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We have employed the density functional theory formalism to investigate the nematic—isotropic
capillary transitions of a nematogen confined by walls that favor antagonist orientations to the liquid
crystal moleculeghybrid cel). We analyze the behavior of the capillary transition as a function of

the fluid—substrate interactions and the pore width. In addition to the usual capillary transition
between isotropiclike to nematiclike states, we find that this transition can be suppressed when one
substrate is wet by the isotropic phase and the other by the nematic phase. Under this condition the
system presents interfacelike states which allow us to continuously transform the nematiclike phase
to the isotropiclike phase without undergoing a sharp phase transition. Two different mechanisms for
the disappearance of the capillary transition are identified. When the director of the nematiclike state
is homogeneously planar-anchored with respect to the substrates, the capillary transition ends up in
a critical point. This scenario is analogous to the observed in Ising models when confined in slit
pores with opposing surface fields which have critical wetting transitions. When the nematiclike
state has a linearly distorted director field, the capillary transition continuously transforms in a
transition between two nematiclike states. 2005 American Institute of Physics.

[DOI: 10.1063/1.1829041

I. INTRODUCTION erties present in the single wall cases play a crucial role in

] ) ] the determination of the critical point in the confined prob-
The effect of the confinement on simple fluids has beefem Here, given a pore width, the coexistence of two con-

vastly investigated in the past. Most of studies are related tq phases characterized by distinct order parameter pro-
the effect of the confinement on the vapor—liquid transition,files can only occur for temperatures beldly,, which

the so-called capillary transition. In the case of Symmet.nccorresponds to the total wetting temperature of the single
walls, where both walls attract or repel the molecules with

. - wall cases:* provided the substrate—fluid interaction
the same strength, the capillary transition in large pores is

governed by the well-known Kelvin lain addition, it may Strengths are equal in absolute value. A very good insight in

appear surface phenomenology that can affect the globé?e confined phase diagram topology for the general case in

phase diagram. Often this surface phenomenology is relate\'(sfhldl1 the subst_rateh— flug}l mteracu?n d sftrengthls are :T%';hfr
to wetting states found in the single wall cases. The latteffdUa! NOT OPPOSING has been reported for a polymer el

phenomenon is related to the spreading of drops of vapor The_se studies have eIU(_:l_dated which mechanisms are in-
(liquid) on the surface in coexistence with the bulk liquid volved in the surface tran;mons and how the prope.rtu.es of
(vapop. The presence of these surface states can be consilile Substrate can determine the phase behavior within the
ered in the description of the phase behavior in the confineBOre- With respect to complex fluids like liquid crystalC)
system. The generalized Kelvin law for small pofeghere there is an increasing interest in the understanding of the
surface phenomenology is more dominatekes into ac- surface phenomena due to its crucial role in the advance of
count these effects so it is still possible to determine théhe LC technology. For the case of a single wdemi-
vapor—liquid transition for small porésHowever, the pre- infinite problem and symmetric pores favoring an specific
dictions of the generalized Kelvin law reveal that the wettingorientation on the molecules, theoretical approatiéss
phenomena does not affect essentially the phase diagram well as computer simulatioh$™’ reveal that the interaction
the confined problem so they are often discarded. An interwall—fluid particle can strongly affect the ordering not only
esting system is thaybrid cell (also known as asymmetric close to the surface but also far from it. Additionally to finite
cell) where one substrate or wall is repulsive and the othesize effects, novel phenomena often appear due to the com-
attractive(competing walls In this case, the wetting prop- bined presence of anchoring and orientational wetting tran-
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sitions. The interplay between both surface phenomena arehd the mechanisms involved in it. Finally we end up with
its dependence on wall properties have been recently studiezlir conclusions.
by us employing a microscopic density functional theory
(DFT) approach for a simple model of liquid cryst&lThe

. - Il. THE MODEL
effect of confinement by symmetric walls on these surface
transitions was also studiéd Our findings revealed that as The theoretical model is a standard generalized van der
in the case of simple fluids, the finite-size effects for not veryWaals theory based on a perturbative expansion, using a
narrow pores on the phase diagram are not of qualitativéard-sphergHS) fluid as reference systefnDetails on the
significant importance and only the location of the capillaryphysical basis of the model and how to obtain its solutions
transitions are affected by the confinement. However, recentumerically can be found elsewhefe?’ Our starting point is
theoretical®?* and simulation resulf§ for hard-sphero- the grand potential functional per unit system ar@a
cylinder models show that for very narrow symmetrical [ p]/A, whose functional minimum with respect to the one-
pores the NI capillary transition may end up in a critical particle distribution functionp(r,£2), which depends on both
point. molecular positions and orientations2, gives the equilib-

In a recent papéer: we extended the study to the caserium structure of the interface. This functiom(r,Q)
with an hybrid cell where the surfaces favor antagonist ori-=p(2)f(z,Q}), contains a mass distributigan(z) and an an-
entations. This geometry has in LCs a particular interest dugular distributionf (z,{)). These quantities vary locally with
to the possible technological applications. This fact haghe distance fronz=0 to z=H, whereH is the pore width.
stimulated an increasing interest by experimentalists an@he expression fof)[p], in a mean field approximation is,
theoreticiang®2324|n particular, different nematiclike states o i
with homogeneous and linearly distorted director fields were  Q[p]=F,[p]+ %f f f drdr’dQdQ’p(r,Q)
found to coexist under confinement. In the present paper, our

goal is to complete this study with the investigation of the Xp(r', QY xo(r—r",Q,Q")
nematic—isotropic(NI) transition within the hybrid cell.

