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We investigate the phase diagram of a two-component associating fluid mixture in the presence of selec-
tively adsorbing substrates. The mixture is characterized by a bulk phase diagram that displays peculiar
features such as closed loops of immiscibility. The presence of the substrates may interfere with the physical
mechanism involved in the appearance of these phase diagrams, leading to an enhanced tendency to phase
separate below the lower critical solution point. Three different cases are considered: a planar solid surface in
contact with a bulk fluid, while the other two represent two models of porous systems, namely, a slit and an
array on infinitely long parallel cylinders. We confirm that surface transitions, as well as capillary transitions
for a large surface area to volume ratio, are stabilized in the one-phase region. Applicability of our results to
experiments reported in the literature is discussed.
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[. INTRODUCTION temperature is further increased, the complete miscibility re-
appears. The nicotine-water mixture is a paradigm for such a

In the last few years there has been a considerablBehavior[9]. The temperature-composition phase diagram
progress in the understanding of the physics of fluids in reShows closed loops of immiscibility, characterized by the

stricted geometrie§l]. The properties of liquids or gases €Xistence of a lower and an upper critical solution point
confined in narrow pores appear different from those in the(LCSP and UCSP, respectivelirschfelderet al. [10] pro-

bulk. A common trend of these systems is the fact that Conposed a mechan_ism to explain_ the reentrant misci_bility_. The
._essential ingredient is the existence of highly directional

tion is generally lower than the corresponding bulk temperagicies are assumed to be so weak as to favor segregation of

ture. According to Nakanishi and FishE2—5], an incom- ¢ gpecies. At low temperatures, the energy favors complete
pressible fluid mixturéwith isotropic interactionsunder the mixing. However, as the temperature increases, the energy
effect of confinement displays a reduced tendency towar@iecrement due to the formation of directional bonds com-
phase separation at a fixed temperature, because the effectiygtes with the decrease of orientational entropy. As a conse-
attractive forces result weaker within a pore. The COﬂfine-quenCe’ the system phase separates when the temperature
ment also determines an effective dimensional reduction thugiises. This mechanism has been confirmed by theoretical
enhancing fluctuation effects. In addition, the presence otudies on latticd11-13 and continuous modelgl4], as
adsorbing walls may induce a surface transition in a subcritiwell as in recent computer simulation studjé$,16).
cal fluid, even when this is in a single-phase region in the How the presence of substrates or the confinement in a
bulk. Such a behavior, which is now well understood bypore affect the behavior of these mixturgsin a manner
means of a mean-field approa@+8] is due essentially to similar to that of simple fluids, or if on the contrary these
the reduction of the contribution to the free energy from themixtures are peculiaris an issue of great practical and the-
cohesive fluid-fluid forces caused by the presence of the coreretical interest. The presence of selectively adsorbing sub-
fining walls. There exists, however, a class of nonsimplestrates can interfere with the formation of bulk hydrogen
fluid mixtures for which the situation is different: these arebonding, leading to a stabilization of the two-phase region
the strongly associating mixtures. Strong directional attracwith respect to the completely miscible phase. Computer
tive interactions such as hydrogen bonding or charge transfesimulation studies on confined lattice modElS] show the
complexing between molecules affect dramatically the propappearance of surface transitions in a range of temperatures
erties of the fluid or solid. An interesting phenomenon thatbelow the LCSP. The same mechanism has been invoked to
occurs in such a mixture is the reentrant miscibility: the mix-explain some experimen{48,19 that seemed to contradict
ture is completely miscible at low temperatures, up to a temthe Nakanishi-Fisher picture.
perature where it separates into two liquid phases. As the In the present paper we shall study a lattice model of
associating binary mixtures, introduced few years ago by Lin
and Taylor[20,21] and reconsidered recently by the present
*Corresponding author. Email address: jose.enrique@uthors[22—25. In spite of its idealized nature, the model
imperial.ac.uk has the merit of allowing for an explicit analysis of its non-
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epp=0 dition is in complete agreement with the mechanism pro-
B £AB posed by Hirschfelder, Stevenson, and Eyrjag] for the
lAJ Lﬁj D reentrant miscibility. In this work, we assume the bulk fluid-
<Iv D € fluid parameters to have values;,= — 1 (it defines the en-
VAN ergy scalg exg=—0.65, andegg=0, so that we are in the
eABzo_f regime where closed loops of immiscibility appear.

The presence of substrates introduces new interactions
(see Fig. 1. We shall assume that the substrates do not affect

V =
v B Va the fluid-fluid interactions, i.e., there is no surface enhance-
\_B. A QJ |: J ment. The interaction strength betweenfaparticle and the
.................................. substrate 1%/, , if the particle is in a cell in contact with the

substrate, and zero otherwise. The interaction betweeB the

FIG. 1. Schematic representation of theB LT model in the ~ Particles and the substrate is orientationally dependent, i.e.,
two-dimensional square lattidéhe underlying lattice is not shown its strengthVp is nonvanishing only if the face of thB
for clarity). Relevant fluid-fluid and fluid-substrate interactions are particle touches the substrate. The form of the substrate-fluid
also highlighted(See text for explanation. interactions are consistent with the bulk interactions. Hereaf-

ter, the substrate-fluid interactions will be assumed as attrac-

trivial phase diagram. As an instance, the study of its bulkive, i.e.,V,<0 andVg=<0. For absolute values &fg large
properties predicts the existence of closed loops of immiscienough, the substrat-interactions compete with the bulk
bility under constant pressure conditions. This analysis willA-B interactions, so that one expect this type of substrate to
be extended to the behavior of the mixture in presence ognhance the demixing tendency for temperatures lower than
substrates and under confinement. the corresponding LCSP.

