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An ab intio two-body analytical potential function was constructed to describe Mn(II)-water interactions.
Classical Monte Carlo (MC) and molecular dynamics (MD) simulations have been performed to study the
hydration structure of Mn(II). The study was extended to a combined QM/MM-MD level in order to investigate
the influence of higher (n-body) terms. The structure of the hydrated ion is discussed in terms of radial
distribution functions, coordination numbers, and angular distributions. The results of the QM/MM-MD
simulations have been found to be much closer to the experimental values, proving that many-body effects
play an important role in the description of the hydrated Mn(II) ion.

1. Introduction

The study of metal ion hydration is quite important not only
for the understanding of the thermodynamic and kinetic behavior
of metals ions1-3 but also for the interpretation of the structure
and function of many biomolecules in which metal ion inter-
actions play a role.4,5 Hence, investigations have been carried
out to determine the structure and dynamics of metal ions in
solution by a variety of spectroscopic techniques such as nuclear
magnetic resonance (NMR), extended X-ray absorption fine
structure spectroscopy (EXAFS), Mo¨ssbauer, infrared (IR), and
Raman spectroscopy,6-8 and scattering techniques such as X-ray,
electron and neutron diffraction,6,9,10and electrochemical tech-
niques11,12 and by theoretical methods, mostly simulations of
the Monte Carlo (MC), molecular dynamics (MD), and quantum
mechanics/molecular mechanics (QM/MM) types.6,13-18

In theoretical studies, classical MC/MD simulation techniques
have been used widely for the study of solvation structure of
metal ions. The QM/MM approach has also been used success-
fully, within the Molecular Dynamics and Monte Carlo scheme
to study ionic solvation.19-24 However, the types of metal under
study and ion-solvent interaction potentials used have affected
their degree of success. In some monovalent and divalent metal
ions with only pairwise additive intermolecular potentials,
structural results that are in good agreement with those obtained
experimentally have been achieved.25-29 Nevertheless, in most
cases, with divalent and trivalent metals, the inclusion of many-
body interactions has been shown to be crucial.13,14,30-32 The
failure of pairwise addivity for cation-water potentials, par-
ticularly for divalent and trivalent ions, has been handled in
various ways. One approach that has been used is the nearest-
neighbor ligand correction (NNLC)33a,balgorithm, which uses
in addition to pair potential terms a three-body correction term
based on ab initio calculations of the molecular interaction
energy surface of the metal ion monohydrate with another water
molecule. However, the most successful and exact approach is
to supplement the potential energy function to be employed by

many-body terms. In many cases, three-body potentials calcu-
lated by ab initio methods have reproduced properly hydration
numbers.30,31

The solvation structure of Mn(II) has been studied to a lesser
extent, both experimentally and theoretically, than that of other
divalent first-row transition metal ions such as Fe2+, Cu2+, Ni2+,
and Zn2+, but interest has increased recently since its importance
in several biological systems has been recognized.34a,bIn many
solvents, including water, the solvation structure of the Mn(II)
ion has been determined to be a six-coordinated octahedral using
X-ray (XD),6,10 neutron diffraction35 (ND), and EXAFS.6,36 In
contrast to the relatively large number of experimental stud-
ies6,10,35,36on hydration structure of Mn(II), only few preliminary
theoretical studies are reported.37,38

In the present study, a two-body analytical potential function
was constructed, a combined QM/MM formalism has been
implemented in a MD simulation program, and MC, MD, and
QM/MM-MD simulations were carried out with an optimized
pair potential for Mn(II) in water.

2. Computational Details

2.1. Computer Resources and Parallelization.Classical MC
and MD simulations were performed on single-processor
machines, leading to a total computational time of 2 days for
MC (3 million configurations for equilibration and 3 million
for sampling) on a MIPS R8000 machine and 11 h for MD
(60 000 time steps for equilibration and 300 000 for sampling)
on an Intel Pentium II 500 MHz. In contrast, the large time
consumption of the QM/MM-MD simulation requires the use
of special hardware configuration. A cluster of 9 dual Intel
Pentium III 550 MHz processor machines using a standard
100 Mbs ethernet link was employed for this method. The
configuration of the cluster machine and the use of the
TURBOMOLE39a-d package allow parallelization of the com-
putations and hence reduce considerably the computer time
required. We have studied the possible degree of parallelization
of the simulation, varying the number of processors. The results
show that the use of six processors gives the optimal usage of
resources (Table 1). Most of the gain in computer time refers
to the quantum chemical calculations, which contribute as 95%
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to the total computer time. With respect to this fact, any change
of the classical MD/MC programs to a more parallelized code
would not have any substantial effect on the overall CPU time
needed. Using the 6-processors cluster, the computation of
42000 time steps in the QM/MM-MD simulation needed a total
of 151 days of CPU time.

