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The structure of aqueous solutions of 1:1 salts (KCI, NaCl, KF, and Csl) near a hydrophobic surface is anal-
ysed using the angle-dependent integral equation theory. Water molecules are taken to be hard spheres
imbedded with multipolar moments including terms up to octupole order, and hard spherical ions are im-
mersed in this model water. The many-body interactions associated with molecular polarizability are treated
at the self-consistent mean field level. The effects of cationic and anionic sizes and salt concentration in the
bulk are discussed in detail. As the salt concentration increases, the layer of water molecules next to the
surface becomes denser but its orientational order remains almost unchanged. The concentration of each ion
at the surface can be drastically different from that in the bulk. As a striking example, at sufficiently low salt
concentrations, the concentration of I~ is about 500 times higher than that of F~ at the surface.
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1. Introduction

The aqueous electrolyte solution is an essential constituent of a system in a variety of fields such
as solution chemistry, electrochemistry, biophysics, biochemistry, and colloidal science. Above all,
the elucidation of the structure and properties of the solution at surfaces has been a central issue for
decades. The solution at an extended, structureless hydrophobic surface is the most fundamental
example to be investigated in the first stage, and the product of the investigation should provide
basic information and important physical insights. Nevertheless, even for this simple system our
microscopic understanding is not complete.

At present, computer simulations including water molecules and ions at finite concentration are
problematic. Such simulations are usually performed by confining a fixed number of ions and water
molecules between two plates, and there is no reliable way of estimating the bulk equilibrium
concentration of ions. Grand Canonical Monte Carlo calculations could solve this problem but
such calculations would be impractical [1]. This difficulty in computer simulations may be a major
reason for the slow progress of our studies on aqueous electrolyte solutions at surfaces.

The integral equation theory does not suffer from the drawbacks found in computer simulati-
ons mentioned above. However, it is not straightforward to implement the analyses because of the
presence of water molecules. The water-water and water-ion correlations are dependent not only
on the distance between centers of the particles but also on the particle orientations. Treating the
orientational correlations in an explicit manner is crucially important in analyses on the dielectric
properties of aqueous electrolyte solutions [2]. Incorporating the effects of molecular polarizability
is a nontrivial task. The water-surface correlations are also dependent on the orientations of wa-
ter molecules. Further, the severe numerical instability is often encountered in solving the basic
equations once the ionic concentration becomes finite.

Cares must be taken in choosing a water model when ions are included in water. In the multipo-
lar model for water [2,3], the multipolar moments of a water molecule experimentally determined [4]
are used. When ions are included, the water-ion electrostatic interaction potentials are accurately
expressed by the dipole-ion, quadrupole-ion, and octupole-ion interactions. The SPC/E model [5],
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which is the most popular water model, is nearly optimized in computer simulations so that only
the structure and properties of pure water can be reproduced. It is not definite if the water-ion
electrostatic interaction potentials can be accurately described with the SPC/E model due to the
potential impertinence of its multipolar moments.

In these 20 years, a great progress has been made in constructing the angle-dependent integral
equation theories combined with the multipolar water model for aqueous electrolyte solutions in
the bulk and at surfaces and in developing the robust numerical solution algorithms [2,3,6-22].
The inclusion of the octupole moment is essential because anions are more strongly hydrated
than cations even when they share the same size and this effect can well be reproduced only by
including the octupole moment. It is much easier to include ions in water at infinite dilution, and
there are only several works [8,9,13,17,20] dealing with aqueous electrolyte solutions where the ionic
concentration is finite. In most of these works only the dipole moment and the quadrupole moment
with tetrahedral symmetry are considered. The only exception is found in our earlier work [20] on
the solutions near a simplified metal surface. In this article, we are concerned with the structure of
the solutions near a hydrophobic surface for which the water-surface and ion-surface interactions
are much weaker and the hydration properties of the ions are crucially important.

