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Abstract. Based on molecular dynamics simulations, we describe the structure and solvation pattern
of the p-Me-calix[6]arene®™ anion in the free state, and complexed with UO%Jr in aqueous solution.

UO%Jr is coordinated in its equatorial plane to five phenolate oxygens, and has no direct coordination
with water molecules. The closest water molecules are strongly hydrogen bonded to the ligand.
The complex of the p-Me-calix[S]arene®~ anion with UO%Jr displays similar binding and solvation
features. For the purpose of comparison, a complex of p-Me-calix[6]arene®™ with a spherical divalent
cation, referred to as ‘Cu*t’ is simulated under the same conditions. In the most stable conformer,
Cu?* is coordinated to four phenolic oxygens in a square planar arrangement, and to one water
molecule. An energy component analysis suggests that the high binding selectivity of the calixarene
for uranyl relates to a large cation-guest interaction, and to a better hydration of the complex. In the
UO%+ complex the strong hydration of the negatively charged ligand is not significantly prevented
by the complexed cation, unlike in the spherical cation complexes. It is stressed that entropic effects,
which are not amenable to such calculations, play an important role in the binding selectivity of these
calix[6] and calix[5]arenes for uranyl.

Key words: Calixarene, uranyl, solvation, molecular dynamics, molecular recognition, ionophore.

1. Introduction

Selective extraction of uranyl from sea water or from nuclear wastes, based on
selective binding by synthetic ionophores, is very important in the context of
energy resources [1]. The p-sulfonato calix[n]arenes (n = 4,5, 6) [2-5] (Figure
1) present a particularly interesting class of ionophores, since calixarenes can be
easily synthesized [6, 7], and the calix[5] and calix[6] derivatives complex UO%+
very efficiently [3] (log K is 18.9 and 19.2, respectively, at pH = 10.5). For the
calix[4] derivative, the binding drops markedly (log K = 3.2 at pH 6.5). The
binding selectivity of calix[6]arene for UO2T, compared to other divalent cations
such as Ni**, Zn** and Cu??, is high (Kyrany1/ K+ is 10170, 1037 and 10106,
respectively). However, the structural and thermodynamic basis of these binding
features and selectivity, although very important in designing new uranophiles,
remain poorly understood.

* Author for correspondence.
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Fig. 1.  Structure of p-sulfonato calix[6]arene (top) and p-Me-calix[6]arene”™ Calix6 (bot-
fom).

Solid state structures, although possibly irrelevant to the picturing of struc-
tures in solution, remain essential in establishing the nature of the complex, and
providing a basis for analyzing the interplay between host-guest interactions and
conformations of these partners [8]. In contrast to the alkali and alkaline earth cation
complexes with macrocyclic receptors, for which many structural and thermody-
namic data are available {9, 10] relatively few are available for uranyl complexes
with ionophores [11, 12]. In X-ray structures of UO%Jr complexes with neutral
macrocyclic ligands, such as crown ethers, either inclusive or noninclusive coordi-
nation of the cation can be observed [13—-15]. However, no X-ray structure of the
UO%"’ complexes of calix[5] and calix[6]arenes is available. Following the concept
of first shell ‘solvation’ of the cation by the binding sites of the ligand (10, 16, 17],
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we investigated the hydration of UO%“L, and of its NO3™ and 18-crown-6 adducts,
as a first theoretical approach to the design of uranophiles [18].

In the solid state structures, UO%+ is bound in the equatorial plane by five or
six heteroatoms [1, 13, 14, 19-31] and it is reasonable to assume that calix[5]arene
and calix[6]arene also bind UO%Jr with their phenolic oxygens, as observed for
ligands such as CO%‘, CH3COO™, NO3, H,0, etc., and other ligands containing
heteroatoms, such as crown ethers. Two solid state structures are available for the
free calix[6]arene. The water soluble p-sulfonato derivative has been shown [4],
to adopt a ‘double partial cone’ conformation. In contrast, the water insoluble p-t-
butyl derivative displays an ‘ellipsoidal cone’ [32]. Neither of these structures looks
optimal for binding UO%Jr without conformational changes, in order to achieve
equatorial coordination to the U atom. As shown for typical ionophores such as 18-
crown-6 or the 222 cryptand, the conformational state of the free calixarene may not
be representative of the complexed states. Solvent and environment effects may
also play an important role in preferred conformations and binding selectivities
[33].

