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The statistical associating fluid theory of Wertheim is applied to describe binary mixtures with associating
between unlike-pair molecules. The phase behavior of this binary mixture would fall into five different types
(I, II, III, V, and VI) of the classification scheme of van Konynenburg and Scott by varying the associating
strength and the energy parameters. Both interfacial wetting behavior and wetting transitions are carefully
examined in all the vapor-liquid-liquid (γ-â-R) three-phase-coexisting regions of the binary mixtures.
The global wetting behavior and wetting transitions are delineated by scanning the parameter space. In certain
regions, the middleâ phase exhibits interfacial phase transitions sequentially, nonwettingf partial-wetting
f nonwetting, at the interface separating lowerR and upperγ phases along with increasing temperature.

1. Introduction

Consider a system of three phasesR, â, andγ in equilibrium,
as schematically shown in Figure 1. The densities of these three
phases are in the orderFγ < Fâ < FR. When a small amount of
the middleâ phase is put onto the interface between the upper
γ phase and the lowerR phase, three different geometrical
configurations of theâ phase are possible. They can be
distinguished by the contact angleθ, defined in Figure 2,
spanned by theR-â and theâ-γ interfaces for the droplet of
the middleâ phase. First, if the contact angle is zero, the droplet
spreads across the interface to form a macroscopically thick film.
The middle â phase completely wets theR-γ interface.
Explicitly, the middle â phase exhibits a complete-wetting
behavior at theR-γ interface, as schematically shown in Figure
3a. Second, if the contact angle is between 0 and 180°, the
middle â phase remains a droplet suspended at theR-γ
interface, as shown in Figure 3b. That is, the middleâ phase
exhibits a partial-wetting behavior at theR-γ interface. Third,
if the contact angle is 180°, the middleâ phase dewets theR-γ
interface and exhibits nonwetting behavior, as illustrated in
Figure 3c. In this case, if a substantial amount ofâ phase is
added to the system, theâ phase will not form a droplet shape
suspended at theR-γ interface due to the gravitational forces.
A small amount of theR phase would intrude the interface
separating theγ andâ phases to form a complete-wetting layer,
as illustrated in Figure 3c* .

A wetting transition is an interfacial phase transition from
partial-wetting to complete-wetting (or nonwetting), and vice
versa. The occurrence of a wetting transition had been success-
fully predicted by the phenomenological arguments of Cahn1

and by the density functional theory approach of Ebner and
Saam.2 Consider a three-phase-coexisting system with a partial-
wetting middle phase, when the system is far from its critical
end point. As the system approaches a critical end point, the
middle phase should completely spread across (or dewet) the
interface separating the other two phases. That is, as a
multiphase-coexisting system is brought close to a critical end

point, these theoretical works predict that an interfacial phase
transition must occur from a partial-wetting behavior to a
complete-wetting (or nonwetting) behavior. This is renowned
as critical point wetting theory.3

Such a transition had been experimentally observed in a
vapor-liquid-liquid system of cyclohexane and methanol,4 as
well as in some other binary,5-7 ternary,8,9 and quaternary
systems.10 In addition, it was found that the wetting transition
of a water+ oil + amphiphile system in the three-liquid-phase-
coexisting region occurs as the system is driven to either one
of its critical end points by varying the temperature,11-16 by
varying the amphiphilicity,11,17 by tuning the salinity,18,19 and
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Figure 1. Schematic illustration of a three-fluid-phaseR, â, and γ
coexisting system in equilibrium.

Figure 2. Definition of contact angleθ in a three-fluid-phase-coexisting
system.

Figure 3. Wetting behavior at a fluid-fluid interface: (a) a complete-
wetting â phase at theR-γ interface; (b) a partial-wettingâ phase at
theR-γ interface; (c) a nonwettingâ phase at theR-γ interface; and
(c*) a complete-wettingR phase at theγ-â interface.

3294 J. Phys. Chem. B2006,110,3294-3301

10.1021/jp056314w CCC: $33.50 © 2006 American Chemical Society
Published on Web 02/02/2006



by varying the oil chain length.20,21 In fact, there are a
tremendous number of binary mixtures accessible to experi-
ments. However, only a small subset of possible binary mixtures
has been experimentally observed to study their interfacial
wetting behavior. More precisely, most of the experimental
studies of binary mixtures in the literature4-7,22-27 belong to
the type II or type III mixture groups of van Konynenburg and
Scott.28 Recently, the wetting behavior for type VI mixtures of
van Konynenburg and Scott28 had been explored experimentally.

