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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

(1, 11, 11, Vv, 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 vaperliquid—liquid (y—p—a) 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 middig phase exhibits interfacial phase transitions sequentially, nonwettipartial-wetting

— nonwetting, at the interface separating loweand uppery phases along with increasing temperature.

1. Introduction v

Consider a system of three phase®, andy in equilibrium, B
as schematically shown in Figure 1. The densities of these three
phases are in the ordgj < pg < po. When a small amount of
the middlef phase is put onto the interface between the upper Figure 1. Schematic illustration of a three-fluid-phase 3, andy
y phase and the lower phase, three different geometrical coexisting system in equilibrium.
configurations of thef phase are possible. They can be
distinguished by the contact angl defined in Figure 2, i
spanned by the—f and thef—y interfaces for the droplet of «?
the middles phase. First, if the contact angle is zero, the droplet o
spreads across the interface to form a macroscopically thick film. gy e 5 pefinition of contact anglé in a three-fluid-phase-coexisting
The middle f phase completely wets the—y interface. system.

Explicitly, the middle f phase exhibits a complete-wetting

o

behavior at the.—y interface, as schematically shown in Figure 0 B

3a. Second, if the contact angle is between 0 and’,18@

middle § phase remains a droplet suspended at dhey b =‘““[5
interface, as shown in Figure 3b. That is, the mid@lphase i T
exhibits a partial-wetting behavior at the-y interface. Third, @ o

if the contact angle is 180the middles phase dewets the—y

interface and exhibits nonwetting behavior, as illustrated in x i .
Figure 3c. In this case, if a substantial amounifgbhase is T.ﬂ B o
added to the system, tifiephase will not form a droplet shape @ -

suspended at the—y interface due to the gravitational forces.

A small amount of thea phase would intrude the interface

Sepﬁlratlng t2$ a'r:ldﬂ phases to form a complete-wetting layer, wetting S phase at the.—y interface; (b) a partial-wetting phase at

as|l UStr‘_ite n l_g_ure_3c ) ) o thea—y interface; (c) a nonwetting phase at the.—y interface; and

A wetting transition is an interfacial phase transition from (c*) a complete-wettingx phase at ther—g interface.

partial-wetting to complete-wetting (or nonwetting), and vice ] ) ) ) )

versa. The occurrence of a wetting transition had been successP0INt, these theoretical works predict that an interfacial phase

fully predicted by the phenomenological arguments of Gahn transition must occur from a partial-wetting behavior to a

and by the density functional theory approach of Ebner and comp_lgete-wef[tlng (or nonwetting) behavior. This is renowned

Saan? Consider a three-phase-coexisting system with a partial- @ critical point wetting theor§. _ )

wetting middle phase, when the system is far from its critical ~ Such a transition had been experimentally observed in a

end point. As the system approaches a critical end point, the VaPor-liquid—liquid system of c%/clohexanée and methafals

middle phase should completely spread across (or dewet) theWell as in some other binafy,’ ternary?® and quaternary

interface separating the other two phases. That is, as asystems? In addition, it was found that the wetting transition

multiphase-coexisting system is brought close to a critical end ©f @ water+ oil + amphiphile system in the three-liquid-phase-
coexisting region occurs as the system is driven to either one

* To whom correspondence should be addressed. Electronic mail: Of its critical end points by varying the tempe_rz_atﬂﬂ’el,ﬁ by
lichen@ntu.edu.tw. varying the amphiphilicity:1” by tuning the salinity:¢:1°and
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(c) (c*)

Figure 3. Wetting behavior at a fluigfluid interface: (a) a complete-
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by varying the oil chain lengtf?2! In fact, there are a > T
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 literatdré??-27 belong to Fxc
the type Il or type Il mixture groups of van Konynenburg and A,'
Scott?8 Recently, the wetting behavior for type VI mixtures of 4 ‘5 B
van Konynenburg and Sc&thad been explored experimentally. ( 4 [ Jucep ,/
Some theoretical works on wetting behaviors and wetting L L L
transitions employ lattice models. Gompper and SMiclade P (a) (b)
an extensive review on this approach. An alternative approach
is the usage of density functional theory. Vast investigations 4 11 Y
on the structure of interfaces, density profiles, interfacial
tensions, and wetting behaviors of binary mixtures by density c
functional theory have been performed at vagayuid, liquid— A 7 ucep N¢ Al ucep )¢
liquid, solid—gas, and soligliquid interfaces’®-38 These studies ¢/ / / g /
are mainly restricted to type Il and type Il mixtures. Very few / . /B / LCEP ¢ B
studies have examined the wetting behavior as well as wetting .
transitions in type VI mixture&®
Recently, a simple off-lattice mod&{*! has been proposed (©) (d)
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 [&

