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We report a molecular dynamics study of the solvation of the UO,?* and Eu®* cations and their chloro complexes
in the [BMI][PFe]{H20] “humid” room-temperature ionic liquid (IL) composed of 1-butyl-3-methylimidazolium(+) and
PFs~ ions and H,0 in a 1:1:1 ratio. When compared to the results obtained in dry [BMI][PFg], the present results
reveal the importance of water. The “naked” cations form UO,(H,0)s** and Eu(H;0)e** complexes, embedded in
a shell of 7 and 8 PFs~ anions, respectively. All studied UO,Cl,>" and EuCl,®~" chloro complexes remain stable
during the dynamics and coordinate additional H,O molecules in their first shell. UO,Cl,>~ and EuCl¢®~ are surrounded
by an “unsaturated” water shell, followed by a shell of BMI* cations. According to an energy component analysis,
the UO,Cl;>~ and EuClg®~ species, intrinsically unstable toward dissociation, are more stable than their less
halogenated analogues in the IL solution, due to the solvation forces. The different chloro species also interact
better with the humid than with the dry IL, which hints at the importance of solvent humidity to improve their
solubility. Humidity markedly modifies the local ion environment, with major consequences as far as their spectroscopic
properties are concerned. We finally compare the aqueous interface of [BMI]J[PF¢] and [OMI][PFg] ionic liquids,
demonstrating the importance of imidazolium substituents (N-butyl versus N-octyl) to the nature of the interface
and miscibility with water.

Introduction imidazolium-based ILs form distinct phases with water, and
can thus be used for liquidliquid extraction purposes,
yielding specific properties. Large distribution coefficients
of metallic cations have been observed for ILs containing
complexing agents. For instance, the*'Sextraction by
dicyclohexano-18-crown-6 to ILs is several orders of mag-
nitude larger than that to classical organic solvér@anilar

There is growing interest in room-temperature ionic liquids
(hereafter denoted “ILs”) as “green” (thermally and chemi-
cally stable, nonflammable, nonvolatile) solvents for metallic
cations, especially in the context of nuclear waste par-
titioning.1 > ILs are based on organic cations (e.g., imid-
azolium, pyr|d|n|um, or ammonium denyauves) anq anions - appancements are observed for trivalent lanthanide or uranyl
whose choice allows the physicochemical properties, suchCations by phosphoryl-containing ligands (CMPO, TBP,
as the miscibility with water, to be monitored and fine-tuned. CYANEX-type ligands), likely due to specific solvation
With hydrophobic anions such as £For (CRSQ)N", features of the 1121t is thus important to understand at the

_molecular level the solvation of the ions and their complexes
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complexity and versatility of the Eluion environment as a
function of the IL humidity and of the amount of Canions
in the solutiont! Computer simulations also contribute to

our understanding of the solvent structure and solvation
properties. Quantum mechanical methods allow the funda-
mental interactions between selected components of the

system to be “accurately” describ&dl” but are not suf-
ficient to depict the dynamics and complexity of solutions.

Insights into those features can be obtained by molecular
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Figure 1. Components of the simulated humid IL.

dynamics (MD) or Monte Carlo methods, based on empirical jjynortant to determine the role of water in the solvation

representations of the potential enet§y’’ This led us to
investigate the solvation of lanthanidéMand uranyl cations
in ILs that are based on 1-alkyl-3-methylimidazoliuf)@nd
PR~ or AICI,~ anions. The first studies dealt with “ideal”
ILs,28730 while the effect of liquid (Lewis) “basicity” was
also investigated. allowing us to depict the interactions
among Et CI*™", EU'CI,?™", and UQCI,> " complexes and
the liquid as a function of the number of digands?! These
exploratory simulations were based on a “dry” IL model,
without water. It is known from experiment, however, that
imidazolium-based ILs used for liquidiquid extraction

properties of the IL.

In this Article, we report an MD study of the solvation of
the Ed" and UQ?" “naked” cations and their chloro
complexes in the [BMI][PE[H ;0] humid IL, based on BMI
(1-butyl-3-methylimidazolium) and RF ions (Figure 1).
This model solution contains one® molecule per BMiPR;~
ion pair. This is somewhat more than the experimental value
of water solubility in the pure [BMI][PF liquid (2.3% in
weight, i.e., 0.26 in mole fractior¥f,but reasonably models
the [BMI][PFg] IL containing some amounts of hydrophilic
species such as europium or uranyl cations or their chloro

purposes are hygroscopic. 'I_'heirwaFer content d_ec_rease; Wm?:omplexes, in equilibrium with uncomplexed Canions.
temperature and, for a given anion, when imidazolium ajso note that the water solubility in the IL can double when

substituents become more hydrophobit®® It is thus
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the imidazoliumN-butyl group is replaced biN-methyl33
Our main aims are to compare the ion solvation in the humid
versus dry ILs from the structural and energetical points of
view, and to gain insights into the relative stability of the
different chloro complexes in solution. The question of water
mixing with the IL will also be addressed from the point of
view of the IL/water “interface”, which presumably plays a
key role in assisted ion extraction.

