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Microscopic density functional theory of wetting and drying of a solid substrate

by an explicit solvent model of ionic solutions

ANNA OLEKSY and JEAN-PIERRE HANSEN
Department of Chemistry, University of Cambridge, Cambridge CB2 1EW (UK)

Abstract

Classical density functional theory (DFT) of inhomogeneous fluids is applied to an ex-
plicit solvent ”semi-primitive” model (SPM) of ionic solutions to investigate the influence
of ionic solutes on the wetting behaviour of a solvent in contact with a neutral or charged
planar substrate. The SPM is made up of 3 species of hard sphere particles with different
diameters, interacting via an attractive Yukawa potentialto model excluded volume and
cohesion. The solvent particles are neutral, while the monovalent anions and cations are
oppositely charged. The polar nature of the solvent is modeled by a continuum dielectric
permittivity linked to the local solvent density. All 3 species interact with the impenetrable
substrate via an attractive external potential. While excluded volume effects are accurately
described by a Rosenfeld ”fundamental measure” free energyfunctional, the short range
Yukawa attraction and Coulombic interactions are treated within the mean-field approxi-
mation. The ionic solutes are found to have a significant impact on the wetting behaviour of
the solvent, in particular on the wetting temperature. Strong electric fields, or long-ranged
(weakly screened) Coulombic forces are shown to have the propensity to change the wet-
ting transition from second to first order. The cation-anionsize asymmetry leads to charge
separation on the liquid-vapour interface of the solution,which in turn can induce a drying
transition on the liquid side of liquid-vapour coexistence.
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1 Introduction.

Partial vs complete wetting of a solid substrate by a liquid in equilibrium with its vapour is a phe-
nomenon commonly observed in every-day life, which was firstquantified in 1805 by Thomas Young
[1] in his famous equation relating the contact angle of a liquid drop on a planar surface to the sur-
face tensions of the solid-liquid, solid-vapour and liquid-vapour interfaces. The existence of a surface
phase transition from partial to complete wetting at a well-defined wetting temperatureTw was pre-
dicted by Cahn in 1977 [2], on the basis of a phenomenologicalsquare gradient free energy functional
of the local density. Cahn predicted a first-order transition between a microscopically thin liquid film
and a macroscopically thick film as the temperatureTw is crossed from below along the vapour-liquid
coexistence curve. The same analysis also predicts a first-order pre-wetting transition between two
liquid films of different microscopic thickness off liquid-vapour coexistence. Although Cahn only
envisaged discontinuous wetting transitions, his theory can be generalised to predict the possibility of
a second-order wetting transition, where the liquid film thickness diverges continuously atTw [3];
this prediction is confirmed by more advanced Landau [4] and Landau-Ginzburg-Wilson [5] anal-
yses. The various theoretical wetting scenarii are discussed in a number of review articles [3, 6, 7],
and have been confirmed experimentally by careful ellipsometric measurements of the variation of
the film thickness with temperature [8].
Whilst Cahn’s theory of wetting and its extensions may be regarded as phenomenological or “meso-
scopic”, more microscopic density functional approaches based on explicit atomistic models were
developed in parallel. Thus Ebner and Saam [9] predicted a first order transition in liquid argon films
adsorbed on solidCO2 almost simultaneously with Cahn’s work, while Sullivan wasthe first to pre-
dict a second order wetting transition using a rather crude density functional theory (DFT) of a highly
simplified microscopic model [10]. Sullivan’s work was considerably extended in a seminal paper
by Tarazona and Evans [11], who were the first to pinpoint the subtle relation between the order of
the wetting transition and the relative ranges of the attractive interaction between the substrate and
the fluid, and between the fluid atoms. They later showed that asimilar DFT is capable of describing
the drying of a liquid near a solid substrate, i.e. the insertion of a growing layer of vapour between
the liquid and the solid (“wetting by gas”) [12].
The objective of the present paper is to investigate the influence of dissolved ions on the wetting and
drying behaviour of a model solvent, i.e. to study the wetting of a (charged) substrate by an ionic
solution. It is well known that the interfacialproperties, in particular the surface tension of a sol-
vent, are significantly affected by the presence of a solute [13]. Hence it is to be expected that the
surface phase transitions associated with wetting and drying will vary with solute concentration, and
such effects may be expected to be enhanced in the case of ionic solutions, because of the formation
of electric double-layers at the solid-liquid and liquid-vapour interfaces. Recently this problem was
addressed by an extension of Cahn’s phenomenological theory, within the “primitive model” repre-
sentation of ionic solutions, which neglects the coupling between solvent molecules and ions at the
molecular level [14]. In this work we apply a non-local DFT toinvestigate the wetting behaviour of
a “semi-primitive” model of ionic solutions, introduced inan earlier paper of this series [15], which
accounts for the molecular nature of the solvent. The model and the DFT formulation are presented
in Section 2. The case of the pure solvent (no ions) is examined first in Section 3. The changes of
interfacial properties upon adding ions are reported in Section 4. Wetting scenarii of ionic solutions
near a charged substrate are derived in Section 5, while in Section 6 we show how the electric double
layers formed at the interfaces strongly affect the drying behaviour of the pure solvent. Conclusions

1

Page 2 of 33

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

are presented in Section 7.
While the formalism developed in this paper applies, in principle, to any electrolyte, explicit calcula-
tions are restricted to NaCl solutions.

2 Microscopic density functional formulation.

The “semi-primitive” model (SPM) of an ionic solution is made up of solvent particles (species 0),
anions (species -) and cations (species +) of diameterdα (α = 0, +,−). All short-range repulsive
interactions are of the hard sphere type, while short-rangeattractive interactions are of Yukawa form.
Moreover ions interact via long-range Coulombic forces. The pair potentials are hence of the generic
form:

vαβ(r) =







∞; r < dαβ = (dα + dβ)/2

qαqβ

ε(~r)r
− u

r
exp[−kf(r/dαβ − 1)]; r > dαβ

(1)

whereα, β = (0, +,−), qα is the electric charge of ion speciesα, ε(~r) is the local dielectric permit-
tivity of the solvent, u is the energy scale (multiplied by unit length) of the attractive interaction, and
kf controls the range of this interaction. For simplicity u andkf are assumed to be the same for all
pairs. The model is “semi-primitive” in the sense that the interaction between solvent molecules is
non-polar; for ion pairs to dissociate in such a model solvent, its polar nature must be re-introduced
via a macroscopic dielectric permittivityε, which would be constant in a bulk solution (as in the fa-
miliar “primitive model”), but is chosen to be spatially varying at interfaces, where the solvent density
varies. Contrary to the case of the “primitive model”, the solvent is not a mere dielectric continuum,
but is atomistic in nature. As shown in our earlier work [15] and by others [16–19], this solvent
granularity strongly affects the local structure of electric double-layers near charged substrates, and
is hence expected to have a significant effect on wetting and drying.
Explicit calculations to be reported later were carried outfor the SPM of aqueous NaCl solutions, with
the following choices of diameters:d0 = 2.80Å, d+ = 1.90Å, d− = 3.62Å, while q+ = +e, q− =

