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Various ions carrying a charge from �2 to +3 were confined in a drop of 100 water molecules as a way to
model coordination properties inside the cluster and at the interface. The behavior of the ions has been
followed by molecular dynamics with the AMOEBA polarizable force field. Multiply charged ions and
small singly charged ions are found to lie inside the droplet, while bigger monovalent ions sit near the
surface. The results provide a coherent picture of average structural properties as well as residence times
for which a general trend is proposed, especially for the anions.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the dynamics of simple ions dissolved in water
may have wide applications in inorganic chemistry, biological
environment or atmospheric chemistry [1]. The approaches to
study the ion solvation mechanisms are multiple, both experimen-
tal and theoretical. In solution, an ion deconstructs locally the
water network, and the competition between water-ion and
water-water interactions reflects the ability of the ion to organize
molecules around it. These interactions have been studied for a
long time and are symbolized by the Hofmeister series which
turned out to reflect trends in several properties of hydrated ions,
besides their ability to precipitate proteins [2]. Nowadays, the
effect of ions on the structuration of water can be measured by dif-
ferent spectroscopic techniques such as NMR, neutron and X-ray
diffraction, X-ray absorption spectroscopy, infrared and Raman
spectroscopy. Gas-phase experiments are also available to study
a single ion in an isolated water drop without the effect of the envi-
ronment such as counterions. Indeed, high pressure mass spec-
trometry [3] and threshold collision-induced dissociation [4]
were used to obtain hydration energies for a broad set of hydrated
ions. Furthermore, vibrational predissociation spectra have been
obtained for water clusters in a larger size range of tens to hun-
dreds of molecules, incorporating diverse ions with charges from
�2 to +3 [5–7]. This size range provides adequate models to under-
stand the fundamental ability of an ion to structure its first two
hydration shells. Such experiments yield IR action spectra; thus
structural information can only be inferred indirectly and remains
rather limited. Our aim is to devise a simulation approach which is
able to bridge this gap, yielding structural as well as spectroscopic
information. In the present work, we use structural data derived
from experiment in bulk solution to assess this model’s accuracy.
Comparison to experimental IR spectra will be reported separately.

From a theoretical point of view, micro-hydrated ions have
been generally considered using static quantum chemical calcula-
tions [8]. However, a dynamical behavior is only obtained from
molecular dynamics (MD) simulations that can be either DFT MD
[9,10] or classical MD [11]. Both methods have been used in con-
densed phase or at the liquid/vapor interfaces to compute ion
hydration properties [12]. Average structural properties and water
residence around the ion usually require simulations in the
nanosecond range to get reliable values. Consequently, DFT MD
cannot provide an appropriate description due to the limitation
in the simulation time. MD simulations based on classical force
fields have been widely used to model ion hydration and have been
improved to treat multicharged ions [11,13–16].

The divalent cations Mg2þ and Ca2þ, as well as Naþ, are known
to be strongly hydrated ions with a structuring effect on at least
their first two solvation shells [11,12,17] whereas for larger mono-
valent cations (such as Kþ and Csþ) or polyatomic ions (such as
tetramethylammonium), water-water interactions are often stron-
ger than ion-water interactions [18]. The behavior of anions has
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been largely debated both by experimentalists and theorists.
Experiments on very small clusters (n 6 6) established the pres-
ence of Cl�, Br� and I� at the surface [5,19]. Ab initio calculations
on small clusters predicted F� inside and the other halides at the
surface [12,20]. The differences in the solvation process for F�

and Cl� in small (4–20 molecules) water clusters have been studied
by classical MD indicating a fully solvated F� vs. only a partially
solvated Cl� [21]. Conversely, Dang et al. concluded to the presence
of both F� and Cl� at the surface of small water clusters with 1–6
molecules by polarizable MD simulations [22].