Quintanaet al. investigated a similar problem employing a _f f drdﬁp(r,ﬁ)[u—vw(r,ﬁ)], 1)
Landau-type theor§? They claimed that the NI transition

either appears unaffected and its temperaflije remains  where . is the chemical potential and
unchanged or the transition disappears. Basically what deter-

mineq the e>§istence of the Fransition was the value of fluid— Fr[P]:f drfhs(P(r))—"kBTf drp(r)<|n(4ﬂ-f(z,ﬁ))>
wall interaction strength with respect to the value for the

first-order wetting transition for the semi-infinite systems. (2)

For strength values below this threshold the transition occurts the reference system free energy. In the above expression
for all wall separations. In contrast, above the threshold, thén{p(r)) is the hard-sphere free energy density of a uniform
transition disappears for large pore widths, where interfacialfluid with a density equal to the local densityraand: --) is

like states appear. The disappearance of the phase transiti8i angular average. The attractive potentiabntains aniso-
must be understood as the gradual transformation from isdropic (dispersion forces driving the liquid-crystalline be-
tropiclike states to nematiclike states when increasing th&avior of the model material:

chemica}l_pot_ential or decreasing the_temperature, with_ no v(r,fl,fl’)=vA(r)+vB(r)P2(fl~fl’)+vc(r)

singularities in the free energy associated to the transition. R R

However, for large pore widths it would be extremely diffi- X[Po(Q-T)+Py(Q'+1)], (3)

cult to d|s't|ngU|sh this rqqnded tran5|t|on fronj a true ther'wherefzr/r, andr is the center-of-mass distance. The func-
modynamic phase transition. The interfacial-like states ar%onSUA(r), vs(r), ve(r) are the radial contribution to the

related to the wetting states by isotropic and nematic phas§ential as a result of considering dispersion-type forces. In
that each wall present in the semi-infinite geometry,

: reSP€Chis work we choose them to have a simple Yukawa form,
tively. i.e., vi(r)=—e exp\(r—d)ir for r>d, and v;(r)=0

In this paper we address the same problem of the beha‘b‘therwise, wherel is the diameter of a hard sphere. Thg
ior of the NI capillary transition and its possible disappear-g,q ve terms are the responsible of the liquid-crystalline
ance from a more microscopic point of view by using @ DFTpehavior of our fluid model. Sa;z determines the orienta-
approach. Our paper is organized as follows: First, we brieflfjonal order in bulk. The effect of - on the orientational
present our liquid crystal model in Sec. Il. In Sec. Il we ordering is more subtle, since by symmetry its contribution
revisit and complete the study of a substrate which favorgo the bulk nematic free energy is zero at mean-field level.
either planar or homeotropic anchoring in contact with aHowever, it plays an important role in determining the ori-
nematogen fluid at its isotropic or nematic phase. In particuentation of the particles close to interfaces and walls. We
lar, the different wetting regimes are found. This phenom-note that a positive value af- favors the molecules to ori-
enology will be a crucial guide to understand the behavior oentate parallel to the nematic—vap@V) interface and a
the fluid under confinement. Section IV is devoted to thenegative value favors the perpendicular orientation to NV
study of the fluid adsorbed in a hybrid cell, paying specialinterface?® As this behavior is caused by the absence of ori-
attention to the disappearance of the NI capillary transitiongntational ordering in the vapor phase, it is also observed for
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a Nl interface and a nematic fluid in contact with a hard wall. n(z) 3 1 a(2)]?
This anisotropyin the orientational configuration of the nem- B(2)= - Ttz o(2)— > \/{ 7(2)— |t v(z).
atic molecules is essential to understand the phenomenology (11)
in the problem with the walls. ] ) . )

The walls are modelled via the following potentials: It is convenient to define the average density and order pa-

rameter for the confined system as
w +o  z<0 1 (H
@O _ e 0p (coss) 220, P =5 f _p(2)dz (12

where# is the angle between the molecule axis andzthgis — 1 (H
normal to the substrate. Fefj)>0, this potential favors the U= JO U(z)dz (13
molecules to align perpendicularly to the surfadhemeotro-

pic anchoring. The potential corresponding to the other sub-As we will also make reference to the semi-infinite prob-
strate is: lems, the adsorption in the order parameter is defined as

+o  z>H sz (U—-Up)dz (14)
g (2 ‘9):| (2)a—Aw(—(H-2)—d) 5 0
€y e "W P,(cosf) z<H,
whereU,, is the value of the intrinsic nematic order param-
which favors the molecules to align in a plane parallel to theeter of the bulk phase.
surface fore{?)>0. However, this preferred alignment corre- Numerical values for the potential parameters were
sponds to a random planar anchoring, since there is not tmken ase,=1 (which sets the temperature sdaleg/ep
preferred direction at thay orientation plane. The param- =0.847 andec/eo=0.75. The range parametexs are set,
eters ) and e{? measure the substrate—fluid interactionin units ofd (throughout we choose this unit to set the length
strength of each substrate. scalg, to \j=2, 4, 1.75,i=A, B, C respectively, and\y
In our study, we will assume that the nematic director=1. In our calculations the temperature is fixed at the value
orientation is embedded in thez plane. The formalism per- T*=kgT/e,=0.57, that corresponds to a typical situation in
mits to define the orientation distribution of the moleculeswhich vapor, isotropic and nematic phases can be observed.
referred to a laboratory reference system, described by thre&t this temperature, the isotropic—nematic coexistence oc-
extrinsicorder parameters, curs for a reduced chemical potentigBu=u/kBT
=—3.918.

