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The alkaline earth metals calcium and magnesium are critically involved in many biomolecular processes. To
understand the hydration thermodynamics of these ions, we have performed molecular dynamics simulations
using a polarizable potential. Particle-mesh Ewald for point multipoles has been applied to the calculation of
electrostatic interactions. The parameters in this model have been determined from an ab initio quantum
mechanical calculation of dimer interactions between ions and water. Two methods for ion solvation free
energy calculation, free energy perturbation, and the Bennett acceptance ratio have been compared. Both
predict results consistent with other theoretical estimations while the Bennett approach leads to a much smaller
statistical error. Based on the Born theory and the ion-oxygen radial distribution functions, we estimate the
effective size of the ions in solution, concluding that K+ > Na+ = Ca2+ > Mg2+. There appears to be much
stronger perturbation in water structure, dynamics, and dipole moment around the divalent cations than the
monovalent K+ and Na+. The average water coordination numbers for Ca2+ and Mg2+ are 7.3 and 6,
respectively. The lifetime of water molecules in the first solvation shell of Mg2+ is on the order of hundreds
of picoseconds, in contrast to only few picoseconds for Ca2+, K+, or Na+.

I. Introduction

Ions play critical roles in fundamental biological functions
including signal transduction, enzymatic activities, and organiz-
ing the structure of proteins and nucleic acids. Besides acting
as nonspecific salt buffers, ions also interact with biomolecules
in specific fashions (e.g., ion channels, metalloproteases). In
fact, many biological processes have been found to be ion
specific. For example, Mg2+ is critical to stabilize the three-
dimensional structure of many functional RNA molecules;
protein kinases require Mg2+ in coordination with ATP to
facilitate phosphorylation; the binding of Ca2+ to calmodulin
is involved in DNA synthesis and cell division.1 In addition, a
recent review has underscored the importance of Zn2+ and other
metal ions in survival and pathogenesis of many viruses,
including HIV, hepatitis, herpes simplex, Rubella, and influenza
virus.2 Even though both are divalent ions of slightly different
sizes, the abilities of calcium and magnesium ions to coordinate
with ligands differ. Experimentally, it has been shown that Mg2+

binds six water molecules in an octahedral organization,3 while
the coordination number of Ca2+, reported from various X-ray,
neutron diffraction and EXAFS experiments, varies from 6 to
10.4-7

Ion solvation thermodynamics has been of great interest, as
the interplay between the ion-water and ion-protein interac-
tions may provide the basis for ion selection. Ab initio molecular
dynamic simulations of ion solvation have been reported.8-10

However, most of the ab initio studies are limited to small
systems of a few water molecules for a few picoseconds. Hybrid
QM/MM approaches have also been attempted in the investiga-

tion of ion solvation properties.11-15 The quasi-chemical ap-
proach treats interactions between ions and immediate water
molecules (inner-shell) quantum mechanically, while applying
less expensive dielectric continuum techniques to model the bulk
solvent.16,17 This approach has produced solvation thermody-
namics consistent with experimental data for a wide variety of
ions.18,19 However, applying even moderate-level quantum
mechanics methods to larger systems such as proteins in solution
is prohibitively expensive. This explains the appeal of classical
molecular dynamics simulations. Because extensive simulations
are possible, one can derive detailed atomic level information
pertaining to thermodynamics, structure, and kinetics. However,
classical models are only as good as the potential functions and
parameters used; in the case of simple ions, this means that
quantitative ion solvation thermodynamic data, such as ion
solvation free energies, is required a priori in order to arrive at
sensible parameters. Unfortunately, single ion solvation free
energies cannot be measured experimentally; only the relative
solvation free energies of like-charged ions or the totally
solvation free energies for a neutral salt are directly accessible.
A number of techniques exist which purport to separate the
cation and anion contributions, but each involves an unverifiable
extrathermodynamic assumption, with the result that published
single ion solvation values vary wildly.20 Polarizable force fields
avoid the ambiguity of parametrizing against these values;
because they account for many-body effects, their parameters
can be determined in the gas phase, where extra assumptions
are unnecessary, and extended to solution with confidence.20-23

