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Using molecular dynamics simulations, we compare the solvation of uranyl and strontium nitrates and uranyl chlorides
in two room-temperature ionic liquids (ILs): [BMI][PFs] based on 1-butyl-3-methylimidazolium*,PFs~ and [EMI]-
[TCA] based on 1-ethyl-3-methylimidazolium* AICI,~. Both dissociated M?*2NOs;~ and associated M(NO3), states
of the salts are considered for the two cations, as well as the UO,Cl, and UO,Cl,>~ uranyl complexes. In a [BMI]-
[PFg] solution, the “naked” UO,%* and Sr?* ions are surrounded by 5.8 and 10.1 F atoms, respectively. The first-
shell PF¢~ anions rotate markedly during the dynamics and are coordinated, on the average, monodentate to
UO,?* and bidentate to Sr2*. In an [EMI][TCA] solution, UO,** and Sr?** coordinate 5.0 and 7.4 Cl atoms of AICI,,
respectively, which display more restricted motions. Four Cl atoms sit on a least motion pathway of transfer to
uranyl, to form the UO,Cl,>~ complex. The free NO;~ anions and the UO,Cl,>~ complex are surrounded by
imidazolium™* cations (=4 and 6-9, respectively). The first shell of the M(NO3), and UO,Cl, neutral complexes is
mostly completed by the anionic components of the IL, with different contributions depending on the solvent, the
M2* cation, and its counterions. Insights into energy components of solvation are given for the different systems.

Introduction

R. Me
There is growing interest in room-temperature ionic liquids \©/ X
(ILs) as potential “green” solvents for a broad variety of
solutes, ranging from weakly polar to polar odeslLs have _ [BMITIPFe] R=Buyl BMI® PFe
low vapor pressure and are generally composed of an organic X )
cation (e.g., alkylimidazolium derivatives; see Figure 1), [EMIJ[TCA] R=Ethyl - EMI AlCL

while the X™ anion can be used to primarily control the water rigyre 1. 1onic components of imidazolium-based ILs.

miscibility.* For instance, 1-alkyl-3-methylimidazolium salts

of BF,~ are water miscible, RE salts are water immiscible,  ably because the Xcomponent of the IL solvates the cation
while AICI,~ salts are moisture sensitive. With a suitable more efficiently than water do€$. Appending suitable
choice for the X anion [e.g., PE or N(CR:SQ,), ], assisted  binding groups to the imidazolium cation may lead to “task-
liquid—liquid extraction of cations can therefore be con- specific” ILs, extracting, for example, Hgor CcP* cations?
ducted. Recent examples involve the efficient extraction of Recent publications also point to the growing interest in ILs
alkali and alkaline earth cations from water by crown by the nuclear industries (see, for example, ref 10 and
ethers7 Even without ionophoric assistance, some extrac- references cited therein). So far, very little is known about

tion proceeds, due to a cation exchange mechanism, presumthe microscopic details of the structure of ILs and about their
solvation properties, and valuable information emerged from

theoretical approaches. Quantum mechanical studies on
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selected components of IL provide insights into their confor-
mational or electronic propertiés,*® but not sufficient for
depicting IL solutions. Molecular dynamics (MD) or Monte

AICl,~ as anions, namely, 1-butyl-3-methylimidazolitim
PR~ ([BMI][PF¢]) and 1-ethyl-3-methylimidazoliumAICl,~
([EMI][TCA]). Itis indeed interesting to compare the poorly

Carlo simulations based on empirical representations of thecoordinated P§ anion with the more coordinating Al¢l

potential energl allow for configurational sampling, and

one and the EMI cation with the more hydrophobic BMI

recent reports about the average and dynamic properties obne. As a first approach, we assume that all species retain

pure ILs}~20 or their solutions with small neutral mol-

their integrity during the simulation, thus without considering

ecules’! appeared. We therefore decided to investigate by possible reactions such as halide transfer from the IL to the

molecular dynamics the solvation of partners involved in the
ion extraction to ILs. This paper focuses on twé'Mivalent
ions, namely, Sf and UQ?", both important in the context

cation or halide elimination to form, for example,.&l;~
and CI" species.

of nuclear waste partitioning. Extraction results have been Methods

reported for St", which is also a good mimic of the Eu
cation, recently studied by spectroscopy in arfdlln IL

The systems were simulated by classical molecular dynamics
(MD) using AMBER 5.@° in which the potential energy) is

solutions, different coordination patterns may be anticipated gescribed by a sum of bond, angle, and dihedral deformation

for St and UQ?" because of their different sizes and

energies and pairwise additive-6—12 (electrostatic and van der

shapes. In our study, they are formally neutralized by nitrate Waals) interactions between nonbonded atoms.

