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Wetting and drying scenarios of ionic solutions.

ANNA OLEKSY and JEAN-PIERRE HANSEN
Department of Chemistry, University of Cambridge, CamgeicCB2 1EW (UK)

We review recent theoretical results obtained for the wettind drying behaviour of ionic solutions
near a charged solid substrate. Three levels of modellimg plutions are considered: the primitive
model, where the solvent is replaced by a dielectric comtimuthe "semi-primitive” model where
the solvent is represented by hard spheres with a Yukawacttin and a dielectric permittivity is
introduced, which depends on the local solvent densitythadcivilized” model, where the solvent
molecules are dipolar hard spheres with a Yukawa attrac@aiculations on the primitive model are
based on a square gradient functional for the solvent, coedhwith a Poisson-Boltzmann description
of the ions; the dicrete solvent models are treated withimkiroomponent density functional theory,
combining Rosenfeld’s fundamental measure descripticgxofuded volume effects with the mean
field approximation for the Yukawa and electrostatic inticns. Qualitative agreement is found
between the predictions of the three models, while thoséetwo discrete solvent models agree
quantitavely. The relative size of anions and cations isvsho have a crucial influence on interfacial
properties, as observed experimentally. A novel dryinghade is predicted near a charged wall.
New results are reported for the variation of the surfacsiteny with ion concentration c. Contrary
to the observed behaviour of aqueous ionic solutions, thedivapour surface tension is found to
systematically decrease with ¢, presumably because owerganodels are insufficient to describe
water, due to the neglect of strong hydrogen bonding. The/8qlid surface tension is in contrast
shown to be a non-monotonic function of ¢ and to possess amumi
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1 Introduction.

Solutes can profoundly modify the interfacial properti@sparticular the surface tension of sol-
vents. While surfactants radically reduce the surfaceidensf water/oil interfaces, ions, on the
contrary, lead to a significant increase of the surface ¢ensi the water/air interface [1], which may
be traced back to strong Coulombic interactions [2—4]. &navhich is the surface excess contribu-
tion to the free energy of an inhomogeneous fluid, contrasatatting of a solid (or liquid) substrate
by a saturated vapour, or the conjugate drying behavioun@fcbexisting liquid phase, it is to be
expected that any solute will affect the wetting and dryiransitions of the pure solvent. However,
while the experimental investigation [5], and theoretigatlerstanding [6] of wetting transitions
are well advanced for pure fluids and mixtures, much lesstatte has been devoted to the study of
wetting and drying phenomena of ionic solutions. The redsoithis may lie in the complication
linked to the additional length scale, the Debye screerength\p, which competes with the usual
length scales, namely the film thickn&sshe widthé of the liquid/vapour interface, and the range of
the substrate/fluid attractiony controls the strength of the electrostatic repulsion betwibe elec-
tric double-layers which form at the substrate/fluid andiligvapour interfaces, and hence affects
the thickness of the liquid wetting film [7-10]. However, timluence of such effects on the wet-
ting and drying scenarios of ionic solutions has only relgdn¢en investigated theoretically, within
a mean-field framework, using the tools of density functitin@ory of inhomogeneous fluids [11,12].

In the present paper we review this recent work [13-17], amdgnt some new results on the
variation of the substrate/fluid and liquid/vapour surféeesions with ion concentration. After a
brief reminder of mean field theories of wetting and dryirapsitions in simple fluids (Section 2), we
introduce the models and approximations used to descriimamogeneous ionic solutions (Section
3). In Sections 4-6 we present the DFT results obtained witheiasingly “realistic” representations
of ionic solutions, namely the “primitive” model (Sectio, 4he “semi-primitive” model (Section 5)
and the “civilised” model (Section 6). Our new data conaagrthe ion concentration dependence of
the surface tension are presented in Section 7, while csiocis are drawn in Section 8.

2 Mean field theories of surface phase transitions.

The present discussion will be restricted to three-phasdilegum between a “spectator phase” a,
taken here to be a planar solid substrate, and two fluid pl{agesl b and vapour ¢). The competi-
tion, as a function of temperature and proximity of liquigpour coexistence, of the interfacial free
energies, or surface tensiong,, v.. and~,. gives rise to surface phase transitions, namely wetting
and drying. If a saturated vapour is put into contact with ladsubstrate, which exerts an attractive
force on the vapour molecules, a microscopically thin “‘igjuilm forms at contact. This partial
wetting situation is characterised by the thermodynanequrality:

Yac < Yab + “be (1)

and is observed well below the liquid/vapour critical temgpereT.. However, as the temperature
Is increased along liquid/vapour coexistence, a simplaraemnt due to Cahn [18] shows that at a
wetting temperaturd,,, the inequality ( 1) becomes an equality, and a macroscibpiteck liquid
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film intrudes between the substrate and the vapour. Thisngdtansition is usually first order, i. e.
the liquid film thicknessg jumps discontinuously from a finite (microscopic) valuedvell',, (partial
wetting) to infinity (complete wetting). In some rare casesgeond order scenario has been observed
[5], where the film thickness diverges continuouslylgsis approached from below (second order or
continuous wetting transition). In the case of a first ordetting transition afl’,,, there is an addi-
tional twist, predicted theoretically by Cahn [18], and bynér and Saam [19] in 1977, namely a
prewetting transition as vapour/liquid coexistence israpphed along an isotherin > T, from the
undersaturated vapour side. The film thickness undergoegeadiscontinuity (jump) as a prewetting
line is crossed; after thgtdiverges continuously as the coexistence line is appraachiee prewet-
ting line starts on the coexistence curv8at T,,, where the discontinuity is infinite, and moves into
the undersaturated vapour region where the discontineams finite. Its amplitude decreases with
increasing T and vanishes at a prewetting critical pdipt., above which the film thickness varies
continuously.

On the liquid side of the phase diagram, conjugate drying bepbserved, where a gas layer
intrudes between the bulk liquid and a solid substrate. Ttokness of this “vapour film” increases
continuously as coexistence is approached along an isoflaed diverges at coexistence [20, 21].

