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Classical molecular dynamics (MD), classical Monte Carlo (MC), and combined quantum mechanical/molecular
mechanical (QM/MM) MD simulations were carried out to investigate the hydration structure of the Ni(II)
ion in water using a newly constructed 2-body potential and a function correcting for 3-body effects. A
6-coordinate hydration structure with a maximum probability of the Ni-O distance at 2.25, 2.21, and 2.14 Å
was observed by the classical MD, classical MC, and QM/MM-MD simulation with 3-body corrections,
respectively, while an 8-coordinate structure was observed by the classical MD and MC simulations using
only 2-body pair potentials. The average structure parameters obtained by the Hertree-Fock level QM/MM-
MD simulation are in agreement with the experimental values. The validity of the 3-body correction function
is discussed on the basis of the results for the classical and QM/MM simulations. During the classical MD
simulation, a water exchange reaction was observed for the 6-coordinate Ni(II) ion. The water exchange
reaction proceeded via a 5-coordinate intermediate with the lifetime of ca. 2.5 ps. The observed dissociative
mechanism of the water exchange reaction is in accordance with experimental evidence.

Introduction

The hydration structure of the Ni(II) ion has been well
investigated using various experimental methods.1 The structural
parameters, such as the coordination number and the Ni-O
distance, have been determined in aqueous solutions as sum-
marized in Table S1 (S: Supporting Information). The majority
of those studies indicates that the Ni(II) ion is coordinated by
six H2O molecules in the first coordination sphere. Furthermore,
the [Ni(H2O)6]2+ fragment is observed in many single crystals,
as summarized in Table S2. The octahedral arrangement of six
H2O molecules in the first coordination sphere is consistent with
that observed in aqueous solutions. According to the compiled
Ni-O distances for 37 samples in aqueous solutions and 38
samples in single crystals (see Tables S1 and S2, respectively),
the maximum probability of the Ni-O distance is considered
to be at ca. 2.06 Å, as shown in Figure S1. In marked contrast
to the amount of experimental studies, not many molecular
simulations on the Ni(II) ion have been reported,2-5 although
molecular dynamics (MD) and Monte Carlo (MC) simulations
are very useful to obtain the molecular structure of hydrated
ions such as Ni(II).6,7

In classical molecular simulation techniques, 2-body potential
functions are used to describe the interactions between the metal
ion and H2O, and pairwise additivity of the 2-body contributions
is assumed. The parameters of the 2-body potential function
are generally determined in either an empirical or a theoretical
way. In the former approach, partial atomic charges in the
Coulombic term and potential parameters in a non-Coulombic
term are empirically optimized so that the simulation reproduces

structural, thermodynamic, and other macroscopic properties
determined experimentally. Although such empirical pair po-
tentials are very useful in molecular simulations, it is impossible
to construct in the case of systems for which physicochemical
quantities are experimentally not available. On the other hand,
in the case of quantum theory-based 2-body potentials, the
potential parameters are determined on the basis of pair
interaction energies obtained by ab initio molecular orbital
calculations. Such ab initio 2-body potentials have been
constructed for a variety of metal ions interacting with water.8-12

However, ab initio molecular orbital calculations on
[M(H2O)n]m+ (M ) metal) have clearly demonstrated that the
stepwise binding of H2O molecules leads to gradually decreasing
binding energies.13-19 This means that additivity of ab initio
2-body pair potentials cannot be assumed for [M(H2O)n]m+. The
reduced interaction energy between [M(H2O)n-1]m+ and H2O
with increasingn is interpreted to be caused by both the
neutralization of the positive charge on the metal ion and the
exchange repulsion in the ion-H2O interaction due to the
existence of other H2O molecules in the first coordination
sphere.20-25 A similar but opposite nonadditivity of ab initio
2-body potentials has been pointed out for H2O molecules in
the second hydration sphere;21-26 i.e., the binding energy
between the metal ion and H2O is enhanced by the charge
polarization due to the H2O molecule in the second hydration
sphere. These many-body contributions are quite important and
their neglect leads to overestimations of the hydration number
of the metal ion.2,27-35

Two main methods have been followed in an attempt to solve
the many-body problem. One is the adoption of a polarizable
or dissociative model for the H2O molecule. Since such models
can implicitly include many-body corrections, the experimental
first-shell structure and energy of hydration are fairly well
reproduced.3,36-40 The other approach is to add 3-body correc-
tion functions to the ab initio 2-body potentials: the energy of
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[M(H2O)2]m+ cluster is computed by means of ab initio
molecular orbital calculations and the nonadditive interaction
energies for the 3-body assemblies are fitted to an analytical
function. This approach can also reproduce the experimental
hydration structure and energy of metal ions,41-44 but the
importance of higher-order corrections has been pointed out for
transition metal ions.45,46 Because there are many possible
configurations of [M(H2O)n]m+ (n > 3) to describe the energy
surface for higher-order corrections, the total amount of neces-
sary SCF-energy calculations becomes quickly unfeasible.
Furthermore, it is nearly impossible to reproduce higher-order
correction terms with a suitable analytical expression.