Some theoretical works on wetting behaviors and wetting
transitions employ lattice models. Gompper and Schick29 made
an extensive review on this approach. An alternative approach
is the usage of density functional theory. Vast investigations
on the structure of interfaces, density profiles, interfacial
tensions, and wetting behaviors of binary mixtures by density
functional theory have been performed at vapor-liquid, liquid-
liquid, solid-gas, and solid-liquid interfaces.30-38 These studies
are mainly restricted to type II and type III mixtures. Very few
studies have examined the wetting behavior as well as wetting
transitions in type VI mixtures.39

Recently, a simple off-lattice model40,41 has been proposed
to describe the phase and interfacial behaviors of ternary water
+ oil + amphiphile mixtures successfully. The association
between water and amphiphiles is treated by Wertheim’s
theory42 for associating fluids. The resulting ternary phase
diagrams resemble experimental results both qualitatively and
quantitatively. The dramatic lowering of the interfacial tensions
between the oil-rich phase and the aqueous phase can also be
well described. In addition, reentrant wetting and dewetting
behaviors have been found in a binary mixture with one self-
associating component at vapor-liquid interfaces.43 In this
study, this simple model39-41 is applied to explore the wetting
behaviors at the vapor-liquid interface of the binary mixtures
with association between unlike-pair molecules in the region
of vapor-liquid-liquid three-phase-coexisting states. By vary-
ing the associating strength and energy parameters, five different
types, I, II, III, V, and VI, of mixtures are found in this model
system. The wetting behavior and wetting transitions in these
mixtures are carefully explored in this study. The variety of
binary mixtures is systematically classified by the different
features of their phase behaviors according to van Konynenburg
and Scott.28 Figure 4 shows the five different phase diagrams
of type I, II, III, V, and VI mixtures accessible in this study.

This manuscript is organized as follows. In the next section,
the relationship between interfacial tensions and wetting be-
haviors is generally described. The free energy model is
introduced in section 3. Then, the model is applied to evaluate
phase diagrams of vapor-liquid-liquid equilibrium in section
4. The density functional theory is used to calculate the density
profiles and interfacial tensions, and the detail of the calculation
procedure is given in section 5. The results for the phase
diagrams, density profiles, interfacial tensions, and wetting
behavior of model mixtures for various energy parameters are
presented in section 6. Finally, we make some concluding
remarks in section 7.

2. Interfacial Tensions and Wetting Behaviors

For a three-phase,R, â, andγ, coexisting system, the wetting
behavior is related to the interfacial tensions,σRâ, σRγ, andσâγ
corresponding to theR-â, R-γ, and â-γ interfaces of
coexisting phases, and can be classified into three cases.

The relation between the three interfacial tensions satisfies
Antonow’s rule44 when the equals sign is held. Under this
condition, theR-γ interface is thermodynamically unstable.
Therefore, theâ phase completely spreads across the interface
between the other two phasesR and γ to minimize the total
system energy, as shown in Figure 3a. Explicitly, the middleâ
phase exhibits a complete-wetting behavior at theR-γ interface.
The contact angleθ vanishes.

The relation between the three interfacial tensions satisfies
Neumann’s inequality,45 and all three interfaces are thermody-
namically stable. As a result, a small amount of the middleâ
phase forms a lens floating at theR-γ interface, as shown in
Figure 3b, and exhibits a partial-wetting behavior at theR-γ
interface. Accordingly, the contact angle for this lens is between
0 and 180°.

This relation infers that theâ-γ interface is thermodynami-
cally unstable. Widom46 had argued that the free energy of the
â-γ interface can be lowered by an intruding thin layer of the
R phase separating the other two phases,â andγ. Explicitly,
the surface forces defeat the gravity to budge a small amount

σRγ g σRâ + σâγ (I)

Figure 4. Classification scheme of phase behaviors for binary mixtures
according to van Konynenburg and Scott:28 (a) type I mixture; (b) type
II mixture; (c) type III mixture; (d) type V mixture; and (e) type VI
mixture. The critical loci (solid curves), the critical points of pure
components (C), the vapor pressure curves of pure components A and
B (dashed curves), the three-phase vapor-liquid-liquid coexisting
(dashed-dotted curves), the upper critical end point (UCEP), and the
lower critical end point (LCEP) are illustrated.

