CO3)3

5� in D6h) and a good sample
to corroborate the relationship between the coordination struc-
ture around U5+ and the spectroscopic properties directly related
to the Laporte selection rule.2d,e

Although the melting points of the salts used as media in the
former publications1 are different, the experiments were per-
formed generally at several hundreds to ca. 1000 K. This
condition is, however, very extreme and not always easy to
handle. Ionic liquids (ILs) melt “around” room temperature.
Hence, the use of this medium is one of the selections to
drastically reduce the experimental temperature for ease of
handling. Starting from a Cl�-based IL is a simple way to mimic
the high-temperature chloride melts, and as a matter of fact, there
are several related reports regarding the electrochemistry of
UVIO2

2+.3,4 However, most Cl� salts of typical cations of ILs
(e.g., N,N0-dialkylimidazolium, N-alkylpyridinium) are solid at
room temperature, and even if theymelt with gentle heating, they
are so viscous that their handling is still difficult.

In order to overcome these points and to facilitate the “real”
room-temperature experiments, a mixed salt system was used in
this study; 1-ethyl-3-methylimidazolium chloride (EMI+Cl�)
was mixed with the tetrafluoroborate of the same cation
(EMI+BF4

�) in a 50:50 mol % ratio. The BF4
� counteranion

to EMI+ was selected because this anion is expected not to affect
the coordination of the metal ion. To study the redox behavior of

UVIO2
2+ in the EMI+BF4

�/Cl� melt, we performed cyclic
voltammetry (CV) experiments. Although similar works have
already been done in EMI+ or N-n-butylpyrinium halides/AlX3

(X = Cl, Br)3 and 1-butyl-3-methylimidazolium chloride,4 only
the current�potential curve from CV and related electrochemi-
cal experiments were reported and no quantitative evidence for
speciation in the studied systems was provided. Herein we
succeeded in identification of the reduction product of UVI in
our system and obtaining its spectroscopic data by UV�vis�
NIR spectroelectrochemical technique using an optical transpar-
ent thin-layer electrode (OTTLE) cell (Figure S1).5

In the UV�vis absorption spectrum of the EMI+BF4
�/Cl�

solution dissolving (EMI)2U
VIO2Cl4 (Figure S2 in the Support-

ing Information), the uranyl ion shows a finely structured
absorption spectrum around 430 nm, which is characteristic of
UVIO2Cl4

2�.6 As a matter of fact, the virtually identical spectrum
of UVIO2Cl4

2� was also observed in other IL systems.6,7 Cyclic
voltammograms of UVIO2Cl4

2� in EMI+BF4
�/Cl� at different

potential sweep rates (v) are shown in Figure 1. Coupled
reduction and oxidation waves were found around �1.05 (Epc)
and �0.92 V (Epa), respectively. Any successive reactions
after reduction of UVIO2Cl4

2� seem not to occur because
identical voltammograms were observed in multiple CV scans.
The separation between the reduction and oxidation peaks
increases from 0.101 to 0.152 V as v increases. These facts
suggest that the redox reaction of UVIO2Cl4

2� is quasi-reversible.
The formal potential E�0 [=(Epc + Epa)/2] is almost constant at
�0.989( 0.002V regardless of v.8 The reduction product should
be considered to be the corresponding uranium(V) species,
UVO2Cl4

3�, for the following reasons: (i) quasi-reversible cyclic
voltammograms imply no large structure modification, e.g.,
addition/elimination of Cl� to/from the “UO2Cl4” unit; (ii) if
uranium(IV) is formed, insoluble UIVO2 will deposit on the
electrode surface, which alters the electrode character, resulting
in no reproducible voltammograms in the multiple-scan experi-
ment; (iii) to generate a soluble uranium(IV), the axial oxygen
atoms originating to UVIO2

2+ have to be removed through
protonation or reaction with a Lewis acid such as Al2Cl7

�. How-
ever, any reactive species are present in the current system.
This is also the case when disproportionation of UVO2

+ is
neglected.2c�e

This qualitative conclusion should be corroborated quantita-
tively. We performed the UV�vis�NIR spectroelectrochemical
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experiment for UVIO2Cl4
2� in EMI+BF4

