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a b s t r a c t

Various effective components of the intermolecular interaction of water containing aggregates are exam-
ined and their modeling, in terms of the fundamental physical properties of the involved partners, is
discussed. We focus, in particular, on the evolution of these components in going from the simplest neu-
tral rare gas–water aggregates to bulk water and ionic water solutions. The analysis singled out that
the model chosen to represent the van der Waals interaction as the composition of the action of three
dispersion/induction–attraction centres and found to be appropriate to describe the lighter He–H2O and
Ne–H2O systems, is not adequate to describe the heavier Ar–H2O aggregate. It was found, instead, that
by increasing the mass of the rare gas, other short range contributions to the interaction come into play.
Moreover, it was also found that the water molecule tends to behave as a single centre as the strength of
the interaction increases. This led to the development of an effective model potential suitable to describe
water clusters in the range going from gaseous to condensed phase. The role of electrostatic contributions
is also evaluated. The proposed potential model is tested by comparing molecular beam scattering and
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neutron diffraction experiments with results of molecular dynamics (MD) calculations.
© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Characterization and modeling of the different components
f the intermolecular interaction in molecular aggregates involv-
ng water molecules, is of crucial importance in describing
tatic and dynamic properties of several chemical systems and
rocesses, both in condensed (solid and solution) and in gas
hase, as well as in neutral and ionic situations. In general,
ollowing the usual force field approach, the intermolecular inter-
ction is described in terms of non-covalent (like size-repulsion,
ispersion/induction–attraction and electrostatic effects) and
hemical (like charge transfer) components [1,2]. The relative
mportance of these components, because of their weakness and
heir incomplete separability, still remains to a large extent to be

nderstood, especially when systems of increasing complexity are
onsidered. In the specific case of water, the balancing of the various
omponents is particularly difficult because the molecular outer
lectronic charge distribution varies significantly in going from gas
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isolated molecules) to condensed (interacting molecules) phase
3–5].

Clusters spectroscopy (see for instance Ref. [6]), scattering cross-
ections and second virial coefficients in gas phase [7–13], and
eutron diffraction [14–16] in condensed phase, have been used
s experimental probes of the water interaction.

Various empirical potential models have already been proposed
n the literature though most of the related formulations bear lim-
ted validity and satisfactorily reproduce only some of the water
roperties [4,5]. This is attributable both to the different formu-

ation of the electrostatic term (which dominates, when present,
he long range interaction) and to an inaccurate representation of
he size-repulsion and dispersion–attraction components (glob-
lly known as van der Waals) of the interaction. An accurate
escription of the van der Waals component is vital to develop
unified view of the water interaction and a sufficiently general

ffective model potential. As a matter of fact, while dispersion
sually accounts only for a small fraction of the total interaction

nergy, size-repulsion plays a more crucial role since it determines
he equilibrium distance of the building blocks in a polyatomic
ggregate.

This problem was brought to attention by recent scattering
xperiments [10,11], which evidenced the coming into play of

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:lag@dyn.unipg.it
dx.doi.org/10.1016/j.ijms.2008.07.018
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ig. 1. Left-hand side panels: (a) schematic representation of the polarizability ellip
ext). Right-hand side panels: minimum interaction energy of the He–H2O system p
erpendicular plane bisecting the HOH angle (� = 0) and as a function of � when (e

component additional to the van der Waals interaction when
oving from He–H2O to Xe–H2O. This prompted the need for prop-

rly representing the size-repulsion and dispersion–attraction by
rst rationalizing the behavior of systems like the rare gas–water
lusters (Rg–H2O) in which these two terms are the leading compo-
ents of the interaction. Among them, He–H2O and Ne–H2O are the
ost instructive cases, because related interactions depend only on

he two mentioned components (plus a weak induction associated
ith the permanent dipole-induced dipole effect). The investiga-

ion of the heavier Rg–H2O systems singled out, instead, the coming
nto play of additional short range contributions [11]. In this con-
ext, we believe that a comparative study of Rg–H2O aggregates
s a function of the mass (and accordingly of the strength of the
nteraction) helps in understanding the role of the van der Waals
omponent for systems containing water and provides information
n the parameters to be used for its description when the strength
f the interaction increases.