σRâ - σâγ < σRγ < σRâ + σâγ (II)

σâγ g σRâ + σRγ (III)
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of the lowerR phase up to theâ-γ interface to form a thin
intruding layer separating these two phases, as shown in Figure
3c*. That is, theR phase wets the interface separating theâ
and γ phases and the relation between the three interfacial
tensions satisfies Antonow’s rule,σâγ ) σRâ + σRγ.44 If only a
small amount of theâ phase is present in the system, the middle
â phase remains in a lenticular shape and exhibits a nonwetting
behavior at theR-γ interface (θ ) 180°), as shown in Figure
3c. On the other hand, the wholeR phase, not only a thin film
anymore, would separate theâ andγ phases under the condition
of no gravity.

3. Free Energy Model

The binary associating systems are modeled as mixtures of
equal-sized hard-sphere particles A and B. Each molecule is
assumed to have an active site that allows association only
between unlike-pair molecules to mimic the hydrogen bonding
between A and B molecules.

On the basis of thermodynamic perturbation theory, the total
Helmholtz free energy density of the mixturefT can be written
as39-42

wherefR is the Helmholtz free energy density of the hard-sphere
reference term,fA is the contribution due to the association
between unlike molecules, andfM is the van der Waals mean-
field term due to the isotropic long-range attraction forces.

The Carnahan-Starling expression47 for hard-sphere mixtures
is used to describe the repulsive reference contribution. For all
molecules with the equal-sized hard-sphere diameterd in the
mixture, the Helmholtz free energy density of the hard-sphere
reference fluid is then given by

wherek is the Boltzmann constant,T is the absolute temperature,
Fi is the total number density of substancei, and the total packing
fraction η is defined by

Wertheim’s theory42 for associating fluids is applied to
describe the temperature dependence of the free energy change
due to hydrogen bonding. In this study, associations are limited
to only occur between unlike-pair molecules A and B. For each
molecule with only one attractive bonding site, the association
contribution to the free energy can be expressed as42,48

whereøi is the fraction of molecules of typei (i ) A, B) without
hydrogen-bonding with another molecule of the other type. The
latter quantities are obtained by solving the following mass
action equations simultaneously.

The quantity∆AB characterizes the strength of the association
between molecules A and B and is approximated by39-42

where the parameterKAB is the bonding volume andgHS(d) is
the contact value of the radial distribution function of the hard-
sphere reference fluid and is given by47

The Mayer functionFAB of the square-well potential energy,
of depth-εw, between two bonding molecules A and B is given
by

The contribution due to the long-range dispersion forces
between like- and unlike-pair molecules is given at the mean-
field level49

where

An isotropic interaction potential of an inverse sixth power law
decay is applied,

whereεij is the energy parameter andH is the Heaviside step
function.

4. Phase Diagram Calculation

On the basis of the free energy model proposed above, all
the thermodynamic properties can be evaluated from eqs 1-11
by using standard thermodynamic relationships. The chemical
potential of speciesi is given by

and the equilibrium pressure is thus obtained by

These functions are necessary to determine the critical lines
and phase behavior of the mixture. According to the Gibbs phase
rule, there is only one degree of freedom left for a three-phase-
coexisting binary system. At a fixed temperature, the criteria
for a three-phase equilibrium binary mixture require that the
pressure and chemical potential of each component should be
the same in all phases. Thus, the equilibrium criteria used to
determine the phase equilibrium are shown below31

fT ) fR + fA + fM (1)

fR ) kT∑
i

Fi[lnFi - 1 +
4η - 3η2

(1 - η)2 ] (i ) A, B) (2)

η ) (πd3/6)∑
i

Fi (3)

fA ) kT∑
i

Fi[lnøi -
øi

2
+

1

2] (4)

øA ) 1
1 + FB∆ABøB

(5a)

øB ) 1
1 + FA∆ABøA

(5b)

∆AB ) 4πgHS(d)KABFAB (6)

gHS(d) ) 1 - 0.5η
(1 - η)3

(7)

FAB ) exp(εw

kT) - 1 (8)

fM ) -
1

2
∑

i

RijFiFj (9)

Rij ) -∫dr φij(r) (i, j ) A, B) (10)

φij(r) ) -4εij(dr )6
H(r - d) r > d (11)

µi ) (∂fT
∂Fi

)
T,V,Fj*i

(12)

P ) ∑
i

µiFi - fT (13)

µA
R(FA

R,FB
R,T) ) µA

â(FA
â,FB

â,T) ) µA
γ(FA

γ,FB
γ,T) (14a)

µB
R(FA

R,FB
R,T) ) µB

â(FA
â,FB

â,T) ) µB
γ(FA

γ,FB
γ,T) (14b)
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Note that the superscriptR represents the lower liquid phase,
â is the upper liquid phase, andγ is the vapor phase. These six
equations (14) can be solved simultaneously by numerical
methods to obtain the six equilibrium bulk phase compositions,
having two densities in each phase.