counterions, also used in extraction experiments t§1€s

_ _h\2 _ 2
and present in concentrated nitric acid solutions of nuclear U= z kn(b — bg)” + ky(60 — 6o)" +

wastes. As the status of the ion pairs is presently unknown,
we consider two initial states where the nitrate salts either

are fully dissociated or form intimate ion pairs. They will
be noted M*,2NO;~ and M(NQ),, respectively. Given the
importance of halide anion coordination to urafilye also
compare the solvation of the neutral k@, and negatively
charged UGCI,>~ species. The latter is present in chloride-
containing 1Ls24 26 solid-state analogu&8?’” and molten
melts® and has been investigated by YVisible spectros-
copy in ILs?8 With regard to the solvent, we consider two
ILs, both based on the imidazolium cation, withgPFand
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Cross terms in van der Waals interactions were constructed using
the Lorentz-Berthelot rules. The parameters used for the ILs have
been tested on the pure liquid properties. Those of E\MI ™,
and TCA™ ions were taken from Stassen et8lwhile those of
PR~ were from the OPLS force fied and have been used by
Berne et al. to simulate IL%.The correspondin§ parameters have
been tested for liquid simulatiod3.The parameters for U9",33
Szt 34 and NQ~35 were fitted on free energies of hydration. The
corresponding AMBER atom types and atomic charges are given
in Figure S1 (Supporting Information). The-2 van der Waals
interactions were scaled down by a factor of 2, and the correspond-
ing Coulombic interactions were scaled down by 1.2, as recom-
mended by Cornelét al3® The solution systems were simulated
with three-dimensional periodic boundary conditions. Nonbonded
interactions were calculated with a 12 A atom-based cutoff,
correcting for the long-range electrostatics by using the Ewald
summation method (PME approximatidfif’ Tests on the [EMI]-
[TCA] pure liquid using a larger cutoff (15 A) showed that both
cutoffs yield similar results, and the shorter one was thus used to
reduce the computational costs.

The MD simulations were performed at 300 K starting with
random velocities. The temperature was monitored by coupling the

V. [1 +cosfip — y)] + z

1<)

(29) Case, D. A.; Pearlman, D. A.; Caldwell, J. C.; Cheatham, T. E., Ill;
Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton,
R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Ferguson, D. M.;
Radmer, R. J.; Seibel, G. L.; Singh, U. C.; Weiner, P. K.; Kollman,
P. A. AMBERS University of California: San Francisco, 1997.

(30) Kaminski, G. A.; Jorgensen, W. . Chem. Soc., Perkin Trans. 2
1999 2365-2375.

(31) Margulis, C. J.; Stern, H. A.; Berne, B. J. Phys. Chem. R002
106, 1201712021.

(32) Gough, C. A.; DeBolt, S. E.; Kollman, P. A. Comput. Chenl992
13, 963-970.

(33) Guilbaud, P.; Wipff, GTHEOCHEM1996 366, 55—63.

(34) Aqvist, J.J. Phys. Chem199Q 94, 8021-8024.

(35) van Veggel, F. C. J. M.; Reinhoudt, BChem. Eur. J1999 5, 90—
95

(36) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A.J. Am. Chem. Sod.995 117, 5179-5197.

(37) Essmann, U.; Perera, L.; Berkowitz, M.L.Chem. Physl995 103
(19), 85778593.

Inorganic Chemistry, Vol. 42, No. 17, 2003 5349



Chaumont et al.

3.5

——BMI - PF6 ——EMI-TCA

3.0l - —-BMI-BMI 2.5¢ - -EMI-EMI
a5l - PF6-PF6 20 /N TCA-TCA
2.0t 1.5}
1.5} 1ol
1.0}
05l 0.5} .
0.0 R A 0.0 T L R R

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

Figure 2. Pure [BMI][PF] (left) and [EMI][TCA] liquids (right). Anion—anion, catior-cation, and anioncation radial distribution functions as a function
of the distances (angstroms). Averages over the last 200 ps. Typical snapshots of the first solvation shetl, FFBMEMI*, and TCA ions are given
in Figure S2.

system to a thermal bath using the Berendsen algorithm with a Results
relaxation time of 0.2 ps. All EH bonds were constrained with

SHAKE, using the Verlet leapfrog algorithm with a time step of 2 We i first describe the 'structural Characteristics of .the
fs to integrate the equations of motion. solvation of the “naked” ions and their “complexes” with

We first equilibrated “cubic” boxes of pure solvents, containing Nitrate and chloride anions in the two solvents (section3)1
150 EMFFTCA™ or 150 BMI*PF;~ ions, 37.5 and 37.7 Ainlength, ~ This is followed by an energy analysis of their solvation.
respectively. This was achieved by repeated sequences of (i) heating 1. M?",2NOs;~ Dissociated lon Pairs in [BMI][PFg]
the system at 500 K at a constant volume for 0.5 ns followed by pyersus[EMI][TCA] Solutions. The solvent RDFs (Figure
(ii) 0.5 ns of dynamics at 300 K and a constant pressure of 1 atm 3 gnd Table 1) and typical snapshots of first-shell solvent
and (iii) 1 ns of dynamics at 300 K and a constant volume. After molecules (Figures 4 and S6) show that the ionic components
equilibration, the solvent densities (1.30 and 1.33, respectively) Were ¢ the ILs specifically solvate the ¥ and NQ~ ions. In
in fair agreement with experimental values (139 and 1.36 both liquids, the cations are fully surrounded by &Znions

respectively) and the catieranion radial distribution functions f1h | t with ked diff d di th
(Figure 2) were similar to those published in refs 18 and 31 and of the solvent, with marked dilferences, depending on the

with the neutron diffraction data of the [EMIJ[TCA] liquitp ~ nature of M*and X",

