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Abstract In a recent paper (Sala et al. in J Chem Phys

133:234101, 2010), static properties of chloride in water

have been addressed using a polarizable force field and by

adding screening functions to damp short-range electro-

static interactions. In this contribution, we further explore

the impact of damping polarizable interactions on system

dynamics. To this end, results from Car–Parrinello

molecular dynamics simulations have been used as

benchmark for assessing the impact of damping schemes

on the ion solvation dynamics of chloride in water. The

results are of general validity, and the methodology could

be easily implemented in all methods used to include

polarization.

Keywords Polarization � Force field � Damping �
Car–Parrinello � Ion solvation dynamics

1 Introduction

It is widely accepted that the inclusion of polarization effects

in force field molecular dynamics (MD) simulations is of

high importance for studying both homogeneous and inho-

mogeneous systems [1–6]. The contribution of many body

terms to the total interaction potential (neglected in non-

polarizable empirical potentials) is known to vary with the

systems, and it is not straightforward to assess it a priori [7]. It

is certain, though, that a proper description of polarizable

interactions represents the next milestone in force field

development. In fact, even though dipolar interactions decay

faster than Coulomb ones, they are responsible of interesting

and non-negligible physical chemical properties; as an

example, the anion surface propensity in water/air interfaces

could be explained only by using polarizable force fields

[8–11]. The same applies to solvation of highly charged

cations: for lanthanides in water, it has been found that

EXAFS and XANES spectra could be reproduced only by

adding polarizability [12]. Besides these applications, strictly

related to ions in water, the study of many different systems

might be faced with polarizable force fields, for example,

molten salts [13, 14], ionic liquids [15] and biosystems [16].

The most widespread methods to deal with polarization

in MD simulations are the Drude oscillator model (or

charge on spring), the fluctuating charge model and the

Polarizable Point Dipoles method [5, 17, 18]. The latter has

been applied in the present contribution; it should be

stressed, though, that the conclusions of our study are of

general validity and that they could be easily ported to any

of the above-mentioned methods. The main focus of our

research is to ascertain which features a polarizable force

field should have in order to accurately describe the

intermolecular potential. We believe that these aspects are

important for developing next generation of force fields
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that might be used to study, inter alia, heterogeneous

systems in the presence of high electric fields.

Recently, many authors [19–24] have pointed out that

one of the largest limitations of standard molecular-

mechanics polarizable force fields lies in that the trans-

ferability of gas phase derived potentials to condensed

phase is hindered by the absence of polarization exchange-

coupling in classical models (since it is due to short-range

electron cloud repulsion, it is also known as Pauli effect

[25]). In 1981 Thole [26] published a seminal paper on the

use of damping functions for hindering the so-called

intramolecular polarization catastrophe, that is, the

divergence of dipole moments causing the dynamics to

breakdown. Although his results could be extended also to

intermolecular interactions, only recently this approach

has been used in MD simulations [27, 28]. This perspective

guided one of us in pursuing a method to develop polar-

izable models, which could faithfully reproduce the elec-

trostatic properties of simple systems such as ion-molecule

(either water or carbon tetrachloride) dimers [17–22, 23].

The method was then extended to bulk systems [28], where

we assessed the impact of damping short-range electro-

static interactions on static properties. A model system,

namely a chloride ion in water, was studied by comparing

force field and Car–Parrinello MD. We found that, while

the structure (radial distribution function) is already well

reproduced by using a low value for the polarizability (aCl

= 3.2 Å3) without damping, electrostatic properties are not.

In particular we proved that, with such systems, the ion

dipole moment is overestimated (broad dipole moment

distribution, shifted to high values) and that the ion is

characterized by a high polarization anisotropy. Finally we

showed that all these quantities are well reproduced if gas-

phase polarizability is used (aCl = 5.48 Å3), together with

damping functions. Recently, it has been pointed out that

including short-range damping allows to reproduce ther-

modynamical properties of halide ions at interfaces [11]. It

must be noticed that many authors suggest the use of low

polarizabilities for halide in water, thus introducing

implicitly the interaction with the electron density of sur-

rounding molecules. With their approach, the polarizability

at condensed phase would be smaller than that at gas phase.