−e, q0 = 0, where e is the proton charge. The dimensionless range parameterkf was chosen to be
equal to 1.8 throughout (this choice gives the best fit of the Yukawa potential to a Lennard-Jones po-
tential forr > d0). Note that the ranges of Yukawa attractions in eq.( 1) differ for each pair, since they
are equal todαβ/kf . It is convenient to introduce the following reduced temperature and densities:

T∗ =
kBT

u/d0

(2a)

ρ∗
α = ραd3

0 (2b)

whereρα is the number of particles of speciesα per unit volume. Setting aside entropic effects, wet-
ting arises from a competition between cohesive interactions within the fluid and adhesive interactions
between the fluid and the substrate. Assuming the latter to bea planar wall placed at z=0, the external
potential acting on the solvent molecules and ions is chosento be of the form:

Vα(z) =







∞; z < 1
2
dα

−uw exp(−kw(z/dα − 1)) − 2πσqα

ε(z)
z; z > 1

2
dα

(3)

2
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whereσ is the surface charge carried by the substrate, and the localdielectric permittivity of the
inhomogeneous ionic solution in the vicinity of the substrate depends on the distance z>0. The exact
form chosen forε(z) will be specified in Section 4. In the absence of ions (pure solvent) the model
defined by eqs. ( 1) and ( 3) reduces to that of Tarazona and Evans [11], who showed that the ratio
kf/kw controls the order of the wetting transition. The reduced surface charge is defined as:

σ∗ =
σd2

0

e
(4)

Within DFT the key functions characterising the interfacial structure are the density profilesρα(z).
The fundamental order parameters are the adsorptions:

Γα =

∫ ∞

0

[

ρα(z) − ρ(0)
α

]

dz (5)

where theρ(0)
α are the bulk(z → ∞) limits of the density profiles. TheΓα can be positive (adsorp-

tion) or negative (depletion). Characteristic algebraic lengths associated with adsorbed layers may be
defined by:

Γ̄α =

∫ ∞

0

[

ρα(z)

ρ
(0)
α

− 1

]

dz =
Γα

ρ
(0)
α

(6)

TheΓα are related to the surface tensionγ (i.e. the surface excess grand potential per unit area) of the
fluid-substrate interface by the Gibbs adsorption equation[20]:

Γα = −

(

∂γ

∂µα

)

T,{µβ}

(7)

whereµα is the chemical potential of speciesα and the partial derivative is taken at fixed temperature
and chemical potentials of speciesβ 6= α.
The constant equilibrium pressure throughout the interface is given by the contact theorem [20]:

P = kBT
∑

α

ρα

(

dα

2

)

−
∑

α

∫ ∞

dα/2

ρα(z)
dVα(z)

dz
dz (8)

We use microscopic DFT [20] to calculate the density profilesρα(z) and the surface excess grand
potential of the interface which ultimately determines thewetting and drying behaviour. The key
quantity is the free energy functional of the profilesρα(z). This is conventionally divided into ideal
(Fid), hard sphere (FHS), Yukawa (FY), electrostatic (Fel) and correlation (Fcorr) contributions. The
hard core correlations are contained inFHS; the remaining part ofFcorr, due to attractive and Coulom-
bic interactions, is not known exactly and must be approximated, as was done in our earlier work on
electric double layers [15], where it was shown thatFcorr does not substantially affect the calculated
profilesρα(z), at least for monovalent ions. We hence setFcorr ≡ 0, so thatFY andFel reduce to
their mean-field expressions to be given below. An additional advantage of neglectingFcorr is that a
functional containing only hard sphere (within a weighted density approximation detailed below) and
mean-field contributions is thermodynamically self-consistent; this self-consistency may be spoiled

3
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when an approximate form ofFcorr is added to the functional [21]. The free energy functional per
unit area hence reduces to:

F[{ρα(z)}] = Fid[{ρα(z)}] + FHS[{ρα(z)}] + FY[{ρα(z)}] + Fel[{ρα(z)}] (9)

The ideal gas contribution is known exactly:

Fid[{ρα(z)}] = kBT
∑

α

∫ ∞

0

dz ρα(z){log(Λα
3ρα(z)) − 1} (10)

whereΛα is the (irrelevant) de Broglie thermal wavelength of particles of speciesα. For the HS
contribution we choose the best available Rosenfeld functional [20, 22, 23], which is of the generic
weighted density form:

FHS[{ρα(z)}] =

∫ ∞

0

dz Φ[{ni(z)}] (11)

where the free energy densityΦ is a functionof the weighted densities:

ni(z) =
∑

α

∫ ∞

0

dz ′ ρα(z ′)wi
α(|z − z ′|) (12)

The explicit form ofΦ, appriopriate for a multi-component hard sphere mixture, and the weight
functionswα

i are given in refs. [22,23] and in the Appendix of [15].
The mean-field contribution due to the Yukawa attraction between particles is:

FY[{ρα(z)}] =
1

2

∑

αβ

∫ ∞

0

dz

∫ ∞

0

dz ′ρα(z)vY
αβ(|z − z ′|)ρβ(z ′) (13)

where, using cylindrical coordinates:

vY
αβ(|z − z ′|) =

∫ 2π

0

dφ

∫ ∞

dαβ

rdrvY
αβ(|~r − ~r ′|) (14)

The mean-field electrostatic contribution reads:

Fel[{ρα(z)}] =
1

2

∫ ∞

0

dzρc(z)Ψ(z) (15)

where the charge density:
ρc(z) =

∑

α

qαρα(z) (16)

determines the electrostatic potentialΨ(z) via Poisson’s equation:

d

dz

(

ε(z)
d

dz
Ψ(z)

)

= −4πρc(z) (17)

4
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which must be solved numerically for a givenε(z) by a Runge-Kutta method, subject to the boundary
conditions

dΨ(z)

dz
= −

4πσ

ε(0)
, z = 0 (18a)

dΨ(z)

dz
→ 0, z → ∞ (18b)

Note that these boundary conditions automatically enforcethe global electroneutrality condition:
∫ ∞

0

dzρc(z) + σ = 0 (19)

Eqs. ( 9)-( 18) completely define the free energy functional used in the present work.
The equilibrium density profiles are obtained by minimisingthe grand potential:

Ω[{ρα(z)}] = F[{ρα(z)}] +
∑

α

∫

dz [Vα(z) − µα] ρα(z) (20)

with respect to theρα(z) for fixed chemical potentialsµα. This results in three coupled Euler-
Lagrange equations which can be cast in the form:

ρα(z) = ρ
(0)
α exp

{

− 1
kBT

[

µHS
α [{ρβ(z)}] − µHS

α ({ρ
(0)
β }) + µY

α [{ρβ(z)}]

−µY
α ({ρ

(0)
β }) + qαΨ(z) + VY

α (z)
]} (21)

whereρ
(0)
α = ρα(z → ∞) are the bulk densities away from the interface,

µHS
α [{ρβ(z)}] =

δFHS[{ρβ(z)}]

δρα(z)
(22)

µY
α [{ρβ(z)}] =

δFY[{ρβ(z)}]

δρα(z)
=

∑

β

∫ ∞

0

dz ′ρβ(z ′)vY
αβ(|z − z ′|) (23)

andµHS
α ({ρ

(0)
β }), µY

α ({ρ
(0)
β }) are the corresponding hard sphere and Yukawa contributionsto the bulk

chemical potentials. The implicit coupled equations ( 21) must be solved numerically by an iterative
algorithm; at each iteration the electrostatic potentialΨ(z) must be calculated by solving Poisson’s
equation ( 17), thus ensuring global electroneutrality at each step.