In principle, the many-body problem can be managed by
quantum mechanical treatment of the whole solute/solvent
system during the molecular simulation; i.e., energies and forces
are calculated by solving the time-independent Schro¨dinger
equation, and nuclear motions are evaluated according to the
Born-Oppenheimer approximation. As this leads to unrealistic
computational requirements, one can split the system into an
inner, quantum mechanically treated region and an outer region,
described by classical molecular mechanics.47-52 With such
combined quantum mechanical/molecular mechanical (QM/
MM) methods, excellent agreement with experimental values
was obtained for many physicochemical properties,53-58 in
particular for the solvation structure of metal ions.59-67

In the present study, the 2-body pair potential between Ni2+

and H2O and its 3-body correction terms were evaluated by
means of ab initio molecular orbital calculations, and corre-
sponding analytical functions were constructed. With the 2-body
potential and the 3-body correction function, classical MD and
MC simulations were carried out. Furthermore, QM/MM-MD
simulations were performed to investigate the hydration structure
of the Ni(II) ion.

In addition to the hydration structure, ligand exchange and
substitution reactions at the Ni(II) ion have been extensively
studied using experimental techniques.68-71 The ligand substitu-
tion has been a subject of numerous investigations because of
the slow exchange reaction rate of hydrated Ni(II), in relation
to other divalent transition metal ions. An interpretation of the
reaction mechanism has been proposed since the early 1960s.68-71

The measured rate constants have been traditionally analyzed
on the basis of the so-called Eigen-Wilkins mechanism,72 in
which the ligand substitution reaction is considered to be
composed of a fast preequilibrium step to form an “outer-sphere
encounter” and a rate-determining binding change between a
coordinated H2O molecule and the first donating atom of an
entering ligand. The equilibrium constant (KOS) of the preas-
sociation is generally estimated by using the electrostatic model
based on the extended Debye-Hückel theory.73 The measured
second-order rate constant is then divided byKOS to estimate
the first-order rate constant (kex) for the rate-determining ligand
exchange between a first shell water and the outer sphere ligand.
It was pointed out that thekex value of the Ni(II) ion is almost
independent of the donating ability of the entering ligand.68-71

The spontaneous dissociation of the bound H2O molecule from
the Ni(II) ion is thus interpreted as the rate-determining step of
ligand substitution reactions, i.e., a “dissociative” mechanism
according to the classification by Langford and Gray.74 Merbach
et al. have determined the rate constant of the most basic water
exchange reaction at the Ni(II) ion and found that the activation
volume (∆qV°) is positive (+7.2 cm3 mol-1) by using a high-
pressure17O NMR technique.75 Since the dissociation of an H2O
molecule from the first coordination sphere is considered to lead
to an increase in partial molar volume of the system, the positive

∆qV° value is claimed to be in accordance with the interpretation
of the dissociative mode of activation. The dissociative mech-
anism and the positive∆qV° value have been supported by ab
initio molecular orbital calculations on [Ni(H2O)n]2+ (n ) 5-7)
performed by Rotzinger.76,77 Tsutsui et al. have also reported
the results of frequency analysis on [Ni(H2O)7]2+ to reject the
existence of the alternative associative and interchange paths
during the water exchange reaction.78 However, to date, no MD
study describing the ligand exchange reaction at Ni(II) ion has
been reported, although some MD simulations have been carried
out to evaluate the water exchange mechanism for alkali
metal(I)79-81 and lanthanide(III) ions.40 In this paper, the
trajectories of dissociating and entering H2O molecules for the
water exchange reaction at the Ni(II) ion will be presented for
the first time, and the ligand motions around the Ni(II) ion
during the water exchange process will be discussed.

Details of Calculations

Evaluation of the 2-Body Potential Function. Ab initio
molecular orbital calculations were carried out at the unrestricted
Hartree-Fock (UHF) level using the Gaussian98 program.82 The
Los Alamos effective core potential (ECP) plus valence double-ú
(DZ) basis set83 for Ni2+ and the valence DZ basis set84 for
H2O with polarization function on the O atom were employed.
The experimental gas-phase geometry of H2O was fixed with
the O-H distance of 0.9601 Å and the H-O-H angle of
104.47°.85

To calculate 2-body interaction energies between Ni2+ and
H2O, the position of the Ni2+ ion was varied around the H2O
molecule by fixing the O atom at the origin, two H atoms on
the xz plane, and theC2V axis of H2O on thez axis of the
Cartesian coordinate system (see the inset in Figure 1). The
values of the Ni-O distance (rNiO), the angle between the O-Ni
vector and thez axis (θ), and the angle between thex axis and
the projection of the O-Ni vector onto thexy plane (φ) were
varied over the ranges 1.2 Åe rNiO e 10.0 Å, 0° e θ e 180°,
and 0° e φ e 90°. SCF energy calculations were carried out
for about 4300 configurations to cover the whole configuration
space. The 2-body interaction energies (E2bd) were calculated