One weak point of this approach is that the polarization at

intermediate distances is lower than expected, as high-

lighted by high-level quantum chemical calculations on a

simple ion–water dimer [22]. On the other hand, our

approach is based on the assumption that the ionic polar-

izability is the same as that at gas phase and that, using

suitable damping functions, we account for the dynamical

response of the anion to the electron density of the

environment.

In this article we investigate the impact of using short-

range damping functions on the dynamical properties of the

systems. This is of particular interest mainly for people

studying ion solvation dynamics. Indeed, these features are

the focus of many experimental and theoretical studies

such as in references [8, 9, 29–32, 33], to cite just the most

outstanding ones. In particular the properties which are

mostly observed/simulated are related to the ion (diffusion

coefficients) and to its environment (rotational relaxation,

exchange times and mechanism, etc). Since in the bulk,

ionic and molecular polarization influences solvation shell

dynamics [32–36], we focus on ion diffusion, characteristic

exchange times of first shell water molecules and rotational

dynamics. The manuscript is organized as follows: In Sect.

2 the computational approach used is explained, in Sect. 3

the results are discussed, and then, follow our conclusions

in Sect. 4.

2 Computational details

2.1 Electrostatic damping

The total electrostatic energy of a system of charges and

dipoles can be partitioned into different contributions

arising from charge–charge, charge–dipole and dipole–

dipole interactions plus the dipole polarization term:

Uel ¼ Uqq þ Uql þ Ull þ Upol
dip

¼
X

i

X

j [ i

qiT̂ijqj þ la
i T̂a

ijqj � qiT̂
a
ijl

a
j � la

i T̂ab
ij lb

j

� �

þ 1

2

XNl

i¼1

li � â�1
i � li; ð1Þ

where âi is the ith atom polarizability tensor; in the

following discussion, we consider it to be isotropic, thus

substituting the tensor with a scalar. In the above equation

we have introduced the electrostatic interaction tensors

T̂ij; T̂
a
ij and T̂ab

ij ; which are useful for calculating, energies,

forces and electric fields. Their functional form [28, 37] is

given by:

T̂ij ¼ s0ðrÞ½ � 1
r

ð2Þ

T̂a
ij ¼ raT̂ij ¼ � s1ðrÞ½ � ra

r3
ð3Þ

T̂ab
ij ¼ raT̂b

ij ¼ s2ðrÞ½ � 3rarb

r5
� s1ðrÞ½ � dab

r3
ð4Þ

T̂abc
ij ¼raT̂bc

ij ¼� s3ðrÞ½ �15

r7
rarbrcþ s2ðrÞ½ � 3

r5
radbcþ rbdac
�

þrcdab
�
; ð5Þ

where ra, rb and rc are the cartesian components of the

vector r = ri - rj defining the distance (which norm is
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r = |r|) between particles i and j, and the Kronecker delta

function dab returns 1 if a = b and 0 otherwise. The

appropriate screening functions sn(r) describe the kind of

interacting charges’ distributions. In traditional point

charge schemes the charge distribution is a delta function

centered in ri (sn(r) = 1); some applications deal with

smeared charges, and the screening functions are not unit,

but rather a nonlinear function of the distance. It can be

easily shown that, knowing s0(r), higher-order screening

functions are recursively obtained applying

skðrÞ ¼ sk�1ðrÞ �
r

2k � 1

o

or
sk�1ðrÞ: ð6Þ

The use of screening functions is well established both for

the Ewald summation method (accounting for the periodic

boundary conditions) and for electrostatic damping

schemes. The latter arise naturally if one considers that the

charges or dipoles are not points, but rather distributed

according to same a priori assumed distribution. This is,

indeed, a realistic situation when the molecules come

‘‘close enough’’. In the case of halide ions, it has been

shown that ‘‘close enough’’ means ca. 4 Å [22, 23]. In this

paper we studied both the exponential and the gaussian

charge distributions, which have been shown to be the most

promising; furthermore, they are easy to implement and

they imply a negligible computational overhead (see [28]

for further details).

