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Molecular mechanism of the cesium and rubidium selective binding
to the calix[4]arene revealed by Born—-Oppenheimer
molecular dynamics simulation and electron density analysis
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Born—-Oppenheimer molecular dynamics simulations with
PBE-D3/GTH-DZVP potentials were utilized to explore
molecular mechanism of alkali metal cation binding to the
calix[4]arene. The calculated standard Gibbs free energy
decreased to the higher extent upon binding in case of Cs*
and Rb* compared to Li*, Na* and K*. The experimentally
observed selectivity was attributed to the stronger
coordination shells of Cs* and Rb* in the calixarene-bound
state compared with the water-coordinated complexes as
revealed by electron density analysis.
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Environmental contamination by radioactive nuclides is a
challenging problem for modern science and technology. Those
are accumulated in soils and fluids and selective separation
methods should be used to remove radioactive wastes. Among
those, a '3Cs isotope is highly presented in soils after nuclear
power plant accidents.! One of the prospective directions in
waste removal is the utilization of macrocyclic compounds that
selectively bind a certain type of ions. Processes like solvent
extraction and adsorption have been used in large scale
applications;> for example, caustic-side solvent extraction
(CSSX) process is specifically developed to separate cesium
from alkaline waste.?> Calix[4]arenes and their derivatives have
broad range of applications including extraction and
separation.*8 The X-ray data on the structures of metal cation—
calixarene complexes in crystals is were reported.”!? However,
the molecular mechanism of cation binding from the aqueous
solution has not been extensively discussed.!!

In this work, we focus on the molecular mechanism of the
selective binding of Rb* and Cs* cations to calix[4]arene in the
presence of other alkali metal cations. Previously, we
demonstrated the importance of the ab initio potentials in
molecular dynamics simulations for proper description of both
energetic and entropic contributions of the binding process.'!
Herein, we apply this approach to evaluate binding process for
the entire set of the alkali metal cations. We extend our study
with the analysis of the electron density in the calix[4]arene-
bound state of alkali metal cations and those being surrounded
by water molecules to further explore the mechanism of selective
binding.

Figure 1 demonstrates a model system composed of a calix[4]-
arene molecule and an alkali metal cation surrounded by 291
water molecules forming a rectangular box. We calculated a
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Figure 1 (a) The model system of a complex of calix[4]arene with an
alkali metal cation solvated in a rectangular water box. (b) The reaction
coordinate shown by black dashed line. Here and in other figures, carbon,
oxygen and hydrogen atoms and an alkali metal cation, M*, are shown in
green, red, white and magenta, respectively.

series of molecular dynamic trajectories with PBE-D3/GTH-
DZVP DFT potentials and additional harmonic potentials
centered at different values of the reaction coordinate.” We
obtained distance distributions between cation and calix[4]arene

T Computational protocol. We utilized the model system from ref. 11 and
performed simulations with Li*, K* and Rb* cations. The model system
(Figure 1) for all simulations includes a calix[4]arene with one of the four
alcohol groups being deprotonated, an alkali metal cation (Li*, Na*, K*, Cs*,
Rb*) and 291 water molecules in a rectangular box of ~20 A size. We used
a pre-equilibrated model system from ref. 11. The Born—-Oppenheimer
molecular dynamics (MD) simulations were performed in the CP2K program
package.'* Model systems were described in the density functional theory
approximation with the GGA functional PBE!® with the empirical dispersion
correction D3¢ broader range of applicability, and less empiricism. The main
new ingredients are atom-pairwise specific dispersion coefficients and cutoff
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Figure 2 Standard Gibbs energy profiles for alkali metal cations binding
to calix[4]arene calculated by umbrella integration method.

oxygen atom (reaction coordinate) and used them for the
umbrella integration analysis. This allowed us to calculate the
standard Gibbs free energy profile of a complex formation from
the separate ligand and metal cation species solvated by water
molecules. In bound complexes an alkali metal cation (M*) is
located on the top of calix[4]arene cone and forms coordination
bonds with the phenyl oxygen atoms of calix[4]arene; the rest of
the coordination shell is completed by water molecules. After
dissociation, the coordination shell of M* is composed of water
molecules with the coordination number being different
depending on the particular cation.

Figure 2 demonstrates standard Gibbs free energy profiles of
M binding to calix[4]arene anion. Profiles for Li*, Na*, K* and
Rb* have only two minima corresponding to the bound and
unbound states. Values of reaction coordinate corresponding
to the bound and dissociated minima increase in the series
Li* < Na* < K* < Rb* < Cs* according to the ionic radii (Table 1).

In case of Cs* binding, the profile of Gibbs free energy is
exceptional in having three minima (Figure 3). The minimum
with the smallest reaction coordinate of 3.6 A corresponds to the
bound complex with the coordination shell of Cs* being
composed of two coordination bonds with the calix[4]arene, and
the residual coordination shell is completed with water
molecules. The second minimum at 4.8 A corresponds to the

radii that were both computed from first principles. The coefficients for new
eighth-order dispersion terms were computed using established recursion
relations. Combined basis of Gaussian functions and plane waves DZVP
with  Goedecker-Teter—Hutter ~pseudopotentials was utilized.'” All
simulations were performed in the NVT ensemble, with the volume
preliminary adjusted to the 1 atm pressure at 300 K. The system size is large
enough to neglect interactions between the solute molecules in a cell and its
periodic copies. These two points allow us to conclude that the energy profile
that we obtain is a standard Gibbs energy profile. The binding free energy
AG® calculated as difference of standard Gibbs free energes between bound
and unbound state, can be utilized to evaluate dissociation constants K g,
according to the conventional formula AG® = RTInK .