The film thickness, or equivalently the adsorptionis the obvious order parameter characteris-
ing the surface phase transitions. If the structurelespematrable substrate is taken to be the xy
plane (z=0), the local fluid density, or density profil@) is the fundamental quantity within DFT of
classical inhomogeneous fluids [11,12]. The adsorptioeimdd as:

r= [ lpe) - 1) @

wherep”) is the bulk density of the fluid, far from the substrate (i. ®z a+ oo). The film thickness
¢ may be defined as = ’f’ = |T/p9].

Within DFT the equilibrium density profile is obtained by rmmzing an approximate expression
for the grand potential functional (per unit area of the $uatts) (2 [p(z)] with respect tg(z), for a
fixed chemical potential, namely:

Qmwn:men+Amwwww4mwm @3)

whereF [p(z)] is an approximate free energy functional (per unit area)\&zj is the potential of
the force exerted by the substrate on the fluid molecules.ELier-Lagrange equation leads to the
following generic expression for the density profile [11],12

ple) = 90 exp { o [l - n(0) + V(o) | @
wherep® = p(z — o0) is the bulk density,
ulp(a)] = “e) ©
2
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is the “local” chemical potential, ang(p®)) = . is the overall (bulk) chemical potential. For a given
free energy functional F, eq. ( 4) must be solved iterativedybstitution of the solution into the
surface excess grand potential yields the surface tension

7 = Q% [p(2)] = Q[p(2)] - ) = F[p(2)] - F(o®) + / Veptds— gt ()

Note that the adsorption ( 2) and the surface tension aréecelay the Gibbs adsorption equation

[11,12]:

which provides a useful test of the thermodynamic conststenresults based on approximate func-
tionals [22].

At this stage, one may schematically distinguish betweem d¢lasses of DFTs of wetting and
drying. Following the pioneering work of Cahn [18], phenarmakgical theories are based on gener-
alisations of van der Waals classic “square gradient” thebthe liquid/vapour interface [12,23,24].
Microscopic theories, starting from a molecular desonipof the fluid, were pioneered by Ebner and
Saam [19], and by Sullivan [25, 26], and culminated in thesiee work of Evans and collaborators
[21,27-29]. Following van der Waals, Cahn assumes the gepsifile p(z) to vary slowly near
contact. The substrate-fluid interaction is assumed tordgtai contact:

V(z) = Vq (p(z)) 6(2) (8a)
with: v .
kl(ff)) =Y —np+ 57202 (8b)

The square gradient expression for the surface excess gatextial hence reads [6,18]:

wherep; = p(z = 0) is the contact value of the local densi¥y.(p) is the reduced bulk grand poten-
tial density (local density approximation), while the domént B/2 of the non-local square gradient
correction is assumed to be independent of density. In itisity of the critical pointW (p) may be
approximated by the double well form:

W(p) = clp—p)*(p— po)? (10)

wherep, andp, are the temperature-dependent densities of the coexligjunid and vapour phases,
and c is another phenomenological coefficient. The equulibiprofile is easily calculated to be:

P2 = b e T =079
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whered = /B/2c(p — py) ! is the van der Waals width of the liquid/vapour interface , A2, 24],
and( = —0InC = —=dIn[(p — ps)/(ps — py)] Is the film thickness. Substituion of ( 11) into ( 9)
yields the reduced surface excess grand potential in the {a83, 14]:

0% _ oot 1 1 1+( )C 1 c )
=w¥=uw — i -
keT o TS0 roE T3 op 6 P TPipe e\

(12)

wherews™ = v+ — 1o + 2pf, v = vV2Be(m — py)?/6 is the van der Waals surface tension of
the liquid/vapour interface, ang andp, are the two control parameters

§é! V2

_ o 2. _ — -1
P1 \/ﬂ(pl pv) ) \/ﬂ(pl P )

(13)

w* is finally minimised with respect to C (or equivalently to tbentact density,), which deter-
mines the film thickness§ corresponding to the lowest minimumo©f* for any given temperature (i.
e. p andp,). Depending on the values of the two control parameterandp, a first (discontinu-
ous) or second order wetting transition is predicted aldwgliquid/vapour coexistence curve. The
Cahn theory also predicts the prewetting scenario as thesteace curve is approached from the
undersaturated vapour side, provided the grand potergraity ( 10) is generalised to incorporate
an additional contribution linear ifp — p,) proportional to the degree of undersaturation [14,18].
Cahn’s theory is very attractive because of its fully analgature, but it requires a large number of
thermodynamic or phenomenological parameters as ifiplif'), p,(T), B, ¢, 71, 72) which must be
taken from a separate microscopic theoretical descriptiofrom experiment.

Microscopic density functional theories are based on a outde model of the fluid, which spec-
ifies the Hamiltonian of the system, i. e. the interactionsvieen the molecules [19, 21, 25-29].
Following van der Waals, the pair potential is split into @gtrange repulsion and long-range (LR)
contributions (dispersion and Coulombic interactiond)e Tormer is conveniently taken to be of the
simple hard sphere (HS) form. Accordingly, the free energyfionalF|p] may be split into ideal,
HS and LR contributions:

Flp(2)] = Fia[p(2)] + Fus [p(2)] + Fr [p(2)] (14)

While Fiq [p(z)] is known exactly [11,12]

Fua [p(2)] = knT /OOO ) {log (A%(2)) — 1} da (15)

approximate expressions must be used for the contribukignandF i due to intermolecular forces.
Weighted density approximations have been used'fgrby the Bristol group [21,27-29], but the
work on ionic solutions reported in the following Sectioad®ased on the more accurate “fundamental
measure” functional introduced by Rosenfeld [30] in its trefined form [31, 32]. The long-range
contribution to the free energy is almost invariably takebée of the non-local mean-field form:

Fin [p / dz / az'p(rywilz — 2'|)p(z") (16)
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where w is the long-range part of the pair potential, suytaiitegrated over the transverse (X,y) coor-
dinates.

