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We present a molecular dynamics study of the K*
extraction by the 222 cryptand, comparing different
counterions X~ at the supercritical-CO,/water interface:
X~ = picrate “Pic”” vs perfluorooctanoate “PFO™" vs
chlorinated cobalt dicarbollides CCD~ wvs Cl~. The
distribution of the free K*X™ salts is also investigated,
showing different distributions, depending on the hydro-
phobicity of X~. The Pic” and CCD™ anions markedly
concentrate at the interface, as do the amphiphilic PFO™
anions, thus attracting K* cations near the interface.
Similarly, in the M*™ CCD~ series with M* alkali cations,
the less hydrophilic Cs* cations sit closer to the interface
than do Na* or K*. The simulations confirm the strong
affinity of the 222 cryptand and of the K* C 222 cryptates
for the interface, with marked counterion effects. The most
remarkable result is the partitioning of the cryptates and
CCD™ anions to the CO; phase, i.e. on the pathway to full
extraction. With the other studied anions, no “extraction”
proceeds. When compared to the K* or S*** extraction by
18-crown-6, the results show that the effectiveness of X~
depends on its relationship with the complex: CCD ™~ forms
separated ion pairs with K* C 222, whereas PFO~ forms
intimate ion pairs with K* C 18C6 and Sr** C 18Cé.
Addition of hydrophobic salts like CCD~ Cs™ and
cryptands in excess enhances the K* extraction. Finally,
the simulations on K™ C 222, CCD~ solutions at increasing
CO,/water ratio shows the evolution from a “flat” interface
to microemulsions, leading to the extraction of cryptates.

INTRODUCTION

Most studies on molecular recognition, a founding
theme of supramolecular chemistry concerned the

*Corresponding author. E-mail: wipff@chimie.u-strasbg.fr

elucidation of the circumstances under which cations
canbe transported from an aqueous to an organic phase
or to lipophilic membranes [1-8]. This led to the
development of synthetic molecules which act as
selective hosts towards cationic guests, based on the
lock-and-key complementarity principle [9-12]. The
formation of a complex is not sufficient, however, as the
latter must be hydrophobic enough to partition to
the organic phase, and the electro-neutrality of the
source and receiving phases must be conserved. Thus,
cation extraction by non-ionizable neutral hosts
proceeds with suitable counterions X~ whose nature
may not only determine the efficiency of the extraction
process, but also the cation extraction selectivity.
Discussions can be found in refs [13-15]. While
classical extraction generally proceeds towards organic
solvents which are not miscible with water (e.g.
halogenated alkanes, aliphatic or aromatic solvents),
new routes have been recently reported in the context
of “green chemistry” with supercritical-CO, “SC-
COy”, an easily recoverable, available and cheap
solvent which appears as a promising alternative to
conventional solvents [16—-19]. Generally the ligands
used for classical extraction of cations also extract the
latter to SC-CO,, as shown for 18-crown-6 (“18C6")
derivatives, diketonate or phosphoryl containing
ligands [20]. Extraction can also be conducted to room
temperature ionic liquids, presumably via another
mechanism, involving cation exchange with the
solvent, thus with no effect of X~ counterions [21,22].
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ISSN 1061-0278 print/ISSN 1029-0478 online © 2005 Taylor & Francis
DOI: 10.1080/10610270500163993



15:11 29 January 2011

Downl oaded At:

454 N. GALAND AND G. WIPFF

The present paper focuses on a prototypical
system, the K' extraction by the 222 cryptand,
whose complexation and extraction properties have
been extensively studied and can be considered as
the cornerstone of supramolecular chemistry
[2,3,5,23,24]. Based on computer modeling simu-
lations, we want to investigate the role of X~
counterions on the assisted cation extraction, focus-
ing on the water-"0il” interface, where “0il” is
modeled by SC-CO,. As there is so far, to our
knowledge, no experimental reports with cryptands
to SC—CO,, the studied systems are hypothetical, but
display marked analogies with classical extraction
systems. We recently investigated the effect of anions
on the K" vs Sr** extraction by 18C6 to SC—CO, and
found very important effects [25]. Efficient Sr**
extraction was observed with perfluorooctanoate
PFO™ anions (Fig. 1), which form intimate ion pairs
with Sr** C 18C6 complexes in the CO, phase
[26,27]. In the K* C 222 cryptates the cation is more
shielded than in M"* C 18C6 complexes, and we
want to investigate whether the CO,-philic PFO™
anions can also promote the extraction of K* C 222
cryptates with which ion pairing seems more
difficult. The anions considered here are Cl , picrate
Pic™, chlorinated cobalt dicarbollide CCD™~ and
PFO™ (see Fig. 1). The three first ones have been
tested for classical extraction studies on related
systems, PFO™ has been used for extraction to SC—
CO; [26,27]. While Cl™ is presumably too hydro-
philic for efficient extraction, Pic™ or phenolate
analogues has been extensively used for classical
extraction [28] but not, to our knowledge, for

