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ABSTRACT
Chemical thermodynamic models of solvent and solute activities predict the equilibrium behavior of aqueous solutions. However, these
models are semi-empirical. They represent micro-scale ion and solvent behaviors controlling the macroscopic properties using small num-
bers of parameters whose values are obtained by fitting to activities and other partial derivatives of the Gibbs energy measured for the bulk
solutions. We have conducted atomistic simulations of aqueous electrolyte solutions (MgCl2 and CaCl2) to determine the parameters of
thermodynamic hydration models. We have implemented a cooperative hydration model to categorize the water molecules in electrolyte
solutions into different subpopulations. The value of the electrolyte-specific parameter, k, was determined from the ion-affected subpop-
ulation with the lowest absolute value of the free energy of removing the water molecule. The other equilibrium constant parameter, K1,
associated with the first degree of hydration, was computed from the free energy of hydration of hydrated clusters. The hydration number,
h, was determined from a reorientation dynamic analysis of the water subpopulations compared to bulk-like behavior. The reparameter-
ized models [R. H. Stokes and R. H. Robinson, J. Solution Chem. 2, 173 (1973) and Balomenos et al., Fluid Phase Equilib. 243, 29 (2006)]
using the computed values of the parameters lead to the osmotic coefficients of MgCl2 solutions that are consistent with measurements. Such
an approach removes the dependence on the availability of experimental data and could lead to aqueous thermodynamic models capable
of estimating the values of solute and solvent activities as well as thermal and volumetric properties for a wide range of compositions and
concentrations.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074970

I. INTRODUCTION

Aqueous thermodynamic models of solvent and solute activ-
ities are used to predict the equilibrium behavior and chemical
speciation of natural aqueous solutions (oceans, brines, groundwa-
ter, and atmospheric aerosols) and industrial systems (ionic liq-
uids, underground contaminants, and fluids used for oil and gas
processing).1–6 Some of the most widely used thermodynamic mod-
els to estimate the activity coefficients of electrolyte solutions are
semi-empirical.5 They attempt to represent key micro-scale ion
and solvent behaviors that control the macroscopic properties in
a simplified way using small numbers of parameters whose values
are obtained by fitting to activities and other partial derivatives of
the Gibbs energy that have been measured for the bulk solutions.

Examples include the Pitzer2 and Pitzer–Simonson–Clegg models,3,4

which are applied in aqueous geochemistry and atmospheric science,
and the non-random two-liquid (NRTL) models of Chen,5,6 used
to describe mixed solvent systems of industrial solutions. However,
key molecular-level behaviors, such as hydration and ion pairing,
are generally not treated explicitly in these semi-empirical mod-
els, and when extrapolated beyond the range of concentration to
which they were fitted, they tend to give inaccurate thermodynamic
properties.7 In contrast to these approaches, some thermodynamic
hydration models attempt to represent the microphysical hydra-
tion processes more directly within their theoretical framework
(vide infra) through the incorporation of hydration (formation of
solvent shells around ions).8 Although their fundamental assump-
tion (the ion hydration is the principal determinant of activity) is
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different from that of the ion interaction and local composition
models, they are also highly simplified and contain empirical fit-
ted parameters.9 Properties such as water activity and freezing point
depression of simple electrolyte solutions have been shown to corre-
late very simply with concentration to calculate a range of hydration
numbers, which gives some encouragement to the use of these
approaches.10

Explicit water molecular dynamics (MD) simulations and static
density functional theory (DFT) calculations, with a dielectric con-
tinuum description of the solution environment, can provide an
atomistic view of the processes of ion hydration and ion associ-
ation in solution. These atomistic simulation methods have been
extensively applied to quantify the energetics of ion–water and
ion–ion interactions and to compute single-particle, pair, and col-
lective dynamical properties of aqueous electrolyte solutions.11–14

Therefore, advances in the field may be achieved if the parameters
contained in thermodynamic hydration models could be obtained
from atomistic simulations of aqueous electrolyte solutions rather
than experimental data. Such an approach, if successful, would
remove the dependence on the availability of experimental data
and pave the way to develop aqueous thermodynamic models capa-
ble of estimating the values of solute and solvent activities as
well as thermal and volumetric properties for a wide range of
compositions and concentrations. Alternative approaches to link
the microscopic structure to the thermodynamic properties are
based on the liquid state theory.15 These methods determine the
osmotic coefficients from MD generated ensembles by integrat-
ing the molecular structure of electrolyte solutions, described in
terms of the interionic radial distribution functions.9,16,17 These
methods have, in principle, fewer approximations to obtain ther-
modynamic properties but most likely rely on the quality of the
ab initio and force field used to describe the ion–water and ion–ion
interactions.

This study aims to link the thermodynamic models used to esti-
mate activity coefficients of electrolyte solutions with the molecular-
level processes of ion hydration and ion association. We have
achieved this objective by computing the parameters of aqueous
thermodynamic hydration models from MD simulations and DFT
calculations. We have conducted MD simulations and DFT cal-
culations of hydrated alkaline earth metal ions (Mg2+ and Ca2+)
and aqueous electrolyte solutions (MgCl2 and CaCl2) with differ-
ent concentrations, with the results of the simulations being used to
determine the parameters of thermodynamic hydration models: the
hydration number h, the hydration stages n, and the chemical equi-
librium constant parameters K and k. The values of the parameters
computed from this first principles approach were then used directly
in the hydration models of Stokes and Robinson18 and Balomenos
et al.,19 which were then applied to compute osmotic coefficients of
aqueous MgCl2 solutions.