theory*? for associating fluids. The resulting ternary phase
diagrams resemble experimental results both qualitatively and
guantitatively. The dramatic lowering of the interfacial tensions LCEP ,
between the oil-rich phase and the agueous phase can also be UCEP

well described. In addition, reentrant wetting and dewetting . )
behaviors have been found in a binary mixture with one self- ()
associating component at vapdiquid interfaces'® In this ) - ) ] )
study, this simple mod& 4! is applied to explore the wetting Figure 4. Classification scheme of phase behaviors for binary mixtures
behaviors at the vapeiiquid interface of the binary mixtures according to van Konynenburg and Scita) type | mixture; (b) type

- . . . : . Il mixture; (c) type Il mixture; (d) type V mixture; and (e) type VI
with association between unlike-pair molecules in the region miviyre. The critical loci (solid curves), the critical points of pure

of vapor-liquid—liquid three-phase-coexisting states. By vary- components (C), the vapor pressure curves of pure components A and
ing the associating strength and energy parameters, five different8 (dashed curves), the three-phase vapiguid—liquid coexisting
types, I, Il, lll, V, and VI, of mixtures are found in this model (dashee-dotted curves), the upper critical end point (UCEP), and the
system. The wetting behavior and wetting transitions in these lower critical end point (LCEP) are illustrated.

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 Scot8 Figure 4 shows the five different phase diagrams

of type I, I, 1ll, V, and VI mixtures accessible in this study. S
This manuscript is organized as follows. In the next section between the other two phasasand y to minimize the total
) ' system energy, as shown in Figure 3a. Explicitly, the migtle

Lh;v igerlsatlignSglr?eE;PNesgsgr‘itsgﬁc'?_L;er}fg;nser?grd W?:cl)rzjilbies- phase exhibits a complete-wetting behavior aicthe interface.
g y : 9y The contact anglé vanishes.

introduced in section 3. Then, the model is applied to evaluate
phase diagrams of vapeliquid—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.

UCEP

The relation between the three interfacial tensions satisfies
Antonow’s rulé* when the equals sign is held. Under this
condition, thea—y interface is thermodynamically unstable.
Therefore, theg phase completely spreads across the interface

Oup — Opy < Oqy, < Oos t 0p, (1

The relation between the three interfacial tensions satisfies
Neumann'’s inequalit§® and all three interfaces are thermody-
namically stable. As a result, a small amount of the miggile
phase forms a lens floating at tle-y interface, as shown in
Figure 3b, and exhibits a partial-wetting behavior at ¢hrey
interface. Accordingly, the contact angle for this lens is between
) ) ) ] 0 and 180.

2. Interfacial Tensions and Wetting Behaviors

For a three-phase, 3, andy, coexisting system, the wetting Opy = Ogp + Ogy (i)

behavior is related to the interfacial tensioogs, o, andog, . L . , .
corresponding to thex—f, a—y, and f—y interfaces of This relation infers that thg—y interface is thermodynami-

coexisting phases, and can be classified into three cases.  Cally unstable. Widortf had argued that the free energy of the
B~ interface can be lowered by an intruding thin layer of the

o phase separating the other two phagkandy. Explicitly,

0,2 0,10 I .
i of By 0 the surface forces defeat the gravity to budge a small amount
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of the lowera phase up to thg—y interface to form a thin The quantityAag characterizes the strength of the association
intruding layer separating these two phases, as shown in Figurebetween molecules A and B and is approximategftsy

3c*. That is, thea phase wets the interface separating fhe

and y phases and the relation between the three interfacial Apg = 419s(d)KagFap (6)
tensions satisfies Antonow’s ruleg, = gap + 04,4 If Only a ) ) )
small amount of th@ phase is present in the system, the middle Where the parameté{,s is the bonding volume anghs(d) is

