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Alkali Cation Extraction by Calix[4]crown-6 to Room-Temperature lonic Liquids. The
Effect of Solvent Anion and Humidity Investigated by Molecular Dynamics Simulations
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We report a molecular dynamics study on the solvation f(Ma" to Cs') alkali cations and of theit M™*
complexes with a calix[4]arene host (= 1,3-dimethoxy-calix[4]arene-crown-6 in the 1,3-alternate
conformation) in the [BMI][PE] and [BMI][Tf,N] room-temperature ionic liquids “ILs” based on the BMI
(1-butyl-3-methylimidazolium) cation. The comparison of the two liquids and the dry versus humid form of
the former one (with a 1:1 ratio of # and BMI'PR;~ species) reveals the importance of humidity: in
[BMI][PF¢]-dry as in the [BMI][T,N] liquid, the first solvation shell of the “naked” Mions is composed of
solvent anions only (four RF anions, and from four to five TN~ anions, respectively, quasi-neutralized by

a surrounding cage of BMIcations), while in the [BMI][PE]-humid IL, it comprises from one to three
solvent anions and about four,® molecules. In thé.M* complexes, the cation is shielded from solvent,

but still somewhat interacts with a solvent anion in the dry ILs and with water in the humid IL. We also
report tests on Minteractions with solvent anions PFand T6N ™ in the gas phase, showing that the AMBER
results are in satisfactory agreement with QM results obtained at different levels of theory. The question of
ion recognition byl is then examined by free energy perturbation studies in the three liquids, predicting a
high Cs/Na" selectivity upon liquid extraction from an aqueous phase, in agreement with experimental results
on a parent calixarene host. A similar'@§a’ selectivity is predicted upon complexation in a homogeneous

IL phase, mainly due to the desolvation energy of the free cations. Thus, despite their polar character, ionic
liquids qualitatively behave as classical weakly polar organic liquids (e.g., choroform) as far as liquid
extraction is concerned but more like polar liquids (water, alcohols) as far as complexation in a single phase
is concerned.

Introduction of‘\o«é

i ) ) ) %o/_\o/_\ MeO OMe

Calix[4]crown-6 calixarenes conformationally locked in the o_O_0° J)QK;(

1,3-alternate conformation by suitable substituents (Figure 1) P | P //
display outstanding complexation properties toward_,@dth BOBCalixC6 Y |
a very high binding selectivity toward other alkali cations (o o-\
(hereafter noted Nl). This exceptional affinity for C5 is Me o) (}
observed upon complexation in a given homogeneous phase —o—o XD \O 5./
(e.g., methanol, acetonitrilé),as well as in liquid-liquid ‘:o\_/o\_/o —
extraction of M™ from aqueous to organic phases (e.g., \Me Cs'cL

halogenated alkanes, aromatic derivatives), allowing for im-
portant developments in the context of'Qsartitioning from
acidic®® or basié¢~? liquid waste solutions. Recently, room-

CalixC6 (L)
Figure 1. BOBCalixC86, calix[4]crown-6 () and theL Cs" complex.

temperature ionic liquids (“IL"s) have emerged as a new class e, o

of “green solvents” for liquiet liquid extractiont® 12 generally AN NG e N\, | T ore N or,
displaying higher extraction efficiency, compared to that of N @ N i o \S_/ \5/
classical organic solvents. They are, by definition, composed \_/ F/l\F 2 [x

of cations (like ammonium, pyridinium, imidazolium deriva- F ©co 090
tives) and anions Y and have lower melting points (generally BMI" PF¢ TN

less than 100°C) compared to those of molten salts. Their Figure 2. Components of the simulated ionic liquids.
miscibility with water and hygroscopic character mainly depend . .
on the choice of Y. Typical ILs used in liquid extraction are Na" or SP* cationst® Even in the absence of extractant
based on PE or TfoN™ anions ana-alkyl-methylimidazolium molecule, some partitioning of the “free” Cgation to the IL
cations (see Figure 2) and do not mix, at the macroscopic level, Phase was observed when the IL is not “too hydrophobic” (i.e.,
with water. Luo et al. found that the BOBCalixC6 (calix[4]- Wllth small alkyl §ubstltu¢nts on the |m|QagoI|gm catlon), and
arene-biggert-octylbenzo-crown-6)) calixarene (see Figure 1) thls_ contrasts w!th classical hydrophok_nc_ I|qu_|ds_ to which no
efficiently extracts C& from aqueous solutions under conditions cation transfer is detectéd.Another distinguishing feature
which give negligible extraction with traditional solvents (e.g., Concerns the extraction mechanism. Whereas uptnddtion

1,2-dichloroethane or chloroform), with a high selectivity over €xtraction by neutral extractants to classical solvents, the
neutrality of the source and receiving phases is retained by

* Corresponding author. E-mail: wipff@chimie.u-strasbg.fr. coextracting counterions, extraction to ILs may involve a cation
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exchange mechanism (e.g., exchanging With a solvent

cation). Similar features have been observed in the extraction

of alkali and S#" ions by crown ether¥111416 gor in the
extraction of hard metallic catiot$:21 Clearly, solvation plays

a key role in liquid-liquid extraction, as well as in ion
complexation in solution. So far, little is known, however, on
the solvation of simple solutes in ILs. Important insights into
the structure of ILs and their interactions with neutral solutes
can be obtained by computer simulations. This led our group
to undertake molecular dynamics “MD” studies on the solvation
of trivalent lanthanide M, UO,2", and S#* cations in pure
ILs or in ILs containing “impurities” like water or halide
anions?2-25 The effect of IL humidity on the solvation of 18-
crown-6 and its complexes has been also repdfted.

In this paper, we focus on the question of alkali cation
complexation by calixcrowns, choosing 1,3-alternate-dimethoxy-
calix[4]arene-crown-6L) as ligand. The latter is a good mimic
of BOBCalixC6 as far as the complexation of'ds concerned.
Furthermore, there are MD results on its alkali complexes in
classical solvent&/ =30 as well as on its liquietliquid extrac-
tion®! and interfacial propertie®.®? It is thus important to
compare these results with those obtained in ionic liquids.
Inspired by the liquig-liquid extraction experiments, we
selected the [BMI][PE and [BMI][Tf2N] ionic liquids based
on the BMI" cation (BMI" = n-butyl-methylimidazolium) but
differing by their anionic component (see Figure 2). The former
liguid is more hygroscopic than [BMI][EN] and, when
contacted with water, may contain up to 0.26 molar fraction of
water33 Water may also be dragged to the IL phase by ligands
or complexes. This is why we compare the “dry” vs “humid”
forms of [BMI][PFg]. The humid model contains one,@8
molecule per BMtPR~ ion pair and is thus oversaturated
compared to experiment, whereas the dry [BMI}Higuid does
not contain water at all. These two models should bracket to
the “real state” of the IL phase contacted with water. For the
more hydrophobic [BMI][T$N] liquid, only the dry form has
been considered.