n(z):f de sin 0d 6f (z,Q) P,(cosh), (6)
Il. THE SEMI-INFINITE CASE

w(z)= J deé sin6d 6f(z,f2)sin 26 cose, ) o In order to better under;tanding t_he behavior of t_h_e f_Iu.id
inside the pore, we have first considered the semi-infinite
cases of the fluid in presence of a single substrate where the

o(2)= f dé sinad Hf(z,f))sinz 0cos 2. (8) substrate—fluid interaction potentials given by E4. either
favor homeotropic or planar alignment, i.ef,‘l,)zew>0 or

The order also can be referred to an intrinsic reference sysE-W 0, respectively. We are interested in the wetting behay

o . lor, so the system will be at bulk nematic—isotropic coexist-
tem by threeintrinsic order parametersy the tilt angle de- ; . .
. d . : . ence, unless stated otherwise. We have considered both situ-
fined like the angle formed by the director with thexis, U . . . S . . .
. . ations in which the bulk fluid is either isotropic or nematic.
(uniaxial order parametethe amount of order along the di-

rector andB (biaxial order parametgmhich measures the First we consider the case of a nematic bulk phase in

) L resence of the substrate. This situation was studied for sub-
amount of order along the perpendicular directions of th . o
. . o . L strates that favor homeotropic anchoring in Ref. 18. We ex-
director. The nematic ordering is essentially uniaxi@ (

—0) far from the substrate. The biaxiality induced by thetend this analysis to substrates which favor planar alignment.

surfaces was already discussed in a previous paper. For both negative and small positive valuesegf the fluid

o . .far from the substrate orientates parallel to the substrate. For
These intrinsic order parameters can be obtained in

tany(z)= vz

2 l

o(2) +u(2)?

7(2)— -

terms of the sefz,a,} by the following expressions: the case in whicle <0, biaxiality is developed in a micro
ting situation of the substrate—nematic interface by the iso-
(99  tropic phase. Asy is increased, the isotropic layer close to

scopic layer close to the substrate, leading to the decay of the
orientational order in that area. If the substrate favors a ho-

meotropic alignment, we observe a microscopic isotropiclike

o(2) \/
-t
7(2)—-—

the substrate becomes macroscopic as the isotropic phase
n(z) 3 3 o(2)]? completely wets the nematic—substrate interface egt
V(@)= Tgo@t g |1z = el Our calculations showed that the wetting transition i
=€y - g transition is

layer close to the substrate, corresponding to a partial wet-
4
(10 continuous. The orientation far from the substrate remains
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gZIG. 2. Plot of the reduced densipd® and extrinsic order parameter pro-
files 7, o, andv for ey /e,=0.70 andBu=—3.918, obtained by numerical
minimization for R=435d. Inset: the intrinsic order parametels and
corresponding to the same state. The intrinsic order pararBeterzero
except close t@=R (not shown for clarity.

FIG. 1. The adsorptiod” plotted vs the chemical potential for a semi-
infinite geometry where the fluid is isotropic in bulk and the substrate favor:
homeotropic anchoring. The dashed line correspondg,t@,= 0.3 and the
continuous line toey, /ex=0.66. Thel —IN transition for the latter case is
represented by the dotted line. The insets represent the reduced gensity
= pd® and extrinsic order parameter profilgse, andw for different chemi-

cal potentials and,/e,=0.66.

the prewetting transition can be seen as a two-dimensional

planar in the complete wetting case. By further increasingsotropic to nematic transition at the fluid layer close to the
€y, an anchoring transition occurs fey,= e\‘}\,, as the nem-  substrate. We will denoteandIN to the surface states with
atic orientation changes from planar to homeotropic far fromthe random planar and nematic layer close to the wall, re-
the substrate, and the wetting becomes partial again since tispectively. For thaN state, there is also biaxiality near the
isotropic—nematic interface favors a planar anchoring in ousubstrate, as occurred when there was a nematic fluid in bulk.
model. The anchoring transition is first order and continuesA similar behavior was found for the Zwanzig model and
in the single nematic phase region. However, the completaard spherocylinder fluid® although their “prewetting”
wetting with planar orientation state remains metastable upransition is continuouésecond order for the Zwanzig model
to ey. This fact will be important for the discussion of the and it is expected to be Kosterlitz—Thoulesslike for the
confined cases. For the model parameters considered in thépherocylinder systemThe prewetting surface nematization
paper,elit/ en=0.470, €%/ ep=0.527, andell/ e=0.72. transition shifts towards lower chemical potentialseggis