The present paper starts in Section 2 by defining the inter-
ction components involved in the model and by representing
he water polarizability, a basic physical property affecting both
ttraction and repulsion (see for instance Refs. [11] and [17]), as
combination of three components with axial symmetry (the

o-called molecular polarizability ellipsoids [18,19]). It is then
mphasized that the position of the centres of such ellipsoids (also
alled dispersion/induction centres) tends to converge into a single

entre placed on the oxygen atom as the strength of the interac-
ion increases and a more general formulation of the potential is
iven. The model is then extended in Section 3 to the analysis of
arger (H2O)n clusters, liquid water and M+–H2O (M+: alkali ion)
onic solutions and a comparison of the results of some molec-

f
t
c
o
e

of H2O and polar coordinates; (b) sketch of the variables used to define VvdW (see
as a function of � when He moves (c) on the molecular plane (� = 90); (d) on the
oves on a perpendicular plane containing vaux (� = 90).

lar dynamics (MD) simulations with the experimental data is
iven.

. The proposed polarizability based effective model
ntermolecular potential

In order to meet the portability needs of MD computations,
he intermolecular potential V is often expressed as a combination
f few effective terms, defined by a limited number of parame-
ers related to basic physical properties of the interacting partners
20–26]. Therefore, following the guidelines given in Refs. [1,25],
he potential V is represented as a combination of size-repulsion
Vrep), dispersion (Vdisp) and induction (Vind) attraction, electro-
tatic (Velectr) and charge transfer (Vctr) effective contributions,

= Vrep + Vdisp + Vind + Velectr + Vctr (1)

he various contributions need to be considered as effective com-
onents due to their incomplete separability, especially when the

ntermolecular distance becomes small.
The model assumes that the isolated water molecule can be

escribed as a combination of three polarizability ellipsoids like
hose shown in Fig. 1 a, of which two refer to the OH bonds and
he third refers to the electronic cloud (including the lone pairs)
ocated around the O atom. This choice, which can be understood
n terms of the related HOMO orbitals, proceeds from the basic

eatures of the electronic structure of H2O [3]. At the same time,
he weak van der Waals interaction (VvdW = Vrep + Vdisp) between a
losed shell atom and a water molecule can be represented as a sum
f the contributions associated with the three atom-polarizability
llipsoid pairs, equivalent to three atom-bond terms [27](see next
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Table 1
Potential parameters for the Rg–H2O systems

Rg–X ε‖ (meV) r0‖ (Å) ε⊥ (meV) r0⊥ (Å)

He OH 1.120 3.300 1.140 3.151
He O 2.326 3.050 0.750 3.684
Ne OH 2.060 3.394 1.997 3.267
N
A
A

t
i
b
e

n
p
c
t
s
l

2
R

w
a
o
h
t
a
m
i
r
a
s
a
r
r

i
t
w
m
o
m

However, the direct comparison of calculated data with scatter-
ing measurements is a truly crucial test for judging the validity of
a PES. In Ref. [37] the measured integral cross-sections for He–H2O
and Ne–H2O [10,11] have been compared with the predictions of the

Table 2
Predicted intermolecular distance R (see Fig. 1a), interaction energy V and angle �
for the most stable configuration of the system considered

System R (Å) V (meV) � (degree) R0 (Å) ε0 (meV)

He–H2O 3.23 −4.195 60 3.43 2.91
3.14a −4.193a 74a 3.45b 2.75b
2 M. Albertí et al. / International Journa

ubsection for further details). In order to account for the modifica-
ions that the electronic structure of water can undergo under the
ffect of the intermolecular field, the hardness of the repulsive wall
nd the position of the dispersion/induction centres along the OH
onds (and, accordingly, their influence on the global intermolec-
lar interaction) are allowed to vary for different aggregates while,
s usual, the water molecule is assumed to be rigid.

