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Density functional theory of long-range critical wetting
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The wetting properties of a fluid adsorbed at a solid substrate are studied by means of density functional
theory. Explicit calculations of the substrate-liquid and substrate-gas density profiles are carried out and used
to evaluate the asymptotic expansion for the interface potential of a system with long-range interactions. The
range of validity of the asymptotic expansion is checked by comparing it with the interface potential obtained
numerically through the constrained minimization of the density functional free energy. Depending on the
parameters of the fluid-fluid and substrate-fluid interactions we find first-order or critical wetting transitions. In
a limited range of parameters, the critical wetting transition is preceded by a first-order transition between a
microscopic and a mesoscopic film, thus corroborating previous calculations and experiments for alkanes on
brine. We find that the behavior of the alkanes on brine is not universal, since it requires fine-tuning of the
fluid-fluid and substrate-fluid interactions. Finally, we investigate the influence of the short- and long-range
forces on the location of the first-order transition. We find that for the models studied, the long-range forces
cannot be treated perturbatively. Thus for this type of model it is not possible to separate the effects of short-
and long-range forces as done in Landau theories, where the long-range forces are treated perturbatively.

PACS numbd(s): 68.10—m, 68.45.Gd

I. INTRODUCTION ay(T) ag
w(|)=|—2+|—3+~-~ (3)
Wetting and nonwetting are most commonly described in
terms of a liquid droplet on a substrate, under conditions ofs a more realistic asymptotic potential and long-range criti-
liquid-gas coexistence. The three interfacial tensions are resal wetting may occur whea,— 0~ . Indeed, critical wetting

lated by the(force balanceequation of Yound1,2] driven by a vanishing Hamaker constant was predicted theo-
retically more than a decade aff§y7] and was first observed
Ysg= YeiT Yig COK ), (1)  for pentane on water recent$].

Subsequent experiments, with hexane on bf®le indi-
cated that a first-order transition precedes the critical wetting

where ¢ is the contact angle. Nonwetting occurs when transition observed at higher temperatures. At this first-order

7&0'. ﬁ‘s tgethtemp?ratu.re |§dr?|sedé the conte;tc;t a?gle .rtT]aYransition, a(microscopig thin film coexists with a(meso-
vanish and the system 1S said o undergo a wetting transi Ior%:copic) thick film at a temperature where a first-order wetting
l.e., the mtgrface between the substrate and. the.ga's becom[ Znsition would occur in the absence @feak long-range
macroscopic Fhrou_gh th_e formation of a thick _Ilqwd 'ayeff interactiond 9,10]. This sequence of transitions results from
[3]. This transition is of first or second order, as illustrated Nihe competition of short- and long-range forces. When the
a series of recent experimens. temperature is raised, the balance of the long-range forces

i A POVtVﬁ”L!' tm?thod ustfedt_':b tlhe ;tl;_dy ;’f Wettrt]'ng transi- changes to favor wetting, and critical wetting occurs at the
ions is the interface potentiab(l), defined as the excess temperature where the Hamaker constant vanishes.

free_energy per “F"t area Of. a substrate—gas.inpelrface with a While a sequence of two transitions was predicted theo-
wetting layer of thicknesk with respect to an infinite layer. retically, in this context, for a particular model years 4gh

For largel, the interface potential of a system with van dera systematic study based on an extension of Cahn’s theory
Waals forces tends to zero as that includes weak long-range substrate-fluid interactions,
appeared only recent[y10]. The theory treats the long-range
a solid-fluid interactions as a perturbation of the free energy of
w()=-, (20 asystem with short-range interactions, and thus the question
I of separating the long- and short-range forces for a specific
model remains open.
wherea, the Hamaker constant, is proportional to the net van Density functional theoryDFT) has become one of the
der Waals forces between the interfaces bounding the wetnost useful microscopic approaches to inhomogeneous flu-
ting film. Thus, for fluids with constana critical wetting  ids and wetting phenomend1]. The latest generation of
does not occur since the wetting transition is of first order ifDFTs is designed to descriki® the bulk fluid equation of