Typical snapshots of the first solvation shells are given in Figure ~ We first consider the uranyl cation in a [BMI][BF

S2 (Supporting Information). solution. The U atom is surrounded, on average, by46.0
We then immersed the solutes in these ILs a%",BNO;~ 0.1 Pk~ anions. The U-P RDF displays a narrow peak,

dissociated ions (distant from13 A) or as intimate ion pairs for  indicating that the six P atoms are quasi-equidistant from U

M(NO3);, UO,Cl,, and UQCIs*. The solvent boxes were 47 Ain (4.0 A). They form an arrangement of approxima¢esym-

length and contained 294 EMICA™ or 294 BMI'PR;™ ions. The  metry with three P atoms above and three P atoms below

UO,Cls2~ solutions were neutralized by removing two solvent the equatorial plane of U®". The two triplet O-U—P

anions. Equilibration started with 1500 steps of steepest descentangles €112 and 65+ 5°; see Figure S3) oscillate but do

energy minimization, followed by 50 ps of MD with fixed solutes not exchange during the,dynamics as also seen from the

(“BELLY” option of AMBER) at a constant volume and by 25 ps .
at a constant volume without constraints, followed by 25 ps at a sharp peak of the RDF and the very small fluctuation in the

constant pressure of 1 atm. The subsequent MD trajectories of 1.2U—(P) coordination number. See also the time evolution of
ns were saved every 0.5 ps and analyzed with the MDS and DRAW the shortest B-P distances (Figure S5). With regard to the
software?! For each dissociated ion pair, two independent simula- corresponding F atoms, the situation is somewhat more com-
tions were performed to check that the sampling was sufficient and plex. A first peak at 2.6 A integrating to 58 0.6 F atoms
that the final solvation patterns were the same. In the case gfUO s followed by a broader region up to 6.5 A corresponding
another sampling test involved randomization of the system at 500 to the “nonbonded” F atoms. Visual inspection of the tra-
K for 0.5 ns using biased potentials (with all Coulombic interactions jectories shows that the anions rotate during the dynamics,
divided by 100), followed by 1 ns of dynamics at 300 K with the exchanging their “coordinated” F atorfsDuring the last
original potentials. Insights into the energy component were 0.5 ns of dynamics, all 6 6 F atoms contributed to the
obtained by group analysis, using a 17 A cutoff distance and a .’ -
reaction field correction for the electrostati@s. first pgak, and P& af“on.s exchanged between monodentate
and bidentate coordination to the U atom. The RDF of BMI

The average structure of the solvent was characterized by the )
radial distribution functions (RDFs) of the Al, CI, P, and F atoms P€comes non-zero afté A and integrates to 4.¢ 1.1 ca-

of the anions and of the &y (EMI™) or Npyy: (BMIT) atoms of tions up to 7.5 A. A typical view (Figure 4) shows that one
imidazolium cations of the solvents around thgolJ Sr, and Nio, of them solvates axially the O uranyl atom on one side, while
atoms of the solutes during the last 0.2 ns. three others cap the three £PFanions on the other side.
The solvation of St" in the same solvent is easier to de-

(38) Fannin, A. A.; Floreani, D. A;; King, L. A.; Landers, J. S.; Piersma, ; ; ;
B. J.. Stech, D. J.; Vaughn, R. L.. Wilkes, J. S.. Williams, J.JL. scribe, as S is surrounded by a cage of 5 PFanions,

Phys. Chem1984 88, 2614.

(39) Gu, Z.; Brennecke, J. B. Chem. Eng. Dat2002 47, 339. (43) Anillustration can be seen in Figure S3 where theRWistances are

(40) Takahashi, S.; Suzuka, K.; Kohara, S.; Koura, N.; Curtiss, L. A,; plotted during the last 0.1 ns of the simulation, selecting those F atoms
Saboungi, M. L.Z. Phys. Chem1999 209 209. which come within 3.4 A of the U atom, and therefore contribute to

(41) Engler, E.; Wipff, G. Unpublished results. the first peak of the RDF during that period, i.e., 11 F atoms. One

