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Wetting in ternary mixtures—with and without amphiphiles
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The interfacial wetting behavior of ternary fluid mixtures is investigated, both for systems where all
components have isotropic interaction potentials, as well as for systems where one component is an
amphiphile. The BEG model and the corresponding two-order-parameter Ginzburg—Landau model
are employed for systemgithout amphiphilesWe calculate the global wetting phase diagram for
nonamphiphilic mixtures. In the investigated range of interaction parameters, the wetting transitions
are always continuous at three-phase coexistence. The critical behavior is found to be universal in
some, nonuniversal in other parts of the phase diagram. For systéfmsamphiphiles two
additional interaction terms are taken into account. The first models the aggregation of amphiphilic
molecules at the air—water interface, the second the formation of amphiphilic bilayers in water. We
find that the first term leads to a reduction of the tension of the air—water interface, and favors
wetting by the water-rich phase, while the second—bilayer—term leads to a reduction of the tension
of the interface between the water-rich and amphiphile-rich phase20@ American Institute of
Physics. [DOI: 10.1063/1.1502242

I. INTRODUCTION an oil-rich phase, a water-rich phase, and a microemulsion
phase, which contains comparable amounts of oil and water
The understanding of the wetting behavior of two-phaseand most of the surfactant. The surfactants reduce the inter-
systems near a planar or curved wall, as well as of threefacial tension of all three interfaces dramatically. The wetting
phase system in thermal equilibrium has made enormousehavior of the microemulsion phase at the oil-water inter-
progress over the last 20 yedrs.The theoretical work has face is by now well understood. For short-chain surfac-
mainly been focused on the case of two almost coexistingants, the microemulsion phase always wets the oil-water
phases near a planar wall. Here, a rich phase behavior hasterface. For longer-chain surfactants, on the other hand,
been predicted from the mean-field analysis of the fsargl  the microemulsion does not wet close to the phase-inversion
the corresponding Ginzburg—Landau models for two-phaseemperaturf—where it contains exactly equal amounts
coexistencé,which was later confirmed and investigated in of oil and water—while it wets when the upper or lower
more detaif critical end points are approached, at which the micro-
The coexistence of three fluid phases requires a syste@mulsion merges with the oil-rich or water-rich phase,
of at least three components if all phases are liquids, and agspectively®2°
least two components if one of the phases is a vapor. In case This behavior can be understood theoretically very well
that all the interactions between the different molecules aren the basis of a Ginzburg—Landau model with a single,
isotropic, such a system can be described theoretically vergcalar order parameter, which is to be identified with the
well by a Ginzburg—Landau model with squared-gradient aptocal concentration difference of oil and watérin this
proximation. For Ginzburg—Landau models with a single,model, the nonwetting behavior is intimately connected to
scalar order parameter, the “middle” phase is then alwayshe oscillatory decay of the water—water oil—oil) correla-
found to wet the interface of the two other phases at threetion functions. Such correlations in the balanced system im-
phase coexistencé.Two scalar order parameters are neededply oscillations in the effective interface potential, and there-
in this case to describe the full wetting behavior, which in-fore lead to nonwetting”?*~?3The oscillations are present
cludes the possibility of nonwetting of all three phases afor long-chain amphiphiles, but do not appear for short-chain
coexistence. The second order parameter leads to the intefmphiphiles. The connection between the decay of the bulk
esting possibility of nonuniversal wetting exponents for sys—orrelation function and the wetting behavior has been care-
tems with short-ranged interactions already on the mean-fieleLlly investigated and confirmed experiment&fy.
level*~**Models with two order parameters have also been  As the temperature is raised or lowered from the phase-
used to investigate the effect of van der Waals interactions ifhversion temperature, a critical end point is approached. In
binary fluid mixtures in coexistence with their vapor ph&Se. this case, the correlation function has to change from oscil-

The wetting behavior in ternary mixtures, which containlatory to monotonic decay, and a wetting transition takes
amphiphilic molecules, is of particular interekt.In these place?5‘27
systems, three homogeneous phases can coexist, which are For amphiphilic systems, Ginzburg—Landau models with
two scalar order parameters—the local concentration differ-
aCurrent address: FOM Institute for Atomic and Molecular Physics, Kruis-€NCe between oil and water, and the local surfactant

laan 407, 1098 SJ Amsterdam, The Netherlands. concentration—have been employed to study correlations in

0021-9606/2002/117(15)/7284/11/$19.00 7284 © 2002 American Institute of Physics

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Wetting in ternary mixtures—with and without amphiphiles 7285

the surfactant density and the corresponding scattering M¢:MB—MC—2dECC+ 2dEBC,

intensity?®~3° However, the surfactant concentration as sec-

ond order parameter seems not to be essential for the wetting Mp:ﬂA—MC—ZdECCJr 2dEAC, 4
properties, since all experimentally observed effects can be

captured by the single-order-parameter model discussethere are three high-symmetry cases. When the system is
above. invariant under exchange ok and B molecules, then]

