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Abstract Molecular dynamics simulations of a Ni2+ ion in
water have been carried out to investigate the structure and
dynamics of water molecules around the nickel, extending the
analysis to the second hydration shell. The structural param-
eters as well as the motions of water molecules in various
sub-structures of the solution have been evaluated giving a
detailed picture of the motional modes of water molecules.
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1 Introduction

During the last decades the structure and dynamics of the
hydration complexes of the nickel cation has been studied
extensively using various experimental and theoretical
methods [1–8]. Structural, dynamical and other properties
of aqueous solutions of nickel salts have also been a subject
of several comprehensive reviews [9–11]. Although a con-
siderable amount of work has been devoted to interpret the
experimental data in terms of molecular structures and mo-
tions, a detailed molecular-level description of water struc-
ture and dynamics around the nickel cation is still largely
missing. In this context, computer simulations, capable to
provide detailed information of all the atoms in the simu-
lated systems on a nanosecond time-scale, should be very
helpful for further investigation of this problem. However, it
should be kept in mind that any classical computer simula-
tion is always as good as the used potential model describing
the interactions between the molecules.

In ab initio simulations the forces are determined directly
from quantum chemical calculations without any interaction
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potentials. It is therefore tempting to expect that these types
of simulations are more reliable than classical molecular
dynamics simulations. However, quantum chemical or
ab initio simulations are computationally very expensive and,
therefore, provide only a limited statistical sampling. Typi-
cally, only a few tens of picoseconds can currently be cov-
ered by Car–Parrinello Molecular Dynamics (MD) where the
number of water molecules, feasible to include, is normally
less than 100. In hybrid QM/MM simulations the size of the
system can be increased to same order as used in standard
classical MD simulations and time can be prolonged from
what is typical for Car–Parrinello simulations. Still, it is not
enough to provide reliable results for transport properties.

In the case of Ni2+ in aqueous solutions, both classi-
cal MD or Monte Carlo (MC) computer simulation studies
[12–23] report a very broad range of results, obtained with
different ion–water potential models (see Table 1). Surpris-
ingly quite a little attention has been paid to the molecu-
lar mechanisms behind the hydration water motion in nickel
solutions. The analysis of the librational and vibrational mo-
tions of water as well as the possible water-exchange mecha-
nism has been reported by Inada et al. [20,21]. The dynamics
of the Ni2+ hexa-aquo complex was studied by Westlund et
al. [13] and Odelius et al. [15,16]. However, these works were
aimed mainly at the simulation of NMR relaxation. Therefore
they did not consider the second hydration shell at all. More-
over, the ion–water potential used by Westlund et al. [13] was
initially constructed to describe Mg2+–water interactions.

In the present study the aqua-complex of nickel cation has
been treated by MD method without any constraints in order
to analyse the structure and dynamics as well as molecular
mechanisms of water substitutions and exchange in the first
and second shells around the divalent cation.

2 Methods

2.1 Interaction potential models

In computer simulations the choice and evaluation of the
interaction potentials is always a mandatory prerequisite for
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Table 1 An overview of results from earlier nickel cation hydration simulations. T : temperature, r1 max
NiO and r1 max

NiH : positions of the Ni–O and
Ni–H radial distribution function first maximum, NNi: cation coordination number, DNi: self-diffusion coefficient

Method System Water Ni2+–water T (K) r1 max
NiO , r1 max

NiH , NNi DNi, Ref.

model potential (Å) (Å) (10−9 m2/sec)

MD-NVE 1 Ni:64 H2O TIP4P 2-body 316 2.17 2.76 8.0 [12]
MD-NVT 1 Ni:215 H2O SPCflex 2-body 298 1.96 2.69 6.0 0.18 [13]
MC-NVT 1 Ni:200 H2O MCY 2-body 298 2.09 2.75 8.0 [14]

3-body 2.07 2.69 6.0
MD-NVT 1 Ni:255 H2O SPC/E 2-body 300 2.056 2.67 6.0 0.82 [15,16]
MD-NVT 2 NiBr2:278 H2O SPC/E 2-body 298 2.068 6.0 [17,18]
MD-NVT 30 NiCl2:1,282 H2O SPC/E 2-body 298 2.06 2.75 4.5 [19]

373 4.5
MD-NVT 1 Ni:499 H2O BJH 2-body 298 2.15 8.0 [20,21]
MD-NVT 3-body 2.25 6.0
MC-NVT 2-body 2.15 8.0
MC-NVT 3-body 2.21 6.0
QM/MM-NVT 3-body 2.14 6.0
MD-NVT 1 Ni:819 H2O SPC/E 2-body 300 2.07 2.76 6.0 [22,23]

a reliable description of the investigated system. In the case
of nickel cation there is a lack of good quality 2-body ion–
water potentials. Concerning the interaction potentials be-
tween water and nickel cation in general, Inada et al. [20,
21] did postulate that the inclusion of 3-body corrections is
necessary to reproduce correctly the peculiarities of Ni2+
hydration in classical simulations. However, this claim may
be too categorical. Recently, an effective 2-body Ni2+–water
interaction potential, given in a following functional form:
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has been proposed based on ab initio studies [22,23]. Param-
eters used in this potential are collected in Table 2.