The aim of this study is to simulate the calix[6]arene in its free state and com-
plexed by UO§+, in the gas phase and in aqueous solution, in order to characterize
its conformation and the binding mode to the cation. The question of structure,
solvation, and binding selectivity for UO%“L in comparison with other divalent
spherical cations, is also investigated by molecular dynamics (MD) simulations
using an explicit representation of the solvent. The complex of UO%‘L with p-Me-
calix[5]arene is also investigated in water.

Computer simulation methods allow one to investigate ionophores and ions
in solution [33—41] and give microscopic views of solvation features. Host-guest
chemistry is a particularly rich field for such studies, given the amount of exper-
imental data available for comparison, and the relatively small size of the ‘super-
molecules’ [35]. In the field of calixarenes, computational work has been per-
formed using MM?2 molecular mechanisms calculations on calix[4]arene by Royer
et al. [42], who investigated the question of the cone’s conformation and inter-
conversions. Miyamoto and Kollman [43] performed MD simulations and free
energy calculations on calix-spherands and their complexes with Na™, K* and
Rb*. Grootenhuis et al. investigated structural, energetic and acid/base properties
of p-methylcalix[4]arenes [44]. Recently, extensive MD simulations in water and
in acetonitrile on calix[4]arenes, functionalized at the lower rim, addressed the
question of (pre)organization and ligand wrapping around the cation as a function
of the solvent and of the cationic guest [45, 46]. In particular, it was shown that
the coordination pattern and conformation observed in the X-ray structure of the
K" complex does not correspond to those in water or acetonitrile solutions. The
binding selectivity for Li* in acetonitrile was also correctly predicted using free
energy simulations. In the following, we investigate how the calix[6]arene binds
UC%+ in water, with specific features compared to a spherical cation, which will
be referred to henceforth as Cu?*.
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2. Methods

All calculations were performed with the AMBER4.0 [47, 48] software, using the
following representation of the potential energy:

Epr =Y Ey(r—reg)® + D Kg(0 — beq)?

bonds angles

+ Z Va (1 + cos(np — 7))
dihedrals

+ 3 (e (B /Bip)'? = (R [Ri5)®) + gij/< Rij)

i<J

+ 3 e ((R/Ry)™ ~ (R /Ry)") .

H-bonds

The deformation of bonds, angles and dihedrals are described in the harmonic
approximation. The van der Waals and Coulombic interactions are calculated for all
atoms separated by at least three bonds. The atomic charges and force field param-
etes on the calixarene anionic unit have been taken from the work of Grootenhuis
et al. [45]. The only difference concerns the choice of force constants on improp-
er dihedrals which have been increased to 292 kJ mol~! in order to ensure near
planarity of the aromatic moieties at high temperature MD. The AMBER 1-10-12
potential has been used for hydrogen bonds between the solvent and the solute
(phenolates oxygens and Oyrany1). Water has been described in the TIP3P mod-
el (go = —0.834; gy = 0.417) [17]. A 10 A cut-off truncation for non-bonded
interactions involving the solvent is used. Uranyl parameters are those used in a
previous study [18] (¢u = +4, Ry = 1.6 Aand gy = 0.5 kI mol™}; ¢, = —1,
Ry = 1.6 A and £, = 0.63 kJ mol™1). The spherical divalent cation which is
simply represented with its van der Waals radius (R* = 1.2 A) and its charge
(+2) will Be referred to as Cu®*. In this model the ‘bonds’ between the ligand
and Cu?T are therefore represented as purely noncovalent, and result from the
electrostatic attraction between the cation and the negatively charged binding sites,
which therefore have no directionality. In comparison with a covalent model, this
representation allows ligand exchanges and reorientation along the MD simulation.

