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Combining spectroscopic techniques (TRES and EXAFS) and molecular dynamics simulations, we have investigated
the state of trivalent europium dissolved in room-temperature ionic liquids (RTILS), as a function of the RTIL anion
and in the presence of added chloride anions. The studied RTILs are based on the 1-butyl-3-methyl-imidazolium
(Bumim™) cation and differ by their anionic counterparts: BF,~, PFs~, Tf~ (triflate, CFsSO3~), and Tf,N~ [(CFs-
S0O,);N ~]. The results show the strong influence of the RTIL nature on the first solvation shell of europium and
on its complexation with chloride. Depending on the RTIL, europium(lll), which was introduced in solution as a
triflate salt, is found to be solvated either by RTIL anions only or as neutral undissociated EuTf; moieties completed
by solvent anions. Kinetic effects, related to the viscosity of the RTIL and the nature of the europium salt, also
markedly influence the coordination of added CI~ or F~ anions to the metal.

1. Introduction In the frame of nuclear fuel reprocessing, RTILs are
particularly attractive in the improvement of existing pro-
cesses or the development of new ones for actinide and
lanthanide partitioning. The use of hydrophobic RTILs can
be envisioned to replace toxic and volatile solvents used
nowadays for actinide/lanthanide separati®nAlso, the
design of task-specific ILs, i.e., RTILs in which a complexing

Room-temperature ionic liquids (RTILS) have been ex-
tensively studied during the last 10 years in view of their
applications in many fields of chemistry such as electro-
chemistry, separation, and synthé'siBhe main interest in
this class of solvents is related to their “green” properties
(nonvolatile, nonflammable, etc.) but also from the variability S i
of their physicochemical properties (stability, hydrophobicity, M€ty is grafted onto the cation skeleton, opens new routes
viscosity etc.), as a function of the RTIL cationic and anionic fOF lquid/liquid extraction purposeSMetal electrodeposition

components. The combination of the commonly used 1-butyl- ToM RTIL solutions appears to be also an interesting
3-methyl-imidazolium cation (hereafter denoted Burhjm alternative for the separation/purification of nuclear wastes
with various inorganic anions results in air-, water-, tem- because recent electrochemical investigations have shown

perature-, and radiation-stable RTILs, whereas their hydro-
it i iliti (2) Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.;
phobicities or solvation abilities are controlled by the arfién. Broker, G. A Rogers R. DGreen Chemz2001 3. 156.
(3) Welton, T.Chem. Re. 1999 99, 2071.
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Table 1. Summary of the RTIL Solutions Analyzed by XAFS
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[CI)/[Eu] or [Y-JICIT]
RTIL composition [F/[EU] ratio ratic® sample I
BumimPFs 0.06 M EuTg 0 “EUPF6”
0.06 M EuTg + 0.35 M BumimCl 6 14 “EuCI6PF6”
0.005 M EuTg + 0.03 M TBAF 6 “EUuF6PF6"
BumimBF, 0.005 M EuTg 0 “EuBF4”
0.005 M EuT§ + 0.03 M BumimClI 6 178 “EuCl6BF4"
BumimTf 0.005 M EuT% 0 “EuTf”
0.005 M EuTg + 0.03 M BumimClI 6 150 “EuCleTf”
BumimTf,N 0.02 M EuTg 0 “EuTf2N"
0.02 M EuTg + BumimCIl 0.12 M 6 29 “EuCI6Tf2N"
0.01 M EuTg + BumimCI 0.09 M 9 38 “EuCI9Tf2N”

aY~ is the solvent anior? Acronym under which the sample is referred to in the text.

that some RTILs exhibit good ionic conductivity over a wide
electrochemical window compared to water or classical
organic solvent$.

In this context, we have undertaken studies on the solvation
and complexation of europium in Bumim RTILs. Eu(lll) is

2. Methods

2.1. Chemicals.The RTILs BumimPk and BumimT$N were
synthesized and purified as previously repoftet. Their water
contents after synthesis, measured by the Karl Fischer technique,
were 0.7 M (9700 ppm) for BumimRFnd 0.6 M (8860 ppm) for

chosen as a representative of lanthanides and as a homologugumimTE,N. BumimTf and BumimBE were purchased from Merck

of trivalent actinides such as Am(lll) and Cm(lll). Our aim
is to understand the solute/solution interactions in these
unusual solvents. Our previous spectroscopic stfidies-
ducted in BumimTiN [Tf,N~ = (CRS(O,).N~] highlighted

the competitive role of water in the solvation of europium.
By the addition of chloride ligands in solution, we also found
evidence for the formation of polychloro complexes of
europium, whose exact structure and stoichiometry could not
be precisely determined. Theoretical approaches based o
molecular dynamics (MD) simulations also pointed to the
competition between solvent impurities (e.g., traces of water,
halide ions, etc.) and RTIL ion components on the solvation
of Eu(lll) and uranyl cation$?1*

The present work is an extended study on the solvation/
complexation characteristics of Eu(lll) in Bumim RTILs. The
main focus is on the role of the RTILs’ anionic part, which
is expected to have a strong effect on the coordination

0

(purity = 98% and water amourt 0.8 M). Organic impurities in
these commercial RTILs make them colored, pale pink for
BumimTf and yellow for BumimBE, our synthesized BumimRF
and BumimTf§N are colorless. Impurities are also probably
responsible for the low solubility of the europium salt observed in
commercial BumimTf and BumimBF(~5 x 1072 M). EuTf;
(Aldrich) was used as received. Chloride ions were introduced into
the solution as BumimCl, which was synthesized according to the
rocedure described in ref 13. Fluoride ions were introduced as
tetrabutylammonium fluoride (TBAF; Aldrich).

For complexation studies in ILs, water must be considered as a
competitive solute. It is thus necessary to control the amount of
water in the solution. This may be achieved by degassing the
solutions under vacuum and heat (e.g., af@0and 1.8 mbar for
48 h)? To optimize the degassing of the studied RTILs under
vacuum (1.8 mbar), we tested three temperatures: at room
temperature, at 70C, and at-=180°C (i.e., liquid N, temperature).
Figure S1 (see the Supporting Information) displays the residual

properties of cationic species such as lanthanide ions. Time-Water amount in BumimEN with time for these three temperatures.

resolved emission spectroscopy (TRES) and X-ray absorption

fine structure (XAFS) spectroscopies (EXAFS and XANES)

are used to characterize the solvation sphere of Eu(lll) as a

function of the anionic component of the RTIL: BumimBF
BumimPFk, BumimTf (Tf~ = triflate, CRSG;™), and
BumimTfN. The complexes formed in each RTIL upon
introduction of chloride ions ([CI]/[Euf 6/1 and 9/1 in one

The RTIL water concentration was found to be below the detection
limit of the Karl Fischer apparatus (100 ppm) afteryil h of
degassing, under vacuum at 70, and at—180 °C. We selected
the procedure at 70C and degassed each RTIL solution again after
introduction of europium and chloride/fluoride salts. Thus, the
maximum water concentration was<810-2 M, which corresponds

to a HO/Eu ratio of 1:8 in the “EuPF6” sample, of less than 1:2
in “EUTf2N”, and~1 in the “EuBF4” and “EuTf” samples (defined

case) are also investigated. The experimental results aren Table 1). Thus, any water complexation is expected to be either

complemented by MD simulations and quantum mechanical
(QM) calculations on the solvation of “naked” Eu(lll) cation
and on its EuT§ complex in the BumimBE BumimPF;,

and BumimT$N “pure” ILs. The effect of added Clanions

is also investigated by MD.

(7) Oldham, W. J.; Costa, D. A.; Smith, W. H. lanic liquids: industrial
applications for green chemistriRogers, R. D., Seddon, K. R., Eds.;
American Chemical Society: Washington, DC, 2002; Vol. 15, p 188.

(8) Bhatt, A. I.; May, I.; Volkovich, V. A.; Hetherington, M. E.; Lewin,
B.; Thied, R. C.; Ertok, NJ. Chem. Soc., Dalton Tran2002 4532.