Figure 1. 2-Body pair potential between Ni(II) ion and H2O. The SCF-
calculated energies and fitted functions are shown by dotted and solid
lines, respectively, at (θ, φ) ) (0°, 0°) (a), (50°, 50°) (b), (70°, 50°)
(c), (90°, 50°) (d), (120°, 90°) (e), (120°, 50°) (f), and (180°, 0°) (g).
The definition of angles,θ andφ, is schematically depicted in the inset.
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by subtracting the SCF energies (ENi andEW) of isolated Ni2+

and H2O from that (ENiW) of [Ni(H2O)]2+, as expressed by eq
1.

To represent theE2bd values by an analytical function, various
functions were tested to fit to theE2bd values by a least-squares
optimization using the Levenberg-Marquardt algorithm. The
best reproducibility was obtained using a function composed
of four r-m terms for the non-Coulombic interaction in addition
to the Coulombic interaction, as expressed by eq 2,

where Q means the atomic net charge,rNiH is the distance
between Ni and H, andA, B, C, and D are optimization
parameters. The values of-0.6596 and 0.3298 were adopted
for QO andQH, respectively, from the central-force (CF) model
for H2O.86 The value ofQNi was assumed to be 2.E2bd values
near the global energy minimum were emphasized during the
least-squares procedure by assigning an appropriate weighting
factor. E2bd values above 30 kcal mol-1 were excluded in the
optimization of the function. The optimized potential parameters
are given in Table 1 together with constants used in eq 2. The
SCF-calculated and fittedE2bd values are plotted in Figure 1
for a variety ofθ andφ values. The average absolute residual
of the fit was 1.3 kcal mol-1. The global energy minimum of
the fitted function was found to be-84.4 kcal mol-1 at rNiO )
1.95 Å andθ ) φ ) 0°.

Evaluation of 3-Body Correction Function. The 3-body
correction energy (E3bd) was calculated according to eq 3,

whereENiW iWj is the SCF energy for [Ni(H2O)2]2+, ENiW i and

ENiW j are the 2-body interaction energies, calculated using the
previously developed analytical function (eq 2), andEWiWj is
the intermolecular potential between H2O molecules computed
using the CF2 model.87 The SCF-energy calculations were
performed by varying independently both Ni-O distance (2.0
e rNiO e 6.0 Å) and the O-Ni-O angle (ψ: 60° e ψ e 180°).
The dipole moments of both H2O molecules were fixed to point
toward the Ni(II) ion for all configurations.

Almost all of theE3bd values were found to be positive for
the geometries employed in this study. TheE3bd value decreases
with increasingrNiO and becomes almost 0 kcal mol-1 when
either rNiO approaches to 6.0 Å. Furthermore, given a set of
two rNiO distances, theE3bdvalue fell off with increasing distance
between the two H2O molecules. TheE3bd function can be
expressed by eq 4,

whereF, G, and H are fitting parameters,rij is the distance
between two oxygens of H2O molecules, andRCL is the cutoff
limit of 6.0 Å for the 3-body correction function. The final term
in eq 4 guarantees thatE3bd vanishes ifrNiOi or rNiOj become
larger thanRCL. This function is of the same type as used in
previous studies.20,21,88-90 A total of 6205 configurations were
generated for SCF-energy calculations of [Ni(H2O)2]2+. The
analytical function of eq 4 was fitted to theE3bd values by a
least-squares optimization, and the final parameters are given
in Table 1. The average absolute residual of the fit was 1.4
kcal mol-1.

Classical MD Simulation.All classical MD simulations were
performed in theNVTensemble with a time step of 0.2 fs using
a general predictor-corrector algorithm.6,7 The density of the
simulation box was set to the experimental value of pure water
at 298 K (0.997 g cm-3). The periodic boundary condition was
applied and the reaction field method was used to treat long-
range electrostatic potentials and forces.6 The temperature of
the system was maintained at 298.16 K by the velocity-scaling
method with a relaxation time of 100 fs.91 The CF2 model was
used for the intermolecular potential between H2O molecules,87

and the intramolecular potential of H2O developed by Bopp et
al. was employed to reproduce correctly liquid-phase vibrational
frequencies.92 Cutoff distances of 3.0 and 5.0 Å were adopted
for non-Coulombic interactions between H atoms and between
O and H atoms, respectively. All other pair interactions were
cut off at 9.0 Å. When 2-body pair potentials and forces were
calculated within the spherical cutoff limit, the shifted-force
potential technique was used to avoid discontinuity of potential
functions at the cutoff limit.6,7