2.1. CHOICE OF STARTING STRUCTURES

Our model assumes that coordination of the cations involves the phenolate oxygens
only, and the calix[6]arene was simulated as the p-Me instead of the p-sulfonato
derivatives, for simplicity. Although the remote sulfonates may increase the elec-
trostatic ion binding by the phenolate oxygens [49], they are not likely to contribute
significantly to the selectivity for uranyl, compared to spherical ions. From a com-
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putational point of view, explicit representation of the sulfonates without neutral-
izing counterions may be questionable, based on computer experience gained in
the field of nucleic acids. Modeling the sulfonato derivative would cause addition-
al problems related to the treatment of electrostatic effects with a highly charged
receptor. In the case of alkali cation complexes of calix[4]arenetetraamide, we com-
putationally compared p-sulfonato with p-t-butyl derivatives in water, and found
that the structure and binding properties at the lower rim were not significantly
modified by remote solubilizing groups [50]. After 50-100 ps of MD simulations,
the position of the cation and its coordination pattern to the amidic carbonyls were
found to be similar in both derivatives.

Since force field and MD simulations cannot picture bond making or breaking
processes involved in proton transfers, we selected all of the phenolic oxygens
in their unprotonated state, in order to provide optimal binding capabilities to
the complexed cation. This is indeed a reasonable hypothesis based on the pH
dependence of the binding studied by Shinkai et al. [3, 5] and others [7]. In the
following, this p-Me-calix[6]arene®~ anion will be referred to as Calix6 (Figure
1). The starting structure of Calix6 and its complexes is modelled with the flattened
cone +—,+—,+—,+—,+—,+— conformation of Cg, symmetry (Figure 2). A sim-
ilar cone conformation is also used as a starting model of the p-Me-calix[5]arene
UO%Jr complex in water (4+—,+—,+—,+—,+—).

We first studied the free ligand Calix6 and its Cu?>* and UO%Jr complexes in
the gas phase, in order to use MD to sample their structures for 100 ps at high
temperature (1000 K). The most stable form obtained in the gas phase was then
immersed in a bath of water molecules, and MD simulations were performed for
at least 50 ps (Table I). In fact, because of the strong cation — oxygen attractions,
only a limited number of structures appeared, which will be briefly described. For
the UO%“L and Cu?* complexes, two different conformations were characterized.
In order to ensure that they are determined by the cationic guest rather than from
artefacts, we permuted the two cations from these two conformers, and reran at
least 50 ps of MD in water (Table I).

2.2. ANALYSIS OF RESULTS

Because of the large size and flexibility of calix[6]arene, its conformational state
cannot be as easily defined as for the smaller analogues. We therefore used the
symbolic representation defined by Ugozzoli and Andreetti [51], based on the val-
ues of the C-C-CH,-C dihedral ® angles (Figure 1). The ‘double partial cone’
of p-sulfonato-calix|[6]arene is defined by +—,+—,++,+—,+—,~— and the p-t-
butyl-calix[6]arene by +—,+—,~+,+—,+—,—+. We also use the ‘up’ and ‘down’
terminology to characterize schematically the orientation of each phenolate group,
which is either in the cone direction, or ‘inverted’. Structural and energy analysis
was performed with our MD-DRAW and MDS software [52] from the trajectories,
which were saved every 0.2 ps; time averages are reported in the tables, togeth-
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Fig. 2. Structures obtained during the ‘simulated quenching’ of the free Calix6 (top). the
Calix6-UO%* complex (middle), and the Calix6-Cu’* complex (bottom). Orthogonal views.

er with the statistical fluctuations. The solute-solvent interaction energy will be
referred to as ‘solvation energy’ for short, since it is the dominant component of
the enthalpy of solvation.
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TABLE 1. MD simulations in water, simulation times and water box charac-

terization.

