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Abstract

We present a theoretical study of wetting phenomena and interactions between liquid—vapor interfaces based on the local density function:
theory. The focus is mostly on the impact of long-range van der Waals interactions both within the fluid and between the fluid and substrate. Fo
the latter, we consider two models — hard wall and soft wall approximations — differing by the role of steric effects and leading to a qualitatively
different character of phase transitions. We compute numerically the disjoining and conjoining potentials (which are important dynamically for
spreading, spinodal dewetting, and coarsening in thin films, as well as resolution of interfacial singularities), and loci of intermediate eted compl
wetting transitions as functions of the Hamaker constant and temperature. We find that taking into account short-range interactions is essential f
the description of wetting transitions in the soft wall limit. We derive an analytical form of the disjoining potential and analyze it in the context of
the complete, frustrated and partial wetting.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction range interactions. However, a well formulated theoretical study
which justifies the individual impact of such interactions is still
Recent studies of dynamic behavior of thin liquid films andmissing, though it is recognized as a prime theoretical subject
three-phase contact lines showed the crucial role of precursaf interest in view of recent experimental observations and their
layers in contact line dynamics and droplet interaction in thepartial agreement with available phenomenological mddeéls
course of spinodal dewetting and coarsenibg3]. While the The mesoscopic dynamic diffuse interface theldr2] uses
role of precursor layers in wetting and spreading phenomena hate wide separation between the width of mesoscopic layers and
been discussed for a long tirf, only recently it was realized the scale of hydrodynamic motion to reduce the hydrodynamic
that the motion of contact lines is strongly influenced by theequations to a generalized Cahn—Hilliard equation where the
precursor layers even when the liquid is not completely wettinglisjoining potential of the fluid laydil 7] serves as the driving
[1,5]. force of the fluid motion along the film. A similar approach
Intermediate wetting transitions leading to the formation of applied to a mesoscopic layer separating two identical bulk fluid
mesoscopic fluid layers, as distinct fraamplete wettingwhen  phases can be used for the description of coalescence dynamics,
a macroscopic layer is formed, were discovered long time agand has been recently discussed in connection to resolving an
[6-9], and observed recently experimentally on s¢liil and interfacial singularity in viscous floj20]. Another problem
liquid [11-15]substrates. Both complete and intermediate wetwhere this technique is relevant is film stability and resolution
ting transitions are assumed to incorporate both short and lon@f a singularity arising during nucleation of holgs,19]
The cited works used model expressions for the disjoining
potential obtained in the sharp interface approximation, while
mWnding author. Present address: Department of Physics Universityerm)l’]aSIZm-g t-he- essential role of the diffuse character of
California at Berkeley, Berkeley, CA 94720-7300, USA. Tel.: +1 510 6433350;%e vapor-liquid interface (known already to van der Waals
fax: +1 510 6438497, [21]) for resolving the interfacial singularities. The dynamic
E-mail address: yochelis@berkeley.edu (A. Yochelis). importance of the disjoining potential in mesoscopic lay-

0927-7757/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2005.08.047



A. Yochelis, L.M. Pismen / Colloids and Surfaces A: Physicochem. Eng. Aspects 274 (2006) 170-178 171

ers necessitates, however, precise computation linking it tthe contribution of density inhomogeneities, expressed by the
molecular interactions in the fluid and between the fluid andast term vanishing in a homogeneous fluid, but is equivalent to
substrate. The adequate tool for these computations is densigy alternative form used in earlier worf&3].
functional theory (DFT)[22]; further reduction to a local The chemical potential = §F/8p enters the respective
(van der Waals—Landau—Cahn) theory through small gradierEuler—-Lagrange equation obtained by minimizing the grand en-
expansion is invalid when the interaction is long-range (i.e. hasemble thermodynamic potential= F — x [ p d®r, which de-
a power decay)23]. The original local DFT turned out to be fines the equilibrium density distributigs(r):
inadequate for the description of fluid layering near interfaces,
and various nonlocal theories involving coarse-grained densitie$(0) — 1 + // U()p(r + 1) — p(r)] ' = 0, (2)
have been suggested, including the density-weighted procedure r>d i
s [24] and density-dependent weightifigs]. Application of ~ Wheres(p) = d['of(_p?]/di)' The functionF(p) = o[ f(p) — 1]
these methods necessitates heavy numerical computatiori'ould have twominima™ corresponding to two stable uniform
Numerical DFT computations were carried out in the contexgauilibriumstates of higher and lower density (liquid and vapor).
of phenomenological phase transition studj@L6] without A simple example of long-range potential is the modified
emphasis on computation of disjoining potential. Lennard—Jones potential with hard-core repulsion:

In this communication, we explore this problem anew using —Cwyr%atr>d
the simplest long-range interaction potential, which allows for & = { 3)
direct link between the wetting properties and thermodynamics
of a van der Waals fluid. We pay special attention to the charwhered is the nominal hard-core molecular diameter. The inter-
acter of interactions in the vicinity of the substrate, and explorection kernelU(r) gives the free energy density of a homoge-
limiting cases of “hard wall” and “soft wall” interactions. The neous van der Waals flu{@0]:
first version used in earlier computatid26] exaggerates steric P
density depletion near the substrate, and the opposite limit ma{/(p’ T}=Tn 1—bp ap: 4)
be more relevant for rough solid interfaces, as well as for films . 3.
on liquid substrates. whereT is temperaturey = 2/3nd” is the excluded volume and

Exploration of these limits can be seen as a semi-quantitative _ _ /°° U2 dr = 2nCy )
alternative to heavy computations in the framework of nonlo- d 3d3
cal DFT, which are pgrticularly glifficul't in the wetting context Equilibrium between the two homogeneous statess pgc is
when the vapor-liquid and liquid—solid interfaces closely aPiyed by the Maxwell condition:
proach one the other both near the three-phase contact line and ‘o o
in the precursor film. In the two limiting cases we consider, the,, . _ 0 f(eg) = ro f(pg) (6)
computations can be carried out analytically, thereby delineat- ,05” — Py ’

ing limiting types of behavior near the wetting transition. WeWhich defines, together wifiny = g(,ooi),the equilibrium chem-

apply th_e same_app_roach j[O interacting vapor-liquid mterface%aI potentialy = 20 and both equilibrium densities.
near an interfacial singularity.

) . . . The equation for the density distribution near a flat boundar
The character of wetting transitions interactions, as well as, q y y

. ) . rmal to thez-axis is obtained by assumingto be constant in
prqpertles of the precursor layer, are very much different n bc)ﬂéach lateral plane and integrating EL).in the lateral directions.
I|'m|ts. Itwas found that the analysis n the soft W‘T"” approxima- ;e yields the free energy per unit area, or surface tension:
tion based solely on van der Waals disagrees with results of re- ~
cent experiments on binary fluid systefhi§—15] We included y = / ([ f(p) — n]dz
therefore a weak dependence on short-range interactions; the J-co
expression for the disjoining potential modified in this way was 1

o0 o
found to be in a good qualitative agreement with the experiment. ~ + 5 / p(z) dz / 0(9)p(z +¢) — p(z)] d¢. 7
o0 —0oQ

00 atr <d’

The interfacial energy is contributed both by deviations from
the equilibrium density levels in the transitional region and by
the distortion energy localized there. The 1D interaction ker-
nel O(z) lumps intermolecular interaction between the layers
z = const. Itis computed by lateral integration using as an inte-

3 gration variable the squared distance 2 = £2 + 72, wheret
F= /p(r)f[p(r)]d r is radial distance in the lateral plane. Taking note that the lower

1 integration limit forg is go = z2 at|z| > d, g0 = d? at|z| < d,

45 [P0 [ 0ot ) - p@) e, (1) we compue:
r'>d

2. Density functional equations

Our starting point is the free energy functional written in the
local density functional approximatid@9] as:

where f(p) is free energy per particle of a homogeneous fluidQ(z) = —NCW/
andU(r') is an isotropic pair interaction kernel with a short-scale 0
cut-offd. The functiona(1) is written in the forn{30] separating (8)

o0 3y, — —%nsz_A' at |z| >d
7 —3nCwd™* at |z <d.
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The respective 1D Euler—Lagrange equation, replacing Eq¢| = O(1) is of a higher orderx |z|=® and therefore can be
(2), is: neglected.

glo(@)] =+ /_oo Q()lp(z + ) — p(2)]d¢ = 0. 9)

3. Interacting liquid—vapor interfaces

This equation can be rewritten in a dimensionless form: If two flat liquid—vapor interfaces are in close proximity,