The classical MD simulation was performed for a system
composed of one Ni(II) ion and 499 H2O molecules in a
simulation box of 15069 Å3 (24.70× 24.70× 24.70 Å). To
construct the initial configuration, the O atoms of H2O were
placed in the simulation box according to the face-centered cubic
lattice. The H atoms were arranged with random configuration
of H2O molecules. A total of 400 000 steps (80 ps) were first
processed using only the 2-body potential. At that time, the
system was confirmed to be energetically equilibrated. A further
200 000 steps (40 ps) were sampled to evaluate the structural
properties. The classical MD simulation was continued for a
further 30 000 000 steps (6.0 ns) after the inclusion of 3-body
corrections. All energies were confirmed to become stable within
the initial 5 ps.

Classical MC Simulation.All classical MC simulations were
performed in theNVT ensemble at 298.16 K using the

TABLE 1: Optimized Potential Parameters for 2-Body Pair
Potential and 3-Body Correction Function between Ni(II)
Ion and H2O

parameter value unit

2-Body Potential Parameters
QNi 2.0000a au
QO -0.6596a au
QH 0.3298a au
AO -7577.8511834 kcal mol-1 Å5

BO 42716.9882874 kcal mol-1 Å7

CO -70268.4505341 kcal mol-1 Å9

DO 52301.7750493 kcal mol-1 Å12

AH -353.3401000 kcal mol-1 Å5

BH 3467.0790489 kcal mol-1 Å7

CH -6549.7630208 kcal mol-1 Å9

DH 4909.1439175 kcal mol-1 Å12

3-Body Potential Parameters

F 0.5239824 kcal mol-1 Å-4

G 0.1561863 Å-1

H 0.6255337 Å-1

a Fixed constant.

E2bd ) ENiW - (ENi + EW) (1)

E2bd )
QNiQO

rNiO

+ AOrNiO
-5 + BOrNiO

-7 + COrNiO
-9 +

DOrNiO
-12+ ∑

i)1

2 (QNiQHi

rNiH i

+ AHrNiH i
-5 + BHrNiH i

-7 +

CHrNiH i
-9 + DHrNiH i

-12) (2)

E3bd ) ENiW iWj - (ENi + 2EW) - (ENiW i + ENiW j) - EWiWj

(3)

E3bd ) F exp{-G(rNiOi + rNiOj)} ×
exp(-Hrij){(RCL - rNiOi)

2(RCL - rNiOj)
2} (4)
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Metropolis sampling algorithm.93 The CF2 model was used to
describe the intermolecular potentials for H2O.92 The system
consisted of one Ni(II) ion and 499 H2O molecules, and the
periodic boundary condition was applied. A spherical cutoff with
a radius of 12.35 Å (half box length) was adopted for all pair
interactions. After a random generation of the initial configu-
ration, 3 000 000 configurations were generated in order to
equilibrate the system using only the 2-body potential. An
additional 3 000 000 configurations were sampled to measure
the structural properties. The 3-body correction function was
then included, and 3 000 000 configurations were sampled to
evaluate the structural properties after generation of 3 000 000
configurations for the equilibration.

QM/MM-MD Simulation. In the QM/MM-MD simulation,
the system composed of the Ni(II) ion and solvent H2O
molecules is separated into the QM and MM regions. As the
evaluation of the hydration structure around the Ni(II) ion was
the main subject of this study, the Ni(II) ion and its first
coordination sphere were selected as the QM region. The
remaining H2O molecules were treated as MM molecules. The
effective HamiltonianĤeff for this system is given as

where ĤQM is the Hamiltonian of the Ni(II) ion and its first
coordination sphere,ĤMM is the molecular mechanics Hamil-
tonian for the interaction between H2O molecules in the MM
region, andĤQM/MM is the interaction Hamiltonian between the
atoms in the QM region and those in the MM region. The energy
of the QM region was determined by SCF calculations at UHF
level using the same basis sets as those for the construction of
the 2-body potential and the 3-body correction term.83,84 The
forces on the QM atoms were computed by analytic gradients
using the Gaussian98 program.82 TheĤMM term simply denotes
the kinetic and potential energies of H2O molecules, and the
CF2 potential was used to describe the latter.87,92 The forces
acting on MM molecules were computed classically using the
molecular mechanical force fields. The coupling Hamiltonian
ĤQM/MM describes the interactions between the QM and MM
regions. For this term, the reported 2-body potential function
for Ni2+ and H2O with its 3-body correction was applied by
embedding of the QM system in the MM molecules.

