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Molecular dynamics simulations based on combined ab initio molecular quantum mechanics and molecular
mechanical potentials are applied to investigate the structural and dynamical properties of calcium ion solvated
in liquid water. The region of highest interest, the hydration sphere of the calcium ion, is investigated by
Born-Oppenheimer ab initio quantum mechanics, while the rest of the system is described by classical pair
potentials. A coordination number of 8.3 is found by this high-level QM/MM method with a double-ú basis
set, in contrast to 9.2 obtained by classical pair potential simulations. Dynamical properties are related to the
solvate structure. Smaller basis sets have been used to study the influence of basis sets used in the quantum
mechanical part.

1. Introduction

Due to the key role calcium ions play in many biological
reactions, for example, in signal transduction as in blood clotting
and in the transmissions of nerve impulses,1,2 there is great
interest in understanding the solvation of this important ion in
every detail. Nevertheless, numerous reports in the literature,
both theoretical and experimental,3-13 provide a rather inho-
mogeneous picture, even for such fundamental properties as the
average number of coordinating solvent molecules.
Calcium ions in crystal structures13 generally tend to prefer

binding to oxygen atoms in ligands rather than to any other
element, and their preferred coordination numbers range from
6 to 8. For a solution of Ca2+ in water, X-ray diffraction
experiments10 of a 1.0 M CaCl2 solution led to a hydration
number of 6, whereas neutron diffraction9 yielded a value of
10, a rather unexpectedly12 high value. Coordination numbers
of 9.3, 9.2, 8.0, and 7.9 were found by means of molecular
dynamics simulations.3,4,6,7 These simulations relied on classical
force fields, in which the potential functions describing the inter-
and intramolecular interactions are constructed by fitting an
analytical formula to a set of experimental data or to ab initio
calculations. Such potentials are usually based on additive pair
potentials. It is obvious, however, that the total intermolecular
interaction energy forN-body systems comprises all of pair,
three-body, four-body up toN-body interactions:

The contributions of the higherN-body interactions always
play a significant role and are even not negligible for rare-gas
fluids.14,15 The effect of nonadditivity in ion-water systems
results from the strength of the binding energy between ion and
water. For instance, in an aqueous solution of BeCl2,16 the
inclusion of three-body effects for the intermolecular interaction
energies causes the hydration number of Be2+ to change from
6 to 4, where the latter is the experimental observed coordination
number. It has been reported17,18 that three-body effects for
solutions of Ca2+ or Mg2+ are crucial to obtain reliable hydration
numbers and equilibrium distances for the first hydration shell.
Although it would be in principle possible to improve potentials
by higher orderN-body terms, one should keep in mind that
the construction of potential function including many-body terms

becomes hardly tractable for large systems due to the large
number of degrees of freedom involved and therefore the high
dimensionality.
It has been proposed19 to compute the potential energy

function by an ab initio effective pair potential based on the
polarizable continuum model (PCM). This approach includes
many-body effects in an average way relying on a continuum
polarizable model for the solvent. An average hydration number
of 8.6 for Ca2+ in water has been found in contrast to 9.1 with
pair potentials.20 However, especially in the first hydration shell
of ions, some contributions can be attractive, others might be
repulsive, and averaging them is ambiguous and may be
misleading. Such averages are responsible for the failure of
some effective pair potentials.21 Complicated nonadditivity
effects have also been found for O-H stretching frequency
shifts22 and in nonlinear spectroscopy.23

Since fluid systems consisting of a considerable number of
molecules are too large to be studied by traditional ab initio
calculations directly and the promising Car-Parrinello type
simulations are still in an early stage of reliability checking,24-27

one of the recent approaches is to combine quantum mechanical
(QM) and molecular mechanical (MM) methods. Such hybrid
approaches have been first published by Warshel and Karplus28

and by Allinger and Sprague.29 The methods partition the
system into two parts, in which the interaction energy is
calculated separately. Most of the early applications of the
combined QM/MM method have used only semiempirical
treatment for quantum mechanics and usually were restricted
to small gas-phase systems.30-33 In such an approach, however,
a strong uncertainty prevails due to the very limited ability of
the semiempirical method to describe the geometric and
electrostatic properties of the atoms in the quantum mechanical
region during the simulation process.34 The performance of a
semiempirical model can vary dramatically according to the
selected conditions, and there seems to be no general way to
predict a priori how good or bad it will be for the considered
case. Nowadays more reliable combined QM/MM methods
using high-accuracy molecular quantummechanics have become
available for larger systems, such as condensed phases, due to
the availability of fast computers. A detailed description of a
QM/MM method to study a condensed-phase system is given
by Field et al.35 A first calculation scheme for the study of
ions in solutions by such an approach has been proposed36

recently and has been applied to Li+ in liquid ammonia. InX Abstract published inAdVance ACS Abstracts,August 1, 1997.