Here we consider aqueous solutions of 1:1 salts (KCl, NaCl, KF, and Csl): electrolyte solutions
with ions of varying size, K, Nat, Cs™, F~, Cl~, and I~. Water molecules are taken to be hard
spheres imbedded with multipolar moments including terms up to octupole order [3], and hard
spherical ions are immersed in this model water. The model solutions near a hydrophobic surface
are studied by analysing the density profiles of cations, anions, and water molecules and the water
orientational structure. The angle-dependent reference hypernetted-chain integral equation theory
[2,3,6-22] is employed. The many-body interactions associated with molecular polarizability are
treated at the self-consistent mean field level [2,3]. The numerical solution of the basic equations
is performed using our robust, highly efficient algorithms [10,11,14-18,20-22]. The major concern
is to examine the effects due to cationic and anionic sizes and salt concentration in the bulk. We
are interested in quantitative aspects of the conclusions as well as in qualitative arguments.

2. Model

A water molecule is modeled as a hard sphere of diameter dg = 0.28 nm in which a point dipole,
quadrupole, and octupole are embedded [3]. Hard spherical cations and anions with diameters d4
and d_, respectively, are immersed in water. The diameters of the ionic species (Nat, KT, Cst, F~,
Cl~, and I7), which are determined from x-ray electron density measurements [2,23], are collected
in table 1. Since water molecules have Cs, symmetry, the dipole, quadrupole, and octupole moments
have, respectively, 1, 2, and 2 mutually independent components [2].

Table 1. Diameters of hard spherical ions (¢ = +, —).

Ton d;/ds
Nat 0.84
Kt 1.08
CsT 1.28
F- 0.84
Cl— 1.16
I~ 1.44

The influence of molecular polarizability of water is included by employing the self-consistent
mean field (SCMF) theory [2,3]. At the SCMF level the many-body induced interactions are reduced
to pairwise additive potentials involving an effective dipole moment. The effective dipole moment
thus determined is about 1.43 times larger than the bare gas-phase dipole moment. The values of the
multipole moments used in the calculations are given elsewhere [20]. The dielectric constant of pure
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water predicted by the reference hypernetted-chain (RHNC) integral equation theory combined
with the present model is 85.6 which is larger than the experimental value only by ~10%.

A hard sphere macroparticle of diameter dy; = 30dg is immersed at infinite dilution in the model
aqueous electrolyte solutions. It interacts with water molecules and ions through the hard-sphere
potentials and acts as a hydrophobic macroparticle. It has been shown that the size of 30dg is large
enough to mimic an extended surface [21,22]. The reason for employing hard-sphere repulsions is
that the distance between particles and the distance between the surface and a particle can clearly
be defined. The surface corrugation is neglected in the present model. However, it has been shown
that the corrugation has remarkably little effect on the water structure near the surface [24], and
this is probably true for the structure of aqueous electrolyte solutions.

Hereafter, the subscripts “S”, “+7, “” and “M” denote “solvent (water)”, “cations”, “anions”,
and “macroparticle”, respectively. We consider 0.25M KCl, NaCl, KF, and CsI solutions. For KCI
solutions two more concentrations, 0.00M (at the infinite dilution limit) and 3.00M, are also tested.
The number densities of water molecules, cations, and anions in each solution are determined from
the experimental solution density at 298 K and 1 atm [25,26].

3. Theory

The Ornstein-Zernike (OZ) equation for the mixture comprising water molecules, cations, an-
ions, and macroparticles can be written as [17]

maa(12) = {1/} Y0, [ can(13)(m,0(32) + e,32HE) (1a)

Nap(12) = hap(12) — cap(12), a,f=S,+,—,M, (1b)

where h and c are the total and direct correlation functions, respectively, (ij) represents (r;;, €2;,
Q;), r;; is the vector connecting the centers of particles ¢ and j, ©; denotes the three Euler angles
describing the orientation of particle i, [ d(3) represents integration over all position and angular
coordinates of particle 3, and p is the number density. The closure equation is expressed by [17]

cap(12) = /Oo[hag(12)8{wa5(12)—ba5(12)}/87‘]dr—ua5(12)/(kBT)—|—ba5(12), (2a)
wap(12) ~Nap(12) +uap(12)/(ksT), (2b)

where u is the pair potential, b is the bridge function, r is the distance between the centers of two
particles, kg is the Boltzmann constant, and T is the absolute temperature.

