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Complexation of M>* Lanthanide Cations

by Calix[4]arene-CMPO Ligands: A Molecular
Dynamics Study in Methanol Solution

and at a Water / Chloroform Interface

L. TROXLER 2, M. BAADEN 2, V. BOHMER ® and G. WIPFF 2"

Unstitut de Chimie, Université Louis Pasteur, UMR CNRS 7551, 4, rue B. Pascal, 67 000 Strasbourg France and ¥Johannes Gutenberg
Universitit, Fachbereich Chemie und Pharmazie, Abteilung Lehramt Chemie, Duesbergweg 10-14, D-55099 Mainz

We report a molecular dynamics study on the 1:1 M3
lanthanide (La**, Eu®* and Yb®*) inclusion complexes
of an important extractant molecule L: a
calix[4]arene-tetraalkyl ether substituted at the wide
rim by four NH-C(O)-CH,-P(O)Ph, arms. The
M(NO3); and MCl3 complexes of L are compared in
methano] solution and at a water / chloroform inter-
face. In the different environments the coordination
sphere of M>* involves the four phosphoryl oxygens
and three to four loosely bound carbonyl oxygens of
the CMPO-like arms. Based on free energy simula-
tions, we address the question of ion binding selectiv-
ity in pure liquid phases and at the liquid-liquid
interface where L and the complexes are found to
adsorb. According to the simulations, the enhance-
ment of M3* cation extraction in the presence of the
calixarene platform, examined by comparing L to the
(CMPO), “ligand” at the interface, is related to the fact
that (i) the (CMPO);Eu(NO;3); complex is more
hydrophilic than the LEu(NOj3) one and (ii) the free
CMPO ligands spread at the interface, and are there-
fore less organized for cation capture than L.

Keywords: lanthanide, calixarene, recognition, interface,
molecular dynamics

INTRODUCTION

The search for extractant molecules which are
highly selective for cations like lanthanides M>*

* Author for correspondence.
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or actinides is a problem of both fundamental
and technological importance, especially in the
context of nuclear waste management“‘“, Com-
bination of several ligating functions in a suita-
ble geometrical arrangement on an appropriate
scaffold often leads to their cooperative action.
Thus, calix[4]arenes bearing four NH-C(O)-CH,-
P(O)Ph, CMPO-like groups at the wide rim and
various alkyl ethers at the narrow rim were
found to be tremendously strong extractants of
europium, thorium, neptunium, plutonium and
americium cations, from acidic aqueous solu-
tions into organic phases[S]. Transport studies
through supported liquid-membranes also
demonstrated their higher extraction efficiency,
compared to CMPO itselfl™), Although the
exact nature and composition of the extracted
complexes is not yet known, it is evident that the
preorganization of the CMPO-like arms
anchored at the calix[4]arene platform is an
important feature of these ligands.

In this paper, we report a series of computer
modelling experiments on three lanthanide com-
plexes of a model ligand L (see chart 1) in the
cone conformation, bearing four CMPO-like
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CHART 1 Schematic representation of the calix{4]arene-CMPO ligand L (cone conformation) and of a M3* inclusion complex

arms at the wide rim, and four methoxy substitu-
ents at the narrow rim. We assume that the com-
plexes are of 1:1 stoichiometry and that the lower
rim O-alkyl groups, not directly involved in the
cation binding, can be modelled by O-Me groups.
As cations, we consider La>*, Eu®' and Yb®",
which represent a “large”, “average” and “small”
lanthanide cation with their ionic radii being
1032, 0.947 and 0.868 A, respectively!®®]. Our
aim is to compare the binding mode of M**as a
function of the cation size, the solvent environ-
ment (methanol / liquid-liquid interface), and
the counterions (Cl" / NOgy). Do the four CMPO
branches bind equally well to M**? What is the
strain energy of L induced by the three cations? Is
the complexed cation fully shielded from sol-
vent? Does it interact with the counterions?

The binding selectivity is another important
issue. The simulations were undertaken four
years ago before binding data were available in
pure liquid solution. On the computational side,
the representation of lanthanide and actinide cat-
ions in current force fields represents a challeng-
ing task!10]. Recently, parameters have been

developed to fit the solvation free energies of
M3* ions in pure water solution,[m following a
methodology used for alkali and alkaline earth
cations!'?). It is not clear whether these parame-
ters depict the solvation properties in other liquid
environments, or the interactions with anions
and ligands. Thus, one important aspect of our
work is to tentatively predict trends in binding
affinities of L for the three lanthanides in a sol-
vent where complexation can be investigated
experimentally. For this purpose, we selected
methanol as solvent. Another aspect deals with
the mechanism of ion recognition by extractant
molecules in liquid-liquid extraction or transport
experiments. Based on molecular dynamics sim-
ulations, we recently pointed out the importance
of interfacial phenomena in assisted cation
extraction!>2%, 1t was shown that ionophores in
their free and complexed states behave as sur-
factants, while ions (and especially the highly
charged ones) are repulsed by the interface. In
the absence of experimental data on the surface
activity of calixarene CMPO-like ligands, we
decided to simulate typical LMX; complexes at
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the water / chloroform interface in order to char-
acterize their orientation with respect to the lig-
uid phases, and to investigate the question of ion
recognition at the interface.

We first describe the coordination of the three
lanthanide ions by L in pure methanol solution
and analyze some key interactions between the
ions, the ligand, and the solvent(s). We then con-
centrate on the question of binding selectivity in
pure methanol solution, which is also compared
to aqueous solution. This is followed by simula-
tions of the Eu(NO3); salt and its L complex at the
water / chloroform interface, focusing on the
question of ion recognition. Finally, we study the
role of the calixarene platform in L. For this pur-
pose we simulated the (CMPO), “ligand”, analo-
gous of L, from which the calix[4]arene fragment
was removed, at the water / chloroform interface.

METHODS

The molecular dynamics (MD) simulations were
performed with the modified AMBER4.1 soft-
warel?!! where the potential energy U'is given by:

U= EbondsKr(r - req)2 + 2anglesl{f? (0 - Oeq)2+
T dihedrals2n Vn (1 + cosng)+
Ticilaia;/Riy — 2635(R5/Ry)® + &35(R} /Rig)'?)

The electrostatic and van der Waals interac-
tions between atoms separated by at least three
bonds are described within a pairwise additive
scheme by a 1-6-12 potential. Parameters for the
solutes were taken from the AMBER force
field??! and from previous studies on these mol-
ecules in pure homogeneous solvents. The
atomic charges on L were fitted from ESP calcu-
lations of ref. [16] for the CMPO moieties and
from ref. [23] for the calix[4]arene moiety. They
were used without a special scaling factor for 1-4
interactions. The Lennard-Jones parameters of
the La%*, Eu®" and Yb®' cations (R'j,= 2.105;
Rp,=1852 R'y,=1656 A; g, =006
€gy = 0.05; €yy, = 0.04 kcal/mol) have been fitted

by Monte-Carlo simulations in order to repro-
duce their free energies of hydration[”]. Con-
cerning the liquid phases, we used the TIP3P
model for water?!! and the OPLS models for
methanol and for chloroform %L A residue
based 12 A cut-off was applied to the
non-bonded interactions where each ion and L
were considered as single residues.