In each liquid, we first investigate the solvation of the
different partners involved in alkali cation recognition by the
calixcrown: the “naked” cations M (Na" to Cs"), the free
ligand L, and theLM™* complexes. Given the lack of experi-
mental reference data concerning the interaction of ibhs
with solvent anions (Y = PR~ or Tf,N7) in the gas phase,
we also investigate various W~ dimers and aggregates by
guantum mechanical “QM” calculations. The crucial question
of ion recognition upon complexation and extraction is then
examined by using free energy perturbation (FEP) simulations.
FEP results will also allow us to gain insights into the relative
free energies of transfer of the freetations from water to
the ILs, compared to those of a classical organic solvent like
chloroform.

Methods

Molecular Dynamics. The MD simulations were performed
with the modified AMBER7.0 softwafé where the potential
energy is described by a sum of bond, angle and dihedral
deformation energies, and pair wise additive6t-12 (electro-

static+ van der Waals) interactions between nonbonded atoms.

U= K- reg”+ Y Ky(0 — 0,97 + Z D Va1 +
bonds angles dihedralsn
¥\ 6 ¥\ 12!
| R R
=T\R J R;
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TABLE 1: Characteristics of the Simulated Systems
[BMI][PFg-dry  [BMIJ[PF¢]-humid  [BMI][Tf :N]-dry

no.IL? density no.IL? density no.IL? density
Na* 257 1.32 238 1.31 196 1.49
K+ 257 1.32 238 1.31 195 1.49
Rb* 257 1.31 238 1.31 194 1.50
Cs* 257 1.32 238 1.30 194 1.49
L 235 1.32 223 1.31 184 1.48
LNa* 239 1.31 221 1.29 184 1.49
LK* 236 1.32 221 1.30 185 1.50
LRb* 239 1.31 221 1.30 181 1.49
LCst 235 1.31 220 1.30 184 1.49

aNumber of ILs ion pairs in the simulation bo’kAverage density
of the system.

Cross terms in van der Waals interactions were constructed
using the LorentzBerthelot rules. The parameters used for the
ILs have been tested on the pure ionic liquid properties: those
of BMI* were taken from de Andrade et3&lwhile those from
PR~ stem from the OPLS force fielland have been used by
Margulis et al. to simulate IL¥ The corresponding force field
parameters have been tested for liquid simulatf§n$he
parameters used for M~ were from Lopes et af? Water was
described by the TIP3P mod¥lParameters of the NaK™,

Rb*, and C¢ cations were fitted on the hydration free energies
by Agvist? and their interaction with IL anions will be
investigated by QM calculations (see section 1 of this paper).
The calixarenel() charges and parameters were from ref 31.
1—-4 van der Waals interactions were scaled down by a factor
of 2, and the corresponding Coulombic interactions were scaled
down by 1.2, as recommended by Cornell et?alhe systems
were represented with 3D periodic boundary conditions. The
nonbonded interactions were calculated using a 12 A atom-based
cutoff correcting for the long-range electrostatics using the
Ewald summation method (PME approximatida}?except in

the case of the free energy perturbation calculations where the
direct Ewald summation has been used. The MD simulations
were performed at 300 K starting with random velocities. The
temperature was monitored by coupling the system to a thermal
bath using the Berendsen algorittwith a relaxation time of

0.2 ps. All C-H and O-H bonds were constrained with
SHAKE, using the Verlet leapfrog algorithm with a time step
of 2 fs to integrate the equations of motion.

Molecular DynamicsThe solutes were initially immersed in
cubic boxes of 45 A length containing the liquid (dry or humid
[BMI][PF¢] or dry [BMI][Tf ;N]). The characteristics of the
simulated systems are gathered in Table 1. After 1000 steps of
energy minimization, the systems were equilibrated by a
sequence of (i) 10 ps of dynamics at constant volume with frozen
solute (BELLY option of AMBER), (ii) 100 ps of dynamics
with frozen solute at a constant pressure of 1 atm, and (iii) 50
ps of dynamics at a constant pressure of 1 atm with free solute
in order to fit the experimental densities. In the [BMI]pN]
solution, the relaxation was slower and the last step needed to
be increased to 400 ps. All systems were then simulated at
constant volume for 2 ns. The MD trajectories were saved every
1 ps and were analyzed using our DRAW and MDS softw&res.
Typical snapshots have been redrawn with the VMD softfare.

Analysis of the TrajectorieS.he average solvation structure
was characterized by the radial distribution functions (RDFs)
of the Pr, Fer, Nouyiemiy, Or,0, Hr,0, Nttn, @and G, solvent
atoms around the NMcation during the last 0.5 ns of dynamics.
For the free ligand, RDFs were drawn around the center of mass
of the six oxygens of the calixarene crown. The average number
of coordinated @,n, On,0, Frr, Nguy)emi Solvent atoms was
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TABLE 2: Interaction Energies (kcal/mol) of the M TPFg~
and M*Tf,N~ Pairs Obtained by QM and by AMBER
Optimizations

HF B3LYP B3LYP

MFY~ 6-31G* 6-31G* cc-pvVTZ AMBER
NatPRs~ —118.5 —123.3 —118.5 —101.2
KPR~ —102.0 —106.3 —99.9 —92.4
Rb*PRs~ —93.1 —94.8 —94.5 —88.6
Cs'PRs~ —86.9 —88.2 —88.5 —84.0
NatTfoN~ —117.9 —122.2 —117.7 —106.4
K*HTfN~ —102.0 —105.0 —99.2 —95.3
Rb*TfoN~ —94.7 —95.9 —93.8 —90.9
Cs'Tf,N~ —88.6 —89.4 —87.9 —85.5

calculated by integrating the first peak of the RDF. The number

Sieffert and Wipff

of resulting charges are well recognized. Relative trends,
however, should be described quite faithfiiify.

Results

We first describe the interactions between the alkali cations
(M* = Nat*, K*, Rb", and C%) and the PF and T&N ™ anions
in the gas phase, obtained from QM and molecular mechanics
calculations. Then, we analyze the solvation of the free Na
and C¢ cations, the free calixcrown ligand, and theL Na*
andL Cs" complexes in the three liquids. The last section deals
with the relative free energies of transfer, complexation, and
extraction of M" cations, obtained by FEP calculations.