LD
V2

PFO’

CF /CFZ‘ /CF2 /CFZ' NS
i CF, 'CF, CF,

supercritical fluid extraction. Less common is the
“peanut shaped” CCD™ anion developed in the
context of nuclear waste partitioning and used as
such or via derivatives bearing complexation sites
[29-32]. We first consider the MTX™ and M* CCD™
electrolytes at the CO,-water interface, in order to
compare their distribution as a function of X~ for a
given cation (K*), and as function of the cation
(M" = Na™ to Cs™) for a given anion (CCD"). This is
important in the context of assisted cation extraction
as the cation concentration near the interface must be
sufficient to form a complex with the extractant. This
is also of interest for interfacial electrochemistry, due
to the potential created by the M™ and X ions at the
interface. We then consider the K™ C 222 complexes
near the interface, in order to investigate whether
their migration to the oil phase can be promoted by
some of the studied X~ anions. More complex
mixtures of the K* C 222 solutions involving an
excess of 222 cryptands or a background electrolyte
will be also investigated. Finally, we investigate the
evolution of the K* C 222, CCD™ solutions at high
CO,/water ratio, in order to analyze the evolution of
the interface and the distribution of the solutes, with
their possible extraction to the CO, phase.

METHODS

The simulations were performed with the modified
AMBER?.0 software [33] where the potential energy
U is described by a sum of bond, angle and dihedral
deformation energies, and pair wise additive 1-6-12

Pic

NO,

FIGURE 1 Studied K* C 222, X~ cryptates (X~ = Cl~; Pic"; PFO~; CCD").
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FIGURE 2 AMBER atom types and atomic charges used to simulate 222 and Pic™, PFO™, CCD™ ions.

(electrostatic + van der Waals) interactions between
non-bonded atoms.

U= EbondsKr(r - req)2 + EanglesKO(e - 6eq)2
+ Zdihedrals2n V(1 + cosnd) + Zi<[qiq; /Ry
— 28;(Ry* /Ryj)° + £55(Ryj* /Ry)"?]

The atom types and charges used for 222 and Pic™
(from refs. [34] and [35], respectively), PFO™ (charges
derived from ESP potentials calculated with the 6-
31G* basis set) are given in Fig. 2. The parameters of
Na*, K" and Cs™ cations (R*\, = 1.82, R*c = 2.65,
Rfce = 340 A; ena—o17, £x = 0.00033, £ = 0.000081
kcal/mol) were derived from the work of Aqvist [36].
The CCD™ charges come from ref. [37], and the
internal angle parameters of CCD~ have been
adjusted to reduce the internal strain of the anion,
and thus to better account for its diffusion at a given
temperature. Water was represented with the TIP3P
model [38]. For SC-CO,, we used the three points
model of Murthy et al.[39]: charges qc = 0.596, qo
= —0.298 e and van der Waals parameters
Ro=1.692, R*c=1563A and &c=0.165,
ec = 0.058 kcal/mol. All O-H, C—H bonds and the
C=0 bonds of CO, were constrained with SHAKE,
using a time step of 2fs. The intramolecular

electrostatic and van der Waals 1-4 interactions
were scaled down by a factor 2.0. Non-bonded
interactions were calculated with an atom-based
cutoff of 12 A for all systems, using the PME-Ewald
summation [40] to account for long range electro-
statics. The non-bonded pair lists were updated
every 25 steps.

The CO,/water interface has been built as
indicated in refs. [4142] starting with adjacent
“cubic” boxes of CO, and pure water of ~30 to 60 A

\ co, ’ k Water \

FIGURE 3 Simulation box with a grid of solutes initially
“perpendicular” to the interface (system H).
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TABLE I Characteristics of the simulated systems A-S