2.2. Construction of Ion-Water Pair Potential. To con-
struct the Mn(II)-H2O pair potential, we placed the Mn(II) ion
at numerous positions around the water molecule by varying
geometrical parameters 0° e Θ e 180° and 0° e æ e 90°; for
each configuration, the Mn-O internuclear distancer was varied
from 1.2 to 15.0 Å (Figure 1). The internal geometric parameters
of water were held fixed at the experimental values,40 i.e., rOH

) 0.957 Å and∠HOH ) 104.5°. The quantum chemical
calculations were performed at the UHF level using the
TURBOMOLE program. The ab initio effective core potentials
(ECP) and double-ú valence basis set developed by Stevens,
Krauss, and Basch41 were used for the Mn(II) ion, and for
oxygen and hydrogen atoms, the DZP basis sets of Dunning
were used.42

The interaction energies,∆E2bd, between water and manga-
nous ion were evaluated by subtracting the ab initio energies
of the isolated speciesEMn2+ and EH2O from those of the
monohydratesEMn(H2O)2+

A total of 1782 energy points of the monohydrate was generated
for a representative description of the Mn(II)-H2O system. Then
fitting was performed with various potential types to describe
electrostatic and van der Waals interactions.

2.3. Monte Carlo Simulation. MC simulation was carried
out in the canonical ensemble using the Metropolis43 algorithm.

The optimized pair potential function was applied to a system
consisting of one Mn(II) ion and 199 water molecules in a
periodic cube at a temperature of 298.16 K. A spherical cutoff
at half of the box length (9.117 Å) was introduced. The density
of 0.997 g cm-3 was assumed to be the same as that of pure
water. For water-water interactions, the CF2 potential44 was
used, as this model is more consistent than the MCY45 model
with our type of ion-water potential.46 After generating a
starting configuration randomly, the system reached energetic
equilibrium after 3 million configurations. For evaluation of
structural data, especially the radial distribution functions
(RDFs), a further 3 million configurations were sampled.

2.4. Molecular Dynamics Simulation.Consistent with the
MC simulation, the same pair potential and the same box
characteristics were applied. Correspondingly, a radial cutoff
limit of half the box length (i.e., 9.117 Å) for Coulombic and
non-Coulombic terms was chosen with the exception of non-
Coulombic O-H and H-H interactions,where a cutoff of 5 and
3 Å, respectively, was sufficient. In addition, a reaction field47

was established to properly account for long-term Coulombic
interactions.

Since the CF248a,bwater model used in this simulation allows
explicit hydrogen movement, the time step was chosen to be
0.2 fs. The water box, subject to periodic boundary conditions,
was equilibrated for 12.0 ps (60000 time steps) in the NVT
ensemble. To maintain a constant temperature of 298.16 K, we
applied a temperature scaling algorithm49 with a relaxation time
of τ ) 0.1 ps along the whole simulation. A further 300 000
steps of MD simulation resulting in a total simulation time of
60.0 ps were carried out under the same condition as that of
the equilibration to provide data for structural evaluation.

2.5. Quantum Mechanics/Molecular Mechanics Simula-
tion. A hybrid QM/MM-MD simulation was performed, de-
scribing the crucial first hydration shell at the UHF level in
order to properly account for many-body effects. The quantum
mechanical region around the metal ion had a radius of 4.0 Å,
and water molecules were allowed to leave and enter from and
to this zone dynamically. The size of this region was chosen to
contain the full first hydration shell at any step of the simulation.
A smoothing function in the radial region between 3.8 and 4.0
Å had to be applied to ensure a smooth transition between the
QM and MM forces.17 In each simulation step, an ab initio
calculation was performed providing quantum mechanical forces
to be incorporated into the total force of the system by the
following formula

whereFSystem,totalis the total force of the system,FSystem,MM is
the MM force of the system,FQM-Region,QMis the QM force in
the QM region, andFQM-Region,MM is the MM force in the QM
region. The last term in eq 2 accounts for the coupling between
QM and MM region.

