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Abstract

We present candidate structures for the global potential energy minima of X(H2O)n (X = Li+, Ca2+) clusters with n 6 20. The
TIP4P rigid body water–water potential is employed, together with cation–water interactions that are represented as a sum of
Coulomb and Lennard–Jones terms. We find that in the Li+ global minima the cation tends to be located on the cluster surface
with a preferred coordination number of four water molecules in tetrahedral positions. In contrast, for Ca2+ clusters the cation occu-
pies an interior site surrounded by eight water molecules in a square anti-prismatic arrangement.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

For several decades, the study of ions in aqueous solu-
tion has been an area of intensive scientific investigation.
One of the fundamental aspects that attracts consider-
able research interest is the determination of the coordi-
nation number of the ion in the first solvation shell. This
subject has been studied both experimentally [1] and
theoretically [2]. The evolution of the coordination envi-
ronment with the number of water molecules in an ion–
water cluster is also of interest. Small systems are likely
to exhibit different properties from bulk, because most
atoms are in a surface environment. However, for large
enough clusters the bulk limit should be recovered.

Global optimisation of pure water clusters [3–6], and
of protonated water clusters [7,8] using rigid body empir-
ical potentials has proved to be relatively difficult com-
pared to atomic clusters with a comparable number of
degrees of freedom. The difficulty is basically due to
the coupling between the angular and centre-of mass de-
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grees of freedom, which gives rise to a hierarchical poten-
tial energy landscape [9,10]. Our aim in the present work
is to extend our previous global optimisation studies to
cation–water clusters. Using a simple potential energy
surface (PES) based on Lennard–Jones and Coulomb
terms, and the basin-hopping global optimisation ap-
proach, we have determined likely global potential en-
ergy minima for Li+ and Ca2+ cation–water clusters.
For the resulting structures we report the cation coordi-
nation number and analyse how the different contribu-
tions to the potential energy change with the number
of water molecules. We also consider the hydrogen-
bonding pattern within the water network in some detail.

This Letter is organised as follows. In the following
section, we describe the PES and the global optimisation
method employed. In Section 3, we present and dis-
cuss the results. Finally, Section 4 summarises our
conclusions.
2. Methods

The closed-shell electronic structure of the water mol-
ecule and the chosen ions makes semi-empirical methods
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Table 1
Parameters employed for the ion–water potential

X �XO (kJ/mol) rXO (Å) qX (e)

Li+ 0.669 2.330 +1
Ca2+ 0.521 3.024 +2
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particularly appropriate for modelling the PES. In
describing the interactions of the corresponding clusters
have adopted relatively simple functional forms without
polarisation terms to reduce the computational expense,
as discussed below. We separate the total energy as

U tot ¼ Uwater–water þ U ion–water; ð1Þ
where the first term corresponds to the water–water
interaction and is represented by the well-known TIP4P
potential [11]. In this model, the water molecules are
treated as rigid bodies with a hydrogen–oxygen distance
of 0.9572 Å and a hydrogen–oxygen–hydrogen (HOH)
angle of 104.52�. The interaction between water mole-
cules is described by a pairwise potential of Lennard–
Jones and Coulomb terms, given by the expression

Uwater–water ¼
Xn
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where the sum over i and j refers to separate water mol-
ecules, and the sum over ki and kj refers to the charge
sites on molecules i and j. The Lennard–Jones term is
applied between oxygen atoms, and the parameters are
�O = 0.648 kJ mol�1 and rO = 3.153 Å. We measure
the distances in Å so that the energy is in kJ mol�1.
Two of the water point charges are located on the
hydrogen atoms, with qH = 0.52, and the third charge
is qM = �1.04, located at a distance of 0.15 Å from the
oxygen atom on a line bisecting the HOH angle. A is a
unit conversion factor whose numerical value is
1389.35 kJ mol�1 Å when e is the magnitude of the
charge on an electron in coulomb, so that the q param-
eters are effectively multiples of this elementary charge.
The number of water molecules is denoted as n.

The second term of Eq. (1) represents the interaction
between the ion and the water molecules. It is also rep-
resented as a sum of Lennard–Jones and Coulomb
potentials and is given by

U ion–water ¼
Xn
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where the parameters used here, �XO, rXO, and qX, are
listed in Table 1. These parameters are taken from the
literature [12].

The simplicity of this potential energy function, and
the good qualitative agreement with other more compli-
cated representations [13], have motivated a number of
other recent studies [2,12,14]. Furthermore, polarisation
effects have been shown to be small or negligible in cat-
ion–water clusters [14]. In contrast, including polarisa-
tion terms [15–17] seems to be important in order to
obtain an accurate description of the structure in an-
ion–water clusters [18,19]. However, the non-polarisable
model is expected to give reasonably good energies and
structures for the cation–water clusters considered in the
present work. In fact, we will show in the next section
that with this simple model we obtain the same lowest
energy structures as calculated with ab initio methods
[20,21] for Li+(H2O)n (n = 1–6), as well as good agree-
ment with experimental results for the coordination of
Ca2+ in aqueous solution [22,23].

