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The aim of this work is to characterize the complexation ability of F~, BF,~, PFs~, and Tf,N~ toward uranyl ions
in aqueous solution. These anions were chosen as they represent the anionic part of the most studied room-
temperature ionic liquids. Time-resolved emission spectroscopy and X-ray absorption spectroscopy were used to
retrieve structural data on the complexes formed. The results obtained were compared with computational data.
Tf,N~ does not complex uranyl, even at high concentration. Other fluorinated acids form inner-sphere complexes
with U(VI), in a monodentate fashion in the case of BF,~ and PFs™.

SO,):N~ (further noted as BN7), and F, the latter being
Actinides and lanthanides partitioning is achieved through Produced by decomposition of PHn the presence of water.
processes based on solvent extraction from aqueous solutiondVevertheless, few basic data are available on their complex-
Although the nature of the organic phase differs from a N9 abilities, in particular toward actinides and lanthanides,
process to another (for instance TBP/kerosene in PUREX and the structure of the complexes possibly formed is unclear.

or TBP + CMPO/dodecane in TRUEX), they all have in To better ur_1derstand this point by use of c_omparisons,
common the use of organic solvents emitting volatile organic We have carried out a study on the interaction between
compounds (VOCs), which represent important health and uranium(VI) (chosen as representative of actinides) and the
environmental issues. Moreover, extractant/solvent miscibil- HF, HBF:, HPFs, and HTEN acids in water. Solutions were
ity problems or third-phase formation encountered during Made at very low pH, to avoid the competing effect of the
the liquid-liquid extractions impel finding better systems. hydrolysis of uranyl. We have coupled experimental tech-
In this context, the use of room-temperature ionic liquids Niques (TRES, EXAFS), which are known to be powerful
(RTILS) seems very promising3 However, the original tools and computational studies, to determine the local
nature of RTILs makes necessary an improved understandingstructure of uranyl complexés’

of the fundamental aspects of solvation and complexation ) . .
of metallic ions in these media. For instance, it is expected 2. Experimental Details and Data Analysis

that the anionic part of RTILs plays a major role in the  2.1. ChemicalsAll solutions were prepared with ultrapure water
solvation and complexation of cationic species. The most (Milli-Q plus, Millipore). All other reagents, of the best available
common anions composing RTILs are BFPFR~, (Cks- quality, were used as received: HGIQ(7r0% in HO, Aldrich);
H(CRSO,)2N (Aldrich); HPF; (60% in HO, Aldrich) declared to
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Uranyl Complexation in Fluorinated Acids

Table 1. EXAFS Structural Parameters of the Studied Complex

sample U(VI) speciation shell N R(A) 02 (A2 AEo (eV) r factor
A (0.01 M UG2"/1 M HCIOy) 100% UQ? aq U—0Oax 2.0 1.76 0.0018 —6.8 0.025
U—0O¢q 5.2 2.41 0.0066
B (0.01 M UG2"/3 M HTf,N) 100% UQ2+aq U—0Oaux 2.0 1.76 0.0028 —6.8 0.012
U—0O¢q 4.4 2.41 0.0073
C (0.01 M UG?t/0.018 M NaF/1 M HCIQ 50% UOzHaq 1 eg-shell
50% UQF" U—0Oxx 2.0 1.77 0.0026 —6.4 0.015
U—0O¢q 3.2 2.42 0.0077
2 eg-shell
U—0Oax 2.0 1.77 0.0028
U-F 0.3 2.24 0.0048 7.4 0.008
U—0O¢q 4.2 2.42 0.0087
D (0.01 M UG2/1 M HBFy) 1 eg-shell
U—0Oxx 2.0 1.77 0.0025 —-6.3 0.014
U—0O¢q 4.5 2.41 0.0144
2 eg-shell
U—0Oxx 2.0 1.77 0.0029
U-F 1.0 2.24 0.0068 7.1 0.009
U—0¢q 4.6 2.44 0.0075

aN is the coordination numbeR the distanceg? the Debye-Waller factor,AE, the threshold energy shift, amdactor the fit residual® Fixed variable.
°Neg + No =5, R+ 0.02 A, andN + 20%.

amount of decomposed Hs not provided by the manufacturer;  within the time required for the experiments, for any series of

NaF (Prolabo). Uranium(VI) was introduced as 40O,),*7H,O concern. All experiments were performedTat 298 + 1 K.

(homemade synthesized; for synthesis and purity see ref 8). Elaborate data analysis was performed both on lifetime and
2.2. Time-Resolved Emission Spectroscopy (TRESfor all emission data. When two exponentials are present, a biexponential

the solutions examined by TRES, the uranyl concentration wals 10 analysis of all the decay spectra recorded in the range-880

M. The chemical conditions were the following: nm allows on to obtain the individual emission spectra of the two
(i) [HCIO4] = 1 M; (ii) HTf,N series, 103 M < [HTf,N] < 1 luminescent species present in solution, associated with lifetimes

M, [HCIO4] = 1 M for [HTf,N] < 102 M, and [HCIQ] = 0 M 7; andt,. By comparison with the raw emission spectrum of the

for [HTf,N] > 102 M; (iii) HF/NaF series, 3.33x 105 M < sample, the individual relative intensities of both luminescent

[NaF] < 103 M and [HCIOy] = 1 M; (iv) HBF, series, 5x 1075 species can be calculated. Such a data analysis (individual spectra
M < [HBF,] = 1 M and [HCIQ] = 1.06 M; (v) HPR series, 10° and associated intensities) will be called a decomposition in the
M < [HPFg < 102 M and [HCIO;] = 1 M. following. In addition, chemometriéswas used to analyze the