The simulated solvent systems are described
in Table I. The water / chloroform interface (see
Chart 2) has been built as indicated in ref.[26],
The LM** complexes were first minimized in the
gas phase after 100 ps of MD, with the cation sit-
ting in the pseudo-cavity delineated by the four
phosphoryl O, and the four carbonyl O, oxy-
gens. They were then immersed in solution. The
NOj™ or CI" counterions were initially placed in
the second solvation sphere of the complex, at
about 11 A from M>*, i.e. within the cut-off dis-
tance, and separated from LM>* by one shell of
solvent molecules.

Each solvent system was first energy mini-
mized (1000 steps), then the solvent molecules
were allowed to relax around the frozen solute
during 50 ps of MD (“BELLY” option of
AMBER). Next the free MD simulations were
started with random velocities, and the tempera-
ture was maintained at 300 K by coupling to a ther-
mal bath with a relaxation time of 0.2 ps. All C-H,
O-H, H-+-H, C-Cl and Cl--Cl “bonds” were con-
strained with SHAKE, using a time step of 1 fs.

Interface
0
T Y
Ch]{groform : Ewater
\ /,
Vz(chl) :,’ Vz(wat) %(
0 —>»
Z

CHART 2 Schematic representation of the water/chloroform
interface
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TABLE 1 Simulation conditions for the different systems in methanol and at the water / chloroform interface

Solute nb methanol nb chloro nb water box size® V. x Vy xV, time (ns)
Eu®* - - 1083 32x32x32 0.11
414 - - 31x31x31 0.1
Eu(NO;)5 - - 885 31x31x31 0.15
555 - - 34x34x34 0.12
EuCl, 593 - - 35x35x35 0.1
L - - 1213 35x35%35 0.35
858 - - 40%40%40 1.0
LM>* - - 1320 36x36x36 0.2
M(NO;3)5 970 - - 42x42x42 1.0
b - 248 716 28x28x(16+31) 0.36
c - 285 1512 34x34x(34+41) 1.0
1-MCl, 1036 42742542 1.0
(CMPQ), - - 1514 38x38x38 0.1
- 258 1197 36x31x(32+34) 0.8
(CMPO), Eu(NO3)3 - - 1450 37x37x37 0.4
- 245 1104 32x32x(33+34) 1.0
597 - - 36x36x36 16

a. For a water / chloroform interface the size of the box is: V, x V, S (Vz(chl)Jr V zwat)) (see Chart 2).
b. Simulations 4 to ¢ with the NO3™ anions in ciose contact w1th LM (see section 2.1 of the text).

¢. Simulation 2 with the NOj counterions at about 8 A from Euv>*

Binding selectivity: Free energy calculations

The change in free energy between two states
(cations M;>* and M**) was calculated by using
statistical perturbation theory, applying the win-
dowing technique. The potential energy was
defined as Uj; =AU+ (1-A)Uy, where U; and
Ugwere calculated with the corresponding Rl*, £1
and Ry, & parameters of the ions. At each win-
dow, the free energy differences between the
states A and A + AA (“forward calculation”) and
between the states A and A — AL (“backward cal-
culation”) were obtained by:

AGy, =

G

i+1

-Gy =-RTin <exp‘ RT >
As

where R is the molar gas constant and T is the
absolute temperature. ();; stands for the ensem-
ble average at the state A; where Uy; is the poten-
tial energy. Details are given in the text and in
Tables IV-VL

Analysis of results

Average structural features and energy compo-
nents were analyzed from the trajectories saved
every 0.2 ps using the MDS and DRAW soft-
warel?’). The position of the liquid-liquid inter-
face was recalculated at each step as the
intersection of the density curves of the solvents,
as described in ref.!%],

The interaction energies between the different
groups (cation, anion, ligand) and each solvent
were recalculated from the trajectories.



15:36 29 January 2011

Downl oaded At:

COMPLEXATION OF LANTHANIDE CATIONS 31

RESULTS

Cl C2
1- The uncomplexed ligand L and its LMX;
complexes in methanol
Average structural parameters of free and com-
plexed ligand L are reported in Table II.

C4 C3

CHART 3 Schematic representation of C4 arrangement of the
cone with the four P=0 groups (thick lines) of the LM>* com-
plexes

TABLE II Structural features of the LMX; complexes in methanol. Average distances A), angles (°) and fluctuations in the last
100 ps of the simulation

X ) NO5 cr
M3 LaF Eu’" Yo iF [ Eu* Gl
<ty3> 165+5 133 +4 142+ 4 140£3 140 +3 140+ 6 1422
<thg> 10347 144+ 4 13843 140+ 4 136 + 4 142+ 4 142+ 4
dCyCy 74402 73402  73+02 74102 73+02 73202 73101
dCyCy 72402 73+02  73+02  72%02 72402 73102 73101
dM--0,, 32+06° 25401  23+01 22401 26+01  23+01 22401
74+04b
CNop© 4 4 4 4 4 4
dM--O, 43+06° 28+05  26+01  25+0.1 28402  25+01 24101
674060 46+03  38+02 35305  37+04
CNpS 4 3 3 3 3 4
1 1 1 1
dM-X - 3.5+01 73406  80+05  83:05
89+08  86+08  82+05 27 £ 2 19+3 20 1
nby 4 1 1 2 1
3 2 3 2 1 2
dM-O,, - 2.7 4.0 2.7 2.8 - -
CNom® 1 1 1 1
Total M** CN © - 9 8 8-9 8-9 7-8 8
nb NH-X" / Of - 1/3 1/3 0/4 1/3 1/3 0/4
Uncomplexed ligand L.

Distance between the oxygen and the“C4” symmetry axis of the cone.

Number of Op / O, atoms of L, or of O, atoms of methanol, coordinated to M3+,

Number of X~ anions situated at the distances given above.

Coordination number of M, estimated by counting its nearest neighbors on the basis of CNoyp, CNg; CNop, and nby.
Number of X anion / Opethanol 3toms hydrogen bonded to the N-H groups of L.

moan o
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Free ligand L (1 ns)

FIGURE 1 Snapshot of the free ligand L in methanol at 0 ps and 1 ns (orthogonal views)

1.1- The free ligand L The simulation started with a “closed” confor-
In order to gain insights on the influence of the ~ mation of C4 symmetry, extracted from the Eu’>"
cation on the ligand conformation, we simulated complex (vide infra), i.e. with converging Op, and
the uncomplexed ligand L in methanol solution. ~ Oc 0xygens of the CMPO arms (Figure 1 and
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Chart 1). During the simulation, the pseudo-cav-
ity opened smoothly, as some CMPO arms
rotated, leading to unsymmetrical “open”
arrangements. The distances between the O, and
O, atoms and the symmetry axis of the cone
ranged from 2.6 to 7.8 A. The Op and O, oxygens
formed hydrogen bonds with methanol mole-
cules, while other solvent molecules moved
inside the cone of L. After 0.5 ns, the conforma-
tion of L remained nearly unchanged until the
end of the simulation (1 ns). The cone moiety
was of about C, symmetry, with two opposite
phenyl rings being nearly parallel (©;3 = 165°)
and two others nearly perpendicular
(004 =103°). The Cy+C3 and Cy--C4 distances
between opposite CH, connectors fluctuated
between 7.0 and 7.6 A (see Chart 1 and Table II).
The energy component analysis shows that the
stabilization of L, with respect to the initial
“closed” form, results mainly from its solvation
energy (A = -180 kcal /mol).