For larger systems, particularly in the case of bulk liquid/vapor
interfaces, the behavior of halides may be different because the
curvature of the surface can play an important role and promote
complete solvation of the ions. Tobias et al. combined results from
experiments and MD simulations on NaCl aerosols [23]. Experi-
mentally, they irradiated aqueous NaCl aerosols to create OH rad-
icals, and then, observed chlorine production at the interface,
suggesting a wide presence of chloride ions close to the surface.
In MD simulations, they used different force fields and a wide
range of system sizes, and concluded that Cl� remains mainly close
to the interface. Then, they carried out numerous polarizable MD
simulations to compare the mobility of various anions and cations
[24]. They concluded that the smallest ions, i.e. F�, Naþ, OH�, move
away from the surface while the largest ones (H3O

þ, NO�
3 , Cl

�, Br�,
I�) remain at the surface, with a more pronounced effect for Br�

and I�. In several computational studies, the influence of the force
field on the results has been pointed out, especially the role of an
explicit inclusion of many-body effects in the simulations
[11,25,26]. For example, a strong energetic stabilization due to
polarization effects has been highlighted for halide hydration [27].

We propose here a systematic study of various ions in a water
drop of 100 molecules by classical molecular dynamics based on
the polarizable AMOEBA force field [28]. The ions considered,
La3þ, Ca2þ, Liþ, Naþ, Kþ, Csþ, F�, Cl�, Br�, SO2�

4 , are both cations
and anions, carrying a charge ranging from �2 to +3. The same
force field, which includes an explicit polarization term and a high
level electrostatic representation, is used for all cases to provide a
coherent overview of their structural and dynamics properties. The
behavior of the ions in the cluster is followed during relatively long
simulations and the residence time of the water molecules in the
first coordination shell is evaluated through a model of persisting
coordination as proposed in the literature [12].
2. Simulation details

In recent years, the AMOEBA polarizable force field has been
successfully used to determine the structural and thermodynamic
properties of various ions in solution such as Kþ, Naþ and Cl� in liq-
uid water and formamide [29], halides at the water/vapor interface
[30], hydration of divalent cations (Ca2þ, Mg2þ [15], Zn2þ [14,31]
and Fe2þ [13]) and lanthanide and actinide cations [32]. The two
major features of the AMOEBA force field are an explicit inclusion
of polarization effects using a self-consistent atomic dipole polar-
ization procedure, and a multipolar expansion up to quadrupoles
on each atom to represent the electrostatic interactions.

In 2003, Ren and Ponder released the 03-version of their
AMOEBA polarizable force field for water [28]. This water model
was able to reproduce various gas phase data of water clusters
and liquid phase properties of pure water. In this study, we used
available ion parameters from the literature which have been
obtained mainly to reproduce ion-water interactions using the
AMOEBA03 water force field. Accordingly, the simulations have
been performed with this 03-version. For the intermolecular
parameters, each atom has 2 parameters for the buffered 14–7
repulsion-dispersion term, an atomic charge and polarizability.
Furthermore, a polarization-damping scheme is used via a smeared
charge distribution as proposed by Tholé [28]. It was proven previ-
ously that this damping factor, initially at 0.39 for water and single
charged ions, should be decreased for multicharged ions
[14,15,32]. In addition in the case of the sulfate ion, a multipole
distribution was obtained for S and O atoms. The parameters used
are provided in Table S1 in Supplementary Material.

The simulations were carried out with the TINKER 6 software
[33]. The trajectories were propagated using the velocity-Verlet al
gorithm with a 1 fs time step. The minimum simulation time was
10 ns, up to 20 ns for anions. The initial geometry of the drop with
100 water molecules was taken as that of an experimentally
observed symmetrical cluster bearing a central cavity [34]. Simula-
tions were started from two different initial configurations, with
the ion (�II to +III charged) inside, i.e. structure called Ion-Int, or
on the surface, i.e. Ion-Ext, of the water cluster. In the first case,
the ion was positioned at the center of the cage, followed by an
AMOEBA geometry optimization. For the second case, one needs
realistic starting structures, i.e. with a representative water net-
work, for both positive and negative ions. During the simulations
with F� and Ca2þ initially inside the drop, the ions approached
the surface and provided adequate starting structures for an Ion-
Ext simulation, which were used for all other ions. We noted that
the AMOEBA geometry optimization can deform the initial struc-
ture, even for the Ion-Int structure, especially when the ion is large
and multiply-charged (Fig. 1).

The ion coordination numbers were obtained from the radial
distribution function of ion-O pairs. They can be compared to avail-
able experimental values to check the cluster model ability to
reproduce the competitive ion-water and water-water interac-
tions. Residence times of a water molecule in the first coordination
sphere of the ion were computed from the model of persisting
coordination proposed by Impey et al. [35]. A parameter t⁄ = 2 ps
was used to consider a temporary migration of a water molecule
away from the first coordination sphere.