Minimisation of the corresponding grand potential ( 3) witkpect tg(z) can no longer be carried
out analytically but requires careful iterative numerisalutions [21,27-29]. The various wetting
scenarios predicted by Cahn’s phenomenological theorg@r@rmed by the “first principles” DFT
approach. A key finding of the Bristol group is that the ordgihe wetting transition is very sensitive
to the range of the substrate/fluid attraction, relativehett bf the attractive potential w(z) between
fluid molecules. Short-range substrate/fluid attracti@vedr a continuous wetting transition, while
first order wetting and prewetting transitions are foundd¢ou when the range of the attraction ex-
erted by the substrate on the fluid molecules exceeds a tide§hy7].

In the following Sections the phenomenological and micopscDFT approaches are generalised
to the case of simple models of ionic solutions [13—-17]. Important to stress at the outset that for
any theory of wetting or drying to be consistent, the inteighand bulk thermodynamic properties
must be calculated throughout from the SAME free energytfanal, which reduces to a function of
the constant densities in the bulk.

3 Simple models of ionic solutions.

lonic solutions are (at least) three-component systenwvimg the solvent, cations and anions. To
investigate their interfacial properties next to a neusralharged planar substrate, one must introduce
three density profilegy(z) (solvent),p, (z) andp_(z). A fundamental combination of the latter two
profiles is the local charge density:

pe(z) = Y dapal?) (17)

a=-+,—

whereq, is the charge carried by ionic species The profiles determine the partial adsorptions of
the three species:

razémmmaa—dm (18)

which are in turn related to the interfacial tensigrby the generalisation of the Gibbs adsorption

equation ( 7): 5
ro=- (5 (19)
8/’1‘0{ T7{N/ﬂ}

Through their long-range Coulombic interaction and theinesment of charge neutrality, both glob-
ally, and locally through the screening mechanism, theiimingduce qualitatively different interfacial
behaviour (compared to the pure solvent), essentiallytiindhe formation of electric double-layers
at the substrate/fluid and liquid/vapour interfaces. Weelstudied how the ions modify the wetting
and drying behaviour of the pure solvent, using three difiemodels of the ionic solution:

a) The “primitive” model, where ions and solvent molecules @ompletely decoupled, the solvent
playing only the role of a dielectric continuum of fixed pettinity ¢ relative to the ions. The
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phenomenological theory combines Cahn’s theory for theesilas sketched in Section 2, with
Poisson-Boltzmann theory for the inhomogeneous “fluid’asfs. This Cahn-Poisson-Boltzmann
approach [13,14] will be presented in Section 4.

b) The “semi-primitive” model (SPM) takes the molecularmyukarity of the solvent explicitly into
account, by representing the solvent molecules by neuwral $pheres with attractive interactions
between all solvent-solvent, solvent-ion and ion-iongdine ions are charged hard spheres. Since
the model ignores the polar nature of the solvent moleciilesjst be supplemented by the intro-
duction of a local dielectric permittivity(z) depending on the local solvent density to allow for
solute dissociation [15, 16]. This model will be considere&ection 5.

c) The “civilized” model [33,34] introduces an explicitlpfar solvent, by representing its molecules
by dipolar hard spheres. Apart from this crucial refinem#rg,model is similar to the SPM, but
does not require the phenomenological introduction of allpermittivitys(z), since the dielectric
properties of the solvent are now controlled by its molecdipolar moment. The wetting and
drying behaviour of the “civilized” model [17] will be the bject of Section 6.

4 The primitive model: Cahn-Poisson-Boltzmann theory.

Within the primitive model, the surface excess grand padérg assumed to be the sum of two in-
dependent contributions, both functions of the film thidse the solvent contributiof®, derived
from Cahn’s square gradient theory (cf. eq. (9)), and artr@istatic contributiof2¢! due to the elec-
tric double-layers formed by the ions at the substratatiqund liquid/vapour interfaces; the latter is
calculated within the non-linear Poisson-Boltzmann (Riory of ions in a continuous solvent of
dielectric permittivitys.

Q(C) = 2(¢) +Q°(¢) (20)

The substrate carries a uniform surface charge chosen tedsive for clarity,c = —q/a, where

a is the area per unit charge. The counterions carry a chajga/hile the coions have a charge
-q (symmetric electrolyte). The generalisation to ions iffedent valences is straightforward. The
cation and anion density profiles within the wetting film sBtiPoisson’s equation:

dz(I)(z)
dz2

= —drls o1 (2) — p-(2)] (21)

where®(z) is the dimensionless electrostatic potentjél(z) /kg T andlg = q*/(ckgT) is the Bjer-
rum length.

Assuming the ion concentration in the vapour phase abovkde film to be negligible (i. e. ions
do not leak outside the film), the potential must satisfy tberwlary conditions:

P 47l P
dd(z) _ 4x B dd(z) _0 (22)
dz |, a dz |,
which are equivalent to the overall charge neutrality coodi
¢ 1
o0 = p-a))do = (23)
0
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The PB free energy functional is the sum of ideal and mean dielctrostatic contributions:

e C ¢
= AEBT = ; /0 pa(2) [log (Aopa(z)) — 1] dz+% /0 pe(2)®(2)dz (24)

wherep.(z) = py(z) — p_(z) — 0(z) /a is the total charge density (in units of q).
Imposing chemical equilibrium throughout the wetting film:
of* {ps(2)} ()
o(2) = ———F————= = 25
7)== 0 (25)

where;() is the bulk chemical potential of anions and cations, thetZBaann form of the density
profiles is recovered:
p(2) = pV exp {F0(2)} (26)

Substitution of ( 26) back into eq. ( 21) results in the PB eigma
d?®(z)
dz?

