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Uranyl complexes dissolved in room-temperature ionic liquids have diagnostic absorption and emission spectra
which reflect the molecular symmetry and geometry. In particular, the characteristic vibrational fine structure of the
absorption spectra allows identification of the molecular symmetry of a uranyl complex. The concept of speciation
of uranyl complexes is illustrated for the hydrated uranyl ion, the tetrachloro complex [UO,Cl,J*~, the trinitrato
complex [UO,(NOs3)s]~, the triacetato complex [UO,(CH;COOQ)s]~, and the crown ether complex [UO,(18-crown-
6)]?* in imidazolium and pyrrolidinium bis(trifluoromethylsulfonyl)imide ionic liquids. The competition between 18-
crown-6 and small inorganic ligands for coordination to the uranyl ion was investigated. The crystal structures of
the hydrolysis product [(UO,)a(t2-OH)2(H20)s] [UO2Br,](18-crown-6), and imidazolium salt [Csmim],[UO2Br,] are
described.

Introduction Moreover, boron-containing ionic liquids (for instance,
tetrafluoroborate salts) are strongly neutron absorbing, so that
the risks of criticality accidents during the reprocessing of
nuclear fuel can be considerably reduced. Recent experiments

%have shown that the mechanism of extraction of metal species

from an aqueous phase into an ionic liquid is not necessarily

the same as the mechanism for extraction into a conventional
organic phasé**Knowledge of the solvation of metal ions

in ionic liquids is of prime importance for understanding

extraction processes involving ionic liquids. Several authors

Liguid—liquid extraction is being used for the reprocessing
of spent nuclear reactor fueis* Uranium and plutonium
are separated from fission products and heavier actinides t
recover the fissile®®U and ?*%Pu radionuclides as well as
the fertile 228 radionuclide. The best known nuclear
reprocessing process is the PUREX processt¢nium and
uranium receery by extractioh>6 After dissolution of the
used nuclear fuel rods in concentrated nitric acid, uranium
(as the uranyl ion) and plutonium (as the*Puon) are
extracted into the organic phase which consists of 30% (7) Gutowski, K. E.; Bridges, N. J.; Cocalia, V. A.; Spear, S. K.; Visser,

. .. A. E.; Holbrey, J. D.; Davis, J. H.; Rogers, R. BCS Symp. Ser.
tnbutylphosph.at.e (TBP) and_ kerosene.. '_I'he f|SS|_on produc_ts 2005 902, 33-48.
and heavy actinides (neptunium, americium, curium) remain (8) gaslgon, G.“l]\/I.EN.;HBraIdIek//I, ﬁ. 'E: ﬁoaman, TI.3; Hﬁmblettél.;l_Hardl?c&e,
H : .; Hatter, J. E.; ealy, V. J. F.; Hodgson, b.; Lewin, R.; Lovell, K.
in the aqueous phase. I_n subsequent process steps s'epgratlon V. Newton, G. W. A.- Nieuwenhuyzen, M.: Pitner, W. R.. Rooney.
of uranium and plutonium can be achieved. lonic liquids D. W.; Sanders, D.; Seddon, K. R.; Simms, H. E.; Thied, RACS

i i i i Symp. Ser2002 818 162-177.
could offer an alternative for the organic phase in this type (9) Stepinski, D. C.; Young, B. A.; Jensen, M. P.; Rickert, P. G.; Dzielawa,

of liquid—liquid extraction processés!® Advantages of ionic J. A; Dilger, A. A.; Rausch, D. J.; Dietz, M. IACS Symp. Se2006
liquids include a low vapor pressure and low inflammability. 933 233-247. )
(10) Visser, A. E.; Rogers, R. Ol. Solid State Chen2003 171, 109—
113.
* To whom correspondence should be addressed. Re32 16 32 79 (11) Cocalia, V. A.; Gutowski, K. E.; Rogers, R. @oord. Chem. Re
92. E-mail: Koen.Binnemans@chem.kuleuven.be. 2006 250, 755-764.
(1) Campbell, D. O.; Burch, W. Dl. Radioanal. Nucl. Cheni99Q 142, (12) Binnemans, KChem. Re. 2007, 107, 2592-2614.
303—-320. (13) Cocalia, V. A.; Jensen, M. P.; Holbrey, J. D.; Spear, S. K.; Stepinski,
(2) Baumgartner, FKerntechnik1978 20, 74—85. D. C.; Rogers, R. DDalton Trans.2005 1966-1971.
(3) Musikas, CInorg. Chim. Actal987 140, 197—-206. (14) Jensen, M. P.; Neuefeind, J.; Beitz, J. V.; Skanthakumar, S.; Soder-
(4) Nash, K. L.ACS Symp. SeR00g 933 21-40. holm, L. J. Am. Chem. So2003 125 15466-15473.
(5) Choppin, G. RSob. Extr. Res. De. Jpn.2005 12, 1-10. (15) Jensen, M. P.; Beitz, J. V.; Neuefeind, J.; Skanthakumar, S.; Soder-
(6) McKibben, J. M.Radiochim. Actal984 36, 3—15. holm, L. ACS Symp. Se2005 901, 18—31.
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have investigated the behavior of uranium in ionic liquids,
and these studies have been reviewekh particular, the
dioxouranium(VI) ion (uranyl ion) is often the subject of
experimental and theoretical investigatiéhi* Whereas
recent studies on uranium in ionic liquids focus on solvents
with weakly coordinating anions like the bis(trifluorometh-
ylsulfonyl)imide, hexafluorophosphate, tetrafluoroborate, and
triflate anions, older studies are mainly about the redox
behavior of uranium in haloaluminate ionic liquitis3!

Given the complexity of the ionic liquid medium, specia-
tion of uranyl complexes is not an easy task. Experimental
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explained in terms of excitations from thg" orbital to the

oy and ¢, orbitals: @,")? — 0,70, and @)% — o, T¢u. In

the free uranyl ion, i.e., in the uranyl ion without any ligands
in its equatorial plane, the nonbonding orbitdlsand ¢,
have approximately the same energy. However, when ligands
are surrounding the uranyl ion in the equatorial plane, the
energy of thep, orbital increases due to interactions with
the equatorial field. In most cases, the orbital is about
2000 cm* above the), orbital. All electronic transitions in
uranyl spectra are parity forbidden by the Laporte selection
rule 333537 Therefore, intensity must be induced either by

techniques that are often used for such studies include opticathe static ligand field (e.g., [USNOs)s]™ Day) or by the

spectroscopy (UWvis absorption spectroscopy) and ex-
tended X-ray absorption fine structure (EXAFS) spectros-
copy. However, we are convinced that the potential of optical
spectroscopy for speciation of uranyl complexes in ionic
liquids has not fully been explored.