Methods

Molecular Dynamics. The systems were simulated by classical
MD using the modified AMBER 7.0 softwat€in which the
potential energyJ is described by a sum of bond, angle, and
dihedral deformation energies and pairwise additive6+12
(electrostatict+ van der Waals) interactions between nonbonded
atoms:

U= kb—b)*+

bonds

ky(0 — 60)° +

angles

Z zvn(l + cosfip — y) +
dihedralsn

R\ (R}
2¢j|—| + | —
R] T\,

Cross-terms in van der Waals interactions were constructed using
the Lorentz-Berthelot rules. The BMl ion parameters are taken

a9;
TR
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Solvation of U0t and Eu’t Cations in a “Humid” IL

from ref 22, while those of PF are from the OPLS force fietd Table 1. Characteristics of the Simulated Uranyl and Europium lonic
and have been tested on the pure liquid propetfié&The van der Liquid Solutions

Waals parameters for U8 (Ry* = 1.58 A; ¢y = 0.4 kcal/mol§8 box size  time
and Ed" (Rgyt = 1.852 A; eg, = 0.05 kcal/mol§® were fitted to system BMIF PR~ H,O (A3) (ns)
free energies of hydration and also correctly account for the yoe+ 200 202 200 425 45
hydration numbers of these cations and for the corresponding UO.Cl, 200 200 200 42.6 4.5
cation-water coordination distances in aqueous solution. Despite UOsz; 201 200 200 42.6 4.5
the lack of explicit polarization and nonadditivity terms, thesé+ 382532'2‘; 42122 igg 42128 gg'g ‘21'5
12 potentials also account for the relative stabilities of the europium g+ 200 203 200 426 45
and uranyl chloro complexes in the gas phase, as compared to QM Euck 200 200 200 425 45
results (vide infra). Water is described by the TIP3P mdtighe EuCl~ 201 200 200 42.6 4.5
1—4 van der Waals interactions were scaled down by a factor of EUCE” 202 200 200 42.7 4.5

o
2.0, and the +4 Coulombic interactions were scaled down by 1.2. SUECE?E 203 200 200 a2.7 45

The solutions were simulated with 3D-periodic boundary conditions.

Nonbonded interactions were calculated with a 12 A atom based Information. After a sequence of energy minimization, 50 ps of
cutoff, correcting for the long-range electrostatics by using the MD at 300 Kinthe NVT ensemble, and 50 ps in the NPT ensemble

Ewald summation method (PME (partieiparticle mesh Ewald) (P =1 atm), the dynamics was run for 10 ns at constant volume.
approximation}: The mixing of the two phases was obtained by subsequent dynamics
The MD simulations were performed at 300 K starting with of 1 ns at 600 K with biased potentials (Coulombic interactions
random velocities. The temperature was monitored by coupling the Scaled down by a factor of 100). The “demixing” dynamics was
system to a thermal bath using the Berendsen algofitiwith a run at 300 K at constant volume with reset potentials for 10 ns.
relaxation time of 0.2 ps. In the NPT simulations, the pressure was ~ 1he tr?ectorles were analyzed with the MDS and DRAW
similarly coupled to a barostat with a relaxation time of 0.2 ps. Al Software®® The average solvation structure was characterized by

C—H bonds were constrained with SHAKE, using the Verlet the radial distribution functions (RDFs) of the-s? Ow.o, and

leapfrog algorithm with a time step of 2 fs to integrate the equations N-PUtylewr atoms of the solvent around the,é) or Eu atoms during
of motion. the last 0.2 ns. Insights into the energy component were obtained

We first equilibrated “cubic” boxes of the pure liquid, by repeated PY group analysis, using a 17 A cutoff distance and a reaction field
sequences of (i) heating the system at 500 K at constant volumecorrection for the electrostatié$ Typical snapshots were redrawn
for 0.5 ns followed by (i) 0.5 ns of dynamics at 300 K and a with VMD. 4> The diffusion coefficientD were calculated from
constant pressure of 1 atm and (jii) 1 ns of dynamics at 300 K and the Einstein equation (in principle valid for an “infinite” time)D6

constant volume. The final box was simulated in the NVT ensemble = Jri(Y) — ri(Q)’lover 2 ns.
for 2 ns at 300 K. Quantum Mechanical Calculations.The UQCI,, UO,Cl5™, and

d UO,Cl#~ complexes were optimized at the Hartréfeock (HF)