= 87lgp? sinh (B(z)) (27)

which must be solved, for a given film thickne§ssubject to the boundary conditions ( 22). This
can be achieved analytically, in parametric form [13, 14je Bolution may be substituted in the free
energy functional ( 24) to yield an analytic expression for electrolyte contribution to the surface
excess grand potential:
Qe

fe — pl

e

YT AkeT

¢
0 / P+ (2) + p_(2)] de (28)

as a function of the film thickness Gathering the results for the pure solvent (eq. ( 12)) amd fo
the electrolyte, one obtains the total surface excess gratahtial as a funcction af. The following
scenarios emerge:

a) In the simple case where only counterions (released bsuibstrate into the film upon ionisation)
are present (i. ep_(z) = 0), the electrostatic contribution® is always positive, and decays like
1/¢ due to the lack of screening, while the solvent contributiérdecays exponentially with.
Consequently the variation of** = w® + w® with film thickness is dominated hy® asz — oo,
and the wetting transition will always be first order, irresfive of the discontinuous (first order)
or continuous (second order) nature of the wetting tramsif the pure solvent [13,14].

b) In the more general case of added salt (i. e. the presersmmioterions and coions), the wetting
behaviour is controlled by three dimensionless parameateasidition to the parameteps andp.,
defined in eq. ( 13), which control the wetting scenarios efghre solvent; these three parameters
are determined by the two additional physical variableselg the reservior chemical potential
1, or equivalently the reservoir ion concentrati(pﬁ% = p(_o) = p® (symmetric electrolyte) and
the surface charge density= q/a (the three parameters are hence not fully independenty The

are:
p(O) K — 47T1b

3kp7y’ aKp

d = Kkpd; (29)
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1

2

3 wherej and~ are the liquid/vapour interfacial width and reduced swefemsion of the pure sol-
g vent defined after egs. ( 11) and ( 12), whilg = \/87p(15 is the inverse Debye screening
6 length.

7 When salt is preserip” # 0), the electrostatic interactions are screened, and théngetan-

8 sition of the ionic solution may be either continuous or digmuous, depending on the specific
20 values ofp® ando. Whenp® +£ 0, we decays exponentially with = xp(. The wetting transi-
11 tion is always discontinuous (as for the salt-free casedag asp® < 5 ~ 0.05M [14]. When

ig p > 5 three different wetting scenarios may occur [14]:

14 (i) Upon increasing the solvent control parametera discontinuous wetting transition occurs
ig at somept’ > ps.

17 (i) As p; is increased, a continuous wetting transition occugsg’at p.

ig (iif) A succession of two wetting transitions is observedstfia discontinuous jump between a
20 smaller valug;" and a larger valug!’ of the film thickness occurs at somg < p,; this dis-

21 continuous transition is followed by a continuous diveigenf{ asp; — p». Unlike in the
312; case of prewetting, this sequence of wetting transitiorsbgerved along the vapour/liquid
24 coexistence curve, with the continuous transition oceudlose to the critical point; this
25 scenario is a direct consequence of the appearance of twmenin the total surface excess
g? grand potentiak as a function of.

28 For high salt concentrations® the electrostatic forces are strongly screened, and dohaotge
gg the order of the wetting transition of the pure solvent.

g; The various scenarios may be understood in terms of the ditropef two different length scales in
33 the ionic solution - the bulk correlation lengthof the solvent and the Debye screening length.

34 Maps of the occurence of the wetting scenarios in parampsaesare given in ref. [14]. In the case
35 of aqueous ionic solutions the wetting behaviour is exgktide very similar to that of pure water
g? due to its very high surface tensigninteresting effects may be observable for weakly polaresuis
38 (with v << ym,0) or in the presence of organic surfactants.

39

40

41

fé 5 The semi-primitive model

jg The phenomenological Cahn-PB theory of wetting by ionieiBohs has some obvious limitations:
46 the underlying “primitive” model ignores the coupling b&®n ions and solvent; the square-gradient
a7 and PB approximations cannot account for the strong lagerirsolvent molecules and ions near the
jg substrate, due to excluded volume effects; the free enarystibnal is not directly related to an un-
50 derlying microscopic model of the solution, and requiresitiput of a number of phenomenological
51 parameters, which must be taken from experiment or indegrerideoretical calculations, e. g. of the
gg liquid/vapour phase diagram. A more microscopic approbabed on a well defined Hamiltonian, is
54 clearly desirable. This would be a formidable task for sgaimodels of water, but simplified models
55 of the solvent may be expected to provide at least a quaktaicture of the influence of dissolved
56 ions on the wetting and drying behaviour of the solvent, Whitay be confronted with the trends
g; predicted in Section 4 on the basis of Cahn-PB theory.

59

60
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The “semi-primitive” model (SPM) briefly introduced in Sext 3 is a step in that direction. Sol-
vent molecules are taken to be neutral hard spheres of ddamhgtwhile cations and anions are
charged hard spheres of diametérsandd _; the investigations in reference [16] are restricted to
monovalent iongq, = +e, q_ = —e), and the diameters taken equal to their Pauling values. This
is the basic model examined in ref. [15]. The Coulombic iat#ons between ions are reduced by
a constant permittivity associated with the solvent, hence the name of “semi-pv@iimodel; it
takes into account the granularity of the solvent (unlike‘gprimitive” model), but its polar nature is
accounted for only on a macroscopic level, as is the casetiattielectric continuum representation
of the “primitive” model.

lon and solvent density profiles and related interfaciapprtes of the SPM near a neutral or
charged hard wall were calculated in ref. [15] on the basesfoée energy functional detailed below
including an approximate Coulomb correlation term [35f, M&aCl, KCI andCaCl,. For the mono-
valent ion cases and moderate surface chasgiéne correlation term does not significantly modify
the predictions based on the mean-field density functievtath yields density profiles in reasonable
agreement with Monte Carlo data for a symmetric SPM [15, 36].

Wetting and drying phenomena being controlled by cohesibstsate/fluid and fluid/fluid forces,
the above SPM must be augmented by the addition of attractieeactions between the solvent
molecules and the ions, and between the substrate and tht®solFollowing the work of Sullivan
[25, 26] and of Evans and coworkers [21,27-29], Yukawa-dkeactions between all species are
assumed. The pair potentials are hence chosen of the gémrani¢a, 5 = 0, +, —):

o0, T < daﬁ = (da +d5)/2
Vag(r) = (30)
A8 — Bexp[—ke(r/dag — 1)}; 1> dag

wheree is the (local) dielectric permittivity of the solvent, u ise energy scale (multiplied by unit
length) of the attractive interaction, akgcontrols its range. For simplicity u arkgd are assumed to
be the same for alk 5 pairs.