(9) Billard, I.; Mekki, S.; Gaillard, C.; Hesemann, P.; Moutiers, G.; Mariet,
C.; Labet, A.; Bunzli, J. C.Eur. J. Inorg. Chem2004 1190.

(10) Chaumont, A.; Wipff, GChem. Eur. J2004 10, 3919.
(11) Chaumont, A.; Wipff, Glnorg. Chem.2004 43, 5891.

8356 Inorganic Chemistry, Vol. 44, No. 23, 2005

negligible or only a minority species.

Upon the addition of EuEfto BumimTEN, a slightly cloudy
solution was obtained, which indicates incomplete dissolution, likely
involving the formation of inhomogeneous clusters. This cloudy
solution strongly scattered red light of a He:Ne laser. After
degassing, light diffusion was no longer observed so that the sample
was then considered to be homogeneous. Note that this clouding
phenomenon was not observed in other RTILs where EwEs
completely dissolved before degassing.

(12) Visser, A. E.; Swatloski, R. P.; Griffin, S. T.; Hatman, D.; Rogers, R.
D. Sep. Sci. TechnoR001, 36, 785.

(13) Billard, I.; Moutiers, G.; Labet, A.; El Azzi, A.; Gaillard, C.; Mariet,
C.; Litzenkirchen, K.lnorg. Chem22003 42, 1726.
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All samples were prepared at least 48 h before their analysis.

All EXAFS and TRES experiments were performed at room
temperature.

2.2. TRES Experiments.TRES experiments were performed
with an excitation wavelength of 266 nm (Nd:YAG laser, 10 Hz,
6-ns pulse duration). The laser intensity was monitored with a

(1) A. Crystallographic parameters for Ey@®H,0 are 6 O aR.43
Aand 2 Cl at 2.76 A. EXAFS best-fit parameters: &@.8 O at
2.43(1) A and 2.0+ 0.3 ClI at 2.76(1) A. Crystallographic
parameters for Eufgive 9 F at2.36 A. EXAFS best-fit param-
eters: 9.2+ 0.6 F at 2.34(1) A.

Fits of the Fourier transform (FTR-weighted EXAFS data to

powermeter (Scientech). The luminescence intensity as a functionthe EXAFS equation were performed fspace between 1 and 3
of time after excitation was selected via a monochromator and A. The k range used was 1-511.1 A-L. The amplitude reduction
directed to a photomultiplier, connected to a fast oscilloscope. The factor (§?) was held constant to 1 for all fits. The shift in the

laser setup was not corrected for light collection efficiency in the

threshold energyHp) was allowed to vary as a global parameter

wavelength range investigated. The raw luminescence intensity atfor all atoms in each of the fits. Estimated errors for the coordination
a given wavelength was obtained by integrating all corresponding number (CN) are:20%, for radial distanceR) £0.02 A, and for
counts. These data, plotted as a function of the emission wavelengththe Debye-Waller factors ¢2) +0.001-0.002 .

in the range 585630 nm, correspond to the raw emission spectrum

2.4. Computational Methods. 2.4.1. Molecular DynamicsThe

of the sample. The wavelength precision of the monochromator is different systems studied were simulated by classical MD using

4+0.25 nm, with a resolution on the order &f0.3 nm, but the
emission spectra were recorded with 1-nm steps.

Because of the intense color of the BumimB§olutions,
indicative of organic impurities, and the resulting strong blue
emission upon irradiation, it was not possible to obtain reliable
results in this IL. Eu(lll) solutions ([EUEf = 5 x 107* M) were
therefore studied by TRES in BumimTf, BumimP&nd BumimTiN
liquids.

2.3. X-ray Absorption SpectroscopyA summary of the samples
investigated by XAFS spectroscopy is given in Table 1. After

degassing, the liquid samples were placed in 0.4-mL sealed

polyethylene vials. XAFS measurements were carried out at ANKA
(Karlsruhe, Germany) on the XAS station and at the INE Beamline
under normal storage ring conditions (2.5 GeV and-2000 mA).
Spectra were recorded at the Ey ledge (-6.977 keV) using a
Sil311water-cooled double-crystal monochromator at the XAS
station and a $i110water-cooled double-crystal monochromator

AMBER 7.0% software, in which the potential enertis described
by a sum of the bond, angle, and dihedral deformation energies
and a pairwise additive-16—12 (electrostatic and van der Waals)
interaction between nonbonded atoms:

U= z kp(r — ro)2 + kg(0 — 90)2 +

bonds angles

aiq;
Vi[1+cosbp — Y]+ ) [— — 26— il =—
dihleaIsZ v ; Rij i Rij : Rii

@

Cross terms in van der Waals interactions were constructed using

the Lorentz-Berthelot rules. The parameters used for the pure
liquids were taken from De Andrade etZlfor the Bumim™ and
BF,~ ions, those for the RF anions were taken from the OPLS
force field?* and those for TN~ were taken from the work of

at the INE station. Both were calibrated in energy using the first | opes and Rdua?® These parameters have been shown to give good
inflection point in the K edge of an Fe foil, defined as 7.112 keV.  agreement with the experiment for the neat liquids. The atom types
Reference samples were measured in transmission using ionizatiorhng charges are given in the Supporting Information (Figure S2).
chamber detectors. All RTIL samples were measured in fluores-  1pq parameters for Bt (R* = 1.852 A; e = 0.05 kcal/mol)
cence mode at room temperature using a five-element solid-statey 5 peen fitted to the free energy of hydrai®Those for Tf
germanium detector (Canberra). _ come from the AMBER force field, and the Ttharges have been
XAFS data reduction was carried out using the IFEFFIT cdde.  fiireq 1o electrostatic potentials calculated at the HF/6-31G* level

The threshold energ¥o, was set to the first inflection point of the 5 the optimized structure and have previously been used to
absorption edge. Data analysis was carried out with the FEFFIT gjmylate lanthanide complex&The parameters of CI(R*
code?® using phase and backscattering amplitude functions gener-, 495 A; e = 0.107 kcal/mol) and Fions R* = 1.850 A; e
ated with the ';EFF 8.1 coéfel‘gzgthe model reference compounds g 20 kcal/mol) have been fitted to their free energies of hydrafion.
Eu(H0)o(T)3,*" EuCk-6H,0,%*%and Euk. The crystallographic  ypjess otherwise specified, they have been used throughout the

structure of Eukis not clear, probably because Euhay exist in study and named “big” Clor F~ models. We also tested “smaller”
two forms, orthorhombic and hexagonal, with the latter being noted gnjon modelsg* = 1.943 A ande = 0.265 kcal/mol for Cf: R*

to be stable only at elevated temperature. We chose the orthor-— 1 746 A ande = 0.061 kcal/mol for F) taken from the AIC}~ 23
hombic structuré®2! The reliability of the phase and amplitude
functions calculated by FEFF 8.1 was confirmed with spectra for
the model reference compounds. Crystallographic parameters for
Eu(H,0)s(Tf)3 are 6 O a2.40 A and 3 O a2.55 A. EXAFS best-

fit parameters: 6.4- 0.8 O at 2.41(1) A and 3.5: 0.5 O at 2.57-

and Pk~ 2% anion parameters, respectively.
The 1-4 van der Waals interactions were scaled down by a factor
of 2.0, and the 4 Coulombic interactions were downscaled by

(22) Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., IlI;
Wang, J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K.
M.; Stanton, R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui,
V.; Gohlke, H.; Radmer, R. J.; Duan, Y.; Pitera, J.; Massova, |.; Seibel,
G. L.; Singh, U. C.; Weiner, P. K.; Kollman, P. AAMBER 7
University of California: San Fransisco, 2002.

(23) De Andrade, J.; Bes, E. S.; Stassen, H. Phys. Chem. BR002 106,

(14) Newville, M.J. Synchrotron Radia001, 8, 322.

(15) Newville, M.; Ravel, B.; Haskel, D.; Rehr, J. J.; Stern, A.; Yacoby,
Y. Physica B1995 208-209, 154.