1.2 - Structural features of the LMX3 complexes

The simulations of all M** complexes in metha-
nol start with an inclusive form (M3+ sur-
rounded by the four CMPO arms), where the
three X-counterions (X’= NO;™ / CI') are placed
in the equatorial plane (perpendicular to the
symmetry axis) as shown in Figure 2.

During the whole simulation (1 ns), all com-
plexes remain of inclusive type, with the M3* ion
surrounded by four phosphoryl oxygens and
three to four carbonyls of the ligand. On the
average, the cone formed by the four aromatic
groups displays a C;, symmetry, with the cation
sitting on the symmetry axis: the w3 and wyy
angles between the planes formed by two oppo-
site aromatic rings are about 140 + 4°, and the
crossed Cy-C3 and C,-Cy distances are equal
(7.3 + 0.2 A). However, taking into account the
four CMPO arms leads to a lower symmetry.
Indeed the four phosphoryl groups display a
fairly rigid squared arrangement, that is skewed
with respect to the cone, as schematized in Chart
3. On the average, the four carbonyls are not of

C, symmetry, because of their high mobility. The
two types of counterions display different
behaviors. None of the CI” anions are directly
coordinated to M>*. The closest ones, at about 8
A from M3, are hydrogen bonded to one or two
N-H protons, while the others have moved to the
“bulk” solvent. The NO;™ anions are generally
closer from M>* than the Cl" ones (Figure 3 and
Table II), two of them being in an “equatorial”
position (hydrogen bonded to the N-H protons)
and the third one “axial” (near the C4 symmetry
axis). In the case of the LEu* complex, one NO3~
has migrated into the first coordination sphere of
the cation. The N-H protons of L are thus hydro-
gen bonded to counterions or to solvent mole-
cules.

The coordination number CN of the com-
plexed cation, initially equal to 8 (40,+ 40, oxy-
gens of L) increased to about 9 during some of
the simulations. Schematically, two types of
octa-coordination are observed. Details are given
in Table II. In the LEuCl; and LYbCl; complexes,
the cation is surrounded by the eight ligand oxy-
gens as in the starting structures. This binding
mode differs from the one found in the
LEu(NO;3); complex where one NOj5™ anion is
bound to the cation, while a carbonyl group has
moved out of the coordination sphere of Eu®*. In
the case of a nona-coordinated M3* (in the two
LLaX; and in the LYb(NOj3); complexes), one
methanol molecule is bound to the cation. How-
ever, in several cases, due to fluctuating binding
of some carbonyl groups to M3+, the CN cannot
be precisely defined. For instance, in the
LYb(NOj3); complex, the CN is either 8 or 9,
depending on the way one counts the carbonyl
oxygen which is on the average at 3.8 A. Simi-
larly, in the LEu(NO3); complex, where the CN
of Eu’* is 8, one finds an additional solvent mol-
ecule at 4.0 A from Eu*, between M>* and one
axial NOj". In all complexes, we notice that the
phenyl substituents of the CMPO arms are not
equivalent. Schematically, four of them are
“equatorial”, and the four others are “axial”,
shielding the complexed cation from the envi-
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L/Yb3+ and 3 NO3- L/Yb3+ and 3 CI-

FIGURE 2 Snapshot of the LMX; complex at 0 ps (top ; orthogonal views), and of the L'-M(NO3); (left) and LMCl; (right) com-
plexes (M = La, Eu and Yb) in methanol solution at 1 ns
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ronment (Figure 2). However, important distor-
sions are found, related to the asymmetric
binding of the carbonyls.

For a given cation, the four M3+~-~O1D distances
are nearly identical (see Table II). They decrease
with the size of the cation (from about 2.6 to
2.2 A, with the two types of counterions), as
expected. The same trend is found for those
M3*..0, distances which involve direct coordi-
nation to M3*(from 2.8 to 2.4 A). Thus, a given
cation is somewhat closer to the O, than to the
O, oxygens (by 0.2 to 0.3 A on the average). In
addition, as noticed above, some M3*--O, dis-
tances are quite large, when the carbonyls are
loosely coordinated to Eu®* (at = 3.7 A in LEuCly)
or “diverging” (at = 4.6 A in LEu(NO;)3). The lat-
ter case corresponds to an exchange with a
nitrate counterion which becomes coordinated to
the cation (monodentate binding). It is the only
case where a counterion was found to be bound
to an octa-coordinated cation.

All complexes display dynamic features. The
cone of the calixarene is not instantaneously of
C4, symmetry: the w3 and w,4 angles between
opposite aromatics oscillate between 133 and
142°, while the C;--C3 and Cy-Cy distances fluc-
tuate between 7.0 and 7.6 A. As illustrated in
Figure 4, the motions are anticorrelated, leading
to structures of approximate C, symmetry. We
notice that, instantaneously, the cation sits away
from the “symmetry axis”. In a given complex,
the M3*--O_ distances are nearly constant dur-
ing the dynamics, while some M°*--O_ ones vary
by up to 3 A (Figure 3), corresponding to tor-
sions of the CMPO arms and to large fluctua-
tions of axial / equatorial OP(Ph), groups.
Compared to the free ligand, the cone of the
complexed L is more C4,-like. It is, on the aver-
age, somewhat less symmetrical in the La>* than
in the Yb®" complexes (see my3 and w,gangles in
Table IT).

1.3 — Energy characteristics of the LMXj3
complexes

The energy component analysis (Table III) shows
that the interaction between L and M>" is quite

large (from 720 to 940 kcal/mol) and increases
markedly from La** to Yb®* (by about
180 kcal/mol in the LM(NOj3); complexes, and
by 220 kcal/mol in the LMCl; ones). There are
thus counterion effects on the cation-ligand
interactions. The latter are reduced when coun-
terions bind to M3*. The complexation induces
significant strain in the ligand, whose internal
energy increases by about 190 kcal/mol upon
complexation of La(NO3)3 or LaCl;. Futhermore,
the internal energy of L is about 40 kcal/mol
higher in the Yb(NO;3); complex, and
70 kcal/mol higher in the YbCly complex, than
in the corresponding La®>* complexes. In relation
with the different binding modes of the X" coun-
terions, we note that the interactions of M3* with
the three nitrates are more attractive (about —100
to -130 kcal /mol per NOj3') than those with the
chlorides (which range from -113 kcal/mol
when CI is in the second coordination sphere of
M3, to zero when CI” has moved beyond the
cutoff distance from M°>*). The interactions
between the anions and L are comparatively
weak. They are attractive (up to about 10
kcal/mol) when X" is hydrogen bonded to L, and
repulsive when X" is coordinated to M3*.