We turn to the case in which there is an isotropic phaselecreased, and eventually disappears at a critical point.
in bulk. For small values dfey|, the inhomogeneities of the For large positive values oy, i.e., ew/ex> e\ ] en
density and order parameter profiles are restricted to a mi=0.691, we also found that the nematic phase completely
croscopic layer close to the substrate. Although the fluid isvets the isotropic—substrate interface. We have checked in-
isotropic far from the substrate, the anisotropic character oflirectly this by studying the numerically obtained profiles
the substrate—fluid potential induces a random planar ordethat minimize our free energy functional. The order param-
ing near the substrate, i.e., the particles orientate parallel teter profiles that we obtain in our numerical minimization are
the substrate but without any preferred direction in that oriinhomogeneous along the wetting laysee Fig. 2 This fact
entation plané»<0, o=v=0). Such a condition can be seen is due to the mismatch of anchoring conditions at the inter-
as an extreme biaxial case, whdde=2U, i.e., the highest faces. We first note that th@trinsic order parameters are
eigenvalue of the orientational order parameter tensor is twdaomogeneous along the wetting layer except close to the
fold degenerate. The layer width remains microscopically fi-interfaces(see inset in Fig. 2 So the origin of the inhomo-
nite as the NI coexistence is approached, corresponding togeneity of theextrinsicorder parameters is the change of the
partial wetting situation. For large enough valueseyf|, we  orientation of the nematic director field along the wetting
observe complete wetting situations. For negative values dayer. As previously mentioned, the molecules align parallel
ey and at the NI coexistence, there is a sudden change &b the interface between a nematic and isotropic phase. On
ew= emz from the previous surface state to a complete wetthe other hand, the molecules anchor homeotropically close
ting state of the isotropic—substrate interface by the nematito the substrate due to the strong anchoring coupling between
phase. This corresponds to a first order wetting transitionthe substrate and the fluid. As the nematic layer width di-
For our model parametersmzleA= —0.359. Due to its first  verges, it is possible to fulfill both anchoring conditions by
order character, there is a prewetting first-order transition foslowly varying the nematic director from homeotropic to pla-
ew<el? (see Fig. L At this transition the particles at the nar anchoring. However, any numerical calculation requires
first layer orientates along some direction parallel to the subminimization in a finite rang® for the z coordinate, impos-
strate, breaking the rotational symmetry of the sta&e in- ing bulk isotropic conditions foz>R. In this situation, the
sets of Fig. 1 for the order parameter profilé&Sonsequently, nematic director profile that corresponds to the minimum of
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wl 4 w3 m line at eyy= €} with no change in slope. This fact is a sig-
w2 8W 8\Jv 8\)‘/ e\)v . .
Ew ) / nature of the second-order character of the wetting transition.
T - ' U A e On the contrary, the curve departs from the ée4 line at

1 5 | ew= 63\/ with nonzero slope, indicating the first-order char-
acter of the dewetting transition.
Figure 3 also gives information about the wetting prop-

051 | 7 erties when there is an isotropic phase in bulk. By reversing
o | 1 the roles of the nematic and isotropic phases in(Eg), it is
20 straightforward to see that the contact angleof a nematic
© droplet on a planar substrate is relatedé@wia 6’ =m—6.

05 Consequently, when c@s=—1 we observe complete wetting

by nematic phase of the isotropic—substrate interface. This

fact is clear fore, < 5W2< 0. However, fore> GW the appar-

ent values of cog are less than-1. As previously discussed,
L , , ‘ l K this is a finite-size effect of our numerical calculations and

08 -06 -04 02 0 02 04 06 the predicted value is cas—1. Nevertheless, since the

SW/SA nematic layer remains finite asy— em?’ from below, the

F1G. 3. Plotof th e ofth et andlof an isotropic shase drolet localization of the wetting transition is quite accurate. For

on t.he.suk;)st(r)atefncgzlgt?cointe‘ref:c)g :sc aafr:ﬁlztigg :)Sfotr:gﬁ‘llﬁiz—iiistrrgrt)eeinter'[h wetting transitions a&mz and E\TV\\”?) there is a cha_mge OT

action strengthe, (thick continuous ling The thick dashed line represents SIOpe of the cog curve, that it is in agreement with their

the complete wetting metastable states corresponding to a planar anchorifigst-order character.

far from the substrate. The values €]}, i, e, €d,, and el are also
marked. The filled circles correspond to the numerical estimates:for

> €3 (see text for explanation IV. THE CONFINED CASE

We turn to the case of the fluid confined in a hybrid slit
the grand-canonical free energy is expected to be linear, asfiiore, where each substrate favors an antagonist anchoring,
is indeed observed by numerical minimizati@ee inset of i.e., homeotropic and planar, respectively. Under confine-
Fig. 2). This fact induces a R dependence of the apparent ment, it is well known that the bulk transitions have lower-
equilibrium excess grand-canonical free enefgy surface  dimensional counterparts that are known as capillary transi-
tension) due to the elastic deformation. Such decay istions. The thermodynamic conditiof®emperature, pressure,
much slower than the usual exponential correction wherchemical potential for such transitions are usually shifted
elastic deformations are not involved, and we have to conwith respect to the bulk coexistence values. Before consider-
sider much larger values &t to obtain reliable values of the ing our DFT results, we consider the predictions of the
true equilibrium free energies. AR increases, the apparent Kelvin equation, which gives the leading order for the shift
surface tension decreases and it is always larger than then chemical potentiaIA,u=,uﬁ”—,uﬁ“ of the capillary
complete wetting state excess free energy, that it is the sumematic—isotropic transitiony, with respect to the bulk
of the surface tensio,,y corresponding to the interface value wl, at large pore widthsH. Thermodynamic
between substrate and a nematic phase oriented homeotropinsideratiors?>?° show that the chemical potential shift
cally far away, and the surface tensian, between corre- Au of a capillary transition with respect to the bulk one
sponding to the nematic-isotropic interface where the nembetween thex and 8 phases at a given temperature obeys
atic phase is planar-anchored with respect to the interfacesymptotically
The latter surface tension is independent of the fluid- S (COS6,+Cosh,)
substrate interactions, and its valuedg y,d?~0.0259 for Ap~=2F = 2 (16)
the NI coexistence af* =0.57. (pp=pa)H

