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A B S T R A C T   

The polarizability of ions, with its strong influence on their surface affinity, is one of the crucial pieces of the 
complex puzzle that determines the surface properties of electrolyte solutions. Here, we investigate the electrical 
and structural properties of alkali halide solutions at a concentration of about 1.3 M using molecular dynamics 
simulations of polarizable water and ions models. We show that capillary fluctuations have a dramatic impact on 
the sampled quantities and that without removing their smearing effect, it would be impossible to resolve the 
local structure of the interfacial region. This procedure allows us to investigate in detail the dependence of the 
permanent and induced dipoles on the distance from the interface. The enhanced resolution gives us access to the 
surface charges, estimated using the Gouy-Chapman theory, despite the Debye length being shorter than the 
amplitude of capillary fluctuations.   

1. Introduction 

The surface structure of alkali halide solutions did not attract 
considerable scientific interest for almost a century, simply because al-
kali halides are known to be capillary inactive solutes. Indeed, salts 
consisting of simple monovalent ions increase the surface tension of 
water [1–4], indicating, through the Gibbs equation of adsorption [5,6], 
that they are present at a lower concentration in the vicinity of the 
surface than in the bulk of their aqueous solutions. Further, salts con-
sisting of multivalent ions are depleted at the surface of their aqueous 
solutions even more than those of monovalent ions are. This behaviour 
was explained by Onsager and Samaras almost a century ago using the 
law of image charges, describing the ions as simple point charges [7]. 

This view was challenged at the turn of the millennium both by 
experimental [8–12] and computer simulation [13–17] studies, 
revealing that large halide ions, in particular, I− , are accumulated at the 
surface of their aqueous solutions both in droplets [8,9,13–15] and at 
planar interfaces [10–12,16,17]. This finding, confirmed by numerous 
subsequent computer simulation [18–29] and density functional theory 
(DFT) studies [30], was later explained by Levin et al., who extended the 
theory of Onsager and Samaras to polarizable ions of finite size, and 
showed that their surface affinity increases both with their polarizability 
[31] and size [32]. However, despite the observed surface affinity of the 

I− ion, alkali iodide salts are still capillary inactive solutes. This seeming 
contradiction can be resolved considering that, due to the requirement 
of macroscopic electroneutrality, the surface excess density of cations 
and anions must be equal [33], and even the largest alkali cation, i.e., 
Cs+, is far too small to be capillary active. Thus, the effective attraction 
of the I− ions to and the effective repulsion of its alkali counterions from 
the liquid surface results in a net negative surface excess [28], and hence 
to an increase of the surface tension. This view was recently further 
elaborated by Seki et al., who showed, by performing a combined study 
of sum frequency generation spectroscopy experiments and computer 
simulations, that the surface propensity of ions in solutions containing 
more than one type of ions of the same charge also depends on that of the 
other ions bearing like charges [34]. From a structural point of view, this 
behaviour leads, besides the excess concentration of the I− ion at the 
liquid surface, to its depletion in the subsurface region [18,28]. This 
explanation suggests that alkali iodide salts are capillary inactive 
because of the small alkali cation, and if I− would be accompanied by a 
large enough cation, the salt could be capillary active. In accordance 
with this view, we have recently showed that tetramethylammonium 
iodide, consisting of a quasi-simple monovalent cation the size of which 
is comparable to that of I− , is indeed a capillary active salt [35]. Further, 
the fictitious salt consisting of the I− anion and a cation that is, apart 
from the sign of its charge, identical with I− , has also been proven 
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capillary active [36]. 
Thermal capillary waves play an important role in shaping the sur-

face of the solution, and their effect must be taken into account when 
investigating the structure of the interface at the molecular scale [37]. 
For this purpose, the real, capillary wave corrugated, so-called ‘intrinsic’ 
surface of the liquid phase has to be identified. Since the pioneering 
work of Chacón and Tarazona [38], a number of methods aimed at 
removing the smearing effect of capillary waves have been proposed 
[39–43], among which the Identification of the Truly Interfacial Mole-
cules (ITIM) [41] turned out to be an excellent compromise between 
computational cost and accuracy [44]. After identifying the intrinsic 
liquid surface and the molecules pertaining to the surface layer (and, 
also, to the subsequent molecular layers), the surface properties of the 
system can be discussed in terms of profiles calculated relative to the 
local position of the liquid surface (often referred to as ‘intrinsic pro-
files’) as well as in a layer-by-layer manner [45]. Further, it has 
repeatedly been shown that neglecting the effect of capillary waves, e.g., 
calculating profiles in the global reference frame (referred to as ‘non- 
intrinsic profiles’) blurs the underlying, microscopic structure of the 
interfacial region [28,41,46–49]. However, despite the wealth of com-
puter simulation studies of the liquid–vapour interface of simple salt 
solutions and the emergent importance of intrinsic surface analysis in 
such studies, the surface of aqueous alkali halide solutions has scarcely 
been studied this way so far [23–29,50]. 