The external potential exerted by the planar substrateswitface charge on particles of species
« is of the form:

00; 7 < %da
Val(z) = (31)
—uy exp{—ky(z/dy — 1)} — QZ%QZ; 2> 3d,
where z is the distance from the substrate (xy plamg)s the energy scale of the non-Coulombic sub-
strate/solution attraction, whilg, controls its range. Convenient reduced variable§are kg Td, /u,
P = podd ande* = od3/e. We know from the work of Tarazona nad Evans [27] that theiatik,,
controls the order of the wetting transition of the pure salv
The total free energy functional per unit area, genergisive pure solvent form ( 14), may be

conveniently split into the following contributions:

Fl{pa(2)}] = Fial{pa(2)}] + Fas[{pa(2)}] + Fy[{pa(2)}] + Fal{pa(2)}] (32)

The ideal termF,, is the sum of three contributions of the form ( 15). For thedrgwhere term we
have used the most accurate fundamental measure form ddaptethree-component HS mixture
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[15,32]. For the Yukawa attraction teriy, and the electrostatic terr, the mean-field form is
adopted:

1 > > / Y 7 — Z/ Z/
Fution(} = 53 | e [ awatesta = Doste) (39
where, using cylindrical coordinates:
szﬁ(|z—z'|):/O dgb/d rdrvgﬁ(F—F/D (34)
and e
Fallpa}l = 5 | dune(aute) (35)

wherep.(z) is the charge density ( 17), whil(z) is the local electrostatic potential, which satisfies
Poisson’s equation:

% (5(2)%\11(2)) = —47p.(2) (36)

Short-range correlations due to excluded volume effeepeoperly included in the functional ( 32)
through the fundamental measure HS term. Correlationsadie tattractive Yukawa interactions and
to the long-range Coulombic forces are neglected in the Aiethapproximations ( 33) and ( 35),
but it was shown in ref. [15] that this is a reasonable appnation for the Coulombic term, at least
for monovalent ions and moderate surface chasges

Three different choices for the local dielectric permitii(z) have been made in ref. [16]:

e A constant value, equal to the bulk permittivity of the saitze

e Alocal Clausius-Mossotti (CM) expression

1 + gngmzﬁO(Z)
6(2) = 1 47 2~
- 9kBTm pO(Z>

(37)

where m is the assumed dipole moment of the solvent moleaulee 5, (z) is the local density
of the solvent, averaged over a sphere of diam&iéweighted density).

e A phenomenological, sigmoidal function of the weightedalogensity, mimicking the permit-
tivity of water [16].

The CM approximation ( 37) results from a mean-field desiipof the genuine polar HS solvent
used in the “civilized” model considered in Section 6. Itfieted by the familiar “dielectric catas-
trophe” at high solvent density, and must hence be redtritdesufficiently small dipole moment
m. In the calculations of reference [16] the reduced dipotenentm* = m/ (ud2)"/* was set at
m* = 0.75, thus avoiding the “dielectric catastrophe” throughoetfinid range, and yielding dielec-
tric permittivitiese between 5 and 10 in the dense liquid phase (weakly polarsglve

For a givere(z) Poisson’s equation ( 36) was solved numerically by a Runggtakmethod, sub-
ject to the boundary conditions:

dU(z) Ao dU(z) -0
= - >0 38
dz |, £(0)’ dz (38)
10
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The equilibrium density profiles are determined by minimdgthe grand potential per unit area:

o] = Fllpal)H + 3 / 02 [Va(2) — fta] pa(2) (39)

with respect to the,,(z) for fixed chemical potentials,,. The surface tension is finally given by
the three-component generalisation of eq. ( 6).

The liquid/vapour binodal line of the pure solvent and attéirsalt concentrations is calculated

from the bulk limit (pa( ) — p& ) of the free energy ( 32). Note that in the mean-field approxi-

mationF vanishes in that limit due to global charge neutrality. THea of the ions on the phase
diagram is hence only due to their contributions to the otkens in the free energy. Up to ion
concentrations of 2M this effect is small, and only leadsnocalest decrease (1%) of the critical tem-
peratureTl. [16]. Inclusion of correlation terms in the Coulombic cabtrtions to the free energy,
e.g. within the mean spherical approximation [37], miglatde¢o more substantial changes in the
phase diagram, but would spoil thermodynamic self-coascst at the level of the Gibbs adsorption
equation ( 19).

The equilibrium density profiles of the liquid film which foswpon approaching the binodal from
the vapour side along an isotherm exhibits strong laye@asgllustrated in Fig. 1. As expected the
film thickness grows as coexistence is approached, andygis@bove a wetting temperatuirg. A
second order scenario is observed when the ranges of thwictind fluid/fluid attractions are com-
parable. The cade, = k¢ = 1.8 is illustrated in Fig. 2. The distance from coexistence iasueed as
a difference in the Gibbs functign= ) x.u. (Wherex, is the molar fraction of specieg between
undersaturated and saturated vapour. When the range o&lliBuid attraction increases relative to
the fluid/fluid attraction, the wetting transition goes ot@fa discontinuous scenario: prewetting is
observed off coexistence, followed by a continuous divecgeof the film thickness as coexistence is
approached; the case with = 1.2, k; = 1.8 is illustrated in Fig. 3.

Concerning the key question of the present investigatiametly the change in the wetting and
drying behaviour of the pure solvent induced by the ionicisglthe main conclusions of ref. [16]
may be summarised as follows, in terms of two additional ma}wvariables, the salt concentration
¢ and the surface charge densityHigher c results in stronger screening of the electrastatices,
rendering wetting a priori less favourable. The additiosait is indeed found to generally increase
the wetting temperatur€,, compared to that of the pure solvent; the effect increassaand can
be as large as 4% for c=1M, depending on the assumed peityittiOn the other hand, for a given
c, Ty, is found to decrease linearly with| if the wetting transition of the pure solvent is first order.
Conversely, the variation df, is non-monotonic, and depends moreover on the signwhen the
pure solvent undergoes a second order wetting transition.