3 0o the equilibrium chemical potential and surface tension become
g(p) — n + Zﬂ/ 0oz +¢) — p(z)]d¢ =0, (10)  dependent on their mutual separatienThis phenomenon is
- relevant for processes of topology change, e.g. droplet coales-
where: cence. The corrections due to proximity of interfaces in the

(11)  Jiquids can be obtained by finding a homoclinic solution of

Eg. (10) satisfying the asymptotic conditions(£oo) = p™.
Here the length is scaled by the nominal molecular diaméter A stationary solution of such kind exists at certain values
the density byp—1, and the chemical potential 1§ the inter-  of x shifted downwards from the Maxwell construction level
action kernel isQ(z) = —z~%at|z| > 1, Q(z) = —1atlz| <1,  pq. The shift Ape = po — p corresponds to theonjoining
and the only remaining dimensionless parameter is the rescalg@renrial expressing the interaction of two identical flat inter-
inverse temperaturg = a/(bT). faces.

An example of a density profile obtained by solving numer- A rough but qualitatively correct approximation can be ob-
ically Eq. (10) is shown inFig. 1 The density tail asymptotics tained by computing molecular interactions between two sharp
can be estimated by considering a location far removed fronmterfaceg20]. The shift of chemical potential necessary to keep
the interface placed at the origife[> 1 in the dimension- two interfaces separated by a distanda the state of equilib-
less units of Eq(10)] where a sharp interface limit can be riumis determined in this approximation by the decrement of the
implemented. The density is presentedpas py + p, where  integral in Eq.(10) due to replacing gas by liquid at> 4. For
B/p ~ 1/|zI® < 1. Inserting this i(11) and linearizing around  the purpose of a qualitative estimate, the sharp interface compu-
p = pg, We see that the densities inside the integral are wellation valid at: > 1 can be extended also to small separations,
approximated in the leading order by the two limiting con- (r < 1) to find[20]:
stants, which is equivalent to the sharp interface limit. For ex-
ample, for the vapor tail at > 0, |z| > 1, we haveo(z) = pgy

Apc = {

1 case when a gas layer separates two identical semi-infinite bulk
= (5-1) -2

4
§—h at h <1,

andp(z + ¢) = p§ for¢ > |zl, p(z + ¢) = pg for¢ < |z]. Thus, 3
$h=3 at h>1,

we obtain

(13)

+ —
- 1
w—y (12)  Equilibrium of a layer between two interfaces is unstable; the
8'(rp) 2 instability is, however, very weak when separation of interfaces

Thisisin good agreementto the numerical solution, as seen in tHg large compared to the molecular scale. Localized small per-
inset ofFig. 1 One can check a posteriori using this expressiorfurbations decay under these conditions due to surface tension,
that the contribution to the integral of neighboring locations withand a large disturbance is needed to create a critical nucleus
initiating the topology change.

A precise dependence is obtained by solving numerically Eq.
(10). The solution is found by fixing some trial value @fand
solving Eq.(10)iteratively to find a stationary profile(z) at this
value. The nominal gap width is defined as:

p=py +

= i p= /Z(p+ - p)dz. (14)

The computation results fg8 = 9 are shown by dots ikig.
2. The curveAuc(h) expressing this dependence well fits the
computational results shifted by a certain valug equal to
. . . . ~ 1.39 in this particular computation. A shift is necessary

-3 -2 -1 0 1 2 because, while the separation in H3d.3) can be formally

z arbitrarily small, no stationary solution of E¢LO) can exist
_ _ _ o , _ below a certain value of which corresponds to a critical size

Fig. 1. The density profile of the liquid-vapor interfacefiat- 9 obtained by o jired for nucleation of a critical 1D “bubble”. The applied
numerical solution of10). The inset shows the vapor-phase tail of the numerical | . . .
solution (solid line) compared to the asymptotic fqk) depicted by the dashed Ehlft(fg)uals to the width of this “bubble” CompUted accordlng to
line. qg. .
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The first term contains the same local part as in & com-
* plemented by the liquid—substrate interaction energy. The latter
] is computed by integrating the attracting part of the fluid—fluid
and fluid—substrate interaction energy laterally as in(Epgand
N | represents the shift of energy compared to the unbounded fluid.
] The termp(z)/2 compensates lost fluid—fluid interactions in the
2 8 substrate domain which are included in the homogeneous part
logh L r)
Computation of the function);(z) depends on steric con-
straints imposed upon fluid molecules in the vicinity of the sub-
strate. We consider two limiting cases, as demonstrat&igin

