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Abstract
Recent experiments and simulations show that large chaotropic anions favor solvation at the water surface, mainly due to induction
interactions dominated by ionic polarizabilities. We compare the solvation free-energy components of iodide at the water surface and
bulk with a recent, polarizable force ﬁeld. The bulk position is stabilized by the interaction between the iodide permanent charge and
the solvent permanent dipole moments; the surface is favored by the iodide polarizability and the reduced cavity accommodating the
solute. The ionic solvation is not described satisfactorily by linear response; the non-linearity of the iodide induced dipole moment is
discussed.
 2005 Elsevier B.V. All rights reserved.

1. Introduction
The adsorption of ions at interfaces plays an important
role in colloid and materials science [1,2], biological systems [3,4], atmospheric and environmental processes [5].
Early work by Onsager [6] had concluded that ions are
excluded from the water surface, due to repulsion caused
by electrostatic image forces. This argument was supported
by early simulations with non-polarizable force ﬁelds [7].
However, simulations of water clusters [8–12], and planar
water–air interfaces [13–21] with polarizable models, as
well as modern spectroscopic methods [17,22–25] have provided evidence that many ions accumulate at the free water
surface.
In earlier work [16] we employed a recent polarizable
model for water [26] and ions [27] to simulate the air–water
interface of an 1.2 M aqueous NaI solution and showed
that the iodides were attracted at the surface with sodium
in an adjacent, interior layer. The model simulates atomic
polarizabilities with Drude particles and permits a trans*
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parent partitioning of the total ion–water interaction
energy into components due to permanent and induced
charges. Here, we exploit this property and decompose
the solvation free energy of iodide at the water surface
and the bulk into contributions due to permanent charges,
induced charges and van der Waals interactions. The
results provide insights into the reported correlation
between the ionic charge, polarizability, or size and the
propensity for the water surface [12,15,17]; furthermore,
they constitute an additional test of the force ﬁeld [26,27].
A linear response approximation fails to reproduce the solvation free energies, partly due to the non-linear dependence of the solute dipole moment on the solute induced
charge.
2. Model and simulation methods
2.1. Model and simulation system
The water (‘SWM4-DP’ model [26,28]) and iodide
parameters [27] have been reported in our earlier work
[16]. A systematic development of a polarizable force ﬁeld
based on Drude oscillators is initiated in [29]. A cubic,
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31.05 Å solution of 1000 water molecules and a single
iodide was simulated under periodic conditions in a tetragonal unit cell of dimensions 31:05 · 31:05 · 93:3 Å3, corresponding to a solution slab with two interfaces. All
calculations employed the program CHARMM [30]. Details
of the system and simulation methodology are supplied
in [16].
2.2. Free-energy calculations
The calculations are summarized in the thermodynamic
cycle of Fig. 1. The relative solvation free energy of the
fully charged and polarizable iodide at the surface with
respect to the bulk is equal to
DDA ¼ DAs  DAb
¼ DA1 þ DA3S þ DA2S  DA3B  DA2B

ð1Þ

All free energy diﬀerences are explained in the legend of
Fig. 1. Throughout the thermodynamic cycle we have used
the full polarizable potential for the solvent [26].
Step 1: The transfer of the LJ particle from the surface
to the bulk was accomplished by applying a harmonic
restraint potential with a force constant k = 4 kcal/mol/
Å2 at the particle center. The reference points were
~
r0;i ¼ ð0; 0; zi Þ, with zi varying between 14.5 and 0.0 Å in
steps of 0.25 Å. The plane z = 14.5 Å (at the surface) is

Fig. 1. Thermodynamic cycle employed in the free energy calculations.
Step 1 corresponds to transferring a particle with the iodide LennardJones (LJ) parameters [16] from the surface to the center of the slab. Steps
2B and 2S correspond to introducing a permanent charge q = 1 into the
iodide at the center (B) or at the surface (S). Steps 3B and 3S correspond
to introducing the induced charges (polarizability) onto the iodide particle
and its Drude partner. The iodide Drude particle is not shown.

consistent with the single-ion simulations and energetic
analysis in [16]. For each point we conducted a 100–
150 ps simulation, with the ﬁrst 30 ps treated as equilibration. The total simulation length was 6.75 ns. The total,
unbiased probability pð~
rÞ was obtained as described in
[31]. The free-energy proﬁle (Fig. 2) is DA(z) ” kBT
ln[p(0,0,z)/p(0,0,14.5)].
Steps 2 and 3: The ion was restrained at z = 0 and
z = 14.5 Å by a harmonic potential, with a constant of
7 kcal/mol/Å2. In step 2, the solute permanent charge
was switched on linearly, using a coeﬃcient kp with values
0, 0.125, 0.25, 0.375, 0.5, 0.625, 0.75, 0.875 and 1.0. In step
3, the induced charges on iodide and its Drude were multiplied by a coeﬃcient ki set to 0.125, 0.25, 0.375, 0.5, 0.625,
0.75, 0,8125, 0.875, 0.9375 and 1.0. For each kp,i value we
conducted a 700 ps simulation and analyzed the last 500 ps.
The free-energies were calculated by the linear-scaling
thermodynamic integration expressions
Z 1
Z 1
DA2 ¼
dkp hEIp Wp ikp;0 þ
dkp hEIp Wi ikp;0 ¼ DAIp Wp
0