All TRES experiments were performed with an excitation €MiSSion spectra, to derive the number of luminescent species
wavelength of 266 nm (Nd:YAG laser, 10 Hz, 6 ns pulse duration). present in the solution and their assc_;cue_\ted individual emission
The laser intensity is monitored with a powermeter (Scientech). SPectra. The program used for the principal component analysis
The luminescence intensity as a function of time after excitation is (PCA) is based on that written by Pochon and co-workévehich
selected via a monochromator and directed to a photomultiplier, @S Peen adapted to the emission spectra of this work {S@fes).
connected to a fast oscilloscope. The laser setup is not corrected 2.3. EXAFS. 2.3.1. Sample PreparationA description of the

for light collection efficiency in the wavelength range investigated. Samples analyzed is given in Table 1, as well as the corresponding

The experimental data are either decay spectra, acquired at a (V1) SPeciation in solution when it is known. The uranium(V1)

given wavelength, or emission spectra. For lifetime determinations, concentration was 0.01 M for all samples.
the decay spectra were recorded at a wavelength corresponding to Attempts were made to characterize the&Qomplex formed
the maximum of the emission spectra, either 488 or 494 nm, in HPF solution (X). However, due to the low complexation
depending on the main species in solution (see below). The constant, the uranyl concentration required to get only 35%0f X
uncertainty on the lifetime values is on the order-68%. By in a 3.2 M HPF solution was too small (& 10 M) to get a
integration of all counts acquired at a given wavelength, the raw reasonable signal.
luminescence intensity is obtained at this wavelength. These data, 2.3.2. Data Analysis.For the experiments, the samples were
plotted as a function of the emission wavelength (in the range-480 sealed in polyethylene containers. EXAFS experiments were carried
580 nm), correspond to the raw emission spectrum of the sample.out on the Rossendorf Beamline (ROBL) at the European Syn-
The precision of the monochromator is equaiti0.25 nm and the chrotron Radiation Facility (ESRF). This beamline uses a Si(111)
resolution is of the order of-0.3 nm, but the emission spectra double crystal monochromator and two Pt mirrors for rejection of
were recorded with 1 nm steps. Depending on the amount of light higher harmonics. The uranium,Ledge spectra were recorded at
emitted by the sample, either two or three maxima in the emission room temperature in transmission mode using argon flushed
spectra could be resolved with confidence and are thus indicated.ionization chambers. The monochromator energy was calibrated
The luminescence ratio of two samplesis obtained by integrating  against the first inflection point of the K-edge of Y metal (17038
the light collected in the whole emission range for each sample eV).
and normalizing the ratio value to the laser intensity. Repeated
measurements (lifetimes and emission spectra) of some samples (8) Bouby, M. Thesis, University L. Pasteur, Strasbourg, France, 1998
of the highest concentrations (HP&nd HBF, series) proved that (in French).
the solutions were not altered by laser irradiation but an effect was (9) Malinowski, E. R.Factor analysis in chemistry2nd ed.; Wiley

. . Interscience: New York, 1991.
observed for the NaF series (see below). No effect of the possible 1) pochon, P.: Moisy, P.; Donnet, L.: de Brauer, C.; Blan@H§:s. Chem.
F~/HF concentration was observed onto the quartz cuvette walls Chem. Phys200Q 2, 3813.
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Data were analyzed using the EXAFS98 céHagccording to

Gaillard et al.
HCIO,4 (1 M), both the uranyl lifetimed = 8.25us) and the

standard procedures. Fourier transform to real space was made usingmission maximum wavelengths (487, 509, and 533 nm) are

k3 weighting between 2.4 and 13.5 & except for samplé (2.4—

in good agreement with the values determined in an

12.4 A1), The phase and amplitude functions used to fit each set intercomparison experiment for YO under the same

of data were calculated by FEFF& from the crystal structure of
urany! perchloraté UO,(CIOg),*7H,0 and uranyl difluoride Ug,.14
Fits were performed using Round Midnight cddéitting proce-
dure were carried out irky(k) for the filtered back-transform

chemical conditiong?
3.1.2. HTEN. HTEN is a strong acid and thus the effective
concentration of TN~ in the solution equals that of the acid

EXAFS oscillations between 0.6 and 2.80 A. The amplitude iNtroduced so that we will refer to [#] in the following.

reduction factors? was fixed to 1.0 for all fits. The shift in the
threshold energyAE,, was allowed to vary as a global parameter

Whatever [T§N7], the decay spectra could be satisfactorily
fitted with a monoexponential function, but the lifetime value

for all atoms in each of the fits. Goodness of the fit was evaluated depends on the solution composition. For,Nf] = 1 M,

by ther factor.
2.4. Computational Details. All calculations have been per-

the lifetime is equal to 3.zs. By contrast, the values of the
maximum of the emission spectra are constant (see Table

formed with the energy-consistent relativistic effective core poten- 2). The change in the lifetime as a function of JNf],

tials (RECPs) suggested by the Stuttgart gréupor the uranium
atom, the core consists of the-14s, 2p-4p, 3d and 4d, and 4f

atomic orbitals, and the basis set is [12s11p10d8f]/(8s7p6d4f). For
boron, oxygen, and fluorine atoms, the 1s orbital is in the core,

and the basis set is [4s4p]/(2s2p) for boron and is [4s5p2d]/(2s3p2d)
for oxygen and fluorine. For the phosphorus atom, 1s and 2s orbitals

together with the absence of changes in the emission spectra,
indicates that the TN~ anion does not complex uranyl, even
for [TfoNT] = 1 M, so that the luminescent species detected
in the solutions is U& ", This is in agreement with the
poor complexing abilities of the Ff~ anion in solution.

are in the core and the basis set is [4s4p]/(2s2p). No g functions T D€ lifetime variations as a function of [N"] are ascribed
have been added on the uranium atom because they have only 40 long-range interactions. Such a phenomenon has already
very small influence on bond lengths in closed-shell systems. Basisbeen observed in the case of GiQand a detailed study

sets are of doublé-quality for boron and phosphorus that are
positively charged and of tripl&éplus polarization for oxygen and

has been performed on this subjé&ce® Therefore, to fix
the ionic strength of uranyl aqueous solutions, even up to

fluorine that are electronegative and directly involved in the high values, without complexation of the uranyl moiety,

intermolecular interactions.