A. Overview of the thermodynamic stepwise
hydration model

The stepwise hydration-equilibrium models introduced by
Stokes and Robinson (S & R),18 and later improved by Schönert,20,21

assume that a cation can possess various discrete degrees of
hydration related by stepwise hydration equilibria. Cations (C)
become hydrated through a stepwise process where a single water

molecule binds to the ion–water cluster during each degree of
hydration,

C ⋅ (H2O)i−1 +H2OÐÐ⇀↽ÐÐC ⋅ (H2O)i. (1)

In Eq. (1), each hydration step i is controlled by an equilibrium
constant relating the activities of the hydrated species and water,

Ki =
ai

ai−1aW
. (2)

The competition between neighboring solvent molecules in the
coordinate shells will reduce the strength of binding from one hydra-
tion step to the next. For each successive step, the assumption is
that the standard free energy change for attachment of a water
molecule decreases by a constant amount RTln(k), where k is an
electrolyte-specific parameter. This simplified assumption works in
the R & S’s electrolyte solution model but may not be realistic. It
may also be that the model can represent activity data using equi-
librium constants K that are related to each other in different ways.
In the R & S approach, the equilibrium constants for each step are
related by

K1 = K,
K2 = kK,

. . .

Ki = ki−1K,
. . .

Kn = kn−1K,

(3)

where i is the number of sites of hydration and goes from 1 to n. If ci
is the stoichiometric molar concentration of the ith hydrated species,
then the average hydration number h is then defined as

h = ∑ ici

∑ ci
. (4)

In the S & R hydration model,1 the partial molar volume of ith
hydrated species, V i, is considered to be linearly dependent on the
degree of hydration,

V i = V0 + iVW , (5)

where V0 is the partial molar volume of zero hydration degree, and
VW is the partial molar volume of a water molecule. The value of the
maximum number of hydration sites, n, corresponds to the hydra-
tion number, h. In the S & R model, the water activity and the mean
osmotic coefficient depend on the equilibrium constant, the hydra-
tion number, and the partial molar volume of different hydration
species,22

ln(aA) = ln(1 − cVh) + c(Vh − νVW) +
κ3

24πNA
⋅ VW S(κa), (6)

where a is the distance of the closest approach in the Debye–Hückel
theory, c is the stoichiometric molar concentration, ν is the stoichio-
metric number of the solute, NA is the Avogadro constant, κ is the

J. Chem. Phys. 156, 024502 (2022); doi: 10.1063/5.0074970 156, 024502-2

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Debye–Hückel reciprocal length expressed in the SI unit system and
the molar concentration scale, and the function S(x) comes from the
Debye theory,

S(x) = ( 3
x3 )[1 + x − 1

1 + x
− 2 ln(1 + x)] (7)

For a single salt solute with molal activity, the osmotic
coefficient can be then written as

ϕ = − ln(aA)
νmMA

, (8)

where m is the molality of ion and MA is the molar mass of water.
Schönert’s model20,21 was developed based upon the S & R

approach by considering the hydration of both cations and anions.
The anion hydration is assumed to take place with the same stepwise
procedure as that of the cation. The hydration equilibrium constant
of each step is given by the following expression:

Kp,i = (kp)i
⎛
⎜
⎝

np

i

⎞
⎟
⎠

. (9)

In Eq. (9), kp is the binding hydration constant, where p refers to c,
the cation, or a, the anion. The hydration equilibrium constant Kp,i
for a hydrated ion will then depend on the distinct combinations
of the identical i water molecules on the available np identical hydra-
tion sites. Following Schönert’s assumption that the hydrated species
form a semi-ideal mixture with the solvent, the average hydration
number for each ion is related to the mole fraction of the bulk solvent
water xW ,

hp = ∑
iCp,i

∑Cp,i
= npkpxW

1 + kpxW
. (10)

The hydration model of Balomenos combines the
Pitzer–Debye–Hückel theory,23 which used statistical thermo-
dynamics to retain a more realistic ionic distribution, removes the
charging process, and incorporates a hardcore repulsion factor, with
the stepwise hydration model of Schönert.19 The long-range ionic
interaction is described by Pitzer’s hardcore repulsion factor,23 and
hydration association is represented by Schönert’s two electrolyte
parameters hydration sites and the binding hydration constant.20,21

In the Balomenos model, the osmotic coefficient is defined as

ϕ = − ln(xW)
1000VWc

− κ3

6Dc(1 + κa) +
πac

3
(2a2 + κ4

(Dc(1 + κa))2 ).

(11)

In Eq. (11), c is the total molar concentration of all ions,
D = 4π1000NA, κ is the Debye–Hückel reciprocal length, and a is
the average distance of the closest approach, which is defined as

a
2
= rh

CA = [0.5((rC)3 + (rA)3) + h(rW)3]1/3, (12)

where rh
CA is the radius of the average ionic hydration sphere, rC is

the radius of the cation, rA is the radius of the anion, rW is the radius

of water, and h is the maximum number of hydration sites (here
the hydration number). The Balomenos model uses only one elec-
trolyte parameter, the maximum number of hydration sites, which
includes contributions from ion-specific interactions between a sin-
gle ion and solvent molecules and electrolyte specific interactions
between multiple ions and solvent molecules.