To guarantee a smooth movement of H2O molecules between
the QM and MM regions, a transition region with a shell
thickness of 0.2 Å was introduced by defining two distances,
Ron and Roff (Ron < Roff), around the Ni(II) ion. All H2O
molecules atrNiO distances smaller than and equal toRon were
treated as part of the QM region, and the forces (FQM) were
calculated quantum mechanically. For the molecules withrNiO

> Roff, the forces (FMM) were obtained by the first differentiation
of the shifted potentials in the same manner as in the classical
MD simulation. If therNiO value was in the rangeRon < rNiO e
Roff, the transition force (FQMfMM) on the atoms was computed
according to eq 6,

whereS(rNiO) is the switching function defined by eq 7.94

The values ofRon andRoff were selected to be 3.6 and 3.8 Å,

respectively, according to the radial distribution function (RDF)
obtained by the classical MD simulation to include the first
coordination sphere of Ni2+ in the QM region. The RDF
probability of the Ni-O interaction in this transition region was
zero during the classical MD simulation (see Figure 2).

The QM/MM-MD simulation was started from an equilibrated
configuration taken from a classical MD simulation of one Ni-
(II) ion in 499 H2O. The simulation procedure was almost the
same as that of the classical MD simulation except for the
evaluation of the quantum mechanical forces in the first
coordination sphere of the Ni(II) ion. The energetic equilibrium
was achieved after 23 000 steps (4.6 ps). A further 35 000 steps
(7.0 ps) were processed to measure the structural properties.
The QM/MM-MD simulations were performed on a 2CPU SMP
Workstation equipped with dual DEC Alpha 21264 processors
operating at a clock frequency of 667 MHz. A total of 58 000
ab initio calculations were performed consuming 122.8 days of
CPU time.

Results and Discussion

Hydration Structure. To evaluate the hydration structure
of the Ni(II) ion, the structural properties obtained by the QM/
MM-MD simulation are compared with those of the classical
MD and MC simulation using the 3-body correction. Some
structure parameters are summarized in Table 2. The RDFs for
the Ni-O and Ni-H interactions obtained by the classical and
QM/MM simulations are compared in Figure 2. The peaks
corresponding to the first and second coordination sphere were
clearly separated in all simulations. The maximum probability
of Ni-O interaction in the first coordination sphere was
observed at 2.25, 2.21, and 2.14 Å for the classical MD, classical
MC, and QM/MM-MD simulation, respectively. The difference
between the classical MD and MC simulations can be ascribed
to the different treatment of the long-range interactions; i.e.,
the reaction field method was used in the former while no such
corrections were adopted in the latter. The average coordination
number in the first coordination sphere was 6 according to the

Ĥeff ) ĤQM + ĤMM + ĤQM/MM (5)

FQMfMM ) S(rNiO)FQM + (1 - S(rNiO))FMM (6)

S(rNiO) )
(Roff

2 - rNiO
2)2(Roff

2 + 2rNiO
2 - 3Ron

2)

(Roff
2 - Ron

2)3

Ron < rNiO e Roff (7)

Figure 2. Ni-O (A) and Ni-H (B) radial distribution functions and
their running integration numbers. The dotted, broken, and solid lines
represent the values obtained by classical MD, classical MC, and QM/
MM-MD simulation, respectively.
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running integration number of RDFs for all simulations. The
coordination number distribution (CND) probability is shown
in Figure 3. In the first coordination sphere, only the coordina-
tion number 6 is observed in all simulations. The O-Ni-O
angular distribution function (ADF); i.e., the probability to find
a certain O-Ni-O angle in the first coordination sphere of the
Ni(II) ion, is depicted in Figure 4, in which the integrated
function of ADF is included. Because there are six H2O
molecules in the first coordination sphere, the integrated function
is scaled to make the overall running integration number 5. It
is clearly seen in Figure 4 that there are four nearest-neighboring

O atoms at O-Ni-O angles of ca. 90° (89.5°, 90.5°, and 89.1°
for the classical MD, classical MC, and QM/MM-MD simula-
tion, respectively) and that there is one other ligand at an
O-Ni-O angle of ca. 172° (172.0°, 172.5°, and 172.7° for the
classical MD, classical MC, and QM/MM-MD simulation,
respectively). According to these data, it is obvious that the
hydration geometry around the Ni(II) ion is, on average
octahedral, with slight distortions and considerable variability
of the O-Ni-O angles ((20°, see Figure 4). The 6-coordinate
octahedral hydration structure of the Ni(II) ion is in agreement
with the experimental results.

The Ni-O distance (2.14 Å) obtained by the QM/MM-MD
simulation cannot be directly compared with the value of 2.06
Å determined experimentally (see Figure S1). The experimental
studies using X-ray have been carried out for solutions with
high concentration, while a dilute solution is treated in the
present simulations. The structure parameters determined ex-
perimentally for high concentration solutions must be affected
by coexisting counterions. Especially if the counterion locates
in the second hydration sphere of the metal ion, the Ni-O
distance should be shortened due to the enhanced polarization
of coordinating H2O molecules by the counterion. The choice
of basis sets for the QM/MM-MD simulation may also have
affected the calculated Ni-O distance. The bond distance
certainly depends on the size and quality of basis sets, but the
changes are not large, and the present selection was the
maximum possible in order to keep computation time within a
reasonable limit.