HTf,N/NaTfN can be safely used in replacement of HZIO

progranm® at the DFT level using the hybrid functional B3LYP°

To describe solvation, we used the polarizable continuum model

using the polarizable conductor calculation model CPCiith

parameters for water. All geometry optimizations have been done
without symmetry constraints. Scalar relativistic effects are taken

into account by the ECPs, but we have neglected-spihit effects.

favorable in most cases.

3.1.3. NaF with HCIO,. Although NaF is fully dissociated
in solution, the effective Fconcentration may not be equal
to that of NaF introduced, owing to the presence of HF, a
weak acid. Therefore, we will refer to k. in the following.

The latter are in general not important for the ground state of closed- FOr [F ]t = 5 x 104 _M, the _single “fetir_ne_ observed is
shell systems and of minor importance for the structure of actinide equal tor = 8.4 us, while the first two emission peaks are

complexes with an open f-shéH.

3. Results and Discussion

3.1. Time-Resolved Emission Spectroscopy. 3.1.1.
HCIO 4 Alone. For the sample solely containing uranyl and

(11) Michalowicz, A.J. Phys. IV C21997, 7, 235.

(12) Ankudinov, A.; Rehr, JPhys. Re. B 2000 62, 2437.
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(14) Zachariasen, WActa Crystallogr.1948 1, 265.
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Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzales, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replonge,
E. S.; Pople, J. AGaussian 98revison A.9; Gaussian Inc.: Pittsburgh,
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(17) Becke, A. D.Phys. Re. A 1988 38, 3098.
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located at 488 and 509 nm. According to a recent intercom-
parison test? the lifetime and emission wavelength values
observed in this work for [Hi: < 5 x 104 M correspond
to free UQ?*,qin 1 M HCIO, and cannot be ascribed to
any uranyl fluoro complex. The absence of complexation in
this case is certainly due to the very high acidity of the
solution, which limits the presence of Fowing to the strong
association of HF.

Above [Flit = 5 x 104 M, a biexponential decay is
obtained, and an effect of irradiation is observed, with the

(21) Vallet, V.; Maron, L.; Schimmelpfennig, B.; Leininger, T.; Teichtell,
C.; Gropen, O.; Grenthe, I.; Wahlgren, U. Phys. Chem. A999
103 9285.
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V.; Fanghael, T.; Geipel, G.; Hubert, S.; Kim, J. I.; Kimura, T.;
Klenze, R.; Kronenberg, A.; Kumke, M.; Lagarde, G.; Lamarque, G.;
Lis, S.; Madic, C.; Meinrath, G.; Moulin, C.; Nagaishi, R.; Parker,
D.; Plancque, G.; Scherbaum, F.; Simoni, E.; Sinkov, S.; Viallesou-
branne, CAppl. Spectrosc2003 57, 1027.

(23) Billard, I.; Rustenholtz, A.; Seon, L.; Litzenkirchen, KChem. Phys.
2001, 270, 345.

(24) Bouby, M.; Billard, I.; Bonnenfant, A.; Klein, @hem. Phys1999
240, 353.

(25) Rustenholtz, A.; Billard, I.; Duptee, G.; Litzenkirchen, K.; Saon,
L. Radiochim. Acte2001, 89, 83.

(26) Semon, L.; Boehme, C.; Billard, I.; Hennig, C.; tzenkirchen, K;
Reich, T.; Rossberg, A.; Rossini, I.; Wipff, @hem. Phys. Chem.
2001, 2, 101.
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Table 2. Spectroscopic Characteristics (Lifetime and Maximum Emission

Wavelengths) of the Various Species Observed in Phis Work

system species

emission peaks (nm)

lifetips) ( Kapp(M~2) ref

UO2*/HCIO, UO2* o

487.94+ 0.8
509.8+ 0.6

7.9+0.7
22

533.6+ 0.6

UO2/NaF(pH= 1.96:1 = 1.25x 102 M) UOF+

494+ 1
515.5+ 0.8

4.3+£0.2 22

540+ 2

UO2*/NaF U2

488

8.4 this work

509

UOF+
U022+aq

nd
UO2H/HT,N

UO2THBF, UO2" o

487.0£ 0.5
509.1+ 0.2
487.5+ 0.8

58
this work

7.8+ 0.3

509.7£ 0.8

533.1+ 0.6
493.5+ 0.5
515.1+ 0.5

X1

this work

40+ 3 187

539.4+ 0.8

UO*"/HPFs UO2%Toq

488.0+ 0.1
510.1+ 0.6

this work
8.1+ 0.4

533+1

X2

493.44+ 0.7
516.0+£ 0.3

46+ 1

539.5£ 0.5

a See text. Uranyl complexes characterized in HBRd HPFE solutions are

noted respectively Xnd X. Spectroscopic characteristics of ¥ and

UO.F* as determined in ref 22. net not determined? Lifetime depends on the [HZR] value (see text).

two lifetimes increasing steadily with the irradiation duration.
This has hampered any determination of the emission peaks
For a fresh solution, the longest lifetime, as derived from a
single decay, is equal to 5& (relative intensity: 15%). The
valuer, = 58 us derived in this work is close to that ascribed
to UOF' in a previous publicatioff for roughly similar
chemical conditionst = 50 us, ionic strength equal to 1
M, by addition of NaCIQ). The difference with the lifetime
of 4.3 us observed for UgF" in the round-robin test is
ascribed to the large difference in the ionic strerfgth.