II. COMPUTATIONAL DETAILS
A. Classic molecular dynamics simulation

We used classical MD simulations of magnesium chloride solu-
tions, MgCl2(aq), and calcium chloride solutions, CaCl2 (aq), with
concentrations ranging from 0.1 to 2.8 mol.kg−1. These simula-
tions have been used to characterize the structure and low-frequency
dynamics of water and estimate the hydration number, h, of this
electrolyte as a function of concentration. Furthermore, free-energy
difference calculations from ensembles generated by MD simula-
tion have also been conducted to evaluate the electrolyte-specific
parameter, k. All MD simulations were carried out using GRO-
MACS (v. 2019.4).24 The models of aqueous electrolyte solution
were based on the full atomistic treatment of the solute and sol-
vent molecules. Water molecules were described with the three-site
SPC/E water model,25 while “scaled charge” Empirical Continuum
Correction (ECC) force fields were used to describe the ion–water
and ion–ion interactions.26–28 The fast electronic polarization in
ECC force fields is considered in a mean-field approach and imple-
mented numerically by scaling the charges of the ions. Here, we have
used the Lennard-Jones potentials for MgCl2(aq) and CaCl2(aq)
parameterized by Duboué-Dijon et al.,26,29 in which the charges
for the cations (magnesium and calcium) and chlorine ions are
set to +1.7 and −0.85, respectively. We have used these force
fields among several others available in the literature for divalent
cations because they have shown to provide an accurate structural
description of concentrated aqueous MgCl2 and CaCl2 solutions.
Duboué-Dijon et al. have parameterized and benchmarked this
force field to experimental neutron scattering patterns of concen-
trated (3 m) MgCl2(aq).30 A similar benchmarking against neutron
scattering data on concentrated CaCl2(aq) solutions together with
ion-pairing free energy profiles from ab initio molecular dynamics
has also been conducted by Martinek et al.29 Moreover, a detailed
assessment of ten interatomic potentials for hydrated Mg2+ by
Di Tommaso and co-workers also concluded that the Duboué-
Dijon ECC model used in this work provided the best overall
agreement with quantum mechanical and experimental reference
data.31

The MD simulations were conducted using the follow-
ing computational protocol: A cubic box was filled with ∼800
water molecules. The MD simulations were conducted in the
isothermal–isobaric ensemble (NPT, P = 1 atm and T = 300 K) for
1 ns to generate an equilibrated aqueous solution. The last con-
figuration was then used to generate MgCl2(aq) and CaCl2(aq),
with concentrations ranging from 0.1 to 2.8 mol kg−1, by randomly
replacing N water molecules with N/3 Mg2+ and 2N/3 Cl− ions and
by making sure that the initial configuration did not contain contact
ion pairs. The volume of the simulation box was further minimized
in the NPT ensemble, followed by a production period of 1 ns.
Configurations were saved every 1 ps. Long-range electrostatic inter-
actions were accounted for using the Particle–Mesh Ewald (PME)
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method with a 12 Å cutoff for nonbonded interactions. Simula-
tions in the NPT ensemble used the velocity-rescale thermostat32

and Parrinello–Rahman pressure coupling methods33 with a 2 ps
time constant. Bonds involving hydrogen atoms were constrained
by the LINear Constraint Solver (LINCS) algorithm.34

The free energy calculations of removing a specific water
molecule in the electrolyte solution were conducted with the
GROMACS “bar” module which implements the Bennett Accep-
tance Ratio (BAR) method combined with the PLUMED plugin
(v. 2.4.1).35,36 To avoid the selected water molecule moving between
different coordination shells during the MD simulation, we imposed
two harmonic bias potentials, both with a constant of 1000 kJ
mol−1, along the reaction coordinates defined by the distances
between the cation and the water and between the anion and the
water.

B. DFT calculations
Electronic structure calculations were carried out with the

Gaussian09 code.37,38 Geometry optimization and frequency calcu-
lations were both conducted with the long-range corrected hybrid
density functional with damped atom–atom dispersion corrections
(B97X-D)39 together with the Pople basis set 6-311++G(d,p). The
solvation models used to conduct the solution-phase calculation
were the conductor-like polarizable continuum model (CPCM)
and the polarizable continuum model using the integral equa-
tion formalism variant (PCM).40 The free energies of the step-
wise process [Eq. (1)] where a single water molecule binds to
the ion–water cluster were computed according to the following
equation:

ΔG∗ = G∗C+(H2O)i
−G∗C+(H2O)i−1

−G∗H2O, (13)

where G∗X is the total Gibbs free energy of species (X = C+(H2O)i,
C+(H2O)i−1, or H2O) in the liquid phase at 300 K. We have used
the procedure recommended by Ho et al.41 to apply dielectric con-
tinuum solvent models to study chemical reactions in the condensed
phase, with the free energies of molecules in the solution obtained
from separate gas- and solution-phase calculations. The values of G∗X
were calculated using the following expression:42

G∗X = Ee,gas + δG
○

VRT,gas + ΔG∗solv + RT ln[R̃T], (14)

where Ee,gas is the gas-phase total electronic energy of the gas-
phase optimized geometry of the species X, δG

○

VRT,gasis the
vibrational–rotational–translational contribution to the gas-phase
Gibbs free energy at 300 K under a standard-state partial pressure
of 1 atm, ΔG∗solv is the solvation free energy of the solute cor-
responding to the transfer from an ideal gas at a concentration
of 1 mol dm−3 to an ideal solution at a liquid-phase concentra-
tion of 1 M, and the RTln[R̃T] term is the free energy change of
1 mol of an ideal gas from 1 atm to 1 mol dm−3 (RT ln[R̃T]
= 1.89 kcal mol−1 at 300 K, where R̃ = 0.082 052 K−1).43,44 We have
computed the vibrational–rotational–translational contribution to
the optimized gas-phase structure of the hydrated cluster because
the solute is not an ideal gas. Consequently, the ideal gas partition
functions, particularly the translational and rotational contributions,

are unlikely to be valid in solution.41 When modeling microhydrated
molecules and ions, an aspect of the calculations that should be con-
sidered is the low-lying energy minima on their potential energy
surface. The sampling of multiple configurations of hydrated clus-
ter ions is likely to be important for labile cations, such as K+ or
Na+, which display a fast water exchange.48 However, Ca2+ and,
in particular, Mg2+ strongly interact with the surrounding water
molecules. These hydrated cations are likely to be characterized by
a single configuration if the water molecules are part of the first
shell.