.1. The Rg–H2O aggregates (Rg He, Ne, Ar)

As already mentioned, our work has focused at its beginning on
he Rg–H2O systems, which are the aggregates involving the min-
mum number of interaction components since, for these systems,
electr is absent and Vind plays a minor role. This situation is ideal to
arry out an almost in vitro analysis of VvdW and to relate it to the
osition of the molecular polarizability ellipsoid centres. For this
eason we applied the model to the formulation of the weak inter-
ction of the He–H2O and Ne–H2O, taken as reference systems, for
hich V can be expressed as a sum of three potentials, Vi(r, �) of the

vdW type, plus the term Vind, arising from the permanent dipole of
ater,

=
3∑

i=1

Vi(r, �) + Vind (2)

or the Rg OH interaction r is the distance of Rg from the centre
f the polarizability ellipsoid, relevant to the definition of the dis-
ersion centre placed along the OH bond. At the same time � is the
ngle formed by r and the OH bond (both these r and � are labeled
y index 2 in Fig. 1b).

For Rg O the potential is formulated using an auxiliary vector
aux (parallel to the HH internuclear distance and placed on the O
tom). For this pair, r is the distance between Rg and O and � is the
ngle formed by r and vaux (both these r and � are labeled by index
in Fig. 1b).

All the Vi(r, �) terms of Eq. (2) are formulated as

i(r, �) = ε(�)

[
m

n(r, �) − m

(
r0(�)

r

)n(r,�)

− n(r, �)
n(r, �) − m

(
r0(�)

r

)m
]

(3)

here the positive lhs contribution describes the repul-
ion, while the negative rhs one, with m = 6, describes the
ispersion–attraction interaction. The ε and r0 pair of parameters,
efining the well depth and its location, respectively, are expressed
s a weighted sum of parallel (ε‖ and r0‖) and perpendicular (ε⊥
nd r0⊥) contributions (see for details Refs. [26,27]). It is important
o emphasize here that the exponent of the repulsive part of the
nteraction in Eq. (3), varies with r and depends on r0 and ˇ as
ollows,

(r, �) = ˇ + 4.0
(

r

r0(�)

)2
(4)

ote that ˇ is an adjustable parameter modulating the hardness of
he repulsion and r/r0 is a scaled distance parameter controlling
he dependence of both the repulsive and the attractive term on r
t the various values of �. Such dependences remove most of the
nadequacies of the Lennard Jones (LJ) model potential [28,29] still

idely used in molecular dynamics simulations. The values of ε and

0 can be estimated from atomic and molecular polarizabilities [26].
he induction, which accounts only for a few percent of the global
ttraction, is formulated, as suggested by its asymptotic expression
30], in terms of the water permanent dipole moment (1.85 D) and
he rare gas polarizability.

N

T
t
R

e O 4.228 3.167 1.510 3.760
r OH 3.879 3.742 3.358 3.663
r O 6.320 3.562 2.796 4.080

For the Rg–H2O systems the interaction is weak. Because of this,
he geometry of H2O has been assumed to coincide with that of the
solated molecule in gas phase. Accordingly, the length of the OH
ond has been set equal to 0.9572 Å and the width of the HOH angle
qual to 104.52◦.

To examine the influence on V of both the repulsive wall hard-
ess and the dispersion centre position along the OH bonds, the ˇ
arameter has been initially taken equal to 9, its typical value for
lose-shell systems [28], and the dispersion centre has been ini-
ially placed on the middle point of the OH bond, as in previous
tudies [28,31–34]. The values used for the other parameters are
isted in Table 1.