In all cases, the complexed cation, although
well shielded by L, displays attractive interactions
with methanol (from -126 to —267 kcal/mol).
These interactions are somewhat larger with CI"
than with NO3™ counterions, in relation with the
competitive binding of the latter to M>*. The
attractions are largest with La*, to which one
solvent molecule is directly coordinated. The sol-
vation of the complexed ligand L itself also leads
to attractive interactions (about -110 to -160
kecal/mol), but no systematic trends can be
found, due to the interplay between the cation,
L, counterion and solvent interactions. It is thus
anticipated that the binding selectivity of L for a
given cation in solution cannot solely be
assessed from the interactions between L and the
cation. This is why we have undertaken free
energy perturbation simulations (see next) to
address this important question.
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FIGURE 4 The LEu(NOj); complex in methanol. Distances
Cy-Cy and C,--C4 between opposite CH, groups (see Chart
3), and angles between opposite aromatic rings of L as a
function of time

1.4 - Cation recognition by L in methanol

We have performed FEP simulations in order to
assess the binding selectivity of the calixarene L
for the La>" / Eu®* / Yb3'cations in methanol
solution. For most studies, nitrates were selected
as counterions, but we also considered the
uncomplexed salts with CI” as counterions, and
the LM3®* complexes without counterions. For
the purpose of comparison between the metha-
nol and aqueous solutions, we have repeated
these simulations in water (see Table IV).

The binding selectivity of L (“Calix”) for M;>*
vs My>" cations is defined by AAG = AGy-AG,;.
According to the thermodynamic cycle shown in

Calix + M¥* A9, calix/ M3

AG; | l AG,

Calix + M3+ —2%2 5 Ccalix 7 M3*
SCHEME 1

Scheme 1, AAG is also equal to AG4-AG3, where
AG; and AGy correspond to the mutations of the
M;>" to the M,3* cations in solution, respectively
in their uncomplexed and complexed states
(“computational alchemy”[282%)),

The calculation of AG, and AGj started respec-
tively from the LEu(NOj3); complex after 1 ns of
MD, and from the Eu(NO3); salt, after 100 ps of
MD simulation. Eu®* was mutated into La®* and
into Yb3*,

We first checked that using this protocol for
the uncomplexed M3* cations in water (no coun-
terions) leads to AG; values which are close to
those obtained by Monte Carlo simulations (57.2
vs 56.1 kcal/mol for the Eu®* — La’*ions, and
~46.5 vs —44.9 kcal/mol for the Eu®* — Yb>*
ions)[m, and in reasonable agreement with the
experimental values!30] (Table IV).

In methanol solution, the counterions were
taken into account for the mutations, as the
uncomplexed salts are less dissociated than in
waterl®!, We thus compare the MCl; and
M(NO3); salts forming intimate ion pairs. Dur-
ing the simulations, both types of salts remained
bound. Thus we calculated AG; for three typical
situations: with the intimate nitrate vs chloride
ion pairs (no dissociation), and with the com-
pletely solvated M>' cations (no counterion),
corresponding to the hypothetical case where
the salts are fully dissociated. In the latter case,
the AG; values are found to be somewhat
smaller in methanol than in water (45.5 kcal/ mol
for Eu3* — La®* and —37.3 kcal /mol for Eu®* —
Yb3*), as expected from the poorer coordination
properties of methanol, compared to water. In
the presence of either NOj;™ or CI” counterions,
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the AG; energies are similar, and larger than in
the absence of counterions (Table IV). Table IV
also shows that the total coordination number
(CN) of the uncomplexed M>* cations depends
on the solvent and on the counterion. From La>*
to Yb>* (no counterion) CN ranges from 10 to 9
in water, and from 9 to 8 in methanol. OQur calcu-
lated CN's in water are somewhat larger than
those reported by Merbach et al. using improved
treatments of non-covalent interactions!>2. In
methanol, the NO;™ counterions bind M3 in a
monodentate mode, leading to CN's from 10 to 8.
The CI' anions, which are more bulky than the
oxygen atoms of the NO3™ anions, are found to
lead to lower CN's (from 8 to 7).

The calculation of the AG4 free energies in
methanol, performed on the LM(NOj3); com-
plexes, leads to values somewhat more negative
than the corresponding AGj3 ones (64.3 kcal /mol
for the Eu’® — La°* mutation, and -51.6
kcal/mol for the Eu®" — Yb®'mutation). As a
result, the AG4- AG, values are negative, indicat-
ing that complexation of the smallest cation is
preferred, i.e. the binding strength in methanol
decreases in the order Yb>* > Eu®* > La®".

Although L and its complexes are not soluble
in water, we repeated the calculations of AG, in
this solvent, in order to get some insight into the
role of the solvent on the binding selectivity.
These calculations were performed without
counterions, as water is more dissociating than
methanol. It can be seen from Table IV that the
AG, energies in water are close to those in meth-
anol, but somewhat larger. This likely results
from the fact that in methanol solution, one NOy’
anion is coordinated to the complexed cation,
while in water this anion is replaced by two
water molecules coordinated to M3*. These
interactions lead to the same sequence of bind-
ing selectivities in the two solvents, i.e. Yb3* bet-
ter complexed than Eu®* and than La’"
According to this analysis, the selectivity follows
the order of interactions between the cation and
L, instead of the cation desolvation energies
(which would favor La®* over Yb®*). This thus
suggests that the binding sequence should
remain similar in another solvent environment,
as shown below for the water / chloroform
interface.

TABLE I1I Energy component analysis of the L-MX; complexes in methanol. Averages over the last 100 ps of the simulation

NOy cr
X M3+ 8
La** Eu* Y5 La®* Eu?* Yo+
L 380+ 11 ~190 £ 13 —205 £ 16 ~152 £ 14 194+ 14 ~158 £ 13 —125+12
L/solvent  -349 16 ~108 £ 15 -140+ 12 -128 £ 10 ~127+14 140+ 13 ~159+9
L/M3 - 721 £ 14 —755+19 -903 + 12 ~724+13 -837+ 16 942 +10
L/X - -3+6 -8+8 -9+4 0+1 —-6+8 -1+4
2+7 49+ 7 —-6%5 11+£8 =103 -2+3
-13+7 -1+13 -5+7 0+0 -1+2 ~0+3
M /solvent - ~233+31 -126 £ 36 191116 ~267 + 14 -189 + 29 —209 +17
M3 /X - -114+8 ~116 +12 ~130 + 4 0+0 -118+6 -119+10
-105e7 297 45 ~105+5 ~138 1 12 -133 44 040
—124+7 -110+ 17 -135+7 0+£0 0+0 0£0
X/ solvent - 79+ 12 -81+18 -65 + 10 68+ 21 —67+10 —72+13
97+ 13 13+9 90 + 10 —60£12 —54+9 95419
—61+14 -87£13 57 +12 68+ 16 96+ 18 -107 + 19
LMX; - 1269+ 15 -1379+ 19 ~1390 ¢ 12 -1045 + 14 ~1263 + 16 -1189 £ 12
M - 911 +15 ~960 + 19 -1055 + 14 918 + 14 -995 + 16 -1067 + 12

a.  Uncomplexed ligand L.
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TABLE IV Energy results (kcal/mol) of the FEP simulations on the M>* cations and on their complexes in water and methanot

solutions
In water @ In methanot *
Lt - Eu®t Eu - Yb** L&t — Eu®t Eu’* - YP*
AG; (M) —572+03 -465+0.1 -455 +0.1 -37.3 £0.1
CNP 10-59 959 959 98
AG3 (M(NO,)3) - - -56.6 +0.1 443 +0.1
CNP - - 1059 958
AG3 (MClL) - - 546 +0.1 -44.6 +0.1
CNP - - 87 757
AG; (M¥)Y -56.1 ~44.9 - -
AG; (exp)? -51.4 -50.0 - -
AG, (LM3) —69.7 +0.2 -56.8 +0.1 - -
CNP 98 89
AG4 (LM(NO;)3) - - 643 +0.1 ~51.6 £0.1
CNP 959 959
AAG (LM%*)® -12.5 -10.3
AAG (LM(NO3)3)® - - ~7.7 -7.3