Solute Box Size (A% CO, + H,0 Time (ns)
A 32K Cl™ 50 X 50 X (50 + 50) 1480 + 4249 25
B 32 K* Pic~ 60 X 60 X (50 + 50) 1595 + 4641 25
C 32 K* PFO~ 50 X 50 X (50 + 50) 1900 + 5778 2.5
D 32K* CCD~ 55 X 55 X (47 + 47) 1608 + 4341 2.0
E 32 Cs* CCD~ 55 X 55 X (47 + 47) 1608 + 4341 2.0
F 32 Na® CCD™ 55 X 55 X (47 + 47) 1608 + 4341 2.0
G 16 222* 46 X 46 X (37 + 37) 792 + 2432 15
H 16 K* c222Cl - 45 x 45 % (37 + 37) 772 + 2446 2.5
I 16 K* C 222 Pic™ 45 x 45 % (37 + 37) 820 4 2471 25
] 16 K C 222 PFO~ 45 X 45 % (37 + 37) 718 + 2341 25
K 16 K* € 222 CCD™ 52 X 52 % (30 + 50) 1312 + 2368 25
L 16 K™ € 222 CCD"~ 52 X 52 X (30 + 50) 926* + 2368 2.0
M 16 K* € 222 CCD™ 4 16 222 + 16 K¥ CCD~ 60 X 60 X (30 + 30 1001 + 3039 2.0
N 16 K* € 222 CCD™ 4 16 222 + 16 K¥ CCD ™~ 50 X 50 X (72 + 8) 1805 + 709 6.0
o 16 K™ C 222 CCD"~ 50 X 50 X (76 + 4)F 1886 + 495 6.0
P 4K* C 222 CCD 50 X 50 X (30 + 50) 1354 + 2328 15
Q 16 K* € 222 PFO~ 60 X 60 X (50 + 50) 1800 + 5430 2.0
R 16 K* € 222 PFO™ + 32222 60 X 60 X (50 + 50) 1788 + 5046 2.0
S 16 K* C 222 PFO™ + 16 NEt; PFO™ 60 X 60 X (50 + 50) 1762 + 5192 2.0

“The organic phase is CHCl; instead of CO,. (T = 350K).
t90/10 CO,/Water ratio 95 /5 CO,/Water ratio.

length each for 50:50 mixtures (Fig. 3 and Table I). All
systems were represented with 3D periodic boundary
conditions, thus starting with alternating slabs of
water and CO, separated by an interface. Initially, the
solutes were immersed at the interface, equally
shared between the two liquids, as shown Fig. 3.

After energy minimization, molecular dynamics
“MD” was run at 350 K and constant volume for 50 ps
with the solute frozen (in order to relax the solvent
molecules), followed by 50 ps of free MD and by the
production stage (=1.6 to 6 ns). The temperature was
monitored by coupling the system to a thermal bath at
the reference temperature with a relaxation time of
0.2 ps using the Berendsen algorithm [43].

The results have been analyzed as described in refs
[41,44] from the trajectories saved every 0.5ps.
The interface z-position was dynamically defined by
the intersection of the solvent density curves. The
percentage of species “at the interface” was calculated
during the last 0.5ns from the average number of
species which sit within 8 A from the interface, i.e. a
distance corresponding to about half of the average
interfacial width. When necessary, the two interfaces
were considered. The definition of “interface” and
“bulk” domains is somewhat arbitrary, but allows for
consistent comparisons between different systems. The
energy component analysis was performed in terms of
pair wise additive contributions of the solvents (water
and CO,) and different solutes, using a 17 A cutoff with
a reaction field correction of the electrostatics [45].
Average energies, densities and radial distribution
functions were averaged over the last 0.2 ns.

RESULTS

From the beginning to the end of the dynamics, the
aqueous and CO; phases formed two distinct phases,

linked by a fluctuating “interfacial slab” which is
instantaneously non-planar and rough, with local
important water/CO, mixing. We first describe the
interfacial distribution of free K¥X~ and M CCD™
salts M™ = Na™; K*; Cs"). This is followed by a
comparison of the K' cryptates with different
counterions X, and simulation results on more
complex systems. Interesting differences are
observed, as far as the distribution of the ions and
cryptates and their relationship with counterions are
concerned.

The K*X™ and M™ CCD™ Electrolytes at the
Interface

The simulations of K*X~ and M* CCD™ salts
(systems A-F) all started with a grid of solvent
separated ion pairs at the interface, but finally lead to
different distributions, depending on the nature of
X in the first series (A-D), and on M in the second
one (D-F). They are consistent with both theoretical
and experimental results according to which soft

TABLE II M*X™ salts at the SC—CO,/water interface (systems
A-F): population of cations and anions at the interface, in water
and in CO,

Ton Interf. (%) Water (%) CO, (%)
A K* 28 72 0
Ccl™ 50 50 0
B K* 40 60 0
Pic 65 35 0
C K* 55 45 0
PFO ™~ 66 21 3
D K* 56 43 1
CCD~ 75 22 3
E Na™* 38 62 0
CCD~ 55 45 0
F Cs* 69 27 4
CCD ™ 84 10 6
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FIGURE 4 K*X™ salts at the SC-CO,/water interface (systems
A-F). Final views (left, water not shown for clarity) and averages
density curves (right. Colour coded with CO, in orange, water in
blue, K" purple and CCD™ green).

polarizable anions reside at the surface of water,
whereas hard cations prefer the aqueous phase [46—
48]. The percentage of ions in the different phases is
given in Table II.

