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Molecular dynamics simulation has been performed to study the effect of the polarizabilities of
model anions on the ionic solvation in water clusters. The primary focus is given to the surface
versus interior solvation behavior of the anions. To this end, various combinations of polarizable/
nonpolarizable water and anion models were considered. Using the nonpolarizable TIP4P water with
polarizable Cl⫺ and Br⫺ models, the Cl⫺ is fully solvated inside the (H2 O) 60 cluster, whereas the
Br⫺ is partially solvated at the surface of the cluster. However, when the polarizability of the Br⫺
is turned off, the ‘‘Br⫺ ’’ anion is fully solvated. Using the polarizable Dang–Chang water, both Cl⫺
and Br⫺ reside at the surface of (H2 O) 60 as well as (H2 O) 500 clusters, consistent with the finding of
Stuart and Berne 关J. Phys. Chem. 100, 11934 共1996兲兴 based on the polarizable TIP4P-FQ water with
the polarizable Drude halide model. When the polarizabilities of the halide anions are turned off, the
smaller size ‘‘Cl⫺ ’’ anion is fully solvated in the interior of the Dang–Chang water cluster, whereas
the larger ‘‘Br⫺ ’’ anion is still partially solvated at the surface of the cluster, indicating the
importance of the anion-size effect. We have also calculated the free energy change for the Cl⫺
moving from the center of a lamella water slab to the surface. The free-energy change is on the order
of 1 kcal/mol, indicating that the Cl⫺ can easily access the surface region of the Dang–Chang water
slab. © 2003 American Institute of Physics. 关DOI: 10.1063/1.1601609兴

I. INTRODUCTION

It is known that chemical reactions between molecular
gases such as Cl2 and Br2 and heavy halide anions Cl⫺ and
Br⫺ in solution occur in the upper atmosphere.1–3 Since most
reactions take place at the liquid surface, availability of halide anions at the liquid surface is expected. Experimental
measurements of the surface potential of NaCl solution have
shown that the concentration of Cl⫺ is higher than that of
Na⫹ near the solution surface.4 Photoelectron spectroscopy
experiments have revealed that the I⫺ anion typically resides
at the surface of water cluster having 60 water molecules or
less, and that I⫺ is not as fully solvated as Br⫺ and Cl⫺ . 5 A
recent vibrational-predissociation-spectrum measurement for
the Cl⫺ (CH3 OH) n cluster (n⭐12) suggested that large anion polarizability is a key factor leading to the surface
solvation.6 Despite many experiments on ionic solvations,
direct evidences on structural characteristics of anionic solvation are still limited.
Theoretical and computational studies on halide anionic
solvation have been mostly focused on the development of
potential parameters to account for anion–water
interactions,7–11 and on the characterization of structural
properties of small aqueous ionic clusters12–22 as well as ions
in water slabs.21,23–25 For small clusters of Cl⫺ (H2 O) n (n
⭐14), several molecular dynamics 共MD兲 simulations have
shown that the Cl⫺ always locates favorably at the surface of
the water clusters, regardless the use of the polarizable or
nonpolarizable water models.15,16 In the case of midsize waa兲
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ter clusters 共e.g., 20⭐n⭐500), however, the solvation behavior of Cl⫺ appears quite sensitive to the polarizability of
the water model.15 For example, Stuart and Berne20,21 have
found that the Cl⫺ generally locates inside nonpolarizable
water clusters but prefers to reside at the surface of polarizable water clusters even with the water cluster size as large
as 255. They attributed to the latter surface solvation behavior to the large effective dipole moment resulted by the use
of the polarizable water model. They pointed out that the
large effective dipole moment can strengthen the hydrogen
bond network. Thus, to keep the hydrogen-bond network
more intact the anion has to be excluded from the interior of
the water cluster.20,21 The free energy of ionic solvation has
been calculated via MD simulation for water slab
systems.23,24 Wilson and Pohorille found that when the nonpolarizable TIP4P water model is employed, anions can be
fully solvated in the slab. The free energy change for the Cl⫺
moving from the center of the slab to the surface amounts to
4.5 kcal/mol.24
Given the fact that the polarizability of water can have
significant effect on the behavior of anionic solvation, it is
interesting to see whether the polarizability of anion would
have a similar effect. Because the polarizability of most elemental particles increases with their size, the polarization
effect can compete with the size effect. For example, within
the halide group, the polarizability of F⫺ is the smallest. In
this case, the polarization effect on the solvation of F⫺ in
water clusters is minute. In fact, it is known that F⫺ can be
fully solvated even in small-size water clusters because of
the small size of F⫺ anion as well as the strong electrostatic
interaction between F⫺ and water molecules. The larger ha© 2003 American Institute of Physics
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TABLE I. Potential energy parameters, charges, and polarizabilities for water molecules.