The situation is different when the two-component fluid =K. For a system which is invariant under an exchanga of
mixture of water and surfactant is considered in coexistencandC moleculesK=2C, and similarly, for a system which
with its vapor(or air). The wetting behavior of such systems is invariant under an exchange 8f and C molecules,J
has been studied experimentally in Ref. 31. In this case, twe=-2C. See Appendix for a more detailed discussion.
order parameters are required to describe the interface. One The model is often formulated in magnetic language in-
order parameter is needed to describe the surfactant concestead, with a spin variabl§, at each site, which takes the
tration of the fluid, and thus distinguishes the water-rich andsalues 1, 0, and- 1. In this case, the Hamiltonian reads
the surfactant-rich phases, while the other order parameter is
necessary to describe the mass density, and therefore to dis-
tinguish fluid and vapor phases. We want to investigate the

H=—2, [ISS+T(SS+575) +RSS]]
(i)
wetting properties of this class of systems in more detail in

this paper. —> (HS+ASP). (5

I
Il. THE BLUME-EMERY-GRIFFITHS MODEL The two models are easily mapped onto each other with the
A. Spin-1 and Ginzburg—Landau models relations

We employ a two-order-parameter Ginzburg—Lan¢zu
van der Waalsmodel, which was first introduced by Blume,
Emery, and Griffith¥ in order to describe mixtures of Fle B 1
and Hé at the\ transition. Pr=2501+3), 6)

Consider a three component lattice gas, presented by a
statistical variableP{* at each lattice sité which is 1 if the
site is occupied by a particle of speciesnd zero otherwise.

All lattice sites are occupied. Nearest neighbors interact Witﬁind
each other with coupling strengBf? and external fieldg.*

Pi=—38(1-5),

PC=1-%2,

affect particles of the species The Hamiltonian of the sys- 4J=J+K-2C,
tem is then _
4K=J+K+2C,
H=—3 B4 PIPE-S 1, > PL. (1) 3
af (i) a ' 4C=J-K, )
In the mean-field approximation, the free energy is a func-
tional of the local densities 2H=py=pp,
=(pA
pi=(Pi), 2A=pytp,.
gi=(PP), 2

The global bulk phase diagram of the Blume—Emery—
1— ,pi—pi:(PiC), Griffiths (BEG) model is described in the work of Furman,
Dattagupta, and Griffith® Here we sketch only those fea-

The Ginzburg—Landau free-energy functional tures of the bulk behavior, which are relevant for wetting

. . 3 5 1 5 processes. Figure 1 shows coexistence regions in the compo-
F[Lb(X),P(X)]:f dx{ = J(dy =3V ¢)) sition triangle and coexistence lines in the,fu,) plane for
_ ) two sets of coupling parametel& C with different values of
—K(dp®—3(Vp)9) = C(2dgp—V¢Vp) J. In the composition triangle three two-phase regions meet
_ _ in one three-phase region, which grows with increasing
Hoth =t TN plnp Thus, J controls the size of the mixing gap between e
+(1=¢—p)In(1—¢—p))}, (3)  andC phase. With decreasingjthe critical point at the end

of the BC coexistence line in thew,u,) picture moves into
the three-phase point and vanishes there, which means that
the three-phase triangle in the corresponding composition

is then derived in the continuum limit, wheckis the space
dimension and

J=EPB+ECC-2E®C, picture degenerates into a line. The equivalent happens to the
K = EAA+ ECC_ 9EAC AC-mixing gap for smallK, as the model is symmetric

’ in J andK, and theAB-mixing gap vanishes for sufficiently
C=ECC+EAB—EAC—ECB, largeC.
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FIG. 3. Definitions of the contact angles of a fluid droplet at a fluid—fluid
l interface.
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: ] than the interfacial width and then minimi#g ¢(x;),p(x;)]
B with respect to the variables/(x;),p(X;)) under the bound-
¥ o058 ary condition that two points at each end of the profile are
fixed at bulk values. The difference between the free energy
: of the interfacial profile, which minimizes E¢3), and the
00 i ( free energy of a bulk phase is the interfacial tensiofrrom
0.0 ops 1.0 5 the interfacial tensions of the three interfaces follow the con-

tact angles

FIG. 1. Dependence of the bulk phase diagram on the interaction parameter
J, forK=1,C=0, with (a), (b) J=0.7, and(c), (d) J=0.665. Decreasing

moves the critical point at the end of th&C-coexistence line into the 2 2 2
OaBtOBC™OAcC

three-phase coexistence poibj, (d). The three-phase triangle degenerates _

into a line (c). cog®p)= 20apac ®
Combination of these observations yields Fig. 2, a sche-

matic view of the region in parameter space, in which three oh gt oh o 05 ¢

bulk phases coexist. The surfaces of this region consist of €0¥®¢)=— : 9

- . - S 20p080AC
critical end points, at which two of the three liquids become

identical.