The order of the wetting transition in most ionic solutioagpredicted to be the same as in the
corresponding solute-free fluids. However, in concentra@utions (short Debye length), where
the excess of counterions extends only over roughly one,layeansition which was continuous in
the ion-free solvent may become first order in contact withghallg charged substrate. By contrast,
at low salt concentrations (large Debye length), wheregghaeparation near the wall can span the
entire width of the liquid film, discontinuous wetting is tawed even for moderate values|of.
These predictions are in overall qualitative agreemertt thibse of the Cahn-PB theory of Section 4.
Quantitative comparison is difficult because of the phenutagical nature of the latter, and because
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the primitive model cannot account for layering effectsjchiplay a subtle role in determining the
interfacial behaviour predicted by the explicit solventdab The work based on the SPM found
no evidence of the sequence of two wetting transitions atbagoexistence curve predicted in ref.
[14] (Section 4) for some ionic solutions in the region ofgraeter space adjacent to that where the
crossover from a discontinuous to a continuous transiaées place. The scenario cannot be com-
pletely ruled out, since the fraction of parameter spacdoegd in ref. [16] is much smaller than in
ref. [14] due to the much larger computational effort regdiwith the explicit solvent model.

When the liquid/vapour coexistence curve is approached tre liquid side along an isotherm,
drying (or dewetting) is commonly observed near a solid sabsif u, = 0. The solute-free HCY
solvent was shown to dry completely in contact with a hard,waé. an infinitely thick vapour layer
intrudes between the liquid and the substrate for any teatyer between the triple and critical points
[16]. When ions and surface charge on the substrate are atigedrying behaviour of the system
changes radically due to the Coulombic interaction betwkerelectric double layers which form at
the fluid/substrate and liquid/vapour interfaces. The mratemt counterions are strongly attracted to
the oppositely charged substrate, where they form an aedddyer, which only partially neutral-
izes the surface charge, while th& ions outnumber th&a™ cations at the liquid/vapour interface,
which is hence negatively charged, in agreement with erpartal observations [38] and molecular
dynamics simulations [39,40] of aqueous solutions. Theasibn is illustrated by the density profiles
calculated at liquid/vapour coexistence for- 0 (Fig. 4) and foro < 0 (Fig. 5). Whero > 0 the two
interfaces attract each other because the electric ddayees carry opposite charges; this attraction
hinders complete drying which is only observed when> 0. Wheno < 0, cations are preferentially
adsorbed on the substrate, but the corresponding dow®edharge remains globally negative, thus
repelling the negatively charged liquid/vapour interfaaed favouring drying. Complete drying is
indeed predicted fofo| less than a threshold value (of the orderlefnm?, the precise value de-
pends on the concentration and temperature of the solutiBa) drying can be hindered || is
sufficiently large for the Yukawa attraction between theoslded cations and the solvent to outweight
the solvent-solvent cohesion forces and the electrosegialsion between the two interfaces. For a
fixed moderate value o0& | the calculations of ref. [16] predict a first order dryingiséion between
a partially wet wall (finite film thickness) and a completely advall above a drying temperatuiie,
along the liquid/vapour coexistence curve. Contrary todbigugate wetting temperatuig,, T is
found to increase witho|. For very low values ofc|, T4 lies below the triple point, and the wall is
completely dry for any thermodynamic state on the binodahv@rsely, if the substrate carries a very
large negative charge density; > T. and the wall is always partially wet. Analogously to wetting
pre-drying is observed upon approaching the liquid/vapoexistence curve along an isotherm above
T4. The first order drying transition is predicted to occur ia #bsence of any wall/liquid dispersion
attraction. It would be interesting to investigate the cefitpn between substrate/fluid Coulombic
and dispersion forces.

6 The “civilized” model.

In a further step towards physical reality the “civilizeddbael, featuring a dipolar solvent was used
in ref. [17] to investigate the wetting and drying behaviotironic solutions. The solvent molecules
are HCY spheres carrying a dipole momeint Charge-dipole and dipole-dipole contributions must
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be added to the pair potentials ( 30), namely:

1 m,m
d - = — — — 6
V(o) = g

5 [3(Ma - T)(1hg - T) — M, - 1] (40)

wherem, = 0 for a # 0, while q, = 0 for @ = 0. The external potential acting on the polar
molecules is now:

00, z< %do
Vo(z,0) = (41)
—uy exp {—ky(z/dyg — 1)} — 2momg cos()

wheref is the polar angle offii, relative to the z axis (normal to the substrate).
The density profile of the solvent depends on the local caignt of the dipole:

pl2.0) = p(z)a(z,0) (42)
wherea(z, §) may be expanded in Legendre polynomials:

a(z,0) =Y on(z)Pi(cos(6)) (43)

with a(z) = 1/4x for proper normalization.

Consider first the solute-free pure solvent, placed insidemaenser of oppositely charged plates
(+o, to ensure overall charge neutrality in the absence of idrts) free energy function@l [py(z, 0)]
may be split into ideal, hard sphere, Yukawa and electriostantributions, as in eq. ( 32), with
(temporarily dropping the subscript 0)

% — /OOOdZP(Z) {log [A%p(2)] — 1} + 2 /Ooodzp(z) /Oﬂde sin(0)a(z, 0) log [4ra(z, 6)]
(44)

The hard sphere contributidfys is given by the one-component version of the Rosenfeld fonat
[30, 31], the Yukawa contribution is given by the one-comgrarversion of ( 33), while the electro-
static contribution is, within the mean-field approximatio

Fulp(a.0)) = =5 | P()Baals)ds (@5)
where P(z) is the local polarization density:
P() = 2 / m cos(8)p(z, ) sin(6)d0 MTmp(z)al(z) (46)
0

while Eqq(z) is the local electric field generated by the dipolar parsicle

Baae) = 2r [0’ [EE = H panenta o -2) 7)

13

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



Page 15 of 27 Molecular Physics

©CoO~NOUTA,WNPE

Oy being the Heaviside step function.