Figure 3 summarizes the results of this section. We reptn this expressiony ,; is the surface tension for an—g
resent the cosine of the contact anglef a droplet of iso- interface, ang,, andp are the bulk densities of theand
tropic phase in coexistence with bulk the nematic phase on ghases, respectively. Finall§; and ¢, are the contact angles
planar substrate as a function ef,. The Young equation corresponding to the droplets of phase that nucleate on

states that each substrate when the fluid is in bulk in tBephase, re-
S n— Sl spectively. In our case, we can identify as the isotropic
cosf= % (15 phase angB as the nematic phase. It is implicitely assumed
NI

in Eqg. (16) that there is a partial wetting situation for both
where XN, 2, and 3y, are the surface tensions corre- substrates in semi-infinite geometries. However, if either
sponding to the substrate—nematic, substrate—isotropic, arnbere is complete wetting only at one substrate or in both but
nematic—isotropic interfaces, respectively. Fy< eS\, (in- by the same phasef{=6,=0 or m), the effective pore
cluding negative valugsthe nematic director is parallel to width in Eq.(16) is reduced tdd — I, wherex is a constant
the substrate far from the substrate. Otherwise, the nematibat depends on the range of the wall—fluid interactionsland
director is homeotropically anchored. The complete wettings the sum of the widths of the adsorbed wetting layers. Nev-
region corresponds to c@s-1. The curve meets the c6ss1  ertheless, this modification does not change qualitatively the
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results. Its only effect is to observe the behavior predicted by 05— T T T 1

the Kelvin equation at larger values of the pore wibitthan R NS,

for a partial wetting situation. 04 ol 1 T .
A different situation arises when both substrates are L sepe e 7 1

completely wet bydifferent phases at coexistence, i.e., 03k %o oer oo on /

cos#, cosh,=—1. Studies for symmetrically opposing sur- U A

face fields Ising syster§ and Landau—de Gennes models 02k i

of liquid crystal€® show that in this situation there iso ‘ Do

capillary transition. Instead, an interfacelike state appears, .

where half the pore is filled with aa-like layer, and the rest 01p O i

by B-like phase. The position of the interface between both o mmm s Sl

layers is controlled by the deviation of chemical potential YT 405 4 395 39 38 385 375

with respect to the coexistence value. A rounded transition Bu

from the confineda-like phase to thes-like phase(marked _

bv the disappearance of the free enerav singularities aSSO(f:IlG' 4. Plot of the averaged intrinsic order parameter throughout thelpore
y PP 9y 9 as a function of the reduced chemical poteniial for e, /e,=0.3 and

ated to a.sharp caplllary_t.ransnmrs building up, becoming H/d=10 (continuous ling¢ and H/d=20 (dashed ling The dotted lines

a sharp first-order transition only fdi =o. When the op-  show the location of the capillary NI transition. Inset: the diamonds repre-

posing surface fields are not symmetri(:aj least for near- sent our DFT values of the chemical potential &y/e,=0.3 at the capil-

symmetrica), it is expected to observe a similar beha\ﬁ'or. lary NI transition forH/d=10, 20, and 35, and the continuous line is the
. . . . Kelvin law prediction, Eq(16).

Mean-field calculations for a confined polymer model with

asymmetrical opposing fields also support this picture.

This analysis allows us to envisage different scenarioghroughout the pore to the substrate with an intrinsic order
for the confined case and larg¢ For simplicity, we will  parameter similar to the bulk value, except in thin layers
only consider the casely)= e{7)= € in Egs.(4) and(5). We  around the substrates, where the density and order parameter
must note that this choicdoes notcorrespond to the sym- profiles are similar to the ones corresponding to the semi-
metrical opposing fields, since the effect of each substrate igfinite cases. In particular a very thin layer close to the
qualitatively different. For largeH and €, /e,<0.48 and =0 substrate is homeotropically anchored. This state corre-
ew/ex>0.53 we expect to have a nematic—isotropic capil-sponds to théS state in Ref. 22 and we will denote it By>.
lary transition. The transition point will shifted towards On the other hand, the isotropiclike statghich we will
lower or higher chemical potentials than the correspondingienote asl) develops microscopic homeotropically and
to the bulk transition if co®;+cosé, is negative or positive, random-planar layers close to the0 andz=H substrates,
respectively. This dependence of the sign of the capillaryespectively, and the orientational ordering decays to zero in
transition shift on the thermodynamic conditions of the fluidthe middle region of the pore. We have also compared our
(temperature, etg. which does not occur for simple fluids, DFT calculations with the Kelvin law prediction E¢16)
has been observed in our model under confinement betweépee inset in Fig. % Although the transition value departs
symmetrical substrates that favor homeotropic anchdfing, from this prediction for small pore widths, fé#/d>20 the
and also in confined spherocylinder model with the Onsageagreement between our numerical estimations and the Kelvin
approximation for a symmetrical slit pofé.On the other predicted value is quite reasonable. Note that the capillary NI
hand, if 0.48 €, /e5<0.53, no capillary transition is ex- transition is shifted to larger chemical potentials than the

pected to be obtained fany pore width. bulk NI transition value. However, asy increases, this trend
We present now our DFT calculations. For the sake ofis reversedthe Kelvin law predicts the turning point to oc-

clarity, we separate the results obtained &< ew and  cur atey/ep=0.329).