In uranyl, uranium occurs in its most stable oxidation state,
+VI. The uranyl ion is formally a 5f system and consists

dynamic ligand field, also referred to atbronic coupling
(e.g., [UQCI4)? Dg4p). Electric dipole transitions induced by
the static ligand field can only be observed in noncentrosym-
metric point groups, whereas vibronic coupling can occur
in both centrosymmetric and noncentrosymmetric point
groups. The symmetric stretching vibratiog is always
superimposed on all electronic transitions as a progregsion.

of a uranium atom covalently bound to two oxygen atoms. Ungerade vibrational modes, i.e., the asymmetric stretching

The electronic structure of the uranyl ion can be described ViPrationvaand the bending mods, of the uranyl ion itself
in terms of the molecular orbitals formed by the 5f and 6d and ungerade equatorial ligand vibrations, are coupled to the

valence orbitals of uranium and the 2s and 2p orbitals of gerade electronic states in the vibronic coupling intensity

the oxygen atom%:33 The bonding molecular orbitats;™,

ou", mg, ands, accommodate the 12 valence electrons of
UO2", with o, being the highest occupied molecular orbital
(HOMO) 22736 The lowest unoccupied molecular orbitals
(LUMO) are the nonbondingdy (fuz fze—y?) and ¢y
(fyze—y?), Txpe—32), originating from the 5f orbitals of uran-
ium. The ground state i&;" (D.n Symmetry label). The
UV —vis absorption spectra of uranyl compounds can be

(16) Gaillard, C.; Chaumont, A.; Billard, I.; Hennig, C.; Ouadi, A.; Wipff,
G. Inorg. Chem.2007, 46, 4815-4826.

(17) Sornein, M.-O.; Cannes, C.; Le Naour, C.; Lagarde, G.; Simoni, E.;
Berthet, J.-Clnorg. Chem.2006 45, 10419-10421.

(18) Chaumont, A.; Engler, E.; Wipff, Gnorg. Chem2003 42, 5348—
5356.

(19) Chaumont, A.; Wipff, Glnorg. Chem.2004 43, 5891-5901.

(20) Visser, A. E.; Jensen, M. P.; Laszak, |.; Nash, K. L.; Choppin, G. R;
Rogers, R. DInorg. Chem.2003 42, 2197-2199.

(21) Schurhammer, R.; Wipff, GJ. Phys. Chem. R007, 111, 4659
4668.

(22) Chaumont, A.; Wipff, GChem. Eur. J2004 10, 3919-3930.

(23) Deetlefs, M.; Hussey, C. L.; Mohammed, T. J.; Seddon, K. R.; van
den Berg, J. A.; Zora, J. ADalton Trans.2006 2334-2341.

(24) Billard, |.; Gaillard, C.; Hennig, CDalton Trans.2007, 4214-4221.

(25) Anderson, C. J.; Choppin, G. R.; Pruett, D. J.; Costa, D.; Smith, W.
Radiochim. Actel999 84, 31—-36.

(26) Hitchcock, P. B.; Mohammed, T. J.; Seddon, K. R.; Zora, J. A.; Hussey,
C. L.; Ward, H.Ilnorg. Chim. Actal986 113 L25—L26.

(27) De Waele, R.; Heerman, L.; D’ Olieslager, W.Electroanal. Chem.
1982 142 137-146.

(28) De Waele, R.; Heerman, L.; D'Olieslager, W.Less-Common Met.
1986 122 319-327.

(29) Heerman, L.; De Waele, R.; D'Olieslager, \W.Electroanal. Chem.
1985 193 289-294.

(30) Anderson, C. J.; Deakin, M. R.; Choppin, G. R.; D’ Olieslager, W.;
Heerman, L.; Pruett, D. Jnorg. Chem.1991, 30, 4013-4016.

(31) Hopkins, T. A.; Berg, J. M.; Costa, D. A.; Smith, W. H.; Dewey, H.
J. Inorg. Chem2001, 40, 1820-1825.

(32) Denning, R. GJ. Phys. Chem. 2007, 111, 4125-4143.

(33) Denning, R. GStruct. Bond1992 79, 215-276.

(34) Pierloot, K.; van Besien, B. Chem. Phys2005 123 204309.

(35) Gualler-Walrand, C.; Vanquickenborne, L. G. Chem. Phys1972
57, 1436-1440.

(36) Galler-Walrand, C.; Vanquickenborne, L. G. Chem. Phys1971,
54, 4178-4186.
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mechanism. The absorption spectra of uranyl complexes
show a characteristic vibronic fine structure, which is
diagnostic for a certain symmetry (and geometry) of the first
coordination spher&:4°The chemical nature of the ligands
has a minor influence on the spectral fine structure. Several
reviews describing the luminescence and photophysical
properties of the uranyl ion are availaile®*

In this paper, the typical spectra of the ligands has a minor
influence on the spectral fine structure. The typical spectra
of the hydrated uranyl ion as well as of [UC,)?,
[UO2(NO3)3] ~, [UOL(CHsCOO)]~, and [UG(18-crown-6)f"
in the hydrophobic ionic liquids 1-butyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imide [@nim][Tf,N],
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-
imide [Csmim][Tf2N], and N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [@mpyr][Tf.N] are dis-
cussed. It will be shown that water has a pronounced effect
on the spectroscopic behavior of uranyl in ionic liquids with
weakly coordinating anions. Competition experiments be-
tween 18-crown-6 and small inorganic ligands (NOCI-,

Br~) for coordination to the uranyl ion have been performed.

Experimental Section

General. UV—vis absorption spectra were measured at room
temperature on a Varian Cary 5000 spectrophotometer between 300
and 600 nm. Luminescence measurements have been carried out

(37) Jergensen, C. KActa Chem. Scand.957, 11, 166-178.

(38) Dieke, G. H.; Duncan, A. B. FSpectroscopic Properties of Uranium
CompoundsMcGraw Hill: New York, 1965.

(39) Galler-Walrand, C.; De Jaegere, $. Chim. Phys1972 4, 726—
736.

(40) Galler-Walrand, C.; De Jaegere, Spectrochim. Acta A972 28,
257-268.

(41) Burrows, H. D.; Kemp, T. XChem. Soc. Re 1974 3, 139-165.

(42) Jergensen, C. K.; Reisfeld, Btruct. Bond1982 50, 121—-171.

(43) Jgrgensen, C. K.; Reisfeld, R.Electrochem. S0d.983 130, 681—
684.

(44) Yusov, A. B.; Shilov, V. PRuss. Chem. BulR00Q 49, 1925-1953.