To evaluate the average orientation of H2O molecules with
respect to the Ni(II) ion in the first coordination sphere, an angle
(ê) between the Ni-O vector and the normal vector of the H2O
molecule was defined. According to the trajectory ofê, it was
found that theê value was modulated by two phases. The
frequencies of these two kinds of oscillational modulation were
ca. 2× 1013 and ca. 2× 1012 s-1. Although the total simulation
period of the QM/MM-MD simulation is much shorter than the
classical MD simulation, the sampling for 7.0 ps in the case of
the QM/MM-MD simulation is considered to be sufficient to
obtain an average value ofê with appropriate statistics. The
angular distribution function of the angle 90- ê is shown in
Figure 5 for the classical and QM/MM-MD simulations. The

TABLE 2: Hydration Structure Parameters of the Ni(II)
Ion in Water Determined by Molecular Simulation Methods

T/K methoda Nb r1
c/Å n1

d r2
c/Å n2

d ref

Ni-O Interaction
298 C-MD 499 2.15 8.0 4.21 28 this work
298 C-MD+3 499 2.25 6.0 4.68 16 this work
298 C-MC 499 2.15 8.0 4.07 21 this work
298 C-MC+3 499 2.21 6.0 4.61 16 this work
298 QM/MM-MD+3 499 2.14 6.0 4.50 13 this work
316 C-MD 64 2.17 8.0 4.2e 2
298 C-MC 200 2.09 8.0 4.1e 18 3
298 C-MCf 200 2.07 6.0 4.2e 16 3
298 C-MD 278 2.07 6.0 4

Ni-H Interaction
298 C-MD 499 2.87 17.2 4.93 51 this work
298 C-MD+3 499 2.99 12.0 5.18 50 this work
298 C-MC 499 2.76 17.0 4.63 53 this work
298 C-MC+3 499 2.88 12.0 5.06 50 this work
298 QM/MM-MD+3 499 2.81 12.0 5.04 50 this work
316 C-MD 64 2.76 4.7e 2
298 C-MC 200 2.75 16.2 44 3
298 C-MCf 200 2.69 12.0 38 3

a “C-MD”, “C-MC”, and “QM/MM-MD” correspond to classical
MD, classical MC, and QM/MM MD simulation, respectively. “+3”
means the inclusion of 3-body corrections.b Number of H2O molecules
in the simulation box.c ri is the distance of theith maximum of RDF.
d ni is the coordination number obtained by the integration of RDF for
the ith coordination sphere.e Values estimated according to published
figures. f Polarized water model.

Figure 3. Coordination number probability of first and second
hydration sphere of the Ni(II) ion for classical MD (A), classical MC
(B), and QM/MM-MD (C) simulation.

Figure 4. Angular distribution function for the O-Ni-O angle in the
first coordination sphere of the Ni(II) ion for classical MD (dotted line),
classical MC (broken line), and QM/MM-MD (solid line) simulation.
The scaled integrated functions are included.
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maximum probability of 90- ê is observed at ca. 0° for both
simulations. The values of 90- ê for the QM/MM-MD
simulation are, however, more broadly distributed in comparison
with those of the classical MD simulation. The occurrence
probability is nearly constant in the range from-15° to +15°
in the case of the QM/MM-MD simulation; hence the inclusion
of electronic contributions increases the probability of tilted
arrangements of the H2O molecules in the first coordination
sphere.

As seen in Figure 2, the second peak corresponding to H2O
molecules in the second hydration sphere for the QM/MM-MD
simulation shifts to a shorter distance and becomes narrower in
comparison with classical simulations. Furthermore, according
to Figure 3, the maximum probability of CND in the second
hydration sphere is observed at a smaller number for the QM/
MM-MD simulation compared with classical simulations; i.e.,
the CND probability is in the range from 11 to 15 with the
maximum at 13 for the former and from 13 to 19 with the
maximum at 16 for the latter. The hydration number of 13 for
the QM/MM-MD simulation indicates that H2O molecules in
the second hydration sphere arrange almost ideally to form
hydrogen bonds with the H2O ligands in the first hydration
sphere. On the other hand, the value of 16 in the classical
simulations means that some additional H2O molecules interact-
ing without such a specific arrangement are included in the
second hydration sphere in addition to the hydrogen-bonded
ones. The exclusion of these additional H2O molecules from
the second hydration sphere reduces intermolecular repulsions
between H2O molecules, and the shorter Ni-OII (second shell)
distance in the QM/MM-MD simulation thus reflects the
decreased hydration number. A similar conclusion has been
reported in a previous QM/MM-MC simulation of the hydrated
Cu(II) ion.64 The quantum mechanical treatment of the first
hydration sphere significantly affects the structure of the second
hydration sphere as well, indicating a spillover effect of
approximations in the first coordination sphere to regions located
farther away.