The global potential energy minima were located
using the basin-hopping scheme [24] (a Monte-Carlo
plus minimisation approach [25]). This method has been
used successfully in both neutral [24] and charged clus-
ters [26–29], along with many other applications [10].
Each water molecule, treated as a rigid body, has six de-
grees of freedom represented in terms of three centre of
mass coordinates, (X,Y,Z), and three components of a
vector~k ¼ ðn; l;mÞ, which define a rotation axis through
the centre of mass of a reference structure [30]. The mag-
nitude of the rotation is a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 þ l2 þ m2

p
. This angle–

axis representation has been recently introduced into the
public domain global optimisation program GMIN to
provide a a general framework for rigid body isotropic
site–site potentials.

As in previous studies [3,7], we have determined suit-
able parameters for the basin-hopping calculations using
a number of runs for one particular cluster, which was
chosen as Li+(H2O)12 in the present work. Basin-hop-
ping runs consisting of 30000 steps (minimisations) were
started from independent random geometries at different
temperatures and with different fixed acceptance ratios
[24]. Separate blocks of 100 centre of mass and 200
angular moves were performed. The same lowest-energy
minimum was found in all simulations. The results
described in the following section were obtained at a
constant temperature of kBT = 2 kJ mol�1 and an
acceptance ratio of 0.1, which produced the shortest first
encounter time for the global minimum of Li+(H2O)12.
A total of 20 runs of 30000 basin-hopping steps each
were performed for n 6 16 and 5 runs of 50000 steps
each for each size n P 17. In the larger clusters the same
lowest energy minimum was not found in every run, and
it is possible that the putative global minima for n P 17
may be improved in the future. Nevertheless, the struc-
tures that we have located are likely to be representative
in terms of features such as the ion coordination
number.
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3. Results

In this section, we present the likely candidates for
the global potential energy minima of Li+(H2O)n and
Ca2+(H2O)n. These structures will be made available
for download from the Cambridge Cluster Database
[31]. For the X(H2O)n complexes, association energies
[27,28] are defined for the process

nðH2OÞ þX ¼ XðH2OÞn; DEa. ð3Þ
We also define the X ion binding energy [27,28] as the

difference between the association energy of the complex
and that of the (H2O)n cluster, i.e.,

ðH2OÞn þX ¼ XðH2OÞn; DEb. ð4Þ
3.1. Li+–water clusters

In Fig. 1a, we plot the association and binding ener-
gies as a function of the number of water molecules, n.
Both of these energies tend to asymptotic values as n in-
creases. The initial sharp decrease shown by the binding
energies in this figure is related to the formation of the
first ion coordination shell [27,28]. The Li+ cation has
a lower coordination number, with the ion surrounded
by four water molecules in tetrahedral positions in most
of the global minima, and a local site symmetry defined
by the S4 point group. The average distance between the
ion and the oxygen atoms is around 1.97 Å. This result
is in very good agreement with recent ab initio simula-
tions [32] and experimental data [33]. The corresponding
�microsolvation� structure is plotted in Fig. 2.
n
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Fig. 1. Predicted energetics for Li+(H2O)n global minima. (a) Asso-
ciation energies per water molecule DEa/n (dashed line) and binding
energies DEb (solid line). (b) Total energies Utot (solid line), water–
water energies Uwater–water (dotted line) and ion–water energies
Uion–water (dashed line).
Once the first ion coordination shell is completed
hydrogen-bonds between water molecules start to ap-
pear. In general, we find that the number of hydrogen-
bonds increases with n, except for n = 14, which has
the same number as n = 13. Furthermore, for n = 14,
n = 18, and n = 19 the ion favours a different environ-
ment involving six, five, and five water molecules,
respectively. In these global minima, the mean distance
between the ion and the oxygen atom in the water mol-
ecule increases to 2.1 Å.

In order to understand this behaviour better Fig. 1b
indicates the different contributions to the total potential
energy. Utot, Uwater–water, and Uion–water are plotted
against the number of water molecules, n. When the
Li+ cation is surrounded by four water molecules
Uwater–water reaches a maximum value (positive), which
is related to the lack of hydrogen-bonds in the structure.
For n P 5 this contribution decreases almost linearly, ex-
cept for n = 14, n = 18, and n = 19, where peaks arise be-
cause a modification of the coordination number occurs.
The Uion–water term also reaches a limiting value around
n = 4, when the preferred environment is formed.
Fig. 2. Global minimum structures for Li+(H2O)n (n = 1–20) clusters
labelled according to the number of water molecules. All the figures
involving cluster structures were prepared using the program XCRYS-

DEN [34].



Fig. 4. Global minimum structures for Ca2+(H2O)n (n = 1–20) clusters
labelled according to the number of water molecules.
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All global minimum structures located for this system
are shown in Fig. 2. The first six cation–water clusters
are in good agreement with recent ab initio calculations
[20,21]. Furthermore, the ion preferentially occupies a
site in the cluster surface, in agreement with molecular
dynamics simulations at finite temperature [12].