In a recent set of investigations, we have studied the surface pro-
pensity [28] and surface dynamics [29] of alkali chloride and sodium 
halide salts in aqueous solutions by computer simulations combined 
with intrinsic surface analysis, considering both non-polarizable and 
polarizable potential models. We have found that while large anions 
occur in higher concentration in the surface layer than in the bulk phase, 
the next 3–4 molecular layers account for their net negative surface 
excess, because of the effective repulsion of the small cations from the 
liquid surface [28]. Further, anions stay at the liquid surface for a 
relatively long time, while cations only visit the surface layer for short 
times due to thermal fluctuations [29]. Moreover, unlike surface water 
molecules [51], halide anions do not exhibit enhanced mobility at the 
liquid surface because they are shielded by the neighbouring water 
molecules from being exposed to the vapour phase as much as possible 
[29]. 

Having analyzed the accumulation and dynamics of alkali halide ions 
at the surface of their aqueous solution [28,29], here we focus our 
attention on the interplay between polarization and the proximity to the 
liquid surface. Considering the widely accepted fact that the polariz-
ability of simple ions increases their surface affinity, it is important to 
understand how the induced dipole moment of the different particles 
changes upon going from the bulk liquid phase towards the liquid sur-
face. Here, we investigate these changes in the local polarization upon 
approaching the liquid surface using molecular dynamics simulations of 
a polarizable model of water and ions. In particular, we analyze on a per- 
layer basis (in the first four layers): i) the orientation and magnitude of 
the induced dipole moment of the ions and water molecules; ii) the 
orientation of the permanent dipole moment of the water molecules and, 
iii) the relative orientation of the permanent and induced dipole mo-
ments of water. Additionally, we investigate the change of the average 
magnitude and orientation of the induced dipole moment as a function 
of the distance from the liquid surface. As we will show, the electric field 
generated by the addition of salt thanks to the different surface affinities 
of its cations and anions is compatible with the Gouy-Chapman solution 
[52], and induces an excess polarization in water that decays expo-
nentially towards the bulk. Given the small surface potentials involved 
this is, of course, just a perturbation of the main orientation of the water 
dipoles that, at the surface, keep pointing roughly within the surface 
plane itself. This is not the case for the polarization of ions, which is 
directed along the surface normal. Removing the smearing of capillary 
waves turns out to be the key to access all these quantities. 

2. Computational details 

The liquid–vapour interface of aqueous alkali chloride (i.e., LiCl, 
NaCl, KCl, RbCl, CsCl) and sodium halide (i.e., NaF, NaCl, NaBr, NaI) 
solutions has been simulated in the canonical (N,V,T) ensemble by 
molecular dynamics at 298 K, using the polarizable AH/BK3 [53] and 
BK3 [54] models of the ions and water molecules, respectively. The 
simulations performed have been described in detail in our previous 
publications [28,29], thus, they are only briefly reminded here. 

The simulations have been done using the program MACSIMUS [55]. 
The rectangular basic simulation box, having the X, Y, and Z edge 
lengths of 265 Å, 62.818 Å, and 62.818 Å, respectively (X being the 
interface normal), has consisted of 192 ion pairs and 8000 water mol-
ecules. This composition corresponds to the nominal molality of 1.33 m 
(i.e., the concentration of roughly 1.3 M). The width of the liquid slab is 
safely (i.e., about an order of magnitude) larger than the Debye 
screening length, 1/κ, of the ions. The models employed describe the 
interaction of the particles by the Buckingham potential [56] and 
Gaussian charge distributions, and account for the polarization using the 
charge-on-spring method with harmonic springs [53,54]. Dispersion 
and electrostatic interactions have been cut off beyond 12 Å and 18 Å, 
respectively. The long range part of the Buckingham potential and the 
electrostatic interaction has been accounted for using slab cut-off 
correction and Ewald summation [56–58] with the reciprocal space 
separation parameter of 0.1953 Å− 1, respectively. The Yeh-Berkowitz 
correction [59] has been applied. Equations-of-motion have been inte-
grated by the Verlet algorithm [56] with the integration time step of 
1.67 fs. To keep the water molecules rigid, the SHAKE algorithm [60] 
has been used. The temperature has been controlled by the Nosé-Hoover 
thermostat [61,62] with the coupling time of 0.3 ps. Induced dipoles 
have been integrated by means of the ASPC method [63]. Simulations 
have been started from configurations pre-equilibrated with a non- 
polarizable model [28]. After 70 ns equilibration, 10,000 sample con-
figurations, separated by 1 ps long trajectories each, have been dumped 
for the analyses from the 10 ns long production runs. 