in the ionic liquid while BMI* or PRy~ solvent ions were removed and DFT (B3LYP functional) levels of theory, _using the Gaussian98
to keep the box neutral. The solvent boxes with a single metal ion SOftware?® The Cl and O atoms were described by the 6-Gt
are cubic €43 A in length) and contair-200 (BMI*, PRy, H,0) basis set. Eor uranium, we used a relativistic .Iarge-core effective
molecules. More concentrated solutions of Z0and E&' ions core potential (ECP) of the Los Alamos grdiipith 78 electrons
(with nine cations per box) were also simulated with larger boxes. In the core and a [3s,3p,2d,2f] contracted valence basis set. The
Details are given in Table 1. Equilibration of the europium or uranyl Pinding energies of the Clligands have been corrected for basis
solutions started with 1500 steps of steepest descent energyS€t Superposition errors (BSSE§)Total energies and optimized
minimization, followed by 50 ps of MD at 300 K with fixed solutes structurgs and thelr_Mulllken charges are given in Table_ Slinthe
(“BELLY” option of AMBER) at constant volume and by 50 ps ~ SuPPorting Information. The RF-H,0 and BMI":--OH, dimers
without constraints, followed by 50 ps at a constant pressure of 1 Were similarly optimized by HF/6-3#G* and by DFT/6-3%G*

atm. The subsequent MD trajectories were run from 2 ns and savedcalculations.

423 450 450 55.1 5

The uranyl or europium ions or their complexes were immerse

every 0.5 ps. .
. . . y (43) Engler, E.; Wipff, G. InCrystallography of Supramolecular Com-
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are, however, reasonable (see, e.g., the density of the liquid and the V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
PR~/H,0 interaction energies calculated by QM/AMBER (see ref Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
52)). Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
(38) Guilbaud, P.; Wipff, GJ. Mol. Struct.: THEOCHEM. 996 366, 55— Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
63. Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R.
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95. A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
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4 v n 4 N Table 2. Neat Humid [BMI][PFs][H20]: Characteristics of the First
oM P“" T Tere” Tem Peak of the Radial Distribution Functichs

-0 Nemi—Ngwmi 18.2 Rr—Nawmi 51

2} -H (7.9, 12.0) (5.1,7.3)
NBlepPFs 5.0 HDFE*OHZO 1.8

(5.1,7.3) (4.0,5.3)
Nemi —Oh,0 2.5 Pr—Hh,0 15

0 (45,6.2) (3.2,3.9)
Nemi —Hh,0 7.5 Q4,0—Nawmi 18

¢ DRY ——Ngu - Por (4.7,7.0) (4.0,5.3)
o -== Ng,-N HSemi—Ony0 6 Q4,0—Prr, 2.5

(2.5, 3.8) (4.5,6.2)
a2l 2t H4am —On,0 . 4,0~ Oh,0 13

(2.7, 4.0) (2.8,3.7)

g a Coordination number (first line) and positions (&) of the first maximum
and minimum (second line). Averages over the last 0.2 ns.

%o 2 4 6 810121416 %03 4 6 5 10121476
Figure 2. Neat [BMI][PR][H20] humid liquid: radial distribution cation, and vice versa. Water is “randomly” distributed in
func_tions as a function o_f the_distgnces (A) (averages over the last 0.2 ns).the box, and displays specific interactions with the liquid
Typical snapshots are given in Figures 3 and S1. . L . . . . .

ions and with itself. A visual inspection of the trajectories
at the graphic systems reveals that there is more water around
the PRk~ anions than the BMi cations, which hints at
stronger interactions with the form&This is supported by
an energy component analysis on the IL which shows that
the interaction energy of one,8 molecule with the IL
components follows the order PH—7.7 kcal/mol)> BMI*
(—3.0 kcal/mol) > H,O (—2.2 kcal/mol), on the average.
Some HO molecules are hydrogen bonded to th&l@nd
C4H, CsH imidazolium protons (0.6 D molecule, on the
average per proton, at 2.5 and 2.7 A, respectively). Water
also acts as a proton donor to thegPRnion (1.5 Hya

Results

We first describe the main characteristics of the neat humid
liquid (section 1), and next examine the solvation of the
uranyl and europium cations and their chloro complexes. The
simulations demonstrate the importance of the ionic liquid
humidity to the solvation of the free europium and uranyl
cations and their chloro complexes. During the dynamics,
all chloro complexes remained bonded. The unsaturated
UO.Cl2™ (n = 0, 2, or 3) and EuGF" (n = 3-5)
complexes completed their inner shell with®imolecules,
while the saturfited UL~ and EuCP complexe_s becam_e and 1.5 Qg atoms, on the average), as seen from the P
solvated by a first shell of water molecules. Details are given H d P--0, ks in the RDFs (3.2 and 4.0 A i
in sections 2 and 3, and energy features are analyzed in_ " an at PEAKS IN the s (3:2and 4.0 A, respec