ﬁ phase remains in a lenticular Shape and exhibits a nonwettingthe contact value of the radial distribution function of the hard-
behavior at thex—y interface ¢ = 18(F), as shown in Figure ~ sphere reference fluid and is given‘by

3c. On the other hand, the whalephase, not only a thin film

anymore, would separate tfiendy phases under the condition Ous(d) = 1_—052 @
of no gravity. 1—mn)
3. Free Energy Model The Mayer functionFag of the square-well potential energy,

] o ] of depth—e,, between two bonding molecules A and B is given
The binary associating systems are modeled as mixtures ofp

equal-sized hard-sphere particles A and B. Each molecule is
assumed to have an active site that allows association only €n
between unlike-pair molecules to mimic the hydrogen bonding F ex KTl 1 (8)
between A and B molecules.

On the basis of thermodynamic perturbation theory, the total ~ The contribution due to the long-range dispersion forces
Helmholtz free energy density of the mixtukecan be written between like- and unlike-pair molecules is given at the mean-
ag9 42 field lever?

fp=f+f, +f Q) 1
TR fu=-— _zaijpipj ()]
wherefr is the Helmholtz free energy density of the hard-sphere 24
reference termfa is the contribution due to the association
between unlike molecules, affig is the van der Waals mean-
field term due to the isotropic long-range attraction forces. .
The Carnahan Starling expressidi for hard-sphere mixtures o5 = _fdr¢ii(r) (i,j=A B) (10)
is used to describe the repulsive reference contribution. For all
molecules with the equal-sized hard-sphere diameterthe
mixture, the Helmholtz free energy density of the hard-sphere

where

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

reference fluid is then given by d\é
40 =4eJHE -0 r=d Q)
4y = 37|
fr= kTZPi Inp, — 1+ S (i=AB) (2 wheree; is the energy parameter aitlis the Heaviside step
' () function.

wherek is the Boltzmann constari,is the absolute temperature,

: . . ) 4. Phase Diagram Calculation
pi is the total number density of substamcand the total packing g

fraction# is defined by On the basis of the free energy model proposed above, all
the thermodynamic properties can be evaluated from edd1
n= (ﬂd3/(5)zpi () by using standard thermodynamic relationships. The chemical
T potential of speciesis given by
Wertheim’s theor§? for associating fluids is applied to _ of;
describe the temperature dependence of the free energy change Hi= @ v (12)
due to hydrogen bonding. In this study, associations are limited R
to only occur between unllke-palr moIec;uIes_A and B. For.eqch and the equilibrium pressure is thus obtained by
molecule with only one attractive bonding site, the association
contribution to the free energy can be expresséé“ds pP—= z o, - fr (13)
|
[
fa= kTZPi Iny; — 5 + 5] (4) These functions are necessary to determine the critical lines
I

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
1 determine the phase equilibrium are shown bélow

I =T A o (5a)
1+ pgAasX
BTARSE ua (o g™ T) = /’tAﬂ(pAﬂ1pBﬂ7T) =up (o) 08", T) (14a)

_ 1
87 1F oaA st 1" (0a% 06 T) = 1t (02 06" T) = g (o 1pe”\T)  (14b)

wherey; is the fraction of molecules of tygdi = 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.

(5b)



Wetting Behavior of Binary Mixtures
PQ(PAQ:PBavT) = Pﬁ(PAﬁ:PBﬁvT) =P"(oa" 08", T)

Note that the superscriptrepresents the lower liquid phase,
B is the upper liquid phase, andis the vapor phase. These six

(14c¢)

J. Phys. Chem. B, Vol. 110, No. 7, 2008297

behavior of the3 phase at the.—y interface can be determined
by examining three tensions that obey Neumann’s inequality
or Antonow’s rule. The wetting transition temperaturg is
defined as the temperature at which the relation of interfacial

equations (14) can be solved simultaneously by numerical tensions alters from Neumann's inequality to Antonow’s rule

methods to obtain the six equilibrium bulk phase compositions,

having two densities in each phase.

5. Density Functional Approach
The properties of the vapetiquid and liquid-liquid inter-

or vice versa.