þ DAIp Wi
Z 1
Z
dki hEIi Wp i1;ki þ
DA3 ¼
0

þ DAIi Wi

0

ð2Þ
1
0

dki hEIi Wi i1;ki ¼ DAIi Wp
ð3Þ

‘I’ and ‘W’ denote iodide and water, ‘p’, ‘i’ the permanent
and induced charge and Æ  æx,y expectation values with
kp = x, ki = y. EIp Wp=i (in DA2) are the interaction energies
between the fully charged, non-polarizable iodide and the
water permanent/induced dipole moment; hEIp Wp=i ikp;0 are
the corresponding free-energy derivatives. Similarly,
EIi Wp=i (in DA3) are the interaction energies between the iodide induced dipole moment and the water permanent/induced dipole moment (with the iodide polarizability fully
switched on, ki = 1). The last equalities in Eqs. (2) and
(3) deﬁne the free-energy components.

Fig. 2. Free energy proﬁle associated with transferring a LJ particle with
the iodide parameters [16] from the surface (z = 14.5) to the bulk position
(z = 0) of the water slab.
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2.3. Linear response approximation (LRA)
The free energy components of steps 2 and 3 were also
computed by the LRA equation [32,33]
1
DALR
ð4Þ
Ix Wy ¼ ½hE Ix Wy iLJ þ hEIx Wy iI; P 
2
where ‘LJ’ and ‘I, P’ denote, respectively, the LJ-particle
end-state and the fully charged, fully polarizable iodide
end-state. For the ‘I, P’ averages we used the trajectories
from the end of step 3 (kp = ki = 1). The ‘LJ’ averages were
computed by simulations, in which the solute model consisted of the (uncharged) iodide and its Drude site.
3. Results
3.1. Free energy calculations
The free energy proﬁle of the LJ particle (step 1) is
shown in Fig. 2; the curve has been translated to pass
through 0.0 at z = 14.5 Å. In the region z = 14.5–8.5 Å,
the free-energy increases steadily from 0.0 to 5.9 kcal/
mol, reﬂecting the tendency of the aqueous phase to reduce
the solute-accommodating cavity by expelling the hydrophobic particle. The LJ particle–water oxygen radial distribution function (rdf) with the solute restrained at z = 8.5 Å
has a second hydration shell starting at 6 Å, roughly the
distance from the surface where the proﬁle plateau appears
(all rdf’s are discussed in Supplementary Material). Thus,
the free energy becomes insensitive to the solute position
when the second hydration shell of the LJ particle starts
to form.
The results of all steps are summarized in Table 1. Introduction of the iodide permanent charge (step 2) stabilizes

Table 1
Free energy resultsa
Step

Free energy
componentb

1

pmf

2
2

DAIp Wp
DAIp Wi

2

Total

3
3

DAIi Wp
DAIi Wi

2.4 (0.1)
0.41 (0.03)

3.9 (0.1)
0.75 (0.03)

1.5 (0.1)
0.34 (0.1)

3

Total

2.8 (0.1)

4.7 (0.1)

1.9 (0.2)

2+3
1+2+3
a

Bulk
0.0c

Surface

Diﬀerence

5.9 (0.1)

5.9 (0.1)

54.2 (0.1)
10.9 (0.1)

48.7 (0.1)
11.1 (0.1)

5.5 (0.1)
0.2 (0.1)

65.1(0.1)

59.8 (0.1)

5.3 (0.2)

+3.5 (0.3)
2.4 (0.3)