Previously, a polarizable molecular mechanic model was
successfully applied to the study of solvation of monovalent
ion in water and other solvents.20,24In this model, electrostatics
is represented by atomic multipole moments with explicit atomic
dipole induction.25,26The Thole dipole induction model adopted
by our model has been compared favorably with other ap-
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proaches to describe polarization effects.27 In this study, we
report the extension of this polarizable model to divalent calcium
and magnesium ions’ interactions with water. Divalent ions
present particular challenges for classical simulations due to the
high charge density and strong polarization effect. Ab initio
calculations of ion-water interaction in gas-phase are utilized
to derive the ion van der Waals parameters. Molecular dynamics
simulation of ion solvation using Particle-mesh Ewald is
described. Ion solvation free energies are computed from both
free-energy perturbation (FEP) and Bennett acceptance ratio
(BAR) methods. Ion solvation structures and dynamics from
the molecular dynamics simulations are compared with those
of monovalent ions as well as experimental and other theoretical
results.

II. Methods

A. Potential Energy Model. The potential model used in
this work is based on the one previously reported for water,
K+, Na+, and Cl-.20,26 Therefore, we will briefly summarize
the aspects that are more relevant to this work. The electrostatic
component of the force field is described by a set of permanent
atomic multipoles. In this work, only point charges are placed
on the ions, and the higher order moments are used for the water
molecules. The polarization effect is accounted for via atomic
dipole induction:

where Mj ) [qj, µj,1, µj,2, µj,3,...]T represents the permanent
charge, dipole and quadrupole moments.TR

ij ) [TR, TR1, TR2,
TR3,...] is the interaction matrix between two atomsi andj. The
Einstein convention implying a summation over repeated
subscripts is used.Ri is the atomic polarizability of ion and
water. The first term in the parentheses corresponds to the
induction field due to the permanent multipoles while the second
is due to induced dipoles produced at the other atoms. A
transferable isotropic polarizability for each chemical element
was derived by fitting to experimental polarizabilities of a set
of molecules. The atomic polarizabilities for divalent caions are
generally small and were derived from ab initio calculations in
this study.

The polarization energy, field and force are damped at short
distance (<5 Å) according to Thole’s scheme28 to avoid
polarization catastrophe, where the induced dipoles of two
interacting sites approach infinity upon mutual induction. Such
a “catastrophe” occurs as a result of the point approximation
used in the polarizability model. Thole proposed to “damp” the
dipole interaction at short range by replacing the point charge
in a pairwise interaction by a smeared charge distribution of
the following form:

whereu ) Rij /(RiRj)1/6 is the effective distance between atomi
andj. The scalara is a dimensionless parameter corresponding
to the width of the smeared charge distribution that effectively
controls the damping strength. A lower value leads to stronger
damping and less polarization energy. Based on water cluster
association energy, a value of 0.39 has been derived previously.
A recent ab initio study of ion-water interaction has demon-
strated that stronger damping for metal ions gives a better
induced dipole moment on the water molecule.29 We have

chosen to adjust the damping coefficients for polarization
between the divalent ion and water molecules.

The repulsion-dispersion or van der Waals interaction
between atoms is described using a buffered 14-7 function.

whereεij is the potential well depth.Fij equalsRij/Rij
0 with Rij as

the separation distance between atomsi and j, and Rij
0 the

minimum energy distance. Following Halgren,30 we used fixed
values ofn ) 14, m ) 7, δ ) 0.07, andγ ) 0.12. Thus, the
only free parameters for Ca2+ and Mg2+ areR andε.