5. Density Functional Approach

The properties of the vapor-liquid and liquid-liquid inter-
faces between coexisting phases of binary mixtures can be
calculated with the application of density functional theory.50

Using a local density approximation, the Helmholtz free energy
density of a nonuniform binary mixture can be expressed as a
functional of the local densitiesFi(r)39-41

wherefR(Fi(r)) and fA(Fi(r)) are considered to be functions of
local densitiesFi(r) and are given by eqs 2 and 4.

Consider a planar interface between coexisting phases. The
grand potential functionalΩ(Fi(r)) for an inhomogeneous binary
mixture can be written as follows

The equilibrium density profiles across an interface separating
two coexisting phases are obtained through the minimization
of the grand potential functionalΩ(Fi(r)).50 Setting the derivative
of Ω(Fi(r)) with respect toFi(r) equal to zero yields a set of
coupled integral equations at equilibrium chemical potentials
µi

where

The equilibrium bulk densities are evaluated from eq 14 as
described in the previous section. These equilibrium densities
provide the boundary conditions for the Euler-Lagrange
equations for the density profiles, eq 19, which can be
numerically solved by an iterative method.35 Once the equilib-
rium density profiles are determined, the interfacial tensionσ
is easily evaluated from

whereP is the equilibrium pressure,V is the volume of the
system, andA represents the planar interfacial area between
coexisting phases. There are three interfacial tensions,σRâ, σRγ,
andσâγ, for a three-phase (R, â, andγ phase) coexisting system.
Once these three interfacial tensions are evaluated, the wetting

behavior of theâ phase at theR-γ interface can be determined
by examining three tensions that obey Neumann’s inequality
or Antonow’s rule. The wetting transition temperatureTw is
defined as the temperature at which the relation of interfacial
tensions alters from Neumann’s inequality to Antonow’s rule
or vice versa.

6. Results and Discussion

All the calculations are performed in reduced units,T* )
kT/εAA, µi* ) µi/εAA, P* ) Pd3/εAA, εij* ) εij/εAA, εw* ) εw/
εAA, Rij*)3Rij/16πd3εAA, KAB* ) KAB/d3, and Fi* ) Fid3. It
should be noted thatKAB* ) 1.0 × 10-5 in all our calcula-
tions.39-41 Both the phase behavior and interfacial wetting
behavior of the system are dominated by the interaction energy
parametersRAA*, RAB*, RBB*, and εw*. In all our calculations,
RAA* ) 1.0 as a reference energy parameter. In the following,
the effect of the other three parametersRAB*, RBB*, andεw* on
the phase behavior and the interfacial wetting behavior will be
discussed in detail.

6.1. Effect of rAB* on the Phase Behavior and the
Interfacial Wetting Behavior ( Ew* ) 0, rAA* ) 1.0, andrBB*
) 1.2). For comparison, we first present the results of non-
associating,εw* ) 0, mixtures. The energy parameters,RAA*
) 1.0 andRBB* ) 1.2, are chosen for the model binary mixture,
and the phase behavior is dominated by the total interaction
strength between unlike-pair moleculesRAB*. When the total
interaction strength between unlike-pair moleculesRAB* is weak,
sayRAB* ) 0.5, the mutual solubility between A and B is small.
As one can see in the phase diagram of vapor-liquid-liquid
(γ-â-R) equilibrium in Figure 5a, the mutual solubility
between A and B remains very small, even when the system is
close to its upper critical end point (UCEP). Note that thex-axis
in Figure 5 is the mole fraction of component B,xB. The
composition of the vaporγ phase is dominated by the more
volatile compound A. The mixture exhibits vapor-liquid-liquid
equilibrium with an UCEP where the liquidR (A-rich) phase
and the vaporγ phase merge into a single phase. The variation
of pressure as a function of temperature is also shown in Figure
5. This mixture belongs to the type III mixture group of van
Konynenburg and Scott.28

When the total interaction strengthRAB* is increased, the
mutual solubility between A and B is enhanced. Figure 5b shows
the phase diagram for the mixture ofRAB* ) 0.85. Obviously,
the mutual solubility between A and B increases dramatically
along with an increase in the temperature. This mixture also
exhibits a liquid-liquid miscibility gap coexisting with its vapor
γ phase with an UCEP where the two liquid phases,R (A-rich)
andâ (B-rich), merge into a single liquid phase. In contrast to
the case ofRAB* ) 0.5, this mixture (RAB* ) 0.85) is then
classified as a type II mixture of van Konynenburg and Scott.28