For reference purposes, results of similar simulations, performed 
with the non-polarizable model of ions proposed by Joung and Cheat-
ham [64] (referred to as the JC model) and the SPC/E model of water 
[65], are also used. These models employ point charges and the 
Lennard-Jones potential. The simulations with the non-polarizable 
models have been done with the GROMACS 2019.4 program package 
[66], using the Nosé-Hoover thermostat with the time constant of 1 ps. 
All interactions have been truncated to zero beyond 12 Å; their long- 
range parts have been estimated by the smooth particle mesh Ewald 
(PME) method [67,68]. The geometry of the water molecules has been 
kept unchanged using the SETTLE algorithm [69]. The integration time 
step of 2 fs has been used. Following a 2 ns long equilibration period, 
5000 sample configurations have been collected for the analyses from a 
20 ns long production run. 

The particles forming the first four molecular layers beneath the 
liquid surface have been identified by the ITIM method [41] using the 
freely available [70] Pytim software [71]. In the analysis, the grid 
spacing of the test lines of 0.4 Å and the probe sphere radius of 2 Å have 
been used, in accordance with previous recommendations [41,44]. The 
size of the particles, used when deciding whether they are in a touching 
position with the probe sphere, have been defined through the distance 
at which the repulsion/dispersion term of their homonuclear interaction 
becomes zero (see Table 1 of Ref. [28]). 

3. Results and discussion 

3.1. Orientation of the permanent dipoles of the water molecules 

The orientation of the permanent and induced dipole moments of the 
particles relative to the liquid surface is characterized here by the angles 
ϕ and ϕi, respectively. These angles are formed by the respective (i.e., 
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permanent or induced) dipole moments with the surface normal vector, 
X, pointing from the liquid to the vapour phase. The intrinsic and non- 
intrinsic profiles of the mean value of the cosine of ϕ, 〈cos ϕ〉, are 
shown in Fig. 1.a and b, respectively, as obtained in the different sodium 
halide (top panels) and alkali chloride (bottom panels) solutions. For 
reference, the results obtained in neat water are also shown. The 
intrinsic profiles are plotted as a function of the displacement from the 
capillary wave corrugated, intrinsic liquid surface, Xintr. Negative values 
of Xintr correspond to the liquid phase. The non-intrinsic profiles are 
shown as a function of the position along the macroscopic surface 
normal axis, X, the zero value of which is corresponding to the middle of 
the liquid phase. 

The intrinsic profiles exhibit a marked minimum at the vicinity 
(i.e., within 2 Å) of the liquid surface, followed by a clear maximum 
at –4 Å < Xintr < –2 Å. This structure, marking an alternating dipolar 
orientational preference of the water molecules upon going farther from 
the liquid surface, is characteristic to the profiles obtained in all systems 
considered, in accordance with previous studies concerning water at 
hydrophobic surfaces [72,73]. It is also remarkable that  
the 〈cos ϕ〉 (Xintr) profile does not show any considerable dependence on 
the type of the cations, while it is shifted to increasingly larger values 
with increasing anion size in the Xintr range between 0 Å and about –6 Å. 
This shift evidences a tendency of the water molecules to turn their di-
poles more to the vapour phase in the presence of sodium halides, in 
particular, when the halide ion is large, than in their absence. These 
results are understandable, considering that (i) alkali cations (as well as 
the Cl− anion) are strongly depleted from the liquid surface, and hence 

the surface region of aqueous alkali chloride solutions is similar to that 
of neat water, while (ii) the concentration of the halide anions in the 
surface layer increases with their size, and the excess negative charge 
imposed at the liquid surface by their presence in enhanced concentra-
tion is compensated by the Na+ ions present in the subsequent molecular 
layers [28]. This charge separation induces a small electric field in the 
surface region, which affects the dipolar orientation of the surface water 
molecules. Very similar results have been obtained with the non- 
polarizable JC and SPC/E models of the ions and water molecules, 
respectively (see the inset of Fig. 1.a). 