B. Ab initio Calculations and Parametrization. Ab initio
calculations were performed using the Gaussian 03 package.31

The atomic polarizabilities of both ions are determined from
B3LYP/6-31G* calculation. The geometry of ion-water dimer
was fully optimized using this level of theory, followed by single
point energy calculations at these geometries using MP2
calculations. Ion-oxygen separation distance was varied be-
tween 1.5 and 5 Å with water geometry fixed at the optimized
orientation, and the binding energy was subsequently obtained
for each distance. The binding energies were computed as the
total energy minus the isolated water and ion energies at infinite
separation distance. Basis-set superimposition error (BSSE) was
removed in all calculations. Both MP2/6-311++G(3df,3pd) and
MP2/aug-cc-pVTZ basis sets were used for Mg2+, and MP2/
6-311++G(3df,3pd) for Ca2+. The distance dependence of
dimer binding energies was used to adjust vdW parameters (R
andε) and damping factors (a) of Ca2+ and Mg2+.

C. Free Energy Simulations.The ion solvation free energies
of Ca2+ and Mg2+ were computed from molecular dynamics
simulations. First, we computed the solvation free-energy for a
neutral vdW particle by running 12 independent simulations,
which varied the calcium vdW parameters according to

for λ ) (0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0).
This was followed by 12 simulations during which the ion’s
charge and polarizability were set to

for λ ) (0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1.0). The Ca2+ ion was then perturbed to Mg2+ by changing
both the vdW parameters and damping coefficient in three steps.

Molecular dynamics simulations were performed using the
TINKER package.32 The long-range electrostatics is treated
using particle-mesh Ewald summation for atomic multipoles33

with a cutoff of 7 Å in the real space and 0.75 Å spacing and
fifth-order spline in the reciprocal space. Induced dipoles were
iterated until the changes in atomic induced dipoles were less
than 0.01 D. Molecular dynamics simulations were performed
with a 1 fstime step for 300 ps. Coordinates of all atoms were
saved every 0.1 ps, with the first 50 ps discarded as equilibration.
The temperature was maintained at 298 K using the Berendsen
weak coupling method.34 To investigate the effect of system
size, a single ion was placed in a periodic cubic box of either
216 or 512 water molecules, with 18.64 or 25 Å on a side.

Uij
buff ) εij( 1 + δ

Fij + δ)n-m( 1 + γ
Fij

m + γ
- 2) (3)

R(λ) ) 1 + λ(Rfinal - 1) (4)

ε(λ) ) λ(εfinal) (5)

q(λ) ) λ(qfinal) (6)

R(λ) ) λ(Rfinal) (7)

µi,R
ind ) Ri(∑

{j}
TR

ij Mj + ∑
{j′}

TRâ
ij ′ µj′,â

ind) for R,â ) 1,2,3 (1)

F ) 3a
4π

exp(-au3) (2)
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The Helmholtz free-energy changes between adjacent simula-
tions were calculated two different ways, first using free-energy
perturbation (FEP) methods,35 then by using the Bennett
acceptance ratio (BAR) method.36 In the standard FEP approach,
the free-energy changes between adjacent steps were computed
as the average of the forward and backward perturbations, and
the error for each step was estimated from the difference
between the average and the forward or backward perturbation
result. The overall error was computed as the sum of errors of
all constituent steps. Using the Bennett formation, the free
energy change between simulationsλi andλi+1 was computed
iteratively using

whereC is given by

andj is the current iteration. Here,Eλi is the total energy of the
system evaluated using the parameters fromλi. The subscripts
outside the averaging brackets denote the MD trajectory used
for evaluation ofE. The variablen is the number of trajectory
snapshots in each simulation. Forj ) 1, the initial value ofC
) ∆A(0) was given an arbitrary value as a rough estimate of
the free energy change. Iterations continued until the value of
(C - ∆A) < 0.01 kcal/mol. The final values calculated for∆A
were independent of the initial values given forC. The statistical
error of BAR method was estimated as the sum of the square
root of the variance of∆A between successive simulations
according to the following:

whereC is the final free energy value calculated from BAR
method. In the above formula,n refers to the number of random
samples that are independent of each other. In our calculations,
we estimated the error during the particle growth by counting
every 0.5 ps as one independent data point, and every 1 ps
during charging based on the relaxation time scale of bulk water
and water molecules in the first solvation shell. The error for
the free-energy change from Ca2+ to Mg2+ could be under-
estimated as the water molecules around Mg2+ relax at a much
slower scale as will be discussed below.

