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Surfactant Behavior of “Ellipsoidal” Dicarbollide Anions: A Molecular Dynamics Study
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We report a molecular dynamics study of cobalt bis(dicarbollide) anior€jBX3),Co]~ (XCD~) commonly

used in liquid-liquid extraction (X= H, Me, Cl, or Br), showing that these anions, although lacking the
amphiphilic topology, behave as anionic surfactants. In pure water, they display “hydrophobic attractions”,
leading to the formation of aggregates of different sizes and shapes depending on the counterions. When
simulated at a water/“oil” interface, the different anions (HCMeCD~, CCD™, and BrCD) are found to

be surface active. As a result, the simulateti”Mounterions (M" = Na', K*, Csf, H;O", UO2t, El*")
concentrate on the aqueous side of the interface, forming a “double layer” whose characteristics are modulated
by the hydrophobic character of the anion and by Nr'he highly hydrophilic E&™ or UO,2" cations that are
generally “repelled” by aqueous interfaces are attracted by dicarbollides near the interface, which is crucial
as far as the mechanism of assisted cation extraction to the oil phase is concerned. These cations interact with
interfacial XCD' in their fully hydrated Eu(HO)s*" and UQ(H.0)s?" forms, whereas the less hydrophilic
monocharged cations display intimate contacts via their X substituents. The results obtained with the TIP3P
and OPLS models for the solvents are confirmed with other water models (TIP5P or a polarizaBlel 4P
water) and with more polar “oil” models. The importance of interfacial phenomena is further demonstrated
by simulations with a high oitwater ratio, leading to the formation of a micelle covered with CCD’s. We
suggest that the interfacial activity of dicarbollides and related hydrophobic anions is an important feature of
synergism in liquid-liquid extraction of hard cations (e.g., for nuclear waste partitioning).

Introduction — —e
Since its first synthesis in 196%he cobalt bis(dicarbollide) __/_’/,\- { !

anion [(BC;H11).,Co]~ and its derivatives (Figure 1) found 7 W Al

important applications in various domains such as in the medical \ A LA\ o CH

field as tumor imaging agents in organic synthesis as -\—IV—‘“ o B

superacid,and in the partitioning of radioactive ions by liquid x < o BH

liquid extraction>~? In this context, these hydrophobic anions . /A_ X Q co

have first been used in combination with complexing agents 7 »

such as PEG and CMPO molecules for the simultaneous \ZSW_&\ X

extraction of C$, S+, and actinides (Russian UNiversal —-«-rf-—

EXtraction “UNEX” proces¥ ). When added as synergistic o 8 x

agents to extractant molecules such as crown ethers, calixarene
phosphoryl derivative¥-16 or grafted onto such chelating
platformsl?18 they markedly improve the ion extraction ef-
ficiency. So far, little is known, however, on the solution
properties of these anions in pure liquids or heterogeneous liquid
mixtures and on the mechanism of synergistic extracfiéh.
This led us to undertake molecular dynamics simulations
&Eggﬂ:ﬁgﬂé o]g(?‘gifrllzllg?wr? e'?:r)t(flm?vl e?rgﬁgsn doBfr. .?.ﬁgs ral hydrophilicity in the alkali cation series, and the effect of cation

will be noted generically as XCDand specifically as HCD, charge in the glkali,_urapyl, and europium series_. The anions
MeCD-, CCD~,2t and BrCD, respectively. We first study the are often used in thelr_acu_jm _form,_and the comparlspnrm*H
effect of the X substituents on the solvation of XCBnd the ~ Versus K or Cs" will give insights into the nature of ion pairs
nature of the XCD, HsO* and CCD, Cs' ion pairs, comparing and of possible hydrogen bonding interactions betwe@_ﬂ-l
concentrated pure water and pure “oil” (chloroform) solutions. @1d CCD". These simulations will be based on watefl
We then focus on the interfacial behavior of different salts at a Mixtures in similar proportions (about 50:50 in volume). As in
chloroform/water interface. In the XCDCs' series, we want  €xtraction experiments where the receiving phase becomes

to assess the effect of the X substituents on the interfacial 9radually oil-rich, we will also consider a concentrated solution
behavior of the ions. We then Study the effect of"'M of CCD, Cs™ in a 90:10 oit-water miXtUre, with the aim to

elucidate the basis of synergistic effects of dicarbollide ions in
* Corresponding author. E-mail: wipff@chimie.u-strasbg.fr. liquid—liquid extraction.
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Is'—igure 1. Dicarbollide XCD  anions (hydrogens not shown for
clarity).

counterions on the distribution and solvation of a given anion,
choosing the commonly used chlorinated CCirivative and
Nat, KT, Cs', H;O", UO,?", and Ed@" as counterions. This
will allow us to investigate the effect of cation size and
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TABLE 1: Selected Atomic Charges of XCD Obtained from Different Methods?

X =HP X = MeP X =ClI X = BrP
Mulliken ESP NPA  Mulliken ESP NPA ESP Mulliken® ESP  NPA°  Mulliken ESP NPA
Co —0.43 0.09 1.29 -0.93 —0.26 1.29 0.18 —0.29 —0.38 1.29 —-0.18 0.26 1.27
xd —0.04 —-0.11 0.06 —-0.21 —-0.25 -0.22 -0.29 —-0.17 —-0.18 -0.15 —0.30 —0.11 -0.06
CHe -0.11 0.13 —-0.29 —-0.12 0.09 -0.29 0.04 —-0.10 0.21 —-0.28 -0.11 0.18 —-0.28

a A full version is given in Table S1°2 DFT/6-31G* calculation® HF/3-21G* calculationd Averages over the six X substituentsAverages

over the four CH’s.