) . . ; . tively). This is indicative of dominant “linear” hydrogen
section 4. In the Discussion of this Article, we compare two bonds, but HO molecules sometimes bridge over two F
neat binary IL/water systems, with BMIversus OMft ' 9

cations (Figure 1). atoms of the anion, as found in the optimizeds™H,0

imers3 1
1. Characteristics of the Neat Humid [BMI][PF¢][H 20] ?A?Z{}egngj 2?3 féngf %Srrgswag:}é?r:o%ins?gﬁvgj'Ocl)in o-
Liquid. The calculated density of the humid liquid (1.30 kg ge, ' ' P 9 9

dm3) is close to, but somewhat smaller than, the calculated mers, In equmbrlum'Wlth HO monomers (Figure S1 in the
and experimental densities of the dry liquid (1.32 kg @A Supporting Information). There are also some aggregates of

and 1.36-1.37 kg dnt3,*0respectively), which is consistent 6-10 KO molecules_, reminiscent of clgthrate type ar‘r‘ange”
. . ments around RF anions. Water sometimes acts as a “glue
with the small excess volume of mixing calculated for - L
between ionic components, e.g., via bridging PFHOH:---
analogous systenss.

The solvent diffusion is faster in the humid than in the 8 Interactions, or Chiw---OH,:+PFe™ interactions (see

dry IL, as indicated by the average diffusion coefficiebDts Figure 3).

TheD values (18cn? s in the humid versus dry solvents 2. _l(.jJranyI Cation and IFS _(éhlorr? Colr(n[()jlexeer in 'Fhe
are 0.26 versus 0.04 forR and 0.29 versus 0.04 forgy. Humid [BMI][PF ¢][H ;O] Liquid. The naked UGF* cation

The water diffusion in the humid IL is still faster (5.2

(52) According to AMBER force field and BSSE corrected QM calculations

106 cn? s1). This is why the sampling of the solvent
configurations should be more efficient in the humid than
in the dry liquid.

The average structure of the humid IL is characterized by
the RDFs of Mw, Per, and Qu, (see Figure 2; their
characteristics are summarized in Table 2). As in the dry
IL, one sees loose catieranion contacts, corresponding to
a peak of 5.1 PF anions, on the average, around each BMI

(49) Gu, Z.; Brennecke, J. B. Chem. Eng. Dat2002 47, 339.

(50) Suarez, P. A. Z.; Einloft, S.; Dullius, J. E. L.; de Souza, R. F.; Dupont,
J.J. Chim. Phys. Phys.-Chim. Bidl998 95, 1626.

(51) Hanke, C. G.; Lynden-Bell, R. M. Phys. Chem. B0O03 107, 10873
10878.

(53

=
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on the optimized P§---H,O and BMIt---OH; dimers (hydrogen
bonded to water via the 8 proton), the water binding energies to
PR~ and to BMI™ are however similar (9.1 and 9.7 kcal/mol at the
HF level, 9.5 and 9.5 kcal/mol at the DFT level, and 10.4 and 9.2
kcal/mol with the AMBER force field). This suggests that the favored
hydration of PE~, compared to BMt, in the ionic liquid results from
entropy effects, due to the larger accessible surface @f,RBmpared

to the restricted binding 41 region of BMI™ or MMI™* ions. Also
notice the good agreement between the QM and AMBER interaction
energies. Surprisingly, the experimental enthalpy of water absorption
by the [BMI][PFs] ionic liquid (7.2 kcal/mol§? is smaller than the
individual PR~++*H,0 or BMI*+--OH; interaction energies.

According to the AMBER calculations, the (bridging) hydrogen bond
energy of HO with PR~ amounts to 10.4 kcal/mol, which is in good
agreement with the QM-calculated values (including BSSE corrections)
of 9.1 kcal/mol (HF/6-3%+G* calculation) and 9.1 kcal/mol (DFT-
B3LYP/6-31+G* calculation).
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Figure 3. Neat [BMI][PF][H20] humid liquid. Typical snapshots of ions in interaction and water.
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Figure 4. UOZ* and its chloro complexes in the humid IL solution: RDFs qfafOPer, and Nswi atoms around the U atom.

captured in less than 0.5 ns water molecules to form the achieving equatorial coordination numbers of 5, but display

pentahydrated UgH,0)s>" complex, as in pure watéf:>®

more complex second shell arrangements. The@H,0);

Nine such complexes also formed in less than 0.5 ns in thecomplex, although neutral, further bindst.0 PR~ anions
more concentrated uranyl solution. From the time evolution (within 7.4 A), ~14 BMI* cations (within 10.6 A), and an
of the uranyl hydration numbers (Figure S2 in the Supporting important water network (12 # molecules within 7.4 A).
Information),_it can be seen that 6 of the 9 uranyl cations Tpe negatively charged WGI;~(H,0),~ complex is simi-
are hydrated in less than 0.1 ns, and that the other 3 graduallwa”y surrounded by water (1140 molecules) and a mixture

evolve from tri- to pentacoordination in 6.1 ns. The

RDFs and typical snapshots are shown in Figures 4 and 5.
The RDF characteristics are summarized in Table 3. In the

second shell of UgiH,0)s?", one finds 6.9 PE anions, on
the average, within 7.2 A. This anionic shell is not
“saturated”, but penetrated by water molecules (abowt® H
molecules on the average), which form “water fingers” with
about two of the equatorial @ molecules (Figure S1). The
other three equatorial 0 molecules are locked between
uranyl and PE anions. Beyond the RF shell, one finds
11.7 BMI* cations on the average, within 10.4 A, and water
molecules.