Once the profilesρα(z) have converged to their equilibrium values, substitution into eq. ( 5) yields
the adsorptions, while substitution into eq. ( 20) yields the grand potential (per unit area) of the total
system. The surface excess grand potentialΩex and hence the surface tension is finally given by:

γ = Ωex[{ρα(z)}] = Ω[{ρα(z)}] − Ω({ρ(0)
α }) = F[{ρα(z)}] − F({ρ(0)

α }) −
∑

α

µαρ(0)
α Γ̄α (24)

5
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A convenient “quality control” of the numerical procedure is provided by the Gibbs adsorption equa-
tion ( 7). The estimates of the adsorptions provided by eq. ( 5) and by differentiating the surface
tension as obtained from eq. ( 24) with respect toµα are found to agree within better than 2% (cf.
Table 2 of ref. [15]). A similar quality control based on the contact theorem ( 8) is less conclusive,

because the bulk pressure
(

P = −Ω({ρ
(0)
α })/V

)

on the l.h.s. is a small number, while the difference

on the r.h.s. is a difference of two large numbers, typicallymore than an order of magnitude larger
than P.The numerical accuracy of the satisfaction of the two sum-rules obviously depends on the
mesh size used in the integrations; a more elaborate procedure would involve a careful extrapolation
to zero mesh size, which we have not attempted.

The wetting and drying transitions to be discussed in the following sections are conveniently char-
acterised by plotting the reduced adsorptionsΓαd2

0 as functions of reduced temperature T* along the
vapour-liquid coexistence curve of the SPM. Off coexistence the relevant thermodynamic field is the
deviation of the Gibbs free energy per particle:

g =
∑

α

xαµα (25)

from its value at vapour-liquid coexistence (xα is the number concentration of particles of speciesα
in the bulk). Prewetting and complete wetting above the wetting temperature are then characterised
by monitoring the reduced adsorptions as functions oflog(d0∆g/u) on the vapour side (whereu/d0

is the energy scale in eq. ( 1)), while drying is characterised by similar plots on the liquid side of
coexistence.

3 Pure solvent

We first consider the ion-free, pure solvent. For this one-component case we may drop the species in-
dices, and refer to the model as the hard-core Yukawa (HCY) fluid, the wetting and drying behaviour
of which has been extensively investigated by Tarazona and collaborators using a functional similar
to the mean-field functional introduced in Section 2 [11, 12,24]. The difference between the earlier
work and ours lies in the hard sphere contributionFHS to the functional ( 9). While Tarazona et al.
used the crude local density approximation (LDA) [11], or a simple non-local, weighted density ap-
proximation [12,24] forFHS, we have used the most accurate version of the Rosenfeld “fundamental
measure” hard sphere functional, which accounts for dimensional cross-over [22] (important for thin
films) and reduces to the quasi-exact equation of state of Mansoori et al. [23, 25] for homogeneous
hard sphere mixtures.
For an investigation of wetting and drying, the vapour-liquid coexistence curve of the HCY model
needs to be known very accurately; the densities of the coexisting phases at each temperature are
determined by the standard equilibrium conditions:

{

µ(ρ(g), T) = µ(ρ(l), T)

P(ρ(g), T) = P(ρ(l), T)

}

(26)

In the present one-component case the equation of state of Mansoori et al. reduces to that of Carnahan

6
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and Starling (CS); the mean-field termFY can be calculated analytically, resulting in:

µ = µid + µCS + µY = kBT log(Λ3ρ) + kBT
3η3 − 9η2 + 8η

(1 − η)3
− 24

u

d
η

(

1

kf
+

1

k2
f

)

(27)

P = PCS + PY = kBTρ

[

1 + η + η2 − η3

(1 − η)3

]

− 12
u

d
ρη

(

1

kf

+
1

k2
f

)

(28)

whereη = πρd3/6 is the packing fraction, and u/d andkf are the energy scale and the range parameter
of the Yukawa potential (cf. eq. ( 1)).
The resulting phase diagram is shown in Fig. 1. The reduced critical temperature and density are
T∗

c = 0.9782, ρ∗
c = 0.2491.

Our investigation of wetting, prewetting and drying transitions of the HCY model parallels that of
Tarazona et al. [11, 12, 24]. The main finding of these authorsis that the wetting transition in the
vicinity of an attractive substrate, with a suficiently strong wall-fluid interaction defined by eq. ( 3)
(with σ = 0), can be first or second order, depending on the ratios of the ranges and depths of the
fluid-fluid and substrate-fluid interactions. Since they found no major changes in the wetting be-
haviour upon replacing a local HS functional [11] by a non-local one [24], it is reasonable to assume
that the further upgrade to a fundamental measure Rosenfeldfunctional will only introduce minor
quantitative corrections without changing the general trends.

The Euler-Lagrange equation ( 21) which must be solved to compute the equilibrium density pro-
file reduces for the one-component HCY solvent to:

ρ(z) = ρ(0) exp

{

−β

(

µHS[ρ(z)] − µHS(ρ(0)) + VY(z) +

∫ ∞

0

dz ′
(

ρ(z ′) − ρ(0)
)

vY(|z − z ′|)

)}

(29)

All calculations were carried out for a single value of the fluid-fluid attraction range parameter
kf = 1.8, while the substrate-fluid range parameter was varied in theinterval 0.9 ≤ kw ≤ 1.8. The
wall-fluid energy scale was chosen to beuw = 1.75ukw

kf

throughout.
Typical density profiles at two temperatures and several bulk vapour densities below the coexistence
densityρco are shown in Fig. 2 forkw = kf = 1.8. ForT = 0.759Tc the liquid film is seen to remain
microscopically thin up to coexistence, while at the highertemperatureT = 0.818Tc the film thick-
ness grows continuously asρ → ρco. We are in the presence of a second-order wetting transitionat
a temperatureTw intermediate between the0.759Tc and0.818Tc. The variation of the adsorptionΓ
with log(d(µ − µco)/u) for several temperatures is illustrated in Fig. 3. Below thewetting temper-
atureTw ' 0.761Tc the adsorption is seen to level off at a finite, microscopic value as coexistence
is approached. ForT > Tw the adsorption diverges logarithmically. The wetting transition is hence
clearly of second order and there is no sign of a prewetting transition off coexistence.

We next consider the case where the substrate-fluid attraction is of longer range than the fluid-fluid at-
traction, i.e.kw = 1.2 < kf = 1.8. In this case the profiles (not shown) exhibit a discontinuous jump
in thickness before coexistence is reached along an isotherm over a limited range of temperatures
aboveTw ' 0.783Tc. The corresponding adsorption curves are plotted in Fig. 4 along six isotherms.