The temperature was set to 200 K, maintained using the Nose-
Hoover thermostat, to be in the same range than the gas phase
experimental temperature [18]. In order to avoid evaporation of
water molecules during the dynamics, a spherical van der Waals
potential encloses the cluster with a 12 Å radius. At this tempera-
ture, evaporation ‘‘attempts” occur on average less than once per
simulation of 10 ns, therefore the impact of the van der Waals wall
is negligible. Furthermore, it was shown that in MD simulations,
the mobility of water molecules is larger than experimentally at
the same temperature and the correspondance between experi-
mental and computed temperature is questionable [36].
3. Results and discussion

3.1. Validation of the force field

In the AMOEBA force field, the available ion parameters have
been validated on bulk hydration properties, such as coordination
numbers, average water-ion distances in each coordination shell,
or solvation free energies. The goal of this study is to simulate
the dynamics of ions in a 100-water drop, however no structural
properties are available experimentally for a direct comparison.
Nevertheless, these properties can be compared with bulk data
as a safeguard for the simulations. Table 1 presents the mean num-
ber of water molecules in the first and second shells obtained from
the simulations for the various ions, together with available exper-
imental values in solution. Globally, the computed values are in the
experimental range. For example for La3þ, the CN remains at 9 with
an average La–O distance of ca. 2.51 Å which both agree with



Fig. 1. On the left side, Ion-Int optimized starting structure for Naþ , and on the right side, Ion-Ext optimized starting structure for Cl� .

Table 1
Coordination numbers and number of water molecules in the second shell in comparison with available experimental data.

Ions EXP AMOEBA

1st Sh. 2nd Sh. 1st Sh. 2nd Sh.

Av. Var. Av. Var.

La3þ 9.0a 18a 9.0 9.0 18.8 17.1–20.6

Ca2þ 8.0b 17b 8.0 7.6–8.3 17.7 15.7–19.9

Liþ 4c 12d 4.4 3.4–5.4 13.9 11.4–16.1

Naþ 4–8c 5.9 5.1–6.5 16.8 13.9–19.6

Kþ 4–6c 6.2 5.5–7.4 16.2 12.6–19.9

Csþ 6–8c 7.9 6.4–9.4 18.1 13.9–22.2
F� 4–6c 5.9 5.2–6.6 17.9 13.0–23.0
Cl� 5–6c 5.0 3.7–6.2 11.8 8.3–15.2
Br� 6c 5.0 4–6 11.7 8.0–15.4

SO2�
4

12e 12.2 11.2–13.1 24.7 18.7–29.5

a [37].
b [15,39].
c [36].
d [44].
e [45,46].

Table 2
Water molecule residence times (in ns) in the first solvation shell of the ions.

Ions Experiments AMOEBA Int/Ext

F� 1.71 / 1.17
Cl� 0.43 / 0.75
Br� 0.08 / 0.64
Liþ 2.37 [47] 2.60 / 3.20

Naþ 1.25 [47] 3.08 / 2.35

Kþ 0.81 [47] 0.66 / 0.58

Csþ 0.28 [47], 0.2 [48], 0.1 [49] 0.27 / 0.44

Ca2þ 2.96 [47], �10 [49] Few exchanges

La3þ 4.8 [47], �10 [49] No exchange
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experimental data (9.0 and 2.52–2.62 Å, respectively [16,37]). The
experimental CN of Ca2þ is known to be strongly dependent on the
concentration with an average value of ca. 8 for low concentration
[38] in agreement with the computed CN of 8.0. For both cations,
the number of water molecules present in the second sphere are
close to the experimental numbers of ca. 17 for Ca2þ [39] and 18
for La3þ [37]. Similar conclusions can be drawn for the other
cations and the anions. These results lend support to the use of
the AMOEBA parameters to follow the behavior of the ions in the
drop.

3.2. Water exchanges

The residence time of a water molecule in the first coordination
sphere of an ion is related to the strength of the ion-ligand interac-
tions and can be used to estimate the ion structuring ability. While
experimental data for the cations are available, data for anions are
scarce. The residence times have been computed for the various
ions under study and are provided in Table 2. Since the cluster
approach is likely to introduce some distorsion to residence times
as measured in the bulk, our discussion is mainly qualitative, lim-
ited to orders of magnitude and trends within ion series.

