
in the NVE ensemble. The simulation cell lengths were allowed
to expand or contract isotropically to maintain an average
pressure of 1 atm at 300 K. The Nose-Hoover barostat and
thermostat31,33 relaxation times were 1.0 and 0.1 ps, respectively.
For each MCl2 NPT simulation, the number of ion pairs as well
as the average cell lengths and system concentrations are
reported in Table 2.

For all molecular dynamics simulations, the velocity Verlet
integration algorithm was used to update positions every 1.0
fs. Full periodic boundary conditions were employed with an
interaction cutoff of half the smallest simulation cell length.
The long-range Coulombic interactions were evaluated using
the Ewald summation method.34 The Ewald precision value was
set to 1 × 10-4 for all simulations. This value ultimately sets
the number of K-space vectors, which are computed internally
through the LAMMPS simulation software.24,25

Potential-of-Mean-Force Calculations. The free energy
profile between the dissociated and associated ion pair states is
mapped through potential-of-mean-force calculations to examine
metal-chloride association in aqueous solution. In this approach,
the ion pair is brought from infinite separation and gradually
reduced to a separation distance r. The potential of mean force,
WM-Cl(r), between the alkaline earth metal, M2+ and the chloride
ion, Cl- is obtained by integration of the mean force, F(r), along
the reaction coordinate pathway and given by the relation

∆WM-Cl(r))-∫r0

r
F(r) dr (2)

To obtain the mean force, F(r), the SHAKE algorithm35 was
used to constrain the ion pair separation at a distance r. The
constant of integration, WM-Cl(r0), at the reference distance, r0,
corresponds to the limiting continuum behavior at the largest
ion pair separation distance and is approximated by the relation

WM-Cl(r0) ≈
qiqj

εr0
(3)

where qi is the charge on ion i and ε is the dielectric constant
of the solvent.1 The dielectric constant for the SPC water is
reported as 78.2,36 and ro was selected to be 10 Å. A detailed
review of the potential of mean force is given elsewhere.1,37

A total of 61 canonical ensemble (NVT) molecular dynamics
simulations were conducted for 0.5 ns at 300 K to obtain the
free energy profiles of each respective metal-chloride pair. The
simulated density of water in the cubic 24.9 Å × 24.9 Å ×
24.9 Å simulation cell was 1.00 g/cm3 (N ) 512 water
molecules, 1 M2+, 2 Cl-). The ion pair constrained distance
was varied from 1.0 Å to 10.0 Å, with intermediate step sizes
of 0.15 Å. Statistics on the mean force were collected every
time step over a 0.5 ns simulation. Charge neutrality was
maintained by allowing the additional chloride ion to move
unconstrained throughout the simulation cell. Finally, the
potential of mean force was obtained through numerical
integration using Simpson’s rule.38

3. Results and Discussion

3.1. Hydration Structure of Alkaline Earth Metal Cations.
The hydration structural properties for each aqueous ion (Mg2+,
Ca2+, Sr2+, Ba2+) are computed from canonical NVT ensemble
molecular dynamics simulations. The average metal-oxygen
distances and coordination numbers of 0.1 M solutions are
determined from the radial distribution functions (RDF), which
are shown in Figure 1 and provided in Table 3. The first peak
maximum represents the average metal-oxygen distance and
the first peak minimum is characteristic of the outer radius of
the first solvation shell.

In general, for the alkaline earth metals, the M2+-H2O distance
and coordination number increases as a function of cation size
(Mg2+ < Ca2+ < Sr2+ < Ba2+). The resulting peak maxima
and coordination numbers are consistent with X-ray diffraction,
neutron diffraction, and EXAFS experiments,39 demonstrating
that the flexible SPC water model in combination with the force
field parameters for the alkaline earth metals adequately predict
the geometry of the first hydration shell around each of the
metals.

In addition to the structural information, the force field
parameters were previously parametrized to the hydration free
energies through the free energy pertubation method.28 The
hydration free energies measured from experiments are provided
in Table 3. In general, the interaction strength between water
and the metal cation increases as the ion radius decreases,
indicating that it is more difficult to remove a water molecule
from the Mg2+ hydration shell than from the Ba2+ hydration
shell.

Figure 3. Radial dependence of the potential of mean force and pair-
distribution function. For comparison, each alkaline earth metal-chloride
ion pair (Mg-Cl, red; Ca-Cl, blue; Sr-Cl, black; Ba-Cl, green) are
offset from one another by 10 kcal/mol (a) and 10 units (b).

TABLE 5: Calculated Potential Energy Minima, Maxima, and Free Energy Barriers

CIP
min

SSHIP
min

SSIP
min

CIP|SSHIP
max

CIP f SSHIP
Ea

SSHIP f CIP
Ea

SSHIP|SSIP
max

SSHIP f SSIP
Ea

SSIP f SSHIP
Ea

MgCl+ 2.53 -1.34 -0.87 8.72 6.19 10.06 -0.16 1.18 0.71
CaCl+ 0.22 -1.20 -0.82 3.38 3.16 4.60 -0.49 0.71 0.33
SrCl+ -0.36 -1.24 -0.77 2.87 3.23 4.12 -0.51 0.74 0.26
BaCl+ -1.84 -1.30 -0.86 1.92 3.76 3.22 -0.62 0.67 0.23
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