Note that the variation of the total interaction strengthRAB*
would induce a transition of phase behavior from that of type
III to that of type II. There exists an UCEP either in the type
III mixture or in the type II mixture. The variation of the UCEP
as a function of the total interaction strengthRAB* is delineated
in Figure 6. ForRAB* < 0.78, the mixture exhibits the phase
behavior of type III. The CEP ofR andγ phases decreases along
with an increase inRAB* reaching a minimum and then increases
up to its tricritical point,RAB* ) 0.78. The tricritical point (TCP)
is a critical point at which three phasesR, â, and γ merge
simultaneously into a single phase. On the other hand, the
mixture exhibits the phase behavior of type II forRAB* > 0.78.
The CEP ofR andâ phases decreases dramatically along with
an increase ofRAB*.

PR(FA
R,FB

R,T) ) Pâ(FA
â,FB

â,T) ) Pγ(FA
γ,FB

γ,T) (14c)

F(Fi(r)) ) ∫dr fR(Fi(r)) + ∫dr fA(Fi(r)) +

1

2
∑

ij
∫∫dr dr′ φij(|r - r′|)Fi(r) Fj(r′) (17)

Ω(Fi(r)) ) F(Fi(r)) - ∑
i

µi∫dr Fi(r) (18)

µR(Fi(r)) + µA(Fi(r)) ) µi - ∑
ij
∫dr′ φij(|r - r′|)Fj(r′) (19)

µR(Fi(r)) )
∂fR(Fi(r))

∂Fi(r)
(20a)

µA(Fi(r)) )
∂fA(Fi(r))

∂Fi(r)
(20b)

σ )
Ω(Fi(r)) + PV

A
(21)
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Consider the wetting behavior of theâ phase at theR-γ
interface for the system under three-phase coexistence atRAB*
) 0.85. The system would fall into the region of a type II
mixture, as shown in Figure 6. A wetting transition occurs at
TW ) 1.148, while the system is approaching its UCEP (TUCEP

) 1.280) from below. WhenT* g TW, theâ phase dewets the
R-γ interface. In other words, a small amount of theR phase
forms an intruding layer separating theâ and γ phases, as
illustrated in Figure 3c*. Besides, this wetting transition between
partial wetting and nonwetting is found to be second-order.
These results are consistent with a previous study on type II
mixtures by Tarazona et al.34 In general, the wetting transition
temperature as a function ofRAB* is delineated in Figure 6.
Note that, whenRAB* < 0.6, theâ phase almost exhibits partial-
wetting behavior over the whole three-phase-coexisting tem-
perature region. That is, the wetting transition temperature is
too close to the UCEP to be distinguished.

In this study, the order of wetting transitions is also
determined by strictly following the method of Tarazona and
Evans.34 A wetting transition is said to be first-order if the
temperature dependence of wetting film thickness exhibits a

discontinuity at the wetting transition temperature. On the other
hand, if the wetting film thickness grows gradually and diverges
at the wetting transition temperature, the wetting transition is
identified as second-order. The variation of the order of wetting
transitions as a function ofRAB* is shown in Figure 6. All the
wetting transitions forRAB* < 0.775 are second-order, and they
are first-order forRAB* > 0.775, as shown in Figure 6. It is
interesting to note that Dietrich and co-workers37,38also provide
a complete assessment of the connection between the wetting
behavior and the phase behavior, limited to type II and III
mixtures. In the former study, binary mixtures consisting of
species of different sizes were also analyzed, and the variation
of the order of wetting transitions was also scanned over the
parameter space.38

