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Abstract. Classical Molecular Dynamics (MD) simulations have been
performed to describe structural and dynamical properties of the water
clusters forming around the Nat and K*. The dynamics of K* and Na™
was investigated for small water clusters [K(H20),]" and [Na(H20),]"
(n = 3 - 8), isolated in gas phase following the structure transforma-
tion through isomerizations between the accessible energy minima. The
extent to which a classical molecular simulation accurately predicts prop-
erties depends on the quality of the force field used to model the interac-
tions in the fluid. This has been explored by exploiting the flexibility of
the Improved Lennard-Jones (ILJ) function in describing the long-range
interaction of ionic water systems.
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1 Introduction

Aqueous solvation of metal ions plays a central role in the chemical mechanisms
of biological signaling, in the bioavailability of toxic elements within the envi-
ronment, in the design of new catalysts and in extraction processes, as well as
in many phenomena relevant to technology [1-6]. For example, a problem of
current interest focuses on the selectivity of biological ion channels; it seems
clear that the selective transport of K relative to Nat ions in potassium chan-
nels [7-9] depends on details of the ion hydration structure that might differ for
K™ relative to Na™ ions.

A key feature of solvation is the structural organization of water about the
ion, which includes the positions of the oxygen atoms and the influence of the
ion upon the water’s H-bonding network [10].

A fingerprint of the structure of these systems is the coordination number
of the ion in liquid water, a number that in terms of the organization of water
around the ion as spherical shells, determines how many water molecules are
contained in each of them [11].
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The measurements of this property of ions in water is to date still controver-
sial, due to uncertainties in related experimental measurements and in theoreti-
cal simulations. Experimental efforts to define the hydration structure of K+, by
means of neutron diffraction [12,13] and extended X-ray absorption fine struc-
ture spectroscopy (EXAFS) experiments [14], gave coordination number values
varying between 4 and 8 [15]. Also, for Na™ ion, neutron diffraction [16,17] and
spectroscopic [18] methods produce a hydration number ranging between 4 and
6 [19]. To the end of understing such data one has to account accurately for
ion-water and water-water interactions. For example, the complex interplay of
ion-water and water-water interactions is the mechanism ensuring the function-
ing of sodium-potassium pump of living cells [20]. In this respect, fundamental
is the understanding of the intermolecular interactions, and the modeling of
competing non-covalent forces.

The main goal of this work goes, indeed, in that direction by investigat-
ing the geometry optimization and binding energy of clusters [Na(H20),]* and
[K(H20),]* (where n= 3 - 8) using classical Molecular Dynamics assisted by
ab initio electronic structure calculations [21]. These simulations were analyzed
with respect to structural parameters such as radial distribution functions and
coordination number distributions.

The original potential model used here is based on a formulation of the non
electrostatic approach to the intermolecular interaction that exploits the decom-
position of the molecular polarisability [22] into effective components associated
with atoms, bonds or groups of atoms of the involved molecules. This type of
contribution to the intermolecular energy was already applied in the past to the
investigation of several neutral [23-31] and ionic [32-34] systems, often involving
weak interactions [23,35], difficult to calculate. The adequacy of such potential
energy functions to describe several intermolecular systems was proved by com-
paring energy and geometry predictions at several configurations with ab initio
calculations. In particular, the study of the alkali ion systems [36,37] was useful
to quantify the role, that chemical contributions play in such aggregates.

The paper is organized as follows: in Sec. 2, we outline the construction of
the potential energy function. We give in Sec. 3 the details of the Molecular
Dynamics simulations. Results are presented in Sec. 4 and concluding remarks
are given in Sec. 5.

2 Potential Energy Surface

To obtain a potential energy surface suitable for running MD simulations, the
M*-(H30),, (MT=K™", Na') intermolecular interaction energy, V, is decom-
posed in terms of ion-molecule and molecule-molecule pair contributions, as
follows:
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V= E::l VM+_(H20)k (1)
n—1 n
+ 2 k=1 2ok V(2004 (H20),