7
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The prewetting transition is clearly visible in the range0.783 ≤ T/Tc ≤ 0.818, where the latter tem-
perature is the prewetting critical temperatureTpwc ' 0.818Tc. The first order prewetting transition
thus spans a range of only0.025Tc. Beyond this transition the adsorption diverges logarithmically at
coexistence.

4 Adding ions.

We now turn our attention to the changes to the bulk and interfacial properties of the pure solvent
induced by the presence of a finite concentration of ions. Thewhole analysis will be carried out
within the mean field density functional formalism introduced in Section 2 and applied to the pure
solvent in Section 3. Focussing first on the bulk, the SPM approximately accounts for the polar nature
of the solvent by the introduction of a bulk (constant) dielectric permittivity ε. Since the uniform
charge densityρc vanishes in the bulk due to global electroneutrality, the electrostatic contribution
to the total free energy of the homogeneous ionic solution isidentically zero within the mean-field
approximation ( 15). The effect of added salt on the phase diagram is hence only due to excluded
volume and Yukawa attraction terms, as a consequence of the different diameters of the solvent,
anion and cation species. For a given concentration c of ionsin the liquid, the density of the solvent in
the liquid phase of the solution and the composition of the vapour phase are calculated by imposing
the following coexistence conditions, generalizing eq.( 26):











µ0({ρ
(g)
α }, T) = µ0({ρ

(l)
α }, T)

µ+({ρ
(g)
α }, T) + µ−({ρ

(g)
α }, T) = µ+({ρ

(l)
α }, T) + µ−({ρ

(l)
α }, T)

P({ρ
(g)
α }, T) = P({ρ

(l)
α }, T)











(30)

where we recall that the indices 0, + and - refer to solvent, cations and anions respectively. Eqs. ( 27)
and ( 28), which apply to the pure solvent, must be replaced bytheir three-component generalizations.
Thus the hard sphere contributions must be calculated from the multi-component equation of state of
Mansoori et al [25], while the Yukawa contributions in eqs. (27) and ( 28) are generalized by the
substitutions:

µα : 24η → 4π
∑

β ρβd3
αβ

P : 12ρη → 2π
∑

αβ ραρβd3
αβ







(31)

The resulting phase diagrams for several values of the NaCl concentration c are plotted in Fig. 1 in
the (ρ0, T) plane. The liquid-vapour coexistence curve, and in particular the critical point, is seen
to be shifted to lower solvent densities as the ion concentration increases, whereas the total packing
fraction of the solution is practically independent of c, asone might expect, with the exception of
the critical point and its vicinity (see the inset of Fig. 1).As a consequence of the vanishing elec-
trostatic contribution to the bulk free energy, the model solution’s vapour contains substantially more
ions than the amount seen in real systems, which is usually too small to detect. However, for most
temperatures the salt concentration in the gas phase remains relatively low, and rises rapidly whenTc

is approached.
Electrostatic interactions, which have no effect in the bulk within the mean-field approximation, come
into play as soon as the solution is no longer homogeneous, i.e. at (planar) interfaces, characterized
by density profilesρα(z). Under those conditions a local dielectric permittivityε(z) of the solvent
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must be introduced within the SPM description. We have used three approximations forε(z):

a)ε(z) ≡ ε, i.e. a constant value throughout the inhomogeneous system

b) ε(z) determined by a weighted solvent density through a local Clausius-Mossotti (CM) expression:

ε(z) =
8π

9kBT
m2ρ̃0(z) + 1

4π
9kBT

m2ρ̃0(z) − 1
(32)

where m is the dipole moment of the solvent molecules, whileρ̃0(z) is the local density averaged over
a sphere of diameterd0 centred at~r = (0, 0, z):

ρ̃0(z) = 6
πd3

0

∫

d~r ′ρ0(~r
′)Θ(d0/2 − |~r − ~r ′|) =

6
πd3

0

∫ ∞

−∞
dz ′ρ0(z

′) [d2
0/4 − (z − z ′)2] Θ (d0/2 − |z − z ′|)

(33)

c) A phenomenological approach wherebyε(z) is chosen to be a sigmoidal function of the local
solvent density:

ε(z) = 1 +
f(T)

1 + exp [−a(ρ̃0(z)d
3
0 − ρ0m(T)d3

0)]
(34)

whereρ̃0(z) is defined in eq.( 33), whileρ0m(T) = 1
2
(ρ

(g)
0 (T) + ρ

(l)
0 (T)) is the mid-point density be-

tween the bulk densities of the gas and liquid phases coexisting at temperature T. The dimensionless
parameter a, which defines the width of the sigmoid, is set equal to 40. This choice yields a permit-
tivity profile which is not too steep or too broad across the vapour-liquid interface. The temperature-
dependent function f(T) is parametrized to reproduce the dielectric permittivity of water. Assuming
the reduced temperature T*=0.75 of the HSY model of the solvent to correspond to 300K and T*=0.82
to 325K, the model’s wetting transitions examined in Section 3 lie between0◦C (T*=0.68) and50◦C

(T*=0.82). Within this range of temperatures, the experimental permittivity data for water can be
approximated by the linear function:

ε(T) = 88 − 0.37T (35)

if temperatures are expressed in centigrades. Hence f(T) must be chosen as f(T)=87-0.37T.
Note that the CM approximation ( 32), which results from a mean-field description of a genuine
polar fluid, leads to the familiar “dielectric catastrophe”at high density, and must hence be restricted

to sufficiently small dipole moments m. Throughout our calculations we setm∗ = m
√

1
ud2

0

= 0.75,

which yieldsε values between 5 and 10 in the liquid. For waterm∗ ≈ 2, which lies outside the range
where the MF approximation for dipolar interactions remains valid. The phenomenological form ( 34)
does not suffer from such a limitation.
As all elements of the model solution are now defined, the properties of its liquid/vapour interface
can be investigated. The interfacial density profiles of thethree species are obtained by solving a
system comprising the Euler-Lagrange ( 21) and Poisson’s ( 17) equations, however with boundary
conditions different from those imposed on fluids in contactwith a solid substrate. We assume the
asymptotic behaviour ofρα(z) to be:

ρα(z) → ρ(g)
α ; z → −∞ (36a)
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ρα(z) → ρ(l)
α ; z → ∞ (36b)

Additionally the solvent density profile is pinned at z=0, sothatρ0(0) = 1
2

(

ρ
(l)
0 + ρ

(g)
0

)

. Due to size

asymmetry one cannot assume that the ion profiles also have midpoints at z=0, therefore they are
constrained only by ( 36a) and ( 36b). The boundary conditions imposed on the electrostatic potential
are:

dΨ(z)

dz
→ 0, |z| → ∞ (37)

They are equivalent to the following global electroneutrality condition:
∫ ∞

−∞

dzρc(z) = 0 (38)