⑀ 共kcal/mol兲
 共Å兲
 HOH 共deg)
r OH 共Å)
r OM 共Å)
q H(e)
␣ 共Å3兲

TIP4P

Dang–Chang

0.1550
3.1536
104.52
0.9572
0.150
0.52
0.000

0.1825
3.2340
104.50
0.9572
0.215
0.519
1.444

Yoo, Lei, and Zeng
TABLE II. Potential energy parameters of the polarizable halide anions.
Cl⫺ 共Ref. 12兲

Br⫺ 共Ref. 19兲

0.1
4.321
3.250

0.1
4.603
4.533

⑀ 共kcal/mol兲
 共Å兲
␣ 共Å3兲

energy U pair and the nonadditive polarizable interaction energy U pol , i.e.,
U tot⫽U pair⫹U pol .

lide anion such as (I⫺ ) tends to have more chances to access
the surface region of the water cluster than the smaller ones
共i.e., Cl⫺ ). This is because by residing at the surface of the
clusters it can allow more hydrogen-bonding interactions
among water molecules. In this study, we will present
molecular dynamics evidences that the polarization effect
of anions can also play a significant role, in some cases can
be more significant than the ion-size effect, in the interior
versus surface solvation. Previous molecular dynamics
simulations20,21 have indicated that the polarizability of halide ions have minor effect on the structure and dynamics of
water clusters. Those studies were based on very accurate
parameterization of the halide ion, both polarizable and nonpolarizable models, by fitting to the experimental value of
the first peak of the pair correlation function, the heterodimer
bond length as well as to the bond energy of ab initio calculation. Therefore, those simulations represent a more realistic
description of the halide ionic solvation in water clusters. In
this study, we give more attention to the general physical
trend of interior versus surface solvation by systemically
changing the polarizability and size parameters of model anions. As a consequence the modified models no longer represent a realistic description of the halide ion–water interaction. However, the systematic changing of the anion
parameters allows us to obtain more generic features of the
anionic solvation. Another goal in this study is to evaluate
the free energy change required to move the anion toward the
interface of a water slab. In Sec. II, various water and halide
ion models are illustrated. The simulation details are also
described in Sec. II. The results and discussions are given in
Sec. III and the conclusion is in Sec. IV.
II. MODELS AND SIMULATION DETAILS

The nonpolarizable water model considered in this study
is the TIP4P model,9 and the polarizable water model is the
Dang–Chang model.26 Both potential models have four interaction sites: two hydrogen 共H兲 sites, one oxygen 共O兲 site,
and one virtual site 共M兲. Only the oxygen site has LennardJones potential parameters. The virtual site 共M兲 has a negative charge of ⫺2q H , where q H is the positive charge on the
two hydrogen sites. The TIP4P potential model is nonpolarizable, and thus one can view that it has zero polarizability
␣⫽0.0 Å.3 The potential parameters of the TIP4P and Dang–
Chang water models are summarized in Table I.
The potential energy U tot of the simulation system can
be written as the sum of the additive pairwise interaction

共1兲

The pairwise part U pair is given by the sum of the LennardJones and Coulomb interactions,
U pair⫽

冉 冋冉 冊 冉 冊 册

兺i 兺
j⬎i

4⑀ij

ij
rij
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⫺
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冊
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共2兲

Here, r i j is the distance between site i and site j in different
molecules, q i is the charge of site i,  and ⑀ are the LennardJones parameters satisfying the combining rules  i j
⫽ 冑 ii  j j and ⑀ i j ⫽ 冑⑀ ii ⑀ j j . The nonadditive polarizable energy U pol is given by
U pol⫽⫺