The parallelized TURBOMOLE package was used for the
calculation of the ab initio forces, with the same basis sets41,42

for Mn(II), O, and H as those in the calculation of the pair
potential.

The simulation protocol was the same as that in the classical
MD simulation. The starting configuration of the system was
taken from the last configuration of the pair potential simulation.
The system was reequilibrated for 4.2 ps (21000 time steps) in
the NTV-ensemble. A further 21 000 steps of QM/MM-MD
simulation (4.2 ps) were performed in order to obtain data for
structural evaluation.

Figure 1. Definition of geometric variables for Mn(II)-water orienta-
tions. H2O molecules inyz plane.

TABLE 1: Relative Speeds on a TURBOMOLE Calculation
Using Different Number of Processors

number of processors relative speed

1 1
2 1.9
4 3.3
6 3.7

∆E2bd ) EMn(H2O)2+ - EMn2+ - EH2O
(1)

FSystem,total) FSystem,MM+ FQM-Region,QM- FQM-Region,MM

(2)
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3. Results and Discussion

3.1. Pair Potential.A global minimum of-74.17 kcal/mol
was found for the dipole-orientedC2V configuration of the
Mn2+-H2O system at a Mn-O distance of 2.05 Å (Θ ) 0 and
æ ) 0, Figure 1).

The fitting, performed by the least-squares method of
Levenberg-Marquart resulted in a function of the form

whereaiM, biM, ciM, anddiM are fitting parameters,riM’s are the
distances between theith atom of H2O and Mn(II),qi’s are the
atomic net charges of theith atom of H2O, andqM is the atomic
net charge of Mn(II). A weight factor was introduced to give
special emphasis to values near the global energy minimum.
Values above 30 kcal/mol were excluded. Similar analytical
potential functions were reported for other hydrated metal
ions.30,31 The fitting resulted in a rms error of 1.70. The final
parameters of the function are given in Table 2.

In Figure 2, the stabilization energies obtained from the
quantum chemical calculations,∆ESCF(eq 1), are plotted versus
those obtained from the analytical function∆EFIT, (eq 3) The
correlation between the energies∆ESCF and ∆EFIT is an
important parameter, which indicates the quality of the function.
To show this correlation, we graph potential curves for some
characteristic geometrical arrangements in Figure 3. They show
satisfactory agreement even in the repulsive regions.

3.2. Structural Data. Figure 4 displays and compares the
radial distribution functions (RDFs) for Mn(II)-O and Mn-
(II)-H together with their corresponding running integration
numbers obtained from MC, MD, and QM/MM-MD simula-

tions. Their characteristic values are listed in Table 3. In the
Mn(II)-O RDFs, the peaks corresponding to the first hydration
shell are centered at 2.23 Å for the MC, 2.22 Å for the MD,
and 2.28 Å for the QM/MM-MD simulations, 0.18, 0.17, and
0.22 Å beyond the minimum of the SCF Mn(II)-H2O potential,
respectively. The values obtained do not differ much from the
experimental values ranging from 2.18 to 2.22 Å.6

TABLE 2: Final Optimized Parameters for the Interactions
of O and H Atoms of Water with Mn 2+ Together with the
Point Charges Applied for the Interaction between Mn2+

and H2O

a b c d

atom charge (a.u.)a
Å-5

(kcal/mol)
Å-7

(kcal/mol)
Å-9

(kcal/mol)
Å-12

(kcal/mol)

O -0.6598 -7711.56 47036.41 -81898.47 66161.08
H 0.3299 -706.76 7575.35 -18087.79 18731.51

a Taken from the CF243 water-water interaction potential.

Figure 2. Comparison of the stabilization energies obtained from ab
initio calculations (∆ESCF) and the fitted energies (∆EFIT).

∆EFIT ) ∑
i

(aiMriM
-5 + biMriM

-7 + ciMriM
-9 + diMriM

-12 + qiqMriM
-1)

(3)

Figure 3. Comparison of∆ESCFand∆EFIT, using the final parameters
for values ofθ ) 0°, 60°, 90°, and 180° (φ ) 0 in all cases).

Figure 4. Mn-O and Mn-H radial distribution functions and their
running integration number for Mn(II)-water system obtained by (a)
MC, (b) MD, and (c) QM/MM-MD.