6.2. Effect ofEw* on the Phase Behavior and the Interfacial
Wetting Behavior (rAA* ) 1.0,rBB* ) 1.2, andrAB* ) 0.85).
Now, turn on the effect of the associating interaction between
unlike-pair molecules by increasing the strength ofεw*. For
small values ofεw*, sayεw* < 5, the temperature-composition
projection along its triple line is quite insensitive to association
at all temperatures. Whenεw* is gradually increased to higher
strengths, sayεw* g 6, the association effect is enhanced,
especially at low temperatures. The association effect can be
easily delineated by the number density of bonded molecules
Fbond*, which is defined asFbond* ) FA*(1 - øA) ) FB*(1 -
øB). Figure 7 shows the temperature dependence ofFbond* for
the mixtures ofRAA* ) 1.0, RBB* ) 1.2, andRAB* ) 0.85. It
is interesting to note thatFbond* in the R phase almost coincides
with Fbond* in the â phase, whileFbond* in the vaporγ phase is
too small (<10-5) to be perceptible. Whenεw* < 5, over the
entire three-phase-coexisting regime, the quantityFbond* remains
consistently small. Therefore, the phase behavior remains
insensitive toεw* for εw* < 5. On the other hand, for large
values ofεw*, say εw* g 6, Fbond* monotonically increases as
the temperature decreases. Especially,Fbond* increases dramati-
cally at low temperatures. This phenomenon is consistent with
the temperature dependence of hydrogen-bonding formation. It
is much easier to form hydrogen bonds at low temperatures.
When the temperature is increased, hydrogen bonds are easily
broken due to large thermal fluctuations that make the number
of hydrogen bonds decrease.

Figure 5. Vapor-liquid-liquid (γ-â-R) equilibrium phase diagrams
of the binary mixture of equal-sized spheres withRAA* ) 1.0,RBB* )
1.2,εw* ) 0 and (a)RAB* ) 0.5 or (b)RAB* ) 0.85. The temperature
vs composition curves are represented as follows: (solid curve)R phase;
(dashed curve)â phase; and (long dashed curve)γ phase. The
temperature vs pressure curve is represented as a thick solid curve.

Figure 6. Effect of RAB* on critical end points (circles) and wetting
transition temperatures (diamonds) under the condition ofεw* ) 0,
RAA* ) 1.0, andRBB* ) 1.2. Note that there is a transition of phase
behavior from that of type III to that of type II mixtures asRAB*
increases. The symbol “N” stands for the regime of theâ phase
exhibiting nonwetting behavior. The open symbols represent the areas
where the wetting transition is second-order, and the filled symbols
represent those where the wetting transition is first-order.
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With an increase inεw*, the miscibility of compound A and
B increases at low temperatures due to the association effect.
Eventually, whenεw* ) 7.85, a lower critical end point (LCEP),
where the two liquid phasesR and â become identical and
coexist with its vaporγ phase, emerges to form a closed loop.
This association effect induces a transition of phase behavior
of the system from that of a type II mixture to that of a type VI
mixture, as shown in Figure 8. The equilibrium compositions
of the vapor-liquid-liquid (γ-â-R) equilibrium phase be-
havior at two different values ofεw* are described in Figure 8.
The variation of pressure as a function of temperature is also
shown in Figure 8. That is, whenεw* < 7.85, the system belongs
to the type II mixture group; whenεw* g 7.85, the system falls
into the category of type VI mixtures, as shown in Figure 9.
The closed loop would shrink with further enhancement of the
association interaction, as shown in Figure 9. Finally, the closed
loop would disappear forεw* > 9.03 and the phase behavior
would switch to that of a type I mixture of van Konynenburg
and Scott.28 That is, a transition of phase behavior from that of
type VI to that of type I occurs atεw* ) 9.03. In summary, a
sequence of phase transitions (type IIf type VI f type I) is
observed as the association strengthεw* increases, as shown in
Figure 9.

In the meantime, as the phase behavior of the binary mixture
evolves from type II to type VI, another wetting transition
temperature emerges accompanying the occurrence of the LCEP.
Consider the system with relatively strong associationεw* )
7.85. While the system temperature approaches either its UCEP
from below or its LCEP from above, a wetting transition from
a partial-wetting to nonwettingâ phase occurs. Correspondingly,
an upper wetting transition temperatureTUW ) 1.078 and a
lower wetting transition temperatureTLW ) 0.923 are found.
WhenTUW > T* > TLW, the â phase exhibits partial-wetting.
Beyond these two wetting transition temperatures, theâ phase
completely dewets theR-γ interface. In other words, the
wetting behavior of theâ phase at theR-γ interface would go
through the sequence nonwettingf partial-wettingf nonwet-
ting along with increasing temperature, as schematically shown
in Figure 8b. This sequential wetting transition is the so-called
reentrant wetting.43

Figure 9 illustrates the variation of the critical end points and
the wetting transition temperatures as a function ofεw*. For
type II mixtures, bothTUW andTUCEP remain almost constant
for εw* < 5, as one can see in Figure 9. It should be noted that
the lower wetting transition temperatureTLW emerges in the
regime of type II mixtures (7.85> εw* g 7.50) close to the

regime of type VI mixtures, as shown in Figure 9. Note that in
Figure 9 the lower part of the phase diagram starts to close up

Figure 7. Temperature dependence of the number density of bonded
moleculesFbond* at five different values ofεw* for the binary mixture
with RAA* ) 1.0, RBB* ) 1.2, andRAB* ) 0.85.