1
2

兺i i •E0i ,

共3兲

where E0i is the electric field at the site i, produced by the
fixed charges in other molecules
E0i ⫽

q j ri j

兺
j⫽i

共4兲

,

r 3i j

and i is the induced dipole moment at the site i. i is
expressed as

冋

册

i ⫽ ␣ i Ei ⫽ ␣ i E0i ⫹ 兺 Ti j •  j ,
j⫽i

共5兲

where Ei is the total electric field at the site i, ␣ i is the
molecular polarizability of the molecule i, and Ti j is the
dipole tensor,
Ti j ⫽

1
r 3i j

冉

3ri j ri j
r 2i j

冊

⫺I ,

共6兲

where I is the unit tensor. We used the standard iterative
self-consistent field procedure to evaluate the induced dipole
moment with Eq. 共5兲. The iterations are continued until the
maximum difference in the induced dipole moment between
successive iterations is less than 0.0001 D/molecule. The calculation of the forces due to the charge–dipole and dipole–
dipole interactions follows that of Ahlström et al.27 The parameters of polarizable halide anion Cl⫺ and Br⫺ are given
in Table II. The Cl⫺ model is that developed by Dang et al.12
and Br⫺ by Berkowitz and co-workers.19
In the MD simulation of anion–water clusters, no cutoff
distance was used. The simulation cell has the dimensions 50
Å⫻50 Å⫻50 Å for (H2 O) 60 and 100 Å⫻100 Å⫻100 Å for
(H2 O) 500 . We fixed the position of one water molecule at the
center of the simulation cell but allowed it to rotate. For the
water slab, the system consists of 639 water molecules and 1
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Cl⫺ ion. The system cell has the dimensions 24.868
Å⫻24.868 Å⫻85.0 Å. The z-axis is set normal to the water
slab. Periodic boundary conditions were applied in all directions. For the MD simulation of the water slab system, a
cutoff distance r c ⫽12.0 Å was used, beyond which the intermolecular interaction was considered to be zero. Note that
Berkowitz and co-workers have studied the effect of different treatments of long-range forces on the dynamics of ions
in aqueous solutions.28 They showed that simple truncation
can give results similar to those based on the Ewald sum or
reaction field method.
The standard quaternion technique was employed to calculate the angular momentum and the torque. The predictorcorrector method was used to solve the equations of motion.
The MD simulations were carried out in the canonical 共constant NVT) ensemble and the modified Nosé–Andersen’s
method was used to maintain the constant-temperature
condition.29 A time step of ⌬⫽1 fs was utilized in the MD
simulations. After 500 ps equilibration run for the clusters
共100 ps for the slab兲, data were accumulated for every ten
MD time steps over the period of 1 ns production run.
III. RESULTS AND DISCUSSIONS
A. Nonpolarizable TIP4P water clusters