The unsaturated U, and UQCl;~ complexes similarly
captured 3.0 and 2.0 J&@ molecules, respectively, thus

(54) Neuefeind, J.; Soderholm, L.; Skanthakumad,. £hys. Chem. 2004
108 2733-2739.

(55) Guilbaud, P.; Wipff, GJ. Phys. Chem1993 97, 5685-5692 and
references cites therein.

of “loosely bound” 2.7 PF anions and 3.9 BMi cations.

The saturated U§TI,#~ complex is hydrogen bonded to
a first shell of 12.5 water molecules, on the average,
embedded inside a disordered cage of 8.0 BlMations
(within 8.9 A). About two HO molecules display bridging
interactions over two chloride ligands, while the others are
“monodentate”.

3. Europium(lll) Cation and Its Chloro Complexes in

the Humid Liquid. The solvation of the EU cation and

its chloro complexes displays marked analogies with the
solvation of uranyl. The RDFs and typical snapshots are
shown in Figures 6 and 7. A snapshot of water alone is given
in Figure S1. First, in the absence of chloro ligands$*Eu
forms a fully hydrated Eu(kD)s*" complex, as in pure water
and in the solid state structures with poorly coordinating
anions such as GBO;.56:57 This complex is observed in
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Figure 5. UO2* and its chloro complexes in the humid IL solution: final snapshots of the first shell (within 9 A) of U, showing (from left to right) H
only, BMI* only, PR~ only, and the solvent.

the simulations of the “diluted” solution, and for 7 of the 9 Table 3. UO,?* and E@* Cations and Their Chloride Complexes in
Ew* cations in the more concentrated solution (Figure 33) Humid Solution: Characteristics of the First Peak of the Radial

. . " Distribution Functions around the U and Eu Atéms
In the latter case, however, one Eucation remained

trihydrated only, and another one was not hydrated at all ___System Qat Per Newui
after 5 ns. The reason can be found in the too low local = U02* (g-g (g-B (g-g(g-g; l(é-z (]1.6121)
‘(l:oncentratli)n of water in some cases, and in the reduced UOLCl 310'(0'_1) 4_.0’(0..6) 13:6'(1.2')
free water” content, once an important amount has been (2.6,3.2) (5.4,7.4) (7.8,10.6)
complexed by the other Etl cations. The most abundant UO,Clz~ 2.0 (0.0) 2.7(0.7) 3.9 (0.4)
Eu(H:0)e*" complex is surrounded by a shell of 8.0¢PF UO.CL- {32(31‘;)) Sg(i%)) (g-g,(i-é))
anions (within 7.0 A), followed by 13.0 BMications (within 2 (4.4, 6.0) (8.0.10.7) (7.7.8.9)
10.4 A). Ew+ 9.0 (0.0) 8.0(0.2) 13.0 (0.8)
The unsaturated EugIEUCL~, and EuGl?~ complexes (2.5,3.3) (5.6,7.0) (9.3,10.4)
bind 5.0, 3.0, and 2.0 inner shelk® molecules, respectively, EuCl (g:g (gj)) (2:(1) (%g (57"_1 %:8;
leading to europium coordination numbers of 8, 7, and 7.  guci- 3.0 (0.0) 2.7(05) 4.2(0.6)
Despite the lack of electrostatic attractions with the former . (2.6,3.4) (6.2,7.0) (5.7,7.6)
complex or the repulsions with the two latter ones, these EUYCk é'g (g-fg (22(3'3 (3-8 (g-‘s‘g
are next surrounded by PFanions (5.0, 2.7, and 2.0, EuCk™ 9.1(0.9) 3.3(0.8) 6.8 (0.6)
(4.2,5.9) (8.3,8.9) (6.0,7.5)

(56) Boumizane, K.; Herzog-Cance, M. H.; Jones, D. J.; Pascal, J. L.; Paotier, o ) o i
J.; Roziere, JPolyhedron1991, 10, 2757-2769. aCoordination number and fluctuations (first line) and positions (A) of

(57) Faithfull, D. L.; Harrowfield, J. M.; Ogden, M. I.; Skelton, B. W.; the first maximum and minimum (second line). Averages over the last 0.2
Third, K.; White, A. H. Aust. J. Chem1992, 45, 583-594. ns.
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Figure 6. Eu*" and its chloro complexes in the humid IL solution: RDFs qfa0OPer, and Nswi atoms around the Eu atom.