.2. On the reliability of the proposed effective model potential for
g–H2O aggregates

The proposed effective model potential is able to describe the
eak interaction for all the lighters Rg–H2O aggregates without

ny significant variations in both the value of ˇ and in the position
f the dispersion centre on the OH ellipsoid. As a matter of fact, it
as been found that, when using ˇ = 9 and small displacements of
he dispersion centre, placed at 0.55 · rOH from O for He–H2O and
t 0.48 · rOH for Ne–H2O (r OH is the OH equilibrium distance), the
odel provides potential energy surfaces (PESs) having character-

stics similar to those given in the literature [7–13,35,36]. Table 2
eports data related to the equilibrium geometry of each system (R
nd V) and to the spherically averaged interaction (R0, ε0). For the
ake of comparison, some features of the systems calculated on the
dopted model potential (no best fit was made) are compared with
ecent ab initio data and molecular beam scattering experimental
esults.

Further details on the characteristics of the He–H2O PES are
llustrated in the right hand side of Fig. 1(panels c, d and e), where
he variation of the interaction energy at the potential minimum
ith the angle is plotted for some specific He motions: panel (c) He
oves on the plane containing the molecule, panel (d) He moves

n the perpendicular plane bisecting the HOH angle, panel (e) He
oves on the perpendicular plane containing vaux.
e–H2O 3.34 −7.646 61 3.49 5.56
3.23c −8.008c 76c 3.50d 5.70d

he well depth ε0 and its location R0 for the isotropic interaction, are also given
ogether with ab initioa,c and scattering experimentsb,d results. (a,c) Results of VB in
ef.[36] and of Ref. [13]; (b,d) Results from scattering experiments [10,11].
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ffective model potential presented here. It has been found that the
heoretical results reproduce quite well the measured data.

For the heavier Rg–H2O systems the analysis of the experimental
ata pointed out [11] that the interaction energy is larger than that
xpected from the van der Waals component corrected for induc-
ion effects. This indicates that the present model, which includes
nly VvdW and Vind, is unable to describe alone the interaction
ven for Ar–H2O. On the contrary, an improvement is obtained by
ecreasing the size and the hardness of the repulsive wall, espe-
ially for some specific geometries of the aggregate. This effect is
chieved by placing the dispersion centre of the OH ellipsoids at
distance of 0.1 · rOH from O and reducing at the same time the ˇ
alue to 6.6. The persisting difference between the potential derived
rom the experiments and that obtained from the model, suggests
hat an attractive component, intervening at intermediate and short
ntermolecular distances, is still missing [11]. This is also confirmed
y a comparison of the value of the energy minimum (−14.4 meV)
redicted by the model with that obtained from ab initio calcula-
ions, whose estimates fall in the interval ranging from −16.7 to
17.8 meV [13]. Therefore, further work is needed to characterize

he increase of the attraction (preliminarly assigned to a charge
ransfer contribution [11]) though its relative contribution to the
verall potential tends to vanish when further interaction compo-
ents (like Velectr), stronger than pure dispersion–attraction, come

nto play.
A key result of the analysis of the interaction of the Rg–H2O sys-

ems is the observation that the locations of the dispersion centres,
istributed over various points of the water molecular frame, tend
o converge into a common point located on the oxygen atom, as
he strength of the interaction increases.

.3. From Rg–H2O to (H2O)n clusters (n = 2, 3 and 4)

As a next step we considered the extension of the effective
odel potential to the description of the water–water interaction,

hat is stronger than that of Rg–H2O systems mainly because of
he presence of Velectr. This pushed us to incorporate Vind and Vctr

nto more important effective components. The incorporation was
chieved by displacing the dispersion centre on the OH bond and by
ncreasing the dipole moment of the water monomer in the clus-
ers defined through a three-point charge distribution. As usual,
electr was formulated as a sum of Coulombic terms and the dipole
oment of the monomer, �, in the clusters was taken equal to 2.1,

.21 and 2.26 D [38–40] for the dimer, trimer and tetramer, respec-
ively. The effect of varying the position of the dispersion centre
long the OH bond was investigated again in detail by calculating
he dissociation energy as a function of the distance (rO) of the oxy-
en atom from the dispersion centre. These values are plotted as a
olid circles in the upper, central and lower panel of Fig. 2. In the
ame panels the values of the dissociation energy of the dimer, the
rimer and the tetramer obtained from recent abinitio calculations
6,41] are also reported as empty circles at rO = 0, for comparison.
s is apparent from the figure the empty circle values look like an
xtrapolation of the solid circles ones.