Vtotal ) ∑V(i,j) + ∑V(i,j,k) + ...+ ∑V(i,j,k,...,n) (1)
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this work, this recently proposed scheme will be used to study
the solution of Ca2+ in water. In sections 2 and 3, the method
will be briefly described and the details of the simulations will
be given.

2. Method

The system is partitioned into a part described quantum
mechanically and another part treated by means of molecular
mechanics. The interactions within the “quantum mechanical
(QM) region” are evaluated on the basis of ab initio Born-

Oppenheimer (BO) dynamics,28 whereas those interactions
within the “molecular mechanical (MM)” and between “quan-
tum mechanical” and “molecular mechanical” regions are
calculated using classical pair potentials.
The quantum mechanical forces inside the QM region can

be obtained from analytic gradients37 as the pair potential forces
can be derived analytically from the pair potential functions.
The force on one particle in the system is defined as

whereFQM andFPP are forces from quantum mechanics and
pair potentials, respectively.r is the distance between the
calcium ion and the center of mass of water.Sm(r) is a
smoothing function38 applied to ensure a continuous change of
forces at the transition between QM and MM region,

wherer1 andr0 are the ion-water distances characterizing the
start and finish of the shell, where smoothing applies.

3. Calculations

Three molecular dynamics simulations were carried out:
(1) Traditional molecular dynamics simulation using classical

pair potentials.
(2) Combined QM/MM molecular dynamics simulation

performed at Hartree-Fock level using STO-3G basis sets39,40

for all atoms.
(3) Combined QM/MM molecular dynamics simulation

performed at Hartree-Fock level using full double-ú (DZ) basis
set41 for H2O and Los Alamos ECP plus DZ basis set42 for Ca2+

(corresponding to the LANL2DZ basis set keyword in Gaussian
94 series of programs43).

Figure 1. Comparison of the energies obtained from the SCF calculations,∆ESCFand from the fitted potential function,∆EFIT, using the parameters
given in Table 1 for some values ofθ andφ.

TABLE 1: Optimized Parameters of the Analytical Pair
Potential for the Interaction of O and H Atoms of Water
with Calcium Ion (Interaction Energies in kcal mol-1 and
Distances in Å)

pair
A

(kcal mol-1 Å6)
B

(kcal mol-1 Å7)
C

(kcal mol-1)
D

(Å-1)

Ca-O -21 328.549 69 25 888.989 45 63 073.294 42 3.020 303 01
Ca-H -6 451.263 420 8 161.930 725 3 262.623 550 2.103 144 04

TABLE 2: Comparison of Solvation Parameters Obtained
from Various Methods for Ca2+ in Liquid Water ( rmax, rmin,
and nmin Denote Distance of the First Maximum and the
First Minimum in Å, and the Coordination Number of the
First Hydration Shell, Respectively)

solute molarity rmax rmin nmin method ref

Ca2+ 0.28 2.47 3.1 9.2 classical MD this work
0.28 2.38 2.9 10 QM/MM MD

(STO-3G)
this work

0.28 2.45 3.3 8.3 QM/MM MD
(LANL2DZ)

this work

0.16 2.5 8.6 PCM MD 20
0.26 2.5 3.5 8 classical MD 6
0.45 2.5 7.9 classical MD 7

CaCl2 1.1 2.39 3.2-3.7 9.2 classical MD 4
CaCl2 1.0 2.42 6 XD 10

2.0 2.41 6 XD 10
4.5 2.42 6 XD 10
1.1 2.39 6.9 XD 4
6.5 2.44 6 XD 11
4.5 2.40 5.5 ND 8
1.0 2.46 10 ND 9
2.8 2.39 7.2 ND 9
4.5 2.41 6.4 ND 9