Therefore, we conclude that fluoride complexation of
UO,2" cannot be observed in our case forJ < 5 x 104
M and that the fluoride complex observed above this limit
displays a lifetime equal to 58s.

3.1.4. HBFR, and HPF. Similarly, we will refer to [BR ]t
and [Pk ]t (see below). By contrast with the HIN series,
the decay spectra for the HPBnd HBF, series could not
be fitted with a monoexponential function, at any wavelength.
A biexponential function appeared satisfactory but, for the
limiting concentrations ([BF ]t =5 x 10°°M or [BF4 ot
> 0.5 M and [Pk it < 5 x 10°® M), the biexponential
analysis was tedious, owing to the low intensity of one of
the lifetimes. Figure 1 presents the lifetime values obtained
for a biexponential fit of the decay curves, as a function of
[X"]wt @added. The shape of the emission spectra is affected
by the amount of X added, as illustrated in Figures 2 and
3 for the HBR, and HPF series, respectively.

For the HBR series, the two lifetime values are constant
for the whole [BR ]t range investigated, at = 7.8 + 0.3
us andt, = 40 £ 3 us. Decompositions of the emission
spectra were thus performed, leading to two individual
emission spectra, associated witrandz,, which emission
maximum (487.5+ 0.8, 509.7+ 0.8, 533.1+ 0.6 nm for

(27) Fazekas, Z.; Yamamura, T.; Tomiyasu, H.Alloys Compd1998
271/273 756.

60
50
e * > 4

40 1 4 Lo——F
_ ¢ ¢
83,
<

20

10 A ) ~

& < %4 @ V@ VWV
0 : :
1.E-05 1.E-04 1.E-03 1.E-02

[XTeor (M)

Figure 1. Lifetime values {1, 72, us) derived from a biexponential analysis
of the decays: @) 7., HPFs series; ©) 71, HPF; series; #) 7., HBF4 series;
(©) 71, HBF, series. Solid lines are the average values.

2
1.8
1.6
1.4
12

1 |
0.8
0.6 1
0.4 4
0.2 1

0
480

counts(x10°)

520 540 560
A (nm)

Figure 2. Emission spectra as a function of [Bffr: solid line, [BF ot
= 0 M; dots, [BR] 1ot = 1.5 x 1073 M; crosses, [BE Jit = 0.03 M.

500 580

71; 493.5+ 0.5, 515.1+ 0.5, 539.4+ 0.8 nm fort,) are
constant as a function of [BF|t. As an example, Figure 4
displays the total emission spectrum, together with the two
individual spectra obtained by the decomposition procedure
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Figure 3. Emission spectra as a function of [P concentration: solid
line, [PRs ]t = 1074 M; dots, [Pk Jwt = 1073 M; crosses, [PE] ot =
102 M.
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Figure 4. Decomposition of the emission spectrum obtained for [[BF

=2.5x 1073 M: solid line, total emission spectrurt;, individual intensity,

11, associated withr;; O, individual intensity,l,, associated withr.
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Figure 5. Individual intensities,|; and I, as a function of HBF
concentration: symbols, experimental data; solid lines, best fit (see text).
for [BF; ]t = 2.5 x 1072 M. Figure 5 presents the intensities

associated withr; andt, as a function of [BF ]i: added.
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Similarly, for the HPE series, the two lifetimes{ = 8.1
4+ 0.4us andr, = 46 + 1 us) are constant as a function of
[PFs ]t added up to 5¢< 10-3 M. Above this concentration,
the 7, lifetime is equal to 73us, but in this case, a fit with
a triexponential function did not appear convincing. Decom-
positions of the emission spectra were thus performed for
all samples with [PFJit < 5 x 1072 M, to give two
individual emission spectra which maximum emission wave-
lengths are constant as a function of {Flk. Table 2
summarizes the spectroscopic characteristics (emission maxi-
mum and lifetimes) of the species observed in this work,
together with published data for the ease of comparison.
Owing to the presence of an additional lifetime equal to 73
us at high [Pk ]t values, the luminescence ratio was not
determined.

For both series, the red shift observed in the emission
spectra (see Figures 2 and 3) as the][xvalue is increased
is the signature of a complexation process. The complexation
process is further assessed by the existence of a biexponential
decay (see Figure 1). For the HBS$eries, the two lifetimes
71 andt, are constant as a function of the ligand concentra-
tion, implying that a single complexation reaction occurs in
the ground state, with no photochemical equivalent in the
excited staté®2°Furthermore, it implies that the luminescent
complex is the same in the whole range investigated. Similar
conclusions can be derived for the HP¥eries, up to 5x
102 M. The sudden change im; at the highest HPF
concentrations investigated in this study is most probably
due to the appearance of another complexing moieties, which
competes successfully with the one observed belowl® 3
M, or to the formation of a 1:2 complex.