compare Fig. 3. In order to characterize the wetting transi-
. _ . tions, we compare the critical exponent of the contact angle
We employ the following procedure to investigate the and the film thickness growth rate to analytical results for an

wetting properties of the model. For a given set of paramypproximate effective interfacial potential.
eters within the three-phase region, we first determine the

bulk densities numerically and then minimize the free-energy

functional(3) with respect to all density profileg(x), p(x)

with the bulk values as boundary conditions. In order to find

the profiles, we discretize space in an interval much largeg gffective interfacial potential

B. Approach to wetting

If an interface is not wet, there is yet a microscopically
C thin film spread at it. In order to describe critical wetting
transitions, we discuss the effective potertial

o()=F[I,T,u]l-If\w—0oas—0gc, (10

between the two interfaces which bound this film, wheig
K the film thickness. If the interface is web(l) has its mini-
mum at infinitel, if it is not wet, there is a minimum at
finite I.
J We assumé to be large enough for the densities to relax
into their bulk values at each interface as if they were inde-

FIG. 2. Schematic view of the three-phase region in parameter space. TI'§ ot _
surfaces of the three-phase region consist of critical end points at which twi end_ent' Small deV|at|onS¢,//(x), 5p(X) from the bulk val

of the coexisting phase merge. uesy(x), p(x) produce a change in free energy
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2 1 2 2 1 2
AF[5¢(X),5p(X)]=jdX —J| doy —E(V(w) —K| dsp —E(Vﬁp) —C(2d8 ydp—V 54V Sp)

Su®  8p®  (Sy+p)?
+T(i_+i_+—( ¥+ %) ) : (11
24  2p 2(1—¢—p)
The solution of the Euler—Lagrange equations derived from(ED.for an ansatz of exponential decays
2 2
Sy=, ae M, Sp=, be M (12)
=1 =1
yields the decay exponents
,  KQ+JR-2CS* (KQ—JR)*~4[SIK+C*QR-CSKQ+JR)] 13
1,27 2(JK—C2) ( )
|
with Ill. RESULTS FOR SYSTEMS WITH ISOTROPIC
INTERACTIONS
T . .
Q=-2dJ+—+ - A. Global wetting phase diagram
Y 1—¢y—p Figure 4 shows a cut through the three-phase region at
C=1. The solid lines are contact angle isolines &g and
T T ®c. The dashed lines mark the surface of the three-phase
R:—2dK+§+ 1—0-7 (14) region. The solid thick lines are 0° and 180° isolines. For
—YTp

small J, i.e., close to the critical point of thBC mixture,
®g=0° and® .= 180°—theB phase wets th&C interface.
S=_2dC+ T _ For smallK the A phase wets th&C interface. AtJ=K
1—g—p (triangle) there is no wetting because, c= o ¢ all the way

to the critical end point. Wetting close to a critical end point

From the ansatz12) follows the form of the interfacial po- of the mixture—where the interfacial tension between the

tential: two phases which become critical goes to zero, while the
interfacial tensions of these phases with the spectator phase
o(l)=re M +se MMl te o4 ye Ml 4. approach the same finite value—is often referred to as

“Cahn” wetting.>*

Figure 5 shows cuts &=1.5 andC=2 for comparison.
The general structure remains the same, but the wetting re-
gions grow larger due to the bent shape of the three-phase

=Ae “+Be A+, (15

We consider only the two terms of leading order

a=N1, B=N, if Ny<Ay<2\q, surface with respect t@.
(16) The wetting behavior for an orthogonal cut through the
a=\;, B=2\; if \j<2\;<\,. parameter space, at constant interaction strefhgth shown

in Fig. 6. This cut shows in particular that the wetting tran-
The prefactorsA and B depend on the interaction param-
eters, the bulk densities, and the decay exponenss The

