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Abstract

The apparent dehydration energies and surface potentials of diverse alkaline earth halides are computed employing a novel sim-
ulation methodology incorporating hydration numbers, ion pairing effects and random distribution of molecules. The progressive
variation of the hydration numbers and hydrated radii are estimated. The significance of the formalism in rationalizing the trend in

the variation of the solubility, lattice energy, etc. is indicated.
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1. Introduction

The behaviour of electrolytes in aqueous solutions is
of interest in several contexts such as (i) double layer
capacitance in metal/solution [1] and liquid/liquid inter-
faces [2], (i1) charge transfer processes [3], (iii) the stabil-
ity of DNA and RNA quadruplex structures by salt
solutions [4,5], (iv) bioavailability in drug design [6]
and (v) analysis of phase equilibria in chemical engineer-
ing [7], etc. All solutes get hydrated by water and the
hydration number is defined as the number of water
molecules associated with a chosen solute and the con-
cept of hydration number has immense utility in the
mechanism of ion transport across biological cell mem-
branes [8,9] and channels [10,11] wherein the size of the
hydrated species in comparison to that of the pore or the
channel plays a crucial role and in interpreting the abil-
ity of the hydrated species to interact with organic func-
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tional groups in the channels [12,13]. Also, hydration
number of the electrolytes is a central factor in the fold-
ing/unfolding of proteins [14], DNA intercalation reac-
tions and the specificity of protein — DNA interactions
[15]. Further, in the formation of aerosols of different
salt content [16-19], the solubility of natural gas in deep
brines [20] and in the leaching of minerals [21], the con-
cept of hydration is of importance. In view of the exten-
sive role of hydration phenomena as stated above, the
estimation of energetics associated with hydration has
been a central focus in the field of solution chemistry.
Several computational methods such as Widom par-
ticle insertion methods [22], umbrella sampling [23],
biased simulation procedure [24], extended ensemble
method [25], etc. have been employed in estimating the
hydration energies of ionic species. Despite the availabil-
ity of intensive computational tools within the frame
work of Monte Carlo [26] or molecular dynamics [27]
simulations, the hydration energies of univalent [28,29]
cations and anions and organic compounds [30] of low
molecular weight can alone be accomplished till now.
Hence, in order to evaluate the hydration energies of di-
verse systems, a simple and robust approach that can
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handle high concentrations without much computa-
tional difficulty is required.

In this paper, we propose a methodology for the esti-
mation of dehydration energies of alkaline earth metal
halides by calculating the extent of dehydration of an
entirely hydrated molecule. The ionic pair is considered
as an entity and the molecular radii is written as a sum
of the cationic and anionic radii based on the hard
sphere model [31,32].

2. Methodology

While the essential features of the simulation method-
ology have been discussed earlier [32], a few salient as-
pects are provided below for clarity. The appropriate
number of electrolyte (metal halide) and solvent (water)
molecules are chosen pertaining to a cubic simulation
box of length / having the boundary conditions along
x and y axes. The hydrated molecules, present at the
central region of the simulation box, were allowed to
move to the surface of the cube by shedding their hydra-
tion sheath in successive steps and then to vacuum as
dehydrated entities in a single step. Thus the estimation
of apparent and real dehydration energies as well as the
surface potentials pertaining to vacuum/solution inter-
face can be achieved by evaluating the number of mole-
cules that arrive at the surface of the cube and those that
reach vacuum.

The parameters Nh.,, Nh. and Nh,, denote respec-
tively, the hydration numbers at infinite dilution, chosen
concentration and nth step. ANA, denotes the change in
the hydration number at the nth step. The radius of the
hydrated molecule at the center of the simulation box,
at the nth step, at the surface of the cube and that of
the dehydrated species are represented as R™Y, RN,
R™ and Rgesor, respectively. The parameters Nipigar,
N, and Ngeso denote respectively, the number of elec-
trolyte molecules chosen, the number of molecules arriv-
ing at the surface of the cube and those reaching vacuum.
The actual and expected mean displacement of the mol-
ecules at the nth step are denoted as X' and x°*?, respec-
tively. The mean nearest neighbor distance is (r) while
the discretised Debye length is represented [32] as Lp(y—1)-

For an electrolyte M N7~ in water, Nh., is given by
[33]
Nh — (vizyr? Jg voz.r) | 0

rS
where r, denotes the radius of the water molecules while
Nh, is represented as
Nh, = Nhoo(1 — ds/(r)). (2)

The bare crystallographic radii of the ionic species are
denoted as r and r_ while d; is the diameter of water mol-
ecules. The ratio r{Nh/(Nho, — Nh.) denotes the enhance-
ment in the radius of the hydrated electrolyte whereby

R™Y = Ryesol + [sNhe/(Nhoo — Nh¢)]. (3)

cen

A convenient expression to estimate (r) based on the
hard sphere model is as follows [34]

(r) = (3/4mc)'" exp(n)[I'(4/3) — B, (4)
where
XOC: (rl+4/3)
()
— nl( n+4/3
and the dimensionless density # is given as

n = 4ned,,,/3; c is the concentration of the electrolyte
expressed in molecules/A3 (using the appropriate molar-
ity and Avogadro number) and I'(4/3) denotes the Gam-
ma function [35].

The extent of variation of hydration numbers is a cru-
cial parameter introduced in our analysis and is postu-
lated as

(6)

where Lp, 1) is the “Debye length™ at (n — 1)th step, n
varies from 1 to ngna and diogaiix — 1y 18 the remaining dis-
tance the hydrated molecules have to travel to reach the
surface of the cube at the (n — 1)th step. In the present
context, a modified “discrete” Debye length is defined as

1/2
Z+Z_88()kBT
L n—1) = ) 7
Py ((zi—l—zz)NBez) @)

Lpu- s
ANhn = ANhlolal(n—l) (W) )

diotal(n—1)

and N = Njitia1 T Nsot While kg is the Boltzmann con-
stant, ¢ and ¢, denote the dielectric constant of the sol-
vent and the permittivity in free space. (The number of
solvent molecules is denoted by Ny, .) Note that Nijal
varies with each step movement and hence the subscript
for the Debye length.

The random numbers (ir) are generated for Nijga
molecules subject to the condition ir > exp(— V,,/
Vi)  where Vi) =4n(®R™))’/3 and V,=
4m(R™4)* /3. The 51mulat10n yields the number of mole-
cules arriving at the second step which is the new value
of Njnitia1 and the procedure is carried out till

Mfinal

> = dow (8)
n=1
and
R?&ls Rdesol ~ 1 A, (9)

where d,oa = /2 denotes the total distance the hydrated
molecules cover en route their movement from the center
of the cubic box to its surface. The thermodynamic force
associated with each dehydration step is given by [36]

2z RT(N,.1 — N,)
B Nn (R:{dl - ngd)

; (10)
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