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14 Microscopic density functional theory of wetting and dryiof a solid substrate

Molecular Physics

by an explicit solvent model of ionic solutions

ANNA OLEKSY and JEAN-PIERRE HANSEN
Department of Chemistry, University of Cambridge, Campeic€B2 1EW (UK)

Abstract

Classical density functional theory (DFT) of inhomogergfuids is applied to an ex-
plicit solvent "semi-primitive” model (SPM) of ionic solans to investigate the influence
of ionic solutes on the wetting behaviour of a solvent in eahtvith a neutral or charged
planar substrate. The SPM is made up of 3 species of hardespheicles with different
diameters, interacting via an attractive Yukawa poteribainodel excluded volume and
cohesion. The solvent particles are neutral, while the malent anions and cations are
oppositely charged. The polar nature of the solvent is nemtley a continuum dielectric
permittivity linked to the local solvent density. All 3 spes interact with the impenetrable
substrate via an attractive external potential. While @dtetl volume effects are accurately
described by a Rosenfeld "fundamental measure” free erfergytional, the short range
Yukawa attraction and Coulombic interactions are treatgdimvthe mean-field approxi-
mation. The ionic solutes are found to have a significant chpa the wetting behaviour of
the solvent, in particular on the wetting temperature. i&jrelectric fields, or long-ranged
(weakly screened) Coulombic forces are shown to have thgepaty to change the wet-
ting transition from second to first order. The cation-ars@e asymmetry leads to charge
separation on the liquid-vapour interface of the soluti@hich 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 ligui@quilibrium with its vapour is a phe-
nomenon commonly observed in every-day life, which was djusintified in 1805 by Thomas Young
[1] in his famous equation relating the contact angle of aitiqdrop on a planar surface to the sur-
face tensions of the solid-liquid, solid-vapour and liguapour interfaces. The existence of a surface
phase transition from partial to complete wetting at a weliined wetting temperatufg, was pre-
dicted by Cahnin 1977 [2], on the basis of a phenomenologqahre gradient free energy functional
of the local density. Cahn predicted a first-order transibetween a microscopically thin liquid film
and a macroscopically thick film as the temperatligds crossed from below along the vapour-liquid
coexistence curve. The same analysis also predicts a fast-pre-wetting transition between two
liquid films of different microscopic thickness off liquiapour coexistence. Although Cahn only
envisaged discontinuous wetting transitions, his thearytze generalised to predict the possibility of
a second-order wetting transition, where the liquid filnckimess diverges continuously'at, [3];
this prediction is confirmed by more advanced Landau [4] aaddau-Ginzburg-Wilson [5] anal-
yses. The various theoretical wetting scenarii are digmigsa number of review articles [3,6, 7],
and have been confirmed experimentally by careful ellipgommeasurements of the variation of
the film thickness with temperature [8].

Whilst Cahn’s theory of wetting and its extensions may baregd as phenomenological or “meso-
scopic”, more microscopic density functional approach&seld on explicit atomistic models were
developed in parallel. Thus Ebner and Saam [9] predictediediider transition in liquid argon films
adsorbed on soli@0O, almost simultaneously with Cahn’s work, while Sullivan vias first to pre-
dict a second order wetting transition using a rather crutesidy functional theory (DFT) of a highly
simplified microscopic model [10]. Sullivan’s work was caferably extended in a seminal paper
by Tarazona and Evans [11], who were the first to pinpoint thels relation between the order of
the wetting transition and the relative ranges of the aitraénteraction between the substrate and
the fluid, and between the fluid atoms. They later showed thahgar DFT is capable of describing
the drying of a liquid near a solid substrate, i.e. the inserdof a growing layer of vapour between
the liquid and the solid (“wetting by gas”) [12].

The objective of the present paper is to investigate theanfie of dissolved ions on the wetting and
drying behaviour of a model solvent, i.e. to study the wetih a (charged) substrate by an ionic
solution. It is well known that the interfacigroperties in particular the surface tension of a sol-
vent, are significantly affected by the presence of a soldt&. [Hence it is to be expected that the
surface phase transitions associated with wetting anaglryill vary with solute concentration, and
such effects may be expected to be enhanced in the case osmations, because of the formation
of electric double-layers at the solid-liquid and liquidpour interfaces. Recently this problem was
addressed by an extension of Cahn’s phenomenologicalythethin the “primitive model” repre-
sentation of ionic solutions, which neglects the couplietifeen solvent molecules and ions at the
molecular level [14]. In this work we apply a non-local DFTitwestigate the wetting behaviour of
a “semi-primitive” model of ionic solutions, introduced am earlier paper of this series [15], which
accounts for the molecular nature of the solvent. The madeltlhe DFT formulation are presented
in Section 2. The case of the pure solvent (no ions) is exairingt in Section 3. The changes of
interfacial properties upon adding ions are reported irti&ee. Wetting scenarii of ionic solutions
near a charged substrate are derived in Section 5, whileatio®e we show how the electric double
layers formed at the interfaces strongly affect the dryiagdviour of the pure solvent. Conclusions
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are presented in Section 7.
While the formalism developed in this paper applies, ingple, to any electrolyte, explicit calcula-
tions are restricted to NaCl solutions.

2 Microscopic density functional for mulation.

The “semi-primitive” model (SPM) of an ionic solution is m&adp of solvent particles (species 0),
anions (species -) and cations (species +) of diamétgie = 0, +, —). All short-range repulsive
interactions are of the hard sphere type, while short-ratigactive interactions are of Yukawa form.
Moreover ions interact via long-range Coulombic forcese Pphir potentials are hence of the generic
form:
o0, T < daﬁ = (da +dg)/2
Vag(r) = (1)
3095 _ Yexp[—ki(r/dag — 1)]; 1> dag

e(r)r

wherea, 3 = (0,4, —), q. IS the electric charge of ion speciess(r) is the local dielectric permit-
tivity of the solvent, u is the energy scale (multiplied bytuength) of the attractive interaction, and
k¢ controls the range of this interaction. For simplicity u dqadare assumed to be the same for all
pairs. The model is “semi-primitive” in the sense that thietiaction between solvent molecules is
non-polar; for ion pairs to dissociate in such a model sdlvspolar nature must be re-introduced
via a macroscopic dielectric permittivity which would be constant in a bulk solution (as in the fa-
miliar “primitive model”), but is chosen to be spatially yamg at interfaces, where the solvent density
varies. Contrary to the case of the “primitive model”, théssat is not a mere dielectric continuum,
but is atomistic in nature. As shown in our earlier work [1BH&by others [16-19], this solvent
granularity strongly affects the local structure of electtouble-layers near charged substrates, and
is hence expected to have a significant effect on wetting ayidgl