Speciation of Uranyl Complexes

at room temperature on an Edinburgh Instruments FS-900 spec-and heating the solution. The excess of L@s filtered off, and

trofluorimeter. The light source used was a 450 W xenon arc lamp.

the filtrate was evaporated in a beaker. The remaining amount of

Emission spectra were recorded between 430 and 650 nm. Thewater was expelled under reduced pressure;RiOis a yellow
excitation wavelength depended on the uranyl complex present in powder. Due to its hygroscopic character, JB© was kept in a

the ionic liquid solution: 418.5 nm for the chloro complexes, 438.5
nm for the nitrato complexes, 420.0 nm for the acetato complexes,
and 429.0 nm for the 18-crown-6 complexes. Magnetic circular
dichroism (MCD) spectra were recorded at room temperature on
an AVIV 62DS circular dichroism spectrometer (extended with an
electromagnet to create a magnetic field of 1 T) over the wavelength
interval between 300 and 570 nm.

Synthesis of the lonic Liquids. The ionic liquid N-butyl-N-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide, [fnpyr]-
[Tf2N], was kindly provided by Merck. The ionic liquids [@im]-
[Tf2N], [Cemim][Tf,N], [Cemim][Br], and [Csmim][CI], where
Cymim stands for 1-butyl-3-methylimidazolium ands@m for
1-hexyl-3-methylimidazolium, were synthesized in spectrograde
purity according to literature procedur&sll compounds are liquid

desiccator.

UO,(Tf2N)2xH20. In a first step, lithium bis(trifluoromethyl-
sulfonyl)imide was converted into the corresponding acid by mixing
30 mL of an aqueous solution of Li(A{l) (2 mol L™1) with an
excess of a 20% aqueous3D, solution. H(TEN) and LL.SO, were
formed. The colorless aqueous phase was extracted several times
with diethyl ether. The organic phase and aqueous phase contained
the desired acid and {30y, respectively. The organic phase was
then washed several times with water to remove possible traces of
Li,SO,. Evaporation of diethyl ether under reduced pressure gave
hydrogen bis(trifluoromethylsulfonyl)imide H(Z). In the second
step, uranyl bis(trifluoromethylsulfonyl)imide was synthesized by
reaction between uranium(VI)oxide and hydrogen bis(trifluoro-
methylsulfonyl)imide. Into a round-bottom flask, equipped with a

at room temperature. To reduce the water content, the ionic liquids magnetic stirrer and a cooler, a small excess of I {9 g; 0.033

[Cymim][Tf,N] were dried in vacuo at 70C on a rotavap before
preparing the solutions for spectroscopic measurements. Karl
Fischer titrations indicated that the water content of the ionic liquids
was less than 100 ppm. The absorption bands of the ionic liquids
[Cymim][Tf,N] (n = 4 or 6), [Gmim][Br], [Cesmim][CI], and [C4-
mpyr][Tf.N] do not interfere with the absorption spectrum of the

mol) was added to a suspension of 40.023 mol) in water. This
reaction mixture was stirred at 50C for 3 days. Then the
temperature was raised to 8C, thereby stirring the mixture for
another 24 h. Water was evaporated under reduced pressure until
a yellow oil-like substance was obtained. This substance was
washed with dichloromethane to remove the remaining traces of

uranyl ion because these ionic liquids do not show any appreciablethe acid H(T$N). Under stirring and slightly heating for 1 h,

light absorption in the wavelength region between 300 and 600
nm.

Synthesis of Uranyl Salts. UQ(ClIO,),:xH,0. UO;z; was dis-
solved in perchloric acid (2 mol1l). The solution was boiled to
expel free chlorine gas. After dilution with water, the solution was

methanol was added to dissolve the obtained product. The nonre-
acted UQ was filtered off, resulting in a bright yellow solution.
Finally, methanol was expelled on a rotary evaporator under reduced
pressure, leaving the viscous, dark yellowish JJ@,N),+xH,0 in

the flask.

subsequently evaporated close to dryness. This procedure was Freparation of the Sample Solutions. “Free” uranyl ion.

repeated until whitish fumes were no longer formed. Finally, a
yellow powder was obtained. Various hydrates of uranyl perchlorate
UO(ClOy)2xH0 (x = 0—7) have been reported in the litera-
ture#647 Treatment of the initial solid probably governs the degree
of hydration. However, it is difficult to determine the exact number
of water molecules in the uranyl perchlorate salt due to its
hygroscopic behavior. Even if we could determine the exact number
of water molecules in the initial batch, this number could have

Solutions of the “free” uranyl ion (hydrated uranyl ion) were
obtained by dissolving either UQrfoN),-xH,O or UG,(CIO,),-
xH20O in the ionic liquids [Gmim][Tf,N] (n = 4 or 6) and [G-
mpyr][Tf,N]. The uranyl concentration was approximately 2ol
L1 for UOx(Tf,N)2*xH,O and 5x 1072 mol L~ for UO,(CIOy),-
XHZO.

Chloro ComplexesEarlier studies of the complex formation of
the uranyl ion with chloride ions in acetone and acetonitrile have

changed during the course of the experiments. Therefore, to havelndicated that the maximum number of chloro ligands that can be
more or less an idea about the uranyl concentration in our samples coordinated to the uranyl ion is four and that in this case the

we use the molecular weight of the hexahydrate for calculating
concentrationsN],, = 577.02 g mot?). Comparison of the values
of an aqueous solution of the uranyl ion with 5, 6, or 7 water
molecules in the initial perchlorate salt yields an error of about
3%.

CAUTION: Perchloric acid can be hazardd§slt is very

corrosive to skin and eyes and should be handled with the utmost

care. Organic material such as cloth or wood can ignite or explode

in contact with perchloric acid. Perchlorate salts are shock sensitive.
Scraping of a spatula on the side of the container and/or crushing

perchlorate salt crystals with a metal pestle can initiate an explosion.

UO,Br,. Hydrogen bromide (1.25 mL of an aqueous solution
of HBr (47%), which corresponds to 0.01 mol of HBr) was added
to a suspension of U4 g, 0.014 mol) in water while stirring

(45) Nockemann, P.; Binnemans, K.; Driesen,Ghem. Phys. LetR005
415, 131-136.

(46) Fischer, AZ. Anorg. Allg. Chem2003 629 1012-1016.

(47) Alcock, N. W.; Esperas, S. Chem. Soc., Dalton Tran$977, 893—
896.