where n is the total number of water molecules and all intermolecular terms in
Eq. 1 include both electrostatic and non electrostatic contributions. The non
electrostatic contributions to the sum of Eq. 1 are evaluated by assigning a
value of polarizability (denoted hereinafter as «) to the two interacting centers
of each term, so as to account for both the strength of the induced dipoles (the
attraction) and the average atomic and molecular sizes (exchange - repulsion).
A detailed account of the use of polarizabilities for this purpose is given in
Refs. [24,38] and references therein. As it has been mentioned above, in this case
the H2O molecule has a low value of polarizability and the quantities ap;+ (M
= K*, Na™) and ag,o have neither been decomposed as a sum of contributions
nor displaced with respect to the ion and molecule positions, meaning that,
besides K and Na™, also HyO is considered in our model as a single interaction
centre placed coincident with the O atom and bearing the total value of o, 0.
This finds its rationale in the fact, that a model considering the presence of more
interaction centres (i.e. bond and effective atom polarisabilities) leads to about
the same structural and energetic properties of the ion-water interaction [34,39].

The model, however, could be improved by taking into account, if needed,
the anisotropy in water-water interaction by explicitly considering the water
molecule bonds as interacting centres. The pairwise interaction contributions
between centres placed on different molecules, are described by means of the
Improved Lennard Jones (ILJ) function Vi s [40,41],

Viny = ¢ [m ()" - n(nw (ro)m] 2)

n(r)—m \r ry—m\r

with

n(r) = B +4.0 (:)2 (3)

0

used to describe other systems interacting with water [42].

The reliability of the ILJ function given above has been validated by repro-
ducing the highly accurate scattering data obtained from experiments performed
under high angular and energy resolution conditions [41]. Further reliability tests
were performed by comparing calculated vibrational spacings with experimental
values and calculated interaction energies at short-range with those obtained
from the inversion of gaseous transport properties. The analysis, extended also
to systems involving ions, suggests that the ILJ potential model can be used to
estimate the behaviour of a variety of systems and can help to assess the different
role of the leading interaction components [43].

In Eq. 2, r is the distance between the interaction centres and ¢ and rg
represent the interaction well depth and equilibrium distance, respectively. When
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effective atoms are considered, € and 7y are directly obtained from basic physical
properties of the interaction centres. In our case we have the KT-H,O, Na™-
H>0 and Hy0-H5O pairs. The interaction centres are placed on the cation and
on the oxygen atom of the water molecule and € and rg are calculated from
the polarisability and charge of the potassium and sodium ions and the average
polarisability of water [44].

A key feature of the ILJ function (Eq. 2) is the additional 3 paramete param-
eterr, that corrects most of the inadequacies of the well known Buckingham
(exp,6) and Lennard Jones (LJ) models [40], for which alternative forms have yet
been proposed [45]. The proposed alternative models, in fact, although satisfac-
torily reproducing the mid-range features of the potential well, fail in describing
accurately both the short-range repulsion and the long-range attraction. More-
over, the introduction of the parameter (3, of the ILJ model by allowing the
portable use of the same values of ¢ and ry for the same interactions centres
in different environments, adds the necessary flexibility to the V; ; function in
comparison with the V ; one [46]. A wise use of 3 (the only adjustable parame-
ter in Eq. 2), permits to incorporate some additional effects, for instance charge
transfer, in an effective way [47]. The parameter m is set equal to 4 or 6 to
describe ion-neutral and neutral-neutral interactions, respectively. The parame-
ters €, rg and B8 adopted for KT-H,0, Na™-H,0 and HyO-H,O interaction pairs
are reported in Table 1.

Table 1. Values of well depth (¢), equilibrium distance (o) and parameter 3 defining
the K+—HQO, Nat-H,0 and H20-H>O non electrostatic energy contributions

e/meVry /A B
KT-(H.0) 102.10 3.161 7.0
Nat-(H.0) 151.89 2.732 6.0

(H20)-(H20) 9.060 3.730 7.5

The electrostatic interaction contributions contained in each term of Eq. 1
are calculated by placing on any single water molecule a set of point charge
whose distribution reproduces the HyO dipole and quadrupole moments and by
applying to them the Coulomb law.