3.2. Ca2+–water clusters

The larger rXO and qX values for Ca2+ produce a dif-
ferent coordination environment in the corresponding
water clusters. In Fig. 3a, we plot DEa/n and DEb as a
function of the number of water molecules. As n in-
creases, both energies tend to asymptotic values. As
for the Li+ clusters, the initial sharp decrease of the
binding energies is related to the formation of the first
coordination shell. In this case, the Ca2+ cation prefers
a higher coordination number, defined by eight water
molecules in a square anti-prismatic arrangement. The
site symmetry in this case is defined by the point group
S8, as shown in Fig. 4. Here, the average distance be-
tween the ion and the surrounding oxygen atoms is
around 2.51 Å. This value is in good agreement with re-
cent experimental data for Ca2+ in aqueous solution
[22,23], and with classical molecular dynamics simula-
tions [35] at finite temperature. In this first ion coordina-
tion shell hydrogen-bonds are not formed, and the
water–water interaction reaches an unfavourable maxi-
mum value at n = 8, whilst the ion–water interaction
decreases slowly with n (Fig. 3b). For n P 9 hydrogen-
bonds start to appear, and we generally observe two
per water molecule for n P 12. For Ca2+ the cation pre-
fers to be located inside the cluster, in agreement with
n
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Fig. 3. Predicted energetics for Ca2+(H2O)n global minima.
(a) Association energies per water molecule DEa/n (dashed line) and
binding energies DEb (solid line). (b) Total energies Utot (solid line),
water–water energies Uwater–water (dotted line) and ion–water energies
Uion–water (dashed line).
molecular dynamics simulations [12]. All the global min-
ima are illustrated in Fig. 4.
4. Conclusions

Using a basin-hopping global optimisation scheme
[24,25], we have located the likely global minima for
Li+(H2O)n and Ca2+(H2O)n clusters with n 6 20. From
a simple potential energy function, based on the rigid
non-polarisable TIP4P model, we find that the smallest
Li+ cation prefers to occupy a position on the water
cluster surface surrounded by four water molecules in
tetrahedral sites for the first coordination shell. These re-
sults are in good agreement with empirical [12] and ab
initio simulations [32], and also with experimental data
[33].

On the other hand, we find that the larger Ca2+ cat-
ion prefers a first coordination shell of eight water mol-
ecules in a square anti-prismatic arrangement, in good
agreement with experimental data [22,23]. The increase
of the cation size and charge make an internal position
more favourable [12]. For n P 12, the number of
hydrogen-bonds formed per water molecule is two.
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The good agreement between our results and other
more sophisticated techniques, as well as experimental
data, supports the use of the simple potential energy
used here for cation–water clusters. However, we also
note that the global free energy minimum is likely to
change from the global potential energy minimum at
higher temperature.

Neither Li+(H2O)20 nor Ca2+(H2O)20 involve clath-
rate structures with the cation at the centre of a dodeca-
hedron of water molecules. Similar behaviour has been
reported for Na+, while �clathrate-like� cage structures
were found for K+ and Cs+ in distorted dodecahedra
[2]. These differences are clearly due to the energetic bal-
ance involved in solvating the cation and disrupting the
hydrogen bonding network between the water mole-
cules. Since we focus upon the global potential energy
minimum entropy effects are not relevant, which simpli-
fies the situation somewhat.

Clathrate-like structures appear to be less favourable
for the three cations with the highest charge densities. It
is these ions that would be able to form the strongest
electrostatic interactions with water oxygen atoms, and
these specific interactions will make a significant contri-
bution to the total binding energy of the cluster com-
pared to the water–water interactions in small systems.
The number of strong cation–water contacts that can
be formed for Li+ and Ca2+ also depends upon their
size, since the surrounding water molecules must avoid
unfavourable steric clashes. The solvent molecules in
the first coordination shell cannot form hydrogen bonds
amongst themselves without introducing unfavourable
electrostatic interactions with the cation, and hence the
situation is reminiscent of the usual radius ratio rules
for packing of inorganic solids.

Clathrate-type structures probably serve to maximise
the favourable water–water interactions, whilst main-
taining a reasonable electrostatic environment for the
centre cation. However, for ions like Li+ and Ca2+ it ap-
pears to be the particularly strong cation–water energet-
ics that are optimised, at the expense of the water–water
contribution. To check this interpretation, we placed
each ion in the middle of the lowest TIP4P (H2O)20
dodecahedron and minimised the energy. We then com-
pared the water–water and ion–water contributions to
the potential energy in these local minima with the cor-
responding quantities in the true global minima. For Li+

both contributions to the total energy are more favour-
able in the global minimum (by 5.8% and 2.6% for the
water–water and water–ion terms, respectively). For
Ca2+ the water–water contribution is actually less
favourable in the true global minimum, but the water–
ion term more than compensates for the lost water–
water interactions. For this doubly charged ion the
water–water contribution is less than 10% of the total
potential energy for both the local minima, and hence
we expect the structure of the global potential energy
minimum to be primarily determined by optimal pack-
ing around the ion. The water–water and water–ion
terms are comparable in the Li+(H2O)20 clusters, and
hence it seems likely that clathrate structures will only
become competitive when the water–ion contribution
decreases further, or the ions become larger, as for K+

and Cs+.
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