—15

effective interface potentiab(l) has its minimum at ,
4r 4r
S Bﬂ) an L
0= Ma,/| 3ir B :
B—a \Aa - K l
. . . 2t 2f
with A<0, B>0 in order to start out from a non-wetting h
situation, i.e., a minimum ob(l) at finitel. As A goes to 1k o 1
zero on approach of the wetting transition, the film thickness (b)
grows with an exponent 18— a)=a,. The contact angle, 0 L
written as cod9g), follows the power law J
o(l 0) FIG. 4. Contact angle&@) ®g and(b) O for a cut through the three-phase
cog0@p)~1— =:1—-A" (18) region atC=1. Dots mark parameters for which numerical data was taken,
OB,C solid lines are contact angle isolines, which were interpolated from the data,
_ the dashed line marks the boundary of the coexistence region, and the thick
with y=B/(B— «a). solid lines are 0° and 180° isolines.
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1r 1+
() (b
0 : 0
0 1 2 3 4 0 1
J
4+ A
3 FIG. 7. Sketch of the full wetting diagram. F@>0, the surfaces of the
K three-phase region are covered by wetting regions, which can be “Cahn-
5L type” close to the dashed lines, and “non-Cahn” otherwise. Egt0 we
L. find a “non-Cahn” wetting behavior, in which th€ phase wets thé\B
1 Nl it interface far from the critical end point. Along the dashed lines, no wetting
© - (d) transitions occur, because two of the interfacial tensions remain equal all the
0 ) 0 way to the critical end point.
0 1 2 3 4 0 1

FIG. 5. Contact angle@), (c) ®g and(b), (d) ®¢ for C=1.5(a), () and  sitions to be continuous in the investigated range of interac-
for C=2 (c), (d). Dots mark parameters for which numerical data was taken,tion parameters.
solid lines are contact angle isolines, which were interpolated from the data,
the dashed line marks the boundary of the coexistence region, and the thick
solid lines are 0° and 180° isolines.
B. Critical exponent of the contact angle

The critical properties obtained from the numerical cal-
sition of theAB interface by theC phase over a large range culation can be compared with predictions by the effective
of K values occurs very close to ti@=0 plane. interfacial potential approach. Figure 8 shows the film thick-

From these different cuts through the parameter spacé€ss! and the contact angl®g versus the distancg=(J
the full wetting diagram can now be constructed, see Fig. 7;”Jw)/Jw from the B-wetting transition, wherel,, is the
where the boundaries of the wetting regions are drawn intdransition point. The circles are data from the numerically
the three-phase region. Additionally to “Cahn” wetting, OPtimized profiles, the solid lines are results from the ap-
which occurs when the Wet“ng surface comes Very close t@roximation of the interfacial pOtential. The film thickness—
the surface of critical end points, wetting transitions alsohich is defined as the distance between the two inflection
occur further away from these “critical surfaces.” This is a Points of the order parameter profile—grows likej)nClose
different type of wetting, which occurs foE<0 because to the transition the interfacial potential approach produces a
oap gets very large. The same effect occurs when: or good approximation. Foj>0.06 it deviates from the data,
og.c gets large(by appropriate choice ok+C or J+C,  because the interfaces are too close to still be regarded as
respectively. Considering the evolution of the profiles on independent. + cos®g) follows a power law, the exponent
approach of the wetting transitions, we find all wetting tran-Of which is also well reproduced by the approximation.

Figure 9 shows the decay exponeits, and the expo-

nent of the contact anglg (crossesand the film thickness-

2.5
20} 2
1 5
Q
Q
15F 5B -
03708 10 12 14 0308 10 12 14 !
g 0.01 0.05 0.1 0.2
t# K () K (a) j (b) "

FIG. 6. Contact angle&®) ®g and(b) O for J=2. Dots mark parameters

for which numerical data was taken, solid lines are contact-angle isolines;|G. 8. (a) Film thicknessl and (b) contact angleBg on approach of a
which were interpolated from the data, the dashed line marks the boundanyetting transition, withj=(J—Jy,)/Jyy . Data from numerical calculations
of the coexistence region, and the thick solid lines are 0° and 180° isolinedcircles and approximation from effective interface potentigl); see Egs.
The contact-angle isolines do not convergdat0.75 to a single pointas (17) and (18) (solid line9, respectively. The parameters &e=2.2, C=1,
they should due to the interpolation algorithm. Jw=1.06,a,=—0.69, andy=3.4.
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FIG. 9. (a) Decay exponents; ,. (b) Critical exponent of contact angle,

(crossey and film thickness growth lava, (circles, along a line of wetting
transitions withC=1.0 andJ=1.0 (compare Fig. # At K=2J=2C the

solutions of Eq(13) are almost degenerate. Therefgranda, become very
large.

growth ratea, (circles from the effective interfacial poten- FIG. 10. Wetting phase diagram of a two-component mixture near a wall.