To examine whether an anion is fully solvated inside a
water cluster or partially solvated at the surface, we calculated the normalized density profile  (r com) of the oxygen of
water molecules and that of the anion as a function of the
radial distance r com from the center of mass 共COM兲 of water
cluster. The mass of the anion was excluded in the calculation of the COM. Figures 1共a兲 and 1共b兲 show the density
profiles of the polarizable Cl⫺ and Br⫺ , as well as those of
the oxygen sites of water molecules for the Cl⫺ (H2 O) 60 and
Br⫺ (H2 O) 60 systems. The Cl⫺ is fully solvated inside the
water cluster as shown in Fig. 1共a兲, whereas the Br⫺ appears
to reside near the surface of the cluster as shown in Fig. 1共b兲.
Since the Br⫺ has both a larger size and polarizability than
Cl⫺ , we also performed MD simulation with several artificial ‘‘Cl⫺ ’’ and ‘‘Br⫺ ’’ models 关Figs. 1共c兲–1共e兲兴 for the purpose of separating the ion-size effect from the polarization
effect. In Fig. 1共c兲, we plot the density profile of the artificial
‘‘Cl⫺ ’’ anion which has the size and mass of Cl⫺ but the
polarizability of Br⫺ . This anion is no longer fully solvated
inside the cluster but partially solvated at the surface of the
cluster, somewhat similar to the behavior of the Br⫺ 关Fig.
1共b兲兴. Figure 1共d兲 shows the density profile of the artificial
‘‘Br⫺ ’’ anion having the size and mass of Br⫺ but the polarizability of Cl⫺ . It demonstrates that the anion is mostly
solvated in the interior of the cluster but can occasionally
reside at the surface of the cluster. These density-profile results suggest that the polarizability of anion can play a significant role in the interior versus surface solvation, at least
for the size range of the anions considered. Moreover, it
appears that the anion-size effect can be negligible if both the
anion and the water models are nonpolarizable. To confirm
this conclusion, in Fig. 1共e兲, we plot the density profile of the
artificial ‘‘Br⫺ ’’ anion having zero polarizability. Clearly, the
anion is always fully solvated inside the water cluster even
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the anion has the size of Br⫺ . Note again that by turning off
the polarizability of Br⫺ , the model itself no longer represents a realistic model for Br⫺ . As an independent test, we
employed another nonpolarizable Br⫺ model19 共⫽5.154 Å
and ⑀⫽0.017 kcal/mol兲. Again, Fig. 1共f兲 shows that the nonpolarizable Br⫺ is fully solvated in the TIP4P water cluster.
The density profiles such as those shown in Figs. 1共a兲,
1共e兲, and 1共f兲 provide a clear-cut indication that the anion
maintains fully solvated during the production MD run,
while those shown in Fig. 1共b兲 indicate that the anion always
locates at the surface of the water cluster. However, the density profiles such as those shown in Figs. 1共c兲 and 1共d兲 reveal
that both surface and interior solvation can exist. We find that
a quantitative single-parameter indicator which can be used
to measure the degree of interior solvation 共or surface solvation兲 is the height of the second peak of the ion–oxygen pair
correlation function g io (r) 共where r is the distance between
the ion and the oxygen sites兲. This is because the second
peak of g io (r) can provide a semiquantitative measure of the
number of solvent molecules in the second solvation shell
about the ion. In Figs. 1共g兲 and 1共h兲 we plot g io (r) for the
systems considered in Figs. 1共a兲–1共f兲. In both figures, the
curves which display the highest and lowest second peak can
be viewed as the reference curves since the corresponding
cluster systems exhibit clear-cut interior and surface solvation behavior. Those systems whose g io (r) curve has the
second peak placed in between the reference curves are expected to show both interior and surface solvation behavior.
The dominant solvation behavior is correlated to the height
of the second peak of g io (r). If the height is greater than 1.2,
the interior solvation should be the dominant one; if the
height is lower than 0.8, the surface solvation should be the
dominant one; between 0.8 and 1.2, both interior and surface
solvation can exist. The higher of the height of the second
peak, the greater degree of the interior solvation in the ionwater cluster. As an example, the height of the second peak
of the g io (r) curve for the ‘‘Br⫺ ’’ ( ␣ ⫽ ␣ Cl⫺ ) system is about
1.1 关in both Figs. 1共g兲 and 1共h兲兴. Thus, for this system, the
interior solvation will occur for the most time whereas the
surface solvation will occur occasionally. Indeed, by inspecting snapshots of the cluster over a period of 1 ns, we find
that most snapshots shows the interior solvation 关Fig. 2共a兲兴,
whereas a few snapshots show the surface solvation 关Fig.
2共b兲兴.
B. Polarizable Dang–Chang water clusters

In Figs. 3共a兲 and 3共b兲, we plot the density profiles of the
polarizable Cl⫺ and Br⫺ as well as those of oxygen sites of
the polarizable Dang–Chang water clusters having 60 water
molecules. These plots show that the polarizability of water
molecules does have major effect on the solvation propensities of the halide ions. With the polarizable Dang–Chang
model, both Cl⫺ and Br⫺ reside at the surface of the water
clusters, a result consistent with the previous finding that
including polarization effect in water can significantly
change the anionic solvation behavior.15,20 As mentioned
above, the smaller ion Cl⫺ is always fully solvated inside the
midsize TIP4P 共nonpolarizable兲 water clusters. On the other
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FIG. 1. 共a兲–共f兲 The normalized density profiles of the anion 共solid lines兲
and oxygen sites 共dashed lines兲 of
nonpolarizable TIP4P water clusters
having 60 water molecules: 共a兲 polarizable Cl⫺ , 共b兲 polarizable Br⫺ , 共c兲
the artificial ‘‘Cl⫺ ’’ having the polarizability of the Br⫺ , 共d兲 the artificial
‘‘Br⫺ ’’ having the polarizability of the
Cl⫺ , 共e兲 the artificial ‘‘Br⫺ ’’ having
zero polarizability, and 共f兲 the nonpolarizable model of Br⫺ 共Ref. 19兲. r com
is the distance from the anion or oxygen to the center of the mass of the
water cluster 共excluding the anion兲.
共g兲–共h兲 The anion–oxygen pair correlation functions for the anion–water
systems considered in 共a兲–共f兲. The
system temperature was set at 240 K.
r com and r is in units of Å.