Here we would like to stress that, although the polar-

izable point dipole scheme allows for more flexibility, the

method could be easily extended to other schemes

accounting for polarizability. In fact, the overall effect of

damping functions is to screen the electric field for short-

range interactions. Therefore, given that both in Drude

oscillators and in fluctuating charges methods there are

not dipoles, but only charge, it suffices to consider the

damping of the tensors accounting for charge–charge

interactions. Recently, the method has been implemented

in CHARMM force field [38, 39], together with Drude

oscillators.

2.2 Classical MD

Classical MD simulations were performed with an in-house

program which will be let freely under request. The system

is composed of 96 water molecules and one chloride anion.

The size of system was chosen in order to compare with

Car–Parrinello MD simulations; in fact, although the

Ewald summation technique allows to deal with charged

systems, according to our calculations, static and dynami-

cal properties are slightly affected by the size of the sim-

ulation box.

The polarizable point dipole method has been used for

accounting for polarization. For water we implemented the

RPOL model [40]: The charges associated with each atom

reproduce the water dipole moment at gas phase. On top of

that, site polarizabilities are associated with each atom,

which allow to obtain a dipole moment distribution at

condensed phase peaked at ca. 2.6 D. The force field

parameters are divided into seven models, differing among

them for the value of chloride polarizability and for the

type of the assumed charge distribution; the main features

of these models are resumed in Table 1. The entire set of

parameters for the force fields used are given in Tables I

and II of [28].

In order to accelerate the computational time, the ASPC

scheme [41] has been implemented. After having equili-

brated the system at 298 K for 500 ps, we have run six

NVE 1 ns simulations, starting from different initial

configurations.

2.3 Car–Parrinello MD

Ab initio simulations have been performed, using the Car–

Parrinello (CP) [42] scheme for propagating the wave-

function and the ionic configurations as implemented in the

CPMD package [43]. The BLYP density functional [44, 45]

was used for the electronic structure calculations. The

Table 1 List of names and main features of the studied models

Model Charge distribution â (Å3)

A3.2-none None 3.25

A3.2-gau Gaussian 3.25

A4.0-gau Gaussian 4.00

A5.5-gau Gaussian 5.48

A3.2-exp Exponential 3.25

A4.0-exp Exponential 4.00

A5.5-exp Exponential 5.48

See [28] for further details

Table 2 Diffusion coefficients for the chloride ion obtained from the

mean square displacement (Dmsd) and from the velocity autocorre-

lation function (Dvacf)

Model Dmsd

(10-9 m2 s-1)

Dvacf

(10-9 m2 s-1)

T (K)

A3.2-none 0.67 (0.09) 0.72 (0.12) 299.1 (2.4)

A3.2-exp 0.78 (0.17) 0.86 (0.15) 297.0 (5.3)

A3.2-gau 0.83 (0.12) 0.74 (0.11) 307.0 (5.1)

A4.0-exp 1.11 (0.12) 1.10 (0.12) 305.4 (2.5)

A4.0-gau 0.87 (0.14) 0.93 (0.10) 298.6 (2.7)

A5.5-exp 1.12 (0.10) 1.22 (0.09) 295.2 (3.9)

A5.5-gau 0.78 (0.17) 0.85 (0.16) 291.5 (4.9)

CPMD 1.07 – 300.0

Values for classical MD are averaged over six NVE simulations

(mean standard deviations in parenthesis). The average temperatures

are also reported
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cutoff for the wavefunction was set to 80 Ry, the time

step was set to 4 a.u., and the fictitious mass for the orbital

was chosen to be 400 a.m.u. In the present study we have

used dispersion-corrected atom-centered pseudopotentials

(DCACPs) [46] in the Troullier–Martins [47] format for

oxygen and hydrogen. Norm-conserving Goedecker

pseudopotentials [48–50] have been used for chloride.