0 2 4 6 8 3

06

047

Auc

0.2

() Soft wall approximation (SWA) which allows for fluid
Fig. 2. The dependence of the dimensionless conjoining potexiglon sep- molecules to penetrate up to the surface of the substrate.
arationk. The dots denote the results of 1D density functional computation with(ii)  Hard wall approximation (HWA) which imposes steric
a shift ofh, = 1.39 adjusted to fit E13), as shown by the sg)lid line. Inset: the constraints preventing the centers of fluid molecules from
tail of th ical depend h dtotha=3d dashed ) :
Ii?:e;) @ numerical dependendgc(r) compared to ecay (dashe approaching the substrate at distances shorter than the hard-

core cut-offd or 1 in dimensionless units.

4. Fluid-substrate interactions o o )
To be definite, we place the origin of the coordinate system on
the centerline of the first row of the substrate atoms. In the soft

4.1. Disjoining potential . . . .
wall approximation, the computation yields:

In the proximity of a substrate surface, the additional term in 0 © 4 0
the free energy integrél) is: vi(z) = —”CW/ dc [ ¢ dg= / 0z —¢)dg,
—00 q0 —0o0
Fo= [ s [vr=rha@ (15) )

where the integration limitigo = (z — ¢)? at|z — ¢| > d,qo =

whereU; is the attractive part of the fluid—substrate interactiond? at |z — ¢| < d. The result is:
potential,p, is the substrate density, a[fgmeans that the inte-
gration is carried over the volume occupied by the substrate; a!Ll @) =
other integrals here and () are now restricted to the volume
occupied by the fluid.

In the following, we shall consider a flat interface parallel to The dimensionless Euler—Lagrange equation derived from Eq.
the substrate surface= 0, and suppose that liquid—substrate (16) reads:
interactions are also of the van der Waals type with a modi- 3
fied constanCs = a,Cy . Then the free energy per unit area is §(0) — u + Z,B‘/fl(z)[10+(X + 1) — p(2)]
expressed, after some rearrangements, as:

—tnCwz™3 at |zl >d

18
—acwd (3 4) at I =d (18)

3 o0
« . #3280 - 06 - @l de =0 (19
r= [0 {100+ 1) e - 5000 | o 0
0 where x = a,p5/pT — 1 is the dimensionless Hamaker con-

1 [ %0 stant, and ¥,(z) = —z-3/3 at z> 1, ¥i(x) =z —4/3 at
+§/0 P(z)dz/o 0z — Olp(¢) — p(z)]d¢.  (16) iy 1(z z Z () — -

liquid liquid \
substrate substrate

Fig. 3. Schematic cartoon representation of soft (left) and hard (right) wall approximations. Solid circles represent hard sphere fluid mdl#wlesrenontal
coordinate, in this setup is
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z

Fig. 4. The functiony;(z) for soft (solid line) and hard (dashed line) wall ap-

proximations.

4.2. Equilibrium solutions

The sign ofy distinguishes a perfectly wetting fluid at> 0
and a “nonwetting” fluid forming a finite contact anglexak 0.
In the latter case, there are two branches of equilibrium solu-
tions of Eq.(19) parametrized by the disjoining potenti@j.y.
The stable branch with smallis characterized by a monotonic
density profile and corresponds to the vapor-phase thickening
to a relatively dense adsorbate or precursor layer near the sub-
strate. The unstable branch with lardeis characterized by a
non-monotonic density profile and corresponds to a liquid layer
with a slightly depleted density near the substrate. Instability is
characteristic to any layer of a nonwetting fluid, but it is very
weak when separation of the vapor—liquid and liquid—substrate
interfaces is large compared to the molecular scale. The contact
angle can be expressed through the disjoining potential for the
case|x| « 1 when a small-angle approximation is va&0]:

The hard wall approximation introduces, in effect, a void 20t [
layer with the thickness equal to the hard-core cut-off; hencef = \// Apgdh,
¥i(z) = 0 at 0< z < 1 [26]. If the closest allowed position of Vo Jho
the centers of fluid molecules is taken as the origin, then wevhereh = hg is the precursor layer thickness defined by the
define a hard wall fluid—substrate interaction w8"A(z) =  conditionu(ho) = o or Aug(ho) = O.
¥>WA(z + 1) as seenifrig 4. This shift significantly changesthe  Figs. 5(a) and @) present typical equilibrium curves
equilibrium solution and the character of the wetting transition.A n4(h), respectively, for the SWA and HWA. Examples of the
The equilibrium chemical potential is shifted from the corresponding density profiles are shownrigs. 5(b) and ().
Maxwell constructiony = o in the proximity of the substrate  One should keep in mind that in the hard wall approximation,

(22)

surface. The shifAug = u — o, calleddisjoining potential

[17], can be defined as:

1 Vs

Al/l/d:ii b
pg — pg Ok

(20)

h should be rescaled back so that the density profiles start at
h = 1. Unlike in the soft wall approximation, in the hard wall
case, the void between the substrate and the liquid density en-
courages density depletions (see insétigf 6(b)). All solutions
exhibitaAug ~ h 3 tail at largeh, in agreement to calculations
performed in the sharp interface approxima{i@@]. Oscillatory

where is the nominal distance between gas-liquid and liquid-density tails cannot appear in our model, unlike more sophisti-

substrate interfaces. The latter is defined, analogous t(1LE).

as:

cated nonlocal DFT computatiofi®l,26] Although the curves
Aug(h) are qualitatively similar to those obtained in the sharp in-
terface approximatiof80], the quantitative distinctions strongly

o0
h = %/ (o —p~)dz. (21) influence the character of the wetting transition, as will be em-
pr=pP Jo phasized in the following.
1
0.03 .
1
=10 08f T
T ~
8 10 —— .
0.02 ~ 1 6r .
N o107 N
AN 2 3 4 P \
Ay \, logh 0.4
0.01T ) .
L S \‘\U 02
__________ 0 F =
0 . ‘ . ‘
0 1 3 4 0 2 4 6 8
(a) h (b) z

Fig. 5. Equilibrium solutions of Eq19)in the soft wall approximation (SWA). (a) The dependence of the dimensionless disjoining patenfiah separatioh. The
solid/dashed lines denote stable/unstable solutions, respectively. The dotted line in the inset dépittietbay. (b) Coexisting density profilesiig = 2.2 x 1073,
Stable (solid line) and unstable (dashed line) profiles correspafidnd U in (a), respectively. Parameteps= —0.05,8 = 7.
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1 | i
0.824
1571 .
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q =, -~
2 o \
g , 0.6 |
1 10 P O )
z
) 15 2 041
d \ ooh |
L K _ ‘\
0‘5 \\ 0'2 | \\
\\ \
Sl N 0 -
O S — L;l L p '
| 1 : 3 y G 2 4 6 8
) : (b) ’

Fig. 6. Equilibrium solutions of Eq19) in the hard wall approximation (HWA). (a) The dependence of the dimensionless disjoining potgndiah separation
h. The solid/dashed lines denote stable/unstable solutions, respectively. The dotted line in the inset depictslévay. (b) Coexisting density profiles at
Apd = 7.7 x 1073, Stable (solid line) and unstable (dashed line) profiles correspafidnid U in (a), respectively. Parameteps= —0.05,8 = 7.

caltemperatur@ = . ~ 3.37, so that one can speak of a dilute
adsorption layer rather than of a proper precursor. This differ-
Investigating numerically the two above substrate—liquidence stems from an effective increase of the absolute value of
interaction models, we can distinguish between two mairthe Hamaker constant due to the presence of a dilute layer of
differences in the interaction properties: the emergence of “misteric origin present in HWA.
croscopic” solutions, identified with nanoscale precursor layers On the other hand, by fixing the value gfand varyingy,
and transition to layers of mesoscopic or macroscopic thicknessne finds that a precursor layer may exist only above a critical
The three classes of films correspond, respectivelyt0O(1),  valuey > xc, as shown irFig. 7(b). When the layer thickness
h ~ O(10),h > O(10?) (measured on the molecular scd)e is defined by the integral expressi¢?il), this transition loses
a qualitative character, and the valyg can be defined as
4.3.1. Precursor layer a point whereAuq(ho) = 0 (seeFig. 8@a)). This happens at
Stable equilibrium solutions with a finite thicknelss= ho, x=xz(B)=—(1—p~/p™),sothatthe lower limitis identical
which correspond to a microscopic precursor layer, exist at théor both models (seEig. 9). According to the integral formula,
liquid—vapor equilibrium chemical potential= 11o. Anexam-  negative values are possible, and may appear when fluid—
ple of the dependence of the dimensionless precursor layer thickubstrate interactions are so weak that the fluid is nonwetting
ness on the inverse temperatgris shown inFig. 7(a). One can  even at vapor densities. Moreover,aslightly abovey;, the
see a strong difference between SWA and HWA results. In théopology of the curves\uq(k) for the HWA model changes:
HWA computation, the value ofg at the chosen value of the the curve becomes discontinuous, and the microscopic and
Hamaker constant is much less than unity, unless near the critinacroscopic branches of the curve separate, as s&ém i¥a).