hand, as shown in Figs. 3共c兲 and 3共d兲, when the polarizabilities of both halide ions are turned off, both anions withdraw
from the surface to the interior of the clusters. This result
demonstrates the polarizability of anion can also play a significant role in the surface versus interior solvation. In Fig.
3共e兲, we plot the pair correlation function g io (r) for the
anion–water systems shown in Figs. 3共a兲–3共d兲. Again, we
find that the height of the second peak of g io (r) curves cor-

relates well with the predominant solvation behavior as discussed above. For example, in Fig. 3共e兲, the second peak of
g io (r) for the artificial ‘‘Cl⫺ ’’ 共␣⫽0兲 system is greater than
1.2, indicating that the anion should be fully solvated inside
the Dang–Chang water cluster. However, in Fig. 3共e兲, the
second peak of g io (r) for the Br⫺ system is slightly less than
0.8, indicating that the anion should always reside at the
surface of the Dang–Chang cluster.
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FIG. 2. Two MD snapshots of the anion–water cluster shown in Fig. 1共d兲.
The bigger black sphere represents the artificial ‘‘Br⫺ ’’ ion having the polarizability of the Cl⫺ . In snapshot 共a兲, the anion is fully solvated (r com
⫽1.87 Å); in snapshot 共b兲 the anion is located at the surface of the cluster
(r com⫽6.53 Å).

Having shown that the Cl⫺ and Br⫺ favor to reside at
the surface of the Dang–Chang water clusters with 60 water
molecules, a question arises: Is it possible for the halide ions
to be fully solvated inside larger Dang–Chang water clusters? To examine this possibility, we performed the MD
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simulation of halide ion/water clusters having 500 water
molecules. Figures 4共a兲 and 4共b兲 show the density profiles of
Cl⫺ and Br⫺ . Even with this size of water cluster, the Br⫺
still locates mostly at the surface of the cluster 关Fig. 4共b兲兴.
However, the density profile of the smaller size Cl⫺ anion
关Fig. 4共a兲兴 shows features qualitatively different from those
of Br⫺ 关Fig. 4共b兲兴. By inspecting the snapshots in the production run, we find that the Cl⫺ can occasionally access the
interior of the cluster 共see Fig. 5兲. Based on this result, we
speculate that the Cl⫺ may be fully solvated by a much
larger water cluster 共see next section兲. To separate the ionsize effect from the polarization effect, we plot in Fig. 4共c兲
the density profile of the ‘‘Br⫺ ’’ anion having the polarizability of Cl⫺ ion. Thus, the differences in the density profile
between Figs. 4共a兲 and 4共c兲 must be due to the ion-size effect. Such differences can be also seen in Fig. 4共f兲, where it
shows that the height of the second peak of g io (r) curve for
the Cl⫺ water cluster is higher than that for the ‘‘Br⫺ ’’ ( ␣
⫽ ␣ Cl⫺ ) water cluster, indicating the latter system should exhibit a greater degree of surface solvation due to the larger
ion size. To summarize, anions with a larger size should have

FIG. 3. 共a兲–共d兲 The normalized density profiles of the anion 共solid lines兲
and oxygen sites 共dashed lines兲 of
Dang–Chang water cluster having 60
water molecules: 共a兲 polarizable Cl⫺ ,
共b兲 polarizable Br⫺ , 共c兲 the artificial
‘‘Cl⫺ ’’ having zero polarizability, and
共d兲 the artificial ‘‘Br⫺ ’’ having zero
polarizability. 共e兲 The anion–oxygen
pair correlation functions for the
anion–water systems are considered in
共a兲–共d兲. The system temperature was
set at 240 K.