(16) Ankudinov, A.; Rehr, J. Phys. Re. B 200Q 62 (4), 2437.

(17) Harrowfield, J. M. B.; Kepert, D. L.; Patrick, J. M.; White, A. H.

Aust. J. Chem1983 36, 483. 13344.
(18) Graeber, E. J.; Conrad, G. H.; Duliere, SAEta Crystallogr.1966 (24) Kaminski, G. A.; Jargensen, W. ll. Chem. Soc., Perkin Trans. 2
21, 1012. 1999 2365.

(19) Bel'skii, N. K.; Struchkov, Y. T.Sa. Phys. Cryst1965 10, 15.

(20) zalkin, A.; Templeton, D. HJ. Am. Chem. Sod.953 75, 2453.

(21) Zinchenko, V. F.; Efryushina, N. P.; Eryomin, O. G.; Markiv, V. Y.;
Belyavina, N. M.; Mozkova, O. V.; Zakharenko, M.J. Alloys Compd.
2002 347, L1.

(25) Lopes, J. N. C.; Rlua, A. A. H.J. Phys. Chem. R004 108 16893.

(26) Van Veggel, F. C. J. M.; Reinhoudt, @hem. Eur. J1999 5, 90.

(27) Baaden, M.; Berny, F.; Madic, C.; Wipff, Q. Phys. Chem. 200Q
104, 7659.

(28) Berny, F. Thesis, UniverSitsouis Pasteur, Strasbourg, France, 2000.
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1.2, as recommended by Cornell et?&alThe pure liquids and 5.E-04
solutions were simulated with three-dimensional-periodic boundary
conditions. Nonbonded interactions were calculated using a 12-A

atom-based cutoff, correcting the long-range electrostatics by using ~ 4-E-04 |
the Ewald summation method in the partiefgarticle mesh Ewald
approximation. 3E-04 |

The MD simulations were performed at 300 and 400 K, starting
with random velocities, using the Verlet leapfrog algorithm with a
time step of 2 fs to integrate the equations of motion. The © 5 g4 -
temperature was monitored by coupling the system to a thermal
bath using the Berendsen algoritfrwith a relaxation time of 0.2
ps. All C—H bonds were constrained using the Shake algorithm. 1.E-04 |

We first equilibrated “cubic” boxes of pure liquids of about 40-A
length, containing about 200 pairs of Bumix ions (Y~ = PR,

BF,~, and TEN™). After equilibration, the solvent densities (1.33 0.E+00
glen® for BumimPF, 1.18 g/crd for BumimBF, and 1.49 g/crh >80 390 800, m 810 620 630

for BumimTf;N) were in reasonable agreement with the experi- _. . e - .

mental data (1.36, 1.20, and 1.45 gfemespectively$! We then EE’;—Jfre(E_F_E)mésusclir-}-fs FZS:E Zfs'f;”,fm?' (thick solc fine) EGTaA; (0)
immersed one “naked” europium cation, removing Burnirations

from the box to keep its total charge neutral. In each liquid, two and density functional (DFT; B3LYP functional) levels of theory,
other systems were also simulated, one with “complexed” triflates singGaussian 03oftware® Because f orbitals do not play a major
(forming intimate ion pairs with europium; hereafter noted as the role in metat-ligand bond$5 the 46 core and 4f electrons of the
EuTf; solute) and one with dissociated triflates (with triflate anions gy were described by the quasi-relativistic effective core poten-
at about 15 A from europium; hereafter noted as thé @It tial®6:37 of the Stuttgart group. For the valence orbitals, the affiliated
solute). The characteristics of the simulated systems are summarizeq7s6p5d)/[5s4p3d] basis set was used, enhanced by an additional f
in Table S1 of the Supporting Information. Equilibration started fynction of exponent 0.591. For the C, N, O, F, B, P, and S atoms,
with 1500 steps of steepest-descent energy minimization, followed e ysed 6-3%G* basis sets. The total energies are given in Table
by 50 ps with fixed solutes ("BELLY" option in AMBER) at  s2 of the Supporting Information.

constant volume and by 50 ps without constraints at constant

volume, followed by 50 ps at a constant pressure of 1 atm coupling 3. Results

the system to a barostawith a relaxation time of 0.2 ps. Then

MD was run for 4-5 ns in the NVT ensemble. 3.1. TRES Experiments.In the absence of chloride, the

The MD trajectories were saved every 1 ps and analyzed with emission spectra of Eu(lll) in the three investigated ILs
MDS and DRAW softwaré? Typical snapshots were redrawn using - BymimTf,N, BumimTf, and BumimPFare very similar, as

VMD software?* The average structure of the solvent around'Eu s the emission spectrum of Eu(lll) in the presence of chloride
was characterized by the radial distribution functions (RDFs) of .. [CI/[Eu] = 6 (r = 6) in BumimPFR. For the sake of

the anions and cations during the last 0.2 ns. The average CN of _ . L S .
clarity, only one of these four similar spectra is displayed in

the solvent anions (F and P atoms ofPHF and B atoms of BF, . : . .
( 6 ‘F Figure 1. In contrast, in the presence of chloride anions, the

and O and N atoms of F~) and cations (N atom of Bumir) o ) . . .
and its standard deviation were calculated up to a cutoff distance ©MiSSion spectra in BumimTf and Bumimiifdiffer strongly,

of the first peak of the RDF for the anion and up to 10 A for the as shown in Figure 1.
cation, for which the first peak is less well-defined. Insights into  In BumimTf;N, both recorded spectra€ 0 and 6) agree
energy features were obtained by group component analysis, usingvery well with our previously published results on this

a 17-A cutoff distance and a reaction field correction for the gglvent® In the presence of chloride ions, by comparison
electrostatics. In particular, the total potential energy of the system

counts

In SOIL_mon was decomposed Bs= Esoiute + _ESO"’ + E”—”—' \_Nhere (34) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
Esoute is the internal energy of the solute in solutidiy, is the M. A.; Cheesemann, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin,
solute/solvent interaction energy (“solvation energy”), & \K/ NM Burant, JBC-(;:Mi“amMJ-SNl-;Ilyenga(r;, S-RS.; Tolrclﬁa?ai, J; Baron(é
; ; .; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G.
corresponds.to the solvent/solvent interactions, calculated from the A" Nakatsuji, H.: Hada, M: Ehara, M.: Toyota. K. Fukuda, R.
saved coordinates. Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
2.4.2. QM Calculations.The EuX (X = F~, CI-, Tf", PRk, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.;
BF,~, and TEN™) and EuC{3~ complexes were optimized without Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R.
. . E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pornelli, C.; Ochterski, J.
symmetry constraints by QM calculations at the Hartreeck (HF) W Ayala, P. Y.. Morokuma, K.; Voth, G. A Salvador, P.:
Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.;
(29) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari,
Ferguson, D. M.; Spelmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G; Clifford, S.;
P. A.J. Am. Chem. S0d.995 117, 5179. Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
(30) Berendsen, H. J. C.; Postma, J. P. M.; Gunsteren, W. F. v.; DiNola, Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
A. J. Chem. Phys1984 81, 3684. Peng, C. Y.; Nanayakarra, A.; Challacombe, M.; Gill, P. M. W.;
(31) Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M. A. B.; Watanabe, M. Johnson, B.; Chen, W.; Wong, W.; Gonzalez, C.; Pople, Gaussian
J. Phys. Chem. R004 108 16593. 03; Gaussian, Inc.: Wallingford, CT, 2004.

(32) Engler, E.; Wipff, G. InCrystallography of Supramolecular Com-  (35) Maron, L.; Eisenstein, Ql. Phys. Chem. 2000 104, 7140.
pounds Tsoucaris, G., Ed.; Kluwer: Dordrecht, The Netherlands, (36) Dolg, M.; Stoll, H.; Savin, A.; Preuss, H:heor. Chim. Actal989

1996; p 471. 75, 173.
(33) Humphrey, W.; Dalke, A.; Schulten, K. Mol. Graphics1996 14, (37) Dolg, M.; Stoll, H.; Savin, A.; Preuss, Hheor. Chim. Actal993
33. 85, 441.
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with well-known emission spectra in methaddlye ascribed
this emission spectrum to an europium hexachloro, EagCl
complex.