. . - - . . Here,t=(T—T.)/T, is the reduced temperaturd, is a bulk field propor-
tial calculations along a line of wetling transitions with tional to the chemical potential difference between the two components

=1.0 andJ=1.0 (compare Fig. ## For most of the phase [compare Eq(7)], andH, is the corresponding surface field. In the shaded
diagram,\,>2\; and thereforey=2 anda,=1/\;. At K region of the coexistence planél €0), neither theA rich nor theB rich
=2J=2C the exponents deviate from this behavior andphase wets the wall. The two wings extending into the redichO are
grow very large(they diverge for infinited). The symmetry ~ Prewetting surfaces. Redrawn from Ref. 5.

which causes the close approach of the two eigenvalyes

andA, is

pe=1—pg— s, 19 . .
) . o . curs in the absence of a surface field, because both phases
where pg denotes theA particle density within theB-rich  paye exactly the same surface free energy in this case.

middle phase. The densities AfandC particles within the In our wetting phase diagram of Figs. 4, 5, and 7, there
middle phase are identical at this point. Substitution of Eqare three lines at which no wetting transition occurs. These
(19) andK=2J=2C into Eq.(13) yields are the lines, where two of the three interfacial tensions are
1 2 identical, so that again no wetting transition can occur by
kisz(QI—B)- (200  symmetry. At constan€, the wetting phase diagram in the

vicinity of symmetry point atJ=K then indeed resembles
For growingJ the B-rich phase becomes purer and the bulkthe diagram of Nakanishi and Fisfevery closely. First-
densitiesyg and pg move towards 1 and O, respectively. order transitions have not been found in the investigated part
Therefore,Q grows very large whileg approaches unity. of the parameter space, so that prewetting wings are absent
The solutions\;, become more and more similar and in our phase diagram. The situation is very similar for the
thus y and a; become very large, but they do not diverge other two lines, wherer, g=0p c andoa g=oa c, respec-
unlessJ— oo, tively.

Two scenarios are now possible. First, wetting at three-
phase coexistence is indeed equivalent to wetting of a wall at
two-phase coexistence. In this case, the analogy with the

On the basis of our results, we can now compare thehase diagram of Nakanishi and Fishienplies that the wet-
wetting behavior of the ternary system with the wetting be-ting transitions in the ternary system will become first order
havior of a two-component system near a wall. Indeed, thgufficiently far from the symmetry lines. This has not been
spectator phase in wetting transitions of three-componergbserved in the investigated range of interaction parameters,
systems near a critical end poif€EP is often described but could occur for even larger interaction strengths. Second,
theoretically by an inert waf>*® In this case, the wetting the fact that we have not been able to find first-order wetting
phase diagram depends on the strength of the interactions g@énsitions could indicate that this equivalence does not al-
the wall® If these interactions are much stronger than in theways hold.
bulk, a surface transition occurs above the bulk critical tem-
perature, where one component is enriched in a microscopi-
cally thin surface layer, while the bulk remains homoge-
neously mixed.

The wetting phase diagram in the opposite case of suftv. TERNARY MIXTURES WITH AMPHIPHILES
ficiently weak surface interactions is shown in Fig. 10. This
is expected to be the generic situation. It shows that for small We investigate the wetting properties of a mixture of
surface fields, a critical wetting transition occurs near thewater (W) and amphiphile &) at the interface to their vapor
bulk critical point, while for stronger surface fields, the wet- phase or air G). Amphiphilic properties are incorporated
ting transition becomes first order. No wetting transition oc-into the model by two additional interactions,

C. Discussion
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interaction accounts for its tendency to self-assemble within

H=—2 X p*Pi-2> > E*Pprpf the water phase. Under the same approximations as before,
a i a,B (i,j) .
and with
GpApW
—<i]2k> 2L, PyPyPy pi=(P"),
=(PA), 22

_<i_§EI> L,P"PAPLP)Y. (21) =P (2

e 1=¢i—pi=(PP),

The three-particle interaction models the amphiphiles’ prop-
erty to assemble at the water-air interface. The four-particldollows the free-energy functional

— 3 2 1 2 2 1 2
F—fdx — pgtr= =3 2= S (V)2 =K| dp?~ 5(Vp)? |~ (C+2L,)(2dyp—V y¥))

2 2 1 2 1 2 2 1 2 5
2Ly d(p+p7P) = 5p| (V)= 5(A9)7 | = 24| (Vp)"= 3 (Ap)" | = VYVp| p+ 5 ¢
1 1 9 3
—L4{d¢292— Epz((Vw)z— 1—2(A¢)2)—iwz((Vp)z—Z(Ap)2>—5¢th//Vp}
vy )]
+T| —In—+plnp+(1—y—p)In(l—y—p)| |, (23
Na~ Na

whereN, is the length of the amphiphile. In the free-energy phasel , does the same in principle, but it does not have any
functional (23), we include in the expansion of the interac- influence on the bulk diagram in the parameter range we
tion terms contributions up to fourth power in the densitieshave chosen for our investigation of the wetting properties.
and up to four derivatives. However, all terms have beerAll the results presented below have been obtained\for

neglected, which contain products of derivatives/oénd p =1.
and have a total of four derivatives, since such terms lead tg . .
. Wetting properties

numerical instabilities. We will demonstrate below that the

interfacial profiles depend qualitatively dn andL, as ex- The wetting properties of the amphiphilic system as a
pected, so that our modé&r3) captures the essential physics function of the amphiphile strengths, andL, are qualita-

of these systems. tively different forJ>K andJ<K.