The structure of the paper is organized as follows. In Sec. To study the LT model in presence of substrates, we con-
Il we briefly present the model and write explicitly the equa-sider the grand-canonical ensemble, where the system is in
tions for the order parameter profiles. Section Il is devotedhermal and chemical equilibrium with a reservoir at fixed
to analyze in detail the wetting behavior of the mixture in thetemperaturel and chemical potentialg, and ug. The ac-
presence of adsorbing substrates. In Sec. IV we study thivities z, and zg are defined viaza=exp(Bu,) and zg
capillary behavior of the same system when confined be=exp(Bug), whereB=1/kgT. After tracing over all configu-
tween two parallel plate& slit) and in Sec. V we consider rations of theB particles, the system results to be isomorphic
the same system confined in a network of very narrow cylto a monocomponent lattice gas, with renormalized interac-
inders. Capillary transitiongand surface transitions for the tions and chemical potential. The details on this procedure
slab geometry will be analyzed in terms of the physical can be found in Ref§21,23,29. The grand-canonical parti-
parameters of the system. Finally, in Sec. VI we present oution functionE of the LT model can be written in terms of
conclusions. an equivalent Ising model as

Il. THE MODEL E=(1+ZZB+ZZBe_ﬁ€BB)VN/28XF{N( H_f
. . 2
Some years ago, Lin and Taylor proposed a lattice model
to describe a binary mixture, in which the two unlike species
can form highly directional bonds. In more detail, the Lin- X
Taylor (LT) model[20,21] is an A-B binary mixture lattice
model, defined on a generiz-dimensional lattice of coordi-
nation numberv. The A particles are allowed to singly oc-
cupy any of the lattice cells. Every cell contaimsequal
subcells, one for each face of the mother cell. Again, each
subcell can host at most ofieparticle, provided the mother \yhereN is the total number of lattice celldl;, is the number
cell is not occupied by a particle. In addition to the re- of cells adjacent to the substrate, is the number of nearest
pulsive interactiongwhich determine the previous occupa- pejghbors in the direction perpendicular to the substrate;
tion rules, one includes short-ranged interactioisee Fig. s defined as the number of nearest-neighbor cells in direc-

1). The interaction strength between a pair of nearestgng parallel to the substrate. Obviousby= vj+2v, . Fi-
neighborA particles iseas, €ag between unlike species and Isi

: _ : nally, Z5""9(K,H,AH,) is the canonical partition function of
egg betweenB-B particles. All these interactions are nonva- o Ising model on the same lattice. Let us naknthe ef-
nishing only if the particles share a face.

fective coupling constantH the effective bulk magnetic
The bulk properties, as well as the global phase diagra ping H g

rT]‘ield, and AH; the effective surface magnetic field actin
have been exhaustively analyzed in previous w@&-25. ! g g

! . 2 only on the boundary sites,
One of the main conclusions of such studies is that the ap- y y

1+ZBe—BVB ) v, Np

V1+ 225+ 726 Pess

v K )
Xexr{Nb(AHﬁ— %) }Z,'DS,'EQ(K,H,AHl), (1)

pearance of closed loops of immiscibility occurs when the 2 fe
interaction betwee\-A and A-B pairs are attractive e K=— B LLL 1| V1+2z5+zge Fes , )
<0,e,5<0), andexg=[ eaa+ Min(ezp,0)]/2. The latter con- 4 2 1+ zge Pens
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1 14613 v
H=>Inz,— %— ZIN(1+2zg+25e Feee),  (3)
1 [ J1+2zg+7z5e P\ 2V
AH,=v | =In + 7| €an—
2 1+zge PVe 4 Vi

(4)
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ever, such a mapping, is not at all trivial and may lead in
some cases to unexpected results.

IIl. WETTING TRANSITIONS IN THE LT MODEL

Let us consider ar-B binary mixture in the presence of
a planar, infinite, and structureless substrate. Such a substrate
confines the fluid to the half-space=0. When the fluid

All equilibrium properties can be obtained from the knowl- (e.g., theA-particle rich phasegy) is at bulk coexistence, the
edge of the partition function Eq@l) by using standard ther- substrate can promote the formation of drops of the opposite
modynamical relationships. In particular, the bulk pressure igoexisting phaséthe B-particle rich phasgs) on it, charac-

obtained as
= imkeT e =X i1y o 4 ey - K
p=lm ke~ =, 2In(1+ 225+ zge 7508) — -

, ©)

1 .
+H+ lim T zg"me

N—

wherev, is the volume of lattice cell, anll=V/vy. The
mole fractionX (i) profile is obtained as

na(i)

Xa(i)= (6)

nA(i)+§1 ng(i,s)

wheren,(i), the A-particle density in the cell is defined in
terms of the local magnetizatian; as