Explicit calculations to be reported later were carriedfouthe SPM of aqueous NaCl solutions, with
the following choices of diametersl, = 2.804, d, = 1.90A, d_ = 3.624, while q,. = +e, q_ =
—e, o = 0, where e is the proton charge. The dimensionless range pteakawas chosen to be
equal to 1.8 throughout (this choice gives the best fit of thkawa potential to a Lennard-Jones po-
tential forr > d,). Note that the ranges of Yukawa attractions in eq.( 1) difieeach pair, since they
are equal tal,s/ks. It is convenient to introduce the following reduced tengpere and densities:

kgT
= 2a
Pl = pads (2b)

wherep,, is the number of particles of speciegper unit volume. Setting aside entropic effects, wet-
ting arises from a competition between cohesive interastaithin the fluid and adhesive interactions
between the fluid and the substrate. Assuming the latter sogb@nar wall placed at z=0, the external
potential acting on the solvent molecules and ions is chtsbe of the form:

;7 < %da
Va(z) = 3)

—uy exp(—ky(z/dq — 1)) — 27;(;;‘”2; z> 3d,
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whereo is the surface charge carried by the substrate, and the dioglalctric permittivity of the
inhomogeneous ionic solution in the vicinity of the subsidepends on the distance@ The exact
form chosen foe(z) will be specified in Section 4. In the absence of ions (pureesd) the model
defined by eqgs. (1) and ( 3) reduces to that of Tarazona andsEp&L], who showed that the ratio
k¢ /k,, controls the order of the wetting transition. The reducatbse charge is defined as:

of = 4)
e

Within DFT the key functions characterising the interfasitiucture are the density profiles (z).
The fundamental order parameters are the adsorptions:

= h z) — pV] dz
r. /O[pau A d (5)

where thepﬁ?) are the bulk(z — o) limits of the density profiles. Th&, can be positive (adsorp-
tion) or negative (depletion). Characteristic algebraimgiths associated with adsorbed layers may be

defined by:
= | pa(2) I's

TheTl,, are related to the surface tensipfi.e. the surface excess grand potential per unit area)of th
fluid-substrate interface by the Gibbs adsorption equafij:

r,=— (8_7) (7)
8/’1‘0{ T7{N/ﬁ}

wherey,, is the chemical potential of speciesand the partial derivative is taken at fixed temperature
and chemical potentials of specigés~ a.
The constant equilibrium pressure throughout the interfagiven by the contact theorem [20]:

P=ksT pa <%‘“) -y /djzpa(z)dv;fz(Z)dZ (8)

We use microscopic DFT [20] to calculate the density profile&:) and the surface excess grand
potential of the interface which ultimately determines tietting and drying behaviour. The key
quantity is the free energy functional of the profijegz). This is conventionally divided into ideal
(Fiq), hard sphereHys), Yukawa {y), electrostatic) and correlationk..,.) contributions. The
hard core correlations are containedifs; the remaining part of ..., due to attractive and Coulom-
bic interactions, is not known exactly and must be approi@haas was done in our earlier work on
electric double layers [15], where it was shown that, does not substantially affect the calculated
profiles p,(z), at least for monovalent ions. We hence Bgf, = 0, so thatFy andF reduce to
their mean-field expressions to be given below. An additiadaantage of neglecting.,,, is that a
functional containing only hard sphere (within a weightedsity approximation detailed below) and
mean-field contributions is thermodynamically self-cstesit; this self-consistency may be spoiled
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when an approximate form df.,,, is added to the functional [21]. The free energy functiorel p
unit area hence reduces to:

Fl{pa(2)}] = Fial{pa(2)}] + Fus[{pa(2)}] + Fy[{pa(2)}] + Fal{pa(2)}] 9)

The ideal gas contribution is known exactly:

Fuallon @] = kT Y [ o) 1088 p0(2) ~ 1) (10)

where A, is the (irrelevant) de Broglie thermal wavelength of padescof speciesy. For the HS
contribution we choose the best available Rosenfeld fanati [20, 22, 23], which is of the generic
weighted density form:

Fus({pa(2)}) = | da ®{{u(2)) a1
0
where the free energy densityis a functionof the weighted densities:

w0 =3 [’ pala (i) (12)

The explicit form of ®, appriopriate for a multi-component hard sphere mixtured the weight
functionsw{ are given in refs. [22,23] and in the Appendix of [15].
The mean-field contribution due to the Yukawa attractiomieen particles is:

1 > > / / !/
Fellpa)) = 53 | do [ da'onCowislin = 2 )pn(s) (19
s 70 0
where, using cylindrical coordinates:
2m e’}
Wille= 2 = [ do [ rand (7 -7 14)
0 dag
The mean-field electrostatic contribution reads:
1 [ee]
Ful{pa(l) =5 | dap )02 (15)
0
where the charge density:
pel(z) = Z dapa(2) (16)
determines the electrostatic potentlglz) via Poisson’s equation:
d d
5 (st 1) = ~tma a7)
4
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which must be solved numerically for a givefx) by a Runge-Kutta method, subject to the boundary
conditions

d¥(z)  4mo B
1 ——6(0), z=0 (18a)
W) o s (18b)
dz

Note that these boundary conditions automatically enftregylobal electroneutrality condition:

/Ooodzpc(z) +o0=0 (19)

Egs. (9)-( 18) completely define the free energy functiosaldin the present work.
The equilibrium density profiles are obtained by minimisihg grand potential:

Ol ol = Fllpu(e)) + 3 / 02 [Val2) — jta] pu(2) (20)

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

pa) = o exp {— bz [ {pa(2)}) — (A + ¥ Hos()}]

(21)
X ({A D) + aa(2) + V()| }
wherep((f) = pa(z — 00) are the bulk densities away from the interface,
i {pal}) = s o] 22)
oFy
pal{ps(2)}] = F(gifﬁ Z/ dz'pp(z")vag(|z —2'|) (23)

andugs({p(ﬁo)}), MZ({p(BO)}) are the corresponding hard sphere and Yukawa contributiathe bulk
chemical potentials. The implicit coupled equations ( 2ishbe solved numerically by an iterative
algorithm; at each iteration the electrostatic potentiéd) must be calculated by solving Poisson’s
equation ( 17), thus ensuring global electroneutralitysahestep.