It is clear that in BumimTf the addition of chloride also
modifies the Eu(lll) emission, also indicative of complex-
ation. However, because its emission is different from that
observed for the BumimBN plus chloride case, it is

reasonable to assume that the hexachloro complex is not °

formed in BumimTf. The complex present in BumimTf is
most probably of a lower stoichiometry than 1:6, but this
limited study does not allow for a better determination.
Finally, in C;mimPF;, the similarities between the emission
spectra with and without chloride indicate the lack of any
chloride complexation in this solvent.

In the case of BumimTf, some investigations on the
lifetime values have been performed. First, it has been
confirmed that the lifetimes are slowly decreasing through

time once the degassed sample has been exposed to air, a

was already observed for BuminpN.° However, the
decrease is slow (by roughly 10% after 4 days of storage in
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Figure 2. Eu L XANES spectra of E¥ dissolved in (a) BumimP§&

6950

the quartz cuvette closed with a Teflon cap) probably because(b) BumimBF, (c) BumimTf, and (d) BumimTN, and for each RTIL, as

of the slow introduction of water in the sample. It has also
been confirmed that water introduction does not modify the
shape of the emission spectra, up to 7 days. All of the
emission spectra displayed in this work have been obtained
readily after degassing of the samples. Second, the lifetime
measured for Eu in BumimTf (= 0) is equal to 25%s and
rises to 2300Qus after chloride introduction (readily after
degassing in both cases). This last value is in rough
agreement with that obtained for= 6 in BumimT{N.° The
rather short value obtained for Eu alome=0) in BumimTf

a function of the chloride concentration. See Table 1 for an explanation of
the sample designations.

addition of chloride ions. In particular, the shape, amplitude,
and energy position of the first oscillation&7020 eV are
different and the feature at the high energy side of the white
line disappears. These observations suggest that europium
complexes added chloride anions in the BumimBBu-
mimTf, and BumimT$N solutions but not in the BumimRF
solution, where the europium coordination sphere seems to
remain unaffected upon chloride addition.

may be ascribed to the presence of the impurities (see Section 3.2.2. EXAFS.Figure 3 shows thé-weighted EXAFS

2.1), which may interact with Eu as long as no chloride is
present in the solution.

3.2. X-ray Absorption Spectroscopy. 3.2.1. XANES.
XANES spectra are sensitive to the changes in the europium
inner coordination sphere and therefore can be used to prob
such changes. Figure 2 displays the Ey-édge XANES
spectra of the RTIL samples. The intense edge resonance o
white line, positioned at 6983 eV, results from an electronic
transition from a 2, core state to an empty 5d final state.
The small feature at the high energy side of the white line
between 6990 and 7000 eV is commonly attributed to
multiple scattering contributions, and its energy position
depends on europium’s coordination structure and sym
metry 3940

The addition of a chloride salt to the Bumimg$olution
does not lead to significant changes in the EuXANES
of the “EuPF6” and “EuCI6PF6” samples, aside from a small
reduction in the white-line amplitude (Figure 2a). In contrast,
the BumimBFR, BumimTf, and BumimT4N solutions (Figure
2b—d) exhibit changes in their spectral features upon the

(38) Galler-Wallrand, C.; de MoitieNeyt, N.; Beyens, Y.; Bnzli, J. C.
J. Chem. Phys1982 77, 2261.

(39) Tan, Z.; Budnick, J. I.; Luo, S.; Chen, W. Q.; Cheong, S.-W.; Cooper,
A. S.; Canfield, P. C.; Fisk, ZPhys. Re. B 1991, 44 (13), 7008.

(40) Moreau, G.; Helm, L.; Purans, J.; Merbach, A.JEPhys. Chem. A
2002 106, 3034.

spectra and corresponding FT spectra obtained for the RTIL
solutions. The FT peaks appear shifted to lowevalues
(~0.4 A) as a result of the phase shift of the excited
photoelectron as it travels through the absorber and sur-

dounding atom potentials. As for the XANES region of the

XAFS, we observe a spectral evolution for Eu(lll) and the
RTILs with and without chloride. The oscillatory frequency

of the Eu L, EXAFS increases after the addition of chloride,
with the exception of the “EuPF6” and “EUCI6PF6” samples.
A frequency increase indicates a bond distance increase. This
is evident in shifts of the main FT peak at 1.9 A, corre-
sponding to europium’s first coordination sphere, following
chloride addition (indicated with dotted lines in Figure 3b).
Fit results to these data are given in Table 2.

The europium coordinations in “EuPF6” and “EuBF4”
samples are similar, with approximate® F atoms at a
distance near 2.35 A. Fits to “EuTf” and “EuTf2N” samples
show europium to coordinate around 10 O atoms (within
the experimental error) at approximately 2.42 A.

As expected from qualitative inspection of the EXAFS
and XANES data and TRES results, within the experimental
error, fit results for the “EuPF6” and “EuCI6PF6” samples
are the same; the addition of a chloride salt into the-Eu
BumimPF; solution does not lead to any significant change
in the coordination structure. This indicates that no com-
plexation occurs between europium and chloride ions in this
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Figure 3. Eu Ly -edgekd-weighted EXAFS data (a) and corresponding
FT spectra (not phase-shift-corrected) (b) fofEdissolved in RTIL and

as a function of [Ct]: experimental data—) and theoretical fit{-). See
Table 1 for an explanation of the sample designations. Dotted lines in part
b indicate the shifts of the main FT peak at 1.9 A.

Table 2. EXAFS Structural Parameters for EuRTILs in Solutior?

sample Iy shell CN o2(A? R(A) Ep(eV) Rfactor
“EuPF6” Eu-F 8.9 0.009 234 —46 0.014
“EuCIl6PR” Eu—F 10.1 0.009 236 -—3.3 0.007
“EUF6PF6” Eu-F 10.5 0.011 234 —4.4 0.025
“EuBF4” Eu—F 9.4 0.012 236 —3.7 0.014
“EuCIl6BF4” Eu-F 5.6 0.007 234 —47 0.007
Eu—Cl 2.8 0.004 2.71
“EuTf” Eu—O 11,5 0.010 241 0.6 0.014
“EuCI6Tf” Eu-0 55 0.007 241 0.4 0.030
Eu—Cl 3.5 0.007 2.73
“EuTf2N" Eu—-0O 9.8 0.008 2.43 0.03 0.013
“EuCI6Tf2N” Eu—CI 6.9 0.006 269 -6.2 0.031
“EuCI9Tf2N" Eu—CI 59 0.004 267 —6.6 0.033

aCN is the coordination numbetQ0%), 62 the Debye-Waller factor
(£0.001-0.002 &), Rthe interatomic distanceH0.02 A), andE, the shift
in the threshold energy, and tiefactor is the goodness of fit as defined
in ref 15.° Defined in Table 1.

IL. This differs from the results for the BumimBBEolution,
where the addition of chloride induces marked changes in
both the EXAFS and FT spectra (compare the “EuBF4” and
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“EuCI6BF4” spectra and fit results; see Figure 3 and Table
2). In particular, a second nearest-neighbor contribution
appears in the FT, centered at 2.3 A. This splitting corre-
sponds to partial replacement of F or O atoms by Cl atoms.
Fit results show that there are 2t80.6 Cl atoms at 2.7%
0.02 A and 5.6+ 1.1 F atoms at 2.34 0.02 A in
“EuCI6BF4”". Likewise, the addition of chloride to the
BumimTf solution induces a shift and broadening of the FT
main peak as a result of the replacement of O atoms
coordinating europium by 34 0.7 Cl atoms at 2.73 0.02

A. EXAFS results indicate that the addition of chloride to
the BumimTgN solution leads to complete exchange of
coordinated O atoms in “EuTf2N” (without chloride) with
6—7 Cl atoms in samples “EuCI6Tf2N” and “EuCI9Tf2N".
Because the EXAFS spectra of samples “EuCI6Tf2N” and
“EuCI9Tf2N" are nearly identical, the saturated hexachloro
complex likely forms in both samples when chloride is added.
This corroborates the TRES results.