(48) Schilt, A. A. Perchloric Acid and Perchlorates2nd ed.; GFS
Chemicals: 2002.

tetrachloro complex [UECI4]2~ is formed?®-5°Addition of an excess
of chloride ions did not result in further changes in the absorption
spectra. In order to achieve the maximum number of coordinated
chloride ions to the uranyl in ionic liquids, we used a 1:5 uranyl-
to-chloride ratio for our studies in ionic liquids. YE10,),*xH,O
was mixed with tetrabutylammonium chloride in@im][Tf,N]
and [Cmpyr][Tf,N] in a uranyl-to-chloride ratio of 1:5. The uranyl
concentration was approximately>5 10~2 mol L1

Nitrato Complexes. Two experimental approaches have been
used to obtain the [UENO3)s]~ complex in ionic liquids. In the
first approach, U@NOs),:6H,O was dissolved in the ionic liquid
and an excess of tetrabutylammonium nitrate was added so that
the uranyl-to-nitrate ratio in the final ionic liquid solution was 1:4.
No further changes were observed by raising the nitrate concentra-
tion above a uranyl-to-nitrate ratio of 1:4, which shows that the
maximum coordination of uranyl with nitrate ions in the equatorial
plane has been reached. Notice that a formal 1:4 uranyl-to-nitrate
ratio in solution does not mean that four nitrate ions are bound to

(49) Galler-Walrand, C.; De Houwer, S.; Fluyt, L.; Binnemans, Rhys.
Chem. Chem. Phy2004 6, 3292-3298.

(50) Servaes, K.; Hennig, C.; Van Deun, R.;iBr-Walrand, C.Inorg.
Chem.2005 44, 7705-7707.
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the uranyl ion, as the discussion below will show. A second method Final R = 0.0516 for 5442 reflections with> 20(l) andwR2 =
for preparing the [U@NO3;)3]~ complex consisted of dissolving  0.1166 for all data.

uranium(VI1) oxide (UQ) with concentrated nitric acid in the ionic X-ray intensity data were collected on a SMART 6000 diffrac-
liquid [Csmim][Tf.N]. A similar sample preparation was found in  tometer, equipped with a CCD detector, using Gu ftédiation ¢
the literature for the oxidative dissolution of uranium(lV) oxfdé&? = 1.54178 A). The images were interpreted and integrated with

Concentrated nitric acid contains a certain amount of water. Becausethe program SAINT from Bruket Both structures were solved
the ionic liquid [Gmim][Tf,N] is immiscible with water, a phase by direct methods and refined by full-matrix least-squares=dn
separation resulted. The WWis absorption spectrum was taken using the SHELXTL program packageNon-hydrogen atoms were
from the ionic liquid phase, separated from the aqueous phase withanisotropically refined, and the hydrogen atoms in the riding mode

a separatory funnel. with isotropic temperature factors were fixed at 1.2 tiréeq) of
Acetato Complexes.UO,(CH;COO)-2H,O was mixed with the parent atoms (1.5 times for methyl groups). CCDC-663904 and
tetrabutylammonium acetate in J@im][Tf,N] in a total uranyl- CCDC-663905 contain the supplementary crystallographic data for
to-acetate ratio of 1:4. The uranyl concentration was approximately this paper and can be obtained free of charge via www.ccdc.ca-
5x 102 mol L1, m.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
Complexes with 18-Crown-6.UO,(ClO,),xH,O was mixed lographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK;
with 18-crown-6 in [Gmim][TfN] and [Gmpyr][TfN] inauranyl-  fax: +44-1223-336033; or deposit@ccdc.cam.ac.uk).

to-ligand ratio of 1:2. The uranyl concentration was approximately
5 x 102 mol L. To study the influence of small inorganic ligands
on the uranyl crown ether complex in ionic liquids, LB, and Hydrated Uranyl lon (“Free Uranyl lon”). The UV—
UO,CI, were dissolved in [gmim][Br] and [Csmim][Cl], respec- vis absorption spectra of WOTf,N),-xH,0 in [Comim][Tf.N]
tively, in the presence of the crown ether 18-crown-6 in such an and UQ(CIO,),+xH0 in [Camim][Tf,N] and [Gmpyr[TFN]
amoun} that the urany! concentration was approximately 0 were recorded for the wavenumber range between 18 000
mol L. and 30 000 cmt (Figure 1). Both the bis(trifluoromethyl-

The total dissolution of the uranyl salt and ligand in the ionic fonviimid d hlorat . K b K
liquid was often only observed after 3 days, yielding a transparent, sulfonyl)imide and perchlorate anion are known to be weakly

yellow-colored solution. The initial spectroscopic measurements on €00rdinating anions:**They will not coordinate to the metal
mixtures of the uranyl salt and ligand in the ionic liquid did not ~center in the presence of other competing ligands. Compari-
allow observing the characteristic UWis absorption spectrum of ~ son of the UV-vis absorption spectra in Figure 1 reveals
the corresponding uranyl complex. However, when these mixtures the same spectral features regardless which uranyl salt has
were measured again after several days, the typical absorption bandpeen dissolved or which type of ionic liquid has been used.
were clearly visible. This indicates that the kinetics for formation Moreover, the three absorption spectra exhibit the same
of uranyl complexes in ionic liquids are slow. Gaillard et al. found yjprational fine structure as the spectrum of the hydrated
a cgrre;ftlon between this kinetic effect and the V|scos.|ty of.lonlc? uranyl ion in agqueous solutidii The absorption maxima are
" i s s of ST gt 0, 23946, 29325 ot UOATEI:
liquids is due to the slow kinetics of anion exchange, which is XHZ0 in [Cemim][Tf2N], UOx(CIOy)2xHz0 in [Cymim]-

' [TfoN], and UQ(ClOy4)2:xH20 in [Csmpyr][Tf.N], respec-

related to the viscosity of the ionic liquid. . T . -
Crystallography. Yellow single crystals of [@nim],[UO,Br.] tively. These values are similar to the absorption maxima of

were obtained after slowly cooling a 2:1 mixture ofsf@im][Br] UO,(ClO,)>xH,0 in agueous solution (24 140 c#) and
and UQBr, to room temperature. Suitable yellow single crystals acetonitrile (24 079 cmt). The vibronic spacing of ap-
of [(UOy),uz-(OH),(H,0)l[UO,Br,] (18-crown-6) were obtained ~ proximately 876 cm' can be attributed to the frequency of
after 3 days by slowly evaporating an aqueous solution containing the symmetric stretching vibratiowd] of the uranyl ion in

Results and Discussion

[Cemim][Br], UO2Br,, and 18-crown-6 at room temperature. the ground state. It is generally accepted that the uranyl ion
[Cemim][UO2Br4]. CagHagBraN4O.U, M = 924.17 g mot?, is coordinated by five water molecules in the equatorial
trigonal,R-3 (No. 148),a = 33.297(5) Ac = 7.1671(14) AV = plane®®-62 Consequently, the U¥vis absorption spectrum

6881.6(19) A, T = 100(2) K,Z = 9, pcarc = 2.007 g cm?, u(Cu corresponds to @s, coordination symmetr§364 In this
Ka) = 21.228 mm?, F(000)= 3906, crystal size 0.% 0.1 x 0.1

mm?, 2932 independent reflection®¢ = 0.0771). FinalR = (54) SAINT Version 5/6.0; Bruker Analytical X-ray Systems Inc.: Madison,

0.0357 for 2518 reflections with> 2¢(1) andwR2= 0.0822 for Wi, 1997. ) )

all data (55) SHELXTL-PC Version 5.1; Bruker Analytical X-ray Systems Inc.:
’ Madison, WI,1997.