Downloaded 16 Apr 2007 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

6088

J. Chem. Phys., Vol. 119, No. 12, 22 September 2003

Yoo, Lei, and Zeng

FIG. 4. 共a兲–共e兲 The normalized density profiles of the anion 共solid lines兲
and oxygen sites 共dashed lines兲 of the
Dang–Chang water cluster having 500
water molecules: 共a兲 polarizable Cl⫺ ,
共b兲 polarizable Br⫺ , and 共c兲 the artificial ‘‘Br⫺ ’’ having the polarizability of
Cl⫺ , 共d兲 the artificial ‘‘Br⫺ ’’ having
zero polarizability, and 共e兲 the artificial
‘‘Cl⫺ ’’ having zero polarizability. 共f兲
The anion–oxygen pair correlation
functions for the anion–water systems
considered in 共a兲–共e兲. The system temperature was set at 298.15 K.

more chances to access the surface region than the smaller
ones. Figure 4共d兲 shows that when the polarizability of the
Br⫺ is turned off, the ‘‘Br⫺ ’’ can have much more chances to
access the interior of the water cluster. Again, to show the

FIG. 5. A MD snapshot of the anion–water system shown in Fig. 4共a兲. The
bigger black sphere represents the polarizable Cl⫺ ion. The snapshot shows
that the anion is fully solvated (r com⫽8.35 Å).

ion-size effect, we plot in Fig. 4共e兲 the density profile of the
‘‘Cl⫺ ’’ having zero polarizability. Comparing Fig. 4共e兲 with
Fig. 4共d兲 one can see that the smaller nonpolarizable ‘‘Cl⫺ ’’
is fully solvated inside the Dang–Chang water cluster. Moreover, as discussed above, the height of the second peak of
g io (r) curves 关Fig. 4共f兲兴 provides a quantitative and consistent measure of the degree of surface solvation in these clusters.
Why is the polarizable Cl⫺ always fully solvated by the
TIP4P water cluster with 60 water molecules? And why cannot the polarizable Br⫺ be fully solvated by the same water
cluster? Why is the ‘‘Cl⫺ ’’ with a larger polarizability no
longer fully solvated by the TIP4P water cluster? And why
can the ‘‘Cl⫺ ’’ with zero polarizability be fully solvated by
the polarizable Dang–Chang water cluster of the same size?
We attempt to offer a simple physical picture to answer some
of these questions. Let us consider a two-dimensional pointdipole model for dipolar solvent such as water, as schematically illustrated in Fig. 6. If the anion is nonpolarizable and
its size is comparable to the size of the solvent molecule, the
anion is mostly likely to be fully solvated by the dipolar
solvent molecules with their positive ends pointing toward
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FIG. 6. Schematic plots of two-dimensional anion 共open squares兲-dipolar
particle 共open spheres兲 cluster. 共a兲 The favorable configuration for nonpolarizable anion solvated by dipolar particles with a small dipole moment. The
anion tends to be fully solvated in this case. 共b兲 When the anion has a large
polarizability and the dipolar particles have a large dipole moment, a large
induced dipole 共dashed arrow兲 will result in repulsive dipole-induced dipole
interactions which are energetically unfavorable. 共c兲 The more favorable
configuration for the system shown in 共b兲. The anion is likely to reside at the
surface of the cluster.

the anion. Thus, this simple model provides an explanation
why the nonpolarizable anion is fully solvated by midsized
nonpolarizable water clusters. On the other hand, if the anion
is polarizable, an induced dipole moment will be manifested
due to the surrounding dipolar molecules. Thus, additional
interactions, i.e., the dipole-induced dipole interactions between the dipolar molecules and the anion, should be considered. If the anion polarizability is large, e.g., on the order
of the polarizable Br⫺ , the dipole-induced dipole interaction
can be appreciable. As a result, the fully solvated configuration as shown in Fig. 6共b兲 can become less favorable energetically, compared to that shown in Fig. 6共c兲. This is due to
the unfavorable repulsive dipole-induced dipole interaction
between the anion and some surrounding molecules. However, if the anion resides at the surface of the cluster, the
repulsive dipole-induced dipole interactions can be largely
averted, and more favorable attractive interactions can be
resulted.
In summary, the larger the polarizability an anion has,
the larger the induced dipole moment will be manifested, and
the stronger tendency for the anion to be placed at the surface of the cluster. By the same token, this simple model
suggests that the tendency for the anion to move to the surface of the cluster should become stronger if the dipole moment of the surrounding solvent particles is larger. For the
polarizable Dang–Chang model, the effective dipole moment
共permanent dipole 1.848 D plus the induced dipole兲 can
amount to 2.75 D at the center of large-size clusters and
about 2.5 D at the surface of the clusters. Indeed, even the
latter value is greater than the permanent dipole moment of
TIP4P water molecule 共2.18 D兲. This explains why the polarizable Cl⫺ prefers to be placed mostly at the surface of the
Dang–Chang water cluster, even when the size of the cluster
is as large as 500, but this is not the case for the TIP4P water
cluster.
C. Free energy change from interior to surface
of water slab