It is quite remarkable how much this interfacial structure of the 
dipolar orientation of the water molecules is blurred by the capillary 
waves. Thus, the non-intrinsic profiles exhibit a much smoother, less 
structured wave of considerably smaller amplitude, which damps to zero 
in a much broader distance range than the corresponding wave of the 
intrinsic profiles (Fig. 1.b). Further, the maximum, clearly seen in all 
intrinsic profiles, is even completely washed away by the smearing effect 
of the capillary waves in certain systems (e.g., in neat water or in the 
solution of NaF). Moreover, the non-intrinsic profiles are affected by 
rapidly increasing numerical errors upon approaching the vapour phase 
due to the progressively decreasing number of particles. On the other 
hand, this problem does not affect the intrinsic profiles, as the zero value 
of Xintr is set, by definition, by the surface molecules [48]. 

To further analyze the orientation of the permanent water dipoles at 
the liquid surface, we have calculated the distribution of cos ϕ at various 
displacements from the intrinsic liquid surface. The bivariate P(Xintr,cos 
ϕ) distributions are shown in Fig. 2 as obtained in neat water and in the 

Table 1 
Polarizability of the different particles considered [52,53], and average magnitude of the dipole moment induced on them in the bulk liquid phase. The value of |μind| is 
calculated by averaging the corresponding 〈|μind|〉(Xintr) profiles beyond the Xintr value of 9 Å, using the profiles obtained in the alkali chloride solutions for the cations, 
in the sodium halide solutions for the anions, and in neat water for water.   

Li+ Na+ K+ Rb+ Cs+ F¡ Cl¡ Br¡ I− water 

α/Å3  0.032  0.157  0.830  1.37  2.36  1.30  3.50  4.60 7.50 0.72a 0.36b 

|μind|/mD  0.502  1.79  8.91  13.8  21.4  23.8  57.4  71.4 100 815  

a Polarizability of the H atoms. 
b Polarizability of the non-atomic interaction site, located along the bisector of the H–O–H bond angle. 

Fig. 1. (a) Intrinsic, and (b) non-intrinsic profiles of the mean value of cos ϕ, as obtained in the sodium halide (top panels) and alkali chloride (bottom panels) 
solutions simulated (lines). For reference, the profile obtained in neat liquid water is also shown (full circles). The inset shows the intrinsic profiles obtained in 
sodium halide solutions with the non-polarizable JC and SPC/E models of the ions and water molecules, respectively. The error bars represent standard errors. For the 
definition of angle ϕ, see the text. 
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NaI solution. As is seen, the bivariate distribution obtained in neat water 
exhibits two clear peaks, one at Xintr = 0 Å and cos ϕ ≈ − 0.2, and 
another one at the Xintr and cos ϕ values of about –3 Å and 0.7, 
respectively. These peaks are referred to here as I and II, respectively. 
The position of these peaks is consistent with our earlier results, con-
cerning the orientational distribution of BK-type polarizable water 
molecules at the liquid surface [74]. In that study, we found two 
stronger and two somewhat less strong orientational preferences of the 
surface water molecules (shown also in Fig. 2) [74]. In the orientations 
corresponding to the two major preferences, the two O–H bonds form 
the same angle with the surface normal vector, X, (i.e., the water 
molecule is symmetrically tilted from the macroscopic plane of the 
surface). In one of these orientations the molecular plane is tilted to the 
liquid, while in the other one to the vapour phase by the H atoms. These 
orientations are marked here by A and B, respectively. In the other two, 
somewhat less strong preferences, one of the two O–H bonds stays 
parallel with X, pointing towards either the liquid or the vapour phase 
by the H atom (marked by C and D, respectively, see Fig. 2). Orientations 
A and D prevail at the surface portions of locally convex curvature 
(‘crests’), while B and C at those of locally concave curvature (‘troughs’) 
[74]. The present results show that, within the first layer, orientations A 
and C occur, on average, closer to the intrinsic liquid surface, while B 
and D occur somewhat farther from it. In the presence of NaI, the 
preference marked by peak I becomes somewhat weaker, while that 
marked by peak II gets stronger due to the electric field induced by the 
different surface affinities of the Na+ and I− ions, resulting thus in the 
observed upshift of the 〈cos ϕ〉(Xintr) profile. 