[(UO2)2(u2-OH)2(H20)¢] [UO2Brg] (18-crown-6).. CagHior (56) Gaillard, C.; El Azzi, A.; Billard, 1.; Bolvin, H.; Hennig, Clnorg.
BrsOsgUs, M = 2329.05 g mot!, monoclinic,P2;/c (No. 14),a = Chem.2005 44, 852-861. _
12.1149(9) Apb=17 6649(11) Ac=17 7492(10) Aﬁ =09.113- (57) Rabinowitch, E.; Belford, R. LSpectroscopy and Photochemistry of

. ’ ’ ' Uranyl CompoundsPergamon: Oxford, 1964.

(4, V = 3750.5(4) R, T = 100(2) K, Z = 2, pcac = 2.062 g (58) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.; SZaf;
cm3, u(Cu Ka) = 21.285 mn?, F(000)= 2236, crystal size 0.25 Grenthe, l.Inorg. Chem.2001, 40, 3516-3525.
i i (= (59) Hennig, C.; Tutschku, J.; Rossberg, A.; Bernhard, G.; Scheinost, A.
x 0.14 x 0.1 mn?, 7179 independent reflectionB = 0.1178). C. Inorg. Chem2005 44 6655 6661,
(60) Bthl, M.; Diss, R.; Wipff, G.J. Am. Chem. So005 127, 13506~

(51) Bradley, A. E.; Hatter, J. E.; Nieuwenhuyzen, M.; Pitner, W. R.; 13507.

Seddon, K. R.; Thied, R. Gnorg. Chem.2002 41, 1692-1694. (61) Neuefeind, J.; Soderholm, L.; Skanthakumad. £hys. Chem. 2004
(52) Bradley, A. E.; Hardacre, C.; Nieuwenhuyzen, M.; Pitner, W. R.; 108 2733-2739.

Sanders, D.; Seddon, K. R.; Thied, R. @Borg. Chem.2004 43, (62) Hagberg, D.; Karlstmm, G.; Roos, B. O.; Gagliardi, L1. Am. Chem.

2503-2514. Soc.2005 127, 14250-14256.
(53) Galllard, C.; Billard, I.; Chaumont, A.; Mekki, S.; Ouadi, A.; Denecke, (63) De Jaegere, S.; @r-Walrand, C.Spectrochim. Actd 969 25A

M. A.; Moutiers, G.; Wipff, G.Inorg. Chem 2005 44, 8355-8367. 559-568.
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Figure 1. UV—vis absorption spectra of UQIfaN)2-xH20 in [Cemim][Tf2N] (left) and UGy(CIO4)2-xH20 in [Camim][Tf2N] and [Cimpyr][Tf2N] (right)
at room temperature. The uranyl concentration is 8072 mol L1,

symmetry group, no intense transitions are observed in the wavelength (nm)

. . L 350 400 450 500 550
absorption spectrum. The spectroscopic data indicate that L . . . A S
even in ionic liquids dried to a water content lower than 100 15 : ——[C,mim][Tf,N]
ppm, the [TEN]~ anion does not coordinate to the uranyl L [C,mpyr][Tf,N]

ion in these ionic liquids. The main species in solution is
the hydrated uranyl ion, [U§H.0)s]?*, in which five water .
molecules are bound to the uranium atom in the equatorial 'g 107
plane. It can be concluded that under normal circumstances -
of handling the hydrated uranyl ion is formed upon dissolu-
tion of uranyl salts with weakly coordinating anions {NIf

or ClO,7) inionic liquids with bis(trifluoromethylsulfonyl)- %7
imide anions.

The ionic liquids [Gmim][Tf,N] and [Gmim][Tf,N] are
strongly fluorescing between 14 000 and 20 000 £mwhich 0 '
is the same spectral region as the green luminescence of the 30000 28000 26000 24000 22000 20000 18000
uranyl ion. The emission intensity of the uranyl ion in,{C wavenumber (cm™)
mpyr][TfoN] is also not strong enough to overcome the Figure 2. UV —vis absorption spectra of [U@Il4]?~ in [Csmim][Tf,N]
background fluorescence (due to trace impurities?) of the and [Cmpyr][Tf2N] at room temperature, where [UB]/[CI-] = 1:5. The
pyrrolidinium ionic liquid. Therefore, the luminescence uranyl concentrations are £ 10~ mol L% in [Csmim][Tf.N] and 10
spectrum of the hydrated uranyl ion could not be measured mol L_ n [C‘fmpyr][szN]' o S
in the ionic liquids used for this study. a_nd in part_lcular the cationic pa_rt of the ionic I|qU|_d has no

Tetrachloro Complex. The UV—vis absorption spectra ;lgnlﬂcant m_fluence on the maxima of the absorption bands
of the urany! ion in the presence of chloride ions (1:5 uranyl- N the UV—vis absorption spectrum of [UQL,]?". There is
to-chloride ratio) in the ionic liquids [@nim][Tf.N] and [G- ~ 900d agreement between the absorption maximaJmid]-
mpyr][Tf,N] are shown in Figure 2. The spectra of the two 112Nl and [C:mpyr][TfN], which in turn correspond well
ionic liquid solutions exhibit the same remarkable vibrational t© the positions of the absorption peaks in acetonitrile. On
fine structure, which is typical for the [UGI42~ species the other'hand,' the cation of the_lgnlc liquid has an'mfluence
with Da, coordination symmetr§&% Thus, the uranyl tet-  O" the intensity of' the tran5|t|ons. The transmqns of
rachloro complex is formed in the ionic liquids 4@im]- [UO:Cly* have a sllghtl_y higher abs_orbance valu_e in-[C
[Tf.N] and [Cmpyr][TfN] when a mixture of UG(CIOs).* mpyr][sz_l\_l] than in [Cmim][Tf.N], Wlth the ex_ceptlon of
xH;0 and an excess of tetrabutylammonium chloride is the transitions at 20 312 and 21 021°cri [Camim][Tf2N]

dissolved in these solvents. The nature of these ionic liquids and 20 321 and 21 039 cthin [Campyr][Tf2N]. Thesg two
transitions have a comparable absorbance value in the two