Table 2 Parameters of the nickel–water interaction potential from Refs.
[22,23]

Parameter Value

AO −3.861×103 kJ mol−1 Å4

BO 6.985×104 kJ mol−1 Å6

CO −8.618×104 kJ mol−1 Å8

DO 3.538×104 kJ mol−1 Å12

EO −6.686×104 kJ mol−1

FO 2.4077Å−1

AH 1.119×103 kJ mol−1 Å4

BH −8.688×102 kJ mol−1 Å6

CH −1.677×103 kJ mol−1 Å8

DH 9.748×102 kJ mol−1 Å12

This interaction potential has been employed in classical
MD simulations [22,23] where it succeeds to reproduce the
very same nickel–water radial distribution functions as were
obtained from X-ray spectroscopy. The SPC/E water model
[24] was used in the nickel–water potential fitting procedure.
We have chosen to use this model in our simulations.

2.2 Computational details

The simulations of one Ni2+ ion among 255 water molecules
(0.214 mol/kg solution) in a cubic periodic cell were carried
out in a canonical NVT ensemble at 25◦C. The density of sim-
ulation box was set to be equal 0.997 g/cm3. Temperature was
kept constant by using the Nosé–Hoover method [25,26]. The
equations of motion were solved using the standard Verlet
leap-frog algorithm with a time step of 1.0 fs. The long-range
Coulomb forces are calculated using the Ewald summation
method. The simulated system is obviously not electro-neu-
tral but this fact does not affect the properties calculated in
this work. Counter-ions like Cl− are not included because
they are expected to disturb the hydration structure. The con-
figuration was equilibrated during a 150 ps run. Finally, a
1.5 ns simulation was performed.

3 Results and discussion

3.1 Hydration structure

Experiments [1,3,4,9] suggest that Ni2+ ion coordinates six
water molecules. This complex is stable over a range of
microseconds [2,10,11]. Our MD simulations reproduce the
very same structural picture. Calculated nickel–water radial
distribution functions (not displayed) nicely coincide with the
recent results obtained from X-ray absorption fine structure
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[22,23] and the cation coordination number calculated from
them equals to 6.0.

A detailed view on the structure of Ni2+ hydration shells
can be given using various density maps of water oxygen
and hydrogen distributions relative to nickel cation. Special
density projection maps (cylindrical distribution functions or
CDFs) are shown in Figs. 1 and 2. These density maps show
distributions of water oxygen and hydrogen atoms relative
to nickel ion together with another water oxygen in the first
hydration shell. In the computation of CDFs, the local Z -
axis is pointed along the vector connecting the Ni2+–O pair.
Space around is divided into cylindrical segments with steps
of 0.1 Å in both dimensions. The local density is then given
as a properly normalized number of atoms in each segment.
In the CDFs we have plotted the ratio of local density to bulk
density as a scale of greys (see Figs. 1, 2). Combined oxygen
and hydrogen distribution in the first and second hydration
shells are presented in Fig. 3 as iso-density spatial distribu-
tion functions. The octahedral structure of the nickel coor-
dination is very well pronounced. We can see from Fig. 3
that six water oxygens (green) are arranged around nickel.
These water molecules are free to rotate around their dipole
axis. The two hydrogens of the water molecules are found
in the donut-shaped density (shown red). The green rings on
top of the red rings are oxygens from the second hydration.
Only two of them are shown for clarity. The number of water
molecules in the second shell is calculated to be equal to 12.9.
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Fig. 1 Calculated distribution of water oxygen density around a fixed
Ni–O pair
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Fig. 2 Calculated distribution of water hydrogen density around a fixed
Ni–O pair

Fig. 3 Spatial distribution functions of water oxygen (green) and hydro-
gen (red) around the Ni2+ cation. The density threshold is five times
the bulk density
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Fig. 4 First rank reorientational time correlation functions for water molecules. Bulk water: 1 – RHH, 2 – RD, and 3 – RP vectors. The first
hydration shell: 4 – RHH, 5 – RD, and 6 – RP vectors

3.2 Dynamical behaviour

The residence times of water molecules in the nickel hydra-
tion shells are calculated following the standard procedure
described in Ref. [27]. No exchange of the Ni2+ first hydra-
tion shell water molecules was observed during the whole
1.5 ns simulation run. The average residence time for water
molecules in the second coordination shell is 9.5 ps. This is
very close to the 10.3 ps value obtained by Chillemi et al.
[23] in their MD simulations.

The nickel–cation self-diffusion coefficient was also com-
puted from the mean square displacements of the molecules.
The MD result – 0.65×10−9 m2/s, agrees well with the exper-
imental value 0.671×10−9 m2/s measured for 0.2 mol/L NiCl2
aqueous solution by diaphragm cell method [28].