Earlier results showed that, at least in neat water, the presence of the 
liquid surface only affects the orientation of the molecules pertaining to 
the surface molecular layer [41,46,47,74]. To investigate this point, we 
have calculated the P(cos ϕ) distribution in the first four subsurface 

molecular layers of neat water and the NaI solution. The results, shown 
in Fig. 3, reveal that while in the surface layer of water the permanent 
dipoles prefer to lie more or less parallel with the macroscopic plane of 
the surface, from the second layer on their orientation is no longer 
correlated with the liquid surface, as the corresponding P(cos ϕ) distri-
butions are almost uniform. In the presence of NaI, the aforementioned 
electric field shifts the distribution of the first layer molecules to larger 
cos ϕ values (i.e., turns the orientation of the dipoles slightly toward the 
vapour phase). From the second layer on the distributions are of linear 
shape, with larger probabilities at larger cos ϕ values, and their slope 
decreases upon going farther from the liquid surface. This finding clearly 

Fig. 2. Bivariate distribution of the displacement from the intrinsic liquid surface, Xintr, and cos ϕ, as obtained in neat water (left) and in the NaI solution (right). 
Lighter colours correspond to higher probabilities (see the greyscale at the right). The two peaks of the distributions are marked as I and II (see the text). The four 
preferred orientations of the water molecules at the liquid surface [73] are illustrated at the bottom of the figure. For the definition of angle ϕ, see the text. 

Fig. 3. Distribution of cos ϕ, as obtained in the first (black), second (red), third 
(green), and fourth (blue) subsurface molecular layer of neat water (lines) and 
the NaI solution (open symbols). For the definition of angle ϕ, see the text. 
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suggests that the effect of this electric field is the only factor that cor-
relates the orientation of the water dipoles with the surface in the NaI 
solution from the second layer on. 

3.2. Orientation of the induced dipoles 

The intrinsic profiles of the average cosine value of the angle ϕi, 
formed by the induced dipole vector of the particles with the vector X, is 
shown in Fig. 4.a and b, as obtained in the sodium halide and alkali 
chloride solutions, respectively. Note that the induced dipole (vector) 
equals the total dipole moment calculated from the actual positions of 
the Drude charges minus the permanent dipole moment calculated for a 
molecule in zero electric field. For reference, results obtained in neat 
water are also reported. Further, the distribution of cos ϕi in the first four 
subsurface layers of the NaCl solution is plotted in Fig. 5 as obtained for 
the water molecules as well as for the Na+ and Cl− ions. 

The results concerning the induced dipole moment of the water 
molecules are very similar to those obtained for their permanent dipoles 
(see Figs. 1 and 3). Thus, the 〈cos ϕi〉(Xintr) profiles are again exhibiting 
the subsequent minima and maxima, and the structured part of the 
profile is shifted to larger values in the presence of larger halide ions. 
Further, as in the case of the permanent dipole moments, the distribu-
tion of cos ϕi is almost uniform from the second layer on (see the top 
panel of Fig. 5). This strong similarity between the orientational profiles 
and layer-wise distributions of the induced and permanent dipoles 
suggests that they likely prefer to stay parallel with each other. To 
confirm this claim, we have calculated the cosine distribution of the 
angle γ, formed by the induced and permanent dipoles of the water 
molecules in the first four layers of neat water and the NaI solution. The 
obtained distributions, plotted in Fig. 6, indeed show a very strong 

preference of the two dipoles for the parallel alignment with each other. 
This preference is slightly weaker in the NaI solution and in the first 
layer than in neat water and in the subsequent subsurface layers, 
respectively. Nevertheless, the integration of these distributions reveal 
that the angle γ is less than 15◦ for 40 %, and less than 30◦ for about 90 % 
of the water molecules in every case. 