a>0 and the interface is pinned <0 [1,2]. state(away from the bulk critical point (ii) the liquid-gas
The Hamaker constant, however, depends on the bulk panterfacial structure, andiii) the fluid’s response to short-
larizabilities in a subtle way5] and wavelength perturbations. These theories provide the means
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to study the effects of short- and long-range interactions, ina Let v, (r)=v.(r)+afv(r)—vedr)], with ae[0,1].
nonperturbative fashion, for a given interaction model. DFTsUsing the coupling constant algorithih7], 7 may be writ-
neglect the effects of capillary waves, but these are irrelevarten as[11]
for long-range critical wetting in three dimensiofi].

In this paper we use a mean-field free energy functional

1
_ 1 1 (2) ’. et
[11] with a reference term given by thénonloca) Flrl ﬁef[p]‘l'zfo daj drdr’pi2(r,r i @)u|r=r']),

fundamental-measures thediMT) [13]. In Sec. Il we give (6)
a brief account of DFT and of the corresponding interface
potential. In Sec. Il we summarize the results of thewherev(r)=uv(r)—uv.(r) and F{p] is the free energy

asymptotic expansion of the interface potential derived irfunctional of a system with pair potentiaje(r) and density
[12]. In Sec. IV details of the interactions and of the refer-p(r). p®(r,r’;a) is the pairwise density distribution func-
ence free energy functional are given, and in Sec. V wdion of a system at the same densjyr) and where the
present our results. We finish with some comments and corparticles interact via the pair potentia),(r).
cluding remarks. In three dimensionsF is known exactly for ideal gases
only, although good approximations exist for fluids of hard
spheregHS). As in most applications we will take a fluid of
HS as our reference system, but for the moment we do not
need to specifyF,. If the remaining interactions, vary
Density functional theorj11] was introduced in the study slowly on the scale ob s their contribution toF may be
of inhomogeneous fluids more than 25 years ft) and  treated at the mean-field level, i.e., the pairwise density dis-
was followed by the discovery of the prewetting transitiontribution function is approximated by ittarger) asymptotic
[15], independently from Cahn’s seminal work on wetting limit. Then the mean-field free energy functional is
[3]. DFTs are still one the most useful descriptions of wet-
ting, although applications of the most sophisticated func-
tionals to wetting problems are scarce. As we will discuss
below this is due to the nontrivial effort required to imple-
ment num_erical calculations with these_ dengity f_unctionals, +f dr[Veu(r)— u]p(r). 7)
when the interfaces become mesoscopic. This is indeed what

happens for the alkanes on brine, where a discontinuous tran-

sition from a microscopic to a mesoscopic film precedes thgquation(?) peglects the flluctuati.ons that cause bulk prop-
critical wetting transition. Here, we overcome this difficulty erties to deviate from their classical behavior and capillary

by combining directbrute force numerical minimization of waves. The fqrmer are impqrtant in the critical rggion, close
the free energy functional, with the evaluation of the inter-to the bulk critical point, while the latter are excited at low

face potential(for the same functionl using the analytic tem_lpleratures. Howeverl, n syfstems with long-range f(;]rces,
expansion derived ifl2]. capillary waves are irrelevant for wetting transitions in three

Since the application of DFT to wetting has come of age,bu”]f dimensio_ns{l]. fuid i ith |
we simply quote the main results. Consider an open, single- If we consider a fluid in contact W'th astructufre es)s;k
component, inhomogeneous system in the presence of an hlanar substrate, we can rewrite B@) as the sum of a bu

ternal potentiaMq,(r). It can be showri11] that the grand Contribution, proportional to the volume of the fiil plus a
potential of a fluid with pairwise interaction potentiglr) at surface contribution proportional to the area of the substrate

temperaturel and chemical potentigk is the minimum of A[12]
he functional
he functiona Q[p(2)]= VO p) +AQY p(2)], ®