Since the macroparticles are present at infinite dilution (pp = 0), the calculation process can
be split into two steps [17]:

(i) Solve equations (1) and (2) for the aqueous electrolyte solution comprising water molecules,
cations, and anions. Calculate the correlation functions, Xgs, Xs+, Xs—, X441, X4+, and
X__(X=ho.

(ii) Solve equations (1) and (2) for the aqueous electrolyte solution near a macroparticle using the
correlation functions obtained in step (i) as input data. Calculate the correlation functions,
XMS, XM+, and XM,.

For the numerical solution of equations (1) and (2), the pair potentials and correlation functions
are expanded in a basis set of rotational invariants, and the basic equations are reformulated in
terms of the projections X7 (r) occurring in the rotational-invariant expansion of X [2,3,6-22].
The expansion considered for n,,q, <4 gives sufficiently accurate results for uncharged surfaces.
More details are described in earlier papers. The quantities we mainly analyse are the reduced
density profiles 91(\)/?S000a g%??roo, and g{° 00 (9 = h—1) which are denoted simply by gums, gumy, and

gnM—, respectively. We also analyse the water orientational order at contact with the surface using
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the probability density functions p(f) where 6 is the angle with respect to the surface normal (into
the aqueous solution) of either the molecular dipole (6,) or an OH bond (6om).

In the RHNC theory, the reference bridge functions are incorporated in the closure equations.
The reference system in step (i) is a mixture of hard spheres of diameters dg, d, and d_ (the
number densities are pg, p4, and p_, respectively), and that for step (ii) is a hard macrosphere of
diameter dy; immersed in the hard-sphere mixture. In the present study, the particle-particle bridge
functions needed in step (i) are estimated using the procedure developed by Lee and Levesque [27],
and the macrosphere-particle bridge functions required in step (ii) are calculated in accordance
with the method given by Henderson and Plischke [28].

A sufficiently long range ry, is divided into N grid points (r,, = mdér,m =0,1,...,N — 1;0r =
rr,/N) and the projections for the pair potentials and correlation functions are represented by
their values on these points. N and dr are set at 4096 and 0.01 dg, respectively. The very large
set of stiff, nonlinear simultaneous equations is solved using the robust, highly efficient algorithms
developed by Kinoshita and coworkers [10,11,14-18,20-22].

4. Results and discussion

The calculations are performed for 0.25M KCI, NaCl, KF, and CsI solutions. For KCI solutions
two more concentrations, 0.00M (at the infinite dilution limit) and 3.00M, are also tested. The
probability density functions p(6om) and p(6,) next to the hydrophobic surface are plotted in
figures 1 and 2, respectively. They are shown for 0.00M and 3.00M KCI solutions. The reduced
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Figure 1. The probability density functions Figure 2. The probability density functions
p(fon) next to the surface for 0.00M and p(6,) next to the surface for 0.00M and 3.00M

3.00M KCI solutions. KCI solutions.

density profiles of water molecules near the surface are shown for 0.00M, 0.25M, and 3.00M KCI
solutions in figure 3 and for 0.25M NaCl and CsI solutions in figure 4 (dye = dy/2). The reduced
density profiles of cations and anions for 0.25M solutions are shown in figures 5-8. The oscillatory
behavior of the curves in figures 3-8 is ascribed to the adoption of a molecular model for water.
The values of the reduced density profiles of cations, anions, and water molecules at contact with
the surface are summarized in table 2 for all the solutions tested.
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Table 2. Values of reduced density profiles of cations, anions, and water molecules at contact
with the surface.