III. RESULTS AND DISCUSSION
A. Subpopulation water classification method

In an aqueous electrolyte solution, a water molecule can be in
the first- or second-coordination shells of the cation/anion, shared
by both ions, or part of the bulk. We have implemented a coopera-
tive hydration model to categorize the water molecules in electrolyte
solutions into different subpopulations (Fig. 1). Each water molecule
in the solution is labeled as Wab, where a, b = 1, 2, B, depending on
the position of oxygen and hydrogen atoms from the cation (Mg2+

or Ca2+) and the anion (Cl−). The subscript a in Wab is set to 1 when
the oxygen (O) atom is in the first coordination shell of the nearest
cation, to 2 when O is in the second coordination shell of the near-
est cation, and to B when it is beyond the second shell. Similarly, the
subscript b is set to 1 when one of the hydrogen (H) atoms of the
water molecule is in the first coordination shell of the nearest anion,
to 2 when H is in the second coordination shell of the nearest anion,
and to B when it is beyond the second shell. Assignments were made
by comparing the distance between oxygen and the nearest cation
within the first and second Mg2+ coordinate shells and the distance
between hydrogen and the nearest chloride within the first and sec-
ond Cl− coordinate shells (any one of the two hydrogen atoms in
the water molecule). We have assumed that water molecules in the

FIG. 1. Definition of water subpopulations for a solvent separated Mg2+ and Cl−

ion pair showing the categorization of one H2O molecule in the W12 subpopulation:
the O atom in the first coordination shell of Mg2+and both H atoms in the second
coordination shell of Cl−.
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same subpopulation have the same behavior. We have previously
demonstrated the robustness of this method to determine the dis-
tribution of the water molecules into different water subpopulations
for MgCl2(aq).47 However, alkaline ions, such as Na+ and K+, have
much faster water exchange dynamics than Mg2+ and Ca2+.48 Other
classification methods based on order parameters49 rather than dis-
tance criteria could be appropriate for labile cations and conditions
of higher concentration.

B. Equilibrium constant k and K parameters
The stepwise hydration process to form the fully hydrated

cation [C(H2O)h]
z+ is given by the following equation:

[C(H2O)h−1]
z+ +H2OÐÐ⇀↽ÐÐ [C(H2O)h]

z+, −ΔGn, Kn = kn−1K,
(15)

where h is the hydration number, which represents the maximum
number of water molecules influenced by the cation, n is the maxi-
mum degree of hydration, and Kn is the equilibrium constant of the
stepwise process that is related to the free energy of removing the hth
water molecule from C(H2O)h by ΔGn = RTlnKn. Notice that for
a cation ion with one or more stably coordinated water molecules,
n ≤ h because the number of water molecules for the initial hydra-
tion step is not equal to 1. The hydration of the fully hydrated
cation

[C(H2O)h]
z+ +H2OÐÐ⇀↽ÐÐ [C(H2O)h+1]

z+,

−ΔGs, Kn+1 = knK = KW ,
(16)

will have an equilibrium constant equivalent to the hydration of a
water molecule in pure bulk water (KW ), which is related to the free
energy needed for removing one bulk-like water molecule from the
fully hydrated cluster, ΔGs = RTln(Ks). Therefore, the electrolyte-
specific parameter k, which is the standard free energy change for
successive step water attachment in the S & R hydration model,
RTln(k), is given by

k = KW

Kn
. (17)

Based on the assumption that water molecules in the same
subpopulation have equal ability to bind the ion–water cluster, the
electrolyte-specific parameter k can be determined from the ion-
affected subpopulation with the lowest absolute value, ΔΔG, which
corresponds to the last step of the hydration process,

− RT ln(k) = min∣ΔΔG∣ = ∣ΔGn − ΔGs∣. (18)

The value of ΔGn for each water subpopulation in an aqueous elec-
trolyte has been computed using a computational protocol based
on the BAR method, as detailed in Sec. II A. This methodology has
been used to determine the k parameter of aqueous MgCl2 solutions
for concentrations ranging from 0.1 to 2.8 mol kg−1 (Fig. 2). The
method assumes that we can separate the description of the influ-
ence of the cation and anion on the water molecules. Figure 2(a)
reports the average values of the free energy for the subpopulation of
MgCl2(aq). Since the effect of water in the first shell of a magnesium
ion is much greater than that of a chloride ion, we can neglect the

influence of water molecules from anions when these are in the first
shell of cations (W1x). Similarly, since the free energy values of the
subpopulations WB2 and WBB are similar for all the concentrations,
the effect of water molecules in the second shell of the anion (WB2) is
small and can be neglected. As the free energy value of W21 is larger
than that of W22, the chloride and magnesium ions have an over-
lapping effect on the water molecules in W21. To separate the effect
of Mg2+ and Cl− on the water molecules, we generated two standard
lines, the orange and light blue dashed lines, respectively, in Fig. 2(a),
each representing the effect of Mg2+ and Cl− separately. The orange
dashed line (WBB subpopulation) represents the free energy change
of removing a bulk-like water molecule. We use this line to compare
the free energy values of the water molecules in the subpopulations
without the effect of chloride: W1x, W22, and W2B. These subpop-
ulations are under the influence of Mg2+. The sky-blue dashed line
represents the free energy change of removing a water molecule in
the first coordinate shell of Cl− obtained from MD simulations of
one isolated chloride ion in the pure water system. We use this line
to compare the free energy change of water molecules belonging
to subpopulations that could be affected by the chloride only: W21
and WB1.