II. DENSITY FUNCTIONAL THEORY FOR WETTING:
INTERFACE POTENTIAL

Q[P]:fref[p]'l'%f drdr’p(r)p(r")vg|r—r'])

where subscripts b and s stand for bulk and surface, respec-
tively, andp(z) is the density profile that varies only in the
direction perpendicular to the surface. If the density far from
where, for fixedv (r), the intrinsic Helmholtz free energy  the substrate is that of the bulk fluid, is a minimum of(,,

is a unique functional of the densipy(r), i.e., it does not (liquid or gas, with densitiep; andpg, respectively and the

Q1= Flpl+ [ drlVedn—nlo(n), @

depend on the external potential. equilibrium states of the system are given by the minimum
The equilibrium profile is determined by minimizing Eq. of the surface ternfi)s. At liquid-gas coexistence the surface
), ie., term can be written as
Q[ p] Qyl)=yg+ 7Ig+w(|)1 9
=0. (5
op(r) with yg andyy the substrate-liquid and liquid-gas interfacial

tensions, ana (1) the interface potential. In E49) we have
Once the form ofF[p] is known, Eq.(5) can be used to replaced the functional dependence(fon p(z), by a de-
calculate the equilibrium structure of the system. Details ofpendence oih, the thickness of the liquid layer adsorbed at
the numerical method used to solve this equation, for a pathe substrate. This thickness will be defined @ft)=(p,
ticular form of F to be described below, may be found in +pg)/2, although other definitions are possipl2]. The ex-
[16]. trema of w(l) reproduce the stabléminima) and unstable
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(maxima thermodynamic states, but only the local minima

have direct physical significance. In contrast to the equilib- a;=5 (P~ pg)(Us—pita), (14
rium free energy, its nonequilibrium extensiox(l) is not
uniquely defined. For a review see, e[d.g]. and depends on the leading coefficients of the long-range

It turns out that a particularly transparent analysis of Wet4nteractions(11) and (13) and on the coexisting liquid and
ting phenomena follows from the interface potential. Thisgas densities. Equatiofi4) is exactly the same as the ex-
potential represents the substrate-gas interfacial tension, Upression found in previous derivations, for pure Lennard-
der the restriction that a ||qU|d film with thicknekis present Jones systems, using Simp]@harp_kink approximaﬁons
at the interface. The actual interfacial tensigg and equi-  for the interfacial structurdsee, e.g.[1,2]). Note that al-
librium thicknessl, are obtained by minimizings(l). The  though there is no explicit dependenceagfon the tempera-
interface potential may be found numerically by a con-tyre, it does depend ofi through the coexisting densities
strained minimization of the free energy functional, at fixed, (T) and py(T), and thus it may vanish at a temperature
. In addition, at large an analytical expansion for systems pelow the bulk critical temperature. In this case the next-to-
with long-range forces is availablé2] and can be evaluated |eading term in Eq(10) is required to be positive and has to
for the same free energy functional. The characteristic feape included.
tures of critical and complete wetting—for whi¢hdiverges Higher-order coefficients of the interface potential (
smoothly—are determined by the asymptotic behavior of=3) depend explicitly on the higher-order coefficients of the
o(l), and this behavior is most easily described using thenteractions and on the interfacial structure. The latter arises

asymptotic eXpanSion. The location of first-order transitionsthrough the moments of the Substrate_"quid and |iquid-gas
however, requires théconstrainegl numerical minimization  density profiles defined 442

of the free energy functional.