Two examples of the interfacial structure formed by the model solution are shown in Fig. 5. Both
systems have the same solute concentration (0.1M), but differ in the approximation used for the di-
electric permittivity. In the main frame the density profiles of the ions are plotted, while the insets
illustrate the variation of the solvent density (almost identical for the two solutions) and ofε(z) across
the liquid-vapour interface. It is clear that the cation andanion distributions differ significantly. The
ion size asymmetry causes local charge separation on the surface dividing the two phases in contact.
This behaviour contrasts sharply with results obtained forsymmetric electrolytes, like the restricted
primitive model (composed of two ionic species equal in diameter) discussed in [26], where the
charge density profile across the liquid-vapour interface vanishes identically. The magnitude of the
charge separation in our system depends on the salt concentration and the dielectric permittivity of
the solvent (see figures 5 and also 6, which shows the charge distribution in the system). These
two parameters also define the width of the region where localelectroneutrality is violated. The rela-
tion between this lengthscale, also known as the Debye length, and the ionic solution properties was
estimated within the Debye-Hückel theory framework:

λD =

√

ε

4πβ
∑

α ραq2
α

(39)

showing thatλD is proportional to
√

ε
c
. However, regardless of any variation in c orε the liquid-

vapour interface of our model NaCl solution always remains negatively charged. The differences in
the cation and anion density profiles also affect the electrostatic potential across the interfacial area,
as shown in the inset of Fig. 6. The local charge separation results in a potential difference∆V de-
veloping between the bulk liquid and vapour phases.∆V was found to be independent of the salt
concentration or the dielectric permittivity of the solvent. Computer simulations of asymmetric prim-
itive electrolytes [27] suggest that the gap inΨ strongly depends on the discrepancies in the ionic
radii, and increases with growing anion to cation size ratio.
Despite the crude, mean-field treatment of the coulombic interactions in the current DFT, our pre-
dictions for the electrostatic properties of the liquid-vapour surface of NaCl solutions are in good
agreement with results obtained by other methods. Molecular dynamics (MD) simulations of sodium
halides in water have shown that the anions (exceptF−) are more abundant in the interfacial region
than the cations, and that this disproportion increases with the anion’s size [28, 29]. These authors
concluded that the concentration ofCl− on the surface is roughly the same as in the bulk, a fea-
ture which is also observed in our model. The findings of the MDstudies were directly confirmed
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by electron spectroscopy measurements [30] showing that aqueous solutions of halides indeed have
negatively charged interfaces. Likewise, our results for the electrostatic potential profile are in ac-
cord with data obtained in experiments investigating the electrokinetic behaviour of air bubbles in
electrolytes [31] for NaCl solutions of low pH, in whichOH− ions do not contribute toΨ(z).

5 Wetting scenarii for NaCl solutions.

Let us now consider our model solution’s vapour in contact with a solid substrate exerting external
potential ( 3) on the fluid particles. The exponential interaction parametersuw andkw are assumed to
be the same for all species. Note that the equality of the dimensionlesskw means the actual range of
the substrate-fluid attraction is the shortest forNa+ and the longest forCl−. The value of the depth
parameteruw is fixed as in Section 3. It is not surprising that systems defined in this way form liquid
films, just as the ion-free solvent’s vapour does. Examples of such structures are shown in figures 7
and 8. The effects of the size asymmetry of the three species on the oscillatory behaviour of their
density profiles at solid surfaces are discussed in detail inour earlier work [15]. Here we would like
to direct attention to the influence of screening of the coulombic forces on the charge distribution in
thick liquid layers. In the 1M NaCl solution pictured in Fig.7 the counterions highly outnumber the
coions only in the vicinity of the electrode, while at 0.1M concentration (Fig. 8), as the effective range
of the electrostatic interactions is longer, significant charge separation is seen over the entire width
of the film. Similar differences in ionic profiles are observed when systems of different dielectric
permittivity were compared. The lengthscale at which localelectroneutrality is violated is found to
be smallest forε ≡ 1 and largest for the sigmoidal function ( 34), as expected.
As in one-component HCY fluids, the formation of thick liquidfilms in NaCl solutions is associated
with wetting transitions. However, the temperatures and orders of these phenomena are not neces-
sarily the same as in the pure solvent, and may be modified by the presence of the solute and the
electric field of the substrate. In this work we investigate the influence of salt concentration, surface
charge density and the solvent’s dielectric permittivity on the wetting behaviour of systems wherekw

is 1.2, 1.8 or 1.73. The latter exponential attraction induces a second order transition in the HCY
fluid (Tw ' 0.753Tc). However, this point of the{uw; kw} parameter space lies very close to the line
dividing continuous and discontinuous scenarii. The wetting behaviour of the NaCl solutions was
determined in the same way as for the pure solvent, by examining the density profiles of the species
along the coexistence line (gas branch) and along isothermsabove the estimatedTw. The results of
the calculations are shown in graphic form in figures 9 and 10.The numerical values of wetting
temperatures in solutions with sigmoidal permittivity arecollected in Table 1.
Even when the substrate is neutral, the presence of the solute is seen to cause small, but noticeable
shifts in Tw. The addition of salt generally increases the wetting temperatures; the effect is larger
in concentrated than in dilute solutions, and for continuous rather than for discontinuous transitions.
However, in the system with the weakest screening of the coulombic forces among the solutions con-
sidered,Tw is found to be slightly lower than in the pure solvent, most likely due to an increase in the
overall fluid-fluid interaction range.
Introducing the surface chargestrengthensthe interaction between the substrate and the solute. If the
wetting transition in the underlying HCY fluid is first order,the relation betweenσ andTw of the SPM
solution is straightforward - the larger|σ| is, the lowerTw. TheTw(|σ|) relation is seen to be roughly
linear for both positively and negatively charged substrates. Forε(z) = constant (not shown)Tw is
consistently slightly higher ifσ < 0 and sodium cations are the counterions. It is most likely a result
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of the differences in the ranges of the Yukawa interactions -chlorine ions are the biggest species in
the system and have the longest attraction range, both with other particles and with the wall. Under
conditions for which the wetting transition is second orderthe influence of the substrate charge den-
sity follows a different pattern. The impact of theσ sign inversion onTw is now comparable with that
of changing|σ| by a factor of 2, and the transition temperature is higher ifσ > 0. The linear character
of theTw(|σ|) relation is disrupted for critical transitions near positively charged substrates, with a
maximum appearing for moderateσ. Apparently the accumulation of big anions, which promotesthe
formation of a wetting film in a discontinuous process, interferes with the steady growth of a liquid
layer, consisting mainly of smaller solvent ’molecules’. An increase in NaCl concentration causes an
upward shift in the transition temperatures, as in the case of systems at a neutral wall. Higher salt
content results in stronger screening of the electrostaticforces, which makes wetting less favourable.
The dielectric permittivity influences wetting in two ways.Switchingε from 1 to 80 substantially in-
creases the effective range of the coulombic interactions,but at the same time reduces their strength.
As a result systems withε ≡ 1 generally have a lowerTw than systems whereε is high in the liquid.
However, a very large Debye length can cancel out the effect of smaller interparticle forces and shift
Tw downwards.
It transpires that the order of the wetting transition does not change with the addition of ions over
a wide range of parameters considered. However, it is clear that a sufficiently strong external elec-
tric field can turn a continuous process into a discontinuousone. Just what constitutes a ’sufficiently
strong’ field depends on the properties of the fluid, in particular the two quantities which influence
the lengthscale of the coulombic forces, namely c andε. In a 0.1M NaCl solution with a Clausius-
Mossotti dielectric permittivity function the change in order occurs only for high substrate charge den-
sities ofσ > 0.55 e/nm2 (or |σ| > 1.11 e/nm2 if the wall is negatively charged). Ifε(z) is replaced
by the sigmoidal expression, while the other parameters defining the system remain unchanged, the
second to first order shift is much easier to induce, and takesplace at low to moderateσ. We have also
observed that wetting becomes discontinuous for weaker external electric fields if the larger anions
are the counterions. This result is most likely due to the difference in ranges of ion-substrate and
ion-solvent exponential interactions involvingNa+ andCl− species.