\
WA

e (L mo

(64) Galler-Walrand, C.; Colen, WChem. Phys. Lett.982 93, 82—85. ionic liquids. Sornein et al. also noticed that the absorbance

(65) SE)Zerllnligg,4 IZ.ZG.; Snellgrove, T. R.; Woodwark, D.NBol. Phys.1976 values of the transitions of [UCI,]%>" are a little larger in

(66) Galler-Walrand, C.; De Jaegere, S. Chim. Phys1973 2, 360-  [MEBUNI[TTN] than in [Cmim][Tf2N], except for the peaks
366. at 21 008 and 20 325 crh'” Ryan explained the intensity
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Figure 4. UV —vis absorption spectra of [UfNOz)3]~ in [Csmim][Tf2N]
and [CGmpyr][Tf,N] at room temperature, where [U8]/[NO3 it = 1:4.
The uranyl concentrations are>6 1072 mol L=1 in [C;mim][Tf,N] and
1072 mol L7t in [Cqmpyr][Tf,N].

wavenumber (cm™)

Figure 3. Emission spectrum of [UECl4)2~ in [Campyr][Tf2N] at room
temperature. The uranyl concentration is/@nol L~1. The excitation
wavelength is 418.5 nm.

of these two peaks at the low-energy end (longer wavelength wavelength (nm)

end) of the spectrum of [U§Z1,]?~ with respect to the other 350 400 450 500 550
transitions to hydrogen bonding of the uranyl tetrachloro ' ' ' S —
complex to a hydrogen donéf.Therefore, Sornein et al. 0.8

could assign the intensity enhancement at 21 008 and 20 325
cm from [MeBwN][Tf,N] to [Csmim][Tf.N] to the ability

of the imidazolium cations to form €H---Cl hydrogen & %87
bondst’ Similar conclusions were made by Deetlefs ef®al. 8
On the basis of these investigations, we attribute the intensity &  , |
behavior of the transitions at 20 312 and 21 021 tm [C;- %

mim][Tf,N] to hydrogen bonding of the [UZ1,]>~ complex
with the imidazolium cation of the ionic liquid. The 0.2+
photoluminescence spectrum of [W@,]?~ in [Cimpyr]-

[Tf2N] shows the typical splitting of the emission bands, 00
which was also observed for [L&O|4]2_ in acetonitrile and '30000 ' 23600 ' 26600 ' 24600 ' 22(')00 | 20600 l 18000
acetone (Figure 350 Furthermore, the emission maxima wavenumber (cm™)

in [Campyr][TfN] Corr?Spond well to the maxima in the Figure 5. UV—vis absorption spectrum of [UfNOz)s]~ in [Csmim]-
spectrum of [UGCI4]? in these nonaqueous solvents. The [Tf,N] at room temperature by dissolving W@ HNOg/[Csmim][Tf,N].
ground-state frequency of the symmetric stretching vibration The initial uranyl concentration was  10°2 mol L™,

vs is approximately 825 cnt. This value is in good ot exactly know the uranyl concentration in the ionic liquid
agreement with the frequency of i.e., 832 cm, obtained  after the equilibrium has been established. This is not a major
from the FT Raman spectrum of [UOIJ*" in a 40:60  proplem since we are mainly interested in the qualitative
AICIz-[Comim][Cl] chloroaluminate ionic liquid? features of the absorption spectra. In the ionic liquids, the
Trinitato Complex. The UV—vis absorption spectra of  apsorption coefficient of the uranyl ion in the presence of
solutions prepared by dissolving WYDIOs)6H0 and  pitrate ions is of the same order of magnitude as in
tetrabutylammonium nitrate (uranyl-to-nitrate ratio 1:4) acetonitrile. The UV-vis absorption spectra of WNO3),*
in the ionic liquids [Gmim][Tf-N] and [CGmpyr][Tf-N] are  gH,0 with nitrate ions added in [@im][Tf,N] and [C:-
shown in Figure 4. The more pronounced increase of the mpyr][Tf2N] as well as the spectrum of WGn HNOg/
baseline in the absorption spectrum ofui@yr][Tf2N] is [C4mim][TfN] display four very intense, sharp peaks
possibly caused by the presence of colloidal particles in the petween 21 000 and 24 000 cinThis observation is a first
solution, which are not visible by the naked eye. The jndication of the formation of [UGINO3)3]~ in the ionic
absorption spectrum shown in Figure 5 is that of a solution |iquids. Dieke and Duncan were the first to discover these

obtained by dissolving uranium(Vl) oxide (UPwith  sharp peaks in the spectrum of Csj0)s. In earlier

TheY axis is expressed in absorbance values because we d@vere called thémagnetic series’3® Although two different
(67) Ryan, 3. LI Chem 1963 2. 345358 synthesis methods were used for the preparation of the uranyl
yan, J. LInorg. Chem. , . . L . .
(68) Hopkins, T. A.; Berg, J. M.. Costa, D. A.. Smith, W. H.. Dewey, H.  Nitrate complexes, the trinitrato complex is formed in both
J. Inorg. Chem2001, 40, 1820-1825. cases.
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Additional evidence for formation of the trinitrate complex
originates from the corresponding magnetic circular dichro-
ism (MCD) spectr&?’°The MCD technique is based on the
Zeeman effect. The differential absorption of left and right
circularly polarized light of a sample in a longitudinal
magnetic field is measured. In a longitudinal magnetic field,
the magnetic field lines are parallel to the light beam. An
MCD spectrum is often described as the superposition of
so-calledA, B, andC terms’* The A term has the shape of
the first derivative of an absorption curve. Akterm is
positive if left circularly polarized light is absorbed to the
upper Zeeman componefitThis implicates that a positive
Aterm has its positive lobe at the high wavenumber side. A
negativeA term has its positive lobe at the low wavenumber
side. MCD spectroscopy is a spectroscopic technique that
gives complementary information to absorption spe€ira.
Very intense negativé\ terms are typical for the MCD
spectra of the [UGINOs)3]~ complex’®’4The MCD spectra
of both UGQ(NO3),-6H,0 with added nitrate ions in yhim]-
[TfoN] and UG in HNO4/[Csmim][Tf,N] yield the expected
very intense negativé terms (Figure 6). The photolumi-
nescence spectrum of [UMIOz)s]~ in [Cympyr][Tf2N]
shows the typical vibrational fine structure of the uranyl
trinitrato complex (Figure 7). Three sharp and intense peaks
are observed between 19 000 and 22 000%cihhe ground
state value ofisis approximately 867 cnt, which resembles
the value in acetonitrile (872 crf).”™