The variation of min∣ΔΔG∣ of electrolyte solutions as a function
of concentration is summarized in Fig. 2(b), where the blue- and
orange-colored bar charts represent the chloride- and magnesium-
affected water subpopulations, respectively. For molality lower than
0.6 mol kg−1, the value of min∣ΔΔG∣ comes from the WB1 subpop-
ulation, which corresponds to water molecules beyond the second
coordinate shell of the cation but in the first coordinate shell of the
anion. These water molecules can be considered non-bulk-like. The
values of the k parameter are between 0.8 and 1. For more concen-
trated solutions, min∣ΔΔG∣ is due to the W22 subpopulation and the
equilibrium constant parameter k shows a constant trend around
0.7. In comparison, the value of k obtained from the application
of the S & R model to MgCl2(aq) (fitting code with the e04fyf rou-
tine from the NAG Library) is 0.9 (Table S1 of the supplementary
material).

The other equilibrium constant parameter, K1, is associated
with the first degree of hydration (n = 1). Mg2+ is a strongly hydrated
ion with six water molecules stably coordinated to the ion.45 Conse-
quently, these water molecules will not participate in the stepwise
hydration process. The DFT calculations were conducted to deter-
mine the free energies of the formation of the pseudo-first hydration
process,

Mg2+(H2O)6 +H2OÐÐ⇀↽ÐÐMg2+(H2O)7 K1 = K, (19)

with the seventh water molecule in the second coordinate shell bind-
ing onto the magnesium–water cluster. We calculated G∗X , the total
Gibbs free energy of species (X = Mg2+(H2O)6, Mg2+(H2O)7, or
H2O), and further got the Gibbs free energy change of the ini-
tial hydration process (Table S2 of the supplementary material).
According to the equation ΔG = −RTln(k), the equilibrium constant
parameter K of MgCl2 is 2.72.

C. Hydration numbers and hydration stages
We present the determination of the hydration number h of

an electrolyte solution using two methods based on the calculation
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FIG. 2. Results from free energy calcu-
lations of MgCl2(aq) with concentrations
from 0.1 to 2.8 mol kg−1. (a) Aver-
age free energy change of removing a
water molecule from each subpopula-
tion. The orange dashed line (WBB) is
the free energy change of removing a
bulk-like water molecule. The sky-blue
dashed line is the free energy change
of removing a water molecule in the
first coordinate shell of Cl− obtained
from simulations of an isolated ion in
water. (b) Values of min∣ΔΔG∣ and k
as a function of concentration. The blue
bars are min∣ΔΔG∣ values obtained from
the difference of ΔGn from the chloride-
affected subpopulation (WB1) and ΔGs

from the sky-blue dashed line. The
orange bars are ΔΔG obtained from the
difference between ΔGn from the Mg-
affected subpopulations (W22) and ΔGs

from the WBB subpopulation.

of the following water-specific properties: the free energy of water
removal and the water dipole reorientation dynamics.

1. Free energy-based method
By inserting the values k and K determined in Sec. III B into

Eq. (3), we can obtain the equilibrium constant K i (1 ≤ i ≤ n) of
each degree of stepwise hydration. Figure. 3 reports the Gibbs free

energy change for the formation of the next hydration stages (ΔGi) of
aqueous MgCl2 solutions. Reactions with a negative ΔG (dark blue)
occur spontaneously and those with a positive ΔG (orange color)
are unfavorable and require the energy input to take place. When
ΔG is zero (white color), the system has reached the maximum
hydration stages. At low concentrations, our predicted value of h for
MgCl2(aq) is 14, close to the infinite dilution hydration number 14.5
deduced from isothermal compressibility.46 The hydration number

J. Chem. Phys. 156, 024502 (2022); doi: 10.1063/5.0074970 156, 024502-6

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 3. Gibbs free energy change of
the stepwise hydration of Mg2+ in aque-
ous MgCl2 solutions ranging from 0.1 to
2.8 mol kg−1.

parameter is not constant and decreases to 9 for higher concentra-
tions (Fig. 3).

We tested the same methodology on the aqueous CaCl2 solu-
tions with concentrations from 0.1 to 2.0 mol kg−1 (Fig. 4). The
variation of min∣ΔΔG∣ as a function of the concentration and the val-
ues of k are summarized in Fig. 4(a). The water molecules that belong
to the first and second coordination shells of Ca2+ change during
the simulation, with the coordination number varying between six
and seven.48 The calcium ion is not as strongly hydrated as the
magnesium ion, and water exchanges between the first and second
hydration shell Ca2+ could be observed throughout the simula-
tion compared with none of such events around Mg2+.47 The water
molecules under the effect of chloride ions in the CaCl2 solutions do
not show a different behavior compared with that under the effect of
a single Cl− in the pure water system. For dilute solutions (up to
0.3 mol kg−1), the last hydration process occurs on the water
molecule belonging to the W22 or W2B subpopulation. For higher
concentrations, this process always occurs in the W21 subpopula-
tions. The reason for this trend is that at low concentrations (lower
than 0.5 mol kg−1), a small number of water molecules from the W22
subpopulation are non-bulk-like and most of the water molecules
are bulk-like. Consequently, the average result in W22 is close to
the reference WBB subpopulation. When the concentration is higher,
most of the water molecules in the W21 subpopulation are non-bulk-
like, so the average result of water in W21 is relatively biased to W1X.
DFT calculations were also used to calculate the Gibbs free energy
change of the formation of next hydration degree. There are only a
small number of water molecules stably “binding” to calcium ions
at the initial hydration stage ion–water cluster. The initial hydration
process is