Fi ) Sm(r)FQM + (1- Sm(r))FPP (2)

Sm(r) ) 1 for r e r1

Sm(r) )
(r0
2 - r2)2(r0

2 + 2r2 - 3r1
2)

(r0
2 - r1

2)3
r1 < r e r0

Sm(r) ) 0 for r > r0
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The pair potential function for Ca2+-H2O was newly
constructed. 1800 Hartree-Fock interaction energy points,
using the DZV+(d,p) basis set41 for H2O and Los Alamos ECP
plus DZ basis set42 for Ca2+, were fitted to an analytical form:

where A, B, C and D are the fitting parameters (see Table 1)
andr denotes the distances between calcium ion and atoms of
water. The subscriptsi and c indicate theith atom of a water
molecule and calcium ion, andq are atomic charges. The charge

on Ca was assumed to be 2.0 and that on O and H of water44

-0.6598 and 0.3299, respectively. All ab initio calculations
were done using the Gaussian 94 series of programs.43

The quality of the fit is shown in Figure 1 where the
stabilization energies obtained from the SCF calculations
(∆ESCF) and from the fitted potential function (∆EFIT) are
compared for some orientations. Parts of the potential energy
surface of the fitted function are also shown in Figure 2a,b,
representing some movements of calcium ion around the water
molecule. The function exhibits a stabilization energy of-49.6
kcal mol-1 at a Ca2+-O distance of 2.37 Å with the calcium
ion placed in the optimal position for interaction with the dipole
moment of water.

Figure 2. Selected parts of the potential energy surface of the fitted function with respect to some movements of calcium ion around water
molecule. (a)φ is fixed at 0 degrees andθ varied; (b)θ is fixed at 90° andφ varied.

∆EFIT ) ∑
i)1

3 Aic

r ic
6

+
Bic

r ic
7

+ Cic exp(-Dicr ic) +
qiqc

r ic
(4)
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The simulation using pair potentials only was performed first.
The combined QM/MM molecular dynamics simulations using
STO-3G basis set and LANL2DZ basis set were investigated
subsequently, using the equilibrium configuration obtained from
this “traditional” simulation. The reaction-field procedure45was
employed in all simulations to correct the cutoff of long-range
interactions. Since the computational effort (i.e., CPU time)
for ab initio forces calculation is considerable, the size of the
QM region should not be chosen too large. Therefore, the
diameter of the first solvation shell of Ca2+ obtained from the
traditional pair potential simulations was used to define the size
of this region. An interval of 0.2 Å was applied for the
smoothing function (i.e., in eq 3,r0 ) 3.6 Å andr1 ) 3.4 Å).
All simulations were carried out in a canonical ensemble
consisting of one Ca2+ and 199 water molecules at 298 K using
a box of 18.19 Å length, corresponding to the density of pure
water. A flexible model for water including intermolecular44

and intramolecular potentials46 was employed, and a time step

of 0.2 fs was chosen. The “classical” molecular dynamics
simulation started from a random configuration and was
equilibrated for 20 000 time steps. The simulation was con-
tinued for 60 000 time steps to collect configurations every 10th
step. The combined QM/MM molecular dynamics simulation
using STO-3G basis set was reequilibrated for 15 000 time steps
and another 20 000 time steps were subsequently performed to
collect configurations every fifth step. The last QM/MM
molecular dynamics simulation using LANL2DZ basis sets was
reequilibrated for 10 000 time steps and the following 8000 time
steps were used to collect configurations every fourth step.

4. Results and Discussion

4.1. Structural Properties.4.1.1. SolVation Shell Structure
of Calcium Ion in Water. The Ca-O and Ca-H radial
distribution functions for all three molecular dynamics simula-
tions are shown in Figure 3a,b, respectively. The solvation