=i | dzs 21—
Ill. ASYMPTOTIC EXPANSION OF THE INTERFACE dy' =i JO dz27[1-ps(2)/p] (15)
POTENTIAL
In the presence of long-range van der Waals forces beqnd
tween particles (fluid-fluid and substrate-flujd the . i -
asymptotic form ofw(l) (I>¢, where & is the fluid bulk dl(gl;): — f dzZz Y py(2) - p2)], (16)
correlation lengthis given by[12] PI—pPg J -
a respectively. Herg@K(z) is the sharp-kink profile
w(l—>®)=—> —, (10
i=2 | p, z<l

, , p2= (7

wherea, is proportional to the Hamaker constdbi. Pg: Z,

Dietrich and Napickowski [12] derived analytic expres-
sions for the coefficients; (up toi=4) in the framework of
the mean-field functional described in the preceding sectio
and showed that they are given in terms(af the coeffi-
cients of the asymptotic expansions of the substrate-fluid an
fluid-fluid interactions, andb) the spatial moments of the
equilibrium density profiles of the substrate-liquid and
liquid-gas interfaces. Their approach takes into account th
van der Waals tails of the interfaces and {lshort-rangge
structure of the substrate-liquid and liquid-gas interfaces.

In the following we summarize their results. Assume that
the substrate-fluid potential has the asymptotic expansion

wherel is defined as in the preceding section. The moments
are calculated by numerical integration of the substrate-
r|Iquid and liquid-gas density profiles, obtained by numerical
raninimization of the free energy functionéf).

The expressions foa; and a, obtained in this fashion
differ from earlier results obtained using a sharp-kink ap-
Broximation. For details s 2].

We use these asymptotic results to test the accuracy of the
interface potentialv(l) obtained from the restricted minimi-
zation of the(same free energy functional, at large Our
numerical results fot(l) are used, in turn, to test the range
of validity of the asymptotic expansiofi0).

Vex(z—2)= =2, —, (12) IV. MODEL INTERACTIONS AND REFERENCE
=3z FREE ENERGY

and that the laterally averaged fluid-fluid potential, defined as |t remains to specify the model interactions and the refer-
. ence free energy functional. We have restricted ourselves to
t(z)zf dz’f drHv[(rﬁsz’z)”z], (12  simple pair interactions with a minimum number of param-
z eters. In order to allow for the possibility of long-range criti-
cal wetting, the fluid-fluid potential has the form

g
I
\'r

where 4(r) is the usual Heaviside step function amgs(r)
The first-order coefficient in Eq10) is found to be is the HS potential

has a similar expansion
7

v(r)=vug(r)—e€ +us

o 6
* t, —) }H(r—a'), (18
t(z—>oo)=—i23;. (13) r
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Wet state ]

Non-wet state
4 5

FIG. 1. Construction of the short-ran¢®R) fluid-fluid potential
from its long-rangegLR) counterpart, for .=2.00. A similar pro-
cedure is applied to the substrate-fluid potential.

FIG. 2. Density profiles of the LRT* =1.0125, solid ling and
SR (cutoff at two molecular diameter§;* =0.863, dashed line
models withu,=2.7, for the nonwet and wet states in coexistence
at the first-order transition.
© r<o

UHS(r):{o, o<r, 19 one of the strengths of the present work is that the wetting
behavior of models characterized by well-defined interac-

where o, the hard-sphere diameter, sets the unit of lengthtions is analyzed in terms of a free energy functional that
and e the unit of energy. The usual reduced temperaturdreats the short- and long-range models in the same fashion.
T* =kgT/€ is therefore employed. We assume that the ex-

ternal (substrate-fluifl potential has a similar expansion V. RESULTS

0'4 0'3
Us —| +u
4z 3\ z

We have studied fluids with interactions specifiedyy
0(z— o). (20 =vg=3/mr=0.955, and solid substrates characterized by
2.5<u,=3.0 andu;=0.3. An infinite cutoff corresponds to

In order to investigate the competition between short- angysStems \.N'th long-range Interactions, while a finite cutoff
haracterizes the corresponding short-range system.

long-range forces, invoked as the cause of the wetting beha- The int " i h . der to vield

or of akanes o water, v consiucied relaied shorangg 1 CTCLEn baaneis vere eosen b e el
otentials by setting Eq$18) and (20) to zero at distances A ) o