The structure and dynamics of water molecules in the first
solvation shell are analyzed using the MD trajectory from the
final charging stage, where the ion is fully charged. All results
are based on the simulation of the 512 water system. In the
remaining analysis, we define the ion’s first solvation shell to
be all water molecules positioned within the first minimum of
the radial distribution function (RDF) of the O-ion. For Mg2+,
additional 300 ps simulations (total 600 ps) have been performed
to investigate the dynamics. Time correlation functions have
been computed for the fluctuation of the first shell coordination

number, from which the relaxation time of the first shell water
is derived using an exponential decay model.24

III. Results and Discussion

A. Gas-Phase Ion-Water Dimer Interaction. A polarizable
potential is capable of capturing the many-body effect in
electrostatics when moving from one environment to another.
As a result, parameters in the polarizable models can be
conveniently determined and verified by comparison to high-
level ab initio results in the gas-phase, as was previously
demonstrated for monovalent ions.20 With the water model from
previous work,26 and the polarizabilities of Ca2+ and Mg2+

derived from DFT, the parameters remaining to be determined
were primarily the van der WaalsR and ε for each ion. We
have chosen the vdW parameters to best match the ab initio
binding energies of the ion-water dimer in the gas-phase. The
same approach has been shown to be effective in our previous
study of K+ and Na+. An additional parameter, the damping
coefficient, has been adjusted for the divalent ions to modify
the polarization between the cation and other atoms at short
distances. A recent investigation on dipole induction between
the cation and water molecules has shown that Thole’s induction
model overestimates the induced dipole moments at short range
when the original damping coefficient is used.29 As this was
not the case for a point charge polarizing a water molecule,
this effective reduction in polarizability has been attributed to
the repulsion between the electron distributions of the ion and
water. We indeed found it necessary to reduce the damping
coefficient (enhance the damping) in order to match the ab initio
equilibrium dimer binding energy and separation simultaneously.
When our standard damping coefficient, 0.39, is used, the
equilibrium dimer separation distance is shorter than the ab initio
distance by 5% when the binding energies agree. Figure 1
compares the distance dependence of binding energies given
by the final model and ab initio calculations. The final
parameters of the two cations are listed in Table 1. The two
basis sets used for Mg2+ in ab initio calculations gave consistent
binding energies over a range of distances. The agreement
between the final model and ab initio results is rather satisfac-
tory. As expected, Mg2+ binds stronger than Ca2+ to water. The

Figure 1. Ion-water dimer binding energy in gas phase as a function
of ion and oxygen separation distance.

TABLE 1: Parameters for Ionsa

ion R ε R R

Ca2+ 3.63 0.35 0.55 0.159
Mg2+ 3.21 0.28 0.08 0.095

a R andε are diameter and well depth for van der Waals potential in
Å and kcal/mol, respectively.R is the polarizability in Å3. a is the
dimensionless damping coefficient in eq 2.

∆A(j)λifλi+1
) ln

〈1/[1 + exp((Eλi
- Eλi+1

+ C)/RT)]〉λi+1

〈1/[1 + exp((Eλi+1
- EλÅi

- C)/RT)]〉λi

+

C - ln
nλi+1

nλi

(8)

C ) ∆A(j - 1) (9)

σλifλi+1

2 )
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〈f〉λi
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equilibrium distance between Mg2+ and water is 0.3 Å shorter
than that of Ca2+-water while the equilibrium binding energy
is lower by 25 kcal/mol.