By a comparison of our decomposition results (HBRd
HPF; series; see Table 2) with the values of the round-robin
test performed for U(VI) aqueous solutiofist is clear that,
for both series, the species displaying the shortest lifetime
is UO2",q SO that the lifetimer, can be ascribed to the
complex formed. To tentatively ascribe a chemical formula
to the complexes observed, the speciation should be known.
Though HBFR and HPFE are strong acids, the exact chemical
composition of the solutions is difficult to estimate, due to
the possible decomposition of both BFand Pk~ anions
(to give BRand F, K= 10?330 or PR and F, equilibrium
constant not documented) and the subsequent weak acid
equilibrium of HF (K, = 3.14)3° Due to the low pH value,
mostly driven by the HCIQconcentration (equabtl M for
all samples; see section 2.2), it can be hypothesised that the
[F ]t value is too low for complexation with uranyl. This
assumption is confirmed by comparing the NaF, HBhd
HPF; series: while no complexation is observed for the NaF

The PCA analysis confirms that two independent Species alegeries up to [F]tot =5x104M, Comp|exati0n is a|ready

present in solution. The peaks of the corresponding two

significant for the HBE and HPF series for [X]w: = 5 x

emission spectra are calculated at 488, 510, and 534 nm (first; 04 M. A biexponential decay is clearly observed, with a
species) and 493, 516, and 539 nm (second species). Thespng lifetime displaying a relative intensity equal to ca. 25%

values agree very well with the values obtained from the

decomposition procedure. Finally, the luminescence ratio of (2g) Billard, I.: Litzenkirchen, K Radiochim. Act2003 91, 285.

the complex to UZ" is equal to 5 and is obtained by
dividing the luminescence intensity of the sample containing
[BF47Jtot = 1 M to that with no BR.
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(29) Horrocks, W. deW., Jr.; Arkle, V. K.; Liotta, F. J.; Sudnick, D.R.
Am. Chem. Socd983 105, 3455.

Sillen, L. G.; Martell, A. EStability constants of metal-ion complexes
The Chemical Society: London, 1964.

(30)
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Figure 6. (a) Experimental EXAFS oscillations of sampl&s-D. For clarity, spectra were shifted along the ordinate axis. (b) Corresponding FT moduli
(not phase corrected), shifted along ordinate axis for clarity.

in both cases anda value significantly different from that  the decay spectra, the equilibrium constant can be derived
observed in the NaF series (see Table 2). This shows thatwithout approximation from the plot of the individual
the complexation with Fanions in the HBlrand HPF series intensities as a function of [L], the total ligand concentra-
can be safely ruled out. Considering the values of thg’BF  tion.28 However, in our case, various experimental reasons
BF; equilibrium, raw calculations show that whatever the hamper the determination of the exact equilibrium constant
initial concentration of HX, BEis dominating the speciation. and just anapparentequilibrium constant can be derived:
However, this does not mean that 85 the complexing (i) The total intensities are not corrected for the light
moieties: it is known to be a strong Lewis acid, so that it collection efficiency. (ii) The ionic strength is high and is
should not have any affinity toward metallic cations such as not constant. (iii) The exact concentration of the ligand is
uranyl. Moreover, the complexing affinity of BF toward not known. In addition, for the HRFseries, the exact
uranyl could be larger, owing to its negative charge. luminescence ratio is difficult to estimate as it was not
Furthermore, even very low amounts of uranyl complexes possible to observe the complex displaying= 46 us alone
can be detected by TRES, provided that the luminescencein solution (see section 4). Therefore, only the apparent
quantum yield is large. This property, which is the basis of equilibrium constant was derived from the fit of the
uranium assays by use of the strong complexing agentexperimental HBE-data, assuming that the ligand concentra-
Flurane?! is also known for uranyl-hydrolyzed specieé® tion is equal to the total HBFconcentration. Solid lines in
but is not documented for the ligands of this study. Therefore, Figure 5 represent the best fit to the data, and the value of
although no precise information on the chemical formula of K is reported in Table 2. The variation in the ionic strength
the complexes observed can be obtained by TRES, it can bgabove [BR ]t = 0.01 M) is probably the reason for the
reasonably hypothesised that the complexing moiety is BF  discrepancy observed between the theoretical and the ex-
Interestingly, the average, value for the HBE series ~ perimental curves.
differs significantly from that of the HRFand NaF series 3.2. EXAFS. Figure 6 displays the raw EXAFS spectra
(see Table 2), while the wavelength maxima are very close and the corresponding Fourier transforms for all samples.
for both series and match those obtained for,BOin a The structural parameters obtained are presented in Table
previous publicatio’? By contrast with what is commonly 1, and best fits of the filtered EXAFS oscillations and the
observed, those complexes thus cannot be recognized withcorresponding FT are presented in Figure 7. The FT peaks
the help of their emission spectra nor can their lifetime values are shifted arounad = 0.3—0.5 A to lowerR values as a
be a signature as the lifetime probably depends on the totalresult of the phase shift of the photoelectron wave. Compared
ionic strengt?* The maximum emission wavelengths are to UO2",4(A), slight differences are observed on the EXAFS
related to the vibrations of the complex. It is therefore oscillations between 6 and 9-Afor samplesC andD. The
possible that all three complexes display similar emission axial oxygen atoms (&) are not influenced by the ligands
maximum, as all three ligands are bound to the uranyl as indicated by the identical peak heights in the FT's.
moieties through the F atom. Otherwise a modification of the equatorial shell upon
In both HBF, and HPF series, the emission shift upon complexation is obvious on the Fourier transforms. Indeed,
complexation is equal to ca. 5 nm, which is an ideal case the shape of the peak centeredrat- A = 2 A is strongly
for the determination of the complexation constant by influenced by the complexation with fluorinated ligands. As
TRES? In principle, owing to the biexponential nature of a result the equatorial shell is broadened. Only a very weak
broadening of the FT peak is noticed between sample

(31) Moulin, C.; Beaucaire, C.; Decambox, P.; MauchienARal. Chim. (UO2T,g and sampleB (UOZT/HTI,N).
Acta 199Q 238 291. .

