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The tetrachlorouranium(VI) complex is formed in [Bmim][Tf,N] and
[MeBusN][Tf,N] from a uranium(VI) solution in the presence of a
stoichiometric quantity of chloride ions. The [U'O,Cl,J>~ absorption
and emission spectra show bands splitting in comparison with the
[UVIO,)?* spectra, as observed in the solid state, organic solvents,
and chloroaluminate-based ionic liquids. The fluorescence lifetime
of [UO,Cl4J>~ in [MeBusN][Tf;N] is 0.7 + 0.1 us. The reduction
potential of this complex is —=1.44 and —1.8 V vs Ag/Ag* respectively
in [Bmim][Tf,N] and [MeBusN][Tf,N] and does not depend on the
chloride concentration. The mechanism proposed for the redox
process is a monoelectronic reduction to form [UYO,ClyJ*~, followed
by a chemical reaction. The tetrachlorouranium(V) complex seems
more stable in [Bmim][Tf,N] than in [MeBusN][Tf,N]. The electro-
chemical analysis put in evidence specific interactions of the ionic
liquid cation with the uranium anionic species.

liquids, which are extremely air- and water-sensifiveOnly
a few papers deal with the uranium behavior in non-
chloroaluminate-based RTIs

In this context, we are particularly interested in under-
standing the solvation, complexation, and redox properties
of uranium in hydrophobic ionic liquids with the bis-
(trifluoromethanesulfonyl)imide anion (I¥7). For that
purpose, three techniques were used: absorption spectros-
copy, time-resolved laser spectroscopy (TRLS), and elec-
trochemistry. In this Communication, we present the results
obtained on the chloride complexation of @, in
1-butyl-3-methylimidazolium (Bmim) and trin-butylmeth-
ylammonium (MeBgN™), with both of them being associated
with Tf,N™.

The uranyl salt used to prepare the solutions in both ionic
liquids was [UQ][OTf],, synthesized according to the
procedure described in ref 12. The chloride ions were added
to the uranyl(VI) solution as [Bmim]Cl and [MeBN]CI

Room temperature ionic liquids (RTILs) have currently regpectively in [Bmim][T$N] (H,O: 1254+ 20 ppm) and
gained interest in many chemical processes such as catalysigmeBu,N][Tf,N] (H,0: 175+ 30 ppm). The uranyl salt and
organic synthesis, or electrochemistry. They display negli- the jonic liquids were stocked in an argon-filled drybox, and
gible vapor pressure, high thermal stability, high electrical )| samples were prepared in this drybox.

conductivity, and a large electrochemical window, and their

The absorption spectra of [U{pOTf], (0.01 M) alone and

physicochemical properties can be adjusted by a suitable;, presence of 6 equiv of [MeBN]CI in [MeBusN][TfsN]

choice of a cation/anion combinatid.hese criteria make

them good candidates to replace organic solvents and (3) Deetlefs, M.; Hussey, C. L. Mohammed, T. J.: Seddon, K. R.: van

especially the volatile organic compounds. Recently, elec-
trochemical and spectroscopic studies of actinides in RTILs “)
have shown their potentiality in the nuclear industry.

However, fundamental knowledge on the behavior of ac-
tinides in ionic liquids is necessary to perform nuclear fuel
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Figure 1. Absorption spectra of [UgJOTf], (0.01 M) with 6 equiv of Figure 2. Emission spectra of [Ug[OTf]» (0.01 M) alone (dotted line)
[MeBusN]Cl (solid line) and without [MeBgN]CI (dotted line) in [MeBuN]-  and with 6 equiv of [MeBgN]CI (solid line) in [MeBuN][Tf.N] at 60°C.
[Tf2N] at 60 °C. Details of the spectral data are available as Supporting The intensity is given in arbitrary unitéex = 425 nm. Details of the spectral
Information. data are available as Supporting Information.
are reported Figure 1. The absorption spectra are the same 50
if 4, 6, or 9 equiv of CI is added to the uranyl solution, and
similar spectra are observed in [Bmim]pN] (Figure S1 in 2 |
the Supporting Information). In the presence of ¢F4 i
equiv), the absorption spectra show a remarkable band =
splitting in comparison with the spectrum obtained for JJO o]
[OTf],. The separation within a series of vibrational peaks
is 700 + 25 cml. This spectrum corresponds to those -25 , , .
obtained for the tetrachlorouranyl(VI) complex in the solid 28 18 0.8 | 0.2 12
state!314organic solvent& and chloroaluminate-based ionic E (Vvs. (Ag/Ag))

liquids3~> Then, the spectrophotometric analysis clearly F?uNrT 3-25C>écl(ic \Ilgltlam;nogdram[sMofB[;lG]}[[%T’f\]”z (06001 CM)(din [B(;nlimli