To calculate the Gibbs free energy profile of binding an alkali metal
cation to calix[4]arene we used umbrella sampling approach!® coupled
with the umbrella integration method.!® The reaction coordinate was set
as a distance between the alkali metal cation and one of the oxygen atoms
of calix[4]arene anion. The biasing harmonic potentials were centered at
the certain values of the reaction coordinate. 16 MD simulations with
different biasing potentials were performed for the Cs* and Rb* containing
systems and 8 for Li*, Na* and K* containing systems. The values of
force constants of biasing potentials varied from 2 to
16 kcal mol~! A2 depending on the curvature of the resulting Gibbs
energy profile. Molecular dynamics simulations were performed with a
0.5 fs integration time step with the total length of 10 ps of each MD
trajectory. The minima on potential energy surface of the metal cation in
calix[4]arene-bound state and coordinated by water molecules were
calculated at the DFT/PBE0/DZP-DKH?*?! level of theory using Firefly
QC?? package partially based on the GAMESS US code.?
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Figure 3 Standard Gibbs free energy profile of cesium cation binding to
the calix[4]arene. The insets demonstrate surrounding of the cesium cation
at minima.

partially bound complex with only one coordination bond
between calix[4]arene and Cs*, while the third minimum at
7.8 A corresponds to the fully dissociated complex. Upon
binding, the coordination shell is saturated sequentially; the
coordination bond between the calix[4]arene and Cs* is formed
first, followed by the formation of second bond further lowering
the standard Gibbs free energy of the system.

The standard Gibbs free energies of M* binding (Figure 2)
are negative for all compounds. System stabilization due to
the  complex  formation increases in  the  row
K* < Na*~Li* << Rb* < Cs*. The same trend and the similar
values of binding free energy AG° were observed in experimental
studies of cation binding with substituted calixarene in aqueous
solution.'? The Rb* and Cs* cations bind to calix[4]arene much
stronger than Li*, Na* and K* cations. The explanation of the
selectivity might be the following. For all metal cations, the
formation of coordination bond with charged phenolate fragment
is more preferable as compared to a neutral H,O molecule.
However, the geometry configuration of the coordination shell is
perturbed upon water to calix[4]arene exchange that is more
pronounced for smaller cations with smaller coordination
numbers.

To further explore the mechanism of selective Cs* binding,
we performed additional DFT/PBE0O/DZP-DKH calculations in
molecular clusters composed of alkali metal cation either
solvated by 57 water molecules or bound to a calix[4]arene
molecule surrounded by 32 water molecules. Figure 4 shows the
example of these molecular clusters with the Li* cation. The
efficiency of binding process is determined by lowering the
Gibbs free energy upon formation of the bound state, which is
explicitly demonstrated in Figure 2. The Gibbs free energy
changes can be divided into entropic and enthalpic contributions.
Here, we estimate only the second term that is derived from the
changed interactions of a metal cation with its coordination
sphere in the bound and unbound states. To quantify these

Table 1 Standard Gibbs free energy of complex formation, AG°®,
dissociation constant, K, and structural parameters of calix[4]arene anion
complex with alkali metal cations. The selectivity coefficient Ky is
calculated as the ratio of Ky (M*) to Ky (Cs™).

Reaction coordinate at
minima on AG® surface /A

M* AG°/ Kiss! K
keal mol™! mol dm™? e Bound Dissociated
complex complex

Lit -23+04 2%x1072 2.5%107 2.0 3.7
Na* -22+04 3x1072 1.7x107 2.6 4.8
K* -1.0+05 2x107"  25x10° 29 45
Rb* -7.0+0.8 7x10° 7.1x1072 3.1 7.5
Cs* -8.6+06 5x107 1 3.6 7.8
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Figure 4 Molecular clusters with Li* corresponding to the calix[4]arene
(a) bound state and () fully solvated by water molecules. Black dashed
lines depict coordination bonds between the alkali metal cation and oxygen
atoms of calix[4]arene and water molecules.

interactions, we utilized the values of the electron density at the
bond critical points (BCPs) obtained within the QTAIM theory.!?
The higher values of the energy density correspond to the
stronger interactions. Thus, the stabilization of the bound state
should be due to the formation of stronger coordination bonds in
the bound state compared with the unbound one. We calculate
the sum of electron densities at the BCPs corresponding to the
coordination bonds with metal cation in the bound and unbound
states. The difference between these two values calculated for
the same cation is a quantity that evaluates preferable coordination
shell. If it is positive, the bound state is characterized by stronger
coordination bonds, thus being more favorable. On the contrary,
if this value is negative the unbound state is more preferable
(Figure 5). In systems with the Rb* and Cs™ cations the sets of
coordination bonds are stronger in the bound state. In case of
Li*, Na* and K* the coordination shell formed by only water
molecules is more preferable.

To conclude, we have calculated Gibbs free energy profiles of
alkali metal cation binding to calix[4]arene using Born—
Oppenheimer molecular dynamics simulations with DFT
PBE-D3/GTH-DZVP potentials. The dissociation constants for
Rb* and Cs* complexes with calix[4]arene are ~10° times smaller
than those for smaller Li*, Na* and K* cations. Electron density
analysis of the metal cations complexes with calix[4]arene and
in the water-coordinated state has demonstrated that the selective
binding of heavy cations is due to the formation of the stronger
coordination bonds in the bound states, whereas in case of lighter
cations the coordination shell is more stable if formed by water
molecules only.
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