Methods

Molecular Dynamics. Molecular dynamics simulations were
performed with the AMBER 74 software and the AMBER
force field®® with the following representation of the potential
energyU:

U= z k|(|_|0)2+ ke(0_00)2+

liaisons angles
V(1 + -y)+
di;esz A1+ cosfip — 7))
a9, (Rij* 6 (Rij*)lfl
—_26” —_— :Eij _—
SR R, R;

It accounts for the deformation of bonds, angles, dihedral

as a function of their definition, particularly for the Mulliken
charges, which are known to be basis set dependent. This is
less the case with the NPA charges with which, e.g.,dke
charge on cobalt is fairly constant{.3 €) in all studied anions.
Interactions with the medium depend on the distribution of
electrostatic potentiap around the surface, anglis found to
be rather insensitive to the choice of charges (see the case of
CCD in Figure S1, Supporting Information). Furthermore, its
distribution around the different XCDanions is similar, i.e.,
negative and highly delocalized over the whole anion (Figure
S1, Supporting Information). In the case of HCBnd MeCD
anions, is somewhat more negative near the equatorial region,
i.e., between the two borocarbon caps.

The interface was built from adjacent boxes of water and
chloroform3® Unless otherwise specified, all solutions contain
30 XCD™ anions neutralized by 30 ¥ 15 UG2", or 10 EG*

angles, electrostatic, and van der Waals interactions. For thecations, corresponding to an aqueous concentratievdot mol/

dicarbollide anions, thdy and 6y values were taken from
experimeng* Note that previous MD simulations on CCD
assumed that all internal angles were L6 simplicity.19:20
Because of the constrained topology of CClhis was of little

L. The XCD  M"* ions were initially immersed “at the
interface” g = 0), half in water and the other half in chloroform
(Figure 2). After 1000 steps of energy minimization (100 steps
by the steepest descetit 900 steps by conjugate gradients),

consequence for its geometry, which was well reproduced by we performed 50 ps of MD with fixed solutes (“BELLY” option

this force field, but the diffusion of CCDwas quite slow during

of AMBER) and 50 ps without constraints, followed by 50 ps

the dynamics, too much heat being associated with internal at a constant pressure of 1 atm (monitored with a weak coupling

motions. This drawback disappeared with the updated param
eters. The CH and BH groups of CCPHCD—, BrCD~, and

MeCD~ were represented with the united atom representation,

-method®). The production stage was performed at 300 K in

the (N, V, T) ensemble for at least 2 ns. The temperature was
maintained constant by coupling the solution to a thermal bath

and these anions were fixed with a trans arrangement of theusing the Berendsen algoritAfrwith a relaxation time of 0.2

two C,BgHgX3 caps, consistent with QM resufty2>

The Lennard-Jones parameters for the NaK*, Csf,26
UO2"2" and EE" 28 cations were fitted on their free energies
of hydration. The solvents were represented explicitly at the
molecular level, using the TIP3P moétfor water and the
OPLS model for chloroforni® Tests with other models, namely
the TIP5P32 and polarizable “4P-Pol"3® models for water,
and scaled models of chloroform (vide infra) were also

ps. The main characteristics of the systems are summarized in
Table 1.

The coordinates were saved every 0.5 ps and analyzed using
the MDS and DRAW softwaré’ Snapshots were redrawn with
the VMD software®® The position of the interface was dynami-
cally defined as the intersection between the water and oil
density curves? The percentage of ions “at the interface” was
calculated during the last 0.75 ns, selecting the species that are

performed. Nonbonded interactions were calculated with a 12 within 10 A from the interface. We defined the density of
A atom-based cutoff, correcting for the long-range electrostatics solvents and solutes {gm3) at az-position by their mass per

by using the Ewald summation method (PME approximation).
The solutions were simulated with 3D-periodic boundary
conditions, thus as alternating slabs of water and “oil”, forming
two interfaces.

For the XCD  anions, two sets of ESP charges have been

volume unit flv = xy d2. Insights into energy components were
obtained from the average interactions between selected groups
during the last 0.4 ns, calculated with a 17 A cutoff distance
and a shift cutoff correction. The iefion and ion-solvent
environments were characterized by the radial distribution

used, both fitted on electrostatic potentials. The 3-21G* charges functions (RDFs) during the last 0.25 ns. The average coordina-

of CCD~ (X = CI) come from refs 19 and 20 and have been
derived from HF/3-21G* calculations on a structure adapted
from the X-ray structure of BrCD24 They have been used for
the systems containing CCDwith different M™* counterions.
The 6-31G* charges were derived to study the XCiaries (X

= H/CI/Br/Me), based on DFT-B3LYP/ 6-31G* optimized
structures, using the Gaussian 03 softw4rEhe ESP charges

tion numbers (noted CN) were obtained by integration of the
first peak of the RDFs. The self-diffusion coefficiebt was
calculated during the last nanosecond with the Einstein relation:

1

D=6

im S () — ()0

and the corresponding Mulliken and natural population analysis wherer;(t) is the position of atoni at the timet.

(NPA) charges are given in Tables 1 and S1 (Supporting

Free Energy Calculations.The changes in free energies of

Information). As expected, there is a broad disparity in charges solvationAG between XCD and YCD™ anions were obtained
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Figure 2. The chloroform/water interface with 30 CCand 10 E&".
Initial position (O ns) with the solute “perpendicular” to the interface.

by free energy perturbation FEP calculatifhsising the
windowing technique based on the following equation:

Q UlH—l - LJA’i
AG;L‘ = G'liJrl - G}“i = —RTIn XpP— T :
where R is the molar gas constant and is the absolute
temperaturelllstands for the ensemble average at the state
whereUy, is the potential energy. The mutation of XCIA =

0) to YCD™ (4 = 1) was achieved via hybrid van der Waals
parameters of the substituents X and Y (R¥AR*; + (1 — 1)

R*o; €, = de1 + (1 — 1) €o) and hybrid chargesy{ = Aq; + (1

— A)to). For MeCD, the methyl groups were represented with
the united atom representatithiThe mutations were achieved

in 50 windows, i.e., with incremental of 0.02. At each
window, 4 ps of equilibration were followed by 6 ps of MD
for data collection, calculating the difference in free energies
between the statesandl + A1 (“forward calculation”) and
between the statesandi — A4 (“backward calculation”). In
each case, the changes of free enek@were averaged from
independent simulations from one anion to another and vice
versa.