Production runs of 15 ps in the microcanonical ensemble

followed an NVT equilibration run of 3 ps. The initial

configuration was taken from classical molecular dynamics

simulations. Ionic and molecular dipole moments were

computed using the Wannier center [51, 52] analysis as

explained in [23, 53].

2.4 Computed properties

The trajectories from both classical and Car–Parrinello MD

have been post-processed in order to compute the follow-

ing dynamical properties:

1. ion diffusion: chloride diffusion was studied comput-

ing the ion mean square displacement DrðtÞ and

velocity autocorrelation function Cv(t) as

DrðtÞ ¼ h rðtÞ � rð0Þ½ �2i; ð7Þ

CvðtÞ ¼
hvðtÞ � vð0Þi
hv2ð0Þi : ð8Þ

the diffusion coefficient was obtained by calculating

the slope of the DrðtÞ and the integral of Cv(t) as

Dmsd ¼
1

6
lim
t!1

d

dt
DrðtÞ; ð9Þ

Dvacf ¼
kBT

m

Z1

0

CvðtÞdt: ð10Þ

2. residence time of first shell molecules: water molecules

on the first shell could escape from there and then be

substituted by outer molecules; this exchange process

is quite fast for chloride, and the mean residence time

of water molecules in the first shell could be evaluated

from

nðtÞ ¼ 1

N1st

XN1st

i¼1

hiðtÞhið0Þ
* +

; ð11Þ

where the sum runs over the N1st hydration molecules

present in the first shell at t = 0, hi is unity if the ith

molecule is in the first shell, and it is zero otherwise.

Given the high lability of the first hydration shell, n(t)

is evaluated by allowing first shell molecules to leave

the first shell for a maximum period of time t*. As in

previous works [54], we used t� ¼ 1. The resulting

function could be fitted with a double exponential

function ~nðtÞ ¼ A expð�k1tÞ þ ð1� AÞ expð�k2tÞ.
The integral of this function yields the characteristic

residence time:

s1st ¼
Z1

0

nðtÞdt; ð12Þ

where the integral was evaluated numerically up to

t = 5 ps using n(t) and analytically up to t ¼ 1 using

~nðtÞ.
3. rotation of molecules in the first shell: the study of

reorientational motions has been carried out by means

of the time correlation function C2
OH(t) defined as

follows:

COH
2 ðtÞ ¼ hP2 uOHðtÞ � uOHð0Þð Þi ð13Þ

where uOH is the unitary vector along the O–H bond of

water molecules, and P2 is the second Legendre

polynomial, that is, P2ðcos hÞ ¼ 1
2

3 cos2 h� 1ð Þ. This

correlation function shows a ‘‘backscattering-like’’

minimum, known as the free rotor frequency, and

then decays exponentially. The long-time decay can be

fitted with a single exponential function ~COH
2 ðtÞ ¼

A expð�ktÞ. In order to interpret the C2
OH(t) function, it

is convenient to calculate its time integral, yielding the

so-called reorientational correlation time

sOH
2 ¼

Z1

0

COH
2 ðtÞdt; ð14Þ

which basically indicates the mean time employed by

a water molecule to rotate around the O–H direction.

The above integral was calculated numerically up to

t = 5 ps using C2
OH(t) and then analytically up to t ¼

1 using ~COH
2 ðtÞ.

4. hydration shell rotation: analogously to the previous

one, the solvation shell rotation around the ion can be

characterized by computing the time correlation func-

tion C2
OCl(t) where in Eq. 13 the unitary vector along

O–H bond is substituted by the unitary vector joining

the chloride ion to oxygen atoms uOCl. The rotational

time of the solvation shell s2
OCl was evaluated as in

Eq. 14.