(42) Tironi, I. G.; Sperb, R.; Smith, P. E.; van Gunsteren, WJ.FChem. observes exchanges between the coordinated F atoms (at 2.5 A) and
Phys.1995 102 5451-5459. more remote ones (at 3.5 and 4.5 A).
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Figure 3. UO2?",2NO;~ and S#",2NQ;™ salts (dissociatedersusintimate ion pairs) in IL solutions. Radial distribution functions of the liquid around the
U, Sr, and Nio, atoms. Distances are in angstroms.

leading to a clear first peak in the RDF with 5400.1 P monodentate, and three bidentate anions. The importance of
atoms and 10.1# 0.9 F atoms, i.e., in a 1:2 ratio. The anion dynamics can be seen from the number of different F atoms
cage is ofCs-type symmetry, with 4 basal SP distances  that visit the St" coordination, i.e., 24 F atoms during the

of 3.4 A and a longer apical one at 4.1 A. The anions are last 0.1 ns and all & 5 F atoms during 0.25 ns. Exchanges
generally bidentate, but undergo important rotational motions, are thus somewhat faster around*Sthan around UG,
leading to transient combinations such as one tridentate, ongpresumably because of “gearing”-type interactions between

Inorganic Chemistry, Vol. 42, No. 17, 2003 5351
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Table 1. Uranyl and Strontium Salts in IL Solutiohs

[BMII[PF] [EMI[TCA]
P F BMI Al cl EMI
Dissociated salts
Lozt 6.0+0.1 5.8+ 0.6 41+08 7.0+ 0.0 5.0+0.1 49+11
2 (4.05; 6.5) (2.6:3.2) (b; 7.5) (4.85;7.3) (2.8; 3.45) (b; 8)
o 5.0+0.1 10.1+ 0.9 47+09 7.0+ 0.0 7.4+05 5.7+0.9
(3.5: 4.6) (2.6:3.3) (6.35; 7.9) (4.85,5.7) (2.85; 3.9) (6.85; 8.3)
Now 41+08 23.3+2.3 50+ 0.1 53+ 1.1 22242 43+08
s (b; 7.5) (b; 7.5) (4.6; 6.6) (b; 8) (b; 8) (4.25; 5.6)
Complexes
LOANG 16+05 2.0+02 1.0+0.1 27406 2.0+0.1 0.6+05
2(NOs)2 (4.1; 4.6) (2.55; 3.15) (4.8:5.7) (4.7:5.9) (2.9: 3 45) (5.2;5.9)
Lol 23405 27+06 37+11 2.8+ 0.6 2.9+ 0.6 10.5+ 0.9
2Cly (4.1, 4.9) (2.63.2) (6.3 7.4) (4.9:5.5) (2.8: 4.0) (6.5:9.5)
VoL 2.0+ 0.6 26+11 6.1+ 0.6 23407 21409 8.6+ 0.7
2Cls (6.9: 7.5) (5.3: 6.0) (5.8; 7.5) (6.9:7.7) (5.0; 6.0) (5.7:7.8)
SHNGY 3.0+ 0.0 5.8+ 0.6 43405 48+04 48+04 8.9+0.7
2 (3.55; 4.8) (2.65; 3.4) (6.65; 7.6) (4.8, 5.85) (2.85; 3.9) (6.8: 8.75)

a Characteristics of the first peak of the radial distribution function around the U, Sr, gadaibms: coordination number and fluctuations and, in
parentheses, distances (in angstroms) of the first maximum and minimum. Values are averages over the last 0.6 gaifivBot reported because there
is no clear maximum.

Figure 4. UO2??",2NO;~ and SPH,2NO;~ salts (dissociatedersusintimate ion pairs) in [BMI][PK] and [EMI][TCA] solutions. Snapshot of the first
solvation shell of uranyl, strontium, and nitrate after 1.2 ns. The time evolution of the shorte3t M—AIl, M —F, and M-CI distances (M is U or Sr) is
given in Figures S4 and S5. A color version of this figure appears as Figure S6.

the Pk~ anions in the more symmetrical environment. The  With regard to the N@ anions, their solvation is found
Sr—BMI ™ cation RDF starts at 6.5 A, and from there to the to be the same for the two salts, in relation to their large
first minimum (at~7.9 A), one finds 4.7 0.9 cations which  separation (1217 A) from the M+ cations. A first well-
therefore sit in the second shell. defined peak in the RDF at 4.6 A corresponds t05.0.1