Results

I. Dicarbollides in Pure Water and in Pure Chloroform
Solutions. In this section, we first describe the solvation of a
single XCD™ anion (without counterion) in water and in
chloroform to compare the solvation energies as a function of
the X substituents (Tables 3 and 4). This is followed by the
study of concentrated systems (30 XG;O™, and 30 CCD,
Cs"), looking at the nature of supramolecular organization in
these two solvents.

1. Effect of X Substituents: The XCDAnion in Diluted
Aqueous and Chloroform Solutiorwe first analyze the average
interaction energieBsoy between a given XCDanion and water
or chloroform. The results (Table 3) show tli&t, is negative
and more attractive with water-{5 to —88 kcal/mol) than with
chloroform (42 to—50 kcal/mol). The interactions are mainly
of electrostatic origin in water and involve similar contributions
of van der Waals and electrostatic components in chloroform.
In water, theEsq, energies decrease in magnitude in the order:
HCD~ < MeCD™ < BrCD~ ~ CCD, indicating that the
smallest anion best interacts with water. This differs from the
chloroform solution with which the MeCDanion displays the

Chevrot et al.

TABLE 2: Characteristics of the Simulated Systems with 30
XCD~ 30/n M"* Salts

Noi/Nuater  time (ns)  box size (A
XCD~ M* in pure chloroform
CCD CsfP 1330/0 3 60x 60 x 60
CCD™ H3O0"P 1450/0 1 60x 60 x 60
CCD™ H30*¢ 1443/0 1 60x 60 x 60
HCD™ H3O" ¢ 1467/0 1 60x 60 x 60
MeCD™ HzO" ¢ 1408/0 1 60x 60 x 60
BrCD™ HsO" ¢ 1437/0 1 60x 60 x 60
XCD~ MY in pure water
CCD CsfP 0/6693 2 61x 61 x 61
CCD™ H30" 0/6459 2 60x 60 x 60
Chloroform/Water Interface
XCD™ Cs' salts
HCD™ Cs™ 869/3879 25 50< 50 x 100
MeCD™ Cs" 830/3824 2.5 50« 50 x 100
CCD Cs' 840/3856 2.4 5k 51 x 101
BrCD™ Cs' 855/3862 2.6 5k 51 x 101
CCD™ M salt$
CCD Cs' 855/3931 2.5 50« 50 x 100
CCD UO2*" 860/3955 2.3 506« 50 x 100
CCD Ew* 850/3905 2.5 50« 50 x 100
CCD Euw+d 75714178 2.5 506« 50 x 100
CCD Na" 867/3931 2.4 5k 51 x 102
CCD K* 861/3959 2.5 5k 51 x 102
CCD™ H30" 844/3871 2.5 50« 50 x 100
CCD™ Cs'?in 90:10 oil/water mixture. Cubic box
CCD Cs' 1158/524 3.0 5% 59 x 59
Interfaces with TIP5P water and OPLS chloroform

30CCD 30Cs? 865/3931 2.6 5k 51 x 101
30 CCD 10 Ei#*b 851/3920 2.76 5k 50 x 101

Interfaces with 4P-Pol water and OPLS chloroform
30 CCD 10 Ei*P 851/3868 25 5k 51 x 102

Interfaces with modified chloroform and TIP3P water

CHLOR-1: CCD Cs"? 865/3931 25 50< 50 x 100
CHLOR-2: CCD Cs'? 865/3918 25 50< 50 x 100
CHLOR-3: CCD Cs'? 865/3918 25 50< 50 x 100

aNumber of solvent molecules, simulated time and box giZéne
CCD™ anions are modeled with 3-21G* ESP chargeBhe XCD~
anions are modeled with 6-31G* ESP chargEBhe simulation start
with the CCD ions in chloroform and EU in water (see Figure 9).

Further insights into the relative free energies of solvation
AGsoy as a function of the X substituent were obtained by free
energy calculations, whose results are reported Table 4. From
independent simulations performed both ways, it can be seen
that the hysteresis is smak( kcatmol™1) and that, in water,
AGq, follows the order: HCD > MeCD~ > CCD™ ~ BrCD",
confirming that the smallest anion is best hydrated, and that
the CCD™ and BrCD™ anions with CI versus Br halogens are
similarly hydrated AAG = 0.5 kcatmol™) and are the most
hydrophobic. In chloroform, the order differs from that in water,
as MeCD is best solvated: MeCD> CCD~ > HCD™ >
BrCD™~, which does not simply follow the size of the XCD
Furthermore, comparing CCDwith two sets of charges (via
the mutation of 6-31G* to 3-21G* charges) shows thatAligs
are close to zero in water (0.6 kcal/mol) and in chloroform
(—0.04 kcal/mol), indicating that CCDis equally well solvated
with these two sets of charges, allowing us to directly compare
the results obtained with one set or the other, also supported

strongest interaction, while the three other anions have very closedy the results in solution (vide infra).