FIGURE 5 Zoom on PFO~ K" ions at the SC-CO,/water
interface (system C).

E Na* CCD~ .

0 50
N . .
-50 0 50

FIGURE 6 M' CCD™ salts at the SC—CO,/water interface
(systems D—F). Left: final view; right: average density profile alon§
the z-axis. Colour coded with CO, in orange, water in blue, M
purple and CCD™ green.

Effect of Anions in the KYX~ Series

Final distributions and density curves are shown in
Fig. 4. As expected, the K™ Cl™ salt is dissolved in the
aqueous phase (72% of K* are in water) but CI~
displays a quite high “affinity” for the interface (50%
are adsorbed at the interface) which is consistent
with theoretical results at the water/air interface
[49]. At the end of the dynamics with the K* Pic™
salt, all Pic™ anions are also immersed on the water-
side of the interface where they tend to self-assemble
via m-stacking interactions, dynamically exchanging

2ns

FIGURE 7 Free 222 cryptands at the SC-CO,/water interface
(system G). Final views, showing only water (left) and CO, (right)
solvents for clarity.
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TABLE Il M*X™ salts at the SC—CO,/water interface (systems A-F): Average interaction energies and fluctuations (kcal/mol)

X BEme /0 Ex- /m,0 Ewm+/co, Ex-co,
A K*cl™ —553+29 —62.1 £ 6.6 —-0.3 0.0 -0.2*+0.1
B K* Pic™ —785+6.9 —116.5 £ 4.1 —-3.0*+04 —-10.1 £ 1.5
C K* PFO ™~ —115.9 + 3.6 —-106.7 = 2.1 -13*+03 -72=*05
D K*CcCD —103.8 =35 —459 £ 2.1 —28*+04 —-73*+04
E Na* CCD ™~ —-110.7 £ 3.4 —61.6 £ 1.8 —1.6 0.1 —63*+04
F Cst CCD ™ —76.1 %36 —-393+£22 —-3.6 0.3 —-82 *+0.7

between stacks of 3 to 7 units. Some of them are in
contact with the interface, leading to a broad peak of
concentration (65%). The majority of K* cations are
immersed in water, but again some of them (40%) sit
at the interface, attracted by the interfacial Pic™
anions [50].

A similar behavior is observed with the K PFO™
salts. Most of the PFO™ anions (66%) form a diluted
interfacial layer, generally pointing their perfluoro
chain to the CO; side and the carboxylate head to the
water-side (Fig. 4). As a result, = 55% of the K™ cations
concentrate at the interface, forming loose contact ion
pairs with the carboxylates. A snapshot is given in Fig.
5. An energy component analysis (see Table III) reveals
that the PFO™ anions are highly attracted by water
(=107 kcal/mol), but somewhat less than are the Pic™
anions (—116kcal/mol per anion). The per anion
interaction energies with the CO, phase are much
weaker (— 7 kcal/mol for PFO™ and — 10 kcal /mol for
Pic™). Perfluorinated chains are generally believed to
be “sticky” and all-trans, therefore enhancing chain-
chain interactions, but this is not the case here. A visual
inspection shows many gauche dihedrals of PFO™
anions, presumably because the chains are not long
enough and dense enough to pack, and because of
shocks with solvent molecules.

Among the studied anions, CCD ™ is expected to be
most hydrophobic and, indeed, only 22% sit in water.
The remaining ones concentrate at the interface, as
found with classical organic solvents [51]. This is an
interesting feature, given the non-amphiphilic struc-
ture of these anions. Like Pic™ anions, there are
expelled out of water, in order to avoid paying for the
high cavitation energy in water. On the other hand,
they do not diffuse to CO, because at the inter-
face they are strongly attracted by water (by
—46kcal/mol, on the average per CCD™ in
system D; in pure water the attraction would be
—87kcal/mol) and by the K* cations which sit on
the aqueous side of the interface. The fraction of
cations “at the interface” (55%) is the same as with
the amphiphilic PFO™ counterions.

Effect of Cations in the M* CCD™ Series

The cation effect on the distribution of MT CCD~
salts was studied with M" = Na', K and Cs*
(systems D-F) in relation with the Cs™ extraction by

CCD ™ to classical organic solvents [30,52]. Final
views and density curves are shown in Fig. 6. In the
three studied systems, the anions form a film at the
interface and the alkali cations sit in water. There are
however subtle changes in their distribution,
following a trend observed with the salts of
hydrophobic anions S~ at the chloroform/water
interface [53]. The cation concentration near the
interface increases in the series Na™(38%) < K*(56%)
< Cs(69%), ie. with their decreasing hydration
energies. The CCD™ anion concentration at the
interface also increases in this series (55%, 75%, and
84%, respectively). The CCD  anions generally
interact with hydrated M™ cations, without forming
intimate CCD~ M* ion pairs.