5352 Inorganic Chemistry, Vol. 42, No. 17, 2003
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BMI* cations, which form a quite rigid cage around NO  uranyl salts are also in direct contact with an average4f
(see Figure 4). Note the small fluctuations, which contrast BMI™ cations via their nitrate andg, oxygens. These BMI
with the large ones observed around thé"Nbns. cations are, however, farther (a5 A) from the Sr or U
We now consider the [EMI][TCA] solvent which also atoms than are the first-shell“Xanions.
displays specific interactions with the dissociated ions. The In an [EMI][TCA] solution, the anions also determine the
U—AICI,~ RDF displays two well-defined peaks (Figure 3) first solvation shell of the nitrate salts. The U atom of JO
corresponding to 5.6 0.1 Cl atoms at 2.8 A and to 78 (NOs), coordinates an average of 2400.1 Cl atoms at 2.9
0.0 Al atoms at 4.85 A. The very small fluctuations contrast A near its equatorial plane, which sometimes exchange with
with the large ones observed with PFRnions, indicating a  the other Cl atoms of the corresponding (2.7, on average)
fairly rigid coordination®* Very interestingly, visual inspec-  AICl,~ anions. The exchange is more limited than with PF
tion of the trajectories shows that the four “equatorial” Cl anions and synchronized with transient changes from biden-
atoms form the shortest bonds with the U atom, therefore tate to monodentate nitrate coordination. The first coordina-
sitting on the least motion pathway of transfer to uranyl, tion shell of the Sr atom of Sr(Ng is similarly completed
leading to the UGCI,?~ species. The first-shell AI¢T anions by 4.8 Cl atoms, corresponding to 4.8 AlClions which
shield UGQ?%* from the EMI™ cations, five of which sit, on oscillate between monodentate (in majority) and bidentate
average, in an ill-defined second shell (up to 8 A). coordination, with nonlinear SICI—Al angles (see Figure
The first solvation shell of St is again simpler, and ~ 4)- With regard to the *first-shell” EMI cations, they are
consists of 7.6+ 0.0 AICI,~ anions with a contribution of ~ farther than the anions from the two solutes (e A),
7.4+ 0.5 Cl atoms at 3.9 A. Thus, the anions display most €specially in the case of Sr(NJp, where Sr is best shielded
often monodentate coordination to?Sbut are sometimes by the coordinated N and AICL™ anions.

bidentate. With regard to the NO anions, they are sur- 3. UO:Cl; and UO,Cls*” Intimate lon Pairs in [BMI]-
rounded by a cage of 4.3 ENlcations, which shield them  [PFe] versus[EMI][TCA] Solutions. In the two solvents,
from the solvent anions. the UGCI, and UQCIs# species remained bound, with

2. M(NO3), Intimate lon Pairs in [BMI][PF ¢ versus U—Cl distances#2.56 A on average) in fair agreement with
[EMIJ[TCA] Solutions. During the dynamics, the U© the value of 2.67 A observed in the X-ray structure of JO
(NOs), and Sr(NQ), salts were free of constraints, but Cla(imidazolium).2 Solvent RDFs are shown in Figure 5,
remained associated, generally with bidentate nitrates. In the@nd their characteristics are summarized in Table 1. Typical

two liquids, the two nitrates, which were initiallrans, snapshots are shown in Figures 6 and S8.

retained thistrans relationship in the equatorial plane of [N both solvents, the first shell of UGl is completed
UO»*, but for SP*, their coordination mode was solvent- by solvent anions, as for the UMOs), salt, with somewhat
dependent. In [BMI][PH, they becameis, while in [EMI]- different CNs, though. In a [BMI][P§ solution, one finds

[TCA], they preferred a least repulsi@g-type arrangement. 2.7 £+ 0.6 coordinated F atoms, stemming from 2.3 PF

In all cases, the Rt cations are partly shielded from the IL.  @nions, on average, leading to an equatorial total CN of 4.7
Analysis of the RDFs (Figure 3) is reported in Table 1 and halides. One P§ is generally monodentate, while another
illustrated by typical snapshots at the end of the simulation iS more mobile and often bidentate. Similarly, in an [EMI]-
(Figure 4). Although the salts are formally neutral, their first [TCA] solution, the first uranyl shell is completed by 249

solvation shell is completed by solvent anions, which do not 0-6 Cl atoms of 2.& 0.6 AICl,™ anions which are mostly
exchange with the “bulk” ones. monodentate. Notice the high fluctuations, indicative of the

In a [BMI][PFq] solution, the U atom of UGNO3), dynamics coordination, and the som_ewha_t larger CNs, as
compared to those of UfNOs),, in keeping with the smaller

equatorial steric demand of chloride, compared to nitrate ions.
Imidazolium cations are more remote than the solvent

coordinates 2.& 0.2 F atoms at 2.5 A in its equatorial plane,
which dynamically exchange with F atoms a#.6 A,
corresponding to an average of 1:60.5 Pk~ anions only. ! | ) ;
Note that the exchange-( every 20 ps) is slower than ~2nions: thelr RDFs start being non-zercxd A in the two
around the naked cation (by a factor of2) and that the  llQuids (Figure 5).