ew> €l As e, exceedse\i?, wetting in thez=H wall begins to

affect the pore adsorption. For small valuestbfa single
transition between an isotropiclikestate to a nematiclike
We performed our first DFT calculations fary/es  state occurs as foey<e)?. However, asH increases the
=0.30, which correspond to partial wetting situation in theorder of the “nematiclike” state decreases and the chemical
semi-infinite geometry for both substrates. Figure 4 showgotential for which this transition occurs converges to the
the behavior of the averaged intrinsic order parametexrs | —IN transition value for the=H wall. The order-parameter
the chemical potential is varied. We see that there is a trarprofiles make clear that the “nematiclike” state corresponds
sition from an isotropiclike statdower branch to a nemati- to the formation of a nematic layer close to the H sub-
clike state(upper branch The order of the transition is first- strate followed by an isotropic ordering along the pore. By
order, and it is found as the coincidence point of the grandanalogy with the semi-infinite situation, we call to the
canonical free energies of the nematiclike and isotropiclikeconfined state after this transition, which we can see as a
states. We have shown also the metastable continuations aminiscence of thé—IN transition in the semi-infinite phe-
each branch: nematiclike states on the left of the capillary Nhomenology.
transition and isotropiclike states on the right of the transi-  As H increases, in addition to tHe-I" transition, a new
tion. Examination of the order parameter profiles show thaphase transition between th# to a proper nematiclike state
the director field in the nematiclike state is oriented parallelN® (i.e., planar-anchored along the ppis observed. This

A. The case ey <elr
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FIG. 5. Plot of the averaged intrinsic order parameter throughout thel?)ore

as a function of the reduced chemical potentil for H/d=20 and
ew!/epn=0.35 (dashed ling ey /ep=0.41 (continuous ling and ey /e
=0.45(dotted—dashed lineThe dotted lines show the location of thel™
transition(left) and capillary NI transitiongright). Inset: The symbols are
the coexistence values &f at thel—IN and capillary NI transitions for
different values ofe,,. The dotted line corresponds to thelN—NS triple
point atey /ep~0.39. The continuous lines are to guide the eye.
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phenomenology is not related to wetting properties of the
substrates. In our model the NI capillary transition occurs at
least forH>20d when the substrates a0 andz=H are

the samé?® However we cannot rule out the possibility of
critical points for very smallH, but we will not consider
them since the predictions of our model are not reliable in
that regime.

Our DFT results about the existence of the NI capillary
transition show the opposite trend to the one predicted by a
Landau—de Gennes model in Ref. 25, which predicted that
the confinemenstabilizedthe two-phase region with respect
to the one-phase region. Moreover for large valuesl dhe
boundary for the nonexistence region of the capillary transi-
tion was a triple point rather than a critical point. Actually
the scenario shown by our DFT calculations is consistent
with the phenomenology that presents a confined Ising
model with opposing surface fields when the wetting transi-
tion is critical® This analogy can be explained heuristically.
For largeH and e, close tOew, the typical configuration
close to bulk coexistence corresponds to an interfacial state
formed by an isotropic layer around tke-0 and a nematic
layer around the=H wall. In the first approximation the NI
interface positior is given by the minimum binding poten-
tial which is the superposition of the contributions from the

transition can be regarded as the true capillary NI transitiontwo semi-infinite system$As there is a complete wetting

Figure 5 shows our DFT calculations feir=20d and differ-

situation at thez=H substrate, we can consider its binding

ent values ofeyy. It becomes clear that the difference be- potential as a exponentially decreasing function of the inter-
tween thelN and theNS states at the transition decreases agacial position with respect to the=H wall cexg—(H
ey increases, and eventually the NI capillary transition dis-—1)/§], wherec>0 and¢] is the nematic phase correlation

appears in a critical poirsee inset of Fig. b The value of
ey at which the NI capillary transition disappearslasver

than e, i.e., the confinemendestabilizesthe two-phase

length at bulk NI coexistence. Note that the local minimum
corresponding to the bounded state, if any, plays no role in
our argument as soon as we are far enough from the first-

region with respect to the one-phase region. We have alsorder wetting transition corresponding to the semi-infinite
studied the effect of the pore width in the NI capillary tran- case with thez=H wall. On the other hand, the binding

sition. We setey,/ep=0.465, slightly beIOWEw. Figure 6

potential corresponding to the=0 substrate takes the usual

shows that the capillary NI transition does not exist for theform —a exp(—I/&,)+bexp(—2l/&y), whereax e\ — e,>0,

smallest values off and reappears fdd>50d.

b>0 and¢, is the isotropic phase correlation length at bulk

The disappearance of the NI capillary transition shownNI coexistence. So, the complete binding potential for the NI
by our model is not related to the critical points observed forinterface, up to irrelevant constants, is

smallvalues ofH in other model€%?* Actually, those cases
correspond to symmetrical slit-pores and consequently their

0.6 T T T T T T

— H/d=10
—— H/d=20
-—- H/d=40

-+ H/d=50
=+ H/d=60

L ! . i . | L
0 385 38

FIG. 6. Plot of the averaged intrinsic order parameter throughout thel?bore

as a function of the reduced chemical potenpal for e,,/e,=0.465 and
H/d=10, 20, 40, 50, and 60.