Comparing the above dynamical properties with exper-

imental data would require the description of zero point

energy contributions with path integral techniques

[55, 56]. Nevertheless, since the focus of the present

contribution is on the capabilities of classical force field

to reproduce dynamical properties of density functional

based simulations, neither our classical nor Car–Parri-

nello MD simulations account for nuclear quantum

effects.
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3 Results and discussion

The diffusion of a solute is connected to its interaction with

the solvent, particularly with the first-shell molecules. For

ions in water, it has been shown that there exists a tight

coupling between equilibrium and non-equilibrium effects

of hydration shell exchange and ion diffusion [57]. Fur-

thermore, in case of halide anions, a proper modeling of the

interaction potential is of high importance for reproducing

the hydrogen bonds, as the first hydration shell seems to be

critically dependent on them. In Fig. 1 the mean square

displacement (MSD) of the ion from CP and classical MD

simulations are shown. For the sake of clarity, we show the

results in three panels, each containing the MSD of

potential models with a fixed value of anion polarizability

(the same approach is used also for the following figures).

It can be noticed that the MSD obtained in CPMD simu-

lations is not as straight as the one computed in classical

simulations. This is due to the shortness of CPMD trajec-

tories which do not allow to gather enough statistics for the

MSD. A similar effect was found for the velocity auto-

correlation functions (not shown here). Nevertheless, a

general trend could be appreciated in the graphs: For low

values of the anion polarizability, the diffusion is slower

than in the case of high polarizability. In Table 2 the values

for the diffusion coefficients are shown. It can be noticed

that the difference between exponential and gaussian

damping functions correlates well with the difference in

temperatures. Nonetheless, the potentials with exponential

damping seem to perform slightly better than the ones with

gaussian damping.

The lower ion mobility can be explained by considering

that the interaction of ion with water dipole moments is

badly described when a low polarizability value is taken as

reference. In the case of undamped potentials, the induced

dipole moment on the ion is much higher than in ab initio

calculations. Therefore, high dipolar interactions render the

system more viscous. In the case of damped potentials, the

dipole moment is lower than the ab initio one at all dis-

tances. Hence the Coulomb interaction prevails upon the

dipolar one, causing the hydrogen bond to be stronger and

to slower the system dynamics. This is confirmed by the

inspection of hydration shell exchange and rotational

dynamics in Figs. 2, 3 and 4, and in Table 3. The residence

time correlation function of first shell molecules decays

much faster for high polarizability rather than for low

polarizability. In the case of the exponential damping with

high anion polarizability, the correlations function overlaps

almost completely with CPMD results. A similar trend is

observed in the rotational times of first shell molecules

around the O–H bond. This measure is intimately con-

nected to the hydrogen bond dynamics of first shell mol-

ecules with the anion. It can be seen that the correlation

functions (Fig. 3) resemble the CPMD results better for

high values of the polarizability.

As mentioned in the introduction, in a previous article,

we showed that a higher polarization anisotropy of the first

solvation shell is associated with a low anion polarizability.

This has a direct consequence on the collective motion of

first shell molecules. The rotational correlation function of

the Cl–O bond (Fig. 4) conveys a picture of how fast the

whole solvation shell rotates around the ion. Again, only at

high values of the anion polarizability, we recover the

dynamical behavior of ab initio simulations.
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Fig. 1 Chloride mean square displacement of all models compared to

Car–Parrinello results (key in the legend of each panel)
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From the above results we learn that the ion solvation

dynamics is well reproduced by a system with high anion

polarizability. Using a low polarizability seems to dampen

the dynamics and to render it slower, at least for the

motions studied here. Moreover it seems that the expo-

nential damping performs slightly better than the gaussian

one. Nonetheless we would like to remark that the damping

parameters were not optimized for condensed-phase sim-

ulations. Thus, it is not correct to conclude that, always, the

exponential damping performs better than the gaussian

one; in fact it is only in the case of our parameter set.