System Simulation Water box Number of

time size (A) water
(ps) molecules

Free calix[6]arene®~ 70 36.3%36.3*30.6 1043

Calix[6]arenc™™ UO%Jr ? 100 36.9%35.4%28.7 1126

b 50 38.0*35.4*28.7 1103

Calix[6]arene®™ Cu®** ¢ 50 37.0%32.1%30.1 1023

b 50 36.2%35.9%31.5 1152

 The starting structure is obtained from the gas phase simulation.

® The starting conformation of the ligand is, for UO3T, the one obtained
in the gas phase for the Cu®* complex; and for Cu?*, the one obtained
in the gas phase for the UO3™ complex.

3. Results

3.1. THE CALIX6-UO3" AND CALIX6-CUT COMPLEXES IN THE GAS PHASE. NON-
PLANARITY OF THE LIGAND

Calix6 and its Cu?>* and UOZ" complexes are first modeled in the gas phase in
order to compare their low-energy structures. This is achieved by the ‘simulated
quenching’, consisting of a single MD simulation at high temperature (1000 K) from
which structures are regularly extracted and energy minimized (7' = 0 K). The high
kinetic energy at 1000 K in principle allows sampling regions of conformational
space separated by high energy barriers.

For each system, ‘simulated quenching’ has been performed from a 100 ps MD
simulation with one structure minimized every picosecond, thus generating 100
minimized structures. We find that the number of interconversions and structures
produced is low, despite the high temperature used, in contrast to what was observed
with the 222 cryptands [33]. Figure 2 shows that the lowest energy structures are
obtained at 32 ps and 6 ps, respectively, for the UO%Jr and the Cu?t complexes,
and at 2 ps for the free Calix6. The free Calix6 roughly retains the ‘cone’ confor-
mation (+—,+—,+—,+—,4—,+-), deformed by repulsions between the phenolic
oxygens. In the UO2 complex the U atom is coordinated to five phenolic oxygens
(Figure 2 and Table II), and the calixarene has an alternate cone conformation with
one phenol ‘up’ and five ‘down’ (+—,4—,4+—,+—,—+,—+). In the Cu>* complex
the cation is coordinated to four phenolic oxygens only (Table II), and the ligand
adopts another conformation (+—,+—,——,+—,+—,——), such that two phenols
are ‘up’ and four ‘down’.
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TABLEIL. Metal...O, average distances within the UO3" and
Ccu?t complexes of the Calix6 (distances are given in A, all
fiuctuations are about 0.1 A).

0Oy 0, 03 O4 Os Os

Cu’* gas 195 483 191 195 461 186
Cult/1water 190 4.61 189 190 455 1.89
Cu’*/2water 1.90 191 46 191 191 34
UOZT gas 218 204 478 206 208 205
U0t water  2.16 217 48 218 216 218

Analysis of the time evolut1on of some energy components for the minimized
structures of the Callx6-UO complex shows that an energy barrier is passed
after 30 ps of MD, leading to a stabilization of the complex of 585 kJ mol 1.
It corresponds to a change in the cation coordination and in the conformation of
the calixarene (Figure 2). The calixarene itself is destabilized by 1045 kJ mol~!,
but the concomitant increase of the cation/cage attraction (1670 kJ mol ') largely
compensates for that.

There are therefore good reasons to believe that the only structure produced by
the ‘simulated quenching’ is very stable, and that this is a feature of the system,
rather than a result of being trapped in a single conformation. Indeed, using the
same procedure for the free calix[6]arene in its neutral state, led to a structure
which is quasi-identical to Atwood’s structure [4], which became available to us
later, and to the lowest energy structure modeled by Groenen [53].

3.2. CALIX6 IN FREE STATE AND COMPLEXED BY UO5+ AND CU?* IN WATER

3.2.1. Free Calix[6]arene®™

Figure 3 displays a snapshot of the free Calix6 in water after 30 ps of MD
simulation, including all water molecules within 3 A of each phenolic oxygen.
In water, the calixarene retains its ‘cone’ conformation, as in the gas phase
(+—-,+—,+—,+—,+—,+-), with small deformations, related to solvation effects.
In fact, water molecules enter into the ‘cone’ to form strong hydrogen bonds with
some phenolic oxygens (Figure 3).