We calculated the average area covered per CCD™
at the interface in the most “saturated interface”, i.e.
with the Cs™ CCD™ salt (system E). The
result (113 AZ) is close to the value of 95 = 8 A2
estimated experimentally at 293 K for the somewhat
smaller dicarbollylcobaltate(Ill) anion (without
chlorine substituents) at the water/dichloroethane
interface in the presence of different mono- and
di-charged metallic cations [54]. It was suggested
that the symmetry axis of the anions is “parallel”
to the interface, thus maximizing their
interfacial area [54]. According to our simulations,
a different picture emerges as the CCD™ anions
adopt multiple orientations, without forming a
saturated monolayer.

The 222 Cryptand and the K* C 222, X~ Cryptates
with X~ = C17/Pic” /PFO™/CCD~ Counterions

In this section, we describe the interfacial behavior of
“concentrated solutions” containing 16 free 222
cryptands or 16 K* C 222 complexes with different
X~ counterions. Final snapshots are shown in
Figs. 7-9. The distribution of cryptates and anions
in the different phases is given in Table IV. Table V
contains their average interaction energies with the
two liquids.

The Uncomplexed 222 Cryptands Alone (system G)

As concerns the 222 cryptands, the majority (80%)
adsorb at the CO; side of the interface(s) (see Fig. 7), thus
displaying strong analogies with the chloroform/water
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interface [55,56]. The other cryptands sit in CO, and
dynamically exchange between the bulk and interfacial
regions. Most cryptands retain their initial Dsg-type
conformation, i.e. the same as in the K™ complex. At the
interface, they are hydrogen bonded to bridging water
molecules, as found in bulk water [34] and at the
chloroform interface [56]. As H-bonds are more labile at
350K than at 300K, one cryptand coordinates less
water at the CO, interface than at the chloroform
interface (1.3 versus 3.0 H,O molecules on the average,
respectively).

The K* C 222, X~ Cryptates Alone

Depending on the counterion (systems H-K),
different situations are observed, as far as the
stability of the complexes and their distributions
near the interface are concerned (see Fig. 8). With the
Pic™, PFO™, CCD™ counterions, most of the cryptates
remain stable during the dynamics, i.e. K™ fluctuates
near the center of the cavity of 222. This contrasts
with the Cl1~ case, where three K cations decom-
plexed, leaving two free cryptands in CO,. Thus, a
first important effect of lipophilic anions is to enhance the
stability of the complexes near the interface, due to local
electrostatic “neutralization” of the solution. Hydro-
philic anions like CI™ move to “bulk water”, and the
repulsions between the K C 222 species are there-
fore not compensated by attractions with X, thus
destabilizing the complexes.

In the systems I and J with Pic” and PFO™
counterions, most anions and cryptates adsorb at the
interface which is thus quasi-neutral. Only one Pic~
ion and one cryptate make short excursions to water.
With PFO™ counterions, the interfacial landscape is
similar, as 94% of the anions concentrate at an interface,
contacting the aqueous phase via their carboxylate
head. One observes an interesting difference between
the Pic™ and PFO™ containing systems. In the former
one, all solutes sit at a single interface, which was
initially (at 0 ns) the nearest one. This contrasts with the
more COy-philic PFO™ anions, which were able to
migrate with cryptates through the CO, phase onto the
other interface. With neither Pic™ nor PFO™ counter-
ions do cryptates finally sit in CO,. There is thus no K™
extraction by 222.

The CCD™ containing system K markedly differs
as, after 2.5ns of dynamics, the majority of the
cryptates and their counterions sit on the CO,-side of
the interface, without direct contact with the aqueous
phase (Figs. 8 and 9). They can thus be considered, at
the microscopic level, as extracted. In contrast to the
other anions containing systems, only a few
complexes adsorb at the interface [10].

Given the analogies between SC-CO, and classical
organic solvents used for liquid-liquid extraction
purposes, we also simulated the same solute
(16 K" C 222, CCD complexes; system L) at the
aqueous interface with chloroform in the same
conditions, i.e. at 350K [11]. The results (Fig. 10) show
a different behavior compared to the SC—-CO, interface,
as now all cryptates and counterions adsorb at the
interface(s). None finally sits in the chloroform phase
and there is thus no extraction to this liquid.