Salt Solution 9M+,Contact 9M—,Contact 9MS,Contact
0.00M KC1 0.1260 0.1863 1.5480
0.25M KC1 0.2788 0.5237 1.6448
3.00M KC(l 0.6282 1.0926 2.3899
0.25M NaCl 0.0226 0.5694 1.6585
0.25M KF 0.2539 0.0090 1.6515
0.25M Csl 1.6425 4.7153 1.6428
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Figure 3. Reduced density profiles of water Figure 4. Reduced density profiles of water
molecules for 0.00M, 0.25M, and 3.00M KCl molecules for 0.25M NaCl and Csl solutions.
solutions.

4.1. Orientational structure of water

The probability density functions for pure water near the hydrophobic surface are identical to
those for 0.00M KCI solution shown in figures 1 and 2. The function p(fon) in figure 1 indicates
that at the contact with the surface is a dominant contribution from water molecules oriented with
one OH bond directed into the surface: The local maxima occur at fopy ~ 71° and 180° [21,22].
This feature is also reflected in p(f,,) plotted in figure 2 where it has a local maximum at 6,, ~ 55°
and a remnant of a local maximum at 6, ~ 125° [21,22]. At the same time, p(6,,) indicates a
preference for dipoles inclined into the aqueous solution rather than toward the surface. This trend
of p(6,) is considerably stronger than that reported by Torrie and Patey [12] who employed the
Lee-Levesque (L-L) procedure [26] for the macrosphere-particle bridge functions as well. However,
it should be noted that the L-L procedure gives pathological bridge functions when it is extended
to such a large sphere immersed in small spheres [21]. The orientational order next to the surface
persists until the salt concentration becomes as high as 3.00M.

4.2. Density profile of water molecules

The reduced density profile of water molecules for pure water near the hydrophobic surface is
identical to that for 0.00M KCI solution shown in figure 3. When a hydrophobic surface intrudes
into water, it is impossible to maintain the hydrogen bonds as in the bulk and the loss of the bonds
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Figure 5. Reduced density profiles of ions for Figure 6. Reduced density profiles of ions for
0.25M KCI solution (i=+,-). 0.25M NaCl solution (i=+,-).

is unavoidable. The loss is kept minimal by taking special orientations relative to the surface
described above. In any case, the water molecules at contact are unfavorable, so the number of
such molecules needs to be decreased. This dewetting effect competes with the entropic excluded-
volume effect (or equivalently, the so-called packing force) causing the formation of a much denser
layer near the surface as found in the hard-sphere solvent. Despite the dewetting effect, the contact
value of the reduced density profile gams, contact is higher than unity and the layer in the immediate
vicinity of the surface is slightly denser than the bulk, which implies that the packing force still
dominates.

The packing force becomes stronger as the total packing fraction nt of the aqueous electrolyte
solution increases for a salt species given. As the salt concentration increases, 7T becomes higher:
The values of 5t for 0.00M, 0.25M, and 3.00M KCI solutions are, respectively, 0.3831, 0.3854, and
0.4066. As observed in figure 4, with the increase in the salt concentration gms contact certainly
increases and the layer in the immediate vicinity of the surface becomes denser.

For different species, the reduced density profile of water molecules is effected by the salt species
as well as by np. The values of nr for 0.25M NaCl and Csl solutions are, respectively, 0.3852 and
0.3864. However, gms Contact 15 lower in the Csl solution. The reason for this is as follows. The
ions are much larger in the Csl solution and they are preferentially excluded from the bulk to the
surface (see figure 8) due to the weak hydration. This enrichment of ions leads to a less number of
water molecules in the immediate vicinity of the surface.