Esov €nergies. Note that, for the CCnion, theEsqy energies

The hydration structure of XCDanions (see snapshots and

obtained with the 6-31G* and 3-21G* charges are similar RDFs in Figure S2, Supporting Information) is similar with the
(within 3 and 1 kcal/mol, respectively) and small, compared to different X substituents. No water directly coordinates to the
the effect of the X substituent. cobalt atom, which is shielded by the borocarbon caps. The H
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TABLE 3: Average Interactions Energies Esqy and Fluctuations (in kcal-mol=1) of an XCD~ Anion with Pure Water and Pure
Chloroforma

HCD~ MeCD~ CCD BrCD~ CCD °®
water —-88+7 —84+7 —-75+6 —77+6 —72+6
—-81+7 -7+£2 -71+7 —-13+2 —60+6 —15+2 —62+6 —-15+2 —57+6 —15+2
chloroform  —42+5 —50+6 —43+ 4 —42+ 4 —42+ 4

—28+4 —-154+4 —-22+4 —-28+2 174 2542 —-17+4 —-25+2 174 —-25+£2

a Electrostatic and van der Waals components on the 2nd line. Unless other specificationsyé€Bimulated with 6-31G* chargesThe
CCD™ anion is modeled with 3-21G* ESP charges.

TABLE 4: Differences in Free Energies of SolvationAGsqy e
(in kcal-mol~1) of XCD~ Anions in Water and in ot
Chloroform2

water chloroform HCDJ:
HCD~ — MeCD~ +3.43 —5.05 H;0
MeCD~ — HCD~ —2.78 +4.75
MeCD~ — CCD™ +4.58 +4.49
CCD — MeCD~ —4.65 —4.34
CCD — BrCD~ +0.54 +2.11
BrCD~ — CCD —0.40 —1.96
CCD — CCD- +0.60 —0.04 MeCD"
(6-31G*) (3-21G*) H30+

aUnless other specifications, XCDwas simulated with 6-31G*
charges.

protons make shorter contacts than thgdoatoms with the

anions, which is typical for anionic solvation. The resulting
hydrogen bonds are rather weak and nonspecific, as confirmed CCD"
by AMBER and quantum mechanical calculations on the  HsO
XCD™++*H,0 dimers*

Chloroform does not display specific interactions with the
HCD~, MeCD~, CCD", and BrCD anions, as seen from the
RDFs of Cl and C atoms of CHghround the Co or X atoms
of the anion (Figure S2, Supporting Information).

2. Aggregation of XCD M™ Salts (M~ = H3O*"/Cs") in
Chloroform and Water Solution®Dicarbollides are weakly
soluble in halogenated organic solvents. For instance, the
solubilities of NaHCD and CsHCD in 1,2-dichloroethane are
ca. 102M and 1.8x 10~* M, respectively’3 To our knowledge,
no data have been reported in water (see, however, ref 44) but
the salts should be less soluble than they are in organic solvents D
as they generally partition to the organic phase in extraction H:O"
experiments. It is thus interesting to investigate the nature of 3
concentrated solutions, to determine to which extent the salts
will dissolve in such solvents. In this section, we consider
oversaturated solutions (with 30 ion pairs per box, which
corresponds to ca. 0.23 M concentrations), comparing the “oil”
to the aqueous solutions, and® versus C$ as counterions. _a
For computer time-saving purposes, the effect of X substituent CC?
on the anion will be studied with the XCDH3O" salts in Cs
chloroform and, in water, only the CCCH3;0O" and CCD Cs"
will be considered.

Chlorofprm i; not pplar enough to stabilize.solvent-sepgrated Figure 3. XCD~ HsO" (X = H/Me/CI/Br) and CCD Cs" salts in
or -dissociated ion pairs, and asa result, the lons of the d!fferentpure chloroform. Final snapshots. Unless other specifications, XCD
salts collapsed to form a single droplet (Figure*3]This was simulated with 6-31G* charges. A full version with RDFs is given
“microphase” is overall neutral, reminiscent of molten salts or in Figure S3, Supporting InformatioA.CCD~ with 3-21G* charges.
ionic liquids*® where each ion tends to be surrounded by
counterions, sometimes forming chain-type sequences of thewith Hy,o+. In the case of the CCDCs' salt, the anions
XCD™++-H3O*+--XCD~ type in the XCD series, and of the  preferentially interact with Csvia their B—Cl substituents, as
CCD+-:Cst+--CCD™ type with Cs. No ion is fully solvated they do with HO*. Comparing the CsCCD~ with the H;O"
by chloroform. As seen on snapshots and RDFs (Figure S3,CCD™ aggregates, one sees that the former is more compact
Supporting Information), the anions interact with thgCH because Csis spherical and therefore less stereochemically
protons via their X substituents in the case of HCICCD™, demanding than ¥D*. As a result, Cs coordinates more CCD
or BrCD™. The only exception concerns MeCPwhich mostly anions than BO™ does (4.7 versus 3.8 anions, on the average
interacts via its BH protons, rather than via its methyl groups, per cation).

BrCD
H;0"
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Figure 4. CCD™ Cs' (left) and CCD H3O" salts (right) in pure water.
From top left to bottom right: Final snapshots. Cumulated views of
Co (during the last 1 ns). Cumulated views of Nduring the last 1
ns). RDFs around Csand Hi,o* (Owa: (in red), Co (in gray), and Gto

(in green), Ha (in blue)). Snapshots of typical Csand HO™"
environments.

Water is a more dissociating solvent than chloroform.
However, when the CCD HzO" and CCD Cs' salts are

Chevrot et al.

the fact that the majority of ¥0* or Cs" counterions are well
hydrated (by 3.0 and 7.249 molecules, on the average) and
diluted in “bulk water”. They have thus no contact at all (in the
case of HO™) or limited contacts (1.2 CCQ on the average
in the case of C9 with CCD™ anions.