Table IIT gives the characteristics of the water RDFs (radial distribution func-
tions) around each phenolic oxygen (O,). Figure 4 represents the average of these
RDFs. Each phenolic oxygen is solvated by about four water molecules, where the
proton lies at 1.9 A.

Energy component analysis (Table IV) shows that the average interaction energy
between Calix6 and these first water molecules is highly attractive (—1790 kJ
mol~!), and represents about 1/3 of the Calix6 solvation energy. The internal
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Fig. 3. The free Calix6 in water including water molecules within 3 A from each phenolic
oxygen. Snapshot after 70 ps of MD. Orthogonal views.

TABLE III. Free Calix6 in water: RDF characteristics.

1st peak for Hw 1st peak for Ow
Center position (A) N Hw® position (&) N Ow°®
01 19 3.8 2.8 4.10
02 1.9 3.7 2.8 3.94
03 1.9 3.8 2.8 3.89
04 1.9 3.7 2.8 3.74
(0] 1.9 3.8 2.8 4.05
06 1.9 3.7 2.8 3.76

* N Hw and N Ow correspond to the number of water protons
or oxygens, after integration of the first RDF peak.

energy of the free Calix6 is high (3823 kJ mol~!) due to the important electrostatic
strain induced by the six negative charges, which repel each other.

3.2.2. UO%+—Calix[ 6 JareneS~ Complex in Water

Two starting geometries were simulated for this complex in water. The first one
(+—,+—,+—,+—,—+,—+) comes from the most stable UO%+ complex obtained
in vacuo. The second is obtained from the most stable Cu?* complex in vacuo
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Fig. 4. The free Calix6 in water. Average of the water RDFs for the six phenolate oxygens.

TABLE IV. Free Calix6 in water. Energy component analy-
sis based on the interaction of 3 groups: the calixarene, water
molecules at less than 3 A of each phenolic oxyten, and the oth-
.er water molecules. Average energies and statistical fluctuations,
from the MD trajectories, in kJ mol ™",

Calix6  Firstoxygens  Other water

water shell molecules
Calix 6 3823410 —1794+16 —34134+ 23
first oxygens 275£5 —614+ 10
water shell
Other water ~31718+£142
molecules

(+~,+—~,——,4+—,+—,——) in which Cu?t is replaced by UO%"'. In water both
simulations lead to the same conformation of the complex. Indeed, the second
U035t complex became identical to the first one in less than two picoseconds. We
therefore present only the results of the first MD simulation (Figure 2).

Figure 5 shows the UO%+—Calix6 complex in water after 100 ps of MD, with all
water molecules within 5 A of the U atom. The conformation is not very different
from the one obtained in vacuo (+—,+—,+-—,+—,—+,—+). The UO%+ cation is
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"

"open side™ "closed side"

Fig. 5. The Calix6-UO2" complex in water with the water molecules within 5 A from the U
atom. Snapshot after 100 ps of MD. Orthogonal views.

coordinated to five phenolic oxygens in its equatorial plane, which are at 2.17 A
from the U atom (Table II).

For UO%*' uncomplexed in water, MD simulations revealed that five H,O
molecules coordinate the U atom in the equatorial plane of the cation, and about
two H,O solvate each O atomn [18]. Some of these water molecules have the O-H
dipole oriented antiparalle] to the O-U dipole of UO3*. In the UO3™-Calix6 com-
plex, no water molecule is coordinated to U. The U..Hw RDF presents a peak at
3.5A (about 14 water protons), and the U..Ow RDF has a peak at 4.2 A (about 7
oxygen atoms). These peaks correspond, in fact, to the first solvation shell of the
phenolate oxygens and of the uranyl oxygens, rather than of the U atom (Figure 6
and Table V). The corresponding water molecules are oriented with the O-H dipole
parallel to the O-U dipole.

