
angle ) 109.47°) from Teleman et al.27 The alkaline earth metal
(Mg2+, Ca2+, Sr2+, Ba2+) ion-water interaction parameters are
taken from a previous study28 which matched the measured
hydration free energies of each ion with the rigid SPC water model.
The chloride ion parameters were previously used to investigate
ion pairing in rigid SPC water.7 The cross-interaction parameters
are derived using the Lorentz-Berthelot combining rules29 using
the same approach as others.17,30 All pure component interaction
parameters are reported in Table 1.

Molecular Dynamics Simulations. Canonical (constant
NVT) ensemble molecular dynamics simulations were con-
ducted to determine the ion solvation properties with the flexible
SPC water model. The metal ion and two chloride ions were
added to a cubic 25.0 Å × 25.0 Å × 25.0 Å simulation cell,
with 512 water molecules at a water density of 1.00 g/cm3. The

ion concentration in the simulation cell was 0.1 M. Equilibration
periods of 0.05 ns in the microcanonical (constant NVE)
ensemble were followed by 10 ns production runs in the NVT
ensemble. Statistics of the production run were collected every
1 ps. A Nose-Hoover thermostat31,32 with a relaxation time of
0.1 ps was used to maintain an average temperature of 300 K.
Solvation properties (radial distribution functions and coordina-
tion numbers) of each ion were evaluated with the flexible SPC
water model.

In addition, isothermal-isobaric (constant NPT) ensemble
molecular dynamics simulations were conducted to investigate
the ion pairing dependence on concentration. The MCl2 salt
simulations were conducted at concentrations ranging from 0.22
to 3.5 M in a cubic simulation cell with 1024 water molecules.
The NPT ensemble was chosen for these calculations to allow
for variations in system volume and density resulting from
different ion concentrations. NPT simulations of 10.0 ns in
length were performed, after short (0.05 ns) equilibration runs

TABLE 2: The Average Simulation Cell Lengths and
Average Concentrations for Each MCl2 NPT Simulationa

cell length (Å) concentration (M)

Number of MgCl2

4 31.32 0.22
8 31.38 0.43
16 31.52 0.85
32 31.82 1.65
64 32.48 3.10
Number of CaCl2

4 31.32 0.22
8 31.38 0.43
16 31.53 0.85
32 31.84 1.65
64 32.60 3.07
Number of SrCl2

4 31.34 0.22
8 31.42 0.43
16 31.59 0.84
32 31.96 1.63
64 32.79 3.01
Number of BaCl2

4 31.35 0.22
8 31.44 0.43
16 31.65 0.84
32 32.09 1.61
64 33.06 2.94

a The cell length standard deviations are between 0.02 and 0.03
Å.

Figure 1. M2+-H2O radial distribution function and coordination
number as a function of radial distance. The radial distribution functions
are given by the solid lines and the coordination numbers are given by
the dotted lines. For clarity, the radial distribution function curves for
each metal are offset from each other by 35 arbitrary units on the y-axis.
Each of these curves asymptotically converges to unity. The right-hand
ordinate scale provides coordination numbers.

TABLE 3: The Aqueous Ion-Water M2+-OH2 Distances,
Coordination Numbers, And Hydration Free Energies As
Compared with Various Experimental Approaches
(Observed)

calculated experiment

ion

ionic
radius

(Å)
∆Ghyd

obs,a

(kcal/mol)
rmax

(Å) C.N
rmax

obs

(Å) C.N.obs

Mg2+ 0.86 -455.5 1.98 6.0 2.00-2.15b 6
Ca2+ 1.26 -380.8 2.38 7.5 2.42-2.47c,d,e,f,g 7 - 8.1c-g

Sr2+ 1.40 -345.9 2.58 8.0 2.57-2.65b,c,d,e,f,g,h,i 6 - 10b,h-m

Ba2+ 1.56 -315.1 2.78 8.8 2.75b 9.5b

Cl- 1.67 -75.8 3.23 7.3 3.24-3.25e 6e,n

a Friedman and Krishnan:67 Free energies are all based on
measured ionization potentials or electron affinities and are based on
compilations. b Ohtaki and Radnai:39 Compilation of EXAFS and
X-ray diffraction data. c Smirnov.68 d Fulton et al.51 e Jalilehvand.19

f Sandstrom.69 g D’Angelo.70 h Seward et al.3 i O’Day et al.71

j Parkman et al.72 k Pfund et al.73 l Persson et al.74 m Palmer et al.75

n Megyes et al.53,54 The ionic radii are given as an indication of the
relative size of each ion.

Figure 2. The residence time correlation function.

TABLE 4: The Water Residence Times in the First
Hydration Shell

residence time (sec)

metal calculated experiment42,45,48

Mg2+ >1.0 ×10-8 6.7 (0.2 × 10-5

Ca2+ 4.91 × 10-11 3.1 × 10-9

Sr2+ 4.31 × 10-11 2.5 × 10-9

Ba2+ 1.46 × 10-11 1.2 × 10-9

14244 J. Phys. Chem. B, Vol. 112, No. 45, 2008 Larentzos and Criscenti

Ted
Sticky Note
The dotted lines are the integral of the area under the curve, just like in NMR.  The height  where the dotted line levels off corresponds to Coordination Number (the right-hand y-axis).  Coordination number goes up with increasing ionic radius (as you go down the Periodic Table.

Ted
Sticky Note
The separation distance is between M2+ and the oxygen atoms of the water molecules in the series of MCl2 solutions at a concentration of 0.1 Molar.

Ted
Sticky Note
The area under a peak, when multiplied by the separation distance cubed, represents the probability of finding the oxygen atom of a water molecule in that solvation shell of the cation.