These results indicate that a water molecule in water clusters is
ell represented in terms of a unique dispersion centre (Ō) placed

n the oxygen atom bearing the overall polarizability of the water
olecule. This led to the development of a new effective model

otential called Adapted Molecular Polarizability centres for Force
elds (AMPF) [40] for water clusters in which VvdW is calculated

y removing the angular dependence in Eqs. (3) and (4). The AMPF
odel is therefore formulated as

vdW(R) = VŌŌ = ε

[
m

n(R) − m

(
R0

R

)n(R)
− n(R)

n(R) − m

(
R0

R

)m
]

(5)

t
e
i
u
v

ig. 2. Values of the predicted dissociation energy De (solid circles) for dimer (upper
anel), trimer (medium panel) and tetramer (lower panel) plotted as a function of
he distance rO of the oxygen atom from the dispersion centre along the OH bond.
or comparison, a b initio values [6,41] are shown as empty circles at rO = 0.

here n(R) = ˇ + 4.0(R/R0)2 and R (having the meaning of the dis-
ance between the O atoms of the two water molecules considered)
nstead of r (the distance between the atom and the dispersion
entre) is used.

The required parameter values (ε = 9.06 meV, R0 = 3.73 Å) are
stimated from the overall polarizability of the water molecule (˛ =
.47 Å3) and to ˇ is given the value of 6.6 that is lower than the
sual one of 9 (see Section 2.1) to take into account the possibility
f forming hydrogen bonds.

The AMPF model potential ensures a good estimate of the equi-
ibrium energy and geometry of the small clusters [6,41–45]. For
nstance, Fanourgakis and Xantheas, with the Thole-type model
otential (TTM3-F) [45] give for the dimer, trimer and tetramer,
inding energies of −225, − 684 and −1163 meV, respectively,
hile our model potential, without no further refinement of the

dopted value of the dipole moment of the water monomer and of
he ˇ parameter, predicts values of the binding energy for the dimer,
rimer and tetramer, respectively equal to −228, −623 and −1137

eV. Moreover, the model also leads to an accurate prediction of
he second virial coefficient for the dimer, which has been mea-
ured over a wide range of temperature (273–3000 K) [40,37](as is
ell known the virial coefficient is a very sensitive indicator of the

trength, range and anisotropy of pair interactions).

. The portability of AMPF to bulk water and ionic solutions

When extending the AMPF effective model potential to describe
iquid water, the same values of the ε and R0 parameters used

o describe small water clusters were adopted. The only differ-
nce consisted in increasing the value of the dipole moment of the
ndividual water monomer to 2.3 D (a value very similar to those
sed in most popular models for liquid water). This choice was
alidated by comparing some features of the systems considered,
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Energy and intermolecular distance values predicted for the
most stable geometry are given in Table 4 where corresponding
experimental [52] and ab initio values [53,54] are also reported for
comparison.

Table 3
Potential parameters of VM+Ō for the various M+–H2O systems

System Li+–H2O Na+–H2O K+–H2O Rb+–H2O Cs+–H2O

ε (meV) 240.97 151.89 102.10 90.01 78.42
R0 (Å) 2.386 2.732 3.161 3.335 3.546
ˇ 4.5 6.0 7.0 7.4 8.0

Table 4
Minimum energy, V, and equilibrium M+Ō distance, R, for the various M+–H2O
aggregates calculated using the parameters given in Table 3 for VM+Ō and adding
Velectr (see also the text)

System Li+–H2O Na+–H2O K+–H2O Rb+–H2O Cs+–H2O Reference

V (meV) −1478 −1058 −777 −692 −610 Present
4 M. Albertí et al. / International Journa

omputed by running MD simulations using the DL−POLY program
ackage [46] for the NVE, NVT and NpT ensembles (with periodic
oundary conditions), with experimental information. The elec-
rostatic component of the interaction has been calculated using
he Ewald sum [47], as typical for periodic (or pseudo-periodic)
ystems.