Once the profileg,(z) have converged to their equilibrium values, substitutinio ieq. ( 5) yields

the adsorptions, while substitution into eq. ( 20) yields ¢ginand potential (per unit area) of the total
system. The surface excess grand potefiialand hence the surface tension is finally given by:

7= Q" {pa(2)}] = Upa(2)}] = AP }) = Fl{pa(2)}] = F({p} Z b Ta  (24)
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A convenient “quality control” of the numerical proceduseprovided by the Gibbs adsorption equa-
tion ( 7). The estimates of the adsorptions provided by eq) gl by differentiating the surface
tension as obtained from eq. ( 24) with respecttoare found to agree within better than 2% (cf.

Table 2 of ref. [15]). A similar quality control based on thentact theorem ( 8) is less conclusive,

because the bulk pressuré = —Q({p&o)})/\/ on the l.h.s. is a small number, while the difference

on the r.h.s. is a difference of two large numbers, typicallyre than an order of magnitude larger
than P.The numerical accuracy of the satisfaction of the two sulesrebviously depends on the

mesh size used in the integrations; a more elaborate proz@cwld involve a careful extrapolation

to zero mesh size, which we have not attempted.

The wetting and drying transitions to be discussed in thieviehg sections are conveniently char-
acterised by plotting the reduced adsorptibpd? as functions of reduced temperature T* along the
vapour-liquid coexistence curve of the SPM. Off coexiseetie relevant thermodynamic field is the
deviation of the Gibbs free energy per particle:

g = Z Xalta (25)

from its value at vapour-liquid coexistence,(is the number concentration of particles of species
in the bulk). Prewetting and complete wetting above the imgtiemperature are then characterised
by monitoring the reduced adsorptions as function®gfd,Ag/u) on the vapour side (where/d,

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

3 Puresolvent

We first consider the ion-free, pure solvent. For this onejoonent case we may drop the species in-
dices, and refer to the model as the hard-core Yukawa (HCY), fllne wetting and drying behaviour
of which has been extensively investigated by Tarazona ahaborators using a functional similar
to the mean-field functional introduced in Section 2 [112W, The difference between the earlier
work and ours lies in the hard sphere contributigp; to the functional ( 9). While Tarazona et al.
used the crude local density approximation (LDA) [11], oirae non-local, weighted density ap-
proximation [12,24] for'ys, we have used the most accurate version of the Rosenfelddfaental
measure” hard sphere functional, which accounts for diloeascross-over [22] (important for thin
films) and reduces to the quasi-exact equation of state osbamnet al. [23, 25] for homogeneous
hard sphere mixtures.

For an investigation of wetting and drying, the vapour-ithooexistence curve of the HCY model
needs to be known very accurately; the densities of the stiegiphases at each temperature are
determined by the standard equilibrium conditions:

u(p®,T) = pu(p", T)
{ P(p'®,T) =P(p®,T) } (20)

In the present one-component case the equation of stateredfdda et al. reduces to that of Carnahan
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and Starling (CS); the mean-field tefy can be calculated analytically, resulting in:

3% — 9n% + 8n u (1 1
n\—+—= (27)
kK

L+n+n*—n u 11
P =Posct Py =y [ S| 2 () 0
f

wheren = wpd3/6 is the packing fraction, and u/d akgare the energy scale and the range parameter
of the Yukawa potential (cf. eq. ('1)).

The resulting phase diagram is shown in Fig. 1. The redudéidatrtemperature and density are
T = 0.9782, p = 0.2491.

= pia + pos + py = kgTlog(A%p) + kg T

Our investigation of wetting, prewetting and drying trdimsis of the HCY model parallels that of
Tarazona et al. [11,12,24]. The main finding of these autltisat the wetting transition in the
vicinity of an attractive substrate, with a suficiently stgowall-fluid interaction defined by eq. ( 3)
(with & = 0), can be first or second order, depending on the ratios ofahges and depths of the
fluid-fluid and substrate-fluid interactions. Since theynfdwno major changes in the wetting be-
haviour upon replacing a local HS functional [11] by a noodlone [24], itis reasonable to assume
that the further upgrade to a fundamental measure Roseiufietdional will only introduce minor
guantitative corrections without changing the generaidse

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

pla) = 0% exp {5 (510 = K5(0) +V¥(0) + [T’ ota) = 40 ¥ (- z’>)(}29)

All calculations were carried out for a single value of theditluid attraction range parameter
ke = 1.8, while the substrate-fluid range parameter was varied innfegval 0.9 < k,, < 1.8. The
wall-fluid energy scale was chosen tolhe= 1.75u11‘{—VfV throughout.

Typical density profiles at two temperatures and sever& wapour densities below the coexistence
densityp,., are shown in Fig. 2 fok,, = k; = 1.8. ForT = 0.759T the liquid film is seen to remain
microscopically thin up to coexistence, while at the higteenperaturd’ = 0.818T. the film thick-
ness grows continuously as— p.,. We are in the presence of a second-order wetting transtion
a temperaturé’,, intermediate between the759T, and0.818T.. The variation of the adsorptidn
with log(d(u — peo)/u) for several temperatures is illustrated in Fig. 3. Belowwedting temper-
atureT,, ~ 0.761T. the adsorption is seen to level off at a finite, microscopic&as coexistence
is approached. For > T, the adsorption diverges logarithmically. The wetting siéion is hence
clearly of second order and there is no sign of a prewetteagsition off coexistence.

We next consider the case where the substrate-fluid atiraistof longer range than the fluid-fluid at-
traction, i.e.k,, = 1.2 < k¢ = 1.8. In this case the profiles (not shown) exhibit a discontirsjomp
in thickness before coexistence is reached along an isotbeer a limited range of temperatures
aboveT,, ~ 0.783T.. The corresponding adsorption curves are plotted in Figpodgesix isotherms.
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The prewetting transition is clearly visible in the ranig@33 < T/T. < 0.818, where the latter tem-
perature is the prewetting critical temperatiig,.. ~ 0.818T.. The first order prewetting transition
thus spans a range of orly025T .. Beyond this transition the adsorption diverges logaritfatty at
coexistence.