respectively, on the average, within 7.3 A), stabilized by as the charge of the complex becomes more negative. In all

hydrogen-bonding interactions with the first-shell,GH
ligands on one side and by attractions with the BMations
on the other side. Within 7.3 A from the metal, one finds
about 9, 13, and 11 “second-shell>® molecules, respec-
tively, around the EuGJ) EuCl,~, and EuG§?>~ complexes.
Schematically, the saturated EgClcomplex is embedded
in a water shell (9.1 kD molecules within 5.9 A), followed
by BMI™ cations (6.8, on the average, within 6.5 A). About
half of the first-shell HO molecules display bridging
hydrogen bonds over pairs of Cligands. Interestingly, 9.1
H.O molecules are not sufficient to solvate the whole
complex, and the first shell is completed by BMtations
(about 4, on the average) whosgHZ C,H, or GH aromatic
protons are hydrogen bonded to Qibands of the complex.
4. Insights into Energy Components of the Uranyl and
Europium Solvation in the Humid [BMI][PF ¢][H 0]
Liquid. We analyzed the interaction energ¥soy between
the complexes and the IL, with aims (i) to compare A&,
as a function of the number of Cligands, (i) to assess the
contributions of the different liquid components, and (iii) to
compare the solvation of the humid liquid and the dry liquid
(from ref 28). The main results are given in Table 4.

cases, these repulsions are overcompensated by the attractions
with the more remote BMI cations. As supported by the
structural analyses, this energy analysis points to the role of
water in mediating the complex/PFnteractions: the anions

are attracted by the J@ ligands and by the surrounding
BMI T solvent cations.

It is interesting to compare the change in “solvation
energy” AEsoy with the change in intrinsic (gas-phase)
stabilities as a function of the degree of metal chlorination.
Indeed, according to quantum mechanical (QM) studies and
our force field results, the Eugt complex is intrinsically
unstable and should lose one or two @bands to release
the “electrostatic strain” in its inner shéf3! The first CI-
dissociation is exothermic by 107 kcal/mol (DFT B3LYP/
6-31+G* calculations) and by 94 kcal/mol (AMBER results).
This is much smaller, however, than the loss of solvation
energy of EuGF, compared to EuGl~ (253 & 20 kcal/
mol), which strongly points to the importance of solvation
forces on the stability of EuEt in the humid IL solution.
The same conclusion holds when EfClis compared to
EuCl,~, as the former is better solvated (by 100 kcal/mol),
and this overcompensates for its intrinsically lower stability

It can be seen that the interaction of the uranyl and (by 32 kcal/mol, according to the QM resul8)!

europium complexes with the IL is attractive and increases

with the number of Cli ligands: from—168 kcal/mol (UG-
Cly) to —352 + 15 kcal/mol (UQCIs?") for the uranyl
complexes and from-335 kcal/mol (EuG)) to —628 £+ 20
kcal/mol (EuC§) for the europium complexes. The water
contribution toAEgy is very important and ranges from 75%

Among the different uranyl complexes, WC,?>~ is better
solvated than UgCl;~ (by 160+ 15 kcal/mol), which also
largely compensates for its lower intrinsic stability (47 kcal/
mol according to the QM studies, and 13 kcal/mol according
to the AMBER results; see Figure 8). On the other hand,
among the UQ@CIl;~ and UQCI, complexes, the former is

to 47% for the uranyl complexes and from 58% to 27% for stable toward Cl dissociation and is better solvated, and
the europium complexes. It somewhat decreases when metashould be preferred in the IL solution. Thus, according to
chlorination increases, which is consistent with stripping of this analysis and the MD results, WCl,?~ is the most stable
water from the inner sphere of the metal. As expected, the form of uranyl in the humid liquid.

contribution of the P anions, small for the neutral Uo©

It is also instructive to compare the solvation of a given

Cl; and EuC} complexes, becomes increasingly repulsive cation or complex in the humid versus dry form of the IL.
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Figure 7. Ew®* and its chloro complexes in the humid IL solution: final snapshots of the first shell (within 9 A) of U, showing (from left to right) H
only, BMI* only, PR~ only, and the solvent.