Il. Dicarbollide Salts at the Chloroform/Water Interface.
Unless otherwise specified, all simulations at the interface started
with two grids of ions “perpendicular to the interface”, equally
shared between the two solvents (Figure 2) and, in all cases,
the ions that were in the organic phase diffused to the interface
or to bulk water. The simulations show that the dicarbollide
anions concentrate on the aqueous side of the interface without
forming, however, regular monolayers. Their distribution is
modulated by the hydrophobic character of the anion in the
XCD™ series and by the nature of the metallic counterions for
a given anion.

1. The Effect of X Substituent in the 30 XGITs" Series.
The different simulated XCD anions adsorb at the interface
and attract the majority of Cscounterions (see Figure %).
The proportion of anions at the interface(s) is found to depend
on the X substituent and ranges from 67% for HCID 98%
for BrCD, thus increasing with the hydrophobic character of
the anion. As a result, there is a high proportion oftCs
counterions at the interface, which also increases, from 53% in
the case of the HCDsalt to 70% in the case the BrCDBsalt.
Another consequence is that the more hydrophobic Braid
CCD™ anions all remained at the same interface during the
dynamics, whereas some HC@nd MeCD anions migrated
from one interface to the other via the water phase during the
dynamics. As a result, these anions are more diluted than their
more hydrophobic analogues at a given interface.

The Cs cations sit deeper in water than the anions, and as
shown by the analysis of the RDFs and typical snapshots
(Figures 5 and S4, Supporting Information), they are mostly
surrounded by wate® At the interface, C5s and the anions
sometimes form loose contact pairs, involving up t643anions
per Cs, thereby reducing its hydration. One thus finds less
water around Csat the interface (5.6 ¥#D, on the average in
the case of the CCDCs" salt) than in pure water (9 40).
Comparing the average hydration number of alt @ss yields
8.1, 8.1, 5.9, and 5.2 4 on the average, respectively with
HCD~, MeCD~, CCD™, and BrCD anions. The CS hydra-
tion thus decreases as a result on enhanced pairing with-XCD
anions when the latter are more hydrophobic and more surface
active.

2. The Effect of M Counterions with CCD Anions.In this
section, we consider a same type of anion (CERnd compare
M™* counterions of different charges (N&JO,27/EW*T) or of
different sizes (N&/K*/Cs"). During the dynamics, most ions
concentrated near the interface, while the remaining ones diluted
in water (Figure 6). Interesting trends are observed, depending

simulated in aqueous solution, they do not dilute because theon M™", as discussed below.
anions tend to aggregate (see Figure 4). These are hydrophobic Charge Effect of M™ Counterions (N&/UO2/EW*T). For
and somewhat “attract each other” in water due to solvophobic the UG?" and Ed* containing solutions, the percentages of

forces, and there is more anion aggregation with tBgn with

CCD™ anions at the interface (68% for both systems) and of

H3O" as counterion. The anionic aggregates are dynamic in cations (79% and 74%, respectively) are quite high and
nature and instantaneously quite asymmetrical and irregular,comparable. As seen from density curves, the cations are more

especially with HO™ counterions. The cumulated trajectories
clearly reveal a single anionic domain with'Cend two more
“diluted domains” with HO™. According to the Ce-Co RDFs,

a given anion is surrounded on the average by 6.6 CibRhe
case of the Cssalt, and by 4.4 CCDin the case of the 0"
acid, within 15 A. This is less than in chloroform solutica0

remote than the anions from the interface: their respective
densities peak at 9.6 and 4.7 A for PO CCD~, and 11.2 and

6.0 A for EL* CCD™, respectively. In the case of the CCD
Na" solution, however, there are less anions (60%) and cations
(47%) at the interface and therefore more in “bulk water” than
with the harder cations, showing that the interfacial activity of

CCD") because the aggregate is more diluted in water due tothe cation depends not only on its hydrophilic’hydrophobic
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XCDr Snapshots Density curves
<
AT
3;'2’ \f‘ ,
B
HCD ’(0“
Y a0 20 0 - .zn 40
M™ : 53 % - XCD: 67 %
MeCD"
0 =40 =20 Li] 20 40
M™ : 56 % - XCD": 80 %
1.5
CCD
0 =40 =20 o \ZI] 40
M™ : 70 % - XCD": 88 %
1.5
1[
BrCD” o

\

40 20 o 20 a0
M™ : 70 % - XCD: 98 %

Figure 5. XCD~ Cs' salts at the interface. Final snapshots (water not shown for clarity), zoom™oX@B3~ ions, density curves (chloroform in
cyan, water in blue, XCDin brown, and Cs in red) and percentages of ions within 10 A from the interface, including the two interfaces in the

case of the HCD Cs' and MeCD Cs' salts.

balance, but also on its attractions with the anionic layer, which up to four CCDs at the interface, forming solvent-separated “ion

are stronger with Bt than with Na.

Generally, hard cations are “repelled” by the interface, and

the high concentration of Bt near the interface may be quite

pairs” of the M++-OH,:--CCD"™ type.

Comparison of Different Monocharged Counterions {Na
K*/Cst/H30%). In the series of CCDM* salts with different

surprising. To assess that this does not artifactually result from M™ counterions, the majority of anions also adsorb at the
the sampling issue, we decided to run another simulation of interface, thereby attracting the'Mations. There is, again, an

the E#" CCD™ solution, starting with the cations in the water

interesting evolution in the N@K*/Cs" series (Figure 6) as

phase (i.e., as far from the interface), and the anions in the oil the proportion of CCD anions at the interface increases with
phase (see Figure 7). In fact, during the dynamics, nearly all the lessened hydrophilic character of-Nfrom 60 to 82 and

(90%) CCDs moved to one interface, thereby attracting tife Eu

93%, respectively) as the proportion offMations does (from

cations, whose proportion at the interface (85%) is even larger 60 to 71%). Thus, the less hydrophilic the cations, the higher

than in the simulation which started with a symmetrical
distribution (74%), showing that the observed interfacial activity
of EL®" ions does not critically depend on the starting config-
uration. The main difference with the simulation which started
with a “symmetrical” ion distribution is that the ions are now

the surface activity of CCD. All CCD~ ions adsorb at a single
interface, except in the case of KCD~, where some of them
migrated from one interface to the other via the water slab. In
the case of the acidic solution with CCDH3O™ ions, the
amount of CCDs at the interface (80%) is similar to the one in

diluted onto two interfaces, instead of concentrating at a single the CCD™ K* solution.

one. As a result of lessened anieanion repulsions at the

According to the RDFs (Figure S4, Supporting Informa-

interface, the proportion of the anions and cations at the tion), the Na, K*, and C$ cations are hydrated by 5.8, 6.5,

interfaces is higher.