In the previous section, we present simulation evidences
that even with the size of the Dang–Chang cluster as large as
500, the polarizable Cl⫺ cannot be fully solvated inside the
cluster. A much larger size of the Dang–Chang cluster may

FIG. 7. 共a兲 The density profile of a Dang–Chang water slab, where z com
denotes the center of mass of the slab in the z direction. 共b兲 The Helmholtz
free energy change ⌬A for moving the anion from the point inside the slab
(z⫺z com⫽0) to a position (z⫺z com⬎0) toward the surface of the slab.

be required to fully solvate the Cl⫺ . Note that in some sense,
a water slab can be viewed as the infinite-size limit for the
water cluster. Therefore, it is possible that the Cl⫺ can be
fully solvated inside the Dang–Chang water slab. To examine this possibility, we calculated the work required to move
the Cl⫺ from the interior of the slab to the surface of slab.
The value of this work 共or the free energy change兲 can provide a measure on whether the anion has a good chance to
access the surface of the slab 共or large-size water clusters兲. In
the simulation, we let the z-axis be normal to the surfaces of
the water slab. The free energy change, ⌬A(z), measured
from an arbitrary point in the interior of the slab, can be
evaluated via the umbrella sampling method. Specifically, we
utilized a number of overlapping windows on the z-axis by
adding a biasing potential U b (z) to the slab system,24,30 i.e.,
U b 共 z 兲 ⫽k l 共 z l ⫺z 兲 n l H 共 z l ⫺z 兲 ⫹k u 共 z⫺z u 兲 n u H 共 z⫺z u 兲 ,

共7兲

where H(x) is 0 for x⬍0 and 1 for x⬎0. The biasing potential U b (z) constrains the position of the ion within the
window z l ⭐z⭐z u in the z-direction. We set k l ⫽k u
⫽1000 kcal/mol and n l ⫽n u ⫽3 in Eq. 共7兲. The free energy
change ⌬A(z) can be evaluated from the probability density
for finding the ion, p(z), i.e.,
⌬A 共 z 兲 ⫽⫺k B T ln

p共 z 兲
,
p共 z0兲

共8兲
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where k B is the Boltzmann constant and z 0 is the initial z
position of the ion in the slab. Here, we set z 0 to be the
center of mass of the slab z com in the z direction. An equimolar surface of the slab locates at z⫺z com⫽16.0 Å 关see Fig.
7共a兲兴. Boundaries of these windows 关 z l ⫺z com ,z u ⫺z com兴
were 关0,3.0兴, 关3.0,6.0兴, 关6.0,9.0兴, 关9.0,12.0兴, and 关12.0,15.0兴.
In Fig. 7共b兲 we plot the Helmholtz free energy change
⌬A(z⫺z com) for moving the polarizable Cl⫺ 共and the artificial anion ‘‘Cl⫺ ’’ with zero polarizability兲 from the interior
of the water slab to the surface of the slab. The free energy
change for moving both anions to the near interfacial region
z⫺z com⬃12 Å 关see Fig. 7共a兲兴 is no larger than 1.0 kcal/mol.
Into the interfacial region z⫺z com⬎12, however, we find that
it would require a greater work 共or a larger free energy
change兲 to move the nonpolarizable ‘‘Cl⫺ ’’ 共␣⫽0兲 anion than
the polarizable Cl⫺ . This result is consistent with the finitesize cluster results shown in Figs. 3 and 4, that is, the polarizable Cl⫺ anion is much more easily to access the surface
region of the Dang–Chang water clusters. In fact, consider
the water slab as an infinite-size water cluster, the free energy change for moving the polarizable Cl⫺ into the interfacial region 共about one molecular layer from the equimolar
surface兲 is on the order of 1 kcal/mol. The Cl⫺ should have
appreciable probability to access the surface region of the
water slab. On the other hand, the nonpolarizable ‘‘Cl⫺ ’’
共␣⫽0兲 anion should prefer the interior solvation in the
Dang–Chang water slab. Note that Wilson and Pohorille
have reported the free energy change as large as 4.5 kcal/mol
for moving a nonpolarizable Cl⫺ anion from the center of the
TIP4P slab to within one water molecular layer of the
interface.24 Again, the relatively large free energy change
associated with the nonpolarizable anion and TIP4P model is
consistent with the finite-size cluster result, that is, the probability for the nonpolarizable Cl⫺ to access the surface region of water cluster is much smaller compared to that for
the polarizable Cl⫺ .
IV. CONCLUSION