From refl11]
After Marcus!3l,
AAG = AG, — AG;. See scheme L

ooan T

2- The L-Eu(NO3); complex and Eu(NOj)zsalt
at the water / chloroform interface

In relation with the detailed mechanistic issues
of ion capture and extraction by L, we simulated
typical LMX; complexes at a water / chloroform
interface, in order to first assess to which extent
they are surface active, and whether they adopt a
specific position and orientation with respect to
the interface. A second issue concerns the ques-
tion of ion recognition (binding selectivity) af the
interface[33}. This is addressed by FEP calcula-
tions, similar to those reported above in bulk
water and methanol solutions.

2.1 - The calixarene complexes adsorb
at the interface

We simulated the LEu(NO;3); complex at the inter-
face, starting with three different positions a to ¢

Mutation performed in 50 windows (2 + 3 ps) with a twin cutoff (11/ 154).
Average Coordination Number at the beginning and at the end of the mutation.

(Figure 5) with the C; symmetry axis of L perpen-
dicular to the interface. Orientation 4 is the one
expected after a least motion uptake of the cation
from water by L: the complexation site (Eu>* and
the four CMPQ's) sits on the water side of the
interface, while the OMe groups at the lower rim
point to chloroform. Orientations b and ¢ are
inverted, relative to a: their cationic site is oriented
towards the chloroform phase. The only differ-
ence between b and ¢ concerns the penetration
depth of the complex in the chlorofom phase: in b,
the Eu®* cation sits right at the interface, while in
¢, it sits more deeply in chloroform, at about 8 A
from the interface. The latter situation would thus
correspond to a nearly exiracted complex and we
wanted to test whether the extraction would pro-
ceed further to the organic phase. In a to ¢, the ini-
tial structure of the complex is taken from a
simulation in water where two nitrates coordinate
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FIGURE 5 Snapshots of the LEu(NOs); complex at the water / chloroform interface, with three different initial (left) and final

{right) positions: g to ¢. Initial M>* -+ Nyg-  distances (left) and final coordination sphere of Eu3* (right). The solvent mole-
cules around the solute are displayed differently from those of “the bulk” for clarity (See Color Plate I at the back of this issue)

to the cation, and the third one is “exo”, in the  sociated counterions, in order to facilitate its
equatorial plane of L. We selected this structure,  extraction.
which is likely less hydrophilic than with fully dis-
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TABLE V Energy results {kcal/mol) of the FEP simulations on the M3* complexes at the water / chloroform interface a

2 NOj coordinated to MI+b

Starting conformation

1 NOj coordinated to M3t

La3t — Eud* EuSt > YB La** — Eut E’t — YB*
AGy i (LM(NO;)5) —75.9+0.8 —642+0.1 —66.2 £0.1 -54.4 £0.1
CcNd 99 959 959 958
AAG (LM(NO5)3)° -18.7 -17.7 9.0 -7.9

285 CHCl; + 716 H,O molecules; size 28><28><(46+31)A3.

cange

AAG = AGy 45 — AG3_qap S€€ Scheme 2

In fact, in none of the simulations, did the
complex migrate to the organic phase. It either
remained adsorbed at the interface or returned
to it, adopting different orientations and Eu®*
positions with respect to the interface. In cases a
and b, the calixarene L was still more or less per-
pendicular to the interface, while in case ¢, it was
rather parallel (Figure 5). In the three cases, the
Eu" cation was right at the interface (Figure 5).
There is thus no unique orientation of the com-
plex, in relation with the weak differences in
electrophilicity / hydrophobicity of its different
moieties. Indeed, the eight phenyl groups of the
CMPQO's, which prevent hydration of the cationic
site at the upper rim, as well as the calixarene
moiety, are hydrophobic. In another simulation,
we attempted to model the Eu(NOj3); complex of
an analogue of L where the four OMe groups at
the lower rim were replaced by more hydropho-
bic OPhenyl groups. During 1 ns of MD, starting
with the C4 symmetry axis of the complex in the
plane of the interface, the complex retained the
same orientation, presumably because of its low
amphiphilicity. This behavior contrasts indeed
with the one of smaller molecules like TBP
(tri-n-butyl-phosphate) which reorients at the
interface in less than 100 ps!1?),

The lack of clear-cut orientation of L at the inter-
face indirectly points out the importance of
O-alkyl substituents at the lower rim 56, Experi-
mentally, the extraction of Eu** by L derivatives
has been found to increase from O-CsHy; to

Mutation performed in 20 windows (of 2 + 3 ps each) with a 12A cutoff.
The solvent box contains 228 CHCl; + 766 H,O molecules; its size is 28x28x(44+31)A3.

Average Coordination Number calculated after at least 100 ps of free MD at the beginning and at the end of the mutation.

O-Ci4Hyg, and then to decrease when the alkyl
chains become longer %!, Such substituents rigid-
ify the cone. They also modulate the amphiphilic-
ity of the extractant and its orientation at the
interface. The CMPO's should sit on the water side
of the interface to facilitate the cation capture via a
least motion pathway.

In all three simulations the complexes remained
of inclusive type at the interface, with Eu>" coordi-
nated to the four O, oxygens (at 2.1 - 2.2 A), and
to one O, oxygen only (at 2.5 — 3.6 A). The other
carbonyls adopted diverging orientations (at 4.5 -
6.6 A from Eu"). The coordination number of
Eu®* was eight, involving 4 Op, 1 O, and (2+1)
Onos oxygens. The cation was thus completely
shielded from the solvents while the uncoordi-
nated O, oxygens were hydrogen bonded to water
molecules. The uncoordinated nitrate either
stayed at the interface or migrated to the bulk
water.

We checked that the status of NO;™ counterions
does not critically determine the interfacial behav-
iour of the LEu>* complex by performing another
simulation, where the three anions were initially
somewhat more remote from Eu®* (at about 6 A),
and the complex in position a. After 1 ns, one NOy
had entered the first coordination sphere of Eu’t,
while the two others remained in water, within 10
A from Eu*. The orientation of the complex was,
however, similar to the one obtained in simulation
a, confirming its surface activity.