After dissolution of the triflate salt in the RTIL solutions,
the CN for Eu(lll) is found to be around-91.0, which is
common for this lanthanid&. A similar CN has been
predicted by MD simulations on the “naked” Eucation
immersed in the BumimRFsolution?? According to these
calculations, Eu(lll) is solvated by 6 BFions, half in a
monodentate fashion and half in a bidentate fashion, resulting
in a CN of 9.84 0.6 F. From our EXAFS study, the metal
has a CN of 8.9 F in BumimRFand of 9.4 F atoms in
BumimBF,, suggesting that Eu(lll) is coordinated to solvent
anions as found by MD.

In the presence of added chloride ions, the nature of Eu-
(ly's first coordination sphere is found to depend on the
nature of the RTIL because of the competition between the
RTIL and the chloride anions as complexing ligandsNrf
is the weakest complexdftof the anions we studied, so
the halide complexation is complete in BumirgNIf leading
to the formation of the Eu@l~ complex. B~ and Tf are
stronger complexing ligands, and in the BumimBand
BumimTf solutions, mixed complexes are formed, likely
involving less halogenated species such as EU®&uCk,
and EuCJ~. In the BumimPFk solution, no chloride com-
plexation occurs. This is, at first glance, surprising and might
indicate a stronger affinity of europium for PFthan for
chloride anions. This hypothesis seems, however, unlikely
and is inconsistent with the theoretical results (vide infra).

An alternative explanation on the lack of chloride com-
plexation in BumimPE may be considered, based on the
hypothesis that the first coordination sphere in this RTIL
involves F anions stemming, e.g., from Eu(lll)-catalyzed
decomposition of P§.** The complexed F ions would
prevent further Eu(lll) complexation with chloride. Such an
explanation is inconsistent, however, with MD results on

(41) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Edelstein, N. M.; Craig, I.
Inorg. Chem.200Q 39, 595.

(42) Chaumont, A.; Wipff, GPhys. Chem. Chem. Phy2003 5, 3481.

(43) Gaillard, C.; El Azzi, A.; Billard, I.; Bolvin, H.; Hennig, Cinorg.
Chem.2005 44, 852.

(44) Swatloski, R. P.; Holbrey, J. D.; Rogers, R.Geen Chem2003 5,
361.



Europium(lll) and Its Halides in lonic Liquids

[EuR]®" complexes in the BumimRBolution*® These MD 3.3. MD Simulations in ILs. Because the nature (intimate
simulations indeed find Eu(lll) to bind 6 Fanions at most,  ion pairs versus fully dissociated ions) of the ExSalt in
thereby forming the hexafluoro [EgF~ complex. The same  the RTILs is not known from experiment, we modeled both
CN has also been observed spectroscopically for Eu(lll) in states, i.e., the “naked” Etication and the Eugfcomplex
molten salt® and is further supported by computatidial  in three RTILs, focusing on the first coordination shell and
and experimental observations of the [Egf€lanalogue?->° the average CN of europium (obtained from the RDFs; see
In the BumimPF solution, the spectroscopic observation of Figures 4 and 5 and Table S3 in the Supporting Information).
a CN of 9-10 indicates that europium is not complexed by The results are presented below, followed by an analysis of
F~ anions. Moreoverd'P NMR spectroscopy investigations  the energy features of the different systems, focusing on the
on the “EuCI6PF6” sample and on the pure BumimRfuid state of the triflate counterions. Most MD simulations were
did not detect phosphate ions, which would stem from the carried out at 300 and 400 K to better enhance the dynamics,
decomposition of P§. Another piece of information comes  generally yielding similar results. Unless otherwise specified,
from the EXAFS analysis of sample “EUF6PF6” with a the reported results correspond to a temperature of 300 K.
relatively high fluoride salt concentration ratio ([F)/[E&] 3.3.1. Solvation of “Naked” Et#* in BumimPFs, Bu-

6)>* showing that the coordination sphere of europium inBE, and BumimTf,N ILs. Two series of independent

remains the same as that in the "EUPF6” sample (see Figuregjm jations were performed on the “naked”*Eation in
3 and Table 2). TRES analysis of the lifetime as a function y a6 jiguids. In an initial series (without triflate anions),

of the irradiation timé® (data not shown) further indicates neutrality was achieved by removing three Burhiions

that f{ee fIl;]orlde lons are _preseﬂt In S(?Il_;tc'fn bIUt 30 Ot from the solvent, whereas a second series involved the
fﬁmg ex. TPUSIZ to_dsumma?ze,tyv enf Ebl'th |sé¢,lo ve Fln Euwt,3Tf solute with dissociated Tfanions. In both cases,
the tumlm E. Iquid, cgmp exaa '3” 0 'tne![h erf tn?hr ¢ th the solvation of E#&" turned out to be nearly identical in a
lons 1o europium 15 observed, despite the tact tha esegiven IL. Therefore, we only report the first set of results.
anions are stronger complexing ligands thaR PF ) i . )

The above EXAFS analvsis was performed assuming a In the BumimPFk solution, the E&" cation is rapidly
total di \i/ti N of the E IESIIfir\:\tlr sdp d irnt th SS? til ng surrounded by 6 RF anions during the dynamics. These
oratdissociation of e Eussa oduced info the solutio anions coordinate in either a mono- or bidentate fashion to

and coordlnqtlon of Eu(lll) by the IL anions only. _Indee(_:i, the metal, as can be seen from the splitting of the first Eu
all RTIL solutions were clear and transparent after dissolution . .
i o Pers peak, leading to a total CN of 9.8 F atoms (Figure 4
of the salts; no aggregate formation is observed. However, . . .
the state of EuThfdissolved in the RTILs is not yet known and Table S3 in the Supporting Information). At400 K, one
y more Pk~ anion is coordinated to Ety but the CN decreases

and cannot be firmly assessed by EXAFS. Indeed, the )
“EuPF6” spectrum could also be fitted with a mixed-shell 0 9'2.F at_oms because OT the change from bi- to monodentate
coordination of some anions.

model corresponding to the undissociated E$s&ft, leading
to a Eu coordination of 6.5 O atoms at 2.33 A and 2.8 F _ When simulated in the BumimBHiquid, EL*" rapidly
atoms at 2.38 A. On average, this distribution corresponds (in 1€ss than 100 ps) coordinates BFanions to form a
to the fit based on F atoms only (i.ev9 F atoms at 2.34 Eu(BF,)s>~ complex. The five anions are bidentate, leading
A). Actually, the EXAFS technique is not sensitive enough 0 a total CN of 10.2 F atoms. At 400 K, Eu(BF*~ takes
to safely discriminate between two light backscattering atom UP one more anion to form the Eu(B§~ complex in which
types such as oxygen and fluorine. One cannot, therefore,the anions coordinate either monodentate (1.6 Bfor
differentiate between nondissociated europium triflate moi- bidentate (4.4 BF) to EW**, leading to a CN of 10.4 F
eties (involving Eu-O bonds) and their dissociated state atoms.
(where Eu(lll) is solvated by F atoms from the RTIL anions).  In the BumimT{N solution, the E&" cation rapidly
To summarize, EXAFS and TRES spectroscopic results coordinates five TN~ anions. Each anion binds in a
point out the influence of the nature of the RTIL anions on bidentate fashion to the metal via one oxygen pes GOup,
the formation of halide complexes of europium. However, forming a six-membered ring chelate. FourNf ligands
experimental data, combined with available theoretical adopt aCy,-type configuration with eclipsed GFgroups,
results, do not explain the lack of Cbr F~ complexation ~ whereas the fifth ligand is &f>-type symmetry with a gauche
by europium in BumimPg For this reason, the environment arrangement of the GFgroups. This solvent shell remains
of europium in RTILs has been investigated by MD and QM unchanged when the system is heated to 400 K for 5 ns.
simulations. These results are presented in the following. To summarize, the calculated CN for the “naked™Eu
cation ranges from 9.8 to 10.3 in the ILs, which is consistent