1. MTY~ (M = Na, K, Rb, or Cs, Y~ = PR~ or TfoN7)

of coordinated anions was similarly extracted from the first peak Pairs and Na“(Y~), Aggregates in the Gas PhaséWe first

of the M—Ppg, of M—Nri,n RDFs.

optimized the NaPR~, Na'Tf,N~, Cs"PRs~, and CSTf,N~

Insights into the energy components were obtained by group I0NS pairs by QM and molecular mechanics (MM) calculations
analysis using a 17 A cutoff distance and a reaction field in9as phase, to gain insights into the anions coordination modes
correction for the electrostatics. The solute/IL interactions @nd to compare the AMBER to the QM results. As the DFT

energies were dissected into the contributions of the BMR~
(or Tf,N7), and HO molecules. These results were also
confirmed by calculations using a 17 A cutoff and the Ewald

and HF results follow the same trends, we focus on the former
for simplicity. In the optimized MPF;~ complexes, the anion
binds tridendate via three F atoms. TheN'f anion may display

summation, therefore requiring charge neutralization of different several denticities and coordination modes, either via the O

groups.
Free Energy Calculations.The difference in free energies

atoms from the two S&groups, the N lone pair (see Figure 3),
or the CR groups. Optimizations of the Naf,N~ and

between two states was obtained using the statistical perturbatiof=S Tf2N" ion pairs starting from different coordination modes

theory (FEP) and the windowing technigtfewith:

U, —U
AG,=RTIn pr%

and AG= ZAGA

The potential energy, was calculated using a linear combina-
tion of the van der Waals parameters of the initial state=(1)
and final stateA = 0): g, = Aq; + (1 — 1)qgo. The number of
intermediate steps (“windows”) was 10. At each window, 100
ps of equilibration was followed by 100 ps of data collection
for the simulation in the dry and humid [BMI][RF In the
[BMI][Tf 2N] liquid, relaxation is slower, and we performed 200
+ 200 ps at each window. The changeAs,; was averaged

from the forward and backward cumulated values. Moreover,

led to different minima, all involving the oxygen atoms of
Tf,N~. In the most stable ones the two S@oups coordinate
bidendate (K- 1') or tridendate (2+ 1) to the cation. Bidendate
coordination is achieved via one oxygen atom of ea®0,
group, whereas the tridendate coordination involves two oxygens
from the one S@group and one oxygen from the second one.
These two forms are close in energyH = 0.8 kcal/mol with
Na" and 2.8 kcal/mol with C¥). With the “softer“ Cs cation,
another 1+ 1 + 1 form was characterized, where 'Cts
coordinated to two oxygens (one per Sfoup) and the N atom.
This complex is less stable than the-2L one by 1.5 kcal/mol.
Such 1+ 1 + 1 coordination has been observed in the solid-
state structures of F~ complexes with metals as 'Fer RU',
whereas “harder” metals such ad¥P? or trivalent lanthanides

to avoid as much as possible hysteresis problems, independengation$* coordinate the O atoms only. No minimum could be

simulations were performed from Nao Cs" and from Cs to

Na', via the other cations. For a purpose of comparison,

located for the monodendate (via one oxygen) or tetradendate
(2 + 2) coordinations which became® 1 or 1+ 1' during

mutations of complexed cations were also performed in the dry the QM optimizations. When optimized with AMBER, the
[BMI][PF ¢] using the thermodynamic integration (T1) technique Na'TfaN~ and CSTf,N~ ions pairs systematically converged

with 20 windows of 20+ 20 ps.

Quantum Mechanics.The MTY ~ dimers (M= Na, K, Rb,
Cs and Y= PF;, Tf,N) and the Na(Y ), aggregatesn(= 1-3)
were optimized without any constraints at the HartrEeck
(HF) and DFT (B3LYP functional) levels of theory, using the

to a 2+ 1 tricoordination, as found by QM.

MTPFRs~ and M™Tf,N~ pairs with K™ and Rb" cations and
tridendate anions were similarly optimized. MM and QM
calculated interaction energies (Figure 4, Table 2) show that
the smallest and hardest Neation interacts the best with PF

Gaussian03 softwar@ Geometries and energies were corrected or Tf2N™ anions, following the increasing order of cation size
for basis set superposition errors (BSSESs) using the counterpoisgNa” < K* < Rb* < Cs"). Concerning the anion discrimination

method®® Excepted for core electrons of K, Rb, and Cs, the

by M*, the DFT and HF results show that a given Mation

6-31G* basis set was employed in all systems. Tests with the displays quasi-isoenergetic interactions with theNTfand Pk~

6-31+G*, 6-311G*, cc-pVTZ, and lanL2DZ basis sets were
also performed on RF, Tf,N~, and their M adducts, showing

anions, the difference generally beirggl kcal/mol. The
AMBER interaction energies are somewhat smaller, and the

that the results obtained with the 6-31G* basis set are satisfac-QM/AMBER difference decreases from ca. 20 kcal/mol with
tory from the energy (see Table 2) as well as from the structural Na* to 4 kcal/mol with C$. AMBER also yields similar
point of view (see Tables S1 and S2 in the Supporting interactions of a given N cation with the TiN~ and Pk~
Information). The core electrons of K, Rb, and Cs atoms were anions.

described with the effective small core potentials of the Stuttgart

group?! Insights into electronic effects were obtained by

The QM results allow us to gain insights into electronic
effects, showing that the charge transfer té &hd polarization

calculating the Mulliken charges (see e.g., Table S3 and S4 inof the anion by M decrease from Nato Cs', as expected

the Supporting Information). The shortcomings of Mulliken

(Tables S5 and S6 in the Supporting Information). For instance,

population analysis and, in particular, the basis set dependencen both MtPR~ and M™Tf,N~ series, they charge ranges from
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Figure 3. Typical coordination modes of Mby Tf,N~ and Pk".
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Figure 4. M*Y~ optimized pairs (M = Na*, K*, Rb*, Cs" and Y~ TN ZTENT  BTENT TN 2TENT  3TENT

= tridendate P§ or 2 + 1 tridendate TAN™): interaction energies
and M"—F(PFR~) and Mf—O(Tf,N~) mean distances (A) from HF/6-
31G* (red), DFT(B3LYP)/6-31G* (green), DFT(B3LYP)/cc-pVTZ
(blue), and AMBER calculations in the gas phase (purple).