4.3. Comparison between HWA and SWA

3

+

L

Fig. 7. The dependence of the dimensionless precursor layer thickness on (a) the inverse tempatufixed value of the dimensionless Hamaker constant
x = —0.05; and (b) the Hamaker constgnét 8 = 4. The solid/dashed lines represent the soft/hard wall approximations, respectivelyxn ¢oyresponds to the
emergence threshold of the precursor layer, identical in both SWA and HWA models. The precursor thickness at the wetting transitiory tergghisidinite in
HWA, indicating a first order transition, while in SWAg — co atx — x¢ = 0, indicating a second order transition.
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0.18
o1l 016 [ 1
p
Apy 0.4 | 1
ol
(o - 1
—0.1 0.1 ) ) ; }
: 0 5 10 15 20
(a) h (b) z

Fig. 8. Equilibrium solutions of Eq19)in the hard wall approximation (HWA) in the vicinity = x; = —0.833. (a) The dependence of the dimensionless disjoining
potentialA ;g on separation at 8 = 4 and different values of the Hamaker constant, from right to jef, —0.6, —0.8, x; . The dashed line represents the upper
limit of the vapor—liquid coexistence. The coexistence range is demonstrated in the inset. The dashed line denotes the critical shift of cireralct!wbich the
curve Aug(h) becomes discontinuous. (b) Density profiles corresponding to the arrows in (a).

The discontinuity is explained by the absence of the vapor—fluid The two limiting cases of SWA and HWA correspond to
coexistence above some critical value of the chemical potentialompliant (fluid or rough solid) or molecularly smooth solid
as shown in the inset dfig. 8a). The sequence of density substrates, respectively. Recently the transitions of both kind

profiles in the vicinity ofy = x; is shown inFig. §(b). (first and second order) were found in experiments on liquid
substrateg15,32] A disagreement between the SWA results
4.3.2. Wetting transitions discussed here and in the later experiments is due to the absence

Aprecursor film exists within the interval, < x < x¢. The  of short range interactions in our computations. A more com-
latter limit corresponds to the wetting transition, as presenteglete picture of wetting transitions in SWA arises when, in addi-
in Fig. 7(b). One can see a qualitative difference between théion to long-range interactions, short-range forces between the
SWA and the HWA models. For SWA, the precursor thicknesdluid molecules and the substrate are taken into acdast 6]
grows continuously agincreases, and divergesg& x¢ =0,  While concentrating in the following on short-range interactions
indicating a second-order transition to complete wetting. Foin SWA, we refer the reader to referen@s] which describes
HWA, the precursor layer approaches a finite thickness at finitéhe impact of short-range interactions in HWA.

x = xd, indicating a first order transition to wetting. The locus
of the wetting transitiory = xZ (8) is determined by numerical 4.4. Short-range interactions in SWA
computation (se€ig. 9).
Computation of repulsive short-range interactions in the soft

B, : ; ; ; ; wall approximation takes into account polar interactions. In the
: simplest description, the interaction kernel for short-range forces
4t : i has an exponential dec§33,34]
: 0 %)
| L =, [ [ e (23)
B s : —00 90

where A > 0. Some other forms can be also used Héf.
Unlike the computation off;, no cut-off is required, and the
lower integration limit isgo = (z — ¢)2. This yields:

6 J
2nC
; Yy = 522+ A)e < (24)
SWA | HWA A
T S e == The modified dimensionless Euler-Lagrange equation reads:
-1 0 1 2 3 4
3
1, 8(p) = 1+ 3nBYs(2) + ZAVER)™ (x + 1) = p(2)]
, . 3 [®
Fig. 9. The dependence of the critical values of the Hamaker congtaon = _ _ de=0 25
inverse temperatur@at . = po. The left branch fc(8) < 0] is the limit xg of + 4f3/0 Q(§ Z)[p({) 'O(Z)] ¢ ( )

the emergence of the precursor layer identical for both SWA and HWA models. . L _1
The right branch fc(8) > 0] denotes the wetting transition to for HWA. The Where for simplicity we set = d™ =, ¥,(z) = (2 + 2) exp(-2)
wetting transition for SWA occurs ag = 0 independently of. atz > 0Oandp = Cpbz/a ~ Cp/Cw. An analytical form of the
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0.08 - - - ‘ ‘ 0
0.06 -0.001
-0.002
0.04
Au, Ay
-0.003
0.02
-0.004 |
of
-0.005

30

h

Fig. 11. The dependence of the dimensionless precursor layer thickness on
Fig. 10. The dependence of the dimensionless disjoining potextiglon sep-  the disjoining potential according to E@6. The lower line § = 0.00344)
arationh. The solid line denotes the sharp interface approximation form (Ed.corresponds to the continuous intermediate wetting transition. The upper line
(26)) while the direct integration of25) is demonstrated by the dashed line. (; = . = 0.00407) corresponds to onset of the frustrated complete wetting.
Parameters = 9,7 = 0.01, andy = 0.3. The solid/dashed lines represent stable/unstable solutions, respectively. The pa-

L . . . . rameterspg = 9 andy = 0.4.
disjoining potential can be obtained exploiting the sharp inter- P *

face approximation for bothandy « 1. Adapting the method 0.01 :
discussed iff2,30], we find: frustrated complete
) p y L p"‘ﬁ 1 0.008 F wetting _

Apa=7 |12+ 0 = pt iy - g s (@9)
The derived analytical form of the disjoining potent{2b) is n o008 partial P
presented irFig. 10 A comparison with direct numerical inte- | wetting ]
gration of (25) shows a good agreement already:at O(10) 0.004
values.

A qualitative nature of wetting transitions can be captured via 0.002 1 y Cont:.p el ]
a simple analysis of the disjoining potent{@b) at the equilib- g wetling
rium chemical potentigh = o and thusA g = 0. We distin- ° s o 0.5 ]
guish between three characteristic types of behavior which are %

attributed to the three corresponding wetting regions:
Fig. 12. The boundaries of wetting regions (solid line) in the parametric plane

Complete wetting: there is a single diverging solutioh (- o) x — nfor g = 9and at the equilibrium chemical potentislq = 0. The dashed
aty >0, Aug =0, which corresponds to a macroscopic line depicts the continuous intermediate wetting transition@ag < 0.
layer.

Frustrated complete wetting: three solutions exist fog > 0,
two of which are finite and the third one is diverging. The
two finite solutions have distinct scales, molecular (“micro-
scopic”) and mesoscopic.

Partial wetting: two solutions exist fory < 0, where one is
finite on a molecular scale and the other one diverges.

The lower curve with an inflection point iRig. 11corresponds
to a continuous (second ordenyermediate wetting transition,
which is observed at a certain shifted value of chemical potential
Aupg < 0.

Fig. 12summarizes these three transitions inghe n plane.
The critical pointy = n = 0 marks thecritical end point [32]
and corresponds to the sign change of the Hamaker constant; all

three above wetting regions converge at the critical end point.

The separat.ing boundary between the pqrtial and frustrateghanging the inverse temperatgdfor constant values of)
complete wetting depends solely on the sign change of th oes not change this picture in a qualitative way
Hamaker constanty. The transition from frustrated to com- '

plete wetting occurs at a certain critical valuenof ne when
the maximum of the curva 4(k) crosses zero; this happens at
a critical thickness = h¢ defined as:

5. Discussion

Inthe current study, we have presented an analysis of wetting
phenomena and interactions between liquid—vapor interfaces at
<0 (@7) microscopic, mesoscopic and macroscopic distances based on
h=he a relatively simple local density functional theory (DFT). The
The dependencaug(h) atn = nc is shown by the upper curve study is centered on computation of disjoining and conjoining
in Fig. 11 This corresponds to a discontinuous (first ordeey- potentials (which are important for dynamic computations). Fo-
mediate wetting transition from microscopic to mesocopic films. cusing on the role of long-range van der Walls interactions, we

dAug d?Apug
A h = 0, = 05 T
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