4 Addingions.

We now turn our attention to the changes to the bulk and mtef properties of the pure solvent
induced by the presence of a finite concentration of ions. Whele analysis will be carried out
within the mean field density functional formalism introédcin Section 2 and applied to the pure
solventin Section 3. Focussing first on the bulk, the SPM@yiprately accounts for the polar nature
of the solvent by the introduction of a bulk (constant) diélie permittivity e. Since the uniform
charge density. vanishes in the bulk due to global electroneutrality, thex@bstatic contribution
to the total free energy of the homogeneous ionic solutiadastically zero within the mean-field
approximation ( 15). The effect of added salt on the phasgra is hence only due to excluded
volume and Yukawa attraction terms, as a consequence ofiffieeedt diameters of the solvent,
anion and cation species. For a given concentration c ofirotine liquid, the density of the solventin
the liquid phase of the solution and the composition of th@oua phase are calculated by imposing
the following coexistence conditions, generalizing e): 2

po({p¥'}, T) = po({pi'}, 1)
(P21 ) + (¥, T) = e (p03,T) + - ({083, T) (30)
P({p¥'},T) = P({p%'}, T)

where we recall that the indices 0, + and - refer to solvenipea and anions respectively. Egs. ( 27)
and ( 28), which apply to the pure solvent, must be replacetidiythree-component generalizations.
Thus the hard sphere contributions must be calculated fnermiulti-component equation of state of
Mansoori et al [25], while the Yukawa contributions in eq27() and ( 28) are generalized by the
substitutions:
fo © 240 — 47 26 pgdzﬁ
(31)
P: 12 — 27} 4 Pappdis

The resulting phase diagrams for several values of the Na@ientration ¢ are plotted in Fig. 1 in
the (po, T) plane. The liquid-vapour coexistence curve, and in pddictine critical point, is seen
to be shifted to lower solvent densities as the ion conceatrancreases, whereas the total packing
fraction of the solution is practically independent of c,cae might expect, with the exception of
the critical point and its vicinity (see the inset of Fig. As a consequence of the vanishing elec-
trostatic contribution to the bulk free energy, the modélison’s vapour contains substantially more
ions than the amount seen in real systems, which is usuallgrwall to detect. However, for most
temperatures the salt concentration in the gas phase remedéively low, and rises rapidly whéel,

is approached.

Electrostatic interactions, which have no effect in theklwakhin the mean-field approximation, come
into play as soon as the solution is no longer homogeneausat (planar) interfaces, characterized
by density profileg,(z). Under those conditions a local dielectric permittivity.) of the solvent
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must be introduced within the SPM description. We have uSegbtapproximations faf(z):
a)e(z) = ¢, i.e. a constant value throughout the inhomogeneous system

b) £(z) determined by a weighted solvent density through a local€ils-Mossotti (CM) expression:

8T _1m250(z) + 1
() = T P0) (32)
9kBTm pO(Z) -1

where m is the dipole moment of the solvent molecules, whi(e) is the local density averaged over
a sphere of diametel, centred at' = (0, 0, z):

o(2) = < [A7 po(i)O(do/2 = |7 = 7)) = )
e [ A2 po(2") [d3/4 — (2= 2")2)© (do/2 — |2 — 7))
c) A phenomenological approach wherely) is chosen to be a sigmoidal function of the local
solvent density:

f(T)
1+ exp [—a(po(2)d5 — pom(T)d5)]

wherepy(z) is defined in eq.( 33), whilgy,,(T) = %(p(og)(T) + p(T)) is the mid-point density be-

tween the bulk densities of the gas and liquid phases caexiat temperature T. The dimensionless
parameter a, which defines the width of the sigmoid, is sealegu40. This choice yields a permit-
tivity profile which is not too steep or too broad across thgota-liquid interface. The temperature-
dependent function f(T) is parametrized to reproduce te&diric permittivity of water. Assuming
the reduced temperature T*=0.75 of the HSY model of the saiwecorrespond to 300K and T*=0.82
to 325K, the model’s wetting transitions examined in Set8die betweer)°C (T*=0.68) and50°C
(T*=0.82). Within this range of temperatures, the expentaépermittivity data for water can be
approximated by the linear function:

e(z) =1+ (34)

e(T) = 88 — 0.37T (35)

if temperatures are expressed in centigrades. Hence f($) Ibeuchosen as f(T)=87-0.37T.
Note that the CM approximation ( 32), which results from a méald description of a genuine
polar fluid, leads to the familiar “dielectric catastropla’high density, and must hence be restricted

to sufficiently small dipole moments m. Throughout our ctons we sein* = m ﬁ = 0.75,
0

which yieldse values between 5 and 10 in the liquid. For watéra 2, which lies outside the range
where the MF approximation for dipolar interactions rensaialid. The phenomenological form ( 34)
does not suffer from such a limitation.

As all elements of the model solution are now defined, the gntggs of its liquid/vapour interface
can be investigated. The interfacial density profiles ofttiree species are obtained by solving a
system comprising the Euler-Lagrange ( 21) and Poissonf équations, however with boundary
conditions different from those imposed on fluids in contaith a solid substrate. We assume the
asymptotic behaviour gf,,(z) to be:

) 7 — —o0 (36a)

Pa (Z> - pég
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palz) — pl; 72— o0 (36b)

Additionally the solvent density profile is pinned at z=0tkatpy(0) = 3 (pg) + p(()g)>. Due to size

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

— 0, |z| = (37)

They are equivalent to the following global electroneuityatondition:

/_00 dzp.(z) =0 (38)

(e 9]

Two examples of the interfacial structure formed by the nh@déition are shown in Fig. 5. Both
systems have the same solute concentration (0.1M), betr diffthe approximation used for the di-
electric permittivity. In the main frame the density prddilef the ions are plotted, while the insets
illustrate the variation of the solvent density (almostitieal for the two solutions) and efz) across
the liquid-vapour interface. It is clear that the cation amibn distributions differ significantly. The
ion size asymmetry causes local charge separation on tfaesutividing the two phases in contact.
This behaviour contrasts sharply with results obtainedsjonmetric electrolytes, like the restricted
primitive model (composed of two ionic species equal in dégan) discussed in [26], where the
charge density profile across the liquid-vapour interfageishes identically. The magnitude of the
charge separation in our system depends on the salt coatentand the dielectric permittivity of
the solvent (see figures 5 and also 6, which shows the chasggbdtion in the system). These
two parameters also define the width of the region where kleatroneutrality is violated. The rela-
tion between this lengthscale, also known as the Debyeheagtl the ionic solution properties was
estimated within the Debye-Huckel theory framework:

€
SRR X )

showing that\p, is proportional to, /<. However, regardless of any variation in cothe liquid-
vapour interface of our model NaCl solution always remaiegatively charged. The differences in
the cation and anion density profiles also affect the elstdtw potential across the interfacial area,
as shown in the inset of Fig. 6. The local charge separatsultgein a potential differencAV de-
veloping between the bulk liquid and vapour phasas/ was found to be independent of the salt
concentration or the dielectric permittivity of the solte@omputer simulations of asymmetric prim-
itive electrolytes [27] suggest that the gapimstrongly 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 coulombgraations in the current DFT, our pre-
dictions for the electrostatic properties of the liquigpwar surface of NaCl solutions are in good
agreement with results obtained by other methods. Molecdyiaamics (MD) simulations of sodium
halides in water have shown that the anions (exéeptare more abundant in the interfacial region
than the cations, and that this disproportion increases thé anion’s size [28,29]. These authors
concluded that the concentration Gf~ 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 8fldies were directly confirmed
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by electron spectroscopy measurements [30] showing thegcacg solutions of halides indeed have
negatively charged interfaces. Likewise, our results figr ¢lectrostatic potential profile are in ac-
cord with data obtained in experiments investigating tleetebkinetic behaviour of air bubbles in
electrolytes [31] for NaCl solutions of low pH, in whi¢hH~ ions do not contribute td@(z).