4.3. Effects of ionic sizes on density profiles of ions

For 0.25M solutions, there is a depletion of Na*, K*, F~, and C1™ near the hydrophobic surface
(see figures 5-7) because they are preferentially hydrated in the bulk. This is true even for KT
and Cl™ which are larger than water molecules. In general, smaller ions are more depleted at a
hydrophobic surface. Though Na™ and F~ share the same size, the depletion is more conspicuous
for F~ (“gM+.Contact for Na™”/“grn— contact for F~7=2.51), which can well be reproduced only
by including the octupole moment of water molecules. By contrast, Cs™ and I~ are considerably
enriched in the close vicinity of the surface (see figure 8) because they can only weakly be hydrated
and excluded from the bulk to the surface. In particular, gym— contact for I well exceeds 4.

The difference between the curve for cations and that for anions in 0.25M KCI solution is
somewhat smaller than in 0.25M NaCl, KF, and Csl solutions. The size of Cl~ is only slightly larger
than that of K and anions are more strongly hydrated, leading to almost the same strength of
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Figure 8. Reduced density profiles of ions for

Figure 7. Reduced density profiles of ions for
0.25M CslI solution (i=+,-).

0.25M KF solution (i=+,-).

the hydration followed by the small difference between the reduced density profiles of C1~ and K.

4.4, Effects of salt concentration on density profiles of ion s

The reduced density profiles of K™ and Cl~ are shown in figure 9 and figure 10, respectively.
Those for 0.00M, 0.25M, and 3.00M KCI solutions are compared in these figures. The profiles shift
upward at all separations as the salt concentration becomes higher. This is attributable mainly to
the packing force which becomes larger as the salt concentration increases and it becomes higher.
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Figure 9. Reduced density profiles of KT Figure 10. Reduced density profiles of Cl~
for 0.00M, 0.25M, and 3.00M KCI solutions for 0.00M, 0.25M, and 3.00M KCI solutions
(i=+). (i=-).

In 0.00M and 0.25M solutions, the ions (K* and C17) are depleted near the surface. In 3.00M
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solution, the reduced density profile for KT exceeds unity at some separations near the surface, but
a slight depletion occurs. On the other hand, a slight enrichment is observed for C1~ (gm— contact
is larger than unity) when the salt concentration reaches 3.00M.

4.5. Densities of ions at surfaces

The reduced density profiles of K™ for 0.25M KF and KCI solutions are compared in fig-
ure 11. They are not significantly different from each other. Likewise, those of Cl~ for 0.25M
NaCl and KCI solutions are almost the same as shown in figure 12. Thus, at sufficiently low salt
concentrations (<£0.25M), the reduced density profile of an ionic species is not significantly ef-
fected by the other ionic species which are co-present. Hence, the following examples can be given:
gM+,Contact/gM—,Contact ~ 180 for CsF and gM—,Contact/QM-&-,ContaCh ~ 210 for NaIv and for the mix-
ture of KF and KI, “guv— contact for I7”/“gM— contact for F~7~520. Even when the concentrations
of all ions are the same in the bulk, the concentration of an ionic species at the surface can be
drastically different from that of another ionic species.

12 T T T 1 e e T
1F 1L
08L 08l
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Figure 11. Reduced density profiles of K* for Figure 12. Reduced density profiles of C1~ for
0.25M KF and KCI solutions (i=+). 0.25M NaCl and KC1 solutions (i = — ).

5. Concluding remarks

The structure of 1:1 electrolyte solutions near an extended hydrophobic surface is analysed
using the angle-dependent RHNC theory combined with the multipolar model for water. The
many-body interactions associated with molecular polarizability are treated at the SCMF level.
Unlike the earlier works, the following two conditions are satisfied: (1) the ionic concentrations are
finite; and (2) multipolar moments having terms up to octupole order are included.