In the Na", UO,2", and Ed" containing solutions, the cat-
ions, be they at the interface or in bulk water, are fully hy-
drated and thus mainly interact with CCas Na(HO)s",
UO,(H,0)s%", and Eu(HO)¢®" species, respectively (see snap-

and 5.8 HO molecules, respectively, on the average. The bigger
the cation, the higher its tendency to pair with CCDAs a
result, the number of CI(CCD) atoms coordinated to™ M
increases from 0.0 (NQ to 0.2 (K") and 2.4 (C$) on the
average, which explains why the biggest cation” Gs less

shots in Figure 6 and RDFs in Figure S4, Supporting Informa- hydrated than K. Concerning the kD" ion, it is hydrogen
tion). In fact, some cations may be surrounded by a “cage” of bonded to 3 HO molecules as in pure water and mainly interacts
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Figure 6. CCD~ M"* salts (with M™ = Cs', UO,2", EW?F, Na", K*, and HO") at the interface. Final snapshots (water is not shown for clarity),
zoom on M XCD~ ions, density curves (chloroform in cyan, water in blue, XaB brown, and M" in red), and percentages of ions within 10
A from the interface, including the two interfaces in the case of the C&D salt.

via HzO*--*HOH---CCD™ interactions, never making direct CCD~ with an oil/water 90:10 volume ratio in a cubic box of

hydrogen bonds with CCD solvent, starting as above with a grid of ions “perpendicular to
3. 30 CCD, Cs' lons in Water-in-Oil EmulsionsAs in the interface”. During the dynamics, the ions and solvents

liquid—liquid extraction experiments, where the oil/water ratio rearranged to form an irregular water-in-oil micelle (Figure 8),

progressively increases as one moves from the aqueous to thevhose interface is more or less covered by the CGRions

oil phase, we decided to simulate an oil-rich solution off Cs and Cg cations, in equilibrium with CCDCs" oligomers.
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snapshots.

Figure 8. The CCD Cs' salt simulated in a 90:10 oil/water mixture. Final snapshots showing the ions and, separately, the chloroform molecules
and the water surface with two different orientations (left and middle) and the water molecules (right).

Interestingly, the Csenvironment is, on the average, quasi the model overestimates the water polarity at the neat intefate,
same with the 90:10 as with the 50:50 oil/water ratio (5.8 thereby possibly exaggerating the concentration of ions in that

O(H20) and 2.4 CI(CCD) atoms on the average). region. The diffusion constant of TIP3P water is also known to
be too high compared to experiméh?This is why we decided
Discussion and Conclusions to test the more satisfactory TIP5P mcdéf for the CCD

Cs" and CCD Ew*' containing solutions, simulated in the same
conditions as above. Furthermore, we investigated the effect of
water polarization using the 4APol modet? in the case of the
“hardest” ions, i.e., with the B salt that accumulated at the
interface. With these three water models, the C@0ions retain
their surface activity, and the majority of cations concentrate
at the interface (Figure S5, Supporting Information). There are,

We report MD investigations on the solution behavior of
dicarbollide salts, first comparing pure aqueous with nonaqueous
(chloroform) solvents, and then focusing on the “oil”/water
interface. The most important finding conceths surfactant-
type behaior of the dicarbollide anionsyhich, although lacking
the classical amphiphilic topology, tend to self-assemble in
aqueous solution as well as at the aqueous interface. The

. : L . S however, some differences, which are addressed below.
interfacial activity of a given anion is modulated by the nature & .
of its M™ counterions and by the X substituents in the XCD There are more CCDand Cs ions in water and, thus, less

series. A remarkable result is thétraction of hard cations such &t the interface with the TIPSP water (72 and 54%, respectively)
as UO2" or ELB* at the interfacewhich we believe is a crucial than with the TIP3P water (93 and 71%). The same t.rend is
feature as far as the synergistic effect of dicarbollides in jon °Pserved with the CCDEL" ions (70 and 62%, respectively,
extraction is concerned. However, before discussing these issues2t the interface with the TIPSP water vs 74 and 68% with the
it is important to ensure that the surface activity of dicarbollides TIP3P water). It thus looks as if the ions are somewhat more
does not result from computational artifacts. hydrophilic and less surface active with the TIP5P than with
A first issue in molecular dynamics concerns the sampling the TIP3P water.
of the relevant configurations, which must be sufficientto avoid ~ The dynamics of ions at the interface also depends on the
being trapped in metastable states. The most critical casewater model. The dicarbollides are less mobile with TIP5P than
concerns the CCDEW* salt, whose E¥ ions concentrate near ~ With TIP3P water, as seen from the diffusion coefficieDts
the interface instead of the bulk water region. As shown above, following the same trends as neat water itself (see Table S3,
however, similar distributions were observed when thétEu  Supporting Information). It might thus be feared that the systems
were initially in bulk water or shared between the two liquid are less well equilibrated with TIPSP than with TIP3P water
phases, indicating that the sampling was sufficient. Further testsafter 2.5 ns. This is not the case, however, as seen upon
are reported below. prolongation of the dynamics with TIP5P water from 2.5 to 5
Testing Other Water Models. Another issue concerns the NS. For both CCD Cs* and CCD EW* solutions, the final
representation of solvents whose parameters have been fittedProportion of anions and cations at the interface (74 and 53%,
on the bulk liquid properties with a given protocol. Generally, 63 and 58%, respectively) is quasi the same as after 2.5 ns.
the calculated structure and dynamics of a ||qu|d depend on The small differences between the TIP3P and TIP5P results stem
long-range interaction truncation and temperature control meth-from the water potential and not from insufficient sampling.
ods#” and interfacial and transport properties of TIP3P water  Regarding the effect of water polarizability, one finds even
obtained with the Ewald summation calculations are further from more CCD and Ed" ions at the interface with the 4fPol
experiment than the cutoff-based restftShe TIP3P water model (85 and 79%, respectively; see Figure S5, Supporting
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Information) than with the TIP3P or TIP5P models. This is with each other, showing the formation of anionic clusters
consistent with the enhanced surface activity of ions when stabilized by counterions by different extents if one compares
polarization effects are taken into accoftt? The major Cs'" to H30™". The simulated aggregates are dynamic in nature,
difference with the previous simulations is that the ions diluted and their size, on the order of 2 nm, also fluctuates with time,
onto the two interfaces, i.e., migrated through the water slab involving some anion exchanges between the “cluster” and “bulk
from one interface to the other during the dynamics, thereby water” domains.