Mixtures of K* C 222, CCD™ Cryptates,
Uncomplexed 222 Cryptands and K* CCD™ Ions

The systems presented above contain a single type of
solute, but real extraction systems involve an
equilibrium between free and complexed ions. This
is why we decided to model a solution containing a
mixture of 16 [K™ C 222 cryptates, 222 cryptands, K™
CCD™ ions]. In the absence of experimental
information on the complexation constants at the
interface, we arbitrarily chose a one to one ratio of
the different species and a cubic box (system M).
A snapshot of initial and final distributions can be
seen in Fig. 11. After 2ns of dynamics, one clearly
sees that all cryptates are extracted to the CO, phase.
None sits in water, and very few (15%) sit at the
interface. Their extraction is concomitant with the
high solubilization of CCD™ anions and cryptands in
the CO, phase. At end of the dynamics, only two
CCD™ and one 222 molecule sit in water close to the
interface, while the majority (75%) of uncomplexed
K" cations sit in water. The other cations sit at the
interface, attracted by CCD™ anions.

Increasing of the CO,/Water Ratio: Evolution from
Well-defined Interfaces to Irregular Water
“Droplets”

In an extraction experiment, the two phases separate
due to external forces (e.g. centrifugation or gravity),
gradually leading to macroscopically separated
phases. In this section, we thus investigate the effect
of increased CO,/water ratio on the distribution of
cryptates, choosing the most hydrophobic CCD™
anions. Two solutions of 16 K™ C 222, CCD~
cryptates, with CO,/water relative volumes of =
90/10 and 95/5, respectively, have this been
prepared, starting with a narrow water slab adjacent
to a CO; slab (systems N and O) in which the solutes
were immersed. The final distributions are shown in
Fig. 12. It can be seen that the water domain is quite
elongated, likely because the “rectangular” shape of
the box favors attractive interactions with the images
of water translated in the x,y directions (axes are

"We also simulated the 16 K * 4222, CI~ system, constraining K™ at the center of the cavity of cryptands to prevent decomplexation. Again,
most of the cryptates adsorbed at the starting interface, somewhat enhancing the interfacial C1~ concentration (from 44 to 48%).
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H K*222 CI-
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-32 <16 0 16 32

FIGURE 8 16 K" C222 X cryptates at the SC-CO,/water
interface (systems H-K). Final views (left, CO, not shown for
clarity) and average density curves (right). Colour coded with CO,
in orange for, water in blue, K* purple and CCD™ green).

defined ion Fig. 3). This is why we decided to
transform the box shape from “rectangular” to cubic
during the dynamics, in order to make it more
isotropic. This was achieved by 2ns (system N) and

TABLE IV 16 Kt C 222, X~ cryptates at the SC-CO,/water
interface (systems H-K): population of cryptates and anions at the
interface, in water and in CO,

Ton Interf. (%) Water (%) CO, (%)
H K*cC222 94 6 0
Cl- 44 56 0
I K* C222 88 6 6
Pic~ 88 6 6
J K* C222 94 6 0
PFO~ 94 6 0
K K* c222 63 37 0
CCD"~ 63 37 0

FIGURE 9 Snapshot of the surface of water (bottom) at the
interface with CO, (on top), showing an equilibrium between
adsorbed and “extracted” K*' C 222 cryptates and CCD~
counterions (system K).

0 bmtmsiiae I _SVOe.

-40-30-20-10 0 10 20 30 40

FIGURE 10 16 K'C222 CCD™ cryptates at the
water/chloroform interface (system K). Final views (left; water
not shown for clarity) and average density profiles. Red:
chloroform. Blue: water Green: CCD ™. Pink: K*

6 ns (system O) of dynamics at constant volume,
stepwise reducing the z-dimension and increasing
the x,y dimensions of the box. It can be seen Fig. 12
that the final water domain is less elongated, without
forming a regular “spherical” droplet, however. The
average size of the droplet and distribution of solutes
and CO, were estimated from the plot of radial
distribution functions “RDFs” of water, KT,

FIGURE 11 16 [222, K* C 222, CCD~, K", CCD] species at the
CO,/water interface (system M): initial and final views.
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TABLE V 16 K" C 222, X~ cryptates at the SC—CO,/water interface (systems H-K): Average interaction energies and fluctuations

(kcal/mol)

X Exzck+/m,0 Ex-/mo0 Exnck+/co, Ex-/co,
H Cl- —449 + 1.3 —1215 =43 —-135+ 0.8 -1.8*+03
1 Pic™ —-276*1.8 —56.8 +43 —-14.3 + 0.9 -32=*+08
J PFO™ —-278+1.2 —944 + 38 —11.1 £ 0.6 —-59 *+0.7
K CCD™ —-13.6 £ 1.5 —-12.6 £ 0.9 —-15.6 = 0.5 -85+ 05