1+ m; (7)
21)0

Na(i)=

andng(i,s), theB particle density in the subcedlof the cell
i, is

1-m; zge AVe

8

ng(i,s)= ,
e(l.) 2v9 1+zge PVs

if the subcell is by the substratsee Fig. 1. Otherwise,
ng(i,s) is defined as

_ 1 | zge Pes
ng(i,s)=—

4vo 1+zBe*ﬁEAB(1 it my = (sisy))

zg+ e Peee

1-mi—m;+(s;s;)) |,
1+223+225e"3588( My (ss))

9

terized by a contact anglé. When #=0, the drops spread
over the substrate, i.e., the phagewets completely the
a-substrate interface. A finite value df, instead, corre-
sponds to a partial wetting situation. The crossover between
a partial to a complete wetting regime is called the wetting
transition[26]. The surface tensions involved in the problem
(04s, 0ps and o,g, corresponding to thex-substrate,
[B-substrate, and-8 interfaces, respectivelyare related to
the contact angle via the Young equati@7]
O os= 0 gst 0,5 COSH. (10
Thermodynamically the surface tensions correspond to the
excess grand-canonical-free energy per interfacial unit area
(respect to the buk[27]. Since botho,; and o have an
analytical behavior at this thermodynamic state, the wetting
transition is asurface thermodynamic phase transition, as it
can be seen from Eq10) and the dependence éfon the
temperature. As usual, appropiate order parameters corre-
sponding to the wetting transition can be defined as first
derivatives of the surface tension respect to thermodynamic
fields. In simple fluids, the excess number of particles per
interfacial unit area or adsorptioli [that corresponds to
—(do,s!du)t, m being the chemical potentigis the natu-
ral order parameter choice. In mixtures, other choices are
available, e.g., the volume integrated excess mole fraction
per interfacial unit area. Microscopically, the wetting transi-
tion manifests itself as the growth of a macroscopically thick
B layer intruding in thea-substrate interface composition
profile. Three different types of wetting transition may arise.
If the layer width jumps suddenly from a microscopically
finite value, the wetting transition is of first order, and an
off-coexistence surface transitigprewetting is associated
to it. If the layer width diverges continuously, the wetting
transition is named critical. Finally, the wetting transition can
occur as the accumulation point of an infinite sequence of
first-order transitions in the layering wetting cafieese tran-
sitions extend to the off-coexistence regiofihe conditions
for such a transition depend subtly on the fluid-fluid and
substrate-fluid interactions, and interfacial fluctuations can

where(s, sj> is the two-spin correlation function between the play an important rol¢28].

magnetization on the cdlland its nearest-neighbpthat it is

In the LT model two-phase coexistence occurs whtn

associated to the subcslllt is easy to see that in the homo- =0 and K>K., whereK. is the lattice dependent Ising
geneous case these equations reduce to the expressions gieeitical coupling. Moreover, the wetting behavior is con-
in Refs.[23,25. trolled by the ratioAH, /v, K, that is the ratio between the
The equivalence between the LT model and the Isingsurface energy and the loss of bulk energy due to the pres-
model, allows one to obtain the surface behavior of the mixence of the surface. If such a parameter is positive the sub-
ture from the knowledge of the behavior of the latter. How-strate favors ther phase to intrude between the substrate and
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FIG. 3. Wetting phase diagram for the square lattice LT model.

o . . The bulk parameters are fixed tz=0.65652<0, €gg=0, and
FIG. 2. Qualitative wetting phase diagrams for the LT model forVA=0.255AA. The thick solid line corresponds to the bulk critical

Vg=0. Thick SO!'d I_|nes co_rrespond_ to critical '”.‘es' d_ottt_ad lines to line, and the thick dashed line to the liquid-vapor transition line of
the A-pure gas-liquid coexistence lines, and thin solid lines to the,

. ition I ™ b the bulk the A-pure fluid. The thin solid lines correspond to the wetting
We“"?g transition fines. The sym ela|ﬁ_(s|/3|a) means the bu transition lines for different values dfg. Hereafter, the reduced
conditions where there exist wetting of theg-substrate

. . units are defined vid* =kgT/|eans| andp* =puv/|eanl, Wherevg
(a-substratbslnt_e_rface by then ('8) phase_, respgctwel@s_ee text is the volume of a lattice cellSee explanation in text.
The bulk conditions under which there is partial wetting are also

h . .
snown +ean2<(Valv,)<epp/2. However,AH, changes sign for

a temperatur@ only if the value of the pressure which cor-
the 8 phase. On the other hand,AfH, /v, K<O, the phase responds ta\H;=0 is less than the critical pressure at such
B intrudes between the substrate and the phas@/e shall  temperature.
focus on the coexistence sidé=0" (H=0") for AH, In order to illustrate such a phenomenology, we shall
<0 (AH;,>0), respectivelyotherwise, only partial wetting study the 2D square lattice case<4,v, =1). In this case,
can occuy. If the absolute value of the parameter is greateronly critical wetting can occuftfluctuation effects preclude
than one [AH, /v, K|>1), then all coexistence surface cor- any other possibility and the value ofK,,, at which the
responds to a complete wetting situation. If such a conditionransition of critical wetting occurs is given by solution of
is not fulfilled, one will observe a partial wetting situation up the equatior{29]
to a valueK,, (dependent onAH;/v,K]|) and beyond it a
complete wetting situation up =K, exp(2K,,)[cosh2K,,) — cosi2AH,)]=sinh(2K,,).