For Ca2þ and La3þ, the residence time is ca. few nanoseconds
and consequently, the simulations showed only few exchanges
and no exchange, respectively. Regarding the monovalent cations,
the residence time decreases from Liþ to Csþ (even if the difference
between Liþ and Naþ is not straightforward). In the latter case, the
computed time from the inside starting point is twice as small as
that for the starting point at the cluster surface due to the large
fluctuation in the number of first neighbours (Fig. 4).

For anions, the dynamics is slower from I� to Br� and Cl� with
times in the range of tens of picoseconds [40]. Laage and Hynes
performed MD simulations in periodic boundary conditions using
both polarizable and non polarizable models for water, and pro-
posed several models to determine water residence time for
halides from 5 to 10 ps with the polarizable model [41]. The resi-
dence times extracted from the present cluster approach simula-
tions are larger in magnitude but the order is preserved from F�

to Br�. For Br� cases, the times obtained are very different in the
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two simulations. As they naturally prefer to be at the cluster sur-
face, the organization of the water molecules around the ion and
their mobility are indeed disturbed.
3.3. Dynamical behavior

For each ion, the results are gathered in a series of six graphs, as
shown in Figs. 2, 4 and 5 for La3þ, Csþ and Cl�, respectively. The fig-
ures concerning the other ions are available in Supplementary
Material (Figs. S2–S8). The time evolution of various properties is
followed starting with Ion-Ext and Ion-Int structures on the left
and right side, respectively. The upper panel displays the time evo-
lution of the distance between the ion and the center of mass of the
drop. The initial distance varies depending on the localization of
the ion and the result of the initial geometry optimization. This dis-
tance cannot confirm by itself if the ion is present at the surface or
within the cluster. However, in the cases where the drop remains
essentially spherical, one can easily correlate distance ranges with
ion positions. Indeed, the diameter of the spherical cluster being ca.
17 Å, the distances of the ion to the center of mass can be naturally
distributed as follows: 65–6 Å for a complete double solvation
shell with the ion inside the drop, ca. 6 Å for an incomplete second
shell, and ca. 7–8 Å for an ion at the surface. The middle and lower
panels in the figures monitor the coordination number (first neigh-
bours) and the number of second neighbours of the ions, respec-
tively, as a function of time. The boundaries of the coordination
spheres are obtained from the radial distribution functions com-
puted over the simulations (Fig. S1).

La3þ and Ca2þ carry the highest positive charges, and they have
a similar structuring behavior of the water drop for the simulations
starting both from an ion at the surface or in the center of the clus-
ter (Figs. 2 and S2). The high charge leads to strong interaction with
the molecules in the first shell and the cation clearly favors an
Fig. 2. Time evolution of the ion-center of mass distance, numbers of first and second n
starting point (right). See text for details.
internal position with a CN of 9.0 for La3þ and 8.0 for Ca2þ. La3þ

has the largest CN and this very strong effect in the first shell
was only observed for lanthanum; it was already highlighted by
Bowron et al. to explain the sharp break in the aqueous solvent
structure (in the bulk for LaCl3 molar solutions) by the high coor-
dination number of 9 and the tricapped trigonal prism arrange-
ment around La3þ [42]. The structuring effect is also present in
the second solvation shell for both cations, with a limited variation
of the number of water molecules between 16 and 20. The final
structures for both calcium simulations remain relatively spherical
(Fig. 3). This observation correlates with the Hofmeister series in
which Ca2þ is one of the most chaotropic ions.

In comparison with the previous cases, the alkali metal ions are
considered to be relatively poorly solvated, and their coordination
strongly depends on the size of the cation and the concentration of
the solution. Liþ is the smallest cation of the series and despite its
single charge, it remains solvated by two shells of water in the
major part of the simulations. When the starting point corresponds
to the ion outside the drop, the fluctuation of the distance between
the ion and the center of mass of the aggregate is small. For the
inside starting point case, the ion spends few nanoseconds outside
before stabilizing inside the drop. The mean CN is 4.4 (see fluctua-
tions between 4 and 5 first neighbours in Fig. S3) with an average
Li–O distance of 2.04 Å in the first shell. The second sphere is also
well structured with ca. 14 water molecules for the simulation
time during which the cation is stable inside the drop.