The 〈cos ϕi〉(Xintr) profiles of the cations, similarly to those of the 
water molecules, also exhibit a wavy structure within about 4 Å from the 
intrinsic liquid surface (see Fig. 4). However, in this case, practically the 
entire structured part of the profile is above zero, indicating the pref-
erence of the induced dipoles of the cations to point towards the vapour 
rather than the liquid phase. This preference is even stronger for the 
anions, the 〈cos ϕi〉(Xintr) profiles of which do not even exhibit the usual 
wave of a subsequent minima and maxima, but increase steadily with 
decreasing Xintr values, i.e., upon approaching the intrinsic liquid sur-
face, in its vicinity of about 2 Å. The P(cos ϕi) distributions of both type 
of ions are shown in the lower panels of Fig. 5, as obtained in the first 
four subsurface layers of the NaCl solution. As is seen, while the P(cos ϕi) 
distributions obtained in the first layer exhibit monotonous increase 
with cos ϕi, indicating the preference of the induced dipoles to point 
straight out to the vapour phase (this preference being considerably 
stronger for the anions than for the cations), they are again essentially 
uniform from the second layer on in both cases. (Note also the rather 
large noise of the distribution corresponding to the cation dipole mo-
ments in the first intrinsic layer, caused by the fact that there are only a 
few cations there.). 

3.3. Magnitude of the induced dipoles 

In analysing the magnitude of the dipole moments induced on the 

Fig. 4. Intrinsic profiles of the mean value of cos ϕi, as obtained (a) in the sodium halide, and (b) in the alkali chloride solutions simulated (lines) for the water 
molecules (top panels), anions (middle panels), and cations (bottom panels). For reference, the profile obtained for the water molecules in neat liquid water is also 
shown (full circles). The error bars represent standard errors. For the definition of angle ϕi, see the text. 
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different particles, it has to be emphasized that since the ions bear non- 
zero net charges, the magnitude of their (induced) dipole moment de-
pends on the choice of the origin. Here, we consider the position of the 
ion as the origin for this purpose. 

The intrinsic profile of the average magnitude of the induced dipole 
moment, 〈|μind|〉, of the water molecules and halide anions in different 
systems are shown in Fig. 7. It should be noted that the magnitude of μind 

of the water molecules does not depend noticeably on the composition of 
the system. Similar results are obtained for the Na+ and Cl− ions, as the 
magnitude of the dipole moment induced on them also turns out to be 
practically independent from the type of their counterion. Further, the 
〈|μind|〉(Xintr) profiles are always practically constant, apart from their 
portion very close (i.e., within 1–2 Å) to the intrinsic liquid surface. This 
means that interface-induced polarization is limited to an 1–2 Å wide 
layer beneath the liquid surface. In other words, practically only those 
particles are affected by the vicinity of the interface in this respect that 
stay (almost) right at the boundary of the two phases, and hence being 
largely exposed to the vapour phase. The magnitude of the dipole 
moment induced on the different ions is largely determined by their 
polarizability, α, as demonstrated by Table 1, collecting the values of the 
polarizability and average magnitude of the induced dipole moment in 
the bulk liquid phase for all species considered. As is seen, the ratio of 

Fig. 5. Distribution of cos ϕi, as obtained in the first (black circles), second (red 
squares), third (green up triangles), and fourth (blue down triangles) subsurface 
molecular layer of the NaCl solution for the water molecules (top), chloride 
anions (middle), and sodium cations (bottom). For the definition of angle ϕi, see 
the text. 

Fig. 6. Distribution of the cosine of angle γ, formed by the permanent and 
induced dipole moments of the water molecules, as obtained in the first (black), 
second (red), third (green), and fourth (blue) subsurface molecular layer of neat 
water (lines) and NaI solution (symbols). 

Fig. 7. Intrinsic profiles of the average magnitude of the induced dipole mo-
ments of the water molecules (top panels), anions (middle panels), and cations 
(bottom panels), as obtained in the sodium halide (for water and anions) and 
alkali chloride (for cations) solutions simulated (lines). For reference, the pro-
file obtained for the water molecules in neat liquid water is also shown (full 
circles). The inset shows the non-intrinsic profiles of the water molecules ob-
tained in sodium halide solutions. The error bars represent standard errors. 
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〈|μind|〉 and α falls between about 9 mD/Å3 and 20 mD/Å3 for all ions, 
being somewhat smaller for ions of larger size. On the other hand, this 
value is two orders of magnitude larger for the water molecules. 