Effect of the 3-Body Correction. The effect of the 3-body
correction function was examined within the framework of the
classical MD and MC simulations. The results are summarized
in Figure S2, in which the RDFs for the Ni-O atomic pair, the
ADFs, and the CNDs are shown for the classical simulations

with and without 3-body corrections. The structure parameters
are given in Table 2. As is clearly seen in Figure S2, an
8-coordinate hydration structure is predominant in simulations
without 3-body corrections. On the other hand, the 6-coordinate
hydration structure is observed with 100% probability after
inclusion of 3-body corrections in both classical MD and MC
simulations. This means that the simulation using only the
developed 2-body potential is unable to obtain the correct
hydration structure. A similar decrease in the coordination
number has been observed in previous studies for other metal
ions using the same or similar type of 3-body correction
function.42-44,95-97 Thus it is evident that additivity of the 2-body
potential constructed by ab initio molecular orbital calculations
is invalid also in the case of the Ni(II) ion.

It has been experimentally observed and predicted by quantum
chemical calculations that a reduced coordination number causes
a shortening of the distance between the metal ion and the
coordinating atom.98-100 In the present molecular simulation,
however, the Ni-O distance is elongated by the inclusion of
the 3-body correction function, although the coordination
number is reduced from 8 to 6. Because interligand repulsions
around the Ni(II) ion are decreased by the lower coordination
number, the longer Ni-O distance observed in classical MD
and MC simulations after inclusion of 3-body corrections should
be an artifact of both 2-body and 3-body correction functions
used in this study or an indication of the importance of higher-
order correction terms. (It is known thatn-body corrections can
have alternating signs leading to convergence only after
inclusion of more than 3-body terms.) The Ni-O distance in
the first coordination sphere obtained by the QM/MM-MD
simulation is clearly shorter than the corresponding values of
the classical simulations, which can be seen as an indication in
that sense. Furthermore, it has been reported that the repulsive
E3bd value has a maximum at short M-O distances.21-23 A
proper inclusion of this effect in the 3-body correction function
may thus improve the Ni-O distance in the first coordination
sphere in classical simulations.

The 3-body corrections play an important role for the structure
of the second coordination sphere as well as the first coordina-
tion sphere in classical simulations. In the case of the QM/MM-
MD simulation, the 3-body corrections are still effective for
H2O molecules in the second hydration sphere of Ni2+. It is
known that the 3-body correction term becomes negative when
a bound H2O molecule interacts with another H2O molecule
through a hydrogen bond.21-26,46 The negativeE3bd value is
interpreted in terms of the polarization effect of the bound H2O
molecule. An additional consideration of such attractive interac-
tions in the formulation of the 3-body correction function may
also contribute to shorten the distance from Ni2+ to oxygens in
the second hydration sphere.

Water Exchange Reaction.In this study, the classical MD
simulation including 3-body corrections was started from an
equilibrated configuration of the corresponding simulation
without 3-body corrections, in which the Ni(II) ion was
surrounded by eight H2O molecules. During the equilibration,
the coordination number of the Ni(II) ion decreased from 8 to
6, and the 6-coordinate structure appeared first about 13 ps after
the inclusion of 3-body corrections. During this equilibration
period for 13 ps, the total energy of the system relaxed from
-2907 kcal mol-1 (initial) to -3023 kcal mol-1 (average value
for 14-18 ps), which is almost comparable to the average
energy (-3046 kcal mol-1) with the modulation of ca.(50
kcal mol-1 of the fully equilibrated system (1-6 ns). This
indicates that the system was almost equilibrated before the

Figure 5. Angular distribution function for the angle 90- ê (definition
see text) in the first coordination sphere of the Ni(II) ion for the classical
MD (dotted line) and QM/MM-MD (solid line) simulation.
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water exchange reaction observed. Subsequently, one H2O
molecule dissociated from [Ni(H2O)6]2+ at about 18 ps, and
another H2O molecule entered the first coordination sphere at
about 20.5 ps of simulation time. The total potential energy
between Ni2+ and the O atoms shows an energy barrier of ca.
50 kcal mol-1 during this water exchange reaction, as shown
in Figure S3. After this water exchange reaction, the six H2O
molecules surrounding the Ni(II) ion always stayed in the first
coordination sphere up to the final simulation time of 6.0 ns.