Triacetato Complex. The absorption spectra of solutions
prepared by dissolving UfLCH;COO)-2H,0 and tetrabu-
tylammonium acetate (uranyl-to-acetate ratidl:4) in the
ionic liquid [Csmim][Tf,N] have an appearance similar to
that of the trinitrato complex (Figure 8). This supports the
hypothesis that the triacetato complex [4OH;COOQ)]~
is formed in the ionic liquid solution. Indeed, the presence
of very sharp, intense peaks in the bVis absorption spectra
are typical for uranyl complexes witBz, symmetry?©

18-Crown-6 Complex. A remarkable vibrational fine
structure in the UV-vis absorption spectra can also be
observed when the uranyl ion forms an inclusion complex
with a crown ethef>76 This fine structure is not present in
the absorption spectra of outer-sphere complexes of uranyl
with crown ethers. The U¥vis absorption spectrum of the
uranyl ion in the presence of the crown ether 18-crown-6 in
[Camim][Tf,N] and [Cmpyr][Tf.N] is shown in Figure 9.
From comparison with the U¥vis absorption spectrum in

(69) Brint, P.; McCaffery, A. JMol. Phys.1973 25, 311-322.

(70) Gualler-Walrand, C.; Colen, WInorg. Chim. Actal984 84, 183—
188.

(71) Piepho, S. B.; Schatz, P. Ii&roup Theory in Spectroscopy: With
Applications to Magnetic Circular DichroismWiley: New York,
1983.

(72) Galler-Walrand, C.; Fluyt-Adriaens, L]. Less-Common Met985
112 175-191.

(73) Binnemans, K.; Giler-Walrand, C.J. Rare Earthsl998 16, 204—
210.

(74) Servaes, K.; Hennig, C.; Billard, |.; Gaillard, C.; K.; Binnemans, K.;
Gorller-Walrand, C.; Van Deun, Reur. J. Inorg. Chem2007, 5120-
5126.

(75) De Houwer, S.; Servaes, K.; @er-Walrand, CPhys. Chem. Chem.
Phys.2003 5, 1164-1168.

(76) Servaes, K.; De Houwer, S.;'@er-Walrand, C.; Binnemans, Khys.
Chem. Chem. Phy2004 6, 2946-2950.

Figure 6. UV —vis absorption (black line) and MCD (red line) spectra of
[UO2(NO3)3] ~ in [Camim][Tf2N] (upper graph) and Ug&in HNOs/[Csmim]-
[Tf2N] (lower graph) at room temperature. The uranyl concentration<s 5
102 mol L7,

wavelength (nm)
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1 1 1 1

intensity (a.u.)

T T
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Figure 7. Emission spectrum of [US@NOs)3] ~ in [Campyr][Tf2N] at room
temperature. The concentrations are Q= 10-2mol L=1 (UOx(NOg),*
6H20) and [NQ~] = 2 x 10-2mol L~! (total metal-to-ligand ratie= 1:4).
The excitation wavelength is 438.2 nm.

T
22000 20000

acetonitrile’® it is obvious that the spectra in the ionic liquids
[Camim][Tf,N] and [Cmpyr][Tf.N] exhibit spectral features
which are characteristic for inclusion of the uranyl ion in
the crown ether ring. Thus, the uranyl ion is extracted from
an aqueous phase into the ionic liquid as the inclusion
complex [UQ(18-crown-6)F". The cavity of 18-crown-6
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Figure 10. UV—vis absorption spectrum of [UQL8-crown-6)f" with
Figure 8. UV—vis absorption spectrum of [UfICHsCOOY]~ in [Cs- an excess of chloride and bromide ions at room temperature. The ionic
mim][TfoN] at room temperature. The uranyl concentration is 502 liquids used are [@nim][CI], [Cemim][Br], and [Csmim][Tf,N]. Notice
mol L=1. The metal-to-ligand ratio is 1:4. the difference in absorbance values for the bromide systeami§ at right-
hand side).
wavelength (nm)
20 350 400 450 500 550 Ligand Competition Experiments. When UQCI, is
—— [C,mim][Tf,N] dissolved in [Gmim][Cl] in the presence of the crown ether
----- [C,mpyr][Tf,N] 18-crown-6, the absorption spectrum of the R@OD]%~
species and not that of the [JQ@8-crown-6)}* is observed
157 (Figure 10). This indicates that 18-crown-6 cannot form an
e inclusion complex with uranyl when chloride ions are
> present. The effect of addition of bromide ions to the fJO
g 101 (18-crown-6)}" complex in ionic liquids was investigated
< as well. UQBr, was dissolved in [gim][Br] together with
the crown ether 18-crown-6. The corresponding -tiNs
*7 absorption spectrum, displayed in Figure 10, coincides with
neither the spectrum of [UQL8-crown-6)f" nor the spec-
i trum of [UO,Br4)%>"."" Instead, a broad, intense band without
0 . . - . . . : . "
30000 28000 26000 24000 22000 20000 18000 any flne str_ucture is observed. In adqmon, the chargg-transfer
4 band is shifted toward lower energies. However, literature
wavenumber (cm™) .
_ _ _ _ data reveal that such a broad structureless band can be attrib-
Figure 9. UV—vis absorption spectra of [UL8-crown-6)F" in [Ce- uted to the hydrolysis products of the uranyl ion. The uranyl
mim][Tf2N] and [Cympyr][Tf,N] at room temperature. The uranyl concen- . . . . .
trations are 5< 10-2 and 102 mol L~ in [Camim][Tf,N] and [Cmpyr]- ion is prone to hydroly5|s in solutions w!th a pH \{alae
[Tf2N], respectively. The metal-to-ligand ratio is 1:2. 2.578 With increasing pH, uranyl hydrolysis results in poly-

nuclear species with the general formula [QUQOH),]2™™".
(2.6-3.2 A) matches well with the ion diameter of the uranyl Two of the most predominant complexes are the dimer
ion, 2.8 A. The cationic and anionic parts of the ionic liquid [(UO,)5(OH),)?" and trimer [(UQ)s(OH)s] *. When a certain
seem to have little influence on the positions of the absorption amount of water is present in the ionic liquid, these water
maxima of the [UQ(18-crown-6)}" complex. Just like in molecules can coordinate to the uranyl ion. This coordination
the case of the uranyl tetrachloro complex, the absorbanceto the uranyl ion results in a higher acidity of the protons of
values of the uranyl crown ether complex are higher for the water. The deprotonation of the coordinated water molecules
complex dissolved in [@npyr][TfoN] compared to the  atthe pH conditions in the ionic liquid leads to the formation
complex dissolved in [@nim][Tf2N]. The vibrational fine of hydrolysis products and the corresponding structureless
structure in the spectrum of [UL8-crown-6)f" can be band in the UV~vis absorption spectrum.
explained in terms of B34 (D3) coordination symmetry. The Partial evidence for the presence of multinuclear hydrolysis
special features between 26 000 and 29 000*cran only products was obtained from the structure of crystals formed
be attributed to the transitiolly — Z5". This transition, from an agueous solution of §@im][Br], UO,Br, and 18-
arising from theoy,t¢, configuration, is typical for aDs crown-6. The molecular structure and crystal packing of
coordination symmetry. The luminescence of the pU®@- [(UO2)2(u2-OH)z(H20)6] [UO2Br4)(18-crown-6) are shown
crown-6)Ft complex could not be measured insf@pyr]- - .
[Tf,N] due to the intense background fluorescence of the (/7) Saller-Walrand, C.; De Jaegere, 3. Chim. Phys1973 2, 360~