; 2— [T oN] at 25°C (solid line) and in [Me oN] at 60° otted line).
shqws_, the fc_)rmat|oq of [Ugo:u]. in bot.h ionic liquids if a b = 100 mV/s. GC electrode area 0.07 cnf: B = E = —0.2 V: Eyyy —
stoichiometric quantity of chloride ions is added to the uranyl —2.7 v: g, = 1 V.
solution. While the ionic liquid cation has no significant [Tf,N]. For the [UQJOTf], solution, a broad band is

effect on the peak positions of the [J&" and [UOCIL]*~ observed from 20 000 to 14 000 chdue to the fluorescence
spectra, the absorbance is a little higher in [MgBJ{iTf ;N] of [MeBusN][Tf,N]. However, in the presence of 4, 6, and

than in [Bmim][TEN], except for the peaks at 21008 and g oqyiy of CI, a remarkable increase of the fluorescence
20 325 cm* of the [UQ,CL]*" spectrum. Indeed, the molar j,iongity is observed. Like the absorption spectrum, the
extinction coefficients of these two peaks are quite sensitive 4 1icsion spectrum of the uranyl(Vl) solutions containing
to the uranium(VI) environment. Ryan has shown that the chloride ions ¢4 equiv) is characterized by the band
intensities of these two peaks increase if the tetrachlorou—sp”tting’ with a separation of 858 25 cnt? within a series
ranyl(VI) complex is hydrogen-bondeé.The increase of ¢ \ihrational peaks. This spectrum is similar to the
theintensities at21 008 and 20 325citom [MeBLEN][TfN] [UO,Cl4?~ spectrum in organic solverfsand in chloroalu-

to [Bmim][Tf2N] can thus be assigned to the ability of the 416 hased ionic liquidsFor samples containing—®
imidazolium cations to form €H-Cl hydrogen bonds with equiv of [MeBuN]CI, a single-exponential decay with a

the [UOCI|*” complex® fluorescence lifetime of 0.2 0.1 us is observed for the

The fluorescence intensity of [UROTf]2 (0.01 M) in - o dinated uranium(VI). Therefore, TRLS confirms the
[Bmim][Tf.N] alone or in the presence of chloride ions is formation of one chloro complex, [UGI42", if a stoichio-

very low. AS_ was glregdy desgribed in the case of.imidazo- metric quantity of chloride ions is added to the uranyl(VI)
lium-based ionic liquids, [Bmim][TAN] fluoresces in the solution in [MeBuN][TfN].
20 000-14 000-cn* ranget®1’ The spectra of uranyl solu- The cyclic voltammograms of [US[OTf]» (0.01 M) in

tions can thus not be well detected. Moreover, the samplesy,,, jonic Jiquids are recorded at a glassy carbon electrode

were degraded under Ilaeser irradiation, as was already gjgyre 3) with respect to an Ag/Ageference electrode.
observed for [Bmim][PF.° Therefore, the TRLS analysis Two broad cathodic signals are observed( and—2.5 V

was not achieved in this ionic liquid. in [Bmim][Tf.NJ: —0.6 and—1.4 V in [MeBwN][Tf.N]) and
Figure 2 shows the emission spectra of flfOTf]2 (0.01 48 4550ciated with an anodic peak at the reverse scan (0.37
M) alone and with 6 equiv of [MeBiN]CI in [MeBusN]- V in [Bmim][Tf,N]; 0.45 V in [MeBWwN][Tf,N]). This
(13) Denning, R. G.; Snellgrove, T. R.; Woodwark, D.Vol. Phys.1976 oxidati_on peak is obs_erved afte_r either the fi_rsf[ or the segond
32, 419-442. reduction peak, and its shape is characteristic of a redisso-
(14) Ryan, J. LInorg. Chem1963 2, 348-358. lution anodic peak. Thus, a species should be deposited after
B e e ao0a o sen ssop, T+ - Bnnemas: K- e reduction of uranium(V1) in [Bmim][EN] and [MeBuN]-

(16) gill?_r&,l-;llz(lo?]tiersk?.; Labgh A.;zlioltgzziz,Al.;7 géiﬁrsdé C.;Mariet,  [Tf,N]. This result is confirmed by linear voltammetry
- Zenkirchen, K.norg. em. . . . . . .
(17) Paul, A.; Mandal, P. K.; Samanta, 4. Phys. Chem. R005 109, because. a cat.hodlc peak is optamed mstgad of a wave qnd
9148-9153. an anodic redissolution peak is observed if the potential is
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Figure 4. Cyclic voltammogram of [UQ[OTf]» (0.01 M) with 6 equiv
of [MeBusN]Cl in [MeBusN][Tf2N] at 60 °C (A) and [UGQ][OTf], (0.01
M) with 8.8 equiv of [Bmim]CI in [Bmim][Tf,N] at 25°C (B). v = 100
mV/s; GC electrode area 0.07 cnf; E = Er = —0.3 V; Ejpy = —2.15 V
(A) and —1.75 V (B).