Table 4 shows that each species interacts better with theone can conclude that the cations and their chloro complexes
humid than with the dry liquid. The difference is larger for are better solvated in the humid ionic liquid and that, among
the less halogenated complexes/(Q kcal/mol for UQClI,
and 180+ 15 kcal/mol for EuGJ), which take up the largest

(58) This may seem somewhat surprising due to the fact that their first

amount of water, than for the saturated one8( kcal/mol shell is anionic in the dry IL, and neutral in the humid IL. In fact,
for UO,Cl,2~ and ~55 4+ 15 kcal/mol for Equ3_). The solvation in the humid IL is favored (i) by the metal attraction to inner-

. - shell water molecules, (ii) by its still significant attraction to the
naked cations also prefer the humid 1L (b565 kcal/mc_)l somewhat more remote (but less strainedy Rtnionic shell, and (iii)
for UO,>" and 310 kcal/mol for Et).58 From this analysis, by the reduced repulsions from the BMtations.
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Table 4. UO2?* and Ed* and Their Chloride Complexes in Humid EuCk® complexes are intrinsically unstable and should lose

and Dry IL Solutions: Average Interaction Energies and Fluctuations ; ianic lion i
(kcal/mol) between U+ or EL** and the Different Components of at least One Clligand. I.n the ionic liquid, however, they
Humid IL and Comparison with the Dry IL are stabilized by solvation forces and should be the most

abundant halogenated species, provided that the concentration

f‘umld - dry Ib of CI~ anions in the solution is sufficient. What happens in
system  BMF PR H:0 Euo Euo humid solution thus depends on the concentration of water
Bgzgz 838 (%)7 ) —1084 %f) 218 833 e g;‘) s %3) and of CI anions. On the computational side, we recently
UO.Cls~  —503(9) 416 (7) —105(10) —192 (10) compared two dry “basic” ILs, based on a mixture of CI
UOLCls2~  —994 (15) 807 (12)—165(17) —352 (15) —278(5) and AICL~ anions and imidazolium cations, and the amount
Efgb 1222 ((52)1) _1_717;‘((62)3) o 82; e ((%g)) R gf) of saturated complexes that spontaneously formed with
EuCl-  -510(9) 398 (11)—165(13) —277 (15) —169 (11) UOZ?* and Ed' during the dynamics was found to increase

EuCk*~ —1067(15)  838(12)—146(13) —375(13) —298(12) with the CI” concentratiod! When the hydrated Eug®)g®*

EuCk®  —1509(23) 1138 (18)-168 (16) —628(20) ~572(14) complex was simulated in these basic meltsQHigands
UO,CLZ™ + CI = UO,Clyes™ exchanged with the Clanions to form mixed Eu@lH,0),

and EuCJ(H.0)s~ complexes! This is consistent with recent

LN luminescence spectroscopy results of Euthe [BMI][Tf 2N]
M- 128 o ionic liquid, as a function of the solvent dryness and of added
0% 72 o tetrabutylammonium chloride saf.Because of computer
> 0"’:’ limitations, we did not explore the different water/Cl
A\A”/‘ combinations, but the present simulations and those reported
5 3 5 in the basic [EMI][TCA] liquic®* show that “small amounts”
Figure 8. Uranyl complexes in the gas phase: energy changes (kcal/mol) O_f water may d,ramatlca‘”y m_OdIfy the spectroscopic proper_—
upon complexation of Cl, obtained by molecular mechanidm)( HF/6- ties of the cations and their complexes. What happens in

31+G* (@), and DFT/6-3%+G* (a) calculations with BSSE correction.  liquid—liquid extraction conditions (especially when cations
Total QM energies and structures are given in Table S1. are complexed by extractant molecules) also markedly

the different chloro complexes, UOL2~ and EuC#- should depends on the ionic solvent humidity. The local water

be most stable in solution. content in mixed IL/water systems may even be larger than
the one considered in this study (vide infra).
Discussion and Conclusions Water Content of the “Humid” lonic Liquid. Our study

We report a theoretical investigation on the effect of ionic was conducted with a 1:1:1 ratio of liquid ions and water,
liquid solvent humidity on the solvation of important cations Which is more water rich than the pure IL can be, and is
involved in nuclear waste solutions: uranyl and europium, more realistic in the presence of highly hydrophilic solutes
an average-sized lanthanide cation, also a good mimic of (€.g., metal cations or their chloro complexes, in equilibrium
trivalent actinides such as Afhor Cn?*. The results are ~ with uncomplexed Cli anions). See also the simulation
completely different from those obtained in the dry [BMI]-  results of water/IL binary mixtureS.Previous work in our
[PFg] solutions?®2°For instance, in dry conditions, the Eu group emphasized the importance of interfacial phenomena
and UQ?* naked cations coordinate PFsolvent anions in in classical assisted ion extraction, showing that water and
their inner sphere. This contrasts with the humid IL, where “oil” form a well-defined interface, where presumably the
they coordinate water only, forming Euf8)** and UQ- extractant molecules complex the catiéh$? It is thus
(H,0)s2* complexes, solvated by BFanions in the second  instructive to similarly simulate the aqueous interface with
shell hydrogen bonded to the,® ligands. Similarly, the  two ILs: [BMI][PF¢] and [OMI][PFs], where OMI* stands
EuCk®*~ and UQCI2~ anionic solutes coordinate BMI for the more hydrophobic 1-octyl-3-methylimidazoliut(
solvent cations in the dry IL, but prefer water in their first cation (Figure 1). The simulations do not pretend to be
shell in the humid IL, pushing BMlions somewhat further ~ quantitative as far as the relative water/IL miscibilities are
away. We have seen that hydration is favorable, as far asconcerned, but reveal clear effects of the imidazolium
solute-solvent interactions are concerned. Although the free substituent on the nature of the interface, and marked
energies of solvation depend on other factors such asdifferences between these interfaces and those obtained by
solvent-solvent interactions involving enthalpic and entropic  Similar simulations with organic solvents such as chloroform.
components, the results strongly hint at a larger solubility The final results obtained after 10 ns are shown in Figure 9.
in the humid than in the dry IL. This conclusion is consistent The simulations which started with adjacent boxes of neat
with spectroscopic results on hydrated versus anhydrouswater and ionic liquid indicate important solvent mixing with
lanthanide salt!:59.60 the [BMI][PF¢] IL, without formation of a clear-cut interface.