Figure 3. (a) Ca-O and (b) Ca-H radial distribution functions and their corresponding integration numbers.
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parameters are compared with other theoretical simulations and
experimental investigations in Table 2. The first Ca-O
maximum obtained from classical pair potential molecular
dynamics simulation is centered at 2.47 Å, and the first solvation
shell is well separated from the second one, giving the average
coordination number of 9.2. These characteristic values are in
agreement with another classical molecular dynamics simulation
of 1.1 M CaCl2 aqueous solution.4 The Ca-O peak of the QM/
MM (STO-3G) simulation exhibits the first maximum at 2.38
Å. Also in this simulation the first solvation shell is clearly
separated and yields a coordination number of 10. This increase
can be explained by the use of this small basis set, which
generally give overestimated interaction energies and hence
shorter ion-O distances, and therefore also a higher coordination
number. With improved quality of the basis set, as seen in the
QM/MM (LANL2DZ) simulation, the first maximum Ca-O
peak is found at 2.45 Å. The RDF then shows a broad
minimum, ranging from 2.9 to 3.8 Å, and leads to an average

coordination number of 8.3 for the first shell. Figure 4 shows
the probability distributions of the coordination numbers,
calculated up to a Ca-O distance of 3.0 Å. A preferred
coordination number of 9 is found for the simulation with the
classical pair potential, 10 for the combined QM/MM (STO-
3G) and 8 for the combined QM/MM (LANL2DZ) simulation,
respectively.
One might doubt that the change in the coordination numbers

could be influenced by different equilibrium angles of water
within the different methods. The MM water presumably has
a bond angle close to experimental value of 104.5°, whereas
the optimized water angles with STO-3G and LANL2DZ basis
sets yield by about 100 and 112°, respectively. To analyze this
point, a pair potential simulation in which the equilibrium angle
of water was changed within the intramolecular water potential
to 112° was performed. We found only a very small decrease
in the average coordination number from 9.2 to 9.0. Therefore,
it is obvious that the different angles for the water equilibrium

Figure 4. Probability of coordination number distributions.

Figure 5. O-Ca-O angular distribution up to the first minimum of the Ca-O RDFs.
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structure cannot explain the observed change in the average
coordination number.
The most reliable coordination number distribution obtained

from the QM/MM (LANL2DZ) simulation illustrates clearly
that Ca(H2O)82+ is by no means the exclusive species repre-
sented in the solution. Ions coordinated to 9, 7, and 10 water

Figure 6. (a) O-O, (b) O-H, and (c) H-H radial distribution functions and their corresponding integration numbers.
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molecules (in decreasing amount) coexist with this main species.
This rather complex situation helps to understand difficulties
in setting up suitable models fitting X-ray or neutron diffraction
patterns. At higher concentration and in the presence of
counterions, this variability of solvate species should become
even more complex in analogy to similar salt solutions.47,48

Figure 5 displays the O-Ca-O angular distributions up to
the first minimum of the Ca-O RDFs. The approximate
solvation shell structure for coordination numbers 9 and 10 are
polyhedrals belonging toD3h andD4d point groups, respectively,
as discussed by Pa´linkás and Heinzinger.49 For the coordination
number of 8, there are three possible structures: dodecahedron,
cube and square antiprism. The cube structure can be excluded
due to the fact that in the O-Ca-O angular distribution at
neither 90° nor 180° considerable probability density is found.
Therefore, the structure of the Ca2+ with the coordination
number of 8.3 obtained from the QM/MM (LANL2DZ) simula-
tion can be expected to be either a dodecahedron or a square
antiprism. Other simulations based on classical pair potential6

and using ab initio effective pair potential based on PCM20 also
gave similar coordination numbers of 8, an antiprism withC4V
symmetry, and 8.6, respectively. The authors suggested that
their values seemed too low compared to literature data6 and
also assumed that nonadditive effects would not reduce the
Ca2+-water binding energy substantially.20 We believe that
our results finally prove that the lower coordination number of
8 is realistic and that early experiments9 yielding very high
coordination numbers should be seen with much caution.
4.1.2. SolVent Structure.The O-O, O-H, and H-H radial

distribution functions and their corresponding integration num-
bers are shown in Figure 6a-c, respectively. Since the
combined QM/MM method performs quantum mechanical
calculations just in the first solvation shell of Ca2+, i.e., about
less than 5% of the overall volume of the system, the properties
of the solvent structure obtained from the classical pair potential
and combined QM/MM simulations are both expected to be
equivalent within the statistical fluctuation. In fact, their
characteristic values obtained from classical pair potentials do
not show significant differences when compared with other
classical pair potential simulations4,50 of MgCl2 or CaCl2 in
aqueous solution.