P y g Eqel8 (20 reasonable distance from the bulk critical temperature. The

greater thanr, and z., respectively. To avoid numerical ! o T N
problems due to discontinuities, the short-range potentialgtrumure at the first-order transition is illustrated in Fig. 2,
here we plot the coexisting profiles for long- and short-

are required to vanish at the cut off distance through a lineay” )
extrapolation of the corresponding long-range potentsde fang"‘.-(LR and SR, respecnve])_systems, .at_a e
Fig. 1). By contrast with Ref[10], we do not assume that the acter_|zed byu4=_2.7_. The profiles are slmll_ar, although the
short-range forces determine the location of the first-ordefjenSIty of th_e I|qU|d storbed layer is higher for the SR
wetting transition, while the long-range forces are respon-mOd(?l’ r.esultlng in a slightly more structure.d profile. The gas
sible for the finite thickness of the wetting film and for the denSity is lower in the SR model. These differences are due

location of the critical wetting transitiofi.0]. to the lower transition temperature of the SR model

Consequently, we do not requitand indeed cannot de- | Tw/Tc ~0.76 for the long-rangé.R) model and 0.67 for
fine) a criterion for the cutoff distance as used[#0]. In- the SR moddl Interface potentials obtained for the LR sys-
deed, we foundsee Sec. YVthat for the potentials considered €M are pLotted in Fig. 3, clearly indicating a first-order tran-
in this work, and up to cutoff distances of various molecularSition atT*~1.0125. On the other hand, the absence of re-
diameters, significant differences are observed in the location
of the first-order wetting transitions.

Finally, our choice of the fluid-fluid interactions, Ed.8),
renders the choice of reference system unique. We divide
v(r) into a reference, HS pate(r)=vps(r), and an attrac-
tive term =

Vexd2) =vps(z)—€

0.02 . T . ,

0.01

vr)=v(o)+[v(r)—v(o)]6(r—o). (21) 0

A similar division is used for thécutoff) short-range poten-
tials. -0.01
There are several good approximations for the free energy
functional of fluids of hard spheres. We choose to use for the
reference free energy functional tfreonloca) fundamental- FIG. 3. Interface potentiale(l) for an LR system withu,
measures theory of Rosenfe]d3], which is probably the =2.7 (solid lines. From top to bottomT* =1.020, 1.0125, and
best approximation available for nonuniform HS systems1.000. The dashed line shows the result of the asymptotic expansion
The explicit form of F,¢; in FMT can be found in Ref.13]. [12] (up to fourth orderfor T* =1.020.
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FIG. 5. Thickness of the adsorbed layer for an LR system with
FIG. 4. Values of the coefficients of w(l), obtained from the u,= 2.7 exhibiting a sequence of two transitionsTat=1.0125 and
* —
asymptotic expansion of Ref12] and from the present approach. TF=1.03.

sults for 1.57<1<2.3s is due to the fact that the states in Table I. If the substrate is made slightly less attractivg

this region are highly unstable, making it extremely difficult changingu,=2.7 to 2.5) we findT, .<Ty, ; and thus critical
to obtain a sensible value of its energy. wetting is prevented. Note that for this range of parameters,