Downl oaded At: 15:36 29 January 2011

42 L. TROXLER er al.

FIGURE 6 Snapshots of the Eu(NOj3); salt at the water / chloroform interface, initially in chloroform (0 ps). The solvent mole-
cules around the solute are displayed differently from those of “the bulk” for clarity (See Color Plate I at the back of this issue)

2.2 — The uncomplexed salt is “repelled” uncomplexed Eu(NOj3); salt, starting from an
by the interface “extracted salt” in chloroform, at 10 A from the
The crucial role of complexation on the interfa- interface. Its behavior contrasted with the one of

cial activity was evidenced by a simulation of the  the LEu(NO3); complex (Figure 6). The salt first
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attracted a “cone” of water molecules which rap-
idly pulled it back to the water surface (in about
40 ps). It was then captured by the aqueous
phase, where it dissociated (in less than 100 ps).
The Eu®' cation remained at the cutoff distance
from the interface, in relation with its high
hydrophilicity. This behaviour is not unex-
pected, but raises the question of the driving
force for cation migration to the interface where
M3* is likely captured by the ligand. It is stressed
that pH and salting out effects, as well as the
high concentration of uncomplexed ligands at
the interface increase the cation concentration
close in this region and facilitate its capturel 2034,

2.3 — Ion recognition at the interface

As the complexed ligand L is surface active, we
investigated the question of ion recognition at the
interface, in order to determine whether the bind-
ing sequence is the same in this peculiar solvent
environment as in bulk methanol solution.

For this purpose, we considered a thermody-
namic cycle (Scheme 2), analogous to the one pre-
sented in pure methanol, where the AGj.
energies for the uncomplexed M>" cations were
calculated in the source phase (water), while the
AGy ;i energies were calculated at the interface,
using FEP simulations. In water, no counterions
were considered, assuming that the salts are fully
dissociated. At the interface, the LM>* complex
was surrounded by three NOj3™ counterions, con-
sidering two independent situations where either
two or one anion coordinated to the cation. Com-
putational details and results are given in Table
V. The mutations were performed starting from
the LEu(NOj3); complex, after MD equilibration.

Table V shows that the AGy ;s energies at the
interface, calculated with two types of anion
coordination, follow the same order as the AG,
energies in methanol. They are more negative
than the AG_,, ,; energies. As a result, the bind-
ing selectivity, defined by AAG;;=AGg s —
AG3_yat, follows the same sequence in both envi-
ronments: Yb%* > Eu®* > La%",

Calizy + My —22 (Calix/ M)
AG3-wat 'L l AG‘i—itf
Calityg + M ——2> (Calix / M3*)
SCHEME 2

In principle, if the conformational sampling
were long enough, the simulations with one vs
two anion coordinated to the complexed cation
should converge to similar states. This was not
the case, due to computer time limitations. How-
ever, the difference in AG,_ ;s energies obtained
in the two simulations (Table V) suggests that
the binding selectivity is enhanced, when coun-
terions are coordinated to the complexed cation.

During the mutations, the M3t  cation
remained on the water side, at about 2 A from
the interface. Its coordination number was
unchanged (CN = 9), except for the Eu®>" — Yb>*
mutation with only one coordinated NOj
(CN =8:4 O +2 O, +1 Onpstl Oy), as one O,
coordination was lost.

3- Role of the Calixarene Platform:
the (CMPO)4Eu(NOj3); complex in bulk
solution and at the water / chloroform interface

3.1 - Simulations in pure methanol
or water solutions

As L extracts trivalent cations much more effi-
ciently than does CMPO itselfl®), we simulated
the (CMPO)4Eu(NOj)3complex for comparison.
The starting structure was obtained from the cor-
responding L complex, by removing the
calix[4]arene platform and replacing the
NH-phenyl by NH-Me or NH-Et groups. The
uncomplexed “ligand” (CMPO),, correspond-
ing to the four (unconnected) CMPO arms of the
LEu®* complex, was also considered.

A first simulation was performed in water on
the (CMPO),Eu(NO3); complex, starting with
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1600 ps

FIGURE 7 Snapshot of the (CMPO),Eu(NQO3)3 system in water (fop), starting with the intimate complex, and in methanol solu-
tion after 1.6 ns (botfom), starting with a fully dissociated complex. Orthogonal views. Drawn to different scales. The water mole-
cules around the solute are displayed differently from those of “the bulk” for clarity (See Color Plate II at the back of this issue)

the associated arrangement, in order to test
whether it would spontaneously fall apart in this
solvent. This turned out not to be the case: after
400 ps of simulation, the complex rearranged to

an unsymmetrical structure, where Eu3*
remained bound to the four O, oxygens (2.14 +
0.04 A), to two O_'s (2.7 £ 0.5 A) and to two NO;"
monodentate anions (2.27 + 0.02 A), which fully
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shielded the cation from water (Figure 7). Two
CMPO's were monodentate, two others biden-
tate. The cation shielding from water prevented
the dissociation of the complex. However, it is
not clear whether this bound state corresponds
to a thermodynamic equilibrium or to a metasta-
ble situation. The attraction energy between
Eu®" and the (CMPO), “ligand” is large (780
kcal/mol) and comparable to the corresponding
attraction in the L complex in methanol (Table
I11). Within the complex, each CMPO is repulsed
by the three others (by about 40 kcal/mole). In
the corresponding L complexes, this repulsion
ranges from 70 to 30 kcal/mol, depending on the
status of the counterions, and on the related
binding mode of the CMPO arms. Thus, the
comparison of the (CMPO); vs L complexes
depends on counterion effects.

A second simulation was performed on the
(CMPO),, Eu(NOj3); system in methanol solu-
tion, starting from fully dissociated CMPO's,
placed at about 8 A from the Eu(NOs); salt. We
wanted to test whether spontaneous complexa-
tion would occur in this less dissociating solvent.
After 1.6 ns (see Figure?7), the three anions
remained bound to Eu®*, while one CMPO
moved into the first coordination shell of Eu3*,
whose CN was close t0 9 (3 Onoz + 5 Opeon + 1
Opoxygen). These two simulations suggest that
there likely is a significant barrier that prevents
dissociation (and formation) of the 4:1 complex
between 4 CMPO's and the Eu(NO3); salt.

3.2 — Simulations at the interface

In another set of simulations, we focused on the
interfacial properties of the (CMPO),Eu(NO;3)3
complex and of the free (CMPO), “ligand”, fol-
lowing their evolution, when they are initally
placed at the interface.

The (CMPO)Eu(NO3); complex, initially
equally shared between the two solvents, moved
rapidly to the water side of the interface, where
it remained until the end of the simulation (1 ns;
see Figure 8). Thus, as expected, removal of the
calixarene platform makes the complex more

hydrophilic but the latter remains surface active.
Its Eu®* cation sits at about 5 A from the inter-
face, i.e. about 3 A deeper in water than within
the L complex. Its structure is similar to the one
described above in pure methanol.

The uncomplexed (CMPO), “ligand” simu-
lated, starting from a preorganized compact
arrangement, remained adsorbed at the interface
until the end of the simulation (0.8 ns). However,
the four CMPO's spread, and oscillated between
the organic side and the aqueous side of the
interface, forming (Op-H-OH hydrogen bonds
(Figure 8). Such a situation is clearly less favora-
ble for ion capture. When the CMPO arms are
anchored to a calixarene platform, they are held
in close proximity at the interface, which favors
the ion capture and transport compared to a
dilute layer of unconnected CMPO's. It is thus
stressed that, in addition to an enhanced
lipophilicity, “preorganization” of the binding sites
at the interface is an important feature for efficient
ion extraction by calixarene-CMPO or related
cavitand-CMPOP? 30! Jigands.