At the liquid surface, the dipole moment induced on the water 
molecules is somewhat (i.e., about 10 %) smaller, while those induced 
on the ions is larger than in the bulk liquid phase. This increase is 10–15 
% for the cations, and 10–50 % for the anions, being larger for larger 
anions. It is again quite striking how much this very sharp change of the 
intrinsic 〈|μind|〉(Xintr) profiles is smeared if the capillary waves are not 
removed for the analysis. This is illustrated in the inset of Fig. 7, showing 
the non-intrinsic profile of 〈|μind|〉 for the water molecules in the same 
systems as the intrinsic ones. Thus, while in the case of the intrinsic 
profile 〈|μind|〉 reaches its bulk phase value within 1 Å from the liquid 
surface, this rise covers an about 8 Å wide interval once the smearing 

effect of the capillary waves is not removed. 
The distribution of the magnitude of the induced and total dipole 

moments (|μind| and |μ|, respectively) of the water molecules in the first 
four molecular layers of neat water and the NaI solution are shown in 
Fig. 8.a. Further, the P(|μind|) distributions of the halide anions in the 
first four layers of the sodium halide solutions and those of the alkali 
cations in the first four layers of the alkali chloride solutions are shown 
in Fig. 8.b and c, respectively. As is seen, the distributions of the induced 
and total dipole moments of the water molecules are very similar to each 
other in every case, apart from an about 1.8 D shift. This result is in full 
accordance with our above finding that the induced and permanent 
dipoles of the water molecules strongly prefer to stay parallel with each 
other (see Fig. 6), considering also that the permanent dipole moment of 
BK3 water is 1.855 D [54]. It is also seen, in accordance with the 

Fig. 8. (a) Distribution of the magnitude of the induced (left) and total (right) dipole moments of the water molecules, as obtained in the first (black), second (red), 
third (green), and fourth (blue) subsurface molecular layer of neat water (lines) and the NaI solution (open symbols). The arrow marks the dipole moment value of 
the non-polarizable SPC/E water model. (b) Distribution of the magnitude of the induced dipole moments of the F− (blue), Cl− (red), Br− (khaki), and I− (purple) 
anions, as obtained in the first (lines), second (filled circles), third (open squares), and fourth (asterisks) subsurface molecular layer of the sodium halide solutions. (c) 
Distribution of the magnitude of the induced dipole moments of the Li+ (green), Na+ (red), K+ (magenta), Rb+ (orange), and Cs+(brown) cations, as obtained in the 
first (lines), second (filled circles), third (open squares), and fourth (asterisks) subsurface molecular layer of the alkali chloride solutions. 
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intrinsic profiles of 〈|μind|〉 (Fig. 7) that the distributions are slightly (i. 
e., about 0.1 D) shifted to smaller values in the first molecular layer with 
respect to those in the subsequent ones. An opposite shift of the P(|μind|) 
distributions is seen in the first layer for the anions, getting larger with 
increasing anion size, while it is hard to see any such shift for the cations, 
as their P(|μind|) distribution in the first layer is always affected by a 
very large statistical noise due to their strong depletion at the liquid 
surface [28]. Nevertheless, it is clear from Fig. 8 that, similarly to the 
water molecules, the P(|μind|) distributions of the ions remain essen-
tially unchanged from the second subsurface layer on, in accordance 
with the behaviour of the corresponding intrinsic profiles (Fig. 7). 

3.4. Estimating the effective surface charge density in sodium halide 
solutions 

The high spatial resolution obtained by removing the capillary wave 
smearing allows us to access the intrinsic profile of the local electric 
polarization p(Xintr) of water in the thin interfacial region. We compute p 
by adding the contributions coming from the permanent and induced 
dipoles of the water molecules, i.e., µ〈cos ϕ〉/v and 〈|μind|〉〈cos ϕi〉/v, 
respectively, where v = 27 Å3 is the volume of the water molecule. The 
difference between the polarization in the electrolyte solutions and neat 
water, divided by the electric susceptibility of water, χ = (ε − 1)/4π 
(Gaussian units), provides the excess electric field, 

|Eexc|(Xintr) = p(Xintr)/χ (1) 

generated by the ions. 
In Fig. 9, we report |Eexc|(Xintr) on a semi-logarithmic scale, showing 

that it decays exponentially, following the approximation of the Gouy- 
Chapman solution for small surface potentials [75], 

|E|(X) = κψ0e− κX (2)  

where ψ0 is the surface potential, 

κ =

̅̅̅̅̅̅̅̅̅̅̅̅

8πe2c
εkBT

√

(3) 