243 Chaumon}, A, Wigf_ll‘bGPhys. Chen;]. C(t;em. PGWBO?:?] 7, 19826. with the EXAFS results. This does not prove, however, that
46) Dracopoulos, V.; Gilbert, B.; Papatheodorou, G.INChem. Soc., ; ; ; ; : ; ;
Faraday Trans1998 94, 2601. the europium triflate salt is d|s_SOC|ated ina RTI!_ solution
(47) Chaumont, A.; Wipff, GJ. Phys. Chem. 2004 108 3311. because similar CNs are obtained for undissociated £uTf
(48) Czjek, M.; Fuess, H.; Pabst,4. Anorg. Allg. Chem1992 617, 105. (vide infra)
(49) Matsumoto, K.; Tsuda, T.; Nohira, T.; Hagiwara, R.; Ito, Y.; Tamada, ’ ] ) ]
50) O. Aﬁta Crydstallogr- |02202 C58 m186|.I Chem1993 619, 1303 3.3.2. Solvation of the Undissociated EugfComplex
50) Mackenstedt, D.; Urland, WZ. Anorg. Allg. Cheml 19 1393. ; : : ;
(51) It was not possible to make a solution with a higher [F}/[Eu] because '" the BumimPFs, BumlmBF43 a.nd B"_JmlmszN ILs. The

of the solubility limit of the TBAF salt in BumimP& EuTf; complex was first optimized in the gas phase and
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Figure 4. MD simulation for “naked” E&" in different RTILs: snapshot of the first solvation shell around the cation and RDF of the solvent around the
cation.

immersed in the different ILs. In no case did the complex shell of EG* is finally completed by two to three additional
dissociate during the dynamics, and the @&hions remained  solvent anions, as described below.

bonded via their oxygen atoms to Eu with somewhat In the BumimPE solution, at 300 K the first coordination
different denticities depending on the liquid. In the three shell of EuT§ comprises two monodentate £Fanions.
liquids (BumimPFk, BumimBF,, and BumimT$N), the first Because two Tf anions are tridentate and one is bidentate,
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Figure 5. MD simulations for EuT{ in different RTILs: snapshot of the first solvation shell around the cation and RDF of the solvent around the cation.

the total average CN of Etiis 9.8. Heating up the solution  anions coordinate bidentate to the cation, leading to a total
to 400 K leads to the capture of anothersPREfter 1.7 ns, CN of 9.7 atoms.

which is also coordinated monodentate t¢Eun this case, In the BumimT$N solution, the first coordination shell
all Tf~ anions are bidentate, leading to a total CN of 9.1. of europium is similarly completed by two A4~ anions,

In the BumimBR; solution, the complex coordinated two one being bidentate and forming a six-membered ring chelate
BF,~ anions after 0.25 ns of dynamics, and the resulting and the other one monodentate. One of the thredigands
EuTfy(BF,),2~ complex remained stable until the end of the is tridentate and the other two are bidentate, leading to a
simulation. Both BE~ anions as well as all three Tanions total CN of 10.0. At 400 K, the monodentate and tridentate
coordinate in a bidentate fashion to the metal, leading to a Tf2N" anions become bidentate, leaving the total CN 6f'Eu
total CN of 10. After 3.8 ns at 400 K, the first shell is unchanged.
completed by another monodentate-coordinateg BiRion, The predicted CN of the undissociated Egygdmplex in
whereas one of the two other BFanions becomes mono- these ILs ranges from 9.1 to 10. Again this lies in the range
dentate and the other one remains bidentate. All three Tf of the EXAFS results. The knowledge of the total CN is
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Table 3. Binding Energies (in kcal/mol) of EuXComplexes Table 4. MD Simulations of an Uncomplexed EuCation in IL
Calculated by QM (6-31G* Basis Set) at the HF or DFT-B3LYP Solutions (No Triflates): Average Cation Solvent Interaction Energies
Levels (with BSSE Correction) and Energy Minimized with AMBER, Esov (in kcal/mol) and Their Componerits
According to the Equation Eux— Eu* + 3X~ N
IL T(K) BMI+ Y Esoiv
HF DFT-B3LYP AMBER BumimPF; 300  1320(18) -—2258(20) —938(16)
EuRs 1056 1075 1052(970) 400 1475 (21) —2422(22) —946 (20)
EuCk 911 953 936(836Y BumimBF, 300 1493 (20) —2567 (22) —1073(17)
EuTf; 886 912 892 400 1638 (25) —2730(33) —1092 (26)
Eu(BR)3 875 903 819 BumimTf,N 300 894 (14) —1889(19) —995 (15)
Eu(TfN)3 869 891 726 400 909 (24) —1922 (24) —1013(17)
Eu(Pk)s 843 875 697

a Fluctuations are given in parentheses.
aCalculations performed with the “small” models for Fand CI.
b Calculations performed with the “big” models for Fand CFI. Table 5. MD Simulations of the Undissociated EyT€omplex in IL
Solutions: Average Interaction Ener@¥o (in kcal/mol) between the

. . . + — i
thus not sufficient to conclude whether the europium salt is E¥"- the IL. and Its Components and the"TAnions'

dissociated. Intermediate cases (e.g., BuEnd EuT§" IL T(K) T BMI* & Esol
complexes) have not been simulated for time-saving pur- BumimPRk 300 —978(15) 1324 (18) —1459 (19) —1113(18)
i ; imi 400 —911 (14) 1359 (23) —1584 (20) —1136 (20)
poses, but it can be_ surmised that they behave similarly, asBumimBF4 300 —906 (10) 1543 (23) —1778 (20) —1141 (18)
far as the total CN is concerned. . 400 —894(13) 1543 (23) —1813(28) —1164 (24)
3.3.3. Energy Analysis of the EuX Complexes in the BumimTi,N 300 —953 (10) 1025 (17) —1205 (16) —1132 (18)
Gas Phase and in the RTIL Solutions. Relative Stabilities 400 —906(9) 1039 (16) —1282(16) —1149 (15)
of EuX3 Complexes in the Gas PhaseTo compare the aFluctuations are given in parentheses.

“intrinsic” binding strength of Eu(lll) toward Y anions, we _ o

first performed QM calculations on EgY:omplexes in the ing trends, when one compares one liquid to the other. For
gas phase, comparing™¥= F~, CI-, BF,~, PR, Tf~, and the Ed* cation, theEsqy energies follow the same evolution
Tf,N~. The basis-set superposition error (BSSE)-corrected @S theAE; energies in Euxcomplexes and increase from
interaction energieAE; defined by eq 2 are given in Table ~—940 kcal/mol for BumimPE —1000 kcal/mol for

3 and compared to the force-field results. The QM results at BUmimTN, and—1080 kcal/mol for BumimBIr(Table 4).
This is consistent with the anionic nature of the first

EuX,(g) — Eu’'(g) + 3X (g) 2) coordination shell of the “naked” cation in solution. For the
EuTf; complex, theEsqy energies are closer to each other

(see Table 5) because of weaker participation of solvent
anions in the first europium shell.