Figure 8. Vapor-liquid-liquid (γ-â-R) equilibrium phase diagrams
of the binary mixture of equal-sized spheres withRAA* ) 1.0,RBB* )
1.2,RAB* ) 0.85, and (a)εw* ) 7.50 or (b)εw* ) 7.85. The temperature
vs composition curves are represented as follows: (solid curve)R phase;
(dashed curve)â phase; and (long dashed curve)γ phase. The
temperature vs pressure curve is represented as a thick solid curve.

Figure 9. Effect of εw* on critical end points and wetting transition
temperatures under the condition ofRAA* ) 1.0,RBB* ) 1.2, andRAB*
) 0.85. Note that there is a sequence of phase transitions, type IIf
type VI f type I mixtures, asεw* increases.
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and, eventually, form a LCEP whenεw* is approaching 7.85.
Although there is no LCEP in the mixtures with 7.85> εw* g
7.50, the lower wetting transition temperatureTLW is found due
to the association effect at low temperatures.

For type VI mixtures (εw* g 7.85), bothTUW andTLW are
driven further away from their corresponding critical end points
with increasingεw*. Consequently, the regime of the partial-
wetting â phase shrinks whenεw* increases. Eventually,TUW

and TLW merge before the closed-loop phase behavior disap-
pears. For very strong associating cases,εw* > 8.05, theâ phase
dewets theR-γ interface over the entire three-phase-coexistence
regime, as shown in Figure 5b. Forεw* > 9.03, the phase
behavior of the system falls into the type I mixture group of
van Konynenburg and Scott.28 There is no vapor-liquid-liquid
three-phase-coexisting region for type I mixtures; thus, no
wetting behavior can be further explored.

6.3. Effect of rBB* on the Phase Behavior and the
Interfacial Wetting Behavior ( Ew* ) 8.0, rAA* ) 1.0, and
rAB* ) 0.85).Let’s fix the strength of the association interaction
εw* at a relatively strong level,εw* ) 8.0, and further examine
the effect of the total interaction strength between two B
moleculesRBB* on the phase behavior and the interfacial wetting
behavior.

At small values ofRBB* (RBB* < 1.2045), the system exhibits
type VI phase behavior. The variation of the CEP as a function
of RBB* is shown in Figure 10. When the total interaction
strengthRBB* increases, the association effect is diminished,
especially, at low temperatures. The vapor-liquid-liquid three-
phase-coexisting regime is widened asRBB* increases. Further-
more, the LCEP of theR andâ phases would disappear at large
values ofRBB* (RBB* > 1.2045) and the system would have a
transition into type II phase behavior. The UCEP of theR and
â phases increases along with an increase inRBB*, as shown in
Figure 10. If the interaction strengthRBB* is further increased
(RBB* > 1.294), the system would have another transition into
type III phase behavior. Note that the UCEP of theR and γ
phases slightly decreases along with an increase inRBB* in the
regime of type III mixtures.

Consider the wetting behavior of theâ phase at theR-γ
interface. Theâ phase exhibits nonwetting behavior over the
whole regime of type VI phase behavior, as shown in Figure
10. While in the regime of type II phase behavior, the wetting
behavior of theâ phase at theR-γ interface would go through
the sequence nonwettingf partial-wettingf nonwetting along
with increasing temperature. Although there is no LCEP in this

regime, the lower wetting transition temperatureTLW appears
simply due to the strong association effect at low temperatures.
Similarly, in the regime of type III phase behavior (1.294<
RBB* e 1.33), there also exists a reentrant wetting: nonwetting
f partial-wettingf nonwetting for theâ phase at theR-γ
interface.

For RBB* > 1.33, the lower wetting transition temperature
disappears. There exists only the upper wetting transition
temperature. That is, for temperatures aboveTUW, theâ phase
exhibits nonwetting behavior at theR-γ interface; for temper-
atures belowTUW, theâ phase exhibits partial-wetting behavior
at theR-γ interface.