With increasing cation size, from Naþ to Kþ and then Csþ, a pro-
gressive reduction of the structuring power of the ion is observed
during the simulations as expected from the Hofmeister series.
Naþ has also a global solvating behavior. When the starting point
corresponds to the ion at the surface of the cluster, 2 ns are neces-
sary for the cation to migrate inside. Furthermore, Naþ remains
mainly solvated as for the inside starting point simulation. The
eighbours for the La3þ water drop for an outside starting point (left) and an inside



Fig. 3. Snapshots of final structures from different simulations for the Ca2þ water drop.
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mean CN is 5.9, with a Na–O distance of 2.45 Å in the first coordi-
nation sphere, and small fluctuations in the number of second
neighbours around 17 water molecules. For Kþ and Csþ, the depop-
ulation of the second shell, and even of the first shell, is observed
during both types of simulation with large fluctuations of the num-
bers of first and second neighbours around the cation (Fig. 4). The
mean CN are ca. 6.2 and 7.9 for Kþ and Csþ, respectively, computed
from the inside starting point simulations.

In the anions series, the sulfate ion is fully solvated with an
average of 12 neighbours organized with 3 water molecules hydro-
gen bound to each sulfate oxygens. The simulations indicate a
mean Ow–Osulfate distance of ca. 3.85 Å. In contrast, the second shell
is sometimes partly depopulated, which may be an effect of the
size of the SO2�

4 ion with respect to the size of the cluster.
F�, the smallest anion, is mainly solvated by two complete sol-

vation shells inside the cluster despite few hundreds of picosec-
onds (out of 10 ns) spent at the surface with a depopulated
Fig. 4. Time evolution of the ion-center of mass distance, numbers of first and second n
starting point (right). See text for details.
second shell. The consequence is a fluctuation of the coordination
number with an average value of 5.9 and a mean F–O distance of
ca. 2.84 Å. With chloride, we observe the first behavior of an ion
positioning at the surface of the cluster (Fig. 5), suggesting that
water-water are stronger than ion-water interactions. Its high
polarization favors its position at the surface with partly filled sol-
vation spheres and fluctuations in the number of first and second
neighbours (4–6 and 8–15, respectively). The radial distribution
function of the chloride ion highlights an important number of
water exchanges between the two solvation spheres when Cl� is
inside the drop, and a stability of the water network when it is at
the surface. Br� has a similar behavior with a quick migration of
the anion at the surface of the aggregate and an average CN of
5.0 was obtained for both anions.

In summary, small atomic anions are mainly solvated while the
bigger prefer to be at the surface. However, SO2�

4 is different, with a
preference to be far from the interface. Its behavior is explained by
eighbours for the Csþ water drop for an outside starting point (left) and an inside



Fig. 5. Time evolution of the ion-center of mass distance, numbers of first and second neighbours for the Cl� water drop for an outside starting point (left) and an inside
starting point (right). See text for details.
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the large energetic penalty associated to the partial desolvation of
the doubly charged anion at the surface [43].
4. Conclusions

Molecular dynamics simulations of ions in a water drop were
carried out with the AMOEBA polarizable force field to (i) charac-
terize their first two solvation shells, and (ii) capture their
propensity to reside inside the cluster or to migrate from the
center to the surface and conversely. For the cation series,
the multiply-charged and small monovalent ions favor an inside
position whereas the larger monovalent ions have a larger mobil-
ity and spend more time at the surface of the drop. The most
structuring ions present a clear water organization around the
cation with two and even three water shells. For the +3 and +2
cations, no or few exchanges have been observed during the
simulations between water molecules in the first and second
shells. Furthermore, the residence time decreases as the size of
the monovalent cation increases. Regarding the anions, the results
reproduce both the structuration of the solvent around the ion
and the trend of the biggest ones to stay at the surface of the
drop. This partial desolvation can be correlated to the ion size
and polarizability. Residence times of water molecules in the first
shell are predicted for the anion series. To conclude, the AMOEBA
force field used without any reparametrization is able to provide
accurate structural and dynamical properties for the whole series
of ions under study.
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