Let us consider first the casdg=0, whenAH, depends
only onT, regardless the value @k . Moreover, the sign of
AHj is uniquely determined by the difference betweén Let us first consider the casg exa/2<V,<0: AH; <0 for
andv, eaa/2 over the whole temperature range. One can enarbitrary values off, zg, andVy. Moreover,AH,; becomes
visage various casdsee Fig. 2 if V,=0, the coexistence more negative a¥g decreases, at fixédandzg (or pressure
corresponds to a situation of complete wetting of the interp). The typical diagrams of complete wetting are displayed
face substrater phase by phasg, denoted by the symbol in Fig. 3. The region between the wetting transition line and
s|Bla. If v, epaal2<V <0, there exists a region of complete the critical line corresponds to a situation of wettis|@|a,
wettings| 8|« and a lower pressure region of partial wetting. and the remaining coexistence region corresponds to a situ-
As V, decreases, the region of complete wettis|g|a ation of partial wetting. The complete wetting zone increases
shrinks and eventually disappears Yo{= v, eaa/2, because asVg becomes more negative.
AH=0. ForVa<wv, eanl2, the sign ofAH; changes and a When Va/v,)<eanl2, the substrate also favors the ad-
region of complete wetting of the interface substrate-pifase sorption of particlesA. This determines a competition be-
by phasex appears §|«|8). As V, increases, the region of tweenA and B species. In general, wheV{/v,)— ean/2
partial wetting reduces and disappearsVYoE= v, ean . <0.lepp B-phase preferential adsorption can only occur if

WhenVg#0, it is possible that in correspondence with Vg— (Va/v,)<eag— €aa- Figures 4 and 5 display the wet-
different state points, the substrate favors eithergher the  ting diagrams for eaa<(Va/v,)<ean2 and {alv))
a phase. To study such an effect it is necessary to locate the e, 5, respectively. In the first case, the complete wetting
coexistence states, wheteH;=0. SinceVy and e,g are  transition line originates at=0 and terminates at the tem-
negative, for a temperatuieall the coexistence states with perature of complete wetting for th&-pure liquid in the
pressurep larger thanp,,(T)=p(T,H=0,AH,=0) corre- interface substraté- vapor. For values o¥/g=0, AH;>0
spond toAH;>0, whereas states with lower pressures corfor all conditions of coexistence, and the configurations are
respond toAH,<0. It is easy to prove from Ed4) that a  s|a|B. For Vg<(Va/v,)+eag— €an, there appear states
necessary condition for the existence of this line is ¥at characterized bjAH;<0. As a consequence, within the co-
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FIG. 4. The same as in Fig. 3 but fol,=0.75,,. The dotted FIG. 5. The same as in Fig. 4 but fdf,=e€,4. (See text for

lines correspond to the coexistence points at whi¢h, =0. (See  explanation).
text for explanation.
observed in the previous case, with the difference that the

existence region at the left of the ling,,(T), the substrate right branch of the wetting transition linghat corresponds
adsorbs preferentially particld® and the wetting is of type to a transition from partial te| «| 8 complete wettingbegins
s|Bla. On the other hand, at the right of the cupvg,(T),  at zero temperature.
the wetting is of types|a|B. The line of wetting transition One expects that the behavior of the wetting transition for
touches tangentially the critical curve at the point where thehe three-dimensional case will be qualitatively similar to the
curve in turnp,,(T) crosses the critical line. Such a point two-dimensional case. However, the complete wetting phase
moves monotonically toward higher temperatures/gsle-  diagram for the three-dimensional Ising model is not totally
creases, driving with it the wetting transition line and theunderstood yet. Theoretic80] and simulation studief31]
Paw(T) curve. As also happened for the exa/2<V,<O0  show, in the case of strictly short-ranged forces and in the
case, the wetting transition line fromsh3|« complete situ- absence of an enhanced surface spin-spin coupling, that the
ation to partial wetting moves to lower pressures, convergingvetting transition is continuous only KK, is smaller than
toward theA-pure liquid-vapor coexistence line fofg— Kgr, whereKp is the value of the coupling constant corre-
—oo (however, along this line there is a complete wetting bysponding to the roughening transitiok g~ 1.8 for the
liquid of the vapor-substrate interface over all the temperasimple cubic lattice However, if such condition is not ful-
ture range filled, the wetting transition will occur through a sequence of

WhenV,<v, eap (see Fig. B, for valuesVg near zero, first-order layering transitions. Theoretical studies have
the coexistence corresponds to complete wettihg|g. claimed that the wetting transition can be weakly first order
Only whenVg<(Va/v,)+ eag— ean States of partial wet- instead of second ord¢B2]. In the present work we will
ting reappear, near the ling,,(T). The behavior of the lat- consider the Ising model in the framework of the mean-field
ter as well as the wetting transition line is similar to that Bragg-Williams approximation,