6 Drying phenomena in the SPM

The hard core Yukawa fluid dries completely in contact with a hard wall (uw = 0 throughout this
section) for any temperature, and since its particles are neutral, adding substrate surface charge alone
cannot modify this dewetting scenario. However, when salt is introduced into the system, the solu-
tion’s drying behaviour is found to be profoundly modified due to the attractive interactions between
the electrode and the counterions.
Let us first consider a positively charged wall. Fig. 11 showsa representative example of an electric
double layer formed by our SPM in contact with such a substrate. Although the liquid is under condi-
tions corresponding to a state on the liquid-vapour coexistence line, the density profiles exhibit only
limited depletion. Unlike for the underlying HCY fluid no complete drying occurs. The integrated
charge density profileIc(z)

Ic(z) = σ +

∫ z

0

dz ′ρc(z
′) (40)
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plotted in the inset of Fig. 11 provides an explaination of this phenomenon. It is clear that the first
layer of chlorine anions does not fully neutralise the substrate, and a net amount of positive charge
remains at the solid-fluid interface. On the other hand the liquid-vapour interface of our SPM NaCl
solution is negatively charged. The two interfaces attracteach other, and hinder drying. We have
observed the same effect in all systems withσ > 0 which we have investigated. Fig. 12 shows the
variation of the solvent adsorptionΓ0 as a function ofσ, while all parameters describing the solution
are constant (the system is under liquid-vapour coexistence conditions). The adsorptions of the ionic
components follow curves similar in shape, but different inabsolute values. For positively charged
substratesΓ0, which is a measure of depletion in the system, remains finite, and continuously diverges
asσ → 0 (if the wall is neutral complete drying occurs).
One instantly notices the asymmetry w. r. t. the sign inversion of σ. For negatively charged model
electrodesΓ0 is finite only up to a certain threshold surface charge density. If |σ| is smaller than this
value, the substrate becomes completely dry, i.e.Γ0 → −∞. Like the drying hindrance associated
with σ > 0, this phenomenon can be understood as a consequence of the distribution of ions in the
inhomogeneous system. A typical example of the structure formed by our model NaCl solution near
a negatively charged wall (partially wet state) is shown in Fig. 13. Despite adsorbing a layer ofNa+

counterions, the substrate is still seen to carry residual negative charge. Therefore, the solid-fluid and
liquid-vapour interfaces are now like-charged. In such a system drying can only be hindered ifσ is so
large that the Yukawa attraction from the adsorbed cations outweighs the solvent cohesion forces and
(if there is sufficient depletion for the liquid-vapour interface to start forming) electrostatic repulsion
between the two surfaces.
Instead of varyingσ for one thermodynamic state of the liquid branch of the liquid-vapour coexistence
line one can choose to move along the coexistence curve whilekeeping the substrate’s electric field
constant. After performing such calculations we have noticed that there is a certain temperature below
which the wall is partially wet, and above which it is completely dry. In other words, unlike the pure
solvent, for which the contact angleθ = 180◦ along the entire liquid-vapour coexistence line, the ionic
solution undergoes a drying transition at a temperatureTd. From Fig. 12 we can conclude that for 1M
NaCl in a solvent described by the CM permittivity function,andσ = −0.90 e/nm2, Td ' 0.769Tc.
The relation between the drying temperature and surface charge density was found to display a trend
opposite to the one observed forTw, sinceTd increases with growing|σ|. The dielectric permittvity in
the liquid has no apparent effect onTd. The drying temperatures are the same for solutions differing
only by the approximation forε(z), namely the CM function ( 32) or the sigmoidal expression ( 34).
We have also analysed the behaviour of adsorption upon varying the distance from the liquid-vapour
coexistence line along isotherms, and found that for all systems we have investigated, if a drying
transition occurs, it is first order.Given the nature of the process, we speculate that it is unlikely
to be continuous for any combination of parameters defining interactions in the solution for which
Td < Tc; the special case ofTd = Tc would require a separate investigation.