B. Solvation Thermodynamics.The solvation free energy
is the key quantity describing the thermodynamic stability of
an ion in solution. Solvation free energies of calcium and
magnesium ions in water have been computed from molecular
dynamics simulations where a single ion is grown gradually in
a water box by first turning on its vdW parameters, then the
ionic charges and polarizabilities. Table 2 lists the solvation
free energies of Ca2+ and Mg2+, which are about 4-5 times
greater than those of monovalent K+ and Na+ reported previ-
ously.20 For the purpose of comparison, two different ap-
proaches, FEP and BAR, were used to obtain solvation free
energies of Ca2+ based on the same set of simulations. The
results show that using the BAR method significantly reduces
the statistical uncertainty using the same amount of simulation
data, in agreement with what others have observed.37 Further,
for the system under study, the difference between the free
energies computed by FEP and BAR occurs mostly for charge
growth beyond 1 e, where the effective energy change between
successive stages is largest. The solvation free energy of Mg2+

is obtained by turning a Ca2+ ion into a Mg2+ ion through
adjustment of the vdW and damping parameters. Increasing the
system size from 216 to 512 waters leads to small changes in
the solvation free energy within the statistical uncertainty. The
free energies from the BAR method compare favorably to those
from quasi-chemical method18 and the theoretical evaluation of
Schmid.38 In the quasi-chemical method, the ion and im-
mediately adjacent water molecules are treated quantum me-
chanically and kept fixed while the surrounding water is
described by classical mechanics. Recently, the same group has
confirmed the there is indeed an “inner” shell of four water
molecules around K+ using ab initio molecular dynamics.19 Due
to the fact that, experimentally, it is only possible to measure
the solvation free energy of whole salts, extrathermodynamic
assumptions are used in order to determine the contributions
from the cations and anions. By setting the proton hydration
free energy, Schmid was able to estimate solvation free energies
of other ions based on experimental free energies of whole salt.

The classic Born theory of ion solvation states that there exists
an effective solvation radius,aB, for each ion such that the
solvation free energy of the ion in a dielectric medium is given
by

Whereq is the charge of the ion andεd is the dielectric constant
of the medium. We have calculated the effective radius of Na+,
K+, Ca2+, and Mg2+ based on the Born equation and the
solvation free energy obtained from our simulations. As shown
in Table 3, Mg2+ has the smallest radius while K+ is the largest.
Ca2+ and Na+ are almost the same size according to the Born
radius. In agreement with the Born equation, the hydration free-

energy calculated during our charge growth simulations of Ca2+

indeed displays a quadratic dependence on the magnitude of
the charge on the ion. However, it should be noted that previous
work has shown that hydration around positively and negatively
charged ions is rather different in contrast to the symmetric
charge dependence implied by the Born theory.24,39,40

C. Solvent Structure and Dynamics.To characterize the
structure of water molecules around the ion, the radial distribu-
tion function (RDF) has been sampled from the dynamics
trajectories. In Figure 2a and 2b, the RDF and their running
integrations are shown for Ca-O and Mg-O, respectively. The
first peak of the RDF is located at 2.41 Å for Ca2+, 2.07 Å for
Mg2+. Previous work reported a first peak at 2.76 Å for K+,
2.39 Å for Na+.24 The order of the first peak location among
these ions is consistent with the effective Born radius, i.e., K+

> Na+ = Ca2+ > Mg2+. As shown in Table 3, the differences
between the effective radii and the first peak positions are almost
a constant of 0.5 Å for all four ions. The size of the ion plus
the first shell of water molecules is related to the position of
the first minimum in RDF. There also appears to be a constant
offset of 1.3 Å between an ion’s Born radius and the location
of the first minimum, which can be considered as the “effective”
size of the ion plus first shell water solvent. The heights of the
first peaks are much more prominent for Ca2+ and Mg2+ than
for Na+ and K+,24 correlating with the solvation free-energies
rather than the size of the ion. The sharp peaks indicate the

TABLE 2: Solvation Free Energy of Calcium and
Magnesium Ion in Watera

216 water 512 water
Schmid
et al.b

Asthagiri
et al.c

Ca2+ FEP -359.5 (7.0) -360.3 (13.8) -357.2 -354.7
BAR -357.4 (2.0) -354.9 (1.7)

Mg2+ BAR -431.1 (2.9) -435.4 -433.3

a The number in parentheses is the estimated error. 1 M in gasphase
is chosen as the standard state.b Ref 38.c Ref 18.