4- Discussion and conclusions

We present a modelling study of the complexes
of trivalent lanthanides with a CMPO-calixarene
derivative, which belongs to a new class of effi-
cient extractant molecules for lanthanides and
actinides. Based on molecular dynamics simula-
tions, we have investigated the structures of
hypothetical complexes, and calculated the bind-
ing selectivities in methanol and at a water —
chloroform interface, where the cation capture
and recognition presumably occurs!33,

4.1 - Stoichiometry of the complexes
and coordination mode of the cation

A key question concerns the stoichiometry of the
LM3* complexes, which was assumed to be 1:1
throughout this study, and the number of CMPO
arms involved in the cation coordination. Exper-
imental structures of cation complexes of CMPO
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800 ps

1000 ps

FIGURE 8 The (CMPO), “ligand” (left; after 0.8 ns) and the (CMPO),Eu(NQ;); complex (right; after 1 ns) systems at the inter-
face, with selected solvent molecules. The simulations started with these solutes at the interface, with a compact arrangement
extracted from the LEuw®* complex (see Figure 7) (See Color Plate IV at the back of this issue)

derivatives do not reveal, so far, examples of 1:4
stoichiometry. In solid state structures, the latter
are generally 1:2, ie. two CMPO's bound to
M?* 17381 Only one example of a 1:3 complex
has been reported (for Ce(NO3)3(CMPO)3[39 ). In
solution, CMPO complexes are generally consid-

ered to be of 1:3 typel"m“m. However, small

angle neutron scattering studies have shown
that CMPO and extracted praseodynium metal
form large elongated polymers of 17-40 A in
diameter and up to 500 A long, the size of which
decreases if an excess of ligand is added**. On
the computational side, a systematic study of 1:n
complexes of Eu(NO3)3(CMPO),, has shown that
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the maximum number of ligands bound to Eu®
depends on the binding mode of the NO3™ coun-
terions!#%]. The complexes have been found to be
1:2 when the three nitrates are coordinated in a
bidentate mode, and 1:3 when the nitrates are
monodentate. In the 1:1 complexes, the CMPO's
are coordinated via both O, and O, oxygens
while with higher stoichiometies some CMPO's
are monodentate (via their O, oxygen). In the
present study we find that 1:4 CMPO complexes
remain associated in water, with two NO;™ ani-
ons coordinated to Eu®". The stoichiometry of
the complex and binding mode of the CMPO's
thus result from the competitive coordination of
counterions and solvent molecules to the cation.
Based on our studies on the L and (CMPO),
complexes, simultaneous binding of four
CMPO's to the cation cannot be ruled out. Lower
coordination by the CMPO's should correspond
to the formal complexation of M(NOj3), 3™ salts.

Concerning presently available experimental
data on M** complexes of L, no clear consistent
picture emerges. The slope analysis of the distri-
bution coefficient in liquid-liquid extraction of
Eu®’ by L suggests that the complexes are of
EuL,*" typel®). We notice however that the latter
have been determined with an excess of ligand
and with a highly acidic aqueous phase contain-
ing an excess of NO3™ counterions. According to
recent NMR investigations in dry acetonitrile,
the Gd(C10,); complex of L forms polymeric
species, even at 1:1 ligand/metal concentration
ratiol*®l. The NMR spectrum of LYb(C1Oy); is
consistent with dominant 1:1 complexes of C,
symmetry. However, addition of trace amounts
of water or of more complexing anions like CI” or
NOj’ drastically alters the spectrum, suggesting
that numerous species coexist in solution and are
in fast exchange on the NMR time scalel46],
According to a recent X-ray structure of
L,Eus(NO;3)15.2H50, one Eu(NOj); moiety is
coordinated to CMPO arms belonging to differ-
ent calixarene units!¥’]. In other complexes L
binds two La>* or Eu®" cations, each of them
belonging to a M(NO3), moiety coordinated to

two arms only!*’). Thus, the stoichiometry of the
complexes and the binding mode of the cation seem to
be highly versatile and environment dependent. Our
analysis strongly suggests that, in addition to
cation-ligand interactions, counterions play a
major role. They have to be either well solvated,
or directly coordinated to the cation.

After our calculations were completed, two
series of experimental data concerning the com-
plexation of M3" cations by L became availa-
ble.[®] The first one concerns the extraction of
lanthanides and actinides from highly saline or
acidic media by L, where the order of cation
selectivities was La>* > Eu®"> Yb3*, inversed to
the one we calculated at the interfacel®l. It is not
clear whether this difference is due to computa-
tional artefacts (see below), or to the different
nature of the extracted species which remains to
be investigated as a function of the concentra-
tions of salts, ligands, and cations. Interestingly,
when the phenyl OPPh, substituents of L were
replaced by alkyl OP(C¢H{3), ones, the extrac-
tion selectivity disappeared[6]. This is contrary to
expectations from polarization effects, which
should enhance the preference for the hardest
cation Yb®' in the case of phenyl, compared to
alkyl substituents!*8]. The second series of exper-
iments concerns the complexation of lanthanide
cations by L in methanol solution, where no clear
selectivity was found and a mixture of 1:1, 2:1
and 1:2 species are likely present[49]. When com-
pared to our calculations, these data suggest that
calculations overestimate the interactions of L
with Yb3*, relative to La>*. In the following, we
discuss the electrostatic representation of the
system, as a possible source for discreprancy.

4.2 — Computational aspects. Polarization and
Charge transfer effects

Non-covalent interactions involving trivalent
lanthanide cations are difficult to model by force
fields, due to the hardness of the cation and
related polarization and charge transfer effects.
According to QM calculations!*®°0 the latter
are not constant but are cation dependent. The
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cationic charge also depends on the environ-
ment and coordination of counterions. For
instance, the Mulliken charge of Eu>* drops from
2.46 e in the EuOPPh;>* complex (no counte-
rion) to 1.37 e in the Cl3Eu-~OPPhy complex!*8],
It remains thus to be assessed whether a simple
force field representation of trivalent lanthanide
cations represented with a 3+ charge and using
pairwise additive 1-6-12 potentials, without an
explicit polarization term, yields correct struc-
tural and energetical features of the complexes.
According to the QM calculations, phenyl sub-
stituents on the phosphoryl group enhance their
interactions with lanthanide cations, compared
to alkyl ones*®l. This feature, consistent with
experimental data obtained for derivatives of
LP! can hardly be accounted for by simple force
field 1-6-12 potentials.

The prediction of binding selectivities repre-
sents a computational challenge as it requires an
accurate representation of the potential energy
of the system, and an adequate sampling of its
conformational states. Concerning the sampling
problem, we investigated a number of structures
different from those described above, involving
less than four arms wrapping around the cation
and some counterions directly coordinated to
the M3" cation. After 1 ns of simulation, they all
yielded different structures, differing from the
ones described here. This thus shows that the
conformational sampling of complexes with
highly charged cations remains problem-
aticl®L52) In addition, as emphasized above, the
nature of the complexes and precise binding
mode of the cation depend on concentration and
medium effects (counterions, pH and solvent).