The Ni-O distance trajectories of the two H2O molecules
involved in the water exchange reaction are depicted in Figure
6, in which also some instantaneous geometries for the seven
O atoms of the ligands around the Ni(II) ion are included. As
can be clearly seen from this figure, the water exchange reaction
proceeds via a dissociative mode of activation; i.e., one of six
H2O molecules (refer to O(6), Figure 6) first dissociates to form
a 5-coordinate intermediate, and then another H2O molecule
(O(7)) enters into the first coordination sphere. This observation
is consistent with the dissociative nature for ligand exchange
and substitution reactions of the Ni(II) ion demonstrated
experimentally68-71 and theoretically.76-78

According to Figure 6, the water exchange reaction is initially
induced by a structural distortion of the first coordination sphere,
which may be promoted by a repulsive interaction between O(3)
and the approaching O(7). The leaving O(6) molecule then starts
to dissociate from the Ni(II) ion due to the repulsion between
O(6) and O(3), and the dissociation is facilitated by the
formation of an intermediate hydrogen bond between O(6) and
O(1). The formation of the 5-coordinate intermediate is com-
pleted by the entry of O(6) into the second hydration sphere.
The configuration of the other H2O molecules (O(1)-O(5))
remains rather constant during the dissociation process, and thus
the five H2O molecules form a square pyramidal configuration
with O(5) as the apex. The 5-coordinate intermediate has a
lifetime of ca. 2.5 ps. During this interval, the apex of the
pyramid changes from O(5) to O(4), which will occupy the trans
position to the entering O(7) after the completion of the water
exchange. The configurational change in the intermediate
proceeds via an approximately trigonal-bipyramidal configura-
tion with the equatorial plane composed of O(3), O(4), and O(5).
The geometrical rearrangement allows O(7) to enter the first
coordination sphere, and then the O(7) molecule binds regularly
to the Ni(II) ion, forming [Ni(H2O)6]2+ again.

It should be mentioned that such a detailed picture of the
water exchange reaction has not yet been obtained by the most
reliable QM/MM-MD simulation, but so far only by the classical
MD simulation including 3-body corrections. The present
molecular motions around the Ni(II) ion are, however, consid-
ered to be a model of the ligand exchange reaction when the
reaction proceeds via the dissociative mode of activation.
Although the observation of several water exchange reactions
would be necessary to discuss the exchange rate, it has to be
expected that the interval between the water exchange processes
at the Ni(II) ion is on the order of milliseconds according to
the experimental rate constant.70 Such long simulations to
observe several water exchange reactions are still far beyond
the present computational resources, even for classical MD
simulations.

Conclusion

A 6-coordinate hydration structure is observed in QM/MM-
MD simulation, and the average structure parameters are in good
agreement with the experimental values. The 6-coordinate
hydration structure is also observed in classical MD and MC
simulations with 3-body corrections, and it is clearly indicated
that the inclusion of 3-body corrections is necessary in classical
simulations to reproduce the correct coordination number of the
first coordination sphere of Ni2+. However, in more detail, the
present classical potential functions may not be sufficient to
describe correctly the Ni-O distance in the first coordination
sphere, because the distance (2.14 Å) obtained by the QM/MM-
MD simulation, which includes the many-body effects higher
than 3-body, is significantly shorter than the corresponding
distances (2.21-2.25 Å) in classical simulations. This clearly
means that higher-order corrections are important to obtain a
correct Ni-O distance. The reproducibility of the Ni-O distance
in classical simulations may be improved by including the
relaxation effect of exchange repulsions into the 3-body
correction function. Furthermore, the difference in RDF and
CND between the classical and QM/MM simulations indicates
that a more diffuse arrangement of H2O molecules in the second
hydration sphere is favored by classical simulations. The
additional consideration of secondary (H2OI-H2OII) polarization
effects in the 3-body correction function would strengthen the
hydrogen-bonding interaction between H2O molecules in the
first and second hydration sphere, thus leading to a more rigid
and compact second hydration sphere in classical simulations.

The MD simulation proved a very powerful tool to observe
the ligand exchange reaction at metal ions. A detailed picture
of the exchange process can be obtained by the MD simulation,
although the limitation of computational resources still prevents
the observation of several exchange reactions as well as the
application of the most sophisticated QM/MM-MD simulation
technique for this purpose. For the water exchange reaction of
the Ni(II) ion, the dissociative mechanism observed in the
classical MD simulation supports the mechanistic hypotheses
based on experimental results. The lifetime of the 5-coordinate
intermediate, which is difficult to determine experimentally, can
be well estimated to be ca. 2.5 ps.
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Figure 6. Bond distance trajectories for Ni-O pairs participating in
the water exchange reaction calculated by classical MD simulation.
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techniques in aqueous solution (Table S1), the Ni-O bond
distances of [Ni(H2O)6]2+ in single crystals (Table S2), the
Ni-O bond distance distribution probability in aqueous solutions
and single crystals (Figure S1), the RDF for the Ni-O atomic
pair, the ADF, and the CND obtained by classical MD and MC
simulations (Figure S2), the total potential energy between Ni2+

and O atoms during the water exchange reaction (Figure S3).
This material is available free of charge via the Internet at http://
pubs.acs.org.
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