�/Cl�. The resulting
spectra recorded at different potentials (E) are shown in Figure 2.
With decreasing potential, an intense peak appears with a
maximum at 406 nm. A similar absorption band was also
observed by Nagai et al.1d Furthermore, much weaker absorption
bands were also found at 630 and 770 nm, where UVIO2Cl4

2� has
no absorption. These spectral changes were observed in the
presence of an isosbestic point at 342 nm, indicating that only the
redox equilibrium of UVIO2Cl4

2� is present in the E range of
Figure 2. When E <�1.036 V, the observed spectrum no longer
passed through the isosbestic point, meaning that another
reaction like degradation of the UV species took place. This
undesired reaction was not detected up to �1.366 V in the CV
experiment (Figure 1), and therefore its reaction rate seems to
be much slower than the CV time scale (ca. 101 s) but similar to
that of wavelength scanning in the UV�vis�NIR absorption
spectra recording (ca. 1 h in total). The uranium(V) species,
UVO2Cl4

3�, is likely to be, at least, kinetically stable in the
current system.

The spectral changes observed in Figure 2 do not reach com-
pletion of the reduction. However, it is still possible to discuss its
reaction mechanism using the Nernst equation. Concentrations

of oxidant (CO) and reductant (CR) can be expressed by

CO ¼ Ctotal=

"
1 þ exp

 
nF
RT

ðE�0 � EÞ
!#

ð1Þ

CR ¼ Ctotal=

"
1 þ exp

 
nF
RT

ðE� E�0Þ
!#

ð2Þ

where Ctotal = CO + CR. The electron stoichiometry, Faraday
constant, gas constant, absolute temperature, and formal poten-
tial are denoted by n, F, R, T, and E�0, respectively. According to
Beer’s law, the observed absorbance (A) is given by A = (εOCO +
εRCR)l, where ε and l are the molar absorptivity of the species
(subscripts O and R indicate oxidant and reductant) and optical
path length, respectively. Therefore,

A ¼ εO þ εR exp
nF
RT

ðE�0 � EÞ
� �� ��

�
1 þ exp

nF
RT

ðE�0 � EÞ
� �� ��

Ctotall ð3Þ

The molar absorptivity εO of UVIO2Cl4
2�, Ctotal, F, R, T, and l are

already known.The electron stoichiometry nmust be an integer.We
set n = 1, 2, ... and performed the least-squares regression with
unknown parameters εR andE�0 to find the best reproduction of the
experimental points. As a result, the best fit was obtained as shown in
Figure S3, where n = 1 and the point before the E application was
expediently put at �0.80 V, where UVIO2Cl4

2� is eventually
predominant and its reduction can be ignored. When n g 2, the
fits largely deviated from the experimental points and resulted in
greater χ2 (Figure S4), indicating that the wrong n was set.

Consequently, the followingone-electron reductionofUVIO2Cl4
2�

affording UVO2Cl4
3� in EMI+BF4

�/Cl� was elucidated.

UVIO2Cl4
2� þ e� ¼ UVO2Cl4

3�

E�0 ¼ � 0:996 ( 0:004 V vs Fc=Fcþ ð4Þ

The value of E�0 is also consistent with that derived from the CV data
(Figure 1). As described above, slow degradation of UVO2Cl4

3� was
found in the current system, and the spectrumrecorded at the lowestE
in Figure 2 (�1.036 V) is of an admixture of UVIO2Cl4

2� and
UVO2Cl4

3�. Nevertheless, the characteristic absorption bands of
UVO2Cl4

3� were confirmed in the vis�NIR region and are common
to uranium(V). The wavelengths of absorption maxima and ε values
normalized by the Nernstian profile of CR/Ctotal at �1.036 V (CO/
Ctotal:CR/Ctotal = 0.174:0.826) are summarized in Table 1 together
with those of the uranium(V) species in high-temperature chloride
melts and in different symmetries.1,2d,2e The current result compares
well with the previous reports. The coordination structure around the
UVO2

+ ion in the high-temperature melts was supposed to be
UVO2Cl4

3� only on the basis of the EXAFS data,1f,g while the CV
and spectroelectrochemical experiments in this study clarified that the
reduction product of UVIO2Cl4