~ +0.5 e for Na' to ~ +0.9 e for Cs". Polarization effects
can be seen in the PR~ complexes in which ther charge

is ~0.06 e more negative for the coordinated than for the

uncoordinated F atoms. For the™Wif,N~ pairs, one can also
see some 8-0O°~ polarization of the coordinated oxygens,

Figure 5. Interaction energies of N&PF ), or Na(Tf.N"), com-

plexes (= 1-3) (left) and average Na-P(PR~) and Na—N(TfN")

distances (right) from HF/6-31G* (redpFT/BYL3P/6-31G* (green),
and AMBER calculations in the gas phase (bluUg)= Enatv-)n —

ngy- — ENa*-

tridentate whem = 1 or 2, and bidentate whem = 3. The
binding mode of TN~ is more versatile and can be eithef-2
1 or 1 + 1, depending on the number of anions and the
computational method (see Table S11 in the Supporting

compared to that of the others, and this effect increases with Information). As expected, the more ligands, the longer are the

the cation hardness, i.e., from €& Na" (Table S6 in the
Supporting Information).

As in IL solution, the M cation is surrounded by several
anions (vide infra), we also investigated higherfR ), and
Na’(Tf,N"), aggregatesn(= 2 and 3) by the QM and MM

Na—Fpg, or Na—Or,n distances, due to ligandigand repul-
sions and the reduced charge of the metal. Thé blearge
decreases from-0.59 to+0.26ein the Na (PR ™), series and
from +0.61 to+0.36 e in the Na (Tf,N"), series (Tables S9
and S10 in the Supporting Information). Furthermore, the per

methods. The energy results are plotted in Figure 5 and ligand electron-transfer diminishes in both series @fgecharge

summarized in Tables S7 and S8 in the Supporting Information, decreases frorr0.59 to—0.75e and thegr,n Charge decreases
whereas structural features and electronic charges are gathereftom —0.61 to—0.79e€). Polarization effects also diminish with
in Tables S9 and S10 in the Supporting Information. QM the increasing number of ligands, as seen, e.g., fromgthe

calculations show that the coordination of a second Rd¥
Tf,N~ anion fi = 2) to the neutral NaY~ species is quite

stabilizing (by~ —45 kcal/mol), whereas a third one destabilizes

the complex (by~ +35 kcal/mol), and these trends are well
reproduced with AMBER <45 and+29 kcal/mol, respectively,
for the Pk~ anion and—33 and+21 kcal/mol, respectively,
for Tfo,N7). With the three methods, the PFanions bind

charges of the coordinated versus free F atoms ih(Rig ™).
The corresponding.gr difference ranges from 0.06 in NgPR;™)

to only 0.002e in Na"(PFRs™)s. Similar trends are observed on
the Na (Tf,N™), aggregates where the charge peiNrfranges
from —0.61 e for Na"(Tf,N~) to —0.79 e for Na"(Tf,N")3
(Table S10 in the Supporting Information). With the “softer”
K* to Cs" cations, charge transfer and polarization effects
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Figure 6. Solvation of free Na and Cg cations in the dry [BMI][PFE], the humid [BMI][PF], and the dry [BMI][Tf:N]; radial distribution
functions of solvent atoms around™the M—O(H,0) peaks are scaled down by 10 forNand by 3 for C$). Cumulated views are shown over
the last 0.5 ns of MD selecting anions and water at less €A from M*.

should be less important than with Nand the AMBER results ~ Na' give 4.0+ 0.0 B, and 9.7+ 1.1 Fpg. This shows that
in ionic liquid solutions, obtained without dedicated parameter some Pk~ are bidentate and others are tridentate, on the
fitting, should be reasonable. average. Around the CGation, one also finds 4.6 0.0 B-f,

2. Free Mt Alkali Cations in the lonic Liquids. In this anions but 11.7+ 0.7 Ry atoms, revealing a tridendate
section, we mainly describe the solvation of the smallest Na coordination of PE. This first anionic shell is surrounded by
and the biggest Cscations, which bracket the 'Kand R a shell of BMI* cations (between 5 and 8 A), and a such
ones. alternation of anionic and cationic shells is clearly visible up

Sobation in Dry [BMI][PF ¢]. The first coordination shell of  to 15 A, as found for di- and trivalent metallic caticig>.55-57
the Na and the Cs cations is composed of four solvent anions Sobation in Humid [BMI][PF¢]. As shown by the snapshots
which do not exchange with “the bulk” liquid, as shown by the and the cumulated views in Figure 6, the presence of water in
cumulated views taken along the last 0.5 ns of dynamics (seethe IL clearly modifies the first solvation shell of the cation
typical snapshots and RDFs in Figure 6 and average coordinationwhich coordinates water molecules (see Figure 6 and Table 3).
numbers of M in Table 3). The integration of the RDFs around The first shell of Nd is composed of £2 monodentate RF
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TABLE 3: Average Coordination Numbers of M+ from the anions contributions, whereas the/BIMI ™ interac-
Uncomplexed and Complexed by B tions are repulsive. Moreover, Nanteracts better than Cs
[BMI][PF]-dry with the solvent, by about 43 kcal/mol in the dry [BMI][EF
P (PR) F (PR) and 50 kcal/mol in the humid [_BMI][P&_and_ dry [BMI][Tf2N]
Na 20 (0.0) 97 (WD) solvents. If one compares a givertMation in the [BMI][PF] _
Cs 40 (0:0) 117 ('0.7) versus [BMI][Tf;N] solvents, one sees that it interacts more with
L Na* 1.0 (0.0) 2.3(0.5) the Pk~ than with the TiN~ anions, by 116-120 kcal/mol in
LCst 1.0 (0.0) 2.5 (0.6) the case of Naand CS. This may appear quite surprising if
_ one considers that Mis surrounded by a similar number of
[BMI][PF ¢]-humid solvent anions in solution and displays, in the gas phase, quasi-
P (PR) F (PR) 0O (H0) identical interaction energies with PFand TEN~. The
Na* 1.3(0.6) 1.5 (1.0) 4.3(0.7) difference in solution can be understood from the fact that the
Cs 3.0(0.4) 5.8 (1.5) 4.4(1.2) Tf,N~ anions optimally bind to M only in restricted conforma-
LNa* 1.0(0.1) 1.4(0.7) 1.0(0.0) tions and orientations, whereas the more symmetrical” PF
LCs® 0.9(0.4) b 1.0(0.2) anions statistically display better interactions with" Mhese
[BMIILTT 2N]-dry are, however, compensated by th&/BMI* repulsions, which

are stronger in the [BMI][P§ than in the [BMI][Tf,N] solution.