Ca2+(H2O)1 +H2OÐÐ⇀↽ÐÐCa2+(H2O)2 K1 = K, (20)

where the equilibrium constant parameter K of CaCl2 is 3.43 (Table
S3 of the supplementary material). The Gibbs free energy change of
the formation of the next hydration stages (ΔGi) calculated with the
values of k and K parameters is given in Fig. 4(b). There is some
disagreement between previously reported values of the hydration
number of the calcium ion. Zavitsas reported a hydration num-
ber of 12.0 from freezing point depression measurements and 6.7
from boiling point elevations.10 Moreover, the value of h obtained
by applying the S & R model to CaCl2(aq) is in the range of 4 to
8.18 The h value obtained from our free energy based atomistic
simulation method shows dependence on the concentration and
suggests a value of 9 for dilute solutions and 4 for solutions with
concentrations around 0.5 mol kg−1 or higher. In Fig. 4(b), there
is a significant increase in the hydration number for CaCl2(aq)
below 0.5 mol kg−1. For these solutions, the last hydration pro-
cess occurs on the water molecule belonging to the W22 or W2B
subpopulation (the difference of free energy is between subpopula-
tions W22 and WBB). For higher concentrations, the last hydration
process always occurs in the W21 subpopulations (the difference
of free energy is between subpopulations W21 and Cl− in pure
water). For concentrations lower than 0.5 mol kg−1, a small number
of water molecules from the W22 subpopulation are non-bulk-like
and most of the water molecules are bulk-like. Consequently, the
average result in W22 is close to the reference WBB subpopulation.
When the concentration is higher, most of the water molecules in
the W21 subpopulation are non-bulk-like, so the average result of
water in W21 is relatively biased to W1X. For CaCl2(aq), the sub-
population method might be sensitive to water exchanges between
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FIG. 4. Results of CaCl2(aq) from 0.1 to
2.0 mol kg−1. (a) Variation of min∣ΔΔG∣
and k with the solution concentration.
The orange bars were obtained from the
difference between ΔGn of the Mg2+

affected subpopulations labeled in the
figure and ΔGs of the WBB subpopula-
tion. (b) Gibbs free energy change of pre-
vious hydration stage calcium water clus-
ter to this hydration stage calcium water
cluster in a CaCl2 aqueous solution.

the first and second hydration shell Ca2+ occurring during the MD
simulation.

2. Orientational dynamics-based method
The second method to determine the hydration number

parameter relies on the orientational dynamics of water molecules.

Rotational motion plays a crucial role in the breaking and making of
hydrogen (H) bonds (more strongly H-bonded molecules reorient
more slowly) and can be computed from the first-order Legendre
time correlation function,48–50

C1(t) = ⟨μ⃗(0) ⋅ μ⃗(t)⟩/μ⃗(0)2, (21)

J. Chem. Phys. 156, 024502 (2022); doi: 10.1063/5.0074970 156, 024502-8

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

where μ⃗(0) and μ⃗(t) are the unit vectors defining the orientation
of the dipole moment of H2O at times 0 and t, respectively. The
application of this method to MgCl2(aq) is reported in Fig. 5. The
C1(t) function starts at 1 and decays asymptotically to zero because
of the random and isotropic orientation of the water molecules in
the solution [Fig. 5(a)]. The early stage of fast loss of correlation
is caused by librational motion, whereas the long term decay is

due to reorientational motion and can be fit by a bi-exponential
function, a exp(−t/τ1) + b exp(−t/τ2).34 The overall time associated
with this process, τreor , is given by the sum of fitting parameters
τ1 + τ2.

For each subpopulation, the orientation time correlation func-
tion has been computed by tracking the dipole vectors of the water
molecules belonging to that specific subpopulation. In Fig. 5(b), we

FIG. 5. Determination of the hydration numbers of aqueous MgCl2 solutions from water reorientation dynamics. (a) Orientational time correlation function C1(t) of the W21
subpopulation in 0.61 mol kg−1 MgCl2(aq). (b) Retardation factor computed as the ratio between the reorientation relaxation time of the subpopulation and bulk water used
to determine slow reorienting subpopulations in 0.61 mol kg−1 MgCl2(aq). (Inset) Number of water molecules per Mg–Cl ion pairing among the subpopulations. (c) The
number of water molecules from the non-bulk-like water subpopulation, corresponding to the hydration number, during each step of the MD simulation of 0.61 mol kg−1

MgCl2(aq). (d) Distribution of different hydration stages, Ci/C, existing in the MgCl2 solutions.
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define the retardation factor as the ratio between the relaxation times
of a specific subpopulation, WXX , and bulk water, Wbulk,

fWXX =
τWXX

τWbulk

. (22)

A slow relaxation dynamic should be observed for water
molecules that are in non-bulk-like subpopulations. The statisti-
cal approach used to differentiate between bulk-like and hydration
water subpopulations are based on the empirical 68-95-99.7 rule. For
a subpopulation WXX to be classified as non-bulk-like, the retarda-
tion factor must lie outside 3σ of the mean value of bulk-like water,
that is, the value of fWXX should be larger than the 3σ deviation.
This subpopulation analysis has been conducted at each time step
using four (non-overlapping) simulation blocks each lasting 5 ps.
The water molecules that are in the second coordination shell of
Mg2+ (subpopulations W2X) are outside the 2σ deviation and are
classified as non-bulk-like water. A much slower relaxation dynamic
compared to bulk (5 ≤ fWXX ≤ 6) is observed for water molecules that
are in the first coordination shell of Mg2+ (subpopulations W1X).
The chloride ion does not have a significant effect on the reorien-
tation dynamics of water: subpopulations such as W1B with water
molecules in the first coordination shell of Cl− and outside the sec-
ond coordination shell of Mg2+ have a reorientation relaxation time
that is very close to that of bulk water. These results confirm the
long- and short-range effects of Mg2+ and Cl− on the reorientation
water dynamics, respectively. The inset figure of Fig. 5(b) reports the
distribution of water molecules per Mg–Cl ion pairing among dif-
ferent subpopulations. It is also possible to evaluate the number of
water molecules that are in the bulk (free water) or coordinated to
Mg2+ or Cl−.