W(I)=h(H—I)—ae‘<"§b>+be‘(z"§b>+ce[(H")’§B], 7
wherehoc A w. A critical point must verify
h= ie*(llﬁfb)_ @eﬂzwqu ge,[(H,t),g{)], (18)
&b &b &
0=— %e7(|/§b)+ gef(zwfbu e [(H=N/&] (19)
&b &b (&p)°

Instead of solving simultaneously Eq$8) and(19), we will
study the spinodal line, which is the solution of E#9). We
consider solutions of the forrh=yH+ Al, where 6<y<1
and Al~¢&,, & . Substituting this ansatz in Eq19), we
obtain



014903-8

1

1

Rodriguez-Ponce, Romero-Enrique, and Rull

0.8

0.6

04

0.2

08

0.6

0.4

0.2

(b}

Qo

[

0

15

1

08

06 u

0.4

0.2

0

1

0.8

0.6

0.4

0.2

p*

(d)

0 5 10 15
z/d

FIG. 7. Plot of the densityg* = pd®) and intrinsic uniaxial order parameter
(V) for the fluid confined in a pore of widthl =20d and€,,/e,=0.70 and
chemical potentialsta) Bu=—4.7, (b) Bu=—4.45,(c) Bu=—3.95 andBu

=-3.7.

0=— (ae™ (X))~ (A& | (4he=(2xH/Ep)) = (201/6)

0

0

5

10
zid

15

J. Chem. Phys. 122, 014903 (2005)

z/d

FIG. 8. Density p*=pd®) and intrinsic uniaxial order parameter profiles
(U) for H=20d and €y, /e,=0.53. The chemical potentials run frofu
=—4.03 to Bu=—3.64 with a step ofA(Bu)=0.01. The intrinsic order
parameter profiles at tHg"—NS transition(left) and1—IN transition(right)
are highlighted.

There is in both cases a homeotropically-anchored nematic
layer close to the substratezt 0 and a random planar layer

e [(A=XHI&] | gAl/g, (20)

close to the substrate at=H. As the chemical potential
increases, the random planar layeratH undergoes a tran-
sition to a planar biaxial state. Again this first-order transi-
tion is a reminiscence of the-IN surface transition corre-

( ;
+|c

(é)?
In order to have two solutions for Eq20), we need
all the factors in brackets in E€RO) to be of the same order.

Consequently we obtain thak=£,/(2¢,+4,) and a  gnonding to the substrate 2 H, and we will denote both
=a’ ex —H/(2&,+&y)], wherea’~b~c. The value ofa’  ¢onfined states and IN by analogy with the semi-infinite
for which the critical pom.t occurs corresponds to the Cas&henomenology. As the chemical potential is further in-
where the rescaled equation creased, the nematic layer increases and a state in which an
§§ isotropic and a nematic layer coexist is obtaifed. 7(c)].
edé)  (21)  There is no phase transition between the isotropidlikand
(&)° the nematiclikeNS states, but a smooth transformation simi-

has an unique real solution. For simplicity, we assume thal@" t0 the expected one when both substrates are completely
£,=&,, but similar results are found when both correlationWet by different bulk phases at coexistence. Finally, there is

lengths are different. We refrain to give explicit solutions and® transitio_n to a new n(EmaticIike St"‘j(thel- statein Ref. 22,
we just mention that indeea’/c~1 and the value oAl at that we will denote adl*), characterized by an almost linear

the critical point isAl .~ &, for reasonable values dfandc. Qistorsion from homeotropic to planar'co.nfiguration on the
Consequently, the interfacial position at the critical pointlilt angle through the pore, although tivérinsic order pa-
|.~H/3 and the NI capillary transition Shiﬁfvvl—fw rameter takes e_ssentlally fche bull_<_value except cILose to the
~exp(—H/3&,) and from Eq.(18) A u~exp(—2H/3&,). substrategsee Fig. 7d)]. This transition between theé~ and
A numerical comparison of these predictions with ourN® State is first order and converges to the anchoring transi-
DFT calculations, although it would be very interesting, isOn that is observed in the semi-infinite case with a substrate

. . 18
extremely difficult due to the limitations of our numerical that favors a homeotropic anchoring Bs—c.™ A more
procedure and it will not be carried out in this work. How- detailed discussion about this transition can be found in

0=—a'e A&+ 4pe (2Al6) 4 ¢

ever, at least qualitatively these predictions have been corRef. 22.