The orientation-independent densijtyz) and the orientational order parametefz) (and hence
the polarization ( 46)) are determined self-consistenttyrf the Euler-Lagrange equation derived
from the minimization of the grand potential functional (&)p(z, 0) [17]. Due to the mean-field
approximation foit’',, the orientational order parameter takes the classic Landgeim:

aiy(z) = % coth(fmE(z)) — ﬁm]lﬂ(z)

(48)

whereE(z) = Eq + Eqa(z) = 2mo + Eqa(z) is the total electric field acting on the dipoles. For the
same reason the dielectric permittivity of the bulk dipddaivent reduces to the classic Clausius-
Mossotti form, the local version ( 37) of which was used in 8fM description of Section 5. To
avoid the “dielectric catastrophe”, all DFT calculatiorre aestricted to a reduced dipole moment
m* = /m/ud? <0.9.

Foro = 0 the model reduces to the HCY solvent model of Section 5; when( the electric field
partly orients the dipole moments, and this leads to a drapeo€ritical temperaturé,. proportional
tom* [17]. Note that if dipole-dipole correlations are takernoiriccount [41,42]T. of the non-
electrified(c = 0) polar solvent increases with*. Detailed DFT calculations [17] show that the
wetting scenarios of the dipolar solvent are very similathtmse of the HCY solventn* = 0). The
wetting temperatur@’,, drops asn* increases from 0 (HCY limit) for fixed values of but the ratio
T, /T. is practically independent of andm*, both for first and second order transitions.

When ions are added the DFT calculations very much procefie #we SPM in Section 5, except
that the local electric potentidl(z) now satisfies Poisson’s equation:

d?W(z) dP(z)

- —47p.(z) + 47TT (49)

rather than eq. ( 36). As illustrated in Fig. 6, the densityfipgs calculated for the “civilized” model
are practically indistinguishable from those obtainediier SPM under identical physical conditions
(T, ¢, m*), provided the local CM permittivity ( 37) is used in the SPMocdations. This remark-
able agreement seems to be the first justification of the uadoafal dielectric permittivity (z) in the
description of inhomogeneous ionic solutions (in paracih explicit solvent descriptions of electric
double layers), at least within a mean-field context.

A direct consequence of this close agreement between tlsgtglenofiles, and hence the adsorp-
tionsI',, predicted by the two models, is that the wetting and dryiremacios of the “civilized” model
are qualitatively and quantitatively identical to thossed#&ed in Section 5 for the SPM. In particular
the novel drying transitions predicted in Section 5 are cordd by the DFT calculations based on
the “civilized” model [17].

7 Surface tension.

In this section we focus on the surface tension of liquidéta@and solid/fluid interfaces of the three-
component explicit solvent models of ionic solutions dssed above. In particular, we investigate the
influence of ion concentration and distribution (electramible-layers) on interfacial tension. Within
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DFT the surface tension is a functional of the equilibriumsley profiles of the species present in the
system. A generalization of eq.( 6) appriopriate to descttie free liquid/vapour interface is:

=P pal = F {5} = 3 [ st (oala) — 9350) s (50)

wherepSX (z) are sharp-kink density profiles:
SK(z)=pY, z<0
o ={ e h 51)

while p!, andpl, are the densities of speciesin the vapour and in the liquid, respectively, which
coexist at a given temperature. The three sharp-kink psofilem a reference set against which the
excess grand potential per unit area is measured. The sathedweas used by Groh and coworkers
[43] to calculate the liquid/vapour surface tension of testricted primitive model of an ionic solu-
tion. Note that due to the discontinuity of the auxiliary ghkink profiles in eq. ( 51), the associated
free energyF [{p3¥(z)}] is discontinuous at z=0, and takes on bulk values fod fvapour) and for
z>0 (liquid).

We have calculated the variation of the surface tension effitbe liquid/vapour interface with ion
concentration for several temperatures. A representatveple of the results we have obtained is
shown in Fig. 7, of the model solutions is significantly lower than that ofli@gueous solutions at
room temperature (about 70 mN/m). Such a result is not singyias our model does not account for
the complex network of hydrogen bonds which form betweeremaiolecules, and which introduce
a substantial contribution to its liquid/vapour surfacesien. Contrary to the behaviour observed for
alkali halides in water, our calculations show a slow buteystic decrease of, with ion concen-
tration (as seen in the inset of Fig. 7). This trend was founet true for both “semi-primitive” and
“civilized” models. The main reason behind this disagreehiethe poor decription of electrostatic
interactions in the bulk fluid within the mean-field approxition. The electrostatic contribution to
the uniform fluid’s free energy vanishes identically, réigwgj in a phase diagram where the coexist-
ing phases’ total densities are essentially independeioinoéoncentration (see Fig.1 of ref. [16]),
unlike in real ionic solutions, where the total density af tlguid phase increases with c, leading to
an increase iny,. The actual decrease of,(c) for our model solution is most likely related to the
accumulation of chlorine anions (the largest species irsytséem) in the interfacial region. Such an
entropic effect has been observed in dilute electrolytd®resthe change in the total density of the
solution is minor.

We have also investigated the solid/liquid surface tensipnThis quantity is related to the inhomo-
geneous density profiles of an ionic solution under coemcaeonditions in contact with a substrate
by the following equation:

0= Foal)] = F () + 3 [ Valohpala) = o (pale) = )] e (52)

As for the free liquid/vapour interface, we analysed theurfice of ion concentration on surface ten-
sion, and comparedl,(c) curves obtained for different dielectric permittivity meld and substrate-
fluid interaction parameters. Unlikg, (c), for the vast majority of systems investigatgdc) is not a
monotonic function and has a minimum. The location of thisimum depends on both the dielectric
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properties of the solvent and the substrate-fluid potentilaé typical variation ofy, with c is illus-
trated in Fig. 8. However, note that even if no minimum wasfbwithin the concentration range
investigated, the system in question most likely has ondater c, since for very dilute solutions the
amount of counterions needed to neutralise the substcdiarge is very high in comparison with this
species’ bulk density, which introduces a large contrdouto the surface tension. Complete wetting
occurs if the condition that,, = v, + 74 IS fulfilled. Therefore, our latest results for, and~ in-
dicate that the wetting transition temperature of an ioolatson near a charged substrate is generally
a non-monotonic function of solute concentration.