4.1.3. Intramolecular Geometry of SolVent Molecules.The
use of a flexible model for water allows the investigation of
the influence of the ion on the intramolecular geometry of
solvent molecules. The effect of the ion observed from the
classical pair potential, the QM/MM (STO-3G) and the QM/
MM (LANL2DZ) simulations is a shift of the O-H bond length
toward longer distances. In addition, a smaller H-O-H angle
is found in all three cases. The decrease of the coordination
number from 9.2 to 8.3 from the classical pair potential
simulation to the QM/MM (LANL2DZ) simulation reduces this
effect, due to the decrease of H-H repulsion between neighbor-
ing water molecules in the solvation shell of Ca2+.
4.2. Dynamical Properties. 4.2.1. Hindered Translational

Motion. Due to the relatively short time of the combined QM/
MM simulations, the dynamical properties have to be considered
with special care and should not be overinterpreted. An
overview of the particle motions can be gained by computing
the velocity autocorrelation functions (VACFs). The VACFs
for Ca2+ are depicted in Figure 7. The combined QM/MM
simulations cause the VACFs to decay slower than in the
classical pair potential simulation, indicating that the many-
body effects allow a more free translational motion of Ca2+ in
the solution. For water, the hindered translations are studied
by the center-of-mass VACFs of the water molecules. The
VACFs and their Fourier transformations were determined
separately for water in the bulk and in the solvation shell. The
VACFs are shown in Figure 8 and their Fourier transforms in
Figure 9. The bulk VACFs exhibit a maximum at about 60
cm-1 and a broad band around 200 cm-1. These two pro-
nounced peaks are identified as hindered translational motions
of the center-of-mass parallel and perpendicular to the dipole
vector of water molecules which have been attributed to the
hydrogen bond bending and the O-O stretching motions,
respectively.51 In the presence of Ca2+, the peaks in the spectra
obtained from all three molecular dynamics simulations are
shifted to higher frequencies, for both the parallel and perpen-
dicular motions, due to the strong binding between ion and water
as well as because of the increase of the mutual interaction
between the water molecules compressed in the solvation sphere
by the strong electric field of the ion. The QM/MM (STO-3G)
simulation exhibits the highest peak at about 290 cm-1 as

Figure 7. Velocity autocorrelation functions of Ca2+.
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expected from the use of a small basis set that overestimates
the binding energy between ion and water in the solvation shell.
In contrast to that, the other QM/MM (LANL2DZ) simulation
shows a much smaller influence of Ca2+ on the translational
motion of water molecules in the solvation shell by giving the
maximum peak at around 115 cm-1. This illustrates that the
inclusion of many-body effects by using a QM/MM method
with a reasonable basis set results in weaker Ca2+-water
interactions and therefore in a lower frequency shift.
4.2.2. Librational Motion. The VACFs and their corre-

sponding Fourier transformations for the librational motions are
shown in Figures10 and 11. The three axes,η, ê, andú, were
chosen as identical with the three principal moments of inertia
employed in the description of the rotations of the rigid
molecule.52 The VACFs around the approximatedη axis decay
faster than the motions around the approximatedê andú axis,

and hence they give peaks at the highest frequencies. As can
be seen in Figure 11, in the solvation shell of Ca2+, the influence
of the ion shifts the peaks to higher frequencies due to the strong
interactions between ion and water. The peaks obtained both
from the QM/MM (STO-3G) and the QM/MM (LANL2DZ)
simulation lead to rather large shifts to higher frequencies. As
mentioned above, the use of the small basis set in the QM/MM
(STO-3G) results in too strong Ca2+-water interactions and
hence gives the shortest Ca-O distance and the highest
coordination number. This increase of the steric hindrance in
the solvation shell leads to high-frequency shifts. For the QM/
MM (LANL2DZ) simulation, the shift to higher frequencies
can be understood from the intramolecular geometry of water
molecules inside the solvation shell. The wider H-O-H angle
also results in an increase of steric hindrance and therefore also
in a shift to higher frequencies.

Figure 8. Velocity autocorrelation functions of the center of mass of water.