All free energies in kcal/mol. Free-energy component errors (in
parentheses) correspond to the standard deviation of the results, obtained
by partitioning the data into 4 groups.
b
‘I’ and ‘W’ denote, respectively, iodide and water; ‘p’ and ‘i’ denote
permanent and induced charge (see also text). Total errors are evaluated
by error propagation. The free energy components are deﬁned in Eqs. (2)
and (3).
c
The proﬁle is translated to pass through zero at this point.
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the bulk by 5.3 kcal/mol, relative to the surface, due to
the interaction with the permanent water dipole moment
(component DAIp Wp ). The solute polarizability (step 3) stabilizes the surface position by 1.9 kcal/mol. The largest
contribution comes from the interaction with the water
permanent dipole moment (component DAIi Wp ).
From the three steps and Eq. (1) it follows that the net
stabilization of the surface position is 2.5 kcal/mol. The
contribution from the solute polarizability is 1.9 kcal/
mol, the rest coming from the smaller free energy needed
to create a partial solute cavity at the surface (step 1). Note
that the charged, non-polarizable solute is still preferentially solvated at the surface by 0.6 kcal/mol (=DA2S
DA2BDA1). This may be in part because the combination
of LJ and permanent/induced charges are optimal for the
fully charged and polarizable iodide [27]. Nevertheless,
simulations of a NaI solution with a diﬀerent polarizable
water and non-polarizable iodide model also resulted in
the accumulation of iodide at the surface [15]. The free
energy proﬁle of the fully charged, polarizable iodide
across the water/vapor interface was computed in [13] by
a diﬀerent water and solute model, yielding a surface minimum with a well depth of 1.5 kcal/mol.
Ionic concentration proﬁles obtained from simulations
with an 1.2 M NaI electrolyte solution [14,16] suggest a stabilization of the surface site by only 0.5 kcal/mol. This
smaller value could be partly attributed to the existence
of a double charge layer in the electrolyte solution
[14,16,22], i.e. to a repulsion between iodide ions at the surface, combined with an attraction of iodides toward the
bulk due to the interior sodium layer.
3.2. Comparison with the estimates from a linear response
approximation
A linear response hypothesis is often used for the rapid
calculation of free-energy diﬀerences [34,33], but is not satisﬁed by the polarizable model employed here. The free energy derivatives (shown in Fig. 3) do not depend linearly on
kp,i; the largest deviation is observed in step 3. The LRA
estimates of the free-energy components are in Table 2.
LR
Components DALR
Ii Wp and DAIi Wi diﬀer from the exact values
by 250%/150% (bulk/surface) and 320%/100%, respectively. The deviations cancel to some extent in the double
free-energy diﬀerences.
The average iodide dipole moment depends on the scaling parameter ki as
hpind;I i ¼ aI hEðki Þi ¼

k2i qind;I
ðc0 þ c1 ki þ c2 k2i þ   Þi
kI

ð5Þ

with aI ¼ k2i qind;I =k I [26] the iodide polarizability, kI the
Drude-oscillator force constant and ÆE(ki)æ the average
electric ﬁeld at the solute, when the iodide induced charge
is kiqind,I; the second equality assumes a Taylor expansion
of ÆE(ki)æ around ki = 0. Eq. (5) shows that the iodide dipole moment Æpind,Iæ is a polynomial of ki. The quantity
Æpind,Iæ is reproduced well by a fourth-order polynomial
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Fig. 3. Free energy derivatives for step 2 (left) and step 3 (middle), as a function of the permanent or induced charge scaling parameter. ‘B’ and ‘S’
correspond to bulk/surface. (Right): Average iodide dipole moment as a function of the induced-charge scaling parameter ki (step 3). The dipole moment is
ﬁtted with high accuracy to a fourth-order polynomial of ki (see Eq. (4)).

Table 2
Linear response estimation of the free energy components in steps 2 and 3a (Eq. (4))
Termb

Bulk
c

Surface
c

d

LJ

I, P

LR

Ex

hEIp Wp i
hEIp Wi i
hEIi Wp i
hEIi Wi i

2.6
1.2
0.0
0.0

114.3
27.3
16.9
3.3

58.5
13.0
8.5
1.7

Total

1.4

161.8

81.7

a
b
c
d
e

e

c

DDG
c

d

e

LRd

Exe

LJ

I, P

LR

Ex

54.2
10.9
2.4
0.4

2.2
0.4
0.0
0.0

107.3
28.6
19.3
4.2

54.8
14.5
9.7
2.1

48.7
11.1
3.9
0.8

+3.7
1.5
1.2
0.4

+5.5
0.2
1.5
0.4

67.9

2.8

159.4

81.1

64.5

0.6

+3.4

All values in kcal/mol.
See Eq. (4).
‘LJ’ and ‘I, P’ denote, respectively, the LJ-particle and the fully charged, polarizable solute end-state.
Average over the ‘LJ’ and ‘I, P’ end states.
Exact free energy components (from Table 1).

of ki (Fig. 3, right panel), highlighting the importance of
terms beyond linear order in Eq. (5) and explaining the
deviation from LR in step 3. We note that the solvent induced dipole moment has a very small dependence on the
solute permanent (step 2) or induced (step 3) charge (data
not shown).
4. Conclusions
Our free-energy decomposition results are in accordance
with the reported correlation between surface attraction
and solute size/polarizability [12,15], and provide a quantitative framework to understand the behavior of ions at the
free water surface. Small-size, weakly polarizable solutes
(e.g., cations) avoid the surface because the cavity and
induction contributions cannot overcome the free energy
gain associated with introducing the solute permanent
charge in the bulk; the opposite occurs in the case of larger,
more polarizable solutes. When cavity and direct charge
interactions almost balance each other, the induction interactions play a critical role, driving the ions to the surface.
The role of ionic polarizability is found to be crucial, without the need to postulate additional dispersion interactions
between the ion and the air–water interface [35]. The ionic
polarizability is consistently higher at the surface (Fig. 3,
right panel) due to the asymmetrical solvent distribution
around the ion [13,15,16], leading to stronger solute–solvent interactions and a tighter ﬁrst solvation shell.
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