The coefficients of the interface potential,, are found Ty, . is almost constant, sina, depends explicitly only on
by fitting the results fow(l) (obtained through a constrained u; [see Eq{(14) and below. Table | also includes théirst-
minimization of ) to the asymptotic form(10), in the  ordep wetting temperatures for an SR.Ez.=20) model.
range 10-<1=<200. The length of the meshes used in the The first-order wetting temperatures are significantly differ-
numerical work is of the order of 300 but only results in a ent for the LR and SR systems, although they appear to be
region of ~200 from the substrate have proven sufficiently related. For an SR model defined in this fashion, the LR
accurate by comparison with the analytical results. Thiorces have a nonperturbative effect on the structure(df,
range ofl is adequate for our purposes. at smalll, and thus they affect the location of the first-order
In Fig. 4 we compare the coefficierts anda; obtained transition. We have repeated the calculation for an SR model
using the asymptotic method of Rdfl2] and the present with r,.=z.=3c (see Table )l and found that, even in this
approach. While the differences @3 are less than 1%the  case, the LR transition temperature is not recovered. This
critical-wetting temperature isTy ~1.04 using the means thatthere is no way of clearly separating the effects of
asymptotic method compared T, ~1.03 from the con- short- and long-range forces, at least for the class of systems
strained numerical minimizationthere are significant differ- studied in this paper.
ences for the higher-order coefficients. These discrepancies
result from a combination of limited numerical accuracy in VI. CONCLUSIONS
the constrained minimization @2 at largel, the interpola- . ) . .
tion used to calculate the coefficients, and the numerical We have investigated, by means of density functional
evaluation of the moments of the density profiles, required tdheory, the influence of the short- and long-range forces on
calculate the coefficients of the analytical expansion. Theséhe location and nature of the wetting transition, for a fluid
numerica| procedures are Very demanding Since they invo|védsorbed at a solid substrate. To this end, we have calculated
differences of small numbers over a wide rangé. of numerically the interface potential of the systea(l). In
The present approach, however, yields the interface poaddition, we hav_e cal_culated the substrate-liquid and Ii_quid-
tential in the vicinity of the substrate, and it is particularly 9as density profiles, in order to evaluate the asymptotic ex-
accurate at and around its first minimum, which is beyondPansion of the interface potentia(l), derived by Dietrich
the range of the asymptotic approadh<@). This is illus- and Napiekowski [12]. We found that both approaches
trated in Fig. 3, where it is clear that, while the asymptoticagree fol =5, but yield different results closer to the sub-
result is accurate for>50, it cannot describe the structure Strate. In particular, the asymptotic expansion fails to de-
and thus fails to describe the first-order transition between ¥ia DFT.
thin and thick film that occurs in these systems. We have investigated the location and nature of the wet-
As mentioned previous'y, both approaches y|e|d a Critica’:ing transitions and found that a Sequence of two transitions
wetting transition for this LR system: the leading term of the
expansion(10) changes from negativépreventing wetting TABLE I Transitior_1 temperatures for LR and SR systems as a
to positive(favoring wetting, while the next-to-leading term  function ofu,. Cutoff distances .= z.= 20 andr.=z.= 30 for SR
remains positive(favoring wetting. The critical wetting ' and Il respectively.
transition occurs affy, .~1.03, thus following a first-order

* * * *
transition afT;, ;~1.0125(see Fig. 3 In Fig. 5 the thickness te TwetR  TwatR TwaSRT - TwaSRI
of the adsorbed liquid layer, calculated using the asymptoti@.5 1.060 1.100 0.97
expansion, plotted as a function of temperature, illustrateg.7 1.029 1.013 0.86 0.94
this sequence of transitions. 3.0 1.038 1.001 0.865

This behavior, however, is far from universal, as shown in
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may occur, as observed by Shahidzadehl.[9] for alkanes order wetting transition, unless very large cutoffs are used.

on brine. We checked that this behavior depends sensitivelyhus, for this type of interaction, there is no way of clearly

on the parameters of the substrate-fluid and fluid-fluid interseparating the short- and long-range forces. Further investi-

actions. By changing slightly the substrate-fluid potential, thegations, including a connection with the wetting of alkanes

first-order wetting transition temperature increases aboven water, are clearly required.

that of critical wetting and only first-order wetting occurs in  Finally, this implementation of an accurate DFT theory

the system, in agreement with earlier calculations based on@ombining brute force numerical minimization with the

simpler free energ19]. Those calculations also suggest thatevaluation of the asymptotic interface potentialay be ap-

the sequence of two transitions, occurs only in a limited replied to other types of critical wetting, namely triple point

gion of the interaction parameter space. wetting and complete wettindL,2] where new experimental
One of the aims of this work was the construction of afindings have been report¢d0—-22.

short-range counterpart of a microscopic long-range poten-

tial, capable of acc_ounting _for .the first-order transition re- ACKNOWLEDGMENTS
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