TABLE 3: Characteristic Values of the Radial Distribution
Functions, grâ(r), for the Mn(II) -Water Solution Obtained
from MC, MD, and QM/MM-MD Simulations

method R-â rM1 rm1 n1 rM2 rm2 n2

MC Mn-O 2.23 2.94 8.90 4.59 5.53 22.83
Mn-H 2.92 3.53 17.04 4.82 6.07 53.44

MD Mn-O 2.22 3.26 8.74 4.42 5.62 22.74
MnH 2.94 3.76 19.11 4.98 6.16 53.13

QM/MM Mn-O 2.28 2.88 6.74 4.00 5.20 18.06
Mn-H 2.84 3.44 13.67 4.80 5.94 48.00

a rMi andrMi are the distances in Å for theith maxima and minima
of gRâ(r), respectively,nj is the average coordination number integrated
up to rMi of the ith shell.
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The second peaks in these functions related to the second
hydration shell appear between 3.80 and 5.34 Å with a
maximum value at 4.59 Å for the MC, between 3.72 and 5.32
Å with a maximum value at 4.42 Å for the MD, and between
3.72 and 5.20 Å with maximum value at 4.42 Å for the QM/
MM-MD, clearly well separated from the first hydration sphere
in all simulations.

In the Mn(II)-H RDFs, the first peaks are centered at 2.92,
2.94, and 2.84 Å for the MC, MD, and QM/MM-MD simula-
tions, respectively. The shift of the Mn-H RDFs to larger
distances with respect to the corresponding oxygen peaks
indicates that especially in the first shell, the water molecules
are well oriented to obey the dominant ion-water interactions,
with their oxygen atoms pointing to the ion.

The percentages of occurrence of coordination numbers in
the first and second shells as obtained from the running
integration numbers are shown in Figure 5. For the MC
simulation, coordination numbers of 10.33% of 8 and 89.67%
of 9 with a mean value of 8.90 water molecules and, for the
MD simulation, 26% of 8, 73.73% of 9 and 0.27% of 10 water
molecules with mean value of 8.74 water molecules were
observed. However, for the QM/MM-MD simulation, 26.42%
of 6 and 73.57% of 7 water molecules around the cation with
a mean value of 6.74 water molecules were obtained, i.e., about
2 water molecules less than the averages obtained from the
classical MC/MD simulations.

The mean coordination numbers for the second hydration shell
are 22.83, 22.74, and 18.06 for MC, MD, and QM/MM-MD
simulations, respectively, implying that every first shell water
molecule interacts with about 2.6 water molecules in the second
shell in all simulations.

The uneven second shell coordination number distribution
obtained by the QM/MM-MD method rather indicates that more
steps are needed in order to obtain a smooth equilibrium
distribution.

The H2O-Mn-H2O angular distributions are shown in Figure
6. The angular distributions obtained for the MC and MD
simulations are almost the same except for the small third peak
observed at 120° for the MD simulation. The first peak

describing the most direct neighbors appears between 59° and
93° centered at 71° for MC and between 50° and 98° centered
at 72° for the MD simulation. The second peaks are centered
at 139° and 138° for the MC and MD simulations, respectively.
No angle larger than 160° appeared in these distributions. In
contrast to the angular distributions obtained from classical MC/
MD simulations, the one obtained from the QM/MM-MD
simulation ranges from 59° to 179°. The first peak is centered
at 78° and the second at 136°. The first peak is centered,
therefore, at an angle larger by 6° and 7° than the first peaks
obtained by classical simulations. This is to be attributed to the
smaller number of water ligands in the first hydration shell as
compared to the number of molecules in the case of MC/MD
simulations.

4. Conclusion

The ab initio two-body potential is not adequate to describe
the hydration structure of Mn(II) and leads to an overestimation
of the coordination number, even using the more powerful QM/
MM-MD method. The differences between the classical and
the QM/MM-MD studies prove that many-body effects play an
important role in the description of the hydration structure of
Mn(II). The results of the QM/MM-MD methodology are much
closer to the experimental values. Despite the accuracy of the
QM/MM-MD study, its results still raise the question for a need
of n-body correction terms outside the QM region. The box-
size effect could also have an effect on the results obtained for
the second hydration shell, due to the possibility of significant
interactions with a third solvation shell. For these reasons, a
further extension of the present study employing a 3-body
correction function for the MM region and an extended basic
box seems to be desirable.
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