(1/κ being the Debye length), c is the concentration of the ions, kB is 
the Boltzmann constant, and ε is the relative permittivity of water. Here, 
for simplicity, we disregard the static and dynamic contributions of the 
ions to the permittivity [76,77]. The results reported in Fig. 9 clearly 
show the presence of an electric double-layer, where the electric field is 
constant. This defines the location of the Helmholtz surface at about 3.5 
Å from the intrinsic liquid surface. A fit to the exponentially decaying 
part of the |Eexc|(Xintr) functions allows us to compute the effective 
surface charge density of the systems, using the electric field at the 
Helmholtz surface. The obtained values, collected in Table 2, fall in the 
range of 10− 4 – 10− 3 e/Å2, being an order of magnitude larger for NaI 
than for NaF. These rather small values of the effective surface charge 
density can, in accordance with the orientational preferences seen, 
perturb the surface orientation of the water molecules, but by no means 
can dominate them. 

4. Summary and conclusions 

In this paper, we have analysed the properties of the induced and 
permanent dipole moments in aqueous alkali halide solutions, focusing 
on their dependence on the distance from the (capillary-wave corru-
gated) liquid surface and on the size of the ions. Removing the smearing 
effect of capillary waves has turned out to be the key to resolve the 
alternating structure of maxima and minima in the profile of the dipole 
orientations and gain access to various quantities. In the presence of 
large halide anions, in particular, I− , that adsorb at the liquid surface, 
the structured part of the water orientational profiles is shifted to larger 
cosine values, indicating a slight turn of the dipole vectors towards the 
vapour phase. This turn is related to the presence of a small electric field, 
resulting from the different surface affinities of the large halide anions 
and small alkali cations. It has also been found that the effect of this 
electric field is the only factor that correlates the dipolar orientation 
with the surface from the second layer on. We have interpreted the 
excess polarization (with respect to the neat water case) in terms of the 
Gouy-Chapman theory, which has allowed us to estimate the surface 
charge of the solutions. In addition, we have found large similarities in 
the behaviour of the induced and permanent dipoles of the water mol-
ecules, which can simply be explained by their very strong preference 
for parallel alignment with each other. 

The orientation of the induced dipoles of the ions shows a rather 
different picture. Thus, while the dipole vector of the water molecules 
lies preferentially parallel with the macroscopic plane of the surface (the 
effect of the surface charge being only a perturbation), the dipoles 
induced on the ions stay preferentially perpendicular to it, pointing to-
wards the vapour phase. Correspondingly, while the magnitude of the 
dipole moment induced on the water molecules is smaller, that on the 
ions is larger at the close vicinity of the liquid surface than in the bulk 
liquid phase. The ratio of the average magnitude of the induced dipole 
moment and polarizability decreases with increasing ion size. Similarly 
to their orientation, the magnitude of the induced dipoles differs from 
the bulk phase value only in the first molecular layer beneath the liquid 
surface. In other words, polarization effect caused by the interface af-
fects only a 1–2 Å wide region beneath the liquid surface. 

Finally, the present results stress the importance of removing the 
smearing effect of the capillary waves, i.e., the use of intrinsic rather 
than non-intrinsic profiles in such analyses. Clearly, the very sharp 
change of the orientation and magnitude of the induced dipoles upon 
approaching the liquid surface is strongly blurred by the capillary waves 
(and this blurring would keep slowly increasing with the size of the 

Fig. 9. Intrinsic profiles of the magnitude of the excess electric field (with 
respect to neat water), as obtained in the solutions of NaF (blue symbols), NaCl 
(red symbols), NaBr (khaki symbols) and NaI (purple symbols). To emphasize 
the exponential decay of these profiles, the results are shown on a logarithmic 
scale. The exponential functions fitted to the decaying part of the data are 
shown by straight lines of respective colours. The black vertical dash-dot-dotted 
line marks the boundary of the electric double layer, beyond which the electric 
field is constant. 

Table 2 
Effective surface charge density (in e/Å2 units) obtained in the sodium halide 
solutions simulated.  

NaF NaCl NBr NaI 

0.21 × 10− 3 0.58 × 10− 3 0.95 × 10− 3 1.32 × 10− 3  

G. Hantal et al.                                                                                                                                                                                                                                  



Journal of Molecular Liquids 385 (2023) 122333

9

simulated system). Thus, the changes occurring in a distance range of 
2–4 Å, always involving almost exclusively the first molecular layer, are 
smeared in an about 10 Å-wide range by the capillary waves. 
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