(32) Moulin, C.; Laszak, I.; Moulin, V.; Tondre, @ppl. Spectroscl998 321 UQHBQ and U022+/HTf 2N. Strucmralldata obtained
52, 528. for sampleA agree well with the data previously reported
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(-++) FT moduli, also shifted along the ordinate axis for clarity.

in the literature®® Only a very weak broadening of the FT
peak can be obtained in samBleAttempts to use a fit model
with two equatorial shells for this sample did not lead to a
coherent fit. The weak broadening is related with a small
increase in the DebyeWaller factor, indicating that the
coordination of uranium is nearly identical with the one of
UO?*a¢ There occurs no significant complexation between
the uranyl ion and the TN~ anion.

3.2.2. UGQ?"/NaF. For sampleC, fits were made using
models with one (@) or two (Q,q and F) equatorial shells.
In the latter case, the number of F neighbors was fixed to
the value calculated from the U(VI) speciation in solution,
to avoid correlation problems. Regarding the fit residyal
there is an improvement of the fit by including a fluorine
shell. Moreover, when using exclusively one equatorial shell,
the number of oxygendNp = 3.2 + 0.6) is not consistent
with the average equatorial coordination number of uranyl
of 5, which is typically related with a bond length of 2.42
A. Thus, this model is highly unlikely. A two shells model
comprising one oxygen and one fluorine shell results in a
coherent equatorial coordination numbilg{= 4.7 &+ 0.8),
a U—0 bond length of 2.42 0.02 A and a U-F bond length
of 2.244 0.02 A. This U-F distance is commonly found in
uranyl fluoride solid compound&s®*and was also character-
ized in fluoro complexes of uranium(VI) oxalateTo our
knowledge, only one experimental characterization of the
UO2t/F~ aqueous complexes was made using EXAFS by
Vallet et al¥” They have determined the structure of the 1:3,
1:4, and 1:5 complexes (namely W&KY~, UO,F2-, and
UO,F5%). For the three species,+F bond lengths were
found in the range 2.252.26 A, i.e., similar to the one

(33) Allen, P. G.; Bucher, J. J,; Shuh, D. K.; Edelstein, N. M.; Reich, T.
Inorg. Chem.1997, 36, 4676.

(34) Mak, T.; Yip, W.Inorg. Chim. Actal985 109, 131.

(35) Nguyen, Q.; Chourou, S.; Heckly,dl.Inorg. Nucl. Chem1981, 43,
1835.

(36) Vallet, V.; Moll, H.; Wahigren, U.; Szabo, Z.; Grenthelrorg. Chem.
2003 42, 1982.

(37) Vallet, V.; Wahlgren, U.; Schimmelpfennig, B.; Moll, H.; Szabo, Z.;
Grenthe, l.Inorg. Chem.2001, 40, 3516.
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(a) Fitted ¢--) filtered EXAFS oscillations of samples—D. For clarity, spectra were shifted along the ordinate axis. (b) Corresponding fitted

measured in this work for the 1:1 complex. Vallet et al. did
not measure any dependence of the number of fluoride
ligands on the WU-F bond length. This observation is
confirmed by our study.

3.2.3. UGQ?'/HBF,. Fit results for sampleD are also
displayed in Table 1. HBFdecomposition in water leads to
the formation of potentially two complexing species, ;BF
and BR~ (due to the low pH value, Fare associated as
HF). As explained in section 3.1.4, BEomplexation with
uranyl ions is implausible, even if it constitutes the major
species in solution. We can thus reasonably assume that the
complex X characterized in this study is UBF,".

If the data analysis is performed only with one equatorial
shell of oxygen atoms, the fit result shows an anomalous
large Debye-Waller factor. As a matter of fact, the fit is
improved by including a fluorine shell. For this sample,
contrary toC, the uranyl speciation in solution is not known
(i.e. the ratio X/UO,2"4g), which means that the number of
fluorine atoms in the equatorial shell must be kept as a free
parameter. To that purpose, we have assumed that the total
equatorial numbemNE + No) is equal to 5. The resulNg =
1.0+ 0.2) indicates either a total monodentate complexation
of uranyl as X or a mix between Ug",q and a bidentate
complex. Nevertheless, the boron atom could not be detected
due to its low backscattering amplitude. The-B bond
length is found identical with that in U complex. To
our knowledge, no data are available on the 0J@BF,~
complexes in the literature. In a comparison with the trends
observed for known systems such as uramgrbonate
complexes a bidentate coordination would probably have
increased the UF distance. Similarly, the YF bond length
of U(VI) dimers has been determined to 2-3837 A3°

(38) Denecke, M.; Reich, T.; Bubner, M.; Pompe, S.; Heise, K.; Nitsche,
H.; Allen, P.; Bucher, J.; Edelstein, N.; Shuh, D.Alloys. Compd.
1998 271/273 123.

(39) Walker, S. M.; Halasyamani, P. S.; Allen, S.; O'Hare, JDAm. Chem.
Soc.1999 121, 10513.
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Therefore, the short UF bond length (2.24 A) found for Table 3. Geometrical Characteristics of the Optimized Geometries of
the UQBF,* complex confirms the monodentate coordina- the Complexes [Ug" + 4H,0 + X] with Different Ligands >

tion. geometry Mulliken charges

We can notice that the structural data obtained fosEfO system X U-Ox OUO U-X U-Oqq U U0, X H0
and UQBF,* complexes are identical: same—8 bond 1 H0 1.76 180 2.45 229 1.09 0.18
lengths and for UGBF;* the monodentate coordination 2 F 178 175 213 250 213 083049 0.16
N . ) 2 FH0 178 175 216 250 2.14 0.840.40 0.16
implies a too long U-B distance to allow the detection of 2" F-..H,0+H,0 1.78 177 219 261 2.18 0.920.63 0.14
the boron atoms in the third shell. Thus, like TRES g BF{b‘d 1.766 1766 2é396 2é450 2.22531.0&8.;9 8.18