It is important to mention here that the dipole moment of the HoO monomer
has been again considered only as an effective model parameter, related to the
true dipole moment of HyO in the ionic aggregate but not necessarily coinci-
dent with it. The parameterization of the HoO-H>O non electrostatic interaction
contribution was performed using scaling laws exploiting the overall molecular
polarizability. The electrostatic charge distribution for the dimer was derived
from its dipole moment, equal to 2.1 D [48]. The potential energy function
allows to obtain second virial coefficients in excellent agreement with experi-
mental results [49]. By using the same parameters of the potential and only
increasing slightly the dipole moment of the monomer, radial distribution func-
tions were calculated for both rigid and flexible ensembles.
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As a matter of fact, in our simulations the values 2.1 and 2.07 D (for Na*
and KT, respectively) have been used in order to best reproduce the information
available from the literature [50]. To reproduce the dipole moment of the water
molecules we placed charges of -0.74726 a.u. and -0.7366 a.u. on the O atom
and of 0.37363 and 0.3683 a.u. on the H atoms for Nat and KT in solution,
respectively. We have considered [51] the OH bond distances as equal to 1.00
A and the HOH angle as equal to 109.47 degrees.

The water molecules in simulations have been considered flexible using an
harmonic potential function to describes the dependence of the internal molecu-
lar potential energy on the atom displacements from the equilibrium positions,
for each mode of vibration. In this case, the intramolecular potential functions
for the flexible water are given for the bond and angle interactions by a harmonic
model potential.

3 Molecular Dynamics: Calculations

3.1 The Simulation Protocol

Classical molecular dynamics simulations were performed using the DL_POLY
[52] molecular dynamics simulation package. We performed classical MD simula-
tions of MT-(H20),,, n= 3 - 8, using structures optimized by means of ab initio
calculations, (DFT/B3LYP method) taken from literature [21] for both ions. For
each optimized structure, we performed simulations with increasing temperature.
A microcanonical ensemble (NVE) of particles, where the number of particles,
N, volume, V, and total energy, E, are conserved, has been considered. The total
energy, E, is expressed as a sum of potential and kinetic energies. The first one
is decomposed in non electrostatic and electrostatic contributions and its mean
value at the end of the trajectory is represented by the average configuration
energy Ecrg (Ecsg = Ena +E.;). The kinetic energy at each step, Eg;y,, allows
to determine the instantaneous temperature, T, whose mean values can be cal-
culated at the end of the simulation. The total time interval for each simulation
trajectory was set equal to 2 ns after equilibration at each temperature. We
implementated the Improved Lennard-Jones potential function and used itand
used it to treat all the intermolecular interactions in M*-(H30),,, n= 3 - 8. For
each ion, statistical data were collected for 2 ns production run. The hydration
system consists of flexible water molecules (bond and angle vibrations). This
simulation time is sufficiently long to allow observation of isomerisation pro-
cesses and fragmentation of both ions-water clusters. Most of the calculations
have been performed at values of total energy that correspond to the 10 K-100
K temperature range. A specific value of T can be achieved by allowing a tem-
perature equilibration of the system, with the corresponding results excluded
in the statistical analysis performed at the end of the trajectory. The behavior
of the aggregates has been investigated at low and high temperatures. At low
temperatures, if the system is not far from the equilibrium configuration, the
energy value obtained from an extrapolation at T = 0 K should be close to
that at equilibrium and the corresponding configurations can be considered as



360 N. Faginas-Lago et al.

equilibrium-like structures. By increasing T, other configurations far away from
equilibrium can be reached and the system can surmount isomerisation barriers.

The dynamics simulations reveal interesting features in the isomerization of
the ion-water cluster structures. We report here results on the thermal stability
and dynamical behavior of the KT and Na™ water clusters classical molecular
dynamics.

3.2 The Potassium-Water Clusters Kt-(H20),, (n=3 - 8)

The KT-H5O interaction was previously tested by performing MD simulations
of ionic water solutions, for which the same ILJ parameters but different charge
distribution (derived from the dipole moment of bulk water) was used [37].
From the structures optimized by ab initio calculation (see Fig. 1),
(DFT/B3LYP method) we observed the isomerization of the [K(H20)3]" cluster
from a structure with symmetry (Cs,) to one with symmetry (D3), displacing
one of the water molecules from a longer distance of 4.5 A (from the second
hydration shell) a shorter one by placing K+ at the bond distance of 2.75 A (first
hydration shell), after 1.27 ns, (see Fig. 2 reporting the evolution of K*-O bond
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Fig. 1. [K-(H20)];} (n=3 - 8) initial and final isomerization structutes. (See Sec. 3.2)
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Fig.2. Time evolution of the distance from KT to the O atom of HyO for the
[K-(H20)];f (n=3 - 8) clusters at different values of the temperature T (different
molecules are represented by different colours).
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distance during the simulation). MD simulations at 50 K of the [K(H20),]"
cluster have been run using as initial configuration a Cy one obtained from DFT
calculations [21]. An isomerization from the initial Co symmetry structure to
a Sy symmetry structure has been observed, consisting in a displacement of a
water molecule from a distance of 4.6 A from the K* atom (typical of the second
hydration shell) to a distance of 2.8 A . (characteristic of the first hydration shell
(see [11])). The isomerization occurs after 1.16 ns. The time evolution of the K*-
O distance that reveals the isomerization is shown in Fig. 2. Due to the lower
configurational energy of the Sy structure, the cluster has a higher temperature
after isomerization (see Fig. 5).