Finally it can be seen that the results obtained for polar-

izability values equal to 4 and 5.48 Å3 do not differ very

much, the main difference lying in the decay of the

exchange correlation function. From this result it would be

tempting to use the anion polarizability equal to 4 Å3; it

must be highlighted, though, that statical properties are not

as well reproduced for A4.0-gau and A4.0-exp model

potentials (see [28]). Therefore, since it is highly important
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to reproduce faithfully both static and dynamical proper-

ties, we suggest the use of A5.5-gau and A5.5-exp force

fields, or similar (optimized) ones with the value of the

anion polarizability equal to 5.48 Å3.

In the above discussion we have never mentioned the

role played by water polarizability. The water model is

certainly important when considering the solvation shell

dynamics; nevertheless it should be observed that the anion

shows higher fluctuations in the dipole moment (from

almost 0 to 2 Debye), which are relevant in driving the

system dynamics. We acknowledge, though, that a better

force field for water is needed; we are currently working on

this topic.

4 Conclusions and perspectives

The use of damping functions for the simulation of polar-

izable systems has been introduced since 1981 [26]. The

main reason to include intra-molecular damping has been

the need to hinder the polarization catastrophe for simu-

lations with the polarizable point dipoles method. Though,

until few years ago, electrostatic damping was not used to

treat also inter-molecular interactions; probably this delay

was due to the fact that the electric fields in most of the

studied systems were not high enough to cause any

appreciable divergence of the dipoles. In 2005, by studying

a simple ion–water dimer, it was found that the damping of

inter-molecular electrostatic interactions was needed to

reproduce short-range effects of interacting electron den-

sities [21]. In the case of highly polarizable ions, such as

halides, it was remarked that, to reproduce both long- and

short-range polarization, the damping functions should be

used on top of force field where the halide had its gas-phase

polarizability [22].

Recently we showed that the latter conclusion holds also

for the case of chloride in bulk water; ab initio results on

the static properties of this system were nicely reproduced

using the same polarizability and damping functions opti-

mized for gas-phase calculations [28].

In this contribution we showed that the same force field

allows to reproduce better also dynamical properties of the

ion and of its solvation shell. It seems that, in the absence

of damping functions, the dynamics of chloride and of first

shell molecules is slower. Therefore, the introduction of

damping functions is highly important when studying

dynamical properties. Both exponential and gaussian

charge distributions yield good results, the former per-

forming slightly better than the latter. It must be stressed

that the force field was not parameterized using the above

properties as target in any optimization procedure. Thus, it

seems that the results have a broad range of validity and

that the force field parameters used are portable from gas to

condensed phase.

The calculation of damping functions implies a negli-

gible computational overhead, and it can be easily ported

also to other methods to include polarizability. In fact, it

suffices to use the appropriate screening functions in the

electrostatic interaction tensors (Eq. 1). The application to

shell models at gas and condensed phase could be found in

[21, 38, 39].
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Fig. 4 O–Cl reorientational correlation functions for the first shell

water molecules. Results for second Legendre polynomial are shown

for all models, compared to Car–Parrinello results (key in the legend

of each panel)
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Finally we would like to address a subtle issue arising

from the above conclusions. On the one hand, we showed

that, using gas-phase polarizability with the appropriate

damping functions allows to reproduce many static and

dynamical properties compared to ab initio results. On the

other hand, the use of gas-phase polarizability at condensed

phase could seem nonsense; in fact, it is usually assumed

that, in the bulk, the polarizability is lower than at gas

phase. Whether the polarizability is an intrinsic property

has still to be answered. What we have shown here is that,

merely from the operative point of view, considering it an

intrinsic property allows for a better description of struc-

tural and dynamical properties.
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