confirming their interfacial activity. Recent surface tension measurements at the water/DCE binary
The extent of cation hydration depends on the water model. system (DCE= 1,2-dichloroethane) confirm the surface activity

Cs" is somewhat more hydrated (6.4 versus 5Hand less  of dicarbollide aniong? The studies were conducted with

coordinated to CBCD atoms (13 versus 2.4 CI) with the TIP5P CsHCD and NaHCD salts in DCE (typ|ca| concentrations

than with the TIP3P model, presumably because there are |es~°ranging from 107 to 10°3 M) in equilibrium with 0.1 M

Cs" ions at the interface with the TIPSP model. Regardin§Eu  aqueous solutions of metallic salts (generally chlorides). On the

it is hydrated by 9.0 KD with the TIP3P model, by 9.2 3@ basis of their effects on the surface activity, the salts arranged
with the TIPSP model, and by 8.0.8 with 4P—Pol model in the order: M§* ~ B&* ~ P+ > Li* ~ Nat > K+ >

and thus always interacts with CCDn its hydrated form. NH,* > Rb" > Cst. Thus, bivalent cations influence more

Effect of the Polarity of the “Oil” Phase. As the OPLS  strongly the surface activity of the HCDanions than monova-
model of chloroform (also noted CHLOR-1) seems not polar |ent cations do. It looks as if the HCDanions are most attracted
enough to properly solvate ions, we simulated the 30 CCD  from the DCE phase to the interface by the hardest cations that
Cs' ions at the interface using the CHLOR-2 and CHLOR-3 it in water and vice versa. On the other hand, among the
“oil” models, simply obtained by scaling the CHLOR-1 charges monovalent cations, the more soluble their salt in the organic
by a factor 2.0 or 3.0, respectively (Figure S6, Supporting phase, the poorer is their surface activity. Our simulation results,
Information). As expected, increasing the polarity of the oil \yhich correspond to different conditions (dissolution of single
molecules enhances the intersolvent mixing. The water-in-oil gicarpollide salts at higher concentrations), are consistent with
molar fraction increases from 0.0 to 0.015 and 0.395, respec-ihe syrface activity of these “peanut-shaped” anions and the
tively, while the oil-in-water lmolar fraction increases from 0.0 importance of counterions. They also allow us to compare
t0 0.002 and 0.020, respectively from the CHLOR-1, CHLOR- jitterent XCD- anions for a given counterion. In the experi-
2, and CHLOR-3 models. Even with the most polar model, oo studied? it was speculated that, at the interface, the

_hct)w<faver, the da_queous and O'Itﬁ hfgegDa_rg separlatg_ld_, f‘gm'”g alicp- anions form a layer constituted by “a set of rigidly packed
Intertace, and In no case are e lons solubiiized In cylinders” with a symmetry axis located parallel to the interface,
the oil phase. All ions remain on the water side of the interface, corresponding to a limiting area of 95 8 A per anion. Such
forming a “diluted layer” that also contains oil molecules. Upon a schematic view is not supported by our simulations. however
increase of the oil polarity from CHLOR-1 to CHLOR-2, the Even in the case of the GCCD- or Cs" BrCD- saits for '
proportion of ions at the interfaces slightly increases (from 93 which the proportion of ions at the interface is found to be the
0, 0, I
o 96% for CCD', and from 71 to 73% for Cs respectively), highest, the anions are “diluted” at the interface without forming

and all ions remain at a single interface. The CHLOR-3 model | I in th .
is too polar and exaggerates the water/chloroform mixing. As areguiar monoiayer, as seen, €.9., In e_corresporxghpkgmes_
(Figure 9). In fact, the interfacial surface is rough, and the anions

aresult, there are less CCITs' ions at the interfaces (60 and .
67%, respectively) than with the less polar models. When the spread about 10 A away from the average plane of the interface,
adopting multiple orientations. In the case of salts with more

oil polarity is increased, Csis more hydrated (5.8 to 6.2 and ) - L '
6.6 HO, on the average, for the CHLOR-1, CHLOR-2, and hydrophilic anions (e.g., HCD or more hydrophilic counterions
CHLOR-3 models, respectively). (Na*, UO2*, Ew*Y), the interface is still less covered. In the

series of XCD Cs' salts, and considering only the anions that
sit within 10 A from the interface, one finds an averagarea

of 163, 135, 95, and 85 Pper anion, respectively, when %

H, Me, Cl and Br, thus decreasing when the interface is more
covered. In the CCD series with N&, UO,2", and Ed*