5 Wetting scenarii for NaCl solutions.

Let us now consider our model solution’s vapour in conta¢hwi solid substrate exerting external
potential ( 3) on the fluid particles. The exponential int&ien parameters,, andk,, are assumed to
be the same for all species. Note that the equality of the nbinaless,, means the actual range of
the substrate-fluid attraction is the shortestfar" and the longest fo€’1-. The value of the depth
parameten,, is fixed as in Section 3. It is not surprising that systems @efin this way form liquid
films, just as the ion-free solvent’s vapour does. Examplesich structures are shown in figures 7
and 8. The effects of the size asymmetry of the three speai¢senoscillatory behaviour of their
density profiles at solid surfaces are discussed in detailiirearlier work [15]. Here we would like
to direct attention to the influence of screening of the cold@ forces on the charge distribution in
thick liquid layers. In the 1M NaCl solution pictured in Figthe counterions highly outnumber the
coions only in the vicinity of the electrode, while at 0.1Mnho@ntration (Fig. 8), as the effective range
of the electrostatic interactions is longer, significardrge separation is seen over the entire width
of the film. Similar differences in ionic profiles are obsatwehen systems of different dielectric
permittivity were compared. The lengthscale at which |l@dattroneutrality is violated is found to
be smallest for = 1 and largest for the sigmoidal function ( 34), as expected.

As in one-component HCY fluids, the formation of thick ligdikins in NaCl solutions is associated
with wetting transitions. However, the temperatures arte® of these phenomena are not neces-
sarily the same as in the pure solvent, and may be modified dyprbsence of the solute and the
electric field of the substrate. In this work we investigdtte influence of salt concentration, surface
charge density and the solvent’s dielectric permittivitytbe wetting behaviour of systems whéte

is 1.2, 1.8 or 1.73. The latter exponential attraction iredua second order transition in the HCY
fluid (T, ~ 0.753T.). However, this point of théu,; k,, } parameter space lies very close to the line
dividing continuous and discontinuous scenarii. The wgttiehaviour of the NaCl solutions was
determined in the same way as for the pure solvent, by examthie density profiles of the species
along the coexistence line (gas branch) and along isothebmge the estimatéd,,. The results of
the calculations are shown in graphic form in figures 9 and Tife numerical values of wetting
temperatures in solutions with sigmoidal permittivity acdlected in Table 1.

Even when the substrate is neutral, the presence of theesslgeen to cause small, but noticeable
shifts inT,,. The addition of salt generally increases the wetting teatpees; the effect is larger
in concentrated than in dilute solutions, and for contiru@iher than for discontinuous transitions.
However, in the system with the weakest screening of theotolic forces among the solutions con-
sidered,T, is found to be slightly lower than in the pure solvent, mdstlly due to an increase in the
overall fluid-fluid interaction range.

Introducing the surface chargérengthenghe interaction between the substrate and the solute. If the
wetting transition in the underlying HCY fluid is first ordéng relation between andT,, of the SPM
solution is straightforward - the larger| is, the lowerT,,. TheT\,(|o|) relation is seen to be roughly
linear for both positively and negatively charged subesatorz(z) = constant (not shown)T,, is
consistently slightly higher i < 0 and sodium cations are the counterions. It is most likelysalte
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of the differences in the ranges of the Yukawa interactiocislerine ions are the biggest species in
the system and have the longest attraction range, both withr particles and with the wall. Under
conditions for which the wetting transition is second ortiher influence of the substrate charge den-
sity follows a different pattern. The impact of thesign inversion ofl'y, is now comparable with that
of changingo| by a factor of 2, and the transition temperature is higherif 0. The linear character
of the Ty, (|o|) relation is disrupted for critical transitions near pogty charged substrates, with a
maximum appearing for moderate Apparently the accumulation of big anions, which promaoies
formation of a wetting film in a discontinuous process, ifgers with the steady growth of a liquid
layer, consisting mainly of smaller solvent 'moleculesh fcrease in NaCl concentration causes an
upward shift in the transition temperatures, as in the cAsysiems at a neutral wall. Higher salt
content results in stronger screening of the electrostatoes, which makes wetting less favourable.
The dielectric permittivity influences wetting in two waySwitchinge from 1 to 80 substantially in-
creases the effective range of the coulombic interactiomsat the same time reduces their strength.
As a result systems with= 1 generally have a lowér,, than systems whetreis high in the liquid.
However, a very large Debye length can cancel out the effesihaller interparticle forces and shift
T,, downwards.

It transpires that the order of the wetting transition doesaihange with the addition of ions over
a wide range of parameters considered. However, it is chedra sufficiently strong external elec-
tric field can turn a continuous process into a discontinumes Just what constitutes a 'sufficiently
strong’ field depends on the properties of the fluid, in patéicthe two quantities which influence
the lengthscale of the coulombic forces, namely ¢ anth a 0.1M NaCl solution with a Clausius-
Mossotti dielectric permittivity function the change irder occurs only for high substrate charge den-
sities of o > 0.55e/nm? (or |o| > 1.11 e/nm? if the wall is negatively charged). H(z) is replaced
by the sigmoidal expression, while the other parametersidgfthe system remain unchanged, the
second to first order shift is much easier to induce, and talke® at low to moderate. We have also
observed that wetting becomes discontinuous for weakerrmdt electric fields if the larger anions
are the counterions. This result is most likely due to théedihce in ranges of ion-substrate and
ion-solvent exponential interactions involvibg™ andC1~ species.

6 Drying phenomenain the SPM

The hard core Yukawa fluid dries completely in contact withaadhwall @, = 0 throughout this
section) for any temperature, and since its particles ang@eadding substrate surface charge alone
cannot modify this dewetting scenario. However, when saihiroduced into the system, the solu-
tion’s drying behaviour is found to be profoundly modifiecedo the attractive interactions between
the electrode and the counterions.