Figure 5(c) shows the number of slow-orienting (non-bulk-
like) water molecules [belonging to the subpopulations in the red
shadow in Fig. 5(b)] of 0.61 mol kg−1 MgCl2(aq) during the sim-
ulation time. The frequency of each hydration number during the
simulation corresponds to the distribution of hydration stages, Ci/C,
in the S & R’s stepwise hydration model.18 The different hydration
degrees that exist in the solutions with concentrations ranging from
0.1 to 2.8 mol kg−1 are reported in Fig. 5(d). The weighted average
value of the number of water molecules in these non-bulk-like sub-
populations is the average hydration number. This figure shows a
trend of the hydration number to lower values as the concentration
increases.

3. Theory and experiment comparison
Figure 6 compares the hydration numbers of MgCl2(aq) as a

function of concentration obtained from the hydration models of
S & R and Balomenos, computed from the MD simulations using
the free energy and orientational dynamics methods, and deter-
mined experimentally from concentration-dependent THz dielec-
tric relaxation (DR) spectroscopy measurements.47 The hydration
number measured from THz-DR spectroscopy corresponds to the
average number of moles of water molecules per mole of dis-
solved salt that no longer participate in bulk-like reorientation dyna-
mics.48 This molecular definition of the hydration number pertains
to “irrotationally bound” water molecules (the ones tightly bound
to the solute). The values from Schönert’s model are not listed in

FIG. 6. Comparison of the hydration number calculated from thermodynamic step-
wise hydration models (S & R 1973 and Balomenos), the free energy- and water
reorientation dynamics-based simulation methods, and THz experiments.

Fig. 6 because they are similar to those from the Balomenos model
and only available up to a molality of 1 mol kg−1. The stepwise
thermodynamic models cannot give hydration number parameters
that change with concentration and are close to the experiment
only at high concentrations. In comparison, the hydration num-
bers computed from atomistic properties of water molecules are
concentration-dependent and close to the THz-DR experimental
results.

Figure 7 compares the experimental1 and predicted values of
the osmotic coefficients, ϕ, of MgCl2(aq). We computed the osmotic
coefficients from the original S & R and Balomenos models, in which
the hydration number h was obtained by fitting to experimental
measurements, and the modified version of these two models, where
h has been determined in this study either from the free energy-
based or water orientational dynamics-based methods. When the
value of hydration number differs vastly from the original hydration
number data fitting in the models, the osmotic coefficient obtained
by the formula in the model will have a large gap with the results
from experiments. This difference of hydration number between fit-
ting results and computational method results has a more noticeable
impact on the osmotic coefficient as the concentration increases.
For example, the osmotic coefficient from Balomenos reparam-
eterized with the orientational dynamics-based method deviates
significantly from the experimental data when the concentration is
higher than 1.0 mol kg−1. The osmotic coefficient from the S & R
1973 model and the Balomenos reparameterized with the h values
from the free energy-based method shows a good agreement with
the experiments.

D. A reparameterized Stokes and Robinson model
In Secs. III B and III C, we have computed the parame-

ters k, K, and h. Moreover, we have related these parameters to
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FIG. 7. Experimental1 and predicted osmotic coefficients, ϕ, of MgCl2 (aq).
Theoretical values obtained from the original and reparameterized S & R model
and Balomenos models using the free energy-based method and orientational
dynamics-based method.

molecular processes occurring in the MgCl2 solutions. Here, we
show a simple modification of the S & R model that considers these
parameters and the molecular-scale behavior of the ions in the solu-
tion. The original S & R 1973 hydration model assumes the zeroth
degree of hydration of a solute in a solution to be the solute ion itself.
However, this could not be a realistic picture for most ions and, espe-
cially, strongly hydrated cations. For example, the hydrated Mg2+

has a very stable minimum corresponding to sixfold coordination
with water, Mg(H2O)6

2+, and the five-coordinated intermediate,
Mg(H2O)5

2+, is inaccessible at 300 K due to the very high activa-
tion barrier between the six- and five-coordinated configurations of
Mg2+.45 Consequently, the water exchange is drastically retarded in
its first solvation shell.48,50 It is possible to assume that i, the degree
of hydration of the hydrated ion cluster, starts from 0 [Mg2+ and
six water clusters, Mg(H2O)6

2+] to a maximum hydration stage n
[Mg2+ and h number of water clusters, Mg(H2O)h

2+]. The partial
molar volumes related to the degree of hydration are given by the
following expression:

V i = VC + (6 + i)VW (0 ≤ i ≤ n), (23)

where VC is the partial molar volume of solute and VW is the
partial molar volume of water. Therefore, the relationship between
hydration stage n and hydration number h is

h = 6 + n. (24)

By inserting Eq. (24) into Eq. (6), we obtain

lnaA = ln[1 − c(VC + hVW)] + c[VC + (h − ν)VW]
+ [κ3/(24πNA)]VWS(κa). (25)