Comparison of Complexed versus Dissociated Triflates
in Solution. The state of triflate counterions in solution could,
in principle, be investigated by performing potential of mean
force calculations, which account for the change in free
energy AG) as a function of the Eu-Tf distances. Such
approaches are presently too computationally demanding.

both DFT and HF levels follow the sequence F CI~ >
Tf~ > BF, > Tf,N™ > PR™. The same sequence is found
with AMBER with the two models of Fand CI. The only
exception concerns the Clrersus Tf ligands when Cl is
described with the “big” model. The corresponding structures
are given in Figure S3 in the Supporting Information,
showing that PF and Tf bind bidentate (CN= 6). The
Tf~ anions are coordinated via their $xygens. Attempts
to optimize EuT§ complexes with a Eu-F(Tf) coordination
failed to converge, confirming the EWO(Tf) type of
binding, as found in solid-state structuf@s:or the triflate
anions, note the satisfactory agreement between the HF, DFT
and AMBER energiesAE, = 886, 912, and 892 kcal/mol).
The QM and AMBER calculations make clear that the
Eu(PR); complex is the least stable of the series, confirming
that, intrinsically (i.e., in the gas phase),sPRnions make
weaker bonds with Eu(lll) than Clor F~. Thus, the lack of
ClI~ complexation when added to the BumimP®lution
should stem from other effects, as discussed below. Accord-
ing to the QM and AMBER results, there is no reason for
the complexed Tf anions to be displaced by IL anions such
as Pk, Tf,N-, or BF,~. On the other hand, calculations
predict all of these anions to be displaced byand CI in
the gas phase.
Interactions of Eu®*" or EuTfs with the Solvents. The (53) Note thatU was calculated “on the fly” directly during the MD
ana|ysis of the interaction enerﬁgolv between E#I" or the simulation as an average over 50000 configurations, whereas the
EuTf; complex and the surrounding medium reveals interest- Eg}';‘gt;?gg gggﬁ';;eﬁggg'gﬁggg C"(V)ﬁ;iegSgﬁgf;?%{l%ﬂﬁgesj%vw

= Esolute + Esov + Ei may not be identical withJ. They are,
(52) Hamidi, M.; Pascal, J.-LPolyhedron1994 13, 1787. however, within statistical fluctuations, similar.

EuTR(RTIL) — EP'(RTIL) + 3TF (RTIL)  (3)

This is why we consider the dissociation reaction (3) in
5olution and compare the final and initial states in a given
RTIL, simulated for 4 ns by MD in the same conditions at
300 and 400 K (Table S1 in the Supporting Information).
Because the two states comprise the same numbers of solute
and solvent particles, we can calculate the change in the total
potential energied\U; for reaction (3) and analyze some
key contributions: the internal energy of the soluig,(id,

the solute-solvent interactionsHs,,), and the solvent
solvent interactionsH ) in a given liquid. The averages
over the last 0.5 ns are given in Table S4 in the Supporting
Information and their differences in Table 6, showing similar
trends at 300 and 400 ®.
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Table 6. Analysis of MD Simulations with Associated versus
Dissociated Triflates [Reactions (3) and 4)]

RTIL T(K) AEsoute  AEsow AEL AE AU
EuTf; — Eut + 3Tf (3)

BumimPFR 300 690 —1015 375 50 49
400 649 —950 328 27 43

BumimBF,; 300 702 —1213 412 —-99 -109
400 694 —-1178 363 —121 —122

BumimTf,N 300 697 —1096 317 —-82 -—-101
400 667 —1021 218 -—136 —126
EuTf;+ 6CI- — EuCk®~ + 3T~ (4)

BumimPFs 400 —49 -77 —-76 —202 —230

BumimTf,N 400 —-41 =71 49 —63 —56

aEnergy differences (in kcal/mol) are between the final and initial states.

AE = AEson + AE L + AEsoute WhereEsqy is the solute/solvent interaction
energy EiL is the internal energy of the IL, arieloueis the internal energy
of the solute. The fluctuations dsoy andEy . are~+20 and+70 kcal/
mol, respectivelyAU is the difference in potential energies between the
final and initial state$® The corresponding fluctuations are about 50 kcal/
mol.

In solution, dissociation of the triflates is favored by the
better solvation of the Bl and Tf ions, as indicated by
the large gain in “solvation energieXEsq (from ~—950
to —1210 kcal/mol, depending on the liquid and on the

temperature). Solvation of the dissociated ions is, however

detrimental to the solventsolvent interactions, and the
corresponding\E; ;. changes range from 220 to 420 kcal/
mol. Furthermore, bonding in the Eydomplex is weakened

in solution compared to the gas phase because of further

coordination of Y solvent anions, and the complex is thus
destabilized (by=200 kcal/mol if one compares to theE,
energies in the gas phase and A& energies in solution).
Summing up these contributionAE; = AEgqy + AEL +
AEsouig leads to positive energies in the BumimHiguid
(=40 kcal/mol) and to negative energies in the BumimBF
and BumimTiN liquids (x—100 kcal/mol). Thus, the change
in the total energyE; favors the complexed triflates in the
BumimPF solution and the dissociated triflates in the two

other liquids. The same conclusions are obtained if one

compares the total potential energyof the systems with

were independently simulated by MD for 4 ns in the
BumimPF and BumimTkN liquids at 400 K. The resulting
Eson, EiLiL, @andEsoue€nergies and their differences are given
in Table 6. Results show that the formation of the hexachloro
complex is favored by the change in the internal energy of
the solute AEsoue~ —40 to —50 kcal/mol, mainly because

of the destabilization of the Euoiety in solutionj* and

by the gain in solvation energiedEsqy ~ —70 to —80 kcal/
mol), whereas the\E, . contributions are more solvent-
dependent. The net energidE, = AEsqy + AELL +
AEsoue@re negative{200 kcal/mol in BumimPgand—60
kcal/mol in BumimTRkN), indicating that dissociation of the
triflates to form the hexachloro complex is favored in the
two liquids. The same conclusion is obtained if one compares
the total potential energies of the initial and final states (see
Table S6 in the Supporting InformationkU, ~ —230 kcal/

mol in BumimPFk and —55 kcal/mol in BumimTEN.%

Thus, according to these results, the hexachloro complex
of europium should form when Eudfis dissolved in
BumimPFk and BumimTEN liquids to which chloride anions
have been added. We note that this conclusion contrasts the
lack of experimental observation of the chloro complex in

"BumimPFR but is consistent with the observation of this

complex in BumimTEN. Although computational results
have to be examined with care, the comparisons of these
QM versus AMBER results show that the AMBER results
are reasonabf®. Other validation tests have been reported
in our previous work%114547The contradiction between
simulation and experimental observation may, however, be
understood if one considers that, in spite of the great care
taken in the experiments, the kinetics of anion exchange
around europium may be so slow that the systems examined
by spectroscopy were not in thermodynamic equilibrium, as
discussed below.

4. Discussion

Using spectroscopic techniques and theoretical calcula-

dissociated versus complexed triflates (Table S5 in the tions, we have investigated the influence of the RTILS" Y

Supporting Information):AUs is positive in BumimPE (40—
50 kcal/mol) but negative in BumimBFand BumimTiN
(=—100 to—130 kcal/mol). This analysis is not intended to

anions on the first coordination shell of a trivalent cation,
europium(lll), added as EuJfsalt. We first studied the
triflate salt of europium dissolved in different “neat” RTILs.

be quantitative because of the high fluctuations, force-field EXAFS gave a CN between 9 and 10 in each RTIL, as did
limitations, and entropic effects, which are unknown and not MD simulations on a “naked” Ed cation, as well as on the

included. It does, however, point to the importance of undissociated Eutfcomplex. Spectroscopic data are not
solvation effects on the dissociation of the europium salt in sufficient to characterize the state of the triflate counterions,

the ILs. According to the MD simulations, the triflates should
remain complexed in the RTIL, which contains fewer
coordinating (PF") anions, but dissociate in the other RTILs.
Comparison of Triflate versus Hexachloro Complexes
of Europium in RTIL Solutions. Inspired by the experi-

mental results, we modeled the exchange reaction (4)
between the triflate salt (dissolved in the solution) and the
hexachloro complex, whose occurrence was found experi-

but MD results suggest that the triflates should be complexed
to europium in BumimP§and dissociated in BumimBrand
BumimTf,N solutions.

(54) In the gas phase, reaction (4) is calculated to be slightly endothermic
(by AEgas= 17, 20, and 15 kcal/mol, respectively according to the
HF, DFT, and AMBER calculations; note the good agreement between
the QM and force-field results).