Let us first consider a positively charged wall. Fig. 11 shawspresentative example of an electric
double layer formed by our SPM in contact with such a substraithough the liquid is under condi-
tions corresponding to a state on the liquid-vapour coerc line, the density profiles exhibit only
limited depletion. Unlike for the underlying HCY fluid no cqbete drying occurs. The integrated
charge density profil&.(z)

L) = o+ [ do'n(r) (40)
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plotted in the inset of Fig. 11 provides an explaination o fthenomenon. It is clear that the first
layer of chlorine anions does not fully neutralise the stast and a net amount of positive charge
remains at the solid-fluid interface. On the other hand tpaidi-vapour interface of our SPM NacCl
solution is negatively charged. The two interfaces atteatth other, and hinder drying. We have
observed the same effect in all systems with- 0 which we have investigated. Fig. 12 shows the
variation of the solvent adsorptidry as a function ofr, while all parameters describing the solution
are constant (the system is under liquid-vapour coexistenaditions). The adsorptions of the ionic
components follow curves similar in shape, but differenaélosolute values. For positively charged
substrate§'y, which is a measure of depletion in the system, remains fiaité continuously diverges
aso — 0 (if the wall is neutral complete drying occurs).

One instantly notices the asymmetry w. r. t. the sign inegrsif 0. For negatively charged model
electroded’ is finite only up to a certain threshold surface charge dgnBito| is smaller than this
value, the substrate becomes completely dry,ig— —oo. Like the drying hindrance associated
with ¢ > 0, this phenomenon can be understood as a consequence oétitileudion of ions in the
inhomogeneous system. A typical example of the structuradd by our model NaCl solution near
a negatively charged wall (partially wet state) is shownim E3. Despite adsorbing a layer §h"
counterions, the substrate is still seen to carry residegdtive charge. Therefore, the solid-fluid and
liquid-vapour interfaces are now like-charged. In suchsdesy drying can only be hinderedifis so
large that the Yukawa attraction from the adsorbed catioms@ghs the solvent cohesion forces and
(if there is sufficient depletion for the liquid-vapour infice to start forming) electrostatic repulsion
between the two surfaces.

Instead of varying for one thermodynamic state of the liquid branch of the liguapour coexistence
line one can choose to move along the coexistence curve wdglping the substrate’s electric field
constant. After performing such calculations we have rotitat there is a certain temperature below
which the wall is partially wet, and above which it is complgtdry. In other words, unlike the pure
solvent, for which the contact angle= 180° along the entire liquid-vapour coexistence line, the ionic
solution undergoes a drying transition at a temperaiyré-rom Fig. 12 we can conclude that for 1M
NaCl in a solvent described by the CM permittivity functiamdo = —0.90 e/nm?, T4 ~ 0.769T...
The relation between the drying temperature and surfacgeltensity was found to display a trend
opposite to the one observed By, sinceT, increases with growingr|. The dielectric permittvity in
the liquid has no apparent effect @ij. The drying temperatures are the same for solutions differi
only by the approximation for(z), namely the CM function ( 32) or the sigmoidal expression); 34
We have also analysed the behaviour of adsorption uponngatie distance from the liquid-vapour
coexistence line along isotherms, and found that for altesys we have investigated, if a drying
transition occurs, it is first orderGiven the nature of the process, we speculate that it is elglik
to be continuous for any combination of parameters defimmgractions in the solution for which
T4 < T.; the special case af; = T. would require a separate investigation.

7 Discussion and conclusions

We have examined the influence of ionic solutes on the wegtmydrying behaviour of model flu-
ids close to their liquid-vapour equilibrium, in contacttivia planar charged substrate. The model
ionic solution is based on an expicit solvent represematichich fully accounts for excluded vol-
ume effects, contrary to the familiar "primitive model”, toomot for the polar nature of the solvent
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molecules, which is approximately taken care of by the shigion of a local dielectric permittivity
("semi-primitive model”). In a further step towards phyaiceality, different hard core diameters are
assigned to the three species (solvent, anions and catooref)jnement which we have shown to have
a significant incidence on wetting and drying scenarios.

Our DFT analysis of interfacial phenomena of ionic soluside@gins with the re-examination of the
wetting behaviour of the HCY solvent to provide an ion-freanbhmark against which the effects
of ionic solutes and external electric fields are measuréx pure solvent results are in qualitative
agreement with earlier studies [11,12,24], but some gtaivié differences are observed, due to our
use of a more accurate density functional for the hard sptwaribution to the free energy. The next
step has been to quantify the influence of the ionic solutee@structure of the electrolyte-electrode
interface, and on the order and location of the surface ptrassitions. The physical parameters
which were varied are, apart from the temperature, the Nal€kcencentration, the surface charge
densityo of the substrate and the dielectric permittivity of the m@idvent. Concerning the wetting
transitions, the most common effect we found upon addingisa drop in the wetting tempera-
ture T,,, amounting to about 3% or less, under most conditions whierewnvestigated. This drop
is generally found to be a monotonically decreasing, liffeaction of |o|. This trend can be ex-
plained quite straightforwardly - charging up the substisttenghtens the substrate-fluid attraction
(counterion-substrate directly, and solvent-substradeectly), and the transition temperature shifts
downwards accordingly, just as for one-component fluidsvéler, some of the solutions examined
in this work are exceptions to this rule - tig,(|o|) function was found to display a maximum for
moderate wall charge densities. It shows that in multi-congmt fluids increasing the attraction be-
tween the solid and just one ingredient of the mixture mayleed to a lower transition temperature,
and that the constituents may compete in forming the weftimg When systems differing only in
salt concentration were compared, the one with a highetesalontent was always found to have
a higherT,,. It indicates that the range of the electrostatic intecendtiis a factor of considerable
importance for the location of the wetting transition. Thelgsis of the influence of the third param-
eter defining the charge-charge forces - the dielectric figvity - yields results consistent with this
conclusion. No universal trends linking, ande were found, which is not surprising as increasing
the dielectric permittivity increases the range of elestitic interactions (which makes wetting more
favourable), but on the other hand decreases their stréwdibh is a hindrance to liquid film forma-
tion). However, in systems with the largest Debye lengthergtthe charge separation is not limited
to the vicinity of the electrode, but spans the whole widtlhaf wetting film, the increment in range
is seen to outweigh the reduction in the substrate-coumtexitraction.