The interaction energy analysis based on four groups (UO%J’, the Calix6, the first
solvation shell of the complex, and the other water molecules) is consistent with
this solvation pattern (Table VI): the UO%"’/ﬁrst water shell interaction is repulsive
(376 kI mol~"), whereas the Calix6/first water shell interaction is more than twice



180 P. GUILBAUD AND G. WIPFF

— o

th [\ th

[ I A I )
)

g(r)

[y

.:
Lh
SIS T VO T OO WY S OO TN OO T S O Y

O

-

r (A)

Fig. 6. The Calix6-UO3" complex in water, U..Ow and U..Hw RDFs.

TABLE V. Calix6-UOZ" in water: RDF characteristics.

Calix6 1st peak for Hy, 1st peak for Oy
position N Hy?® position N Ow?

Center (A) (A)

(0) 1.9 0.9 2.8 1.0
02 25 35 3.1 1.7
03 1.9 3.9 2.8 3.9
04 2.0 0.8 2.9 1.1
05 1.9 0.9 2.8 0.9
06 1.9 0.9 29 0.9

voit 1st peak for Hw 2nd peak for Hy 1st peak for Ow
position N Hw® position N Ow?® position N Ow?

Center A) A A)

U 35 134 no peak 42 7.1
01 1.8 13 3.2 6.2 28 14
o2 19 22 2.7 6.2 2.8 2.8

i N Hw and N Ow correspond to the number of water protons or oxygens,
after integration of the first RDF peak.
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TABLE VI. Calix(ﬁ-UOi+ in water. Energy component analysis based on
the interaction of 4 groups: the calixarene, the UO%“L ion, the water molecules

at less than 5 A from U, and the other water molecules. Average energies and
statistical fluctuations from the MD trajectories, given in kJ mol~!.

UO%+ Calix6 Water shell Other water

at5 A from U molecules
voit 4244  —6257+2 376+3 838+ 4
Calix6 493244 —970+6 —3348+ 12
Water shell at —31£2 —296+ 3
5A fromU
Other water —49270+326
molecules

as attractive (—970 kJ mol~!). This contrasts with other cation complexes with
neutral macrocycles, where the cation/water interaction energy is attractive [33].

The UO%Jr cation has larger interactions with the ligand in the complexed state
(~6257 kJ mol~!) than with the first water shell molecules in its free state (—1672
kJ mol~!). This is because Calix6 provides a much better environment for UO%Jr
than water, thanks to the very negative electrostatic shield in the equatorial plane.

Since the Calix6 is highly deformed, the two uranyl oxygens have different
environments. The first one (O1), in the ‘open’ side of the calixarene, is partially
shielded from the solvent (Figure 5), and hydrogen bonded to one water molecule.
The second oxygen (O32) in the ‘closed’ side of the molecule, is more accessible
to water and is hydrogen bonded to two water molecules.

The interaction of complexed Calix6 with water, although still very attractive,
is somewhat less than for the free Calix6 (—4318 kJ mol~! and —5204 kJ mol™!,
respectively). This is becanse the encapsulated UO%Jr cation prevents strong hydro-
gen bonds to the phenolic oxygens of the ligand. Conversely, the ligand prevents
direct coordination of water molecules to the cation. It is stressed, therefore, that
the large enthalpic stabilisation of the complex, related to the host-guest attraction,
will add a favourable entropy component resulting from the desolvation of the
partners and of the complex, compared to the complex with a spherical M2+ cation
(see next section).

For the calix[S]arene-UO%Jr complex, simulated under the same conditions, a
flattened cone conformer is obtained after 50 ps. The U atom is coordinated to
five phenolate oxygens, which prevent its direct coordination to water molecules
(Figure 7).
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Fig. 7. The ;p-Me—calix[S]arene—UO%Jr complex in water with the water molecules within 5
A from the U atom, Snapshot after 50 ps of MD. Orthogonal views.