PRy~ anions, most often monodentate, also achieve transient 1he solvation of UGCI,*" is characterized by a marked
bidentate coordination. imidazolium peak in both solvents, somewhat broader in a

[BMI][PF¢] than in an [EMI][TCA] solution. Integration up
to the first minimum (at:7.8 A) gives 6.1+ 0.6 BMI* and
8.6 + 0.7 EMI" cations. One also finds solvent anions at
these distances, 2.0 PFand 2.3 AIC}~ anions on average.
Interestingly, in both solvents, two anions sit close to an
(44) This is confirmed by the time evolution of theACl distances, again “axial” position Wlth respect to uranyl_ (F'Qure 6), and in an
selecting those Cl atoms which contribute to this first peak of the [EMI][TCA] solution, another AIC}~ anion is more “equato-

U—CI RDF (i.e., which sit within 3.5 A of U) during the last 0.1 ns. ria|", With regard to the BMt or EMI* cations, they adopt
It can be seen in Figure S4 that only five Cl atoms are involved in the

equatorial coordination and thus do not exchange with the 23 others @ll kinds of dynamically exchanging positions and orienta-
of the seven first-shell AIG anions. Among these, two are in fact  tions around U@CI,*~, as illustrated in Figure 6. Some of

close to apical positions(O—U—Al angles are 137 and 3} four P - . L .
are close to the equatorial plane @—U—Al angles are 7688°), them contact the anionic solute via their aromatic rings, in

and one is intermediate<O—U—Al angle = 117; see Figure S3). a tangential or perpendicular fashion. Others rather point an

The first shell of Sr(NG), is similarly completed by F
atoms, 5.8+ 0.6 on average, corresponding to 3:00.0
PR~ anions which are in majority bidentate. This may
explain why the nitrates remaircts’. The strontium and
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Figure 5. UO,Cl, and UQCIl4~ complexes in IL solutions. Radial distribution functions of the liquid around the U atom. Distances are in angstroms.

Figure 6. UO.Cl, and UQCIls?>~ complexes in IL solutions. Snapshot of the first solvation shell after 1.2 ns. The time evolution of the sherkgst U
U—Al, U—F, and U-Cl distances is given in Figures S7. A color version of this figure appears as Figure S8.

alkyl chain. These patterns result from the interplay between rest of the solvent (from-80 to —100 kcal/mol), indicating
solvent-solvent and solutesolvent interactions and dra- stabilizing interactions between the solutes and the ILs. Dis-
matically differ from those observed, for example, in the section of AE into the XMI* and Y- contributions of the
solid-state structure of the YOl (imidazolium) salt which solvents (notedAE" and AE~, respectively) confirms the
consists of columns of ULI,?~ anions and columns of  solvation features described above. For the nakéd dat-
CH3C3N,H4+ cations?® ions, AE* is repulsive and smaller in magnitude thAR™~

4. Insights into Energy Features of SolvationAs a result which is attractive, while the reverse holds for NCand
of specific solvation, the energies of the interaction between the negatively charged UGI,>~ complex. For the neutral
the solute and solvents depend on the shape and size of th&1(NO3), and UQCI, complexes, both contributions are
M2t cation, on the status of its counterions, and on the attractive.
solvent. In this section, we discuss average solvent solute With regard to the naked cations, WO interacts better
interaction energieAE'’s, derived from an energy component than S#* with [BMI][PF¢] (by ~30 kcal/mol, mostly due to
analysis in terms of the contributions of the different species. weaker repulsions with the BMI cations), while St

The main results are given in Tables 2 and S1. interacts better with the [EMI][TCA] solvent (b310 kcal/
All AE's all negative (from approximately-100 kcal/ mol, mostly due to better interactions with TCAnions).
mol for neutral complexes to approximatehd60 kcal/mol Comparing now a given cation in the two ILs, one sees that

for naked M cations) and larger in magnitude than the ener- UO2" “prefers” [BMI][PF¢] over [EMI][TCA] (by ~35 kcal/
gy of the interaction between a single solvent ion and the mol, mostly because of its stronger interactions witly BF
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Table 2. Average Interaction EnergiesE and Fluctuations (kilocalories per mole) between the Solute and the Solvent of Uranyl and Strontium Salts

in IL Solutiong
[BMI[PF¢] [EMIJ[TCA]
AE*" AE~ AE AE" AE~ AE
Pure liquids
XMI+ 457+ 8 —556+ 8 —99+7 483+ 6 —576+ 6 —93+6
Y- —563+ 7 483+ 8 —81+6 —577+7 485+ 6 -92+6
Dissociated salts
UO2*+ 930+ 13 —1390+ 15 —461+ 13 923+ 15 —1348+ 17 —425+ 12
St 991+ 14 —1419+ 15 —429+ 11 942+ 15 —1374+ 17 —432+ 13
2NOs~ —11574+ 13 933+ 10 —224+9 —1218+4+ 12 989+ 10 —229+ 10
Complexes
UO,(NO3), —72+4 -35+5 —106+ 6 —71+4 —45+6 —117+8
UO.Cl, —46+ 4 —-50+5 —96+ 6 —71+7 —66+9 —137+ 13
UO.Clsz~ —1139+ 4 861+ 6 —278+5 —1196+ 14 904+ 14 —292+12
Sr(NGs)2 -50+5 —119+7 —169+ 8 —67+4 —97+7 —-163+9

a AE* corresponds to XMt (BMI* or EMIT) andAE~ to Y~ (PR~ or TCA™). More details are given in Table S1.

while SP* has no marked solvent preference. These resultsreproduce the corresponding hydration numbers-¢§ &nd
thus suggest possible sources of monitoring the extraction5, respectively, together with the correctid distances in

selectivity or solubility of linearversusspherical ions by
adequate choice of an IL anion.