We employ the same numerical methods for the determi-  We consider first the caske>K. Figure 11a) shows pro-
nation of the interfacial densities as before and are thereforéles of the amphiphile density at the water—air interface in
restricted to homogeneous bulk phases. The stability of thdependence of the amphiphilicity; . Amphiphile accumu-
bulk phases against spatial variations of the order parametelates at the interface with increasihg. However, this effect
is analyzed within the Ornstein—Zernike approximation. Weis small, and leads to only a very weak reduction of the

find the disordered phases to be stable approximately fonterfacial tensionoy, g; see Fig. 1lb). More dramatic is
the increase of the content of amphiphile in the bulk water

Ly=<L,/2.
phase with increasing.;. This increase indicates an ap-
V. RESULTS FOR AMPHIPHILIC MIXTURES P N —

0.06- . L e Gy
v LT == Oy

The presence of amphiphilic molecules alters the wetting IS
properties of a mixture in two ways: The bulk diagram | ; N | 1 |
changes because of changes in solubility and the interfaciay ;

structure changes because of the self-assembling property c e o5k -

the amphiphilic molecules. T B | e

A' BU|k propertles (-}10 -IS 6 ‘ 5 10 00 ’ Ol.l ! 0{2 ! 0{3
(@) * (0) L

The “length” N, of the amphiphiles reduces the influ-
ence of the entropic term igy and therefore has the same FIG. 11. (a) Profiles of amphiphile density at the air—water interfac@vith

effect on the bulk diagram as a stronger couplindt opens  water-rich phase located at-0) for varying amphiphilicityL.,=0.1-0.4
the mixing gap between the amphiphile-rich and the vapofslid-long-dashed curyewith J=2, K=1, C=0.5, andL,=0, and(b)

haseL , couplesy and p and has a similar effect 3. It corresponding interfacial tensions. The accumulation of amphiphilic mol-
P -1 p_ - p o . ecules at the interface reduceg, g only slightly, but the increase of am-
reduces the mixing gap between water and amphiphile-ricBhiphile in the bulk water phase produces a large decreaseig.
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FIG. 12. Contact angle®) of the amphiphile-rich phas@ 5 , and(b) of the
vapor phase® ¢, in amphiphilic mixtures with1>K, as a function of the
two interaction parameterd,; and L, characterizing the amphiphile
strength. Both contact angles grow to 180° with growing amphiphilicity. A
transition to wetting of theAG interface by a water film is induced with
increasingL,. The parameters ak=2, K=1, andC=0.5.

the critical point, where the water-rich and the amphiphile- IR i
rt(‘g_rface and not the amphiphile-rich phase W& interface

rich phases merge, and therefore leads to a pronounced
duction of the interfacial tensiooy , between these two
phases; compare Fig. ). Thus, increasind.; drives the

system towards a wetting transition of the water—air interP

face by the amphiphile-rich phase.

Our data for the contact angles within the amphiphile-

rich phase @,) and within the vapor phasé)(s) versusL

and L, are shown in Fig. 12. Both contact angles grow

FIG. 13. (a) Profiles of amphiphile density at the air—water interfac@vith
water-rich phase located at>0) for varying amphiphilicityL,;=0.1-0.3
(solid-dotted curvg with J=1, K=2, C=0.5, andL,=0, and(b) corre-
sponding interfacial tensions. Note the different scale of the density axi
compared to Fig. 11. Increasirlg leads to a strong accumulation of am-
phiphile at the interface of water and air,, g decreases strongly.

7291
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FIG. 14. Contact angldg) of the amphiphile-rich phas@) 5 , and(b) of the
vapor phase@g, in amphiphilic mixtures withl<K, as a function of the
two interaction parameterd,; and L, characterizing the amphiphile
strength. Wetting of th&V G interface by an amphiphile-rich film only oc-
curs at finiteL,>0. The parameters atk=1, K=2, andC=0.5.

weakly with L, and strongly withL, until water wets the
AG interface. The reason the water phase wetsARein-

is that forJ>K, oy g<oag. This agrees with experimen-
tal findings by Kahlweit and BusséA more detailed com-
arison will be made in Sec. VII below.