6.4. Effect ofrBB* and Ew* on the Global Phase Diagram
and the Interfacial Wetting Behavior (rAA* ) 1.0 andrAB*
) 0.85).In the last three sections, we have discussed the effect
of the interaction energy parametersRBB*, RAB*, and εw*
individually. To get a more general picture, parametersRBB*
andεw* are scanned to explore both the phase behavior and the
interfacial wetting behavior under the condition of the fixed
RAA* ) 1.0 andRAB* ) 0.85. Figure 11 shows the global phase
behavior of the system as a function of energy parametersRBB*
and εw*. As mentioned previously, there is a sequence of
transitions in phase behavior, type IIf type VI f type I, as
εw* increases, at a constantRBB*, say RBB* ) 1.2. When the
total strength between B molecules is increased, sayRBB* )
1.32, there is another sequence of transitions in phase behavior,
type III f type V f type I, along with increasingεw*, as
illustrated in Figure 11. On the other hand, if the association
energy parameterεw* is fixed at 8.5, a sequential transition in
phase behavior, type If type VI f type II f type III, is
observed asRBB* increases.

Figure 12 illustrates the interfacial wetting behavior of theâ
phase at theR-γ interface, as well as the wetting transition.
For small values ofεw* (εw* < 7), the â phase undergoes a
wetting transition from partial-wetting to nonwetting as tem-
perature increases. For large values ofεw* (εw* > 8.2), theâ
phase always exhibits nonwetting behavior at theâ-γ interface
over the whole three-phase-coexisting region. When 8.2> εw*
> 7, it is possible to observe the reentrant wetting phenomenon,
i.e., the wetting behavior of theâ phase at theR-γ interface
would go through a sequence of transitions, nonwettingf
partial-wettingf nonwetting, along with increasing temperature.
Note that even type II and III mixtures could also exhibit this
reentrant wetting phenomenon, as shown in Figure 12.

Figure 10. Effect ofRBB* on critical end points and wetting transition
temperatures under the condition ofRAA* ) 1.0,εw* ) 8.0, andRAB*
) 0.85. Note that there is a sequence of phase transitions, type IIf
type VI f type I mixtures, asRBB* increases.

Figure 11. Global phase behavior exhibited by the binary associating
mixtures for variousRBB* and εw*.
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7. Conclusions

A simple Helmholtz free energy model is applied to explore
the phase behavior of binary mixtures with associating between
unlike-pair molecules. By scanning the associating strengthεw*
and the energy parameterRBB*, the phase behavior of this model
mixture is summarized in Figure 11. It is found that this model
mixture is able to exhibit five different types, I, II, III, V, and
VI, of phase behavior according to the classification scheme of
van Konynenburg and Scott.28 For interfacial wetting behavior,
we restrict our exploration only in all the vapor-liquid-liquid
(γ-â-R) three-phase-coexisting regions of the binary mixtures.
The global wetting behavior and wetting transitions are delin-
eated in Figure 12 by scanning the parameter space of the
associating strengthεw* and the energy parameterRBB*. In
general, when the associating strengthεw* is strong, the middle
â phase exhibits nonwetting behavior at theR-γ interface over
the whole temperature range of the three-phase-coexisting
region. On the other hand, when the associating strengthεw* is
weak, the middleâ phase exhibits a wetting transition from
partial-wetting to nonwetting at theR-γ interface along with
increasing temperature. While the associating strengthεw* is
intermediate, the middleâ phase exhibits a sequence of wetting
transitions, nonwettingf partial-wettingf nonwetting, at the
interface separating the lowerR and upperγ phases along with
increasing temperature. It would be interesting to relate the
theoretical finding in theVapor-liquid-liquid equilibrium
binary mixtures in this study to the experimental results.
However, all the experimental results in the literature are limited
to liquid-liquid equilibrium binary mixtures. Currently, we are
in the process of performing the experimental work to determine
the wetting behavior as well as wetting transitions in theVapor-
liquid-liquid equilibrium binary mixtures.
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Figure 12. Classification of the interfacial wetting behavior with
respect to the binary mixtures for various values ofRBB* and εw*. The
solid curves stand for the boundaries separating regimes of different
types of phase behavior, and the dotted-dashed curves separate regimes
exhibiting different wetting behaviors. The symbol “P-N” stands for
the regime exhibiting a wetting transition of theâ phase at theR-γ
interface from partial-wetting to nonwetting as temperature increases
to approach its critical point. “N” stands for the regime of theâ phase
exhibiting only nonwetting behavior over the whole temperature range.
“N-P-N” stands for the regime of theâ phase exhibiting a sequence of
wetting transitions, nonwettingf partial wettingf nonwetting, as
temperature increases from LCEP to UCEP.
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