3.2.3. Cu?*-Calix6 Complex in Water

For the simulations on the Cu?t complex in water, two starting conformers of the
ligand obtained from the gas phase were used, as for the UO%+ complex. The first
one was obtained from the Cu?*-Calix6 complex in the gas phase, and the second
one from the UOZ"-Calix6 complex, in which UO3* was replaced by Cu®*. These
two MD simulations in water led to two different structures. The first one remains
close to the starting one and is called Cu®* /1 (see Figure 8). The Cu?* cation is
still coordinated by four phenolic oxygens at 1.9 A, and the Calix6 conformation
remains +—,+—,——,+—,+—,——.

There is no water molecule directly coordinated to Cu?*. The nearest water
molecules are coordinated to the phenolic oxygens. The four phenolic oxygens
coordinated to Cu?t are solvated by about one water molecule, and the two others
by about four water molecules (as in the free Calix6), at less than 1.9 A. On the
‘closed’ side of the molecule (Figure 8), the phenyl groups shield the cation from
water, and on the ‘open’ side the phenolate groups provide a negative electrostatic
field, which orients the water molecules with their protons pointing to the ligand,
giving rise to repulsion with Cu?t,

In the second simulation of the Cu?t complex in water, Cu?* is initially coordi-
nated by five phenolic oxygens (Figure 9). After 10 ps a conformational transition
takes place in which one phenolate oxygen bound to Cu?t is replaced by one
water molecule (Cu2+ /2). The new conformation is +—,+—,+—,+—,~+,—+.
The cation is then coordinated to four phenolic oxygens (as in Cu?+ /1) and one
water molecule, which forms a square-based pyramid. Table II gives the average
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Fig. 8. The Cu**/1 conformer of the Calix6-Cu*" complex in water including the water
molecules within 5 A from Cu?*. Snapshot after 50 ps of MD. Orthogonal views.

Cu2+...0p distances along the MD simulation plotted on Figure 10. The cation’s
accessibility to water is larger than in the Cu?* /1 conformation, where two
phenyls are ‘down’.

The energy analysis (Table VII) shows that in both Cu®*/1 and Cu?*/2
structures, the Cu®*/Calix6 attraction energy is similar (about —5580 kJ mol™!).
The other components favour Cu?+ /2 over Cu?t /1: the energy of Calix6 within
the complex (AE = 105 kJ mol™!), and the solvation energy of the complex
(AE = 490 kJ mol~!) with a contribution of 117 kJ mol~! due to the “first shell’
water molecules. It is therefore suggested that the most stable conformer in water
is Cu?t/2.

3.2.3.1. Energy Comparison of the UO%+ and Cu>t Complexes MD simula-
tions do not allow direct comparison of the stability of the complexes. Free energy
simulations should be performed for this purpose [58]. However, energy com-
ponent analysis reveals interesting differences in energy features concerning the
complexes and their solvation. The UO%+/Calix6 interaction (—6257 kJ mol™1) is
670 kJ mol~! better than the Cu?*/Calix6 interaction energy. The internal energy
of Calix6 is similar within the complexes, as for free Calix6. The total solvation
energy of the complexes is similar for UO3" (—3106 kJ mol~!) and Cu?*/1
(—3160 kJ mol™1), and is slightly better for Cu?* /2 (—3650 kJ mol~1). Another
solvation feature favours the UO§+ over the Cu?t complex. The interaction energy
within the first shell water molecules (within 5 A from UO%+ and 4.5 A from Cu?t,
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Fig.9. The Cu** /2 conformer of the Calix6-Cu’" in water with the water molecules within
3 A from Cu*¥. Snapshots at 1 ps and at 10 ps of MD (see text).

respectively) is slightly attractive for the UO3™ complex (—30kJ mol~"), but repul-
sive for the Cu?* complex (77 kJ mol~1). Although it is not possible to provide a
simple explanation of the large UO3+/Cu? " selectivity, based on the calculations,
it is stressed that in addition to the ligand/ionophore interaction, solvation effects
play an important role. Analysis of thermodynamic data on macrocyclic complexes
involving highly charged substrates and/or receptors does indeed indicate that com-
plexation in water is of entropic, rather than of enthalpic origin [55-57]. It would
be desirable to perform such measurements for these calixarene complexes. We
suggest that the entropic contributions favour UO%+ over spherical cations, since
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Fig. 10. The Cu?* /2 conformer of the Calix6-Cu®* complex in water. Cu**...O, distances
as a function of time.