With regard to neutral nitrato complexes, Sr(Qnter-
acts better than USENOs), with the two liquids, and the larg-
est difference £60 kcal/mol) is found in [BMI][PE]. The
strontium salt interacts more with the TCAr PR~ anions
than with the imidazolium cations, while uranyl nitrate inter-
acts better with the imidazolium cations. Comparing now a
given salt in the two solvents yields smaller discriminations:
UO,(NO3), prefers [EMI][TCA] over [BMI][PFs] by ~10
kcal/mol, while Sr(NQ), prefers [BMI|[PK] by ~5 kcal/
mol. The role of the complexed anion can be seen in-UO
Cl; versusUO2(NOs),, and the results are found to be sol-

solution. The force field also correctly predicts the binding
selectivities of different receptors (e.g., an uranophile
calix[6]arené&~ prefers UG?*" 33 while another amide-
substituted calix[4]arene prefers?S¢#). This uranyl model
has also been used to simulate quawtater interface4®

We note that a similar parameter fitting procedure has been
used to develop-16—12 parameters for trivalent lanthanide
cations, also leading to correct calculated absolute and
relative hydration energies and to correct binding selectivities
by a crown ether in a nonaqueous solv&rt. This does not
mean that many-body, charge transfer, and polarization
effects are not importafit.Most of them are in fact implicitly
incorporated via biased pairwise additive potentials. The latter

vent-dependent. In contrast to the nitrate salt, the chloride thus do not aim to reproduce, for example, the interaction

salt interacts better with [EMI][TCA]. With regard to the
naked nitrate anion, it also interaetgl0 kcal/mol better with
[EMI][TCA], due to differences inAE™ and AE~ contribu-
tions of the solvent ions (Table 2). YOI,>~ also prefers
the [EMI][TCA] solvent (by ~15 kcal/mol), and this is
mainly due to strongeAE" interactions with imidazoliurh
cations.

Discussion and Conclusion

We present the first simulation study or¥Sand UQ?*
ion solvation in two ILs, comparing the naked cations and
their nitrate or chloride salts, forming intimate ion pairs. This
is based on classical molecular dynamics, using-6-112

between an ion and a singBor a few) solvent molecule-
(s), as investigated by QM methotis>” Conversely, po-
tentials derived by retrodissection of interaction energies in
gas-phase M---Sadducts, although accounting in principle

(45) Muzet, N.; Wipff, G.; Casnati, A.; Domiano, L.; Ungaro, R.; Ugozzoli,
F.J. Chem. Soc., Perkin Trans.1®96 1065.

(46) Greathouse, J. A.; O'Brien, R. J.; Bemis, G.; Pabalan, R. Phys.
Chem. B2002 106, 1646-1655.

(47) Similarly developed 46—12 parameters for halide anions account
for their hydration properties and their recognition by synthetic hosts
in solution4® Efficient 1-6—12 solvent parameters have also been
fitted for pure liquids!® and these have been used later to gain
important insights into the solvation of all kinds of solutéss?
involving charged heterogeneous systems (e.g., protiejand rec-
ognition in solutio®).

potential for the nonbonded interactions, and an important (48) McDonald, N. A; Duffy, E. M.; Jorgensen, W. ll. Am. Chem. Soc.

issue is the reliability and quality of this potential. Due to
the lack of experimental data for the thermodynamic and
structural aspects of ion solvation in ILs, there is presently
no way to directly compare the predicted results with
experiment. It is thus important to validate the approach per

se, and there are indeed a number of important positive

results obtained on the hydration on these ions. The
parameters used for Brand UQ?" are not standard but
have been fitted on free energies of solvation (hydration),
which represent the most important thermodynamic quantity.
According to the calculations, Bris better hydrated than
UO2* (by 14.64 3 kcal/mol), in excellent agreement with
the experimental value of 13.6 kcal/n8lAs discussed in
refs 33 and 34, the Rt cation parameters also nicely

1998 120, 5104-5111.