N (TfaN) O (TzN) 3. Free Calix[4]crown-6 (L) in the lonic Liquids. Sobation
N? 4.0(0.1) 5.7(0.5) in Dry [BMI][PF ¢. As L is a neutral species and of low
(L:N a i'g §8§§ g'é gé'gg symmetry it does not induce a strong organization of the solvent,
LCs" 10 (0:0) 11 (0:4) making it difficult to recognize a first solvation shell (see Figure

7). Interesting interactions are however observed with the'™BMI
cations which make “facial complexes” with the crown ether
moiety ors-interactions with phenyl groups af. In the dry
[BMI][PF¢], there is one BMI on each side of the crown, at
anions plus 4 KO molecules “mixed” around the cation. In the 3.5 _ar_1d 5.5 A, respectively, from its center. _Such solvation _is
case of the bigger Gscation, it is composed of 3 bidentate ~éminiscent of what has been observed with 18-crown-6 in
PR~ anions on one side and-% H,0 molecules on the other  [BMII[PF¢] solution?® At the periphery of the calixarene, solvent
side and is thus somewhat “anisotropic”. The second solvent @nions and cations are “mixed”, as in the bulk liquid.
shell of Na" to Cs" ions is mainly composed of BNtIcations. Sobation in Humid [BMI][PFg]. The presence of water in
Sobation in Dry [BMI][Tf2N]. In the [BMI][Tf2N] liquid, the [BMI][PFg] liquid seems to have little influence on thedF
the M* cations are fully surrounded by ;N~ anions (see Figure ~ and BMI* organization around the calixarene (see Figure 7).
6 and Table 3) coordinated mono-, bi-, or tridentate via their Indeed, although no direct BMI “coordination” to L is
oxygen atoms. Nais surrounded by 4.6 0.1 N and 5.7+ observed, three BMl are located around the crown, and two
0.5 O atoms, respectively, corresponding to two bidentate plus others interact viar-stacking interactions with the aromatic
two monodentate TN~ anions. The Cscation is coordinated skelton. Moreover, no water molecule coordinates the crown,
to 5 Tf,N~ anions via 6.2+ 1.0 oxygens on the average, one contrary to what is observed in pure water or at the water/
anion being bidendate (& 1) and the others being monoden- chloroform interfacé? This is probably due to the competitive

aThe rms fluctuations are in parentheseslot reported because the
first peak is ill defined. A full version of this table is given in the
Supporting Information (Table S12).

date. H-bonds between water angddratoms. Nevertheless, one finds
Interactions of M with the Sabents.The energy component ~ one HO molecule bridging over the two methoxy groups.
analysis (see Table 4) shows that"Mations display strong Sobation in Dry [BMI][Tf2N]. In the dry [BMI][Tf2N], the

attractive interactions with the three studied solvents, stemming calixarene is solvated by a mixture of anions and cations, without

TABLE 4: Solvation in ILs: Average Interaction Energies and rms Fluctuations (kcal/mol) between the Solute and the Solvent
Components

BMI+ Y~ H,O Egmi+a Eya EHZOa Eof? Etot/Ewaldb
[BMI][PF¢]-dry
Na* BMI+ PR~ 489 (9) —634 (8) —145 (7) —148 (7)
Cst BMI+ PR 493(8) ~596 (8) ~103(5) ~105 (6)
L BMI+ PR~ —33(3) ~74(2) ~107 (4) —106 (4)
LNa* BMI* PR~ 394 (5) —540 (8) —146 (5) —148 (6)
LCs BMI+ PR~ 385 (6) —514 (8) ~129 (6) ~131 ()
[BMI]J[PF ¢J-humid
Na* BMI+ PR~ H,0 457 (16) —533 (23) —90 (14) ~167 (9) —168 (9)
Cs' BMI* PR~ H,O 462 (9) —546 (12) —33(10) —117 (8) —118(8)
L BMI+ PR~ H.0 —25(3) —60 (3) ~16 (3) ~100 (4) —100 (4)
LNa* BMI* PR~ H,O 348 (5) —446 (8) —38 (6) —136 (6) —137 (6)
LCs' BMI+ PR~ H.0 353 (6) —459 (9) ~19 (5) —125(7) —125 (6)
[BMI][TF oN]-dry
Na* BMI+ THN- 354 (7) —510 (11) —156 (10) —158 (10)
Cs BMI+ THN- 375 (7) —481(9) ~106 (7) ~107 (7)
L BMI* TN~ —22 (3) —64 (3) —86 (4) —86 (4)
LNa* BMI+ THN- 272 (5) —411 (10) ~139 (8) —140 (8)
LCs" BMI* TN~ 289 (5) —425 (7) —136 (6) —137 (5)

a Calculated with a 17 A cutoff- reaction field correction? Calculated with a 17 A cutoff- Ewald correction. Averages over the last 0.5 ns
of MD.
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Figure 7. Solvation of free calixarend ] in the dry [BMI][PFg], the LNa"
humid [BMI][PFe], and the dry [BMIJ[TEN]. Cumulated views are 7
plotted over the last 0.5 ns of MD selecting cations witBi A from =
the center of the crown. A full version of this figure is given in the —
Supporting Information (Figure S1). Eq
2
clear organization (see Figure 7). The snapshot of the solvation =
shell up to 10 A shows that one BMication stacks with an =
aryl group ofL. The TEN™ anions, like the P§, have no =) LCs"

specific interactions with the solute.

4. The MT C Calix[4]crown-6 Complexes in the lonic
Liguids. In the three ILs, the M c Calix[4]crown-6 (L M™)
complexes remain associated during the dynamics, and the
average position of the cation in the host depends on its size.Figure 8. Solvation of thd.Na* andL Cs" complexes in the dry [BMI]-
The structure of thé Cs"™ complex is similar to the solid-state  [PFel, the humid [BMIJ[PF], and the dry [BMIJ[TN]. Cumulated
structure! i.e., Cs sits on the top on the crown with average V'.e‘r’]‘{s a“}pf'oned OVerthe/Jf’}Sﬁlo'S ns of “?Dh.se'fe.cnng.a”'(.’”s and ‘é"ater
M*—Ogroun distances between 3.17 and 4.94 Rin [BMIERF \éwt in 6_ rom catlpns. \ full version o this figure is given in the