A detailed view on the water dynamics around Ni2+ can
be given through the reorientational correlation functions,
Cα

l = 〈Pl(eα(t) · eα(0))〉 , where P1 and P2 are the first
and second rank Legendre polynomials, respectively, and eα

is the unit vector pointed along the α axis in the molecu-
lar frame of each water molecule. The correlation time, τα

l ,
can be obtained by fitting the correlation functions using the

following expression: Cα
l = e−t/τα

l . In our analysis we have
used three different axes: the H–H vector, RHH, the molecu-
lar dipole, RD, and the normal to the plane of the molecule,
RP. The results are presented in Fig. 4 and Table 3.

In bulk water the correlation time of the RP vector is
shorter than the correlation times in the plane of the mole-
cule. The same result was obtained in MD simulations of pure
SPC/E water [29]. This anisotropy seems to be caused by the
geometry of the water model. The dynamics of water mole-
cules within the [Ni(H2O)6]2+ complex changes completely.
First of all, the correlations times are much longer. Secondly,
the rotation around the molecular dipole vector becomes the
dominant motion. It should be noted that similar dynamics is

Table 3 Reorientational–rotational correlation times (in ps) for water
molecules in various solution sub-structures around the nickel ion

Vector Bulk water The first shell The second shell
τ1 τ2 τ1 τ2 τ1 τ2

RHH 5.8±0.2 3.2±0.2 17±1 8.0±0.3 5.5±0.5 4.5±0.2
RD 6.1±0.2 2.7±0.2 95±5 36±2 15±1 5.4±0.5
RP 3.9±0.2 2.3±0.2 17±1 7.8±0.3 4.5±0.5 3.7±0.4
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Fig. 5 Six reorientational correlation functions for Ni–O vectors within the [Ni(H2O)6]2+ complex

typical for water molecules even within the second hydration
shell. Despite the frequent exchange with bulk water sub-
structure, the reorientation of the RD vector is the slowest
motion.

Concerning the first shell the structure of nickel hexa-
aquo complex is very stable. The six water molecules coor-
dinating the Ni2+ do not interchange their places within the
shell during the 1.5 ns simulation. Therefore we can define the
reorientational correlation time for the complex as a whole.
The results are shown in Fig. 5. The correlation functions
converge very slowly. The average correlation times τ1 and
τ2 are about 150 and 40 ps correspondingly. Moreover, the
correlation times for the O–Ni–O axes of the complex are
different. It means that 1.5 ns simulation run is too short to
describe correctly the [Ni(H2O)6]2+ complex global reori-
entation.

Nevertheless, several well-pronounced instantaneous
deviations (up to 50◦–60◦) of the complex axes were ob-
served during the simulations. The analysis of this effect was
carried out in the following way. The inner part of the second
hydration shell was divided in 0.1 Å thick layers. Every 10 fs
it was checked if a water oxygen or hydrogen atoms lie within
the layers. An example of the evolution of the atoms positions

within the inner part of the second hydration shell during a
randomly selected interval of 10 ps from the entire run is
presented in Fig. 6. The corresponding reorientational corre-
lation functions for O–Ni–O axes within the [Ni(H2O)6]2+
complex are also included. A well-pronounced correlation
between the complex axes reorientation and the instanta-
neous oxygen movements towards the first hydration shell
is observed. We can conclude that the main molecular mech-
anism of nickel hexa-aquo complex reorientation is due to
the rapid pushes given by the second shell water oxygens.
Those rotations of water molecules within the second shell,
which only change the hydrogen positions do not affect the
complex orientation.

4 Conclusions

In this paper an MD study of Ni2+ cation hydration have
been carried out. The structural parameters of the first and the
second hydration shells as well as the motions of water mole-
cules in various sub-structures of the solution were evaluated.
The simulations showed that the structure of [Ni(H2O)6]2+
complex is very stable and the reorientational correlation
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Fig. 6 (i) The evolution of water hydrogens positions within the inner part of the second hydration shell. R(Ni–H) is the instantaneous distance
between second shell-water hydrogens and nickel cation; (ii) the corresponding evolution of water oxygen positions within the inner part of
the second hydration shell. R(Ni–O) is the instantaneous distance between second shell-water oxygens and nickel cation; (iii) corresponding
reorientational correlation functions for O–Ni–O axes within the [Ni(H2O)6]2+ complex

functions for the complex as a whole converge very slowly.
The main molecular mechanism of the complex reorientation
is the pushes given by the second shell water oxygens. The
rotations of water molecules within the second shell, which
change the hydrogens positions only, do not affect the com-
plex orientation. It was also found that, despite the intensive
exchange with bulk water, the dynamics of water molecules
within the second hydration shell is like in the first one.

The results of present study represent a small step for-
ward in the description of the peculiarities of nickel cation
hydration and may be used in further investigations of NMR
relaxation process in aqueous nickel solutions.
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