2� in EMI+BF4
�/Cl� is certainly

UVO2Cl4
3�. Therefore, the uranium(V) species in the chloride melts

of the previous works1 are also likely to be the tetrachloro complex
proposed. Unfortunately, further characteristics of UVO2Cl4

3� at λ >
800nmwere not be able to be studied because of strong absorption by
EMI+BF4

�/Cl�. However, the small ε values listed in Table 1 are
strongly indicative of the forbidden transition in UVO2

+ immersed
inD4h symmetry, where there is an inversion center, as discussed in

Figure 1. Cyclic voltammograms of UVIO2Cl4
2� (6.06 � 10�2 M) in

EMI+BF4
�/Cl� (50:50 mol %) at 298 K and different potential sweep

rates (v).

Figure 2. UV�vis�NIR absorption spectra of a EMI+BF4
�/Cl�

50:50 mol % solution dissolved (EMI)2U
VIO2Cl4 (5.48� 10�2 M in total)

at 298 K and different potentials. Wavelength range: 320�550 nm (upper);
500�800 nm (lower). The asterisk indicates the isosbestic point at 342 nm.
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our former articles.2d,e The Laporte forbiddenness implies that these
absorption bands arise from themetal-centered f�f transitions in the
5f1 configuration of uranium(V) and/or a ligand-to-metal charge-
transfer (LMCT) transition from the axial O to U.2d,e,9 The more
intense band at 406 nm with ε = 837 ( 43 M�1

3 cm
�1 is also

intrinsic to UVO2Cl4
3� and no longer forbidden even in the strictly

regularD4h symmetry of this species. Both the peakwavelength and ε
value are in good agreementwith those in the former report (395 nm
and 832 ( 32 M�1

3 cm
�1).1d Taking into account that both

electronic transitions of f�f and LMCT in the UVO2
+ moiety are

forbidden under the presence of an inversion center, the remaining
possibility is only those related to the equatorial coordination; i.e.,
CT between U and Cl. Pentavalent uranium is able to give its f
electron to Cl�, while uranium(VI) cannot because of its radon-like
closed shell and no unpaired electrons. Therefore, the direction of
charge transfer could be from U to Cl, i.e., MXCT.
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Table 1. Wavelengths (λabs) and Molar Absorptivities (ε) of Absorption Maxima of UVO2Cl4
3� in EMI+BF4

�/Cl� at 298 K and
Uranium(V) Species in High-Temperature Chloride Melts together with Corresponding Data for Related UVO2

+ Species in
Different Symmetries

uranium(V) speciesa symmetry solvent T/K λabs/nm (ε/M�1
3 cm

�1) ref

UVO2Cl4
3� D4h EMI+BF4

�/Cl�b 298 630(9.5) 770 (7.1) this work

UO2
+ - LiCl�KClc 923 625(8.8) 800(15.2) 1b

UO2
+ - LiCl�KClc 1023 625(6) 800(11) 1b

UO2
+ - LiCl�KCld 923 625(9.9) 800(17.1) 1b

UO2
+ - NaCl�KCl�MgCl2

c 923 685(5.6) 860(8.9) 1b

UO2
+ - CsCl�NaCl 940 615 770 1c

UO2
+ - NaCl�KCl 940 615 770 1c

UO2
+ - NaCl�2CsCl 923 620(12.5) 775(15.9) 1d

[UVO2(salophen)DMSO]� e D5h DMSO 298 650(140) 750(220) 2d

[UVO2(dbm)2DMSO]�f D5h DMSO 298 640(400) 740(800) 2d

[UVO2(saldien)]
�g D5h DMSO 298 630(300) 700(400) 2e

[UVO2(CO3)3]
5� D6h 1 M Na2CO3(aq) 298 760(2.0) 990(2.8) 2d

aNotation follows that represented in the corresponding reference. b 50:50 mol %. c Eutectic. d 70:30 mol %. e salophen = N,N0-disalicylidene-o-
phenylenediaminate. f dbm = dibenzoylmethanate. g saldien = N,N0-disalicylidenediethylenetriaminate.