The bulk water analysis has been carried out by performing
D simulations for an NpT ensemble of 256 molecules of water

ubjected to the Berendsen thermostat and barostat [48].
The ionic solutions discussed below have been investigated by

erforming MD simulations for an NVE ensemble of 246 molecules
f water and four alkali ions at a temperature of 300 K.

.1. Bulk water

NpT molecular dynamics results, obtained at several values of
he pressure, p, and the temperature, T, show that the calculated
MPF water density values are in reasonably good agreement with
xperimental data [37]. This is also the case of the mean config-
ration energy ranging from −445.9 meV at 273 K to −430.9 meV
t 297 K [49]. The values of the self-diffusion coefficients for water
t several temperatures have been also obtained, reproducing its
ncrease with temperature. The calculated self-diffusion coeffi-
ients, as it has been found using other potential models to simulate
iquid water [49], are higher than the experimental ones [50].
or instance, in Ref. [49] the self-diffusion coefficients obtained
rom the original SPC/E at T = 298.6 K (4.2 × 10−9 m2 s−1), the
riginal TIP3P at 297 K (5.6 × 10−9 m2 s−1), the modified TIP3P at
99.2 K (5.9 × 10−9 m2 s−1) and the refined SPC at 297.7 K (4.2 ×
0−9 m2 s−1) are reported and compared with the experimental
alue of 2.3 × 10−9 m2 s−1 which corresponds to a temperature of
bout 298 K.

In the 274–298 K temperature range, the AMPF model predicts
alues of the self-diffusion coefficients ranging from 2.4 × 10−9

2 s−1 to 3.5 × 10−9 m2 s−1. This last value, higher than the exper-
mental one is, however, lower than those predicted in Ref. [49]
sing other water potential models.

Radial distribution functions (g’s) calculated on the AMPF model
otential were also found to compare well with the neutron diffrac-
ion experimental data [16]. All the comparisons indicate that the
MPF model potential is well suited to describe the force field for
ater containing systems.

Though the mentioned results were obtained by adopting the
ame set of values of the VvdW parameters used for small water
lusters, one has to bear in mind that minor changes of ˇ and/or
f the monomer dipole moment values could further improve
he agreement between calculated and experimental data. This is,
ndeed, what we did in some additional calculations. Related results
btained using slightly different values of the dipole moment of
he water monomer are shown in Fig. 3, where the g functions
alculated for a NpT ensemble are compared with the experimen-
al results of Ref. [16]. The gOO plots obtained for the water bulk
sing the AMPF model show three peaks in good agreement with
hose obtained, at the same temperature, from neutron diffraction
xperiments [16](represented as a continuous line in the figure).
he same agreement is observed for the gOH function (not reported
n the figure).

.2. From liquid water to solvated alkali ions: the M+–H2O
ystems (M = Li,Na,K,Rb,Cs)
Encouraged by the success obtained with the MD simulation of
he water bulk, we have undertaken the study of the M+–H2O sys-
ems. This means that the interaction (including Vrep + Vind + Vdisp)
as modeled in terms of a VM+Ō component and an electrostatic

R

ig. 3. gOO plots calculated using two different dipole moment values (2.30 and
.39 D, dashed and dotted lines, respectively) for the water monomer in the liquid
ompared with experimental data (solid line) taken at the same temperature.

ne as follows:

= VM+Ō + Velectr (6)

here the first term, VM+Ō (including VvdW + Vind), is formulated
s in Eq. (5) by setting m equal to 4. The remaining parameters,
alculated following the approach described in Refs. [23–25], are
iven in Table 3. Due to the fact that different ionic systems should
ave a different shape of the repulsive walls, specific ˇ values were
dopted for the various ions as pointed out also when constructing
he PESs of other ionic clusters [27,51].