: ) upporting Information (Figure S2).
As the crown is somewhat “bent”, the complex is more gf C
than of C,,-type symmetryLRb™ and LK™ adopt a similar 3). The Ry, coordination number is 1.8 0.0 for both N& (in
structure, but Nais too small for this host and, depending on the exo configuration) and Cscations, corresponding to 2.3
the liquid and simulation conditions, adopts two main modes =+ 0.5 and 2.5+ 0.6 coordinated fr, atoms, respectively. This
of binding: either “exo” (i.e., mainly coordinated to the crown indicates that the RF anion oscillates between bi- and tridentate
oxygens completed by solvent species) or “endo” (coordinated coordinations along the dynamics. The first solvation shell is
to two oxygens of the crown and to the phenoxy groupk )of followed by a mixture of solvent cations and anions, without
Although the cations are shielded from solvent, they display well-defined organization.
specific interactions with a few solvent anions or water  Sobation in Humid [BMI][PFe¢]. In the humid [BMI][PFg]
molecules. liquid, the complexed cations are mainly solvated by PF

Sobation in Dry [BMI][PF ¢]. The first coordination shell of ~ anions and water. In the case loNat one HO molecule is
each complexed cation is composed of the crown ether oxygenscocomplexed with N&, and different configurations are ob-
completed by one RF solvent anion (see Figure 8 and Table served (Figure 8 and Table 3), where the cation is either “endo”
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TABLE 5: Free Energy Differences (kcal/mol) for “Free”
Cations (AGg;) and Complexed Cations AGy )2

mutation Nd& —K* K*—Rb" Rb"*—Cs" Na'— Csfb
“Free” Cations in Water4Gsjwa)®
water 18.4 54 7.8 31.6
“Free” Cations in ILs AGzyL)
[BMI[PFg-dry  13.3(1.7) 6.0(0.0) 8.0(0.2) 27.3(1.9)
FEP —12.1(1.5) —5.9(0.0) —7.9(0.1) —25.9(1.6)
12.7(1.6) 6.0(0.0)0 8.0(0.2) 26.7(1.8)
[BMI)[PF¢l-humid 17.0(2.5) 7.1(0.1) 8.1(0.3) 32.2(2.9)
FEP —-16.1(2.2) —7.0(0.1) —8.0(0.2) —31.1(2.5)
16.6(2.3) 7.1(0.1) 8.1(0.3) 31.8(2.7)
[BMI|[Tf :N]-dry 17.4(2.1) 7.0(0.1) 7.2(0.2) 31.6(2.4)
FEP -17.1(2.1) 5.8(0.1) -8.6(0.2) —31.5(2.4)
17.3(21) 6.4(0.1) 7.9(0.2) 31.6(2.4)
Complexed Cations in ILsXGaL)
[BMI[PFg-dry  10.9(1.2) 4.8(0.0) 6.9(0.0) 22.6(1.2)
FEP —10.6 (1.2) —4.5(0.0) —5.8(0.0) —20.9(1.2)
10.8(1.2) 4.7(0.0) 6.4(0.0) 21.9(1.2)
[BMI[PFgl-dry  10.7 4.4 6.2 21.3
TI -9.5 -3.9 —5.8 -19.2
10.1 4.2 6.0 20.3
[BMI][PFg-humid 13.3(1.5) 5.0(0.0) 7.0(0.0)  25.3(1.5)
FEP —16.5(1.9) —5.3(0.0) —8.3(0.0) 30.1(1.9)
14.9(1.7) 5.2(0.0) 7.7(0.0) 27.7(1.7)
[BMI][Tf oN]-dry  10.9 (1.0) 4.6 (0.0) 7.0(0.1) 22.5(1.1)
FEP -9.4(0.9) —5.0(0.0) —6.5(0.1) —20.9(1.0)
10.2(1.0) 4.8(0.0) 6.8(0.1) 21.8(1.1)

aFirst line: direct mutation; second line: reversed mutation; third
line: average energy.AGna+—csy = AGuat—k+ + AGy+—rot) +
AGgrp—csh. ¢ Experimental values are from ref 58. See Scheme3 1
for definitions of AGz. and AG4,.. The numbers in parentheses are

the differences between the forward and backward cumulated energies.

(with the HO molecule on the top), or “exo” (with the 29
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Figure 9. CalculatedAGsz,. and AGy. free energies in dry [BMI]-
[PFe] (red), humid [BMI][PK] (green), and dry [BMI][TEN] (blue).

Na*

the K" < Rb" and Rb <= Cs"™ mutations, the calculateiGs_
values are similar in the three liquids, but for the'Ner K+
mutationsAGg is about 4 kcal/mol smaller in the dry than in
the humid [BMI][PFs] and in the dry [BMI][Tf,N] liquid.

Relative Free Energies of the Calixarene Complex®&4 ).

The differences in free energies obtained for the complexed

molecule at the bottom). These two configurations have already Cations 8Gai) follow the same trends as for the "free” cations

been characterized in watéand are quite specific to the small
Na' cation. The “endo” configuration also favarsinteractions
between N& and the aromatic groups of the calixarenet Gs
too big to cocomplex a D molecule but coordinates one water
molecule H-bonded to solvent anions. The first solvation shell
of Cs' is also completed by one PFanion. Interestingly, the
cation drags water around the complex, as shown by theO
RDF peak. After integration within 10 A, one finds 18.4,0
around the complexed Nand 11.4 Q,c around the complexed
Cs'.

Sobation in Dry [BMI][Tf,N]. In the dry [BMI][Tf,N], both
complexed Na (in the endo configuration) and Csations
are coordinated to one oxygen atom of a monodendafe Tf
(see Figure 8 and Table 3). The steric hindrance ftoseems
to prevent a bidentate coordination of the anion.

5. Difference in Free Energies in the lonic Liquids.In this

(LNat > LK* > LRb* > LCs") in the three solutions.
Moreover, the C§/Na' difference is similar in the two dry ILs
(22 kcal/mol) but increases in the humid [BMI][ElK28 kcal/
mol) (see Table 5). Note that in the case of the"Na K+
mutation, the cocomplexation of one water molecule Lby
caused sampling problems, related to the fact that the “exo”
and “endo” (see section 4) configurations did not exchange
during the dynamics and yielded to distin&Gay’s. Thus,
several independent Na— KT and K" — Na"™ mutation
simulations have been performed with different sampling
conditions, yieldingAGg. values ranging from 12.9 to 16.4
kcal/mol (See Figure S3 in the Supporting Information), with a
hysteresis o&2 kcal/mol. This is why an average value of 14.9
kcal/mol has been used for subsequent calculations. The
mutations of complexed cations performed in the dry [BMI]-
[PFg] using the thermodynamic integration (T1) method support

section, we present the results of the mutations of the free andth® FEP results, as similaxGa. values are obtained by the
complexed cations in the three liquids. The primary results WO methods.

(“alchemical transformations”) are presented in Table 5 and

Figure 9. The calculation of the relative free energies of
complexation in a given liquid, of M transfer from water to
the IL, and of liquid-liquid extraction of M" by the calixarene

L have been based on the thermodynamic cycles (Schertes 1
comparing N&/Cs', as a purpose of illustration), and the results
are summarized in Table 6 and in Figure 10.