6. Results and Discussion

All the calculations are performed in reduced unit§, =
kT/EAA, ﬂi* = [ui/GAA, pP* = PCP/EAA, Eij* = Eij/GAA, ew* = GW/

faces between coexisting phases of binary mixtures can beepa, oij* =3ai/167nean, Kag* = Kag/d®, and pi* = pid®. It

calculated with the application of density functional thedty.
Using a local density approximation, the Helmholtz free energy

should be noted thatag* = 1.0 x 10°° in all our calcula-
tions39-41 Both the phase behavior and interfacial wetting

density of a nonuniform binary mixture can be expressed as abehavior of the system are dominated by the interaction energy

functional of the local densitieg(r)3%-+1
F(oi(r)) = [dr fe(oi(r)) + fdr fa(pi(r)) +
1
EZ [ [drdr g,(1r = Do) pr) (A7)

wherefr(pi(r)) andfa(pi(r)) are considered to be functions of
local densitiesi(r) and are given by egs 2 and 4.

parametersian®, oag*, ags*, andey*. In all our calculations,
oaa® = 1.0 as a reference energy parameter. In the following,
the effect of the other three parametess™*, ags*, ande,* on
the phase behavior and the interfacial wetting behavior will be
discussed in detail.

6.1. Effect of aag* on the Phase Behavior and the
Interfacial Wetting Behavior (e,* = 0, oaaa™* = 1.0, andogg*®
= 1.2). For comparison, we first present the results of non-
associatingey* = 0, mixtures. The energy parametesga*

Consider a planar interface between coexisting phases. The= 1.0 andogg* = 1.2, are chosen for the model binary mixture,

grand potential functiond®(pi(r)) for an inhomogeneous binary
mixture can be written as follows

Qpi(n) = F(oi(N) = S f r pi(1) (18)

and the phase behavior is dominated by the total interaction
strength between unlike-pair moleculegs*. When the total
interaction strength between unlike-pair moleculgs* is weak,
sayaas* = 0.5, the mutual solubility between A and B is small.
As one can see in the phase diagram of vafiguid—liquid
(y—p—0) equilibrium in Figure 5a, the mutual solubility

The equilibrium density profiles across an interface separating petween A and B remains very small, even when the system is
two coexisting phases are obtained through the minimization ¢jgse to its upper critical end point (UCEP). Note thatstieis

of the grand potential function&(p;(r)).>° Setting the derivative
of Q(pi(r)) with respect topi(r) equal to zero yields a set of
coupled integral equations at equilibrium chemical potentials

Ui

1e(pi(r)) + palpi(r) = u; — Z S gy (Ir = r')py(r) (19)
1

where
(o,
uR(p(1) = ﬁ (20a)
A,
o) = % (20b)

The equilibrium bulk densities are evaluated from eq 14 as

in Figure 5 is the mole fraction of component ks. The
composition of the vapoy phase is dominated by the more
volatile compound A. The mixture exhibits vapdiquid—liquid
equilibrium with an UCEP where the liquid (A-rich) phase
and the vapoy 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 Il mixture group of van
Konynenburg and Scot.

When the total interaction strengting* is increased, the
mutual solubility between A and B is enhanced. Figure 5b shows
the phase diagram for the mixture @fg* = 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
y phase with an UCEP where the two liquid phageéA-rich)
andg (B-rich), merge into a single liquid phase. In contrast to
the case ofuag* = 0.5, this mixture ¢ag* = 0.85) is then

described in the previous section. These equilibrium densities classified as a type Il mixture of van Konynenburg and S&bott.

provide the boundary conditions for the Eutéragrange
equations for the density profiles, eq 19, which can be
numerically solved by an iterative meth&dOnce the equilib-
rium density profiles are determined, the interfacial tengion
is easily evaluated from

Q(pi(r) + PV
o= T

A (21)

whereP is the equilibrium pressure( is the volume of the
system, andA represents the planar interfacial area between
coexisting phases. There are three interfacial tenspsgo,,
andag,, for a three-phasex( 8, andy phase) coexisting system.