firmed by the DFT calculations even for not so large values ~ FOr larger values o, the capillary NI traLnsition ap-
of H. pears as a transition between Bhstate and a\" state for

chemical potentials smaller than the bulk NI transition value.
As ey approache&&,, the range of values dfl for which
capillary transition does not exist is wider. Fe#y/ep
Now we turn to study the confined system feyy =0.53(close to the dewetting transition pojrthe capillary
>es\,. We first considered the cassy,/e,=0.70 andH NI transition does not appear until/d>150. Figure 8
=20d. Different confined states are obtained as the chemicahows the continuous change of the nematic layer as the
potential increasesee Fig. 7. The first cases Figs(@ and  chemical potential increases flr=20d, which is analogous
7(b) clearly correspond to a vaporlike and isotropiclike to the behavior observed fa#,/e,=0.70. Figure 9 shows
states, and we will denote them & and I, respectively. how the curves of the averaged intrinsic order parameter as a

d
B. The case ey>e€y,
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FIG. 9. Plot of the averaged intrinsic order paramétehroughout the pore d/H

vs the reduced chemical potentjgh for ey /e,=0.53 andH/d=10, 13,

20, 30, 40, and 80. The discontinuities 0{8x) correspond to thé—IN FlsG- 1L0- Plot of the reduced chemical potentfak corresponding to the

(Ieft) andNS—N" (right) transitions. N>—N* transition(or the NI capillary transmo.n, see text for explanali@s
a function of the reduced inverse pore widlhH for values of ey /€p
=0.49 (circles, 0.53 (diamonds, 0.60 (triangles up, and 0.66(triangles

. . . . . down). For e, /e5=0.49 the transition extrapolates to the anchoring transi-
function of the chemical potential change for increasing porg;y,, corresponding to the=0 substrate(Ref. 18 as H—sx, and to

widths. For the narrowest porél& 10d), a single transition  the bulk NI transition for the other cases. The continuous lines are only to
is observed between an isotropic state to an state with sonide the eye.
nematic ordering. However, dg is increased, it becomes
clear that this transition is again a reminiscence oflthg"
transition in the semi-infinite case. The localization of thisbetween the=0 substrate and a homeotropically-anchored
transition depends weakly on the pore width For H nematic fluid and the corresponding between the planar-
>13d, the N"-NS transition appears at chemical potentials anchored nematic fluid and tlze=H substrate. For this state
larger than the bulk NI coexistence value. This transitionthe finite-width correction is dominated by the elastic defor-
does not appear fdd=10d, which is a clear indication of mations contribution and decays #sm?/8H as H—x,
the existence of a critical point for tHe"—NS transition at where K5 is a Frank—Oseen elastic const&tSo, for a
small values ofH. As H increases, the chemical potential given temperature, th&l>—N" transition is always shifted
value for N-—NS® transition shifts to lower values. Finally, towards higher chemical potentials than the anchoring tran-
we observe that th&) curve becomes increasingly steep atsition, and the convergence to it for large value$iaé quite
the bulk NI transition agd—«. This fact is a consequence slow. Although this argument implicitely assumes that the
of the formation of interfacial-like statg¢as Fig. 7c)] in the  inhomogeneities are restricted to microscopic regions around
proximities of the bulk NI coexistence chemical potential. each substrate, it is also valid if we allow thN state to
The nonexistence of a capillary NI transition above thedevelop an isotropic layer close to tlze=0 substrate(as
dewetting transition as described above is unexpected. Firstccurs close to the bulk NI coexistenc€onsequently, for
the finite-width effects are much more pronounced égr  €3,<eyw<ely and moderate values df, the most stable
> €l than belowe);. As a consequence, we observe signifi-nematiclike state close to the bulk NI coexistencalfs and
cant departures from the bulk behavior for wider pores and itherefore there is no capillary transition. Asincreases, the
a larger range ok, than when we approach the complete N state becomes more stable than Miestate near the NI
wetting situation from belowi.e., ey, < ew)_ This fact sug- bulk transition, and eventually the capillary transition be-
gests the emergence of a new relevant term in the free energween alN state and &l- occurs.
of the system. On the other hand, as the dewetting transition An interesting feature of the NI capillary transition in
is first order, we could naively expect that under confinementhis regime is that it is linked to thgurely surface transition
and large enougl the capillary transition disappearance NS—Nb. As explained before, for small values Hfthere is
point is shifted tdower values ofey, (Refs. 4, 25 (recall that  no NI capillary transition but iH is not too small there is a
the role ofe,, or the temperature is reversed in the dewettingNS—N" transition. AsH increases, the chemical potential
transition with respect to the wetting transitjofo under-  corresponding to th&lS—N* transition shifts to smaller val-
stand this situation we recall that the confinement in a hybridies, and eventually crosses the value corresponding to the
cell destabilizes theN" with respect to theNS. A simple  bulk NI transition(see Fig. 10 When this happens, the tran-
phenomenological argument can be used to explain thisition is between an isotropiclike state to the nematiclike
fact?? For large enough values f, the excess free-energy N' state: the capillary NI transition is recovered. An analo-
per surface area of NS state is given by the sum of the gous smooth transformation from a prewetting to a capillary
surface free energies between each substrate and a nemat@ndensation transition was observed in mean-field calcula-
fluid which is planar-anchored with respect to them. Thetions of a confined polymer model under asymmetrical op-
finite-width corrections are expected to decay exponentiallyposing surface field%.Finally, the Kelvin relationship Eq.
On the other hand, the lard¢ behavior free energy of the (16) predicts that the capillary transition value Bju ap-
N state is the sum of the surface tensions of the interfaceroaches the bulk NI value frommelow The DFT results for
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