In the opposite cas@<K, the dependence of wetting
behavior onL; andL, is quite different. Now, increasing;
leads to a strong accumulation of amphiphile at the interface
of water and air, as well as at the interface of water and
amphiphile-rich phase, as shown in Fig(d3Therefore, the
interfacial tensionsry, g and oy 5 both show a pronounced
decrease with increasirlg;, while o5 g shows only a weak
decrease; compare Fig. (b3.

Our results for the contact angles are shown in Fig. 14.
In the present case af<K, oy g>o0ac. Wetting of the
water—air interface by the amphiphile-rich phase can now be
reached, but it occurs only at sufficiently larbe andL,.
The interaction parametdr; takes the system towards the
critical point, but at the same time reduagg g . Numerical
instabilities prevent us from studying larger values gfthan
those shown in Fig. 14. Therefore, wetting of &G inter-
face by the amphiphile-rich phase has only been found to
occur whenoy » is additionally reduced by the, interac-
lions. The effect of increasing, can be inferred from the
form of Ginzburg—Landau Hamiltoniar{23). The term
—L4p?%y? has a similar effect as- Cpys since 6<p<1 and
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VIl. DISCUSSION AND CONCLUSIONS

A. Comparison with experiments in water—surfactant
mixtures

In the experiments of Kahlweit and Bus&ehe wetting
behavior of a mixture of water and nonionic surfact@n;
in coexistence with air was studied as a function of the head-
group size. FoiICgE, and CgE,, the surfactant-rich phase
0 1 s 3 0 1 2 5 clearly forms a lens at the water—air interface, with a finite
(a) J Q) I contact angle. FoCgE, and CgE3, on the other hand, the
FIG. 15. Cut through the three-phase region @« 1, with L;=0.1 and SyrfaCtant-.”Ch phase forms a droplet, which har!gs ?f‘t the
L,=0.025. Compared to nonamphiphilic mixtures, see Fig. 4, wetting tran—alr—Water 'nte_rface' Th_e reason t_hat _the droplet '_S St'"_ at-
sitions are shifted to higher valuesiéfandJ, but, as the three-phase region tached to this interface is the density difference, which drives
also gets smaller due to an effective shift to higBeby L,, the extension  the less-dense surfactant-rich phase upwards.
of the wetting regions actually declines. The increase of the head size has the eff¢gt®f in-
creasing the solubility of the amphiphile in water, afid of
increasing the temperature above which two-phase coexist-
ence between water-rich and surfactant-rich phases appears.
Since with rising temperature, water becomes an increas-
ingly poorer solvent for the surfactant, these two effects
early cancel and leave the surfactant concentration of the
pwer critical point nearly unchangéd Furthermore, the in-
crease of the head size decreases the tension of the oil-water
interface, while the tension of the water—air interface is

0<<1. Therefore, increasingy, has a similar effect as
increasingC in the system without amphiphile. FOK,
increasingC drives the system of Fig. 7 toward@swetting,
which corresponds to wetting by the amphiphile-rich phas
in the present case. Physically, the reduction of the interfaci
tensionoy 5 by the interactiorL 4 can be interpreted as the
formation of an amphiphilic bilayer, which is favored by
L,>0; compare Eq(21). hardly affected” ,

Figure 15 shows a cut through the three-phase region at 1 1€ experiments of Ref. 37 have been carried out at a
C=1 with L,=0.1 andL,=0.025. Compared to a system constant of 25°C. This §hould pe comparoed with the tem-
without amphiphilegsee Fig. 4 the wetting transitions have peratures of the lower critical point Gic<0 °C for CgE,,

moved to highed andK, but, as the three-phase region hasCSEhsgcsEz, 'Ifc=.ll°C .for CgE; and TF=4O°C for
also become smaller, wetting now occueteserto the criti- CgE4.™ Thus, with increasing head-group size, the system at
cal end points constant temperature effectively approaches a critical point.

In our model, the increased head-group size corresponds
to (i) an increase of the interaction parametefsandL,,

and (i) a increase of the coupling consta®t The increase
VI. SUMMARY of L, has been shown in Fig. 11 to have only a weak effect
) ) o on the interfacial tension of the liquid—air interface, in agree-

The wetting behavior of ternary liquid mixtures has beenment with the experimental observations. The increade, of

investigated  within ~a  two-order-parameter ~ Landau—nq the increase o (compare Sec. Il Aboth act to move
Ginzburg-type model for liquids with short-range interac-yhe system closer to a critical point, and thus promote wet-

tions, which corresponds to the continuum limit of the ing The theoretical results presented here are therefore in
Blume—Emery—Criffiths(BEG) model. In the investigated 04 agreement with the experimental results of Ref. 37.
range of interaction parameters, witkig<5, 0<K <5, and