then scanned in the positive direction (Figure S2 in the
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Therefore, the reduction of NUO,Cl4]?>~ should involve the
formation of a tetrachloro complex, probably{O,Cl4]%".
This complex seems more stable in [Bmim}§f than in
[MeBusN][Tf2N]. In [Bmim][Tf.N], the stability of this
complex is a function of the chloride concentration, as was
observed for YClg~ in a chloroaluminate-based ionic
liquid.*® A difference of 360 mV is measured for the cathodic
peak potential in the two ionic liquids. This phenomenon
was already observed for the hexachlorouranium(lV) com-
plex and was attributed to a difference of solvati@@ecause
of C—H---Cl hydrogen bonds between the imidazolium ring
and the uranium complex, the [Bmifm¢ation would interact
more strongly than [MeByN]*. Works are in progress to
study in detail the redox mechanism of @,Cls)?" in
RTILs.

In conclusion, the three techniques put in evidence the

Supporting Information). This phenomenon could be assignedsqrmation of tetrachlorouranium(VI1) in [Bmim][BEN] and

to the formation of a YO, passivating film because it was
already described for uranyl nitrate complexes in [Bmim]-
[NO3].? In organic solvents, the reduction of {\@,]?* occurs
via both monoelectronic and bielectronic transfemhen,

[MeBusN][Tf2N]. The uranium absorption and emission
spectra are similar in the presence of 4 equiv or more of
Cl~. The complexation is then totally achieved as soon as a
stoichiometric quantity of Clis added. The absorption and

we suggest that the first cathodic peak corresponds to thegmission spectra of [USE1,]2 in both ionic liquids show a

reduction of [U'O,])?" in [UVO,]* followed by a chemical
reaction leading to the formation of \D,. The second
cathodic peak would be the direct reduction oF[0,]?" in
uvo..

As soon as 4 equiv of Clis added to the [UgOTf]-

vibrational fine structure with band splitting like in the solid
state, organic solvents, and chloroaluminate-based ionic
liquids. Because a solution containing the tetrachlorouranium
complex alone can be prepared, the electrochemical behavior
of this species was studied. The redox process should involve

(0.01 M) solution, the cyclic voltammogram presents a new 4 monoelectronic transfer to form a tetrachlorouranium(V)

cathodic peak at-1.44 V in [Bmim][Tf,N] and at—1.8 V
in [MeBusN][Tf2N] (Figure 4). In both ionic liquids, the

complex followed by a chemical reaction. A difference of
360 mV measured for the reduction potential of [J{@D]%>~

potential of these new cathodic peaks does not change withi the jonic liquids under study shows a different interaction
the chloride concentration. Thus, the redox process does Nolyf these solvents. Our work is currently focused on the

involve any chloride exchange reaction. The cyclic voltam-
mogram of [Bmim]Cl in [Bmim][T%N] and [MeBwN]Cl in
[MeBusN][Tf,N] (Figure S3 in the Supporting Information)
allowed us to determine the concentration of the freeigl
the samples. The peak intensities obtained for the free CI
in the uranyl samples containing more than 4 equiv of Cl
in both ionic liquids (Table S4 in the Supporting Information)
confirm the formation of the tetrachlorouranium(VI) complex
observed by UV~visible and TRLS.

In [Bmim][Tf.N], at the reverse scan, an oxidation peak

solvent effect. The possible formation of other chlorourani-
um(VI) complexes [UGCI]~*-2 is also investigated in the
Tfo,N~-based RTILs.
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Supporting Information Available: Description of the materi-
als and methods used, absorption and emission data foi[['0] »
and [UOCl4)?-, anodic peak intensities of free Cin both ionic
liquids, absorption spectra of [UfpOTf], and [UQCIl,? in

is observed only in the presence of more than 4 equiv of [Bmim][TF2N], linear voltammograms of [UE[OTf] » in [Bmim]-

[Bmim]ClI, and its intensity is lower than the cathodic peak
intensity. The ratidp/lpc goes from 0.4 to 0.7 for potential

[Tf2N], and cyclic voltammograms of [Bmim]Cl in [Bmim][EN]
and [MeBuN]ClI in [MeBu3N][Tf,N] and also of [UQ][OTf], +

scan rates from 0.025 to 5 V/s (Figure S4 in the Supporting 8.8 equiv of [Bmim]Cl in [Bmim][TR:N] at different potential scan

Information). In [MeBuN][Tf,N], whatever the chloride

content (until 8 equiv) and the potential scan rate (until 5

rates. This material is available free of charge via the Internet at
http://pubs.acs.org.
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(18) Zanello, P.; Cinquantini, A.; Mazzocchin, G. A.Electroanal. Chem.
1982 131, 215-227.

(19) Dai, S.; Toth, L. M.; Hayes, G. R.; Peterson, Jikdrg. Chim. Acta
1997, 256, 143-145.

Inorganic Chemistry, Vol. 45, No. 26, 2006 10421