The order of the wetting transition in most systems contgnons was found to be the same as in
the corresponding solute-free fluids. However, severa<a$ a cross-over from a continuous to a
discontinuous process caused by electrostatic forces obmerved. In systems with a short Debye
length, where the counterion excess extends over only gee, la transition which was second or-
der in the ion-free solvent may become first order if the sotuis placed in contact with a highly
charged substrate. By contrast, if the solution is baseti®@same HCY fluid, but is characterised by
long-ranged Coulombic forces (charge separation spanhégntire liquid film width) discontinuous
wetting is found even for moderate| values. Additionally, the change in the wetting tempemtur
accompanying the change in scenario is much larger tharyiotaer system with comparable charge
density on the substrate. The problem of the influence otisalutes on the order of surface phase
transitions has been considered earlier by Denesyuk andddafil4], although in their model the
solvent particles were not taken into account explicithd gheir free energy was approximated by a
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phenomenological Cahn-type functional. The current sieahcurs with the conclusion reached in
the earlier analysis that long-ranged electrostatic autgons favour first-order wetting. Both works
also agree that, when Coulombic forces are strongly scdeehe type of transition in a salt solu-
tion tends to be the same as in the pure solvent. Howeverntastigation in reference [14] did
not predict the connection between high substrate surfaaege density and an inclination towards
discontinuous wetting, which is observed in the currentlt his discrepancy is a consequence of
the different level of accuracy of the fluid structure dgstioin in the respective solution models. The
preference for a first order wetting transition in systemtwigh ||, which has been observed in the
work presented in this paper, stems from interactions inuglthe layers formed on the substrate’s
surface by the counterions and the solvent. The calcukaiior{14] do not account for the layering
phenomena, and therefore overlook their influence on wettBimilarly, the solute-induced switch
from a first order to a critical transition predicted in [14]not likely to occur for a solution which
incorporates an explicit solvent. The authors of the eanggk found such a scenario in systems with
medium ion concentration and moderate to high wall surfé@gge density. The current analysis,
however, shows that substrates possessing the latterctdr@stc favour first order wetting. Like-
wise, we found no evidence of a sequence of two wetting ttiansi, predicted in [14] for some salt
solutions in the region of the parameter space adjacenatahere the cross-over from a discontin-
uous to a continuous transition takes place. The scenaniootde completely ruled out, since the
fraction of the parameter space explored in our study is nsncaller than in [14] due to the much
larger computational effort needed to determine the ttemscharacteristics in a system where all
three species are considered on a microscopic level. Howtbeclayering effects certainly limit the
extent of conditions under which such a sequential prosegessible.

The drying phenomena which occur on the liquid side of theitleyapour coexistence curve are less
frequently discussed in the literature. However, the madakidered here displays some very inter-
esting behaviour in this region. The solute-free HCY ligditces completely in contact with a hard
wall for any temperature between the triple and the crigcaht, which is typical of a one-component
fluid. When ions and surface charge on the substrate are adedehtying behaviour of the system
changes radically. The interaction between the wall anddhaterions gives rise to an effective solid-
fluid attraction, which hinders complete drying. Dependamgthe sign of the substrate’s charge, the
contact angle may remain beloM0° for any temperature, or a drying transition may occur. While
the former scenario is quite common, the latter is rarelyeoked in semi-infinite vapour/liquid/solid
systems, and usually associated with discountinuousactien potentials (e.g. square well [32—34],
truncated Lennard-Jones [35-37]). It is however not ouhefdrdinary in fluids of elongated parti-
cles, where an intrusion of an isotropic phase between thieawa a nematic phase is called drying
[38,39], or in liquids under confinement (capillary evapgmna). The drying behaviour of our model
is determined by the interaction between the solid-fluidbgswate with adsorbed counterions) and
liquid-vapour interfaces, which may be attractive (makoognplete drying impossible) or repulsive
(phase transition possible). When a drying transition dmesir, it was found to be first order. The
relation between its characteristic temperatlrg) and|c| is of opposite trend to the case©f,.

In our earlier work [15] we discussed asymmetry-specificnoimeena caused by realistic cation-
anion size ratios in systems composed of ionic solutionsaanard sphere solvent. Predictably, the
wetting transitions in the current model are affected ad.wite wetting temperatures were found
not to be equal in systems differing only by the sigrvofinterestingly, the trend of the difference
depends on the order of the transition. If the process iodigtuous, it occurs between a very thin
film consisting mainly of the counterions, and a completedy state. In this situation the counterion
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with the longest range of exponential attraction (chlorinduces wetting at a lower temperature. For
the same reason the transition changes order from secondttmbire easily if anions are attracted
to the wall. On the other hand, in critical wetting the film gtb passes through all the intermediate
length scales, so that steric competition between the sbbmed the ions becomes important. This
results in lowerT',, for substrates attracting small sodium cations. If theetigic permittivty of the
solvent is inhomogeneous its variation also contributethéowetting temperature asymmetry with
respect to the sign reversal of sinces is then different for each ion type at a distankg'2 from
the substrate (higher for anions). Such a local increasenieakens the attraction between the solid
and the first layer of counterions, and hence the influencatadducing a nonuniform permittivity
function can be expressed by the inequaliy, (+|c|) > AT, (—|o|). The aforementioned excep-
tions, wher€l'y (|o|) is not a monotonically decreasing function, are systemshichvthe hard core
repulsion between the solvent and adsorbed chlorine anohtitfication of electrostatic forces by
inhomogeneous dielectric permittivity both work towardsreasingdl’y,. There is another interesting
disparity in the way the transitions of different order affeeted by ion size asymmetry. First order
wetting temperatures depend mainly on the absolute valukeo$ubstrate surface charge density,
and the sign ot has a relatively small influence. In critical wetting thersiggversal has a more
significant impact orl',, comparable with varyingr| by a factor of 2. It indicates that the location
of a discontinuous transition depends chiefly on the sutesthaid potential, while for a continuous
transition the details of both substrate-fluid and fluidefluiteractions have a significant influence on
Ty