Fig. 1, too, shows the isomerization of the [K(H20)s5]" cluster from the struc-
ture with symmetry (C3) to one with a structure of the same symmetry. This
follows a displacement of one of the water molecules from a distance of 4.6
A from the K+ atom to a distance of 2.8 A, by reporting the time evolu-
tion of the K*-O distance during the simulation of the cluster performed at 60
K. The isomerization occurs after 1 ns and is accompanied by a temperature
increase to higher values due to the occupation of another minimum on the PES
with lower configurational energy. For the [K(H2O)g]" cluster, two isomeriza-
tions were found from two different initial structures. The first one, shows the
transition from the structure with symmetry (Csz) to the one with symmetry
(C4) by the displacement of two water molecules from a distance of 4.45 A (sec-
ond hydration shell) from K* to a distance of 2.85 A (first hydration shell), as
shown by the time evolution of the K™-O bond distance in Fig. 2. The second
kind of isomerization is given by a transition from the structure with symmetry
(C1) to the one with symmetry (Cy4) through the displacement of one of the
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Fig. 3. [Na-(H20)];f (n=3 - 8) initial and final isomerization structures. (See Sec. 3.3)
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Fig. 4. Evolution of the distance from Na™ to the O atom of H2O for the [Na-(H20)];f
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water molecules from a longer distance of 4.8 A (second hydration shell) from
K* to a distance of 2.85 A (first hydration shell). These isomerizations occur
in the simulations performed at 25 and 80 K, respectively, and correspond to a
temperature increase to higher values due to the occupation of minima on the
PES with lower configurational energy. The transitions occur after 1.36 ns and
0.55 ns (see Figs. 1 and 2) respectively. The [K(H20)7]* cluster undergoes iso-
merization from the structure with symmetry (Cs) to another structure with the
same symmetry, following the displacement of one of the water molecules from a
distance of 4.8 A (second hydration shell) from K to a distance of 2.9 A (first
hydration shell), as shown in the time evolution of the K*-O distance reported
in Fig. 2. This isomerization occurs after 0.02 ns in the simulation performed
at 75 K with a temperature increase to higher values due to the occupation
of another minimum on the PES with lower configurational energy. Finally, for
the cluster [K(H20)s]™, a transition from the structure with symmetry (Cz) to
the one with symmetry of (C;) through the displacement of one of the water
molecules from a distance of 5 A from K* to a distance of 2.9 A is shown in
Fig. 2 the time evolution of the K*-O distance. This isomerization occurs in the
simulation performed at 15 K with a temperature increase to higher values due
to the occupation of another minimum on the PES with lower configurational
energy, after 1.5 ns.

These isomerization processes occur in the simulation performed at T= 25,
35, 50, 60, 75 and 80 K as initial temperature for the K+-(H,0),, with n =3 - 8,
respectively. The initial structure transformed into a more stable one by reaching
another energy minimum of the potential energy surface with a lower potential
energy (see Fig. 2, where the time evolution of the configurational energy during
the simulation is shown).

3.3 Sodium-Water Clusters Nat-(H20),, (n=3 - 8)

Fig. 3 shows the structure transformation in the [Na(H20)3]* cluster from the
structure with symmetry (Cg,) to the one with symmetry (D3) through the dis-
placement of one of the water molecules from longer distance 4.1 A (from the
second hydration shell) the Na* with a bond distance of 2.4 A (the first hydra-
tion shell) after 0.31 ns simulation (as shown in Fig. 4 following the evolution of
the Nat-O bond distance).