The second term, Velectr, is evaluated by taking into account the
ositive charge of the ion and a three-point charge distribution on
he water molecule. It is important to mention here that the dipole

oment of the H2O monomer has been again considered only as
n effective model parameter, related to the true dipole moment of
2O in the ionic aggregate but not necessarily coincident with it. As
matter of fact, in our simulations the values 2.2, 2.1, 2.07, 2.05 and
.0 D (for Li+, Na+, K+, Rb+ and Cs+, respectively) have been used in
rder to best fit the information available for the interaction from
iterature [52–55].
−1477 −1041 −776 −689 −594 [52]
−1374 −988 −771 −706 −619 [53]
−1448 −1001 −776 . . . . . . [54]

(Å) 2.042 2.372 2.760 2.935 3.129 Present
1.879 2.292 2.669 . . . . . . [54]
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ig. 4. Radial distribution functions for Li+, Na+ and K+ in water with respect to O
upper panel) and H (lower panel).

The agreement appears to be satisfactory, confirming again the
eliability of the formulation adopted for the model potential.

A final test was performed by calculating the g’s for solvated Li+,
a+ and K+ ions by running DL−POLY [46] with T = 300 K and using,
s already mentioned, an NVE ensemble of 246 water molecules
ith 4 ions ([M]+ ≈ 0.9 M). In the upper panel of Fig. 4 the calcu-

ated g’s for solvated Li+, Na+ and K+ with respect to the O atom
gM+O) are plotted.

The calculated first peaks of gLi+O, gNa+O and gK+O are located
t 1.975, 2.375 and 2.775 Å, respectively. These values are in good
greement with the experimental data given in Ref. [54](1.96 Å for
i+[56], 2.39 and 2.40 Å for Na+[57,58] and 2.8 Å for K+[59,60]). The
redicted positions of the first peak also compare well with the
esults of Ref. [54] based on Car–Parrinello MD simulations using
he density functional theory (1.99 Å for Li+, 2.40 Å for Na+ and
.85 Å for K+). In the lower panel of Fig. 4 the g’s calculated for
he same solvated ions with respect to the H atom (g{M}+{H}) are
hown. In this case too, a good agreement with results reported in
he literature [54] is obtained.

Several simulations performed under different conditions con-
rmed that the energy of the most stable geometry (see Table 4)
nd the features of the g functions are strongly affected by the value
f the ˇ parameter which controls at the same time both the hard-
ess of the repulsion and the dependence of the attraction on the

ntermolecular distance (see Eq. (5)).

. Conclusions

In the present paper we illustrate the evolution of the formula-
ion of a model potential (AMPF), linked to basic physical properties
f the involved molecules, suited for being used in dynamical cal-
ulations thanks to its portability from monomeric species to bulk
ystems. The formulation of the potential allowed us to link the
utcomes of an investigation of the rare gas–water monomer inter-
ction with the dynamics of water clusters of increasing size (up

o liquid bulks) and to propose an effective model potential to
escribe such interaction. The model showed to be also suitable to
e extended to the description of ionic solutions. The validity of the
roposed formulation was further confirmed (without perform-

ng any best fit) by comparing the description of the properties of

[

[

[

ass Spectrometry 280 (2009) 50–56 55

he most stable geometry of neutral and ionic aggregates involving
ater. The AMPF model has been also used to predict the behaviour
f the systems considered in other geometries and to carry out
olecular dynamics simulations (performed using the DL−POLY

uite of codes) whose outcomes were favourably compared with
cattering and diffraction measurements. The most important char-
cteristic analysed here concerns with the description of the van
er Waals interaction by means of a simple but efficient functional
orm, useful to be used in MD simulations. As regards to elec-
rostatic interaction, the value of 2.3 D for the monomer dipole

oment has been used in the simulation of liquid water because
f its similarity with that used by some of most popular models for
ater. As stressed above, in the AMPF model, most of the attention
as focused onto an accurate description of van der Waals interac-
ion more than on the electrostatic one. An interesting development
f our study could be the combination of AMPF with different mod-
ls of charge distributions (see for instance [61,62]) to analyse their
ffect on the predicted behaviour of liquid water.
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