The impact of ion size asymmetry on drying behaviour is evemenprofound than on wetting. If
a substrate-solution exponential attraction is absein,thie sign of the charge density on the wall
which determines what surface phase transition scenarawailable to the system. Two factors
contribute to this outcome. The first is the charge distidvuat the free liquid-vapour interface of
the model solution. Due to unequal cation and anion diara¢ierdensity profiles of the two species
are not identical and’l~ ions were found to be more abundant at the interface. Thisifedas
been observed experimentally [30] - electron spectrosexperiments have shown that aqueous
solutions of halides have negatively charged surfaces.s€bend factor is the incomplete screenig
of the substrate’s electric field by the first layer of monewtlcounterions. Therefore, df is pos-
itive the solid-fluid interface still carries a residual five charge, despite the adsorbed anions. In
this situation, even if the direct substrate-solutionratgion is weak and vapour intrudes between
the two phases, the interfaces bordering this third entillyattract each other and limit the gas film
thickness to finite values. It is the only drying scenarialatde for systems witls > 0. However, if

o is negative the intruding vapour is confined by interfaces tepel each other, leading to a contact
angle of180°. As vapour entry between the solid and the liquid is mordyike higher temperatures,
a drying transition may occur. Of course scenarios wheteed completely or partially dry state
persists for alll; < T < T. are also possible.The results may be different for mukivetations like
Ca?*, which show charge inversion, i.e. the charge of the firsbodayer is higher than. However,

to account for this effect a density functional beyond thelef the MF approximation would have
to be used for the electrostatic contribution to the freergyneThe first order drying transition is
predicted to occur in the absence of any long-range waliHilispersion attraction. If the latter were
included, the predicted drying transition may well be segped. Further work will be required to
investigate the competion between wall-fluid Coulombic digpersion forces regarding a possible
drying transition.

The least attractive aspect of the "semi-primitive modekisidered in the present paper is the use of a
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non-polar solvent and the phenomenological introducticananhomogeneous continuum dielectric
permittivity. A more satisfactory model must include a swivof dipolar particles. DFT calculations
of the wetting and drying behaviour of ionic solutions basadsuch a fully microscopic model will
be reported in a subsequent publication.
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ky — 1.2 ky — 1.8
o [e/nm?] c=0.1M c=1M c=0.1M c=1M

T, /T, | order| T, /T, | order| Ty,/T, | order| T, /T, | 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
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Table 1: Wetting transitions of the semi-primitive modeNdCI in water. The concentrations c refer to the salt content
in the liquid. The dielectric permittivity (z) is approximated by the sigmoidal function ( 34).
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20 Figure 1: The solvent densitigs; = podi of coexisting liquid and
21 vapour phases as a function of temperature and NaCl coatientr
22 (symbols). The inset shows the total density - temperathese di-
23 agrams near the critical point.
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Figure 2: Density profiles of the pure HCY solvent vs distandmm
the planar substrate. The lines with full symbols corresion.759T.,
and lines with empty symbols t©818T.. The shape of the symbols in-
dicates the distance from coexistence - the profil@siai., are marked
with squares, ab.999 ., with circles and a0.99995p., with triangles.
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20 Figure 3: Adsorption of the HCY fluid as a function of distaricam
21 coexistence along five isotherms for dimensionless inveasge pa-
22 rametersk,, = kf = 1.8.
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Figure 4. Same as in Fig. 3, but fd, = 1.2, k; = 1.8 and six
isotherms.
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pa@/p

Figure 5: Density profiles of the ions across the liquid-uapoterfaces
of two SPM models of a 0.1M NaCl solution@t = 0.75(298K). The
two models differ by the solvent dielectric permittivity Héid symbols
indicates(z) given by ( 34), and empty symbols mean that the CM ex-
pression ( 32) is used. Lines with circles correspond toradoanions
and lines with triangles to sodium cations. The inset in thigdm right
corner shows the solvent density profile (only one is plottethere are
no significant differences between the models). In the ulgiecorner
the permittivity functions are displayed. The line with sses and the
right-hand y axis corresponds to the CM approximation, atiie plain
line and the left-hand y axis corresponds to the sigmoidatession.
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Figure 6: Charge density profiles across the liquid-vapotarface of
NacCl solutions. The shape of the symbols distinguishesdwmtwdiffer-
ent concentrations - circles for 1M and squares for 0.1Meé&isymbols
correspond to sigmoidal permittivity, while empty onestte CMe(z).
Electrostatic potential profiles are shown in the inset\iar of the four
solutions.
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18 z[A]

20 Figure 7: Density profilesp,(z) of a liquid film formed by
21 NaCl vapour atp = 0.999p., (the saturated vapour coexists with
22 a 1M solution) at a charged substrate. (z) is sigmoidal,
23 ky =12, 0 =—0.55¢/nm?, T = 0.775T.. The inset shows the di-
24 electric permittivity profile.
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Figure 8: Density profiles of NaCl vapour at= 0.9999p., (the sat-
urated vapour coexists with an 0.1M solution) at a chargédtsate.
e(z) is sigmoidalk,, = 1.8, ¢ = —0.55¢/nm?, T = 0.727T.. The
inset shows the dielectric permittivity profile.

27

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



Page 29 of 33

©CoO~NOUTA,WNPE

Molecular Physics

0.79 \

0.78 r

¢ R
-
|

0.77 R ® 5
0.76 | O & 2
0.75 () 1

0.74 r :

T/ Te

0.73 | ]

0.72 I I I I I
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

o [e/nmz]

Figure 9: Wetting temperatures of SPM NaCl solutions wignwidal
permittivity as a function of substrate surface charge itgnsThe
symbols correspond to the followingk,; c} pairs: 0 ~ {1.8;1M};

A~ {1.8;0.1M}; O ~ {1.2;1M}; & ~ {1.2;0.1M}; O ~ {1.8;0}.

A filled symbol signifies a first order transition, while an eémpne a
second order transition. The location of the transitiorhim pure HCY
fluid near a substrate with, = 1.2 is marked with a '+'.
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Figure 10: Same as in Fig. 9, but for solutions with Claudiassotti
permittivity. The symbol code is as in Fig. 9, with the adulial V
symbol corresponding tofl.73; 0.1M} system, anck ~ {1.73;0}.
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20 Figure 11: Density profiles of 1M NaCl at liquid-vapour coxi
21 tence near a hard wall carrying a surface charge +0.17 enm~2).

22 T =0.769T,, ¢ is a sigmoidal function defined by ( 34). The inset
23 shows the total amount of charge per unit diga) contained between
24 0and z.
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Figure 12: Solvent adsorption of 1M NaCl at liquid-vapouexistence
as a function of substrate surface charge demsity(z) is given by the

CM expression ( 32)]' = 0.7697T..
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20 Figure 13: Density profiles of 1M NaCl near a charged hard sub-
21 strate under liquid-vapour coexistence conditionsl' = 0.769T,

22 o = —0.91e/nm? and the dielectric permittivity is a sigmoidal func-
23 tion of the solvent’s density. Inset as in Fig. 11.
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