366.
ionic liquid. (78) Meinrath, G.J. Radioanal. Nucl. Chenl997 224, 119-126.
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Figure 13. Part of the crystal structure of {@im],[UO2Br,], showing
the [UO:Br4]2~ anion with weak hydrogen bonding to two surrounding-[C

) mim]* cations.
Figure 11. Part of the crystal structure of [(Uf(u2-OH)2(H20)s][UO -

Bry](18-crown-6), showing the [(UQ)z(uz-OH)x(H20)e]?" cation sur-
rounded by four 18-crown-6 moieties, attached by strong hydrogen bonding.

Figure 14. Packing diagram of the crystal structure ofgf@m][UO2-
Br,], viewed along thea axis.

Upon addition of hydrogen bromide, hydrolysis of the
uranyl ion is repelled and the [UBr4]?>~ complex is formed.
Figure 12. Packing diagram of the crystal structure of [(WJ§uz-OH)- This is evident from the crystal structure ofgf@im],[UO2-
(HO)[UOBral(18-crown-6). Hydrogen atoms have been omitted for g} shown in Figures 13 and 14. These crystals were grown
clarity. .
Y from an aqueous solution of @im][Br], UO.Br, and 18-

in Figures 11 and 12. The hydrolysis product consists of two Crown-6 at pH= 2.5. The first coordination sphere of the
urany! units, bridged by two hydroxide groups. The uranyl uranyl ion in [Gmim],[UO:Br,] consists of four bromide
ions have completed their coordination sphere with water 10nS, which confirms again the preference of the uranyl ion
molecules, thereby achieving an equatorial coordination num-{© coordinate to small inorganic ligands (NOS . Br)

ber of five. Strong hydrogen bonding is found for all coordi- "ather than to oxacrown ethers. Each [B0]*" unit is
nated water molecules and hydroxide groups. Besides thesurrounded by two imidazolium cations of the ionic liquid,
hydrolysis product of the uranyl ion, the [UBr,]2~ species which is consistent with the results of molecular dynamics
is present in the crystal structure as well. However, the typical fs'm.UI‘?tmns.Of th.e c'oor.d ina t'?gn environment of [w“]zi
spectrum of the [UGBr,]?~ species was not detected by " imidazolium ionic liquidst® Weak hydrogen-bonding
UV—vis absorption spectroscopy due to the high molar interactions are found between the bromide ions and the

absorptivity of the hydrolysis product [(UD(u-OH), gcidic hydrogen atoms of the imidazoligm cations. A

(H,0)J2*. From this crystal structure determination it is literature example of a crystal structure similar to that of
. . . ) 79

obvious that the uranyl ion prefers coordination to bromide [Cemim],[UOBrd] is that of [Gmim]{UO.Cld].

ions rather than to the crown ether 18-crown-6. The [{)3O -

(HZ'OH)Z(HZO)G]2+ cations are surrounded by four 18- (79) Deetlefs, M.; Hitchcock, P. B.; Hussey, C. L.; Mohammed, T. J.;

Seddon, K. R.; van den Berg, J.-A.; Zora, J.ACS Symp. Se2005
crown-6 molecules. 901, 47—67.
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Conclusion Although the symmetry of uranyl complexes can be deter-

In this paper, we applied the method of speciation of uranyl mined on the basis of the characteristic absorption spectra,

complexes by optical spectroscopy to uranyl complexes opticql spectroscopy does- not aIIov_v dgtermination of the
dissolved in the ionic liquids 1-butyl-3-methylimidazolium coordination number and interatomic distances. However,

bis(trifluoromethylsulfonyl)imide and 1-butyl-1-methylpyr- t_h|s |nform.at|on can be obtained by EXA'.:S' The combina-
rolidinium bis(trifluoromethylsulfonyl)imide. It was shown tion of optlcql spectroscopy and EXAFS.ls a pqwe_rful tool
that the spectra of tetrachloro, trinitrato, triacetato, and 18- for th? speciation of urany| co mplexe; n the !quld state,
crown-6 complexes in these ionic liquids are very similar to including uranyl complexes dissolved in ionic liquids.

the spectra of these complexes in the nonaqueous solvents Acknowledgment. K.S. is a research assistant of the Fund
acetone and acetonitrile. Both the cation and the weakly for Scientific Research, Flanders (Belgium) (FWO-Vlaan-
coordinating anion bis(trifluoromethylsulfonyl)imide have deren), and R.V.D. is a postdoctoral fellow of the K.U.
only a minor influence on the spectra of the uranyl | eyven Research Fund. This project was financed by the
complexes, and it can therefore be assumed that the ionicewo-viaanderen (project G.0508.07) and K. U. Leuven
liquid matrix only marginally disturbs the geometry and (project GOA 03/03 and IDO/05/005). R.V.D. acknowledges
symmetry of the uranyl complexes. In wet ionic liquids, the the financial support from the FWO-Vlaanderen (“Krediet
absorption spectrum of the hydrated uranyl ion (*free” uranyl aan Navorsers” project 1.5.099.06). The authors thank Merck

ion) is observed. This indicates that the Uranyl ion is (Darmstadt, Germany) for a generous g|ft of a batch of the
surrounded by a shell of water molecules. 18-Crown-6 forms ionic ||qu|d N_buty'_N_methy|pyrro”dinium bis(triﬂuoro_

inclusion complexgs vyith the ur.anyl ion in ionic quuidg vyith methylsulfonyl)imide.

the weakly coordinating bis(trifluoromethylsulfonyl)imide _ _ _ _

anion, but it cannot compete with chloride or bromide ions ~ Supporting Information Available: ~ CIF files of the crystal

for coordination to the uranyl ion: once appreciable amounts structures. This material is available free of charge via the Internet
of chloride or bromide ions are present in the ionic liquid, 2t NttP://pubs.acs.org.

the crown ether is removed from the first coordination sphere. IC701752J

11344 Inorganic Chemistry, Vol. 46, No. 26, 2007