This isomerization occurs in the simulation with an initial temperature of
15 K. The initial structure was transformed into a more stable corresponding to
another energy minimum in the potential energy surface with a lower potential
energy while the total energy is constant (due to the use of the NVE ensem-
ble which conserve the total energy), the same behaviour as discussed for K+.
When, adding one more molecule of water, the [Na(H20)4]" cluster transform
from a structure with symmetry (Cs) to the one with symmetry (S4) through the
displacement of one of the water molecules from longer distance 4.1 A (second
hydration shell) Na® with a bond distance of 2.4 A (first hydration shell) after
0.61 ns (as shown in Fig. 4 by the time evolution of the Nat-O bond distance).
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This isomerization occurs in the simulation performed at 25 K with a temper-
ature jump to higher values due to the occupation of another minimum on the
PES with lower configurational energy at 0.61 ns. For the structure transfor-
mation in the [Na(H20)s5]" cluster from the structure with symmetry (Cz) to
the other with symmetry (S3) through the displacement of two water molecules
from longer distance 4.1 A (second hydration shell) Na* with bond distance 2.4
A (first hydration shell). In this case the isomerization occurs at 40 K and 0.58
ns. Unlike to the K*-water clusters in the case of the [Na(H20)g]™ one we found
only one isomerization. The aggregate structure passes from a structure with
symmetry (Cg) to the one with symmetry (S3) including the displacement of
one of the water molecules from the longer distance of 4.4 A (second hydration
shell) the Nat with bond distance 2.4 A (first hydration shell) at 40 K well
before the reach 1/2 ns of the simulation. The structure transformation in the
[Na(H20)7]" cluster from the structure with symmetry (Cz) to the other with
symmetry (C;) taking account of the displacement of one water molecules from
longer distance 4.4 A (second hydration shell) the Na® with a bond distance of
2.4 A (first hydration shell) at 70 K and before 1 ns. Meanwhile, we observed the
displacement of two of the water molecules from shorter distance 2.6 A (first
hydration shell) away from the Nat with a bond distance of 4.4 A (second
hydration shell) while the other six bonds move to slightly shorter distance con-
tracting the radius of the first shell to 2.5 A for the [Na(Hy0)g]t cluster. That
is indicating the tendency of the first shell to dissociate reducing to only six
water molecules in agreement with the coordination numbers obtained from the
classical MD calculation of Nat in liquid water. This isomerization occurs in the
simulation performed at 35 K and very fast, at 0.38 ns of the simulation. All,
the behaviours can be observed in the Figs. 3 and 4.

4 Conclusions

Our MD calculations have focused on the investigation on whether the Improved
Lennard-Jones potential is suited to accurately simulate the K™ and Na™ water
cluster dynamics and structures by matching the stable structures predicted
by DFT calculations as a results of the evolution over PES through the iso-
merization. We have found, indeed, that, under the considered conditions, the
[Na(H20)s]™ cluster tends to dissociate from a one shell structure to a two
shell structure with coordination number 6 because of the smaller size of the
Na™ ion with respect to that of K. In addition, we have been able to esti-
mate the temperature effect of the isomerization between these two different
structures by progressively adding a water molecule to the initial [K(H20),]"
and [Na(H0),]* clusters as nicely confirmed by Fig. 5 that shows the change
of the isomerization temperature in [K(H20),|" and [Na(H20),]" clusters by
increasing of the number of water molecules (n). As a matter of fact, the figure,
shows that for K*, the isomerization temperature increases until n=6 indicating
more configurational energy released and converted to kinetic energy heating the
system, and, after that, the temperature starts decreasing meaning less released
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Fig. 5. Isomerization temperature as a function of the number of water molecules (n)
in [K(H20),]" and [Na(H20),]" clusters

energy, and less energy gained. The higher energy jump occurs at n==6, around
the calculated coordination number in the K™ water liquid system, while in the
case of the Na™ the isomerization temperature increases until n=>5 indicating
more configurational energy released and moving to more stable structures. The
temperature for Nat at n=6 is almost the same at n=>5 indicating that the most
stable structure is one of these two structures. After that, for higher n values
we has seen the tendency of the [Na(H20)g|™ complex to shrink the first hydra-
tion shell to 6 water molecules and release the other two water molecules to the
second hydration shell.
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