As concerns the different chloro complexes of a given The IL phase is very humid, while about 30% of the BMI
metal, the calculations show that the saturatedClg~ and

(61) Wipff, G.; Lauterbach, MSupramol. Chem1995 6, 187—207.

(59) Branco, L. C.; Rosa, J. N.; Ramos, J. J. M.; Afonso, C. ACKem— (62) Schurhammer, R.; Berny, F.; Wipff, Bhys. Chem. Chem. Phy001,
Eur. J.2002 8, 3865-3871. 3, 647-656.

(60) Lee, S. G.; Park, J. H.; Kang, J.; Lee, J.Ghem—Eur. J.2001, 37, (63) Baaden, M.; Burgard, M.; Wipff, GJ. Phys. Chem. R001 105
785-789. 11131-11141.
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Figure 9. MD simulations on IL/water mixtures: comparison of [BMI][Evs [OMI][PF¢] liquids. Final snapshots (after 10 ns of dynamics) of simulations
which started either from a model-built IL/water interface (IL/water “interface”) or from randomly mixed liquids (mixiegnixing) are shown. The IL and
water molecules are shown side by side, instead of superimposed, for clarity.

and Pk~ ions sit “in water”, which is much more than the containing only a few BMt and Pk~ ions. Similar differ-
experimental miscibility (1.3x 10°2 mole fraction of the ences are observed upon demixing MD simulations with the
IL in water)3? In the same simulation conditions, the more two ILs, which started with “randomly mixed” phases (Figure
hydrophobic [OMI][PF] liquid mixes much less with water, 9). Even after 10 ns of demixing simulations, there is no
thus leading to a more “abrupt” interface (Figure 9), as clear phase separation. As a matter of comparison, binary
observed with classical organic solvents used for liguid mixtures of water with chloroforf or CO,%%57 separate

i i 1on%2.64
Ilqu!d extraction:® In the latter case, one can clearly (64) Schweighofer, K. J.; Benjamin, J. Phys. Chem1995 99, 9974
distinguish a humid IL phase, adjacent to a water phase 9985.
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totally in less than 0.5 ns and form a well-defined interface. The consequences in terms of the nature of the extracted
The [BMI][PFg] IL does not separate from water, but forms ion and its complexes are presently under investigation in
inhomogeneous domains, some of which are more water rich.our group.

With the [OMI][PF] ionic liquid, there is some phase
separation, without formation of, however, a “flat” interface
between slabs of water and IL. One can however clearly
recognize water domains containing a few IL ions, and two 5 _
IL “droplets” of micellar type which are quasi-dry, thus factor 0.9. Such a procedure somewhat mimics the anion-

following trends expected from the increased hydrophobicity {0-cation charge transfer and reduces the IL hydrophilicity.
of the [OMI][PF] IL, when compared to [BMI][PE. The Indged, after 10 ns of Qynar_nlcs, there is much less IL/water
extent and outcome of phase separation depend on many"iXing than shown in Figure 9. Remarkably, at the
factors such as the water/oil ratio, the size and shape of thelBMII[PF¢] interface, the amount of water in the IL (0.28
simulation box, and the nature of soluf8syhich requires ~ MOV/L) and the amount of IL in water (% 10°* mol/L)
further investigations. The simulated boxes may be too small "€arly match their experimental solubiliti®&sThese new

to depict bulk IL and water phases, next to a broad interfacial calculations confirm the difference between interfaces with
region with important solvent mixing. However, these MD Bl\(llfversus OMT cations. (Chaumont, A.; Schurhammer,
experiments point to the importance of water mixing with - Wipff, G. Presented at RSC Faraday Discussion 129, The

the IL as a function of its composition. The binary system Pynamics and Structure of the Liquid.iquid Interface,
with the more hydrophobic IL displays marked analogies Fitzwilliam College, Cambridge, U.K., Sep-B, 2004).
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