1+mj
2

1+mj |
2 n

PR

) 1 ” ]
lim mln Z|Smg(K,H,AHl):AHlmlJr]Z1 {EKmfﬂL vLijijJerj—(

NLHOO

where N, is the number of cells in a layer, ajm;}, j j—°, wherem, is the spontaneous magnetization per site in
=1,2,...% is the equilibrium magnetization profile ob- the bulk case with coupling constaltand magnetic fieldH.
tained by solving the Euler-Lagrange equations In general, different solutions of Eq13) are found. The
equilibrium profile is the solution that maximizes functional
(12). This approach neglects capillary fluctuations, that it is
equivalent to assumkég=K, and the wetting transition oc-
curs as a sequence of layering transitip83,34. Once the
wheremy=AH, /v, K. This set of equations must be solved equilibrium magnetization profile is computed, the surface
in conjunction with the asymptotic conditiom;—mj, for  tensiono is obtained via

m;=tanh(y)Km;+ v, K(m;_;+m;.)+H), (13
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FIG. 6. Wetting phase diagram for the simple cubsc) LT FIG. 7. Layering transitions foF* =0.25 for the sc LT model in
model in the mean-field approximation. The substrate-fluid interacthe mean-field approach. The interaction couplings are the same as
tions areVa= ean andVg=1.2%4,. The critical line(thick solid, in Fig. 6. The dashed lines correspond to the bulk coexistence, and

A-pure vapor-liquid transition linedashed andp,,,(T) line (dot-  the solid lines correspond to the bulk conditions corresponding to

ted are plotted. The wetting transition pointdiamonds are also  the layering transitions. In the inset, the coexistence adsorptions for

represented. The line that joins them is only to guide the eye.  the layering transition(only the first four transitions are plotted
The arrow shows the bulk critical pressure.

o=(Q+pVI/A, (14 tween surface phases with the same surface tension, but dif-

ferent adsorptions. The behavior of the layering transitions at
low temperatures shows surprising features. Figure 7 shows
he first four layering transitions foF* =kgT/|exa| =0.25.

is observed that the first layering transition does occur for
pressures higher than the bulk critical pressure. Conse-
. quently, for a fixed pressure between the first layering tran-

_ i b sition critical point and the bulk critical point corresponding
F_gl (Xa(1) = Xa), 15 o this temperature, the layering transition will extend to

lower temperatures than the critical temperature correspond-

ing to the LCSP. This behavior is found only fgji3|« com-
plete wetting in the low-temperature zone. The pressure is an

whereQ)=—kgT In 2, with £ defined by Eqs(1) and(12),
and the pressune by Eq.(5). The adsorptiod’, that it is the
relevant order parameter in the wetting transition, is define
as

whereX,(j) is theA molar fraction profile, Eq(6), by using

the approximation(s;s;)~mim; . Finally, X is its bulk increasing function o for fixed temperaturd andzg (so
value. _ _ _ _ _ bothK andAH, are fixed. Consequently, ak >K_ for the

We have studied the simple cubic lattice, for whieh |ayering transition critical point, the corresponding pressure
=6 andv, =1. The magnetization profiles have been ob-can only be bigger than the bulk critical pressure if the tran-
tained by an iterative method of Eq(13) for j  sition occurs foH>0. This implies that\H; must be nega-
=1,... Nmax, imposing the conditionm;=m, for j  tive, and thus the wetting is of typsl8|a. The physical
>Nmax- In order to sample the solution space, we use sharpnterpretation of this phenomenon is that the surface adsorbs
kink profiles[m;=+1 (—1) for AH;>0 (AH;<0), re-  preferentiallyB particles. Such a mechanism competes with
spectively, ifj<j, andm;=m, for j>j,] as initial magne- the A-B bonding(at least close to the substrat&herefore,
tization profiles. Starting the iteration with different initial the tendency to phase separate in a fluid layer close to the
profiles, in general, the algorithm converges toward differensubstrate is enhancédecause thé-B bonding favors mix-
local minima of the free energy. As already mentioned, theng) for temperatures lower than tiiewer) critical tempera-
global free energy minimum gives the true equilibrium mag-ture. This fact was also ob_se_rved _in computer s_imulations of
netization profile. Finally, we have considered different val-2 different model of associating binary mixture in Ref7].
ues of Ny since the equilibrium profile in a complete However, we must stress that thys pheno_menon is not related
wetting situation has a strong size dependence. On the coff @n enhanced coupling.e., the interactions between par-
trary, no appreciable finite width effects occur in a partialliCles In the first layer close to the substrate are increased
wetting situation forN,,.,, large enough. In order to locate respect the bulk valugsthat it is known to stabilize surface

the wetting transition, we studied the equilibrium profiles attransmons to temperatures higher to the bulk critical one in

bulk st —0 d tant & i - ““the Ising mode[2]. On the other hand, the competition be-
thue p(r:g:;(:fr:ncem_ ) and constant temperature, varying tween substrate preferential adsorption andAH8 bonding

; . should be also relevant for prewetting transitions.
The wetting phase diagram foW,=ean and Vg P ¢