Note that the variation of the total interaction strengia*
would induce a transition of phase behavior from that of type
[l to that of type Il. There exists an UCEP either in the type
[l mixture or in the type Il mixture. The variation of the UCEP
as a function of the total interaction strengtks* is delineated
in Figure 6. Foraag* < 0.78, the mixture exhibits the phase
behavior of type lll. The CEP af andy phases decreases along
with an increase iag* reaching a minimum and then increases
up to its tricritical pointoaag* = 0.78. The tricritical point (TCP)
is a critical point at which three phases 3, andy merge
simultaneously into a single phase. On the other hand, the
mixture exhibits the phase behavior of type Il ftogg* > 0.78.
The CEP ofa andf phases decreases dramatically along with

Once these three interfacial tensions are evaluated, the wettingan increase ofiag*.
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0.08

(b)

Figure 5. Vapor—liquid—liquid (y—f—a) equilibrium phase diagrams
of the binary mixture of equal-sized spheres wiihh* = 1.0, 0g8* =
1.2,e4* = 0 and (@)aas* = 0.5 or (b)aag* = 0.85. The temperature
Vs composition curves are represented as follows: (solid carpépse;
(dashed curve)s phase; and (long dashed curve) phase. The
temperature vs pressure curve is represented as a thick solid curve.

Consider the wetting behavior of th phase at thex—y
interface for the system under three-phase coexistenegsat
= 0.85. The system would fall into the region of a type Il
mixture, as shown in Figure 6. A wetting transition occurs at
Tw = 1.148, while the system is approaching its UCHBp
= 1.280) from below. Wheid™* > Ty, the 3 phase dewets the
o—y interface. In other words, a small amount of thehase
forms an intruding layer separating tifeand vy phases, as
illustrated in Figure 3c*. Besides, this wetting transition between
partial wetting and nonwetting is found to be second-order.

Chen et al.

Type III<—:—> Type 11
CEP(cty) !

CEP(af3

partial-wetting regime

T T T T 1

Olap*

Figure 6. Effect of aag* on critical end points (circles) and wetting
transition temperatures (diamonds) under the conditioadf= 0,

apa* = 1.0, andogs* = 1.2. Note that there is a transition of phase
behavior from that of type Il to that of type Il mixtures asg*
increases. The symbol “N” stands for the regime of theohase
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.

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 afag* is shown in Figure 6. All the
wetting transitions fooiag* < 0.775 are second-order, and they
are first-order foroag* > 0.775, as shown in Figure 6. It is
interesting to note that Dietrich and co-work&@$also provide

a complete assessment of the connection between the wetting
behavior and the phase behavior, limited to type Il and llI
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 spacg.

6.2. Effect ofe,* on the Phase Behavior and the Interfacial
Wetting Behavior (aaa* = 1.0,05s* = 1.2, andaag* = 0.85).
Now, turn on the effect of the associating interaction between
unlike-pair molecules by increasing the strengthegf. For
small values ot,*, saye,* < 5, the temperaturecomposition
projection along its triple line is quite insensitive to association
at all temperatures. Whex,* is gradually increased to higher
strengths, say,* = 6, the association effect is enhanced,
especially at low temperatures. The association effect can be
easily delineated by the number density of bonded molecules
poond', Which is defined asopond® = pa*(1 — xa) = ps*(1 —
xs)- Figure 7 shows the temperature dependence,nff for
the mixtures ofoan* = 1.0, 088* = 1.2, andaag* = 0.85. It
is interesting to note thaond* in the oe phase almost coincides
with ppond® in the 8 phase, whileopond* in the vapory phase is
too small <107°) to be perceptible. Whea,* < 5, over the

These results are consistent with a previous study on type Il entire three-phase-coexisting regime, the quapiigy remains

mixtures by Tarazona et &.In general, the wetting transition
temperature as a function ofag* is delineated in Figure 6.
Note that, whemag* < 0.6, thes phase almost exhibits partial-

wetting behavior over the whole three-phase-coexisting tem-

consistently small. Therefore, the phase behavior remains
insensitive toe,* for €,* < 5. On the other hand, for large
values ofey*, say ew* = 6, ppond” Monotonically increases as
the temperature decreases. Especially,d* increases dramati-

perature region. That is, the wetting transition temperature is cally at low temperatures. This phenomenon is consistent with

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®* A wetting transition is said to be first-order if the

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

temperature dependence of wetting film thickness exhibits a of hydrogen bonds decrease.
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Ew*=8

Ew*=7

%

Ew*=9

pBOND

0.2 0.6 0.8
T
Figure 7. Temperature dependence of the number density of bonded
moleculespnond® at five different values ok, * for the binary mixture

with QAA* = 10, QBB* = 12, andaAB* = 0.85.