Relative Free Energies of Sgtion of the “Free” Cations
(AGspL). According to FEP calculations, Nas the best solvated
cation, and the cation order is N& K* > Rb" > Cs' in the
three liquids. The CgNa' free energy differencAGgy_ is quite
important (from 26.7 to 31.8 kcal/mol, depending on the liquid)
and is mainly due to the ®Na" contribution. In the case of

Complexation Selectities in the lonic Liquids AAG.). The
binding selectivity AAG:) between two cations in a given
liquid, defined byAAG; = AG¢; — AGg, was calculated as
the difference betweeNGz,. and AGy . (AAG; = AGe¢ —
AGe; = AGg — AGyy) following the “alchemical” route
(Scheme 1).

The results show that complexes selectively Csfollowing
the order C$ > Rb* > K* > Na' in the three studied ILs.
The Cg/Na" binding selectivityAAG, amounts to 4.8 kcal/
mol in the dry [BMI][PF], 3.9 kcal/mol in the humid [BMI]-
[PFe], and 9.8 kcal/mol in [BMI][TEN]. It is thus highest in
the most hydrophobic liquid. In dry and humid [BMI][ElFthe
K*/Na*, Rb*/K™, and C$/Rb* contributions are very similar
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TABLE 6: Free Energy Differences for Cation Complexation (AAG), Cation Transfer from Water to ILs (without L) ( AAG,),
and Cation Extraction from Water to ILs (by L) ( AAGe) Obtained by FEP Calculations

Nat — K* Kt — Rb" Rb" — Cs" Na"— Cs"2
M* complexation byt in ILs (Scheme 1)
[BMI][PF ¢]-dry AAG, 1.9 1.3 1.6 48
[BMI][PF ¢]-humid AAG, 1.7 1.9 0.3 3.9
[BMI][Tf 2N]-dry AAG, 7.1 1.6 1.1 9.8
M™ transfer from water to ILs (without) (Scheme 2)
[BMI][PF ¢]-dry AAG, 5.7 —0.6 -0.2 4.9
[BMI][PF ¢]-humid AAG, 1.8 -1.8 -0.2 -0.2
[BMI][TF oN]-dry AAG 1.1 -1.0 -0.1 0.0
M extraction from water to ILs (bi) (Scheme 3)
[BMI][PF¢]-dry AAG, 7.6 0.7 1.4 9.7
[BMI][PF ¢]-humid AAG, 41 0.2 0.1 4.4
[BMI][Tf ,NJ-dry AAGe 8.2 0.6 1.0 9.8
8 AGnat—cst) = AGnat—k*) + AGk+—rbt) T AGRpt—csh.
Complexation SCHEME 1
10 T T . AG¢; .
=4 L +Na'yy, —> LNa'|p
E 8 AG}/]L l AGA/IL
=
E 6 L1L+CS+1L —)AGCZ LCS+IL
o 4 SCHEME 2
g 2 Na'yar &’ Na'y
ON AGs/wanl l AGy /1L
+ AGtz +
Cs'waa —> Cs'iL
Transfer SCHEME 3
‘ . AGqy .
%- Li+Na'yqy —> LNa'
"‘_E- AG3/ wat l lAG«mL
g + AGe2 +
-~ L +Cs'wa —> LCs' L
g _ _
g (see Scheme ZﬁAGt = AGuy — AGp = AGzpat — AGsyL.
The AGsuat €nergies are the experimental values from ref 58.
For the C3/Na' transfer (see Table 6AAG; is positive (4.9
kcal/mol) in the dry [BMI][PF] and nearly zero in the two other
liguids, indicating a higher partitioning of €scompared to
that of Na, to the [BMI][PFg] ionic liquid.
10 Cation Extraction Seleatity from Water to lonic Liquids
— (AAG). The differences in free energy of Mextraction byl
E 8 from water to the ionic liquid were similarly calculated by
= 6 differences betweeAGgzjya:aNdAGa . (AAGe = AGe1 — AGe>
g = AGgzjwat — AG4/||_) (Scheme 3)
e 4 The AAG. values (Table 6) reveal a high @sla’ extraction
(U] selectivity byL in the three ILs. Csis preferred by 9.7 kcal/
3 2 mol in the dry [BMI][PFs] and by 9.8 kcal/mol in the dry [BMI]-
[TfoN]. In the humid [BMI][PFg], the selectivity is reduced to
Na* K* Rb* Cs* about 4.4 kcal/mol, on the average. In the three ILs th&/Cs

Figure 10. Relative free energies of complexation, transfer, and
extraction in dry [BMI][PF] (red), humid [BMI][PF] (green), and dry
[BMI][TTf oN] (blue).

(about 1.5 kcal/mol), while in [BMI][T$N] the Cs"/Nat binding
selectivity mainly stems from the ¥Na' contribution (7.1 kcal/
mol).

Transfer of Free Alkali Cations from Water to lonic Liquids
(AAGy). The relative free energies of transfeéxAG;) of two
uncomplexed M cations from water to a given ionic liquid
was calculated by the difference betwef@sar and AGz.

Na" extraction selectivity is mainly due to a high™HNa"
contribution, which accounts for about 80% of the™@¢a*"
AAGgvalues. The CYK' and C$/Rb" extraction selectivities
are smaller (between 0.1 and 1.4 kcal/mol), indicating that K
and RbB should be coextracted along with Cs

Discussion

We report a MD study on the solvation of several species
involved in liquid—liquid extraction of alkali ions to ionic liquids
and an FEP study of their relative free energies of transfer,
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complexation, and extraction. The MD simulations are based shell comprises, in addition to solvent anions, a few water
on a simple force field representation of the potential energy of molecules. Due to computer limitations, we did not explore less
the system, assuming that intermolecular interactions are es-humid solutions, where some water should still coordinate to
sentially sterict+ electrostatic in nature, thus following most M, especially to the most hydrophilic cations (Na.i*), as
current methodologies used to simulate!f35:39.5%66 or molten found for the harder $r,26 UO,2", or EW¥' cations?® This
salts®”~7° There is certainly room for methodological improve- should have a deep impact on, e.g., spectroscopic prop&tties.
ments including, e.g., charge transfepolarization effects, but  From the energy point of view, when the ionic liquid becomes
the comparison of QM versus force field results presented here,more humid, the difference in N£&Cs' free energies of solvation

as well as comparisons involving IL solvent ions or halide increases in magnitude and comes closer to the value in water,
complexes of hard (e.g., trivalent lanthanides or uranyl) metallic as expected. The energy analysis also suggests that alkali cations
cations?* %557 shows satisfactory agreement, especially when should be more soluble in humid than in dry ILs.