We calculated the values of the concentration ratios ci/c using the
equations

ci/ci−1 = (Ki/Y)aA,

ci = c0 ⋅ (K/Y)i ⋅ ki(i−1)/2ai
A,

(26)

where lnY = c(VC + hVW − υVW). The fitting code used to repro-
duce the hydration number, equilibrium constants distribution of
different hydration degree concentrations, and osmotic coefficient
data from the S & R model were based on the e04fyf routine from
the NAG Library.51

In Eq. (26), ci/c represents the existing hydration stages in
the solutions. It has been calculated by quantifying the coopera-
tive effect of ions on the water reorientation dynamics of different
water subpopulations. As shown in Fig. 8, the hydration stages of
MgCl2 solutions from the original S & R 1973 model and the one
obtained using the values of the parameters obtained from atom-
istic simulations show different behaviors. The modified model
shows a higher number of accessible hydration stages and leads
to a range of hydration number values, from 7.7 to 9.3, compared
to the original model, from 8.6 to 7.8. This behavior reflects the
number of water molecules per ion in solution with a slow reori-
enting behavior and links the microscopic dynamic equilibrium to
the macroscopic affected water shell. Therefore, the modified model
reflects the underlying process controlling the hydration process

FIG. 8. Ratio Ci /C of existing hydration stages and the hydration number from the
fitting code of the (a) original Stokes and Robinson 1973 and (b) reparameterized
models.
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FIG. 9. The comparison of the osmotic coefficient from experiments, the orig-
inal S & R 1973 model, and the modified model with the physical-meaning
parameter h.

without affecting the ability of the model to calculate the osmotic
coefficient.

Figure 9 shows that using parameters based upon computed
microscopic properties, the reparameterized S & R (1973) model
can predict well the osmotic coefficients. This result could also be
because the stepwise hydration-equilibrium model of S & R (1973)
provides a simple but still realistic description of the processes
controlling the thermodynamic properties of aqueous electrolyte
solutions. Moreover, a detailed comparison of the raw data shows
a minor but still quantifiable improvement of our reparameterized
model compared with the original S & R (Table S4 of the supplemen-
tary material). It is worth noting that the force field used to describe
the ion–water and ion–water interactions was verified to scattering
patterns at only a few concentrations,30 which is not compelling
enough to assume good agreement over the entire concentration
range. However, the reparameterized S & R (1973) model still pro-
vides an excellent predictive power of the osmotic coefficient. This
result could suggest the accuracy of the ECC force field. On the
other hand, it also affirms the correctness of the thermodynamic
hydration model on the underlying ion hydration and ion–ion
processes.

IV. CONCLUSIONS
Thus far, thermodynamic models used to estimate the activ-

ity coefficients of electrolyte solutions contain empirical parameters
determined by fitting the models to experimental data. In this study,
we have conducted atomistic simulations to show the link between
the parameters of stepwise hydration models and the molecular-level
ion-hydration processes in electrolyte solutions. We have devel-
oped computational procedures to determine the concentration-
dependent values of the k, K, and h parameters used in the Stokes

and Robinson (1973) and Balomenos stepwise hydration models and
reparameterized such models to compute the osmotic coefficients of
MgCl2 solutions.

● We have implemented a simplified subpopulation water cat-
egory methodology to describe the behavior of water in the
hydration shell of ions and quantify the cation–anion mix-
ture effect. Using this classification method, we have com-
puted the hydration free energy and reorientation dynamics
of the water molecules in the subpopulations of MgCl2(aq)
and CaCl2(aq).

● Based on the assumptions that water molecules belonging
to the same subpopulation have equal ability to bind to the
ion–water cluster and do not exchange between different
subpopulations, we have determined the electrolyte-specific
parameter k from the ion-affected subpopulation with the
lowest absolute value of the free energy of water removal.

● The equilibrium parameter, K1, associated with the first
degree of hydration, was computed from density functional
calculations of the free energy of hydration of the hydrated
ionic clusters in solution.

● The hydration number h was determined by considering
whether the reorientation time of the water subpopulations
is retarded with respect to bulk-like behavior.

● We used the computed values of the parameters k, K, and
h to reparameterize the hydration models of Stokes &
Robinson (1973) and Balomenos and compute osmotic
coefficients of aqueous MgCl2 solutions as a function of
concentration. The osmotic coefficients obtained from the
reparameterizations of the Stokes and Robinson (1973)
and Balomenos show a generally good agreement with the
experiments.

● We have implemented a version of the Stokes and Robin-
son (1973) model to describe aqueous MgCl2(aq) where the
highly hydrated character of Mg2+ is part of the model. This
reparameterized model can predict well the osmotic coeffi-
cients and leads to some improvements compared with the
original model.

Our work represents an attempt to parameterize aqueous
hydration models using first principles molecular-scale proper-
ties computed from atomistic simulations, rather than fitting the
models to experiments. Such an approach, if found to be gen-
erally applicable to a range of electrolyte solutions and able to
incorporate a treatment of chemical equilibrium between solvent
species, would remove some of the dependence on experimental
thermodynamic measurements and pave the way to develop aque-
ous thermodynamic models capable of estimating the values of
solute and solvent activities for a wide range of compositions and
concentrations.

SUPPLEMENTARY MATERIAL

See the supplementary material for the application of the Stokes
and Robinson (1973) model to aqueous MgCl2 solutions (Table
S1), density functional theory calculations of the Gibbs free energy
change of the initial hydration process of Mg2+ (Tables S2 and
S3), and a comparison of experimental and calculated values of the
osmotic coefficients of aqueous MgCl2 solutions (Table S4).
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