∆A ) - q2

2aB
(1 - 1

εd
) (12)

TABLE 3: The Effective Sizes of Ions as Indicated by Born
Theory and RDF

effective
Born radius

first peak in
ion-O RDF

first minimum in
ion-O RDF

Mg2+ 1.56 2.07 2.95
Ca2+ 1.89 2.41 3.23
Na+a 1.87 2.39 3.29
K+ a 2.30 2.76 3.53

a The Born radii for Na+ and K+ are computed based on solvation
free energies from ref 20. The RDF values are taken from ref 24.

Figure 2. Radial distribution functions of ion and oxygen atom in
water. (a) Ca2+, (b) Mg2+
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highly ordered water structure around the divalent ions. Also,
the first valleys of Mg-O and Ca-O RDF are wide and flat,
in contrast to those of Na+ and K+, signifying a clear separation
between the first and second solvation shells. From the running
integration of the RDF, the average coordination number for
Mg2+ is found to be 6, in agreement with experimental3 and ab
initio MD results.10 For Ca2+, a coordination number of 7.3
was obtained, consistent with an X-ray experimental value of
7.2(1.2. Recent ab initio MD simulations of Ca2+ in 60 water
molecules reported a value of 6.2 or 7.0 depending on the
flexibility of the water molecules used.9 Thus, our model
accurately describes the difference between Ca2+ and Mg2+ in
water coordination.

To examine the effect of the ions on nearby solvent structure,
the radial distribution functions of oxygen-oxygen pair in the
first solvation shell have been calculated. First, we have
computed RDF for oxygen pairs where at least one oxygen atom
is in the first solvation shell. Comparison is made between the
divalent ions and K+ in Figure 4. Interestingly, the O-O RDFs
around both Mg2+ and Ca2+ have more pronounced first peaks
than K+. In the case of Mg2+, the first peak is even higher than
the bulk water. The RDFs of Ca2+ and Mg2+ also display second
peaks that do not exist for K+. It is, however, possible that these
peaks originate from oxygen pairs in the first solvation shell.
We have, therefore, also computed RDFs between oxygen pairs
with only one oxygen atom in the first shell. As shown in Figure
4, the resulting RDFs have significantly reduced first peak, and
the second peaks completely disappear. This dramatic change

confirms that the water molecules in the first solvation shell
are highly organized by the divalent ions. In contrast, the O-O
RDFs of K+ display less features than bulk water no matter
whether the pairs in the solvation shell are counted or not. The
reduced correlation between the water in the first shell and
surrounding water signifies the disruption of solvent structure
by the cations.

To further describe the organization of water molecules
immediately adjacent to the cations, the angle distributions of
O-X-O, X ) Ca2+ or Mg2+, sampled from the MD simula-
tions are plotted in Figure 5. The O-Mg-O angle is predomi-
nantly distributed around 92° and 176°, indicating an octahedral
coordination as also determined by X-ray experiment.3 In
contrast, the O-Ca-O has a much broader distribution that
peaks at 78° and 147°.

The ion solvation free-energy is a thermodynamic indicator
of how well an ion is solvated in the water, whereas the relative
solvation free-energies among different solvents determine the
partitioning of the ion between these solvents. However, one
must also consider ionic kinetics, which is of great importance
whenever the ion changes environments, such as when it enters
a channel or binds to a protein. We have investigated the lifetime
of ion-water coordination by examining the time correlation
function of the instantaneous first shell coordination number.
For Ca2+, the relaxation time in the first solvation shell is 18
ps and the coordination number fluctuates between 5 and 9 on
a time scale of 1∼ 2 ps. For Mg2+, a relaxation time of 228 ps
was obtained, and the coordination number only deviates from
6 briefly during the whole 600 ps simulation. Relaxation times
of 0.8 and 1.8 ps were reported previously for K+ and Na+.24

These results suggest that the water molecules in the first
solvation shell of Mg2+ will remain bound for hundreds of
picoseconds while the water molecules around Ca2+ and
monovalent K+ and Na+ move in and out of the first shell much
more frequently.