(55) With the “small” CI model, the corresponding values are also negative
(—113 and—127 kcal/mol, respectively).

mentally to be solvent-dependent. The initial and final states (56) We note that using the same theoretical approach and protocol to study

EuTf(RTIL) + 6CI"(RTIL) —
EuCL® (RTIL) + 3Tf (RTIL) (4)

the dissolution of the Eugkalt in the BumimP§ksolution (EuC} —
Ewt + 3CI), we correctly predict this process to be highly disfavored
(AE = AEson + AEjLiL + AEsoiue= 958 — 1181+ 770= 547 kcal/
mol). This is fully consistent with the experimental observation
(Billard, I.; Gaillard, C., unpublished).
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Our studies of the europium solutions with added chloride
or fluoride ions show that Eu(lll) does not complex to these
anions in the BumimPJ§solution but more or less complexes
CI~ in the other RTILs. The lack of Clor F- complexation
in the BumimPF solution is quite puzzling because these
anions should coordinate more strongly to Eu(lll) than the
triflate or solvent Pk~ anions, which are, according to QM

Gaillard et al.

differences in the rates of diffusion as a function of the
anionic content of the RTILs, related to their viscosities,
likely influence the nature of the observed complexes,
especially in the case of dried solutions, where ion diffusion
is slower than that in ones containing water. The addition
of halide ions to the solution is also known to enhance the
viscosity®® which may explain the lack of chloride and

and MD results, the poorest ligands. The anomalous behaviorfluoride complexation in the BumimRBolution®®

of europium in BumimPEmight be related to the fact that
EuTf;, although dissolved in that RTIL, is not dissociated.
In that solvent, however, as well as BumimNf the
substitution of the coordinated triflates by digands to form
the EuCE~ complex should be energetically favored, ac-
cording to the MD results. A fortiori, the corresponding
EuR®~ complex should form in the presence of added F
anions, but this is not observed by spectroscopy.

In the BumimBR and BumimT$N solutions, europium

In addition to slow ion diffusion, the energy barriers for
anion exchange in the first coordination sphere of Eu(lll)
may be quite high in the RTIL and modulated by the nature
of the europium counterions, RTIL anions, and added anions
(e.g., halides). A recent study on the nucleophilic substitution
of halides in Bumim-based RTIEsrevealed evidence for
reduced halide nucleophilicities and higher activation energy
barriers in RTILs than in conventional organic solvents. The
rates of reaction in these liquids did not correlate with the

is complexed by about 3 and 6 CI's, respectively, and there RTILs’ viscosities but rather with the halide solvation by

is no simple explanation of these different stoichiometries the RTIL cation via hydrogen-bonding interactions. In our
as a function of the RTIL. In the studied samples, the Y systems, the energy barriers should be much higher because

RTIL anions, which compete with the Clanions to
coordinate to Eu(lll), are in excess by a factor ranging from
14 in BumimPFk to 178 in BumimBE (Table 1). We note,
however, that the [Y]/[CI ] ratio does not follow the order

(i) they involve the exchange of anions around a formally
3+ charged species with which they display strong attractions
and (ii) the first anionic shell of the complex is shielded from
the “bulk” solvent and stabilized by a shell of imidazolium

of CI~ complexation in the different liquids and that this cations, which renders the approach of an incoming anion
concentration effect would favor, with everything else being more difficult5!

the same, the complexation of chloride in BumimgRkhich ]

is contrary to the experiment. Furthermore, in a comparison 2 Conclusion

of the BUmlmPE and BUmlmTEN SOlUtionS, it is difficult Solvation phenomena in RTILs are thus not as “Simp|e”
to understand why 6 Cl anions are complexed to Eu(lll) in as those in classical solvents. The dissolution of, in our case,
the latter solution, whereas none is complexed in the former. europium triflate salt, even if complete, does not imply
The different stoichiometries of the chloro complexes can gjissociation and solvation of the metal cation by the RTIL
thus hardly be explained by concentration effects or by the anjons only. The nature of the first coordination sphere of
intrinsic coordination properties of the solvent nions. europium depends on the Competition between its counter-
Note that in the studied series the fully halogenated anjons and the RTIL anions, which, in turn, influence the
hexachloro complex forms only in the Bumim liquid, complexation reaction with other added anions such as
which is less viscous than the others. In general, RTILS chiorides. The europium counterions, initially present at the
dlsplay rather hlgh viscosities because of Strong attraCtionSbeginning of the experiment, a|though much less concen-
between anions and cations. These high viscosities may affectrated than the solvent anions, likely influence the complex-
the complexation rate of europium. In our case, we preparedation reaction and solvation process. The energy analysis of

samples for experiments at least 48 h before measurementihe MD trajectories makes clear that not only the nature of
Solutions were mixed after introduction of the salts and the the first coordination shell but also solvation effects (includ-

resulting solutions dried at 78C. This procedure may not
be sufficient to reach equilibrium prior to analysis. According
to the literature, the viscosities of the studied liquids at room
temperature increase in the ortfer>® BumimTf,N (35—

70 mPa)< BumimTf (=90 mPa)< BumimBF, (150—220
mPa)< BumimPFk (240-450 mPa). The differences in these
values are probably due to impurities or to different water
contents (between 100 and 600 ppm), which significantly
affects the viscosity? It is likely not coincidental that this
order is identical with the ordering of the reactivity of
europium toward chloride we find experimentally. Thus,

(57) Pandey, S.; Fletcher, K. A.; Baker, S. N.; Baker, GAfAalyst2004

129 569.

(58) Seddon, K. R.; Stark, A.; Torres, M.Bure Appl. Chem200Q 72
(12), 2275.

(59) Widegren, J. A.; Laesecke, A.; Magee, J. @hem. Commur2005
1610.
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(60) Another explanation may be found in the reaction ofaRions with
aromatic protons of Bumifmn We found indeed that, upon DFT/6-
31+G* optimizations on the BumifF— hydrogen-bonded adduct, the
C,H proton of Bumint spontaneously transferred to form the-H
molecule.

(61) Llewellyn, N.; Welton, T.J. Org. Chem2004 69, 5986.

(62) The nature of the first coordination shell in solution cannot be predicted
solely by a gas-phase approach, but looking beyond the first shell is
not sufficient either. For instance, if one considers the interaction
energyEsoEu) of Eu(lll) with its global environment in the RTIL
solution when the cation is either “naked” Euor complexed with
triflates (including in that case the contribution of the Tdnions),
one sees (Tables 4 and 5) that, in the three studied liqRids(Eu)
values are more negative with the complexed triflates in the three
liquids (by ~80 kcal/mol in BumimPE, 70 kcal/mol in BumimBE&,
and 40 kcal/mol in BumimTEN; averages over energies at 300 and
400 K). This would lead one to conclude that the triflates remain
complexed by europium in all of these RTILs, which contrasts with
the conclusions obtained in the BumimB&nd BumimT$N liquids
when changes in solvent/solvent interactiodsE(;.) and in the
internal energy of the solute\Esquid are taken into account.
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ing the re-solvation of the dissociated ions and the changeFrench “Groupement de Recherches” PARIS. IDRIS, CINES,
in the internal energy of the solutes and in the energy of the and Universite_ouis Pasteur are acknowledged for contribu-
liquid itself) are importanf? Given the importance of the  tion to computational resources.
anionic components of the RTILs and of the dissolved
europium salt, it can be expected that using other europium-  gypporting Information Available: Tables of characteristics
(I salts will change its solvation and complexation proper- of simulated systems, total energies of the QM-optimized com-
ties, as well as the kinetics of anion exchange around thepjexes, MD simulations of Eti and EuT§ in RTILs and with
metal. Such experimental and theoretical studies are presentlyyssociated versus dissociated triflates, and Eu@fsus E&*,3Tf
underway in our laboratories. and EuT$,6CI- versus EuGP-,3Tf in different solutions and figures

of residual water amount in BumindN as a function of the
d degassing time, of AMBER atom types and charges used to simulate
the RTILs and EuX complexes in the gas phase. This material is
available free of charge via the Internet at http://pubs.acs.org.
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