Co(CCD) and CO, species around the dynamically
defined center of mass of all water molecules (see
Fig. 12). By analogy with the 50/50 mixtures, the
“interface” between water and CO, was defined by
the intersection of the water and CO, RDF curves,
leading to average water droplets radii of ~17A for
the 90/10 mixture and of =14A for the 95/5 mixture.
Thus, as expected, the size of the droplet decreases
with the water content. As seen in Fig. 12, the water
domain is instantaneously very irregular, and has
different relationships with the solutes. Part of the
water “surface” is in contact with “adsorbed”
cryptates and CCD ™ anions, while other parts are
in contact with CO,, as in the case of 50/50 mixtures.
Integration of the RDFs indicates that within 8A
apart from the “interface”, one finds similar fractions
of ions in the 90/10 and 95/5 mixtures: 63% and 60%
of K* cryptates, respectively; 63% and 60% of CCD ™~
anions, respectively. Thus, the remaining cryptates
(about 40%) are “extracted” to CO,. This is similar to
the fraction found above for the same system at the
“planar interface” of the 50/50 mixture. Different
cryptate—CCD™ relationships are observed in the
CO; phase of the mixtures, where the ions may form
loose contacts when K¥ is well “inclusive” and
shielded from the solvent, or may be connected via
water “fingers” involving K* hydration when K™ is
more facially complexed by 222 and solvated by one
H,O molecule.

DISCUSSION AND CONCLUSIONS

We report MD simulations on different extraction
systems, performed consistently in terms of meth-
odology, initial configurations and temperature. In
all cases, the water and CO, phases are well
identified and separated by an interfacial domain,
but there are specific features, depending on the
cation and complexant, which reveal the importance
of counterions.

This is observed for the uncomplexed salts in the
KX~ series (X~ = Cl" /Pic” /PFO™ /CCD"), and in
the M™ CCD™ series containing hydrophilic alkali
cations. The M* cation concentration on the aqueous
side of the interface increases with the hydrophobi-
city and surface activity of X7, and with the
decreasing hydration energy of M". Upon com-
plexation by the cryptand, the cation becomes

hydrophobic, which is not sufficient, however, to
induce its transfer to the CO, phase. In most cases,
the cryptates adsorb and concentrate on the CO, side
of the interface, because they are attracted by water
and by the interfacial anionic layer.

The most remarkable result is the extraction of the
K™ C 222 complexes when CCD™ counterions are
used. Extraction is computationally observed in a
model system K containing only the complexes, as
well as in a more realistic model M containing a
mixture of cryptates, free ions and cryptands. At low
concentrations, the complexes remain trapped at the
interface (see Fig. 13 with system P containing only 4
K" C 222, CCD™ complexes) without diffusing to
CO,, and quasi-saturation of the interface is
necessary to promote the extraction. Comparison of
these systems demonstrates the importance of ligand
and anion concentration at the interface. This can be
considered as an “interfacial synergistic effect” of the
CCD™ anions and of 222 ligands which are also
surface active. Other hydrophobic and surface active
species (e.g. concentrated CCD~ NR] salts, or co-
solvents (e.g. fatty alcohols or tri-n-butyl phosphate
“TBP”) [57] may similarly act as synergists.

To our knowledge, there are no experimental data
on cation extraction by cryptates to SC—CO,, nor on
the comparison of the studied anions. The results are
however consistent with observed trends on related
systems. Counterions are well known to influence
the efficiency and selectivity in liquid-liquid extrac-
tion or transport to classical organic solvents [13,58—
63]. Transport rate of salts by neutral macrocyclic
carriers through hydrophobic membranes depends
on the anion hydration energy, lipophilicity, and
possible interactions with the crown ethers sub-
stituents [6,64]. The K" transport rates through
chloroform follow the following order: Pic™ >PF,
>ClO; >I0, >BF, >I" >SCN~ >NO; >Br~
>BrO; >Cl- >OH >F > Acetate” >SO3,
which is roughly the order of increasing hydration
energies [64]. Note that a different counterion effect
has been recently observed in ion extraction to room-
temperature ionic liquids, which likely proceeds via
an anion exchange with the ionic liquid, instead of
anion co-extraction with the cation [65]. The aqueous
Lanthanide! cation extraction to benzene by
CMPO is greatly enhanced by adding small amounts
of Pic™ anions [66]. The free energy of transfer from
water to nitrobenzene increases in the series cobalt-
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N CO,/Water : 90/10 O CO,/Water : 95/5

2ns

4 +2ns (4) +6ns
5 7.
25| 351
0 0 "
0 25 50 0 25 50

FIGURE 12 16 K* C 222, CCD™ cryptates in 90/10 (left) and
95/5 (right) water /CO, mixtures (systems N and O) simulated in a
“rectangular” box (top) and in a “cubic” box (middle). CO, not
shown for clarity. Bottom: radial distributions functions at water
(blue), CO; (orange), K* cryptates (pink) and Co(CCD") (green)
around the dynamically defined center of mass of water
molecules.