; : . : : ' BF, bidentate  1.76 176 2.4 40 223 1.H0.64 0.17

experlment_s, EXAFS could not give additional information 3, BF, 175 175 266 248 228 112 009 0.20
to differentiate betweenFand BR~ complexes. 4 PR 1.76 176 2.40 2.45 230 1.16-0.85 0.18

3.3. Computational Studies.The aim of this study is to aU—0Oaand OUO are the internal bond length and angle in the uranyl,

compare different complexes. We have chosen to focus onu—X is the length between the uranium atom and the nearest atom of the

the chemical variations from one system to another as gauged 90uP. and U-Ogis the mean distance between uranium and the nearest
. L atom of the surrounding water molecules. Distances are in A, and angles

by a single method, namely B3LYP geometry optimizations are in deg. Mulliken charges are of the uranium atom, uranyl ion, X group,

of the molecule embedded in polarizable medium. This and (mean value) the water molecules in the optimized geometry.

method has been chosen because it gave excellent results

compared to EXAFS for oxo complexes of neptunittihe

uranyl ion is described with its first solvation sphere, and

the further effect of solvation is taken into account by means

of the polarization model. The interaction between uranyl

and F has been studied already with similar methods. Wang

et al*! have studied the U, complex with n water

molecules using LDA and without any modeling for the

solvent. They found BF = 2.04 Aforn=0, 2.12 A forn

= 3, and 2.31 A fom = 4. It shows the influence of the

number of water molecules in the first coordination sphere Figure 8. Complexe<, 3, and4 (left to right) in their optimized geometry.

on the U-F distance and, in this case, that the coordination

with six molecules in the equatorial plane is possible, even convergence was very low and it did not seem to have any

without continuum modeling the solvent. Vallet et3al.  effect on the U-F distance. Wang et &l.found a complex

studied [UQF3(H20),] ~, [UO2F4(H20)]?", and [UGF:]® in with six molecules in the equatorial plane: we checked this

their different conformations. They used HF with CPCM hypothesis with comple®” formed by2' plus one water

modeling for the solvent. The F distance is 2.24 A in  molecule in the first solvation shell. In the case of uranyl

the first complex, 2.25 A in the second one, and 2.29 A in plus BFR,~ different hypothesis have been tested too. First

the last one. Finally, Infante et &studied the effect of the  was tested the case where BFs linked with two fluorines

solvation on the [UGF4)?~ complex comparing results from  to uranium forming comple®', which is only surrounded

QM (quantum mechanics) and QM/MM (hybrid of QM and by three water molecules. Finally, compl8% consists of

molecular mechanics methods) calculations. They show thaturanyl and neutral Bfsurrounded by four water molecules.

the solvent must be described at least with the second shellResults are summarized in Table 3, and compleXes,

to favor the coordination with five molecules in the equatorial and4 in their optimized geometry are shown in Figure 8.

plane compared to the coordination with four molecules in Both BF,~ and Pk~ form a hydrogen bond with a water

this plane and one obtains convergence of the results in termanolecule forming a six-membered ring with uranyl.

of the description of different shells of solvation around the ~ One can characterize the strength of the interaction

uranyl when at least the first shell of solvation is described between the anion and uranyl by the bond lengthRuand

by QM methods. by the charge donation to the uranyl, i.e., the Mulliken charge

With the exception of one case, the first solvation sphere of the UG unit. Even if the Mulliken charges are not an

consists of five molecules. Compléxconsists of uranyl with ~ absolute criterion to analyze the charges of the fragments,

five water molecules, complexez—4 consist of uranyl they give good tendencies as long as same quality of basis

surrounded by four water molecules and an anion B+, sets and similar methods are used. The strongest interaction

or PR, respectively. As it will be discussed later on, the is with F~ anion, the most electronegative one, that gives

calculated U-F distances do not match the experimental 0.26 electron more than water to uranyl. BFshows an

ones; thus, other hypothesis have been tested. The influencénteraction slightly stronger than water giving 0.03 electron

of the second shell of solvation has been first modelized by more than water while RF seems to have the same strength

adding a water molecule next to the,Forming complex of interaction with uranyl as water. The bond lengths in

2'. More molecules have been added around But the uranyl, U-O,, compare very well with the experimental

ones, and the HO¢q distances are in good agreement except

(40) Bolvin, H.; Wahigren, U.; Moll, H.; Reich, T.; Geipel, G.; Farigley for complexes3. These results are however quite different

(1) I/v”aﬁé?rgh;ebilfiéf hF{Siv& hghmys?g?é#]%%ﬁlda 8370, from the experimental ones when one considers the uranium

(42) Infante, 1.; Visscher, LComput. Chem2004 25, 386. anion distance. EXAFS gives a+F distance of 2.24 A for
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Table 4. Geometrical Characteristics of the Optimized Geometries of  of the anion, at least forFand BR~, while calculation show
the Complexes [UgFy(Hz0)s-n]* " a large cooperativity in the first solvation and a dependency

geometry Mulliken charges of the nature of the anion. Results of calculations are
n U0k UF UOq U U0, F H:0 Aq rational: the distance of one molecule to uranyl depends
0 176 245 229 1.09 0.18 strongly on the number and the nature of the other molecules
1 178 213 250 213 083 -049 016 0.24 in this sphere; an anion is more electrodonor than water is,
g i:;i g:% g:gi i:gg 8;;? :8:22 8:1‘2’ g:ig so uranyl is less attractive for the next one. It seems logical
4 183 225 256 197 051 —066 0.12 0.14 that the strong electron-donor fluoride interacts more strongly
5 18 227 192 045 —0.69 0.13 with uranyl than BE~, where the negative charge is much