Jorgensen, W. L.; Briggs, J. M.; Contreras, MJLPhys. Chenl99Q

94, 1683-1686.
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(54) We note, however, that the effects of charge transfer and polarization
on solvation properties are less important for neutral M{N@nd
UO.Cl, complexes or for charged UOI,2~ complexes than in the
case of naked Rt ions whose presence in the studied ILs remains
hypothetical.
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for electronic reorganization effects, have not been proven dominated by electrostatiésit is important to note that the
so far to be able to reproduce the free energy of solvation of first solvation shell does result not only from solvesblute
M™ in the S solution, or solvation in heterogeneous interactions but also from solvensolvent interactions,
mixtures®® Each approach has its merits and limitations. possibly leading to different coordination numbers in the IL
Promising perspectives emerge from CP-MD simulations than in the gas pha$&To our knowledge, there is presently
which in principle account for electronic reorganization and no experimental comparison of the simulated solutions. The
dynamic effect§? They are, however, presently limited by results, however, hint at the potential of ion separation by
the representation dfelements and by the short time scales ILs with promising applications in the field of ion partition-
(=10 ps) which are insufficient for performing important ing. It is also stressed that solvent impurities (e.g., traces of
configuration sampling. In the studied IL solutions, the water) or co-ions (e.g., Clin an [EMI][TCA] solution) may
interactions are mainly electrostatic in nature, and our strongly compete with the solvent to solvate the ionic solutes,
simulations properly account for these. An important feature as well as to possibly change their nature (via formation of,
concerns the atomic charge distribution of the liquid ions, for example, UGCI~ or SrCl> " species). A recent study
and it is worth noting that the ones we used were derived indeed pointed to the importance of solvent impurities in
from high-quality QM-calculated electrostatic potentials on the spectroscopic properties and solubility of ions in3ts.
imidazolium derivatives and on the anions, and should The nature of the salts has to be studied experimentally (e.g.,
therefore account for the stereochemistry of the related spectroscopic and diffraction methods) and represents a
interaction$>%° According to the studies performed by challenge for future computations (using, for example,
otherd”1820.31and ourselves, the models account for the main potential of mean force calculatiorf8)With regard to uranyl,
properties of the pure ILs whose structure is mainly there is so far, to our knowledge, no characterization of the
determined by “catioranion coulombic interactions with  naked cation in the studied neat ILs, while the 10Q%*
local steric effects influencing the final orientatioft” A adduct is commonly observed in chloride-containing%,6
further validation comes from a comparison we performed as in the X-ray structure of corresponding imidazolium
on QM (HF level with a 6-31G** basis set with BSSE- salts?>?” As shown by our simulations in an [EMI][TCA]
corrected interaction energie®rsusAMBER optimizations solution, UQCI,#~ can easily form via a chloride least motion
on the BMI'PR;~ dimer. With both methods, the structures transfer from AIC}~. While computer computations alone
are similar while the interaction energies{6.2 and—75.9 can hardly predict the ion solubility as a function of
kcal/mol, respectively) are in excellent agreement. Thus, counterions, they certainly provide important microscopic
although there is no doubt room for further improvements, insights into the solvation patterns of selected model species
we believe that our simulation results, based on accuratelyin well-defined environments. What happens with other
fitted parameters, are at least reasonable. solvent anions [e.g., N(SOF),"] with which uranyl has
Not surprisingly, we find that the anionic Xcomponent  been studied! or mixed solvent components (e.g., AlC|
of the studied ILs dominantly contributes to the first solvation AlICls, CI7, and ALCI;7), is beyond the scope of this paper
shell of the strontium and uranyl cations, be they naked or and deserves further investigation.

forming neutral nitrate or chloride complexes. The simula- Acknowledgment. We are grateful to IDRIS, CINES

tions reveal specific solvation patterns as a function of the Universite Louis Pasteur, and PRACTIS for computer
shape of the ¥I" cation and of the nature of X These are [ESOUICES. ’

dynamic in nature, and thus static models could hardly
account for them. The imidazolium counterpart sits in the
second solvation shell of the W cations, or contributes
weakly to the first shell of the M(N€), and UQCI, salts,

but efficiently solvates the naked NOanions as well as
the UQ.CIl4?~ complex. In contrast to simulation results in  1C034281Y
diluted aqueous solutions, where the nitrate salts dissociate; - - - -
the latter retain here their imposed starting relationship. @2 (7 68 08 ea o B P e ot the ggﬂﬁg?ncmﬂ?gim]_
Diffusion is much slower in ILs than in traditional solvents, [PFs] solution (i.e., with 6 anions coordinated to W, as described
but is fast enough to rapidly (generally less than 10 ps) '(Cvﬁgg‘rgoi i'z)"’)‘?c'Sﬁiﬁ”s?ﬁ‘f,l;”ﬁiﬁ?'&”llr;sp;TZSKngﬂr?,JSrE?E‘ZS‘E'°”S
solvate the studied solutes, without exchanging later with

other solvent molecules. Although interactions in ILs are
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in uranyl and strontium salts in IL solutions and eight figures. This
materialis available free of charge via the Internet at http://pubs.acs.org.

(n=6) or 8 Pk~ (n = 12) anions dissociated, leading to an equatorial
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UO,F4(OH2)?~ complex83:64 The first-shell anions are quasi-static in
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components of ILs against which the QM computations could be ions.
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