=1.25¢,, Is plotted in Fig. 6. As one can see, the qualitative |v. CONEINEMENT BETWEEN SYMMETRIC WALLS
behavior of the wetting transition is similar to that observed

in the two-dimensional case. However, the wetting transition We turn to consider the behavior of the Lin-Taylor model
is associated to series of first-order layering transitions bewhen confined between two identical parallel substrates.
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Confinement in the two-dimensional case corresponds to @ Va=epn and Vg=1.25¢,,, that stabilize the firstsur-
guasi-one-dimensional situation. Thus fluctuations precludéace layering transition at temperatures lower than the lower
the existence of capillary transitions if the interactions arecritical temperature. We also assume that the separation be-
short ranged. Consequently, only the 3D case will be studiedween plates iNp lattice units. The free energy of the con-
We shall consider a simple cubic lattice within the mean-fined mixture is given by Eq1), with the mean-field parti-
field approximation. The substrate-fluid interactions are setion functionZs,q(K,H,AH;) given by

Np
lim —InZgino(K,H,AH;)=AH{(m;+my )+E - Kmi+vy, Kmim, . ;+Hm,— In| ——
N, —NL g o/ &2 it j 2 2
— Nl (16)

The equation for the equilibrium profile is given by Eq. _ 1 N
(13) with the boundary conditioMN,5,= Np/2 for Ny even, Xpa= No 2 Xa(j) (18
or (Np+1)/2 for Np odd. The values ofn; for j=N,,, are D=1
obtained from the symmetry of the problem: i.em;
=My, j+1. I addition to the layering transitiorigelated to  that converges to the bulk coexistence molar fractions as

the phenomenology observed on the semi-infinite ;ake Np—. ) _
capillary transitions results from the shift of the bulk coex- Ve have obtained the constant temperature phase dia-
istence under confinement. Near the center of the pore bo@ams forT*=0.25(see Fig. 9. Various transitions are ob-
phases have different magnetizations, in contrast with theerved foNp=3. On_e_of these transitions converges tO_WFNd_
layering and prewetting transitions where the profiles differthe bulk phase transition for large separations and is identi-
in a localized surface region and they have the same valud®d with the true capillary transition. The remaining transi-
far enough from that region. In the Ising model, the shift istions are characterized by having similar average molar frac-
always toward higher values &f (i.e., lower effective tem- tions and correspond to the layering transitions obsgrved in
peratur¢ and H negative H positive when AH; positive the presence of a smgle substrate. Th_e (_:overmdef_lned
(AH; negative, respectively. by Eq.(15)] corresponding to the coexisting phases in these

The casedNp=1 andNp=2 can be studied analytically transitions converge very fast to the semi-infinite values, as
sincem;=m for all j. The bulk conditions, for which the expected fr'o'm their surface nature. Hovyever, the number of
capillary transition takes place are shown in Fig. 8. In spith€se transitions depends stronglyNg, since the capillary
of the fact that the temperature range for which the capillary
transition occurs is reduced, at low temperatures the pressure 2
range is largely increased. Hence, at a given pressure, the
LCSP shifts to lower temperatures and can even disappeat.

This means that for certain values of the pressure range there 1 Lo 7
are no immiscibility islands in the confined system, but the .
usual bell shaped coexistence line terminating in a UCSP. ]

This is a direct consequence of the directional character of Pm 1
the substrate-particlB interaction. The kink that is observed
in the capillary critical line corresponds to the crossing of the

7
i
-

0.5 .

Paw(T) line.
For larger values oNp, the behavior of the capillary I N e

transitions are studied numerically. Ay,—« the capillary 0 , N =T

critical line must move toward the bulk critical curve. We 0 0.5 1 1.5

shall consider the isothermi* =0.25, as a representative T*

case of the low-temperature regime. The excess free energy FIG. 8. Capillary transitions of the mean-field sc LT model

o reads (Va=€an,Vg=1.25,,) for Np=1 (thin solid line and Np=2

(dot-dashed ling In both cases, the upper line is the capillary criti-
cal line, and the lower line is thA-pure capillary gas-liquid tran-

. . sition. The bulk conditions under which theredsg capillary co-

and converges to @ whenNp—, with o deflne_d by Eq. . existence are the regions enclosed by their respective lines, and the
(14). The relevant order parameter for the capillary transi-r—q axis. By comparison, the bulk critical linghick solid line

tions is the average molar fractiofy,, defined as and theA-pure gas-liquid transition linéhick dashed ling

w=(Q+pV)/A (17)
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1.5 T T T T T T T T

[0 a] © ]

FIG. 9. X,—p phase diagrams fof* =0.25 and different val-
ues of Np: Np=1 (dashed-double dotted lineNp=2 (dashed
line), Np=5 (dotted ling, andNp= 15 (thick solid line, under the
same conditions as in Fig. 8. The bulk transitiginin solid ling is
also plotted for comparison. The inset corresponds to an enlarge-
ment of the zone around the bulk critical point.