In relation with the energy representation of
the complexes, we tested alternative electrostatic
representations, which might reduce the AG,
energies (Scheme 1), and possibly less favour the
complexation of Yb®* compared to Eu®* and
La3*. Due to computer limitations, we estimated
the binding selectivity as AAG =AGy g,
AG3 yat, where AGy g is calculated in the gas
phase. Six electrostatic models A to F were

tested. The results are described in Table VI
Compared to the standard model A, the models
B and C correspond to a cationic charge reduc-
tion from 3.0 to 2.5 and 2.0 e, keeping the ligand
L unchanged. The model A yields AGy g5 ener-
gies close to the AGy_ .y, ones, and leads there-
fore to the same binding sequence (Yb>* > Eu®*
>La%") as calculated in pure solution, while
models B and C lead to inversed sequences of
binding (Table VI). The models D and E corre-
spond to reduced charges (divided by 1.2), either
on all atoms of the LM3* solute (E) or on the L
atoms only (D). They lead to still other orders of
selectivities (Table VI). These tests thus indicate
that a smaller difference in Yb>" /La®" binding
affinities is obtained either with a reduced
charge on the cation (2.5 ¢; model B) or when a
uniform scaling factor is applied on all solute
charges (model E). Such procedures are however
not satisfactory, the first reason being that they
do not conserve the total +3 charge on the LM>*
complex. Second, in models E or D, the charge of
the phosphoryl oxygen (-0.766 e) is less negative
than the Oy,o charge (-0.834 e), which is not
consistent with the fact that the phosphoryl
group interacts better than does a water mole-
cule with a given cation/®], Alternative proce-
dures have been presented to mimic charge
transfer from the cation to the ligands in its first
coordination spherel!®, but they are presently
restricted to static cation coordination®3], with-
out possibility of ligand exchange.

Another issue concerns polarization effects
which are generally considered to improve the
electrostatic representation of the system[32'54].
We therefore tested a polarized model of LM>*
where L is described as in the standard calcula-
tions above, plus an additional polarization term
(see ref.[55]) using the atomic polarizabilities of
ref.158) The results (Table VI; model F) show that
this model increases the preference for Yb** over
La’ + compared to the standard 1-6-12 represen-
tation of non-bonded interactions, and therefore
exaggerates the preference for Yb>* complexa-
tion.
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TABLE VI Energy results (kcal/mol) from FEP simulations on the LM3* complexes in vacuo. ® Comparison of six electrostatic

models
AG4 (LM3*) (in vacuo) AAG (LM3) b
Model FEP conditions Selectivity order
LAt SEBY Bl Yt Bt oLt Yt oLt
A g=1,qy=30 —69.9 -58.7 -18.5 -27.2 Yb>Eu>La
(-69.7)4 (-56.8) 4
B e=1,qu=25 -52.5 -44.3 -11 +44.6 Eu>La>Yb
C e=1, qy=20 -36.4 -34.4 +15.0 +30.6 La>Eu>Yb
D £=12, qy=3.6 -74.4 —62.7 -23.0 -35.7 Yb>Eu>La
E £=12, q=3.0 -56.8 —48.1 -5.4 -3.5 Eu>Yb>La
F =1, qu=3.0, -86.5 -78.2 -35.1 -63.3 Yb>Eu>La
polarizability®

a. Mutation performed in 51 windows (2 + 3 ps) with a 100A cutoff.

b AAG = AGyyaguo ~ AGs.exp: ,

c.  Free energy of complexation relative to the La®* complex.

d. AG, in pure water (no counterions).

e. Polarizabilities are adapted from ref [%6] {oc = 0.878, 0¢ carbonyl = 0616, 0y = 0.135, 0 egher = 0465, 0o co/po = 0434,

oy = 0.530}) or estimated (ap = 1.5).

Taken together these results suggest that
improved force field representations should
simultaneously account for the charge transfer
from the cation to the ligand, and for the polari-
zation of the latter. Alternative promising
approaches (QM/MM) combine a quantum
mechanical representation of the solute and a

force field representation of the surrounding sys-
tem[57_59].

4.3 — Importance of interfacial phenomena
in liquid-liquid cation extraction

Although no experimental results that could elu-
cidate the mechanism of cation extraction by
CMPO-calixarenes are available, it can be
stressed that ion complexation and recognition take
place at water — organic liquid boundary[60' 631, This
is supported by the fact that the uncomplexed
ligands display amphiphilic character and are
surface active. They should thus be more con-
centrated at the interface than in the bulk organic
phase. We notice that in the extraction experi-
ments that have been reported, the aqueous

phase is acidified®®%4]. This presumably leads
to enhanced hydrogen bonding between the
phosphoryl oxergens of the CMPO's and the
Hs0," species 651 or to protonation of these
phosphoryl groups at the interface which
enhances their surface activity, as observed for
TBPI7] The nature of CMPO-calixarene
assemblies at the interface is not known, as it
may range from more or less ordered saturated
monolayers to disordered aggregates. The cone
shape of the derivatives of L bearing O-alkyl
chains at the lower rim does not seem to be best
suited to form a regular monolayer at a flat inter-
face. It is better suited for curved surfaces, like
those of micelles or of microdroplets formed
when the extraction system is mixed. As far as
the cation complexes of the extractant molecules
are concerned, they are more amphiphilic than
the free extractants and should be more concen-
trated at the interface. Given their reluctance to
move to the water side of the interface, it can be
speculated that ion capture and recognition take
place at the liquid-liquid interface. This is supported
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by experiments at the water-air interfacel68-70]
and by computationsml on related systems. This
mechanism requires however that the uncom-
plexed cation can approach the interfacial lig-
ands, which seems in contradiction with our
results on the Eu(NOs); salt or on related
salts!®], which are “repelled” by the interface
and dissociated in water. We suggest that the
high concentration of NO3™ anions in the aque-
ous phase increases the concentration of the
Eu(NO;,)f'“*species (n>1), which are less
hydrophilic and more surface active than the
dissociated Eu®" cation. This argument is also in
favor of the complexation of Eu(NO;),®™" spe-
cies, leading to reduced interactions between
CMPO ligands and the cation, and to stoichi-
ometries larger than 1:1. Related simulations are
in progress at MsMI7H,

1

To conclude, it appears that modelling lantha-
nide cation complexes of calix[4]arene-CMPO
type ligands remains a difficult task, as long as
the nature of the species involved is not estab-
lished from experiment. It raises a number of
stimulating computational problems, which can-
not easily be solved, even when reasonable cat-
jon parameters are available. At present, the
questions of stoichiometry, counterion effects
and binding mode of lanthanide complexes can
hardly be solved by computations only, as the
corresponding relaxation times are much longer
than those of monovalent cation complexes. Our
study should foster further experimental investi-
gations of the nature, structure and thermody-
namic properties of lanthanide complexes in
homogeneous liquid phases, as well as at lig-
uid-liquid interfaces.
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