dicarbollyl < dipicrylaminate <Iy <BPh, <Ij
<Pic” <ClO, <I" <Br~ <CI" [67,68], and we
suggest that this is also the decreasing order of
surface activity at aqueous interface. See also the role
of counterions on the structure and properties of
ionic micelles, whose charged surface displays clear
analogies with liquid-liquid interfaces [69-73]. Our
results are also consistent with vibrational sum
frequency spectroscopy results, according to which

& Wy 2 0.5¢
e LU

-50 0 50
FIGURE 13 “Diluted solution” of 4 K¥ C 222 CCD™ cryptates at
the water /chloroform interface (system P). Final views (left) and
average density profiles (average over the last 200 ps). Red:
Chloroform. Blue: water Green: CCD ™ Pink: K*.

e
&0

FIGURE 14 16 K" C 222 PFO™ cryptates at the CO,/water
interface (systems Q-S). From top to bottom: (i) simulations with
“constrained” K-PFO bonds (Q), (ii) with an excess of 222 ligands
(R), (iii) or of PFO~ NEt4" ions (S).

the surface activity of anions and their concentration
in hydrophobic monolayers increase in the series
SO~ >ClI- >NO; >Br >I >ClO, >SCN~
[74], also known as the Hofmeister series [75].
Concerning the K* extraction by 18C6 and its
derivatives to SC—-CQO,, the work of Mochizuki et al.
[26] clearly demonstrates the enhancement resulting
from the formation of 1:1:1 complexes of
K* C 18C6,PFO™ type, which is consistent with
previous MD results [25]. Our study focuses on the
aqueous interface, whose crossing is the key
elementary step in classical, as well as in supercriti-
cal fluid extraction [76]. We note the similarity
between the simulation results at classical and
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supercritical interfaces. As seen here for the
Kt C222,CCD™ complexes, there is however more
adsorption at the chloroform than at the SC-CO,
interface with water, presumably because of slower
diffusion and lesser solvent mixing with chloroform.
A discussion of counterion effects on ion distribution
at classical aqueous interfaces can be found, e.g. in
ref. [53]. Other issues, like the role of solvent polarity
and polarizability deserve further investigations.

It is interesting to compare the effect of counter-
ions on cation extraction to SC-CO, by 18C6 versus
222. With the former ligand, K* and Sr*" are
efficiently extracted with PFO™ anions because the
latter facially co-complex K or Sr*' via their
carboxylate head, forming neutral complexes with
intimate ion pairs. When complexed by 222, the
cation is more shielded than it is in the 18C6
complexes, and cannot form intimate ion pairs. As
CCD™ anions are more hydrophobic and less
surface active than are the PFO™ anions, their are
more efficient for cryptates. Further proofs of the
low efficiency of PFO™ anions to extract cryptates
were obtained by three types of computer exper-
iments based on the 16 K™ C 222, PFO™ system. The
results are shown in Fig. 14. The first system (Q)
contains the 16 K' C 222 " PFO™ complexes in
which counterions were constrained to form
intimate ion pairs with K*, in order to make the
solutes still more hydrophobic. In fact, all con-
strained complexes adsorb at the interface(s). Some
migrated through the CO, phase from one interface
to the other, but none remained in “bulk” CO,.
There is thus no extraction with PFO™ counterions,
in marked contrast to what is observed with CCD™
ones. The second variant solution (R) contains an
excess of 16 222 cryptands and the third one (S) an
excess of 16 PFO™ Net] ions which may compete
with the cryptates to saturate the interface, possibly
promoting the extraction process. In fact, no
extraction proceeds, as in the two systems R and S
the cryptates remain trapped at the interface and are
thus more surface active the free cryptands. When
PFO~ Net; ions are added (S), one finds some
cryptates on the CO,-side of the interface,
suggesting that a larger amount of CCD™ Net]
salt might saturate the interface and promote the
extraction.

To summarize, the simulations point to the
importance of interfacial phenomena and of counter-
ions in potassium extraction by cryptands to SC-
CO,, as in classical extraction. The CCD™ anions
promote the K™ C 222 extraction to CO, because (i)
they are surface active and create a negative potential
which attracts the cations near the interface.
Otherwise, the cation would be “repelled” by the
interface and could hardly be captured by the
interfacial ligands [50]. (ii) The K™ C 222 complexes
are surface active and, at sufficiently high concen-

tration, “saturate” the interface, which facilitates
their migration to the CO, phase. As the water
content diminishes, the systems evolve from “pla-

”

nar” interfaces to cylindrical or spherical water
droplets of smaller surface area, which promotes the
extraction to SC—CO,. We hope that these investi-
gations will stimulate experimental work on counter-
ions effects at aqueous/supercritical fluid interfaces,
as well as theoretical improvements concerning, e.g.
the effect of system size and representation.
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