FIG. 11. Schematic representation of the LT model adsorbed in
a network of narrow infinitely long cylinders. Th& particles are
represented as spherical particles, andBhgarticles as spherical
transition, which depends sensibly d,, competes with particles with an interaction sidehadow circlg In this case, the
them[35,36. For instance, in the case o&=Np<10 only  coordination number i, =6.
the first layering transition appears, while the second appears
for Np=10. the findings for the confined lattice gas for intermediate val-
The values of the capillary critical pressure for snidj ues of Ny reported in Ref[35]. The scaling behavioap
are larger than the corresponding bulk critical values. By~NgY" (N5? in the mean-field approagipredicted by the
increasingN , the capillary critical pressure decreases up toNakanishi-Fisher theory should be obeyed for larger values
a minimum, corresponding to a pressure less than the buléf N . However, our results do not extend to that region due
critical pressure. From such value it converges monotonito the numerical error in estimating the capillary critical
cally to the bulk critical valudsee Fig. 1@ This fact means pressure close to the bulk critical point. Nevertheless, we do
that along an isobaric the LCSP shifts to lower temperatureaot expect a change in the tendency for large valuelof
only for very narrow pores. Consequently, the stabilizingand we expect our results to be qualitatively correct for all
mechanism of the coexistence region below the bulk LCSRalues ofNy . It is interesting to note that the slab approxi-
seems to be only effective for small valuesif . The de-  mation[35], which corresponds to set;=m for all j, pre-
viations of the capillary critical pressure with respect to thedicts that for sufficiently small* the capillary critical pres-
bulk value in the range §Np=<15 follow a power lawAp sure is larger than the bulk value fall values ofNy. The
~Np*, with x=1.04+0.09. This behavior is consistent with failure of this approach is not surprising, since it gives poor
results for the confined lattice gas close to the capillary criti-
1.4 : : | : cal point as it overestimates bokhandH at the capillary
0.7 ————— critical point[35]. This fact alters the balance between the
I 17 different mechanisms involved in the shift of the critical

12 e | 14 point, leading to the wrong result mentioned above.
p* 07 -

W - V. THE CYLINDRICAL PORE NETWORK

Finally, we consider the confinement of the LT mixture in
a network of parallel infinitely long, cylindrical pores. This
0.8 — model can be understood as a crude approximation for ad-
sorption in zeolites. It represents another instance in which
Sy 4 the substrate can prevent the formation of hydrogen bonds:
0.6 : . : ' . the geometrical hindrance due to the confinement in very
N narrow nanopores. We shall assume that the pore diameter is
D so small that theA-B bonds can form only along the direc-
FIG. 10. Capillary reduced critical pressungs versusNp for  tion z parallel to the cylinder axissee Fig. 11 The cylinder
T*=0.25 (same conditions as in Fig.).8The dotted line corre- diameter is taken to be less than twice t#eB collision
sponds to the bulk critical pressure. Inset, enlargement of the minidiameter. In addition, the pores have diameters less than two
mum zone. A-particle diameters and they form a two-dimensional net-
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work with coordination numbew, . We allow attenuated tions, and an effective magnetic field. K, has the same
interactions between particles in nearest-neighbor pores, iexpression as the bulk coupling constant, &), while K
order to allow a capillary transition. A similar zeolite model andH are defined as
has been employed to study the capillary transition of meth-

ane adsorbed in ALP£5 [37]. Bean 1 [ \1+725+72e Fees
The in-pore fluid-fluid interactions have the same form as Ki===——+3n 173 oo . (20
in bulk, with coupling constantg,,, €ag, andegg. How- g€
ever, the interactions between particles in nearest-neighbor v
pores are attenuated L VRRIND (_;md €eB (|ei_j|<|eij|), al- A=H+», 7 EAn— Ean— _A)
though theA-B and B-B interactions directional character vy
remains the same as before. This system behaves as a bulk 5
lattice model with anisotropic interactions. The grand- +1| 1+2zg+zge Peee 21
canonical-free energy per unit volume reads 4 n 1+2~zB+~z§e*B~EBB ' (22)
Q kBT Vv, ~ ~ P . . . .
—=— —| = In(1+ 225+ 73e " PeeB) with H given by Eq.(3). One can see that confinement shifts
\ vo | 2 the effective magnetic fielt with respect to its bulk value
v K with a contribution analogous to that found for planar sub-
+In(1+ 225+ 226 FemB) + H— —— — K, strate§ compare Eqs(4) and(21)]. In addition, the confine-
2 ment determines an anisotropy in the couplings. The
1 A-particle molar fractionX, reads
+Nlnzlsing(KL,KH,H) , (19
n
- . - _ Xp=——, (22
wherezg=zge #VB is the effective activity of th® particles Na+ng+ng

oriented in the plane perpendicular to the cylinder axis, and

Zysing is canonical partition function of an anisotropic Ising Where ny=(1+m)/2v, is the A-particle density, anchg
model characterized by coupling§ in the parallel direc- (nZB) is the density oB particles oriented in a perpendicular
tions to the cylinder axis anl, in the perpendicular direc- (paralle) direction to the cylinder axis, respectively,

Lo Zg+ 2750 Feen . Zge Penn o 2g+7pe Pee B zge Pene (alnzlsing/N)
® dvo\ 1+27g+73e Pee 1+7ge Fae] Avo| 1+275+73e Fes  1+7ge Fas oKy
v, zgt+zie Fees
e m (23
2v0 1+ 2zg+75e Pees
, 1 zg+z5e Peee N zge Pens 1 zg+2z5e Pees zge Fens (aln leing/N)
nNg=5— T o, -
B 200\ 14275+ 726 P88 1+zge Beas| 200\ 1+ 2z5+72e PBs 1+ z5e Fens K|
1 zg+zie Peee
_ = m. (24)