1.0

12 1.4

With an increase imy*, the miscibility of compound A and

B increases at low temperatures due to the association effect.

Eventually, wherx,* = 7.85, a lower critical end point (LCEP),
where the two liquid phases and g become identical and
coexist with its vapoly phase, emerges to form a closed loop.
This association effect induces a transition of phase behavior
of the system from that of a type Il mixture to that of a type VI
mixture, as shown in Figure 8. The equilibrium compositions
of the vapor-liquid—liquid (y—pf—a) equilibrium phase be-
havior at two different values af,* are described in Figure 8.
The variation of pressure as a function of temperature is also
shown in Figure 8. That is, wheR* < 7.85, the system belongs
to the type Il mixture group; wheg,* > 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 foe,* > 9.03 and the phase behavior
would switch to that of a type | mixture of van Konynenburg
and ScotB® That is, a transition of phase behavior from that of
type VI to that of type | occurs at,* = 9.03. In summary, a
sequence of phase transitions (type-tltype VI — type 1) is
observed as the association strengthincreases, as shown in
Figure 9.

In the meantime, as the phase behavior of the binary mixture
evolves from type Il to type VI, another wetting transition

temperature emerges accompanying the occurrence of the LCEP.

Consider the system with relatively strong associatigh =

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 nonwetting phase occurs. Correspondingly,
an upper wetting transition temperatufgw = 1.078 and a
lower wetting transition temperatuigyw = 0.923 are found.
WhenTyw > T* > TLw, the s phase exhibits partial-wetting.
Beyond these two wetting transition temperatures Aiphase
completely dewets ther—y interface. In other words, the
wetting behavior of thg phase at the.—y interface would go
through the sequence nonwettirgpartial-wetting— nonwet-
ting along with increasing temperature, as schematically shown
in Figure 8b. This sequential wetting transition is the so-called
reentrant wetting?

Figure 9 illustrates the variation of the critical end points and
the wetting transition temperatures as a functioregf. For
type Il mixtures, bothTyw and Tycep remain almost constant
for ey* < 5, as one can see in Figure 9. It should be noted that
the lower wetting transition temperatufigw emerges in the
regime of type Il mixtures (7.85 ¢,* = 7.50) close to the

J. Phys. Chem. B, Vol. 110, No. 7, 2008299

P*
0.04
1

0.02 0.06 0.08

(b)
Figure 8. Vapor—liquid—liquid (y—pf—a) equilibrium phase diagrams
of the binary mixture of equal-sized spheres withz* = 1.0, 0gg* =
1.2,aag* = 0.85, and (ayw* = 7.50 or (b)e,* = 7.85. The temperature
Vs composition curves are represented as follows: (solid carpbpse;
(dashed curve)s phase; and (long dashed curve) phase. The
temperature vs pressure curve is represented as a thick solid curve.

T
Type lI(—:D Type qu-r Typel
]

UCEP

Figure 9. Effect of ,* on critical end points and wetting transition
temperatures under the conditionogfa* = 1.0,0ps* = 1.2, andoag*®

= 0.85. Note that there is a sequence of phase transitions, type I
type VI — type | mixtures, as.* increases.

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
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Figure 10. Effect of agg* on critical end points and wetting transition
temperatures under the conditionafa* = 1.0,e4* = 8.0, andaas*

= 0.85. Note that there is a sequence of phase transitions, type Il
type VI — type | mixtures, asigs* increases.

and, eventually, form a LCEP whex/* is approaching 7.85.
Although there is no LCEP in the mixtures with 7.85¢,* >
7.50, the lower wetting transition temperatdigy is found due
to the association effect at low temperatures.

For type VI mixtures §,* = 7.85), bothTyw and Tyw are
driven further away from their corresponding critical end points
with increasingey*. Consequently, the regime of the partial-
wetting 8 phase shrinks whea,* increases. EventuallyTyw
and T.w merge before the closed-loop phase behavior disap-
pears. For very strong associating casgs,> 8.05, the phase
dewets thex—y interface over the entire three-phase-coexistence
regime, as shown in Figure 5b. Fey* > 9.03, the phase
behavior of the system falls into the type | mixture group of
van Konynenburg and Scé&There is no vapetliquid—liquid
three-phase-coexisting region for type | mixtures; thus, no
wetting behavior can be further explored.