7 Discussion and conclusions

We have examined the influence of ionic solutes on the wettingand drying behaviour of model flu-
ids close to their liquid-vapour equilibrium, in contact with a planar charged substrate. The model
ionic solution is based on an expicit solvent representation, which fully accounts for excluded vol-
ume effects, contrary to the familiar ”primitive model”, but not for the polar nature of the solvent
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molecules, which is approximately taken care of by the introduction of a local dielectric permittivity
(”semi-primitive model”). In a further step towards physical reality, different hard core diameters are
assigned to the three species (solvent, anions and cations), a refinement which we have shown to have
a significant incidence on wetting and drying scenarios.
Our DFT analysis of interfacial phenomena of ionic solutions begins with the re-examination of the
wetting behaviour of the HCY solvent to provide an ion-free benchmark against which the effects
of ionic solutes and external electric fields are measured. The pure solvent results are in qualitative
agreement with earlier studies [11,12,24], but some quantitative differences are observed, due to our
use of a more accurate density functional for the hard spherecontribution to the free energy. The next
step has been to quantify the influence of the ionic solutes onthe structure of the electrolyte-electrode
interface, and on the order and location of the surface phasetransitions. The physical parameters
which were varied are, apart from the temperature, the NaCl salt concentration, the surface charge
densityσ of the substrate and the dielectric permittivity of the model solvent. Concerning the wetting
transitions, the most common effect we found upon adding salt is a drop in the wetting tempera-
tureTw, amounting to about 3% or less, under most conditions which were investigated. This drop
is generally found to be a monotonically decreasing, linearfunction of |σ|. This trend can be ex-
plained quite straightforwardly - charging up the substrate strenghtens the substrate-fluid attraction
(counterion-substrate directly, and solvent-substrate indirectly), and the transition temperature shifts
downwards accordingly, just as for one-component fluids. However, some of the solutions examined
in this work are exceptions to this rule - theTw(|σ|) function was found to display a maximum for
moderate wall charge densities. It shows that in multi-component fluids increasing the attraction be-
tween the solid and just one ingredient of the mixture may notlead to a lower transition temperature,
and that the constituents may compete in forming the wettingfilm. When systems differing only in
salt concentration were compared, the one with a higher solute content was always found to have
a higherTw. It indicates that the range of the electrostatic interactions is a factor of considerable
importance for the location of the wetting transition. The analysis of the influence of the third param-
eter defining the charge-charge forces - the dielectric permittivity - yields results consistent with this
conclusion. No universal trends linkingTw andε were found, which is not surprising as increasing
the dielectric permittivity increases the range of electrostatic interactions (which makes wetting more
favourable), but on the other hand decreases their strength(which is a hindrance to liquid film forma-
tion). However, in systems with the largest Debye length, where the charge separation is not limited
to the vicinity of the electrode, but spans the whole width ofthe wetting film, the increment in range
is seen to outweigh the reduction in the substrate-counterion attraction.
The order of the wetting transition in most systems containing ions was found to be the same as in
the corresponding solute-free fluids. However, several cases of a cross-over from a continuous to a
discontinuous process caused by electrostatic forces wereobserved. In systems with a short Debye
length, where the counterion excess extends over only one layer, a transition which was second or-
der in the ion-free solvent may become first order if the solution is placed in contact with a highly
charged substrate. By contrast, if the solution is based on the same HCY fluid, but is characterised by
long-ranged Coulombic forces (charge separation spanningthe entire liquid film width) discontinuous
wetting is found even for moderate|σ| values. Additionally, the change in the wetting temperature
accompanying the change in scenario is much larger than in any other system with comparable charge
density on the substrate. The problem of the influence of ionic solutes on the order of surface phase
transitions has been considered earlier by Denesyuk and Hansen [14], although in their model the
solvent particles were not taken into account explicitly, and their free energy was approximated by a
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phenomenological Cahn-type functional. The current studyconcurs with the conclusion reached in
the earlier analysis that long-ranged electrostatic interactions favour first-order wetting. Both works
also agree that, when Coulombic forces are strongly screened, the type of transition in a salt solu-
tion tends to be the same as in the pure solvent. However, the investigation in reference [14] did
not predict the connection between high substrate surface charge density and an inclination towards
discontinuous wetting, which is observed in the current study. This discrepancy is a consequence of
the different level of accuracy of the fluid structure description in the respective solution models. The
preference for a first order wetting transition in systems with high|σ|, which has been observed in the
work presented in this paper, stems from interactions involving the layers formed on the substrate’s
surface by the counterions and the solvent. The calculations in [14] do not account for the layering
phenomena, and therefore overlook their influence on wetting. Similarly, the solute-induced switch
from a first order to a critical transition predicted in [14] is not likely to occur for a solution which
incorporates an explicit solvent. The authors of the earlier work found such a scenario in systems with
medium ion concentration and moderate to high wall surface charge density. The current analysis,
however, shows that substrates possessing the latter characteristic favour first order wetting. Like-
wise, we found no evidence of a sequence of two wetting transitions, predicted in [14] for some salt
solutions in the region of the parameter space adjacent to that where the cross-over from a discontin-
uous to a continuous transition takes place. The scenario cannot be completely ruled out, since the
fraction of the parameter space explored in our study is muchsmaller than in [14] due to the much
larger computational effort needed to determine the transition characteristics in a system where all
three species are considered on a microscopic level. However, the layering effects certainly limit the
extent of conditions under which such a sequential process is possible.
The drying phenomena which occur on the liquid side of the liquid-vapour coexistence curve are less
frequently discussed in the literature. However, the modelconsidered here displays some very inter-
esting behaviour in this region. The solute-free HCY liquiddries completely in contact with a hard
wall for any temperature between the triple and the criticalpoint, which is typical of a one-component
fluid. When ions and surface charge on the substrate are addedthe drying behaviour of the system
changes radically. The interaction between the wall and thecounterions gives rise to an effective solid-
fluid attraction, which hinders complete drying. Dependingon the sign of the substrate’s charge, the
contact angle may remain below180◦ for any temperature, or a drying transition may occur. While
the former scenario is quite common, the latter is rarely observed in semi-infinite vapour/liquid/solid
systems, and usually associated with discountinuous interaction potentials (e.g. square well [32–34],
truncated Lennard-Jones [35–37]). It is however not out of the ordinary in fluids of elongated parti-
cles, where an intrusion of an isotropic phase between the wall and a nematic phase is called drying
[38, 39], or in liquids under confinement (capillary evaporation). The drying behaviour of our model
is determined by the interaction between the solid-fluid (substrate with adsorbed counterions) and
liquid-vapour interfaces, which may be attractive (makingcomplete drying impossible) or repulsive
(phase transition possible). When a drying transition doesoccur, it was found to be first order. The
relation between its characteristic temperature(Td) and|σ| is of opposite trend to the case ofTw.
In our earlier work [15] we discussed asymmetry-specific phenomena caused by realistic cation-
anion size ratios in systems composed of ionic solutions anda hard sphere solvent. Predictably, the
wetting transitions in the current model are affected as well. The wetting temperatures were found
not to be equal in systems differing only by the sign ofσ. Interestingly, the trend of the difference
depends on the order of the transition. If the process is discontinuous, it occurs between a very thin
film consisting mainly of the counterions, and a completely wet state. In this situation the counterion
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with the longest range of exponential attraction (chlorine) induces wetting at a lower temperature. For
the same reason the transition changes order from second to first more easily if anions are attracted
to the wall. On the other hand, in critical wetting the film growth passes through all the intermediate
length scales, so that steric competition between the solvent and the ions becomes important. This
results in lowerTw for substrates attracting small sodium cations. If the dielectric permittivty of the
solvent is inhomogeneous its variation also contributes tothe wetting temperature asymmetry with
respect to the sign reversal ofσ, sinceε is then different for each ion type at a distancedα/2 from
the substrate (higher for anions). Such a local increase inε weakens the attraction between the solid
and the first layer of counterions, and hence the influence of introducing a nonuniform permittivity
function can be expressed by the inequality∆Tw(+|σ|) > ∆Tw(−|σ|). The aforementioned excep-
tions, whereTw(|σ|) is not a monotonically decreasing function, are systems in which the hard core
repulsion between the solvent and adsorbed chlorine and themodification of electrostatic forces by
inhomogeneous dielectric permittivity both work towards increasingTw. There is another interesting
disparity in the way the transitions of different order are affected by ion size asymmetry. First order
wetting temperatures depend mainly on the absolute value ofthe substrate surface charge density,
and the sign ofσ has a relatively small influence. In critical wetting the sign reversal has a more
significant impact onTw, comparable with varying|σ| by a factor of 2. It indicates that the location
of a discontinuous transition depends chiefly on the substrate-fluid potential, while for a continuous
transition the details of both substrate-fluid and fluid-fluid interactions have a significant influence on
Tw.
The impact of ion size asymmetry on drying behaviour is even more profound than on wetting. If
a substrate-solution exponential attraction is absent, itis the sign of the charge density on the wall
which determines what surface phase transition scenarios are available to the system. Two factors
contribute to this outcome. The first is the charge distribution at the free liquid-vapour interface of
the model solution. Due to unequal cation and anion diameters the density profiles of the two species
are not identical andCl− ions were found to be more abundant at the interface. This feature has
been observed experimentally [30] - electron spectroscopyexperiments have shown that aqueous
solutions of halides have negatively charged surfaces. Thesecond factor is the incomplete screenig
of the substrate’s electric field by the first layer of monovalent counterions. Therefore, ifσ is pos-
itive the solid-fluid interface still carries a residual positive charge, despite the adsorbed anions. In
this situation, even if the direct substrate-solution interaction is weak and vapour intrudes between
the two phases, the interfaces bordering this third entity will attract each other and limit the gas film
thickness to finite values. It is the only drying scenario available for systems withσ > 0. However, if
σ is negative the intruding vapour is confined by interfaces that repel each other, leading to a contact
angle of180◦. As vapour entry between the solid and the liquid is more likely at higher temperatures,
a drying transition may occur. Of course scenarios where either a completely or partially dry state
persists for allTt < T < Tc are also possible.The results may be different for multivalent cations like
Ca2+, which show charge inversion, i.e. the charge of the first cation layer is higher thanσ. However,
to account for this effect a density functional beyond the level of the MF approximation would have
to be used for the electrostatic contribution to the free energy. The first order drying transition is
predicted to occur in the absence of any long-range wall-fluid dispersion attraction. If the latter were
included, the predicted drying transition may well be suppressed. Further work will be required to
investigate the competion between wall-fluid Coulombic anddispersion forces regarding a possible
drying transition.
The least attractive aspect of the ”semi-primitive model” considered in the present paper is the use of a
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non-polar solvent and the phenomenological introduction of an inhomogeneous continuum dielectric
permittivity. A more satisfactory model must include a solvent of dipolar particles. DFT calculations
of the wetting and drying behaviour of ionic solutions basedon such a fully microscopic model will
be reported in a subsequent publication.
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[27] F. Bresme, M. González-Melchor, and J. Alejandre. J. Phys. Cond. Matter17, S3301 (2005).