Vo 14225+ z5e Pees

Phases characterized by different molar fracti¥asmay  H=H, i.e., Vo=v,(1—a)ean/2 and Vg=0. Hence, the

coexist when the spontaneo(i., H=0) magnetizatiorm preferential substrate adsorption efféeery similar to that
==+|m|#0. We consider the casesa=—1, eag=—0.6,  studied in the slab geomejris suppressed and we can focus
and egg=0, that corresponds to a case that presents closesh the coupling anisotropy.
loops of immiscibility in the bulk. On the other hand, as the  We have studied the 2D square lattice case, for which
hydrogen bond interactions are very short ranged, we wilknalytical expressions fcp, ,, are known in the anisotropic
take eag=egg=0 as physically sensible values. Moreover, case[38]. However, we expect that the features obtained for
;AA is set to baxve, 5, Wherea is a positive number less than this case will be qualitatively correct also for the 3D case.
one. From the exact solution, the values df (,K)) that corre-

In order to discriminate between different mechanismsspond to the phase coexistence satisfy the following relation-
we chose the substrate-fluid interactions in such a way thaghip:
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06——T— spect to the bulk case, and consequently the phase separation
I is enhanced in the lower-temperature regime, in complete
0.5[ -4 7 agreement with our results.
- T -
0.4 R Y yi
. S ) VI. DISCUSSION AND CONCLUSIONS
p I i STt

5 . PR I T I T

031 "a,OO 0.2 04 06 08 1 In this paper we have studied the effect on the phase
i equilibria of an associating binary mixture in the presence of

021 . 7 substrates and under confinement in very simple geometries.

We have focused on the conditions in which bulk system

01 S A 7 exhibits closed loops of immiscibility. Our results show
| . . clearly that the presence of directional fluid-substrate inter-
% 0.1 0.2 0.3 0.4 0.5 0.6 actions can stabilize purely surface transitigssch as lay-

T* ering and prewettingand also for the phase separation under
confinement in nanopores, for temperatures below the bulk
FIG. 12. Capillary transitions in the network of cylindrical LCSP. However, this mechanism becomes inefficient for the
pores. The reservoir conditions corresponding to the capillary criticapillary transition when the surface-to-volume ratio is
cal lines are represented for different valuessofa=0.2 (dashed  small, and consequently we doubt that it can explain the
line), @=0.4 (dotted-dashed ling and «=0.6 (dotted ling. The  experimental results in Ref$18,19, which would corre-
bulk critical line (solid line) and theA-pure vapor-liquid linglong-  spond to the latter case. The disagreement with the scaling
dashed lingare also plotted. In the inset, the phase diagrams corpredictions in the cases, in which the temperature shift de-
responding tg* =0.07 for the same values of (the symbol mean-  pends on the substrate remains, in any case, unsolved. The
ing is the same as previousind their comparison with the bulk - experimental data show a capillary critical temperature de-
phase diagrantsolid line). pendence on the film width that it is not consistent with the
) ) scaling predictiong4,5], and it could be a signature of an
sinh(2K)sinh(2K  )=1, (25  emerging new characteristic length scale. However, to our

. . , . knowledge there is no theoretical explanation of such a be-
where equality holds only at the critical point. It is clear from 5vior.

such an expression that, even Ko (equal to the bulk value Some final remarks are pertinent. First, the present model
less than the isotropic bulk value, the system can undergo @ esents a simplified description of an associating binary
phase transition foK, large enough. Note that sinée, = iyyre, but keeps all the physical ingredients needed to re-
—,B_aeAA/4_, this qondmon is fqu|IIe_d in the Iow-t_emperature produce the correct phenomenology. Consequently, we are
region. This fact is also observed in the mean-field approachygnfigent that our conclusions can be relevant also for more
for which the coexistence condition is K, +2K;=1. sophisticated models. Second, fluid adsorption in nanotubes

Figure 12 shows the reservoir conditions under which they,q zeolites is experimentally feasible and they could pro-

capillary phase transition occurs for different valueseof  jige experimental probes of our theoretical predictions.
There also exist immiscibility islands for the capillary tran-

sition within the porous mediurfsee inset in Fig. 1R but

the corresponding LCSP occurs at temperatures lower than
those of the bulk LCSP at the same pressureaAscreases The authors wish to thank Dr. I. Roduez-Ponce, Profes-
the temperature and pressure range for which one observesr G. Jackson, and Professor A. O. Parry for their interest
capillary transition increases. Hence, the immiscibility is-and useful comments on this paper. J.M.R.-E. and L.F.R.
lands become larger withy, but mainly in the high- gratefully acknowledge financial support for this research by
temperature region. In fact, the temperature corresponding tGrant No. PB97-0712 from DGICyTSpain and Grant No.
the LCSP is rather insensitive to the value@f and it is FQM-205 from PAI (Junta de Andalue). J.M.R.-E. also
always below the temperature corresponding to the bulkvishes to thank the Ministerio de EducagjcCultura y De-
LCSP. Our findings can be understood by a simple physicgborte (Spain for partial financial support. Finally U.M.B.M
argument. The geometry forbids the formation of hydrogeracknowledges financial support by Ministero dell'Istruzione,
bondings in the directions perpendicular to the cylinder axisdell’'Universita e della Ricerca, Cofin 2001 Prot. No.
So, the confinement effectively reduces #heB bonds re- 2001023848.
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