The self-diffusion coefficients were computed from the mean-
squared displacement sampled during MD simulations. The Ca2+

exhibits a diffusion coefficient of 0.8× 10-5 cm2 s-1, higher
than that of Mg2+, 0.3 × 10-5 cm2 s-1. The experimentally
measured diffusion coefficients for Ca2+ and Mg2+ are 0.79
and 0.71 × 10-5 cm2 s-1, respectively.41 Spangberg and
Hermansson also reported a somewhat lower diffusion constant
(0.4 × 10-5 cm2 s-1) for Mg2+ in water from MD simulations
using polarizable potentials. Lower Ca2+ and Mg2+ diffusion
constants have been predicted by molecular dynamics simula-
tions using non polarizable potentials as well.42,43The reduction
of mobility from Ca2+ to Mg2+ in our simulation is most likely

Figure 3. Comparison of RDFs of mono and divalent cations in water.

Figure 4. Oxygen-oxygen radial distribution functions of water
molecules in the first solvation shell. The results for K+ are taken from
ref 24. RDFs for Ca2+ and Mg2+ are offset by 10 and 5, respectively.

Figure 5. The O-ion-O angle distribution in the first solvation shell.
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due to the stronger interaction between the latter and water;
effectively, we are measuring the diffusion coefficient of a super-
particle containing six waters and an ion.

The dipole moment distribution of the water molecule in the
first solvation shell is shown in Figure 6. The average dipole
moments of water molecules around the ion are greater that
that of bulk water (2.77 D) due to the polarization effect. Mg2+

displays stronger induction on water than Ca2+ likely because
of its smaller effective radius as discussed earlier. For Na+ and
K+, the average molecular dipole moments in the first shell were
reported to be roughly the same magnitude as those in bulk.24

These results suggest that the dipole moment of solvent is
affected by both the size and, more importantly, the valence of
the ion species. Explicit polarization allows a water’s dipole
moment to reflect the surrounding electric field, as opposed to
a fixed charge model where the dipole is determined solely by
the molecule’s orientation. While a nonpolarizable potential
might be able to describe the solvation around monovalent
cations qualitatively, polarizable description is essential for
higher valence ions.

Conclusion

A polarizable model has been applied to the simulation of
solvation of Mg2+ and Ca2+ ions in water. The parameters for
the ions have been derived based on the ab initio ion-water
dimer interaction energies in the gas-phase. The single ion
solvation free-energies predicted by molecular dynamics simula-
tions agree well with other theoretical estimations. The resulting
solvation free-energies of Ca2+ and Mg2+ are 4-5 times greater
than those of K+ and Na+. The Bennett acceptance ratio method
appears to be more accurate and computationally more efficient
than the traditional free-energy perturbation approach for free-
energy calculations. The use of a 216- or 512-water system leads
to slightly different (∼ 1%) solvation free-energies for Ca2+.

The results of molecular dynamics simulations suggest that
the divalent cations perturb the structure and dipole moments
of the first solvation shell water considerably, in contrast to
monovalent cations. The water structures in the first solvation
shells of the divalent caions are more structured that those
around monovalent cations, demonstrated by the sharp first peak
in the RDFs. Additionally, the separation between the first and
second shell is more prominent. Based on the RDF and Born
theory, the effective sizes of the ions compared in this study
are in the order of K+ > Na+ = Ca+ > Mg2+. The average

water coordination numbers for Ca2+ and Mg2+ are 7.3 and 6,
respectively. Furthermore, Mg2+ is found to bind tightly to six
water molecules in an octahedral geometry in agreement with
the experiment. The dynamic fluctuations in the first shell
coordination number indicate that the lifetime of Ca2+-water
coordination is about 18 ps, 10 times longer than the relaxation
time previously reported for K+ or Na+. Even though Mg2+ is
only slightly smaller than Ca2+, the lifetime of water molecules
around Mg2+ is on the order of a few hundreds of picoseconds,
such that the desolvation kinetics will have a strong influence
on the ability of Mg2+ to bind other molecules.
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