We have carried out molecular dynamics simulations to
study the effect of adding the polarizability to the model
halide anions on the ionic solvation in water clusters and in
lamella water slabs. Primary focus is given to the surface
versus interior solvation behavior of the anions. Key findings
in this study can be summarized as follows: First, with the
nonpolarizable TIP4P water, we find that the polarizable Cl⫺
is fully solvated in the interior of (H2 O) 60 cluster, whereas
the Br⫺ is partially solvated near the surface of the cluster.
However, when the polarizability of the Br⫺ is turned off,
the ‘‘Br⫺ ’’ ion becomes fully solvated. We find that the
height of the second peak of the anion–oxygen pair correlation function can be a quantitative parameter to measure the
degree of the surface 共or interior兲 solvation. Second, with the
polarizable Dang–Chang water, we find that both the polarizable Cl⫺ and Br⫺ anions prefer to reside at the surface of
clusters with 60 and 500 water molecules. This result is consistent with the finding by Stuart and Berne20 who used the
polarizable TIP4P-FQ water with the polarizable Drude halide model. When the polarizability of the halide ion is
turned off, the smaller size ‘‘Cl⫺ ’’ anion is fully solvated
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inside the water cluster and the larger size ‘‘Br⫺ ’’ shows both
surface and interior solvation behavior. We conclude that anions with large polarizability are more likely to reside near
the surface of water clusters. Third, we have calculated the
free energy change for the Cl⫺ moving from the center of a
Dang–Chang water slab to the surface. The free-energy
change is typically on the order of 1 kcal/mol, indicating that
the Cl⫺ has appreciable probability to access the surface region of the Dang–Chang water slab. In addition to the polarization effect, we find that the ion-size effect can be important if the water or the anion has a nonzero polarizability.
Larger anions are more likely to reside at the surface of the
cluster than the smaller ones. However, if both the water and
the anion are nonpolarizable, the size of ion has much less
effect on the surface vs interior solvation behavior.
A simple physical picture has been proposed to qualitatively understand some aspects of anion polarizability on the
anion solvation behavior in the water clusters. In this picture,
the major cause for the surface solvation stems from the
avoidance of the repulsive induced-dipole–dipole interactions between the polarizable anion and the surrounding
共strongly dipolar兲 water molecules. This simple picture can
explain some anionic solvation features such as why nonpolarizable anions favor interior solvation whereas polarizable
anions favor surface solvation. The larger the anion polarizability and the larger the effective dipole moment of the solvent molecules, the more likely the anion exhibits surface
solvation. Since the polarizable Dang–Chang molecule has
relatively larger effective dipole moments 共2.5–2.75 D兲 compared to the TIP4P water molecule 共2.18 D兲, the polarizable
Cl⫺ should be more easily placed at the surface of the
Dang–Chang water cluster, as well as the surface of Dang–
Chang water slab. To close, MD simulation of ionic solvation
in water clusters can be useful to understand certain aspects
of surface chemical reactions between gases and anions in
solutions, as a key requirement for surface chemical reactions is the availability of sufficient anions at the liquid surface. In particular, the MD simulation can provide some insightful information to relate the availability of anions at the
surface to the polarizability factor of the anions.
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