the ciltion gets more saturated. This is consistent with the f_itting Selectivity of Alkali Cation Extraction by the Calixcrown

of M* parameters in a condensed phase (aqueous solétion), ¢om \water to the lonic Liquid. The calculations predict that

instead of using, e.g., MOH)» aggregates. L selectively extracts Gsover Na, thus following the same
Cation Solvation in lonic Liquids, Compared to “Tradi- trends with ILs as with traditional organic solvents. Intrinsically,
tional” Solvents. The solute-solvent interactions energies and  npowever (i.e., in the gas phase), Niteracts more strongly
the FEP results show that the Neation is better solvated than  than C¢ with L 3! and the extraction selectivity is mainly caused
Cs" in the three studied liquids, following the same trends as py the lower energy cost of desolvating”Cs
in dipolar solvents such as water, methanol, DMSO, and
acetonitrile®® However, the solvation patterns are in many
respects quite different. Typically, in classical solvents, the first
solvation shells of M are built from the solvent dipoles
interacting with M~ and can be, to a first approximation,
described by a gas-phase approach. The solvation in dry ionic
liquids differs since the first shell of Mis fully anionic in nature

Water is more soluble in ionic liquids such as [BMI][§F
than in traditional solvents, and this influences the extraction
selectivity. The presence of water in [BMI][EJFreduces the
Cs'/Na" extraction selectivity, from 9.7 kcal/mol in the dry
liquid to 4.4 kcal/mol in the humid liquid, due to a lowering of
the Kt/Na", Rbt/K*, and C$/Rb* contributions. Thus, the

and is embedded in a positively charged “cage” of Bldblvent presence qf water is deleterious for an efficient separation of
cations, leading to an onion-type alternation of BMind Y~ the Cs' cation.

solvent ions. As a result, the first shell ofMcontains more Effect of the Nature of the Solvent Anion.For a given
anions (four to five around Nato Cs') in solution than in the “naked” Mt ion, there is little difference between the solvation
gas phase, where only two anions should coordinate to M  in [BMI][PF¢] and in [BMI][Tf2N] solvents, from the structural
Intrinsically, Na"(PFRs)s is indeed predicted to be unstable and energy points of view. A giveloM* complex also interacts
toward the dissociation of one anion, as the third Pligand similarly with the different solvents, leading to similAiGa,.

is repulsed by the negatively charged NefZF complex. energies when one cation is compared to the other. The
Similar features have been found in the case of, e.g., &uCl differences in complexation and extraction free energies between
or UO,Cl4~ complexes which are stable in ionic liquids or in  the two dry solvents are quite small, indicating a weak influence
crystals but not in the gas pha&dt is thus essential to consider ~ of the nature of the solvent anion on the extraction and
the second shell and more remote solvent interactions to predictcomplexation selectivities. Other effects, e.g., hydrophobic/
the solvation of ions in ionic liquids. It can also be surmised hydrophilic balance of the IL components and partioning to the
that the status of counterions is quite different in the ionic aqueous phase, may be quite important however for, e.g., the
liquids, compared to that in conventional solvents. Another efficiency of ion complexation or extraction, as well as the

difference concerns the coordination number of Nad Cs extraction mechanism.
which is nearly the same in the IL but increases from about 6  Alkali Cation Complexation by the Calixcrown in a Given
to 9 in water. IL. To our knowledge, no study on alkali cation complexation

The comparison of the two dry solvents shows that theg'PF in an ionic liquid has been reported yet. Detailed information
and TEN™ anions have similar coordination properties t6.M  on the solubility and status of alkali salts in ILs are also lacking.
The number of coordinated anions ranges from four to five, Our calculations are thus exploratory and predictive. Using a
and the number of coordinated atomggFor Ors,n-) increases  similar approach we correctly predicted the'at selectivity
with the size of M. Nevertheless, the dynamic behavior of the by L as a function of its conformatiofi,and according to the
anions somewhat differs, as §Hs coordinated via two or three  present results, should also complex selectively Cever Na
dynamically exchanging F atoms, whereagNrfretainsamore  in a given IL. Comparing the two dry liquids, the selectivity
fixed coordination mode during the dynamics, anchored by its should be more pronounced in [BMI][3¥] than in [BMI][PF]
—S0; oxygens. Most TN~ anions bind in a bidentate fashion, (AAG, = 5.0 kcal/mol), mainly due to the differenc&Gs;.
but some are monodendate to complete the first coordination petween the solvation of the free'kand Na cations. Indeed,
shell of M" in solution. K* is calculated to be more easily desolvated thart Mathe

Concerning the differences in solvation free energies 6f M former than in the latter liquid. Similar FEP simulations have
they are predicted to follow the same trends in ionic liquids as been reported for the Mcomplexation in a classical hydro-
in dipolar solvents and water, as predicted by the simple Born phobic organic solvent (chloroform§,in which the selectivity
solvation modefl! They are also very close to each other in the was inversed (gas-phase-like behavior), i.e Neing preferred
three studied liquids. Thus, despite their hydrophobic character,over Cs (by 11.7 kcal/mol in the absence of a counterion and
the studied ionic liquids behave like traditional polar solvents. by 1.6 kcal/mol with one paired picrate counterion), mainly due

Another issue concerns the interactions with water. The [BMI]- to stronger interactions with the calixcrowhin water, or in
[Tf2N] liquid is hydrophobic and quasi-dry, whereas [BMI|ffF ~ methanol, the selectivity was reversed, due to the desolvation
is more hygroscopic, and our simulations point to the importance of free M™ ions3!i.e., AGz is smaller in magnitude thanG,.
of solvent humidity on the solvation of the free ions. Their first Thus, despite their hydrophobic character, ILs behave more like
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traditional polar solvents than like weakly polar or apolar ones,

as far as the complexation selectivity is concerned.
Alkali Cations Transfer from Water to ILs. Chun et al.

Sieffert and Wipff

(14) Dietz, M. L.; Dzielawa, J. AChem. Commur001, 2124.
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Na’. In the other liquidsAGe is smaller 0.2 kcal/mol) or
null.

Conclusion
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with extraction and complexation in classical organic solvents.
The extraction results are in agreement with experiment, wherea
the complexation results remain predictive. However, detailed

analysis of the solvation patterns offNbns— and to a lesser
extent their complexesreveals a number of specific features
of these “green” media, particularly interesting from the
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