Figure 9. Fourier transforms of the translational motions of water, calculated from the center of mass VACFs of water.
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4.2.3. Vibrational Motion. Fourier transforms of VACFs
for obtaining infrared spectra are usually discussed only in terms
of shifts of peak maxima as a result of the ionic influence. The
frequencies are calculated from the VACFs of hydrogens using
a normal-coordinate analysis developed by Bopp.53 The three
quantitiesQ1, Q2, andQ3 are defined for describing each water
molecule in terms of symmetric stretching and bending and
asymmetric stretching motions, respectively. For the classical
pair potential simulation, the vibrational motions are dominated
by an analytical intramolecular potential which is fitted sepa-
rately from the intermolecular potential to reproduce the
experimental intramolecular motions. In contrast to this pro-
cedure, there is no separation between inter- and intramolecular
interaction in the combined QM/MM method. The vibrational
motions are governed by the Newtonian equation of motion
characterized by ab initio forces. For reasons of comparison,
the vibrational frequencies for water in the gas phase were also
calculated at the Hartree-Fock level using the same basis sets
employed in the combined QM/MM simulations. Due to rather
constant systematic errors of Hartree-Fock frequencies a scaling
factor of 0.89 was proposed to scale the computed frequencies
to be in agreement with the experiment.54-56 Therefore all ab
initio results in this work were scaled with this proposed factor.
The bending and stretching frequencies are shown in Figure
12a-d, calculated separately for water in the bulk and in the
solvation shell of Ca2+. An overview of the intramolecular

vibrational frequencies of water obtained from various simula-
tions and experiments is given in Table 3. In the bulk, a peak
maximum at 1710( 4 cm-1 was found for the symmetric
bending and peak maxima at 3497( 8 and 3644( 3 cm-1

were found for symmetric and asymmetric stretching, respec-
tively. In the solvation shell of Ca2+, the bending and stretching
frequencies have a blue-shift for the QM/MM (STO-3G)
simulation but a red-shift for the classical pair potential
simulation and the QM/MM (LANL2DZ) simulation. The blue-
shift for both bending and stretching modes in the QM/MM
(STO-3G) simulation are simply due to the inadequate small
basis set and will not be discussed further. In comparison with
the classical pair potential simulation, the frequencies obtained
from the QM/MM (LANL2DZ) simulation show a smaller red-
shift for the stretching vibration but a larger red-shift for the
bending vibration. The red-shift in the stretching frequencies
reflects the Ca-O attraction and Ca-H repulsion that elongate
the O-H bond length. The inclusion of many-body terms in
the QM/MM (LANL2DZ) simulation results in a smaller
influence of Ca2+ on the Ca2+-water interactions, leading to
smaller changes of the O-H bond length. The shift of the
bending frequency can be understood in terms of the H-H
repulsion between the water molecules. In the QM/MM
(LANL2DZ) simulation, this effect is less pronounced than in
the pair potential simulation due to the weaker Ca2+-water
interactions and smaller average coordination number which
causes wider H-O-H angles.

Figure 10. Velocity autocorrelation functions of water around the
approximatedê, η, andú axes.

Figure 11. Fourier transforms of the librational motions of water,
calculated from the VACFs of water around the approximatedê, η,
andú axes.

Solvation of Ca2+ in Water J. Phys. Chem. A, Vol. 101, No. 35, 19976307



5. Conclusion

The combined QM/MM molecular dynamics simulations
which include the major part of the many-body contributionssby
definition all in the first solvation shell of Ca2+shave shown
the significant role of the many-body interactions not only for
the structural but also for the dynamical properties of the
solution. The choice of basis sets in this method is obviously
a most crucial parameter for the validity of the conclusions.
The LANL2DZ basis set seems to offer a good compromise
between the enormous computational demands and the desired
accuracy. This seem of special importance, as many of the
nowadays used pair and three-body potentials for ion-solvent
interactions have been developed with comparable basis sets.

We consider our results as a proof for the increasing tendency
to assume a lower coordination number of solvated Ca2+, in
contrast to many earlier studies. The results also demonstrate
that classical pair and sometimes even three-body simulations
can give a somewhat misleading picture of the solvation of
charged ions, because they are principally not capable of
reproducing the complex electronic effects occurring in the first
solvation shell of a double-charged ion.
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