0<C=2, all wetting transitions are found to be continuous.
The critical exponenty of the contact angle and the
growth exponenta, of the film thickness were calculated
both from a numerical solution of the mean-field equations,  Ternary systems of particular interest are mixtures of
and within an effective-interfacial-potential approach of in-three different polymers of lengthé,, Ng, andN¢. In the
dependent interfaces. In both cases, we find for a largest panteak-segregation regime, the polymers are well described by
of the wetting diagram a universal wetting behavior wjth  the Flory—Huggins approximation, with interaction param-
=2 anda,=1/\,. However, near the surfacé&s=2J=2C etersy, z. Then the free energy of a mixture of polymers of
the wetting exponents become nonuniversal. In particulaqual lengthadN,=Ng=Nc=N takes the form of Eq(1)
they become very large due to a symmetry in the densities ofith E*#= — NXx. g for a# B, E*“=0, and temperaturé.
the excess phases’ within the wetting film. Mixtures of polymers of different lengths correspond to dif-
The model has then been extended by two interactionferent temperature3,, Tg, and T as prefactors of the
which add amphiphilic properties to one of the fluid compo-three logarithmic terms in Eq3). We have studied such a
nents. One of the interactions models the amphiphiles’ propmodel for an amphiphilic system also, where the length of
erty to assemble at interfaces. It reduces interfacial tensionsater and air molecules was taken to be identiddly(
and therefore supports wetting. In agreement with experi=Ng=1), but the amphiphile to be a chain of lendti .
mental results, we find that it produces wetting of theThe qualitative behavior foN,=10 was found to be very
microemulsion—air interface by the water phase. similar toN,=1 in this case.

B. Ternary polymer mixtures
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Symmetric polymer mixtures, where all the componentsthe dependence of the wetting behavior in amphiphilic sys-
have the same molecular weight, were studied vergems on the chain length of the hydrophilic part should carry
recently’® in the special casqac=yxsc. The method em- over to block copolymer mixtures.
ployed in this study is the Scheutjens—Fleer self-consistent-
field theory, in which the polymer conformations are takenACKNOWLEDGMENTS
into account explicitly in a mean-field approximation. In our

model, xac=xgc corresponds td=K. The wetting ransi- - "\ " 50548/3 is gratefully acknowledged. We thank

tions are then studied as a functionbf 2N ygc andJ—C . . . o
—Nyag. In the weak-segregation regime, the gradient termMarcus Miler for helpful discussions about wetting in poly-

in a binary polymer mixture has the foffh mer mixtures.
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R2 R2 APPENDIX: SYMMETRY RELATIONS OF THE BEG
€ 1— \v/ 2 _ ¢ \v/ 2 24 MODEL
3en P9V =g (V)" (24)
The BEG model is invariant under an exchange ofahe
whereR, is the end-to-end distance. Thus, the ratio of the@ndB components, if the coupling constadtsK, andC in

amplitudes of the gradient and interaction terms in aEd. (5) are replaced by'=J, K'=K, andC'=-C, re-
Ginzburg—Landau theory of polymeric systemsnist the  spectively. With the relationé7), this implies
same as in our model. However, it is easy to see that in the 5/ _ K, K'=J, C’'=C. (A1)

mean-field approximation, the amplitude of the gradient term
can be absorbed into a rescaling of the coordinate perpeffimilarly, the BEG model is invariant under an exchange of
dicular to the interface. Therefore, the two models should béhe A andC components, if the coupling constadtsK, and
equivalent in the weak-segregation regime. Cin Eq. (5) are replaced b';?

The wetting phase diagram in this parameter space can _  _ _  _
be reconstructed from Figs. 4, 5, and 6. We find that in the J'=(J+K+2C)/4,
entire range of parameters<sNygc<2.25 and G<Nyag ~, ~ o~
< 4.5 investigated in our calculations, the wetting transition K'=(9J+K=6C)/4, (A2)
is second order, in agreement with the s_elf—consistent—field C'=(31-K+2C)/4.
results of Ref. 39. Not too close to the point where the sys-
tem is invariant under an exchange of all components, th&/sing again the relations), we obtain in this case
transition in our model can roughly be approximated by the  jr= 34Kk —2cC,
line C=0; compare Fig. 6. This corresponds tdN2zc
=Nyxag in the polymer model, which approximates the re- K'=K, (A3)
sult found in Ref. 39 quite well. '—K—C

It is most easily seen from Figs. 4 and 5 in combination '
with Fig. 9 that for the symmetry lin&K=2C, where the This implies, in particular, that the plar@=0 is mapped
system is invariant under an exchangéAadindC molecules, —onto the plan&k’=C’, and vice versa. Over a considerable
the wetting transition is continuous witonuniversalwet-  range of parameters, these planes are very close to the wet-
ting exponents. The same behavior must of course occuing surfaces; compare Figs. 4, 5, and 6.
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