TABLE VII. Calix6-Cu** in water. Energy component analysis based on
the interaction of 4 groups: the calixarene, the Cu®T ion, the water molecules
at less than 5 A from U, and the other water molecules. Average energies
and fluctuations from the MD trajectories, in kJ mol™ L

Calix6 Water shell  Other water
at 5 A from molecules

cu?t

cu?t 2 _55834+4 27345 818+ 6
b _55854+3 15643 968+ 4

Calix6 & 494345 5808 ~3674+ 14
b 484045 73544 4040+ 14

Water shell at 5 A from  ® 541 -103+ 3
cu?t b 7744 240+ 3
Other water molecules a 31862+ 28
b —37420+£400

* Cu** /1 conformer.
® Cu®* /2 conformer.

the dehydration of the carbon upon complexation is more extensive for UO%+ than
for Cu?*, which remains directly coordinated to water.
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4. Conclusions

We have presented a theoretical investigation of the Calix6 uranophile in water,
and on its complexes with UO%Jr and a spherical M2 cation. This was referred to
as Cu?™ for simplicity, but other cations such as Ca?*, with a similar size, would
have similar behavior. MD simulations on Calix6 and its complexes with Cu?*
and UO%Jr have been performed first in the gas phase, then in water, assuming
that the cation is coordinated to the phenolic oxygens of the ligand. Calix6 is
found to adopt different geometries in its free and complexed states, in the gas
phase and in water. The conformation simulated for the calixarene free Calix6 or
within its complexes with UO3" and Cu?* also differs from the forms of the free
calix[6]arene in the solid state, in its neutral state [4, 32]. In aqueous solution, the
hydration pattern in the hydrophilic region of the complex depends markedly on
the shape (linear/spherical) of the cationic guest. In the UO3™ and the Cu®*/1
complexes, the cation is well encapsulated and not coordinated directly to solvent
molecules. In the most stable Cu?* /2 complex, the calixarene has rearranged to
allow direct water coordination to the cation.

Several theoretical questions remain to be investigated further, concerning par-
ticularly the treatment of electrostatic interactions (polarization effects [59], long
range electrostatics and cut-off [60]) and the conformational sampling [61]. The
stereochemical requirements of binding UO%+ in a pseudoplanar mode, as com-
pared to the tetrahedral arrangement surrounding Cu?*, was not explicitly incor-
porated in our force field calculations, and is expected to disfavour Cu?" in these
calixarene complexes. Our theoretical study strongly suggests that the selective
binding of UO%Jr relative to spherical cations depends not only on the nature, size
and precise arrangement of the binding sites of the ionophore, but also on solvent
effects. Schematically, once the U atom is properly surrounded in the equatorial
plane by the ligands, it does not need first-shell coordination with water, as do the
complexed spherical cations. The release of water upon complexation of UO%+
by calixarenes may therefore be more important than for other divalent ions [62].
Given the difference in solvation of UO%+ compared to spherical cation complexes,
it can be speculated that a counterion effect, if any, may be also very different for
these cationic species. Thermodynamic measurements on the enthalpy and entropy
components of the free energy of binding should provide interesting insight into
the binding selectivity for uranyl [62].

From the modeling side, complexes involving the upper rim sulfonato groups for
binding uranyl cannot be completely ruled out, since the derivative of calix[6]arene,
with six phosphonomethyl groups at the upper rim and six methoxy groups at the
lower rim, also binds UO%+ strongly in water, presumably via the negatively
charged upper rim groups [2]. Such complexes cannot be compared accurately
enough with force field representations of the potential energy. It is at present a very
challenging task, to account for the pH and conformation-dependent competition
of phenolic and sulfonato binding sites to the cationic guest.
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