6.3. Effect of agg* on the Phase Behavior and the
Interfacial Wetting Behavior (ey* = 8.0, aaa* = 1.0, and
aas* = 0.85).Let’s fix the strength of the association interaction
ew* at a relatively strong levek,* = 8.0, and further examine
the effect of the total interaction strength between two B
moleculesgg* on the phase behavior and the interfacial wetting
behavior.

At small values ofxgg* (ass* < 1.2045), the system exhibits
type VI phase behavior. The variation of the CEP as a function
of agg* is shown in Figure 10. When the total interaction
strengthagg* increases, the association effect is diminished,
especially, at low temperatures. The vapliquid—liquid three-
phase-coexisting regime is widenedoag* increases. Further-
more, the LCEP of the. and phases would disappear at large
values ofagg* (ags* > 1.2045) and the system would have a
transition into type Il phase behavior. The UCEP of thand
p phases increases along with an increasest, as shown in
Figure 10. If the interaction strengtsg* is further increased
(as* > 1.294), the system would have another transition into
type Il phase behavior. Note that the UCEP of theand y
phases slightly decreases along with an increasggf in the
regime of type Ill mixtures.

Consider the wetting behavior of th# phase at thex—y
interface. TheS phase exhibits nonwetting behavior over the
whole regime of type VI phase behavior, as shown in Figure
10. While in the regime of type Il phase behavior, the wetting
behavior of thes phase at the.—y interface would go through
the sequence nonwetting partial-wetting— nonwetting along
with increasing temperature. Although there is no LCEP in this

Chen et al.

Type 111

1.2 = Type 11

Figure 11. Global phase behavior exhibited by the binary associating
mixtures for variousugs* and ey*.

regime, the lower wetting transition temperatigy appears
simply due to the strong association effect at low temperatures.
Similarly, in the regime of type Il phase behavior (1.294
ogg* = 1.33), there also exists a reentrant wetting: nonwetting
— partial-wetting— nonwetting for the phase at thex—y
interface.

For agg* > 1.33, the lower wetting transition temperature
disappears. There exists only the upper wetting transition
temperature. That is, for temperatures abdyg, the 5 phase
exhibits nonwetting behavior at tle—y interface; for temper-
atures beloviTyw, thes phase exhibits partial-wetting behavior
at thea—y interface.

6.4. Effect ofagg* and e,* on the Global Phase Diagram
and the Interfacial Wetting Behavior (aaa* = 1.0 andoag*®
= 0.85).In the last three sections, we have discussed the effect
of the interaction energy parametessg*, oag*, and e,*
individually. To get a more general picture, parametess*
ande,* are scanned to explore both the phase behavior and the
interfacial wetting behavior under the condition of the fixed
oaa* = 1.0 andoag* = 0.85. Figure 11 shows the global phase
behavior of the system as a function of energy parameigy’s
and ¢,*. As mentioned previously, there is a sequence of
transitions in phase behavior, type—t type VI — type |, as
ew” increases, at a constaogg*, say ogg* = 1.2. When the
total strength between B molecules is increased,csay =
1.32, there is another sequence of transitions in phase behavior,
type Il — type V — type |, along with increasing,*, as
illustrated in Figure 11. On the other hand, if the association
energy parametes,* is fixed at 8.5, a sequential transition in
phase behavior, type + type VI — type Il — type llI, is
observed asigg* increases.

Figure 12 illustrates the interfacial wetting behavior of the
phase at thet—y interface, as well as the wetting transition.
For small values ot,* (ew* < 7), the3 phase undergoes a
wetting transition from partial-wetting to nonwetting as tem-
perature increases. For large valuesgf (ex* > 8.2), the
phase always exhibits nonwetting behavior atthe interface
over the whole three-phase-coexisting region. Wherr8¢2*
> 7, itis possible to observe the reentrant wetting phenomenon,
i.e., the wetting behavior of th@ phase at ther—y interface
would go through a sequence of transitions, nonwetting
partial-wetting— nonwetting, along with increasing temperature.
Note that even type Il and Ill mixtures could also exhibit this
reentrant wetting phenomenon, as shown in Figure 12.
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