8 Conclusions.

We have reviewed and supplemented recent theoretical weedsiigating the influence of dissolved
monovalent ions on the wetting and drying scenarios of msolekents near a charged solid substrate.
The earlier approach is based on the primitive model reptaten of ionic solutions, and com-
bines Cahn’s square gradient DFT for the solvent with noadr Poisson-Boltzmann theory of the
ionic double-layers. Subsequent approaches use explioierst representations, and build on the
classic DFT theory of Evans and collaborators for the wgtand drying behaviour of simple fluids.
lons have a small but significant effect on the wetting betavof ionic solutions, leading in partic-
ular to a shift of the wetting temperature. Close to the ptaistonditions where a cross-over from
a first to a second order wetting transition is observed ferpiire solvent, the addition of ions can

change the order of the transition.

The predictions based on the "semi-primitive” model (withoaal Clausius-Mossotti dielectric
permittivity) are very close to those obtained with the flised” model using a mean-field descrip-
tion of the electrostatic interactions between ions anadldg Both models predict a novel drying
transition which is completely absent in the pure solvent.

The new results for the surface tensimnof the liquid-vapour interfaces predict a slow decrease
of v, with increasing ion concentration ¢, and a sharp drop withaasing temperature. The surface
tension of the substrate-liquid interface, on the othedh@nhfound to have a minimum at a certain
cmin- The variation pattern of the surface tension associatéu tivese two types of interfaces indi-
cates that wetting temperatures of ionic solutions arecsffyi non-monotonic functions of the solute
concentration c. The decrease~qf as c increases is opposite to the trend observed experilgenta
for aqueous solutions, pointing to the expected failurdef'semi-primitive” and "civilized” solvent
models to provide a realistic description of water. A DFT ddtting by aqueous ionic solutions,
based on a realistic representation of water, e.g. the SHGEor the TIP4P [45] models, is not
yet available, and should be a goal for future investigatiohnother important objective for future
work is an extension of the present DFT and of time-dependensity-functional theory (TDFT)
[46] to explore the technologically important electro-tieg phenomena which are well documented
experimentally [47].
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Figure 1: Density profiles,(z) formed by NaCl vapour in contact
with a charged substrate, illustrating the liquid film grbwas co-
existence conditions are approached along an isotherm. s@he
rated vapour coexists with a 0.1M solution. The dashed ltwms
respond IOp&O) = 0.99p¢°, dotted lines tOp&O) = 0.999p¢° and solid
lines to p,(lo) =0.9999pc°. Na™ (counterion) profiles are marked
with triangles, Cl~ (coion) profiles with circles, andi,O pro-
files with squares. £(z) is approximated using a sigmoidal func-
tion mimicking the permittivity of water (eq. (34) from ref.[16]),
ke =kf = 1.8, o* = —0.022, T* = 0.736.
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20 Figure 2: Adsorption of the SPM solvent as a function of dis&from

21 coexistence along three isotherms in the vicinity of a sdarder wet-

22 ting transition(T%, ~ 0.744) for dimensionless inverse range parame-
23 tersky, = ky = 1.8. The saturated vapour coexists with a 0.1M NacCl
24 solution. The dielectric permittivity is given by eq. ( 37Mhe substrate
25 is uncharged.
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Figure 3: Same as in Fig. 2, but feg, = 1.2, and four isotherms. The
wetting transition in this system is first order and occufEat~ 0.766.

21

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

Page 22 of 27



Page 23 of 27 Molecular Physics

©CoO~NOUTA,WNPE

0a(@)pg®

0 5 10 15 20 25 30 35
18 z[A]

20 Figure 4: Density profiles of 1M NaCl at liquid-vapour coégisce near
21 a hard wall carrying a surface chargée = +0.0087. T* = 0.75, £(2)

22 is the CM function defined by ( 37). The inset shows the totabamh
23 of charge per unit arek(z) contained between 0 and z (including the
24 substrate charge).
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Figure 5: As in Fig. 4, but fos* = —0.072.
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20 Figure 6: Solvent density profiles at coexistence (gas imecampared
21 for the SPM (with CM permittivity ( 37)) and the “civilized"adution

22 model. The NaCl concentration in the corresponding liglhdge is
23 0.1M. The vapour is in contact with a wall carrying a surfabarge
24 densityc* = +0.022 and exerting an exponential attraction with an
25 inverse range parametky, = 1.8. The temperature T*=0.743 and the
26 reduced dipole moment m*=0.75. Both systems are close tec@nsge
27 order wetting transition.
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Figure 7: The liquid-vapour surface tension of SPM NaCl 8ohs as
a function of ion concentration. The inset shows a singleeworre-
sponding toT* = 0.75 to illustrate the steady decrease~gf with c.

e(z) is approximated using a sigmoidal function mimicking thenpie-

tivity of water.
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20 Figure 8: The liquid-vapour surface tension of SPM NaCl 8ohs as
21 a function of ion concentration. For all systems illustdaite this figure
22 ky = 1.2, andT* = 0.77. The line marked with circles corresponds to
23 o* = —0.022 and sigmoidak(z) as in Fig. 1 (values of in the lig-
24 uid are close to 80, as in real water), the line marked wittmdiads
25 to identicalo™, bute(z) given by the CM formula (withn* = 0.75,

26 which yields liquid phase permittivity about 10 times sraalhan the
27 sigmoidal formula), and the line marked with squares (shawthe
28 inset for clarity) toc* = —0.043 and sigmoidat(z).
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