aFor the definitions and units, see Table 3. All numbers are averages more diffuse. Calculations match well experimental results
on the different atoms of the same nature and on the different conformations\when there are four or five Fanions in the coordination
gmgaﬁ%m'oecv‘gtgf_n necessaryg s the excess chargerigiven to UG sphere, but the discrepancy is large when there is only one

fluoride or one BE . In the first case, the distance is too

both F and BR™, as found in sections 3.2.2 and 3.2.3, while  small, which means that the electron donation of the other
modelization gives 2.13 and 2.39 A, respectively. The bond molecules, namely the water molecules, is underestimated.
length is much too short in one case and much too long in One can give two reasons to this discrepancy, a chemical
the other one, and they are very different while they are the one and a methodological one. The first reason could be the
same in the experimental case. The effect of the secondpresence of other anions instead of water molecules that give
solvation sphere has been checked through the study ofmore negative charge to uranyl and enlarge theFU
complex2': the U-F length becomes 0.03 A longer when distance. As an example, we have studied the clusters
adding a water molecule around the &nion, forming an [UO,F(H:0)s-n(OH),]2 " and found a U-F distance of 2.13,
hydrogen bond. This water molecule takes some negative2.16, 2.25, 2.32, and 2.38 A for= 0—4. As previously in
charge of the F, and the interaction with uranyl is reduced. this work, distances are an average on the different conform-
Infante et al? showed that the addition of second and third ers. This shows that the presence of another anion could be
solvation shells by the mean of a QM/MM study did not 3 reason for the large distance between U and F. But, in our
have dramatic effects on the coordination in the first solvation case, the pH is very low so there are no hydroxide molecules
sphere. We checked the hypothesis that the coordinationin solution. Perchlorate anions CjOare also present in
number in the equatorial plane could be 6 by adding one solution, but they have already been shown to be inert with
water molecule in the coordination sphere: this cluster with yrany|25 The second reason could be the wrong description
six molecules in the equatorial plane of uranyl was not stable of water molecules that do not interact enough with uranyl.
without solvent model, the extra molecule being expulsed This could explain both the too long distance between water
to the second coordination sphere, but was stable with theand uranyl and the too small distance with. But these
solvent model. In this case, the-F length is longer by  hypotheses do not explain the too long bond with, BF
0.03 A but the water molecules of the first sphere are even
further away from uranyl and do not match the experimental 4. conclusions
values at all. For complexe% some hypotheses have been
checked: the bidentate one (comp&xgives rise to a much We have combined experimental (TRES, EXAFS) and
longer U-F distance and the neutral BR distance even  computational studies to grab information on the structure
longer. Results for PF are in agreement with experiment of the complexes formed in acidic water between uranyl and
(section 2.3): interaction of uranyl with water andsPF  fluorinated inorganic ligands: F BF,~, PR, Tf.N". As
seems to be of the same order of magnitude, which mayexplained in the introduction of this paper, these ligands
explain why it is not detected in the coordination sphere of constitute the anionic part of the most studied RTILs
uranyl. To better analyze the coordination of fluoride anion, (BumimPF, BumimBF, and BumimT$N) and these experi-
the whole series [U&,(H20)s-]>™", n = 0—5, has been  ments should therefore be of importance as references for
studied; results are summarized in Table 4. Results arecomplexation and solvation processes of cationic species in
averaged on the different positions of a given atom and on RTILs. Our experimental and theoretical results evidence
the different conformers. It appears clearly that there is a large differences in the ability of these anions to interact
cooperative effect that the bond is stronger with one anion with uranyl in agueous solution. 7~ does not complex to
and becomes weaker and weaker adding more anions. Thairanyl, even at high concentrations. This means that water
whole charge of uranyl decreases, but the charge donationis to be considered as a strong complexing moiety in the
per F~ decreases. The length+®.qtends to be larger when  solvation sphere in Bumim7. Besides, TRES experiments
the Mulliken charge of uranyl decreases; thus, the larger is showed how the europium coordination sphere was sensitive
the number of anions or the strength of their charge donation,to a small amount of water in BumimZ{.43

the longer is the distance to water molecules. frer 3—5, The analysis of Mulliken charges shows thatsPFons

well experimental values.

. In conclusion, EXAFS gives a_ YF distance almost (43) Billard, I.; Mekki, S.; Gaillard, C.; Hesemann, P.; Moutiers, G.; Mariet,
independent of the number of Fanions and of the nature C.; Labet, A.; Bunzli, J. C. G.Eur. J. Inorg. Chem2004 1190.
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to water molecules. This competition betweei®Hnolecules then longer for U@BF,* and UQPRK*. On the contrary,

and Pk~ ions was confirmed experimentally: the formation the discrimination between each complex is not possible by

of a complex UGPR;t was evidenced by TRES but could experimental techniques: similar +F bond length as

not be observed by the EXAFS technique, which requires measured by EXAFS and similar emission spectra as detected

higher uranium concentrations and, thus, highes Rfen- by TRES. Nevertheless, the presence of fluorinated ligands

centrations (higher than could be possibly made). TRES in the uranyl coordination sphere could be clearly evidenced

experiments also showed thatdPlissociation leads to the by experimental techniques (longer lifetimes by TRES and

formation of F, the strongest fluorinated ligand to uranyl, a FT splitting in the equatorial shell into shorter distance

which interferes in the complexation process. This means for U—F by EXAFS).

that in BumimPFE, or to a less extent in BumimBFthe

fluoride anions formed by dissociation of £Fand BR~

could largely interfere in the complexation processes of

uranyl. This dissociation being related to the presence of

water in the RTIL, it points out once again the major

influence that residual water in RTILs could possibly have.
Calculations show an evolution in-tF bond lengths as

a function of the ligand strength: shorter for LFD and 1C0490324
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