The layer of water molecules next to the surface is slightly denser than the bulk and becomes
progressively denser as the salt concentration increases. The orientational order of water molecules
at contact with the surface is characterized by a tendency of one OH bond directed into the surface
and a preference for dipoles inclined into the aqueous solution. This orientational order persists
until the salt concentration becomes as high as 3.00M.

The ions, Na™, KT, and F~, are preferably hydrated in the bulk, and there is a depletion
of these ions near the surface. The depletion is more conspicuous as the ionic size decreases and
the hydration becomes stronger. Anions are more strongly hydrated than cations even when they
share the same size: Though the sizes of Nat and F~ are the same, the latter is more depleted.

394



Solutions near a hydrophobic surface

By contrast, Cs* and I~ are considerably enriched near the surface because they are just weakly
hydrated and excluded from the bulk to the surface. As for C1~, they are depleted near the surface
at low concentrations in the bulk but slightly enriched at high concentrations. Overall, the strength
of the hydration in the bulk follows the order, F~ > Na®™ > K+ ~Cl~ > Cs™ > 1~.

Even when the concentrations of all ions are the same in the bulk, the concentration of
an ionic species at the surface can be drastically different from that of another ionic species.
For example, at sufficiently low salt concentrations (<0.25M), grm+,Contact/9M—,Contact ~180 for
CsF and gum—,contact/gM+ Contact ~210 for Nal. For the mixture of KF and KI, “gyv— contact for
I77 /“gM= Contact for F~7~520.
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CTpyKTypa BOAHUX PO34UHIB €1IeKTPOoJIiTiB N06Nn3y
riapo¢doOHOT NOBEpPXHiI

M.KiHowiTa

IHCTUTYT HOBITHBLOI eHepreTuku, YHisepcuteT M. KioTo, Kioto 611-0011, AnoHia

OTtpumaHo 5 TpaBHsa 2007 p.

CtpykTypa BogHux po3uuHiB 1:1 conent (KCl, NaCl, KF, i Csl) no6nu3y rinpodobHoi noBepxHi aHanisy-
€TbCS B paMKax Teopii i OPIEHTOBHO 3aIeXHUX IHTErpanbHUX PiBHSAHL. Monekynn BoaM po3rnsaalnTbes aK
TBEPAi chepu 3 BCTABIEHUMU MYJILTUMOIBHUMIU MOMEHTaMM BKJTIOYHO 40 OKTYMOJIbHOro MOMeHTa. Teepai
cepunyHi ioHN NOoMiLLeHI B L0 Moaenb Boau. baratoyacTMHKOBI B3aemMogii, 00yMOBNEHI MONEKYNSPHO
NoJISPU30BaHICTIO, TPAKTYIOTbCS Ha PiBHI CaMOy3roaXeHoro cepeaHboro nons. JetanbHo 06roBoploto-
TbC eDEeKTU KATIOHHMX Ta aHIOHHUX PO3MIPIB | KOHLEHTpPALi coni B 06'eMi . 13 3pOoCTaHHAM KOHLUEHTpaLLi
cosi Wwapwn Mmonekys Boau 6ins NoBepPxHi CTaloTb ryCTilUMMM, ane ix OpieHTauiiHNI NOPSA0K 3aNUWAETLCS
Maike He3MiHHMM. KOHLLEHTpaList KOXHOrO 3 ioHiB 6inst MOBEPXHi MoXe 6yTU CYTTEBO IHLLOID, HiX B 06’EMI.
K Bpaxarounin Npuknag, Npu OOCTaTHbO HU3bKMX KOHLEHTPALLSX COJli, KOHLEeHTpauisa |~ 6ing noBepxHi
maixe B 500 pas BMLLA, HiX KOHUEHTpauis F~.

KniouoBi cnoBa: po3uynH enekTponity, rigpopobHa noBepPXHS, MyJIbTUMOJIbHUY MOMEHT, Teopist
iHTerpasbHUX PiBHSHb

PACS: 61.20.Gy, 61.20.Qg, 61.25.Em

396