Effect of Anion Polarizability. In our study, the dicarbollide
anions were represented with pairwise additive potentials, and
it should be noted that explicitly accounting for their polariz-
ability should further enhance their surface activity, as reported
with halide anion$?-52 thereby strengthening our conclusions . ) . )
on the surfactant behavior of dicarbollides. counterions, the interface is less covered, leading to 138, 105,

On the Surfactant Behavior of Dicarbollide Anions. The and 113 '&’_ respectively, per anion. ) )

Effect of Anion Substituents and Counterions.The simulated Concerning the effect of M counterions at the interface,
surfactant behavior of dicarbollide anions is first supported by OUr results are consistent with well-known trends observed in
experimental data in aqueous solution. After our simulations the stabilization of anionic micelles by counterion condensa-
were completed, there appeared a report on light scattering andion.>3%*Condensation of monovalent ions increases as the latter
microscopic studies of concentrated NaHCD and CsHCD become softer and less hydrophilic. For instance, in the case of
solutions* The authors said that they observed a “completely dodecyl sulfate “DS” anions associated with Mlkali cations,
novel phenomenon’ association” of these anions in aqueousthe critical micellar concentration “cmc” follows the sequence
solutions. About 80% of NaHCD formed large aggregates (of Cs™ < K* < Na" < Li*, thus increasing with the hydrophilic
up to 115 nm) and a small fraction of molecules dissolved character of M.*> The same trend is observed with DS micelles
molecularly or formed small aggregates. The behavior of and ammonium counterions: NBuU < NPp* < NEt* <
nanoaggregates was found to be fairly complex and to dependNMes™ .56 Conversely, the degree of counterion binding to
on the concentration and aging of the solutions and on the cationic micelles increases in the order.”CGl Br~ < nitrate”
counterions. Our microscopic results cannot be directly com- < salicylate’, following the Hofmeister sequené&®Concern-
pared to these data obtained in different conditions and at aing the effect of counterion charge, multicharged counterions
mesoscopic scale (ca. TOM solutions containing aggregates such as Af* and C&" are known to be much more effective
of ca. 18—10F anions). However, both approaches are consistent promoters of micelle growth than monocharged cations such
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of its z-position.

as alkali®® This is consistent with the calculated high surface
activity or El#" and UQ?" salts of dicarbollides.

J. Phys. Chem. B, Vol. 110, No. 19, 2008497

surfactants such as the simulated dicarbollides, hard cations are
attracted at the negatively charged interface, thereby promoting

There are clear analogies between water/oil and water/air their complexation at the interface. We suggest that this is an

interfaces, onto which soft ions are known to be “attractdd”.
Although lacking the amphiphilic topology, dicarbollide anions

important feature of the synergistic effect of dicarbollides in
ion extraction. Moreover, surfactants enhance the oil/water

are hydrophobic and tend to be expelled out of water in order mixing, thereby increasing the interfacial area. As seen in bulk

to avoid paying for a high cavitation eneréyOn the other
hand, at the interface, they still enjoy significant attractive

water, dicarbollides can form anionic aggregates, ranging from
micro- to nanoaggregates, whose surface bears marked analogies

interactions with the water phase as well as with their hydrated with the simulated “planar” interface. Conversely, we find that
counterions. Migration to the oil phase requires electroneutrality in an oil-rich mixture, the anions also aggregate of the surface
and more lipophilic counterions, such as cation complexes with of a micelle, again pointing to the importance of interfacial

extractant molecules in liquieliquid extraction.

Interestingly, dicarbollide anions have been recently shown
to act as efficient and specific inhibitors of enzymes such as
HIV protease®! According to X-ray structure®,there are two
anions “concentrated” in the hydrophobic cleft, surrounded by
neutral apolar residues of the enzyme, which is not without
analogy with the adsorption of the anions at water/oil interfaces.

On the Synergistic Effect of Dicarbollide Salts on Assisted
lon Extraction. Dicarbollide salts such as CCOCs™ markedly
enhance the extraction of metal complexes, likely via a
mechanism exchanging their cation {Csnitially in the oil
phase) with the hydrophobic Mt complex formed by M*
and neutral ligands L:

n(Cs" CCD ), + mLyy + M™ . —

nCs" .+ ML, + nCCD

oil
wat

As both uncomplexed extractants L and their NMlcom-
plexes are surface actif&,% the complexation process is very
likely to also occur at the interface provided that th&"Nbns
concentration is high enough in that very peculiar domain.

phenomena in biphasic systems. This is important in liguid
liquid extraction, but also in other processes such as phase
transfer catalysi&? Further insights will be obtained by con-
sidering organic liquids (e.g., alcohols, aromatic solvents) in
which dicarbollides are more soluble than in halogenated
solvents.
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shell of XCD™ anions; XCD HzO" and CCD Cs' salts in
chloroform; cation solvation in the XCDCs"™ and CCD" M+
solutions at the interface; CCDCs™ and CCD Euw* salts at

Generally, hard cations are, however, “repelled” by the interface the interface; CCD Cs" salt at the interface simulated with

(as inferred from surface tension measuremé&hts,seen, e.g.,
from simulations on K CI~67 or EL?* Cl~ %8 salts at aqueous
interfaces; see Figure S7, Supporting Information), preventing

CHLOR-1 to CHLOR-3 chloroform models; hard ions “re-
pelled” by the interface. Tables showing: atomic charges of
XCD™ anions obtained by different methods; simulation of 30

their complexation at the interface. In the presence of anionic XCD~ and 30/n M salts; self-diffusion coefficient D calculated
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over the last ns. This material is available free of charge via Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;

the Internet at http://pubs.acs.org.
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