[28] P. Jungwirth and D. J. Tobias. J. Phys. Chem. B105, 10468 (2001).

[29] P. Jungwirth and D. J. Tobias. J. Phys. Chem. B106, 6361 (2002).

[30] S. Ghosal, J. C. Hemminger, H. Bluhm, B. S. Mun, E. L. D. Hebenstreit, G. Ketteler, D. F.
Ogletree, F. G. Requejo, and M. Salmeron. Science307, 563 (2005).

[31] C. Li and P. Somasundaran. J. Colloid Interface Sci.146, 215 (1991).

[32] F. van Swol and J. R. Henderson. Phys. Rev. A43, 2932 (1991).

[33] F. van Swol and J. R. Henderson. Phys. Rev. A40, 2567 (1989).

[34] P. Bryk, A. Patrykiejew, and S. Sokoł owski. Phys. Chem.Chem. Phys.2, 3227 (2000).

[35] E. Velasco and P. Tarazona. J. Chem. Phys.91, 7916 (1989).

[36] F. van Swol and J. R. Henderson. J. Phys. Cond. Matter2, 4537 (1990).

[37] M. J. P. Nijmeijer, C. Bruin, A. F. Bakker, and J. M. J. vanLeeuwen. Phys. Rev. B44, 834
(1991).

[38] K. Shundyak and R. van Roij. Europhys. Lett.74, 1039 (2006).

[39] M. Bier, L. Harnau, and S. Dietrich. J. Chem. Phys.125, 184704 (2006).

18

Page 19 of 33

URL: http://mc.manuscriptcentral.com/tandf/tmph

Molecular Physics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

σ [e/nm2]
kw = 1.2 kw = 1.8

c=0.1M c=1M c=0.1M c=1M
Tw/Tc order Tw/Tc order Tw/Tc order Tw/Tc order

0.00 0.782 1st 0.785 1st 0.760 2nd 0.765 2nd
+0.28 0.771 1st 0.782 1st 0.743 1st 0.770 2nd
-0.28 0.774 1st 0.782 1st 0.742 2nd 0.759 2nd
+0.55 0.760 1st 0.773 1st 0.733 1st 0.768 2nd
-0.55 0.765 1st 0.774 1st 0.726 1st 0.750 2nd

Table 1: Wetting transitions of the semi-primitive model ofNaCl in water. The concentrations c refer to the salt content
in the liquid. The dielectric permittivityε(z) is approximated by the sigmoidal function ( 34).
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Figure 1: The solvent densitiesρ∗0 = ρ0d
3
0 of coexisting liquid and

vapour phases as a function of temperature and NaCl concentration
(symbols). The inset shows the total density - temperature phase di-
agrams near the critical point.
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Figure 2: Density profiles of the pure HCY solvent vs distancez from
the planar substrate. The lines with full symbols correspond to0.759Tc,
and lines with empty symbols to0.818Tc. The shape of the symbols in-
dicates the distance from coexistence - the profiles at0.9ρco are marked
with squares, at0.999ρco with circles and at0.99995ρco with triangles.
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coexistence along five isotherms for dimensionless inverserange pa-
rameterskw = kf = 1.8.
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Figure 5: Density profiles of the ions across the liquid-vapour interfaces
of two SPM models of a 0.1M NaCl solution atT∗ = 0.75(298K). The
two models differ by the solvent dielectric permittivity - filled symbols
indicateε(z) given by ( 34), and empty symbols mean that the CM ex-
pression ( 32) is used. Lines with circles correspond to chlorine anions
and lines with triangles to sodium cations. The inset in the bottom right
corner shows the solvent density profile (only one is plottedas there are
no significant differences between the models). In the upperleft corner
the permittivity functions are displayed. The line with crosses and the
right-hand y axis corresponds to the CM approximation, while the plain
line and the left-hand y axis corresponds to the sigmoidal expression.
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Figure 6: Charge density profiles across the liquid-vapour interface of
NaCl solutions. The shape of the symbols distinguishes between differ-
ent concentrations - circles for 1M and squares for 0.1M. Filled symbols
correspond to sigmoidal permittivity, while empty ones to the CMε(z).
Electrostatic potential profiles are shown in the inset for two of the four
solutions.
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Figure 7: Density profilesρα(z) of a liquid film formed by
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a 1M solution) at a charged substrate. ε(z) is sigmoidal,
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Figure 8: Density profiles of NaCl vapour atρ = 0.9999ρco (the sat-
urated vapour coexists with an 0.1M solution) at a charged substrate.
ε(z) is sigmoidal,kw = 1.8, σ = −0.55 e/nm2, T = 0.727Tc. The
inset shows the dielectric permittivity profile.
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Figure 9: Wetting temperatures of SPM NaCl solutions with sigmoidal
permittivity as a function of substrate surface charge density. The
symbols correspond to the following{kw; c} pairs: D ∼ {1.8; 1M};
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A filled symbol signifies a first order transition, while an empty one a
second order transition. The location of the transition in the pure HCY
fluid near a substrate withkw = 1.2 is marked with a ’+’.
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Figure 11: Density profiles of 1M NaCl at liquid-vapour coexis-
tence near a hard wall carrying a surface chargeσ = +0.17 e nm−2).
T = 0.769Tc, ε is a sigmoidal function defined by ( 34). The inset
shows the total amount of charge per unit areaIc(z) contained between
0 and z.
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Figure 12: Solvent adsorption of 1M NaCl at liquid-vapour coexistence
as a function of substrate surface charge densityσ. ε(z) is given by the
CM expression ( 32),T = 0.769Tc.
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Figure 13: Density profiles of 1M NaCl near a charged hard sub-
strate under liquid-vapour coexistence conditions.T = 0.769Tc,
σ = −0.91 e/nm2 and the dielectric permittivity is a sigmoidal func-
tion of the solvent’s density. Inset as in Fig. 11.
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