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A fluid of hard spherocylinders of length-to-breadth ratioL/D55 confined between two identical
planar, parallel walls—forming a pore of slit geometry—has been studied using a version of the
Onsager density-functional theory. The walls impose an exclusion boundary condition over the
particle’s centers of mass, while at the same time favoring a particular anchoring at the walls, either
parallel or perpendicular to the substrate. We observe the occurrence of a capillary transition, i.e., a
phase transition associated with the formation of a nematic film inside the pore at a chemical
potential different frommb—the chemical potential at the bulk isotropic–nematic transition. This
transition terminates at an Ising-type surface critical point. In line with previous studies based on the
macroscopic Kelvin equation and the mesoscopic Landau–de Gennes approach, our microscopic
model indicates that the capillary transition is greatly affected by the wetting and anchoring
properties of the semi-infinite system, i.e., when the fluid is in contact with a single wall or,
equivalently, the walls are at a very large distance. Specifically, in a situation where the walls are
preferentially wetted by the nematic phase in the semi-infinite system, one has the standard scenario
with the capillary transition taking place at chemical potentials less thanmb ~capillary nematization
transition or capillary ordering transition!. By contrast, if the walls tend to orientationally disorder
the fluid, the capillary transition may occur at chemical potentialslarger thanmb , in what may be
called a capillary isotropization transition or capillary disordering transition. Moreover, the
anchoring transition that occurs in the semi-infinite system may affect very decisively the
confinement properties of the liquid crystal and the capillary transitions may become considerably
more complicated. ©2004 American Institute of Physics.@DOI: 10.1063/1.1646374#

I. INTRODUCTION

The confinement properties of fluids are very important
to understand many natural phenomena and industrial pro-
cesses. Particularly interesting, both from practical and fun-
damental reasons, are the properties of liquid-crystal forming
materials that are confined by two walls.1 These may induce
some preferred orientations in the nematic director which
may compete with the interactions in the liquid crystal to
give the final structure in the pore.2 Therefore, the confine-
ment brings about a new element which modifies the wetting
and orientation properties of the fluid.

In pioneering work, Sheng,3 and later Poniewierski and
Sluckin,2 predicted a phenomenon similar to the capillary
condensation of liquid from vapor in confined simple fluids,
but involving the isotropic and nematic phases of liquid crys-
tals. Poniewierski and Sluckin4 extended the analysis of
Sheng and shown, using a mesoscopic Landau–de Gennes
formalism, that the nematic–isotropic transition temperature
of a liquid crystal placed between two parallel walls may
increase or decrease, with respect to the bulk value, as the

distance between the walls decreases, depending on the wet-
ting conditions prevailing at the walls. This effect, well ac-
counted for by the analogue of the Kelvin equation, is similar
to the capillary condensation/evaporation transitions occur-
ring in simple argonlike fluids and more complex fluids such
as water.5 Recently the capillary condensation of a thermo-
tropic nematic liquid crystal and the associated first-order
transition line terminating in a critical point was observed by
Kocevaret al. using atomic force microscopy.6

The interest of capillary studies of complex fluids, and
liquid crystals in particular, lies in their intrinsic importance
to understand wetting and flow properties of nanometer-scale
films and their implications in liquid-crystal colloidal disper-
sions and emulsions. For example, colloidal dispersions in a
liquid-crystalline hosts exhibit interesting rheological and
optical properties from the point of view of applications;
these properties are caused by the peculiar interparticle
forces mediated by the liquid-crystalline host, arising either
from nematic director deformations or by nematic capillary
condensation in the isotropic phase. These effects may be
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relevant for potential applications such as self-assembly of
complex materials and systems with remarkable optical
properties.

In this paper we have examined the confinement proper-
ties of a liquid-crystalline material using a microscopic inter-
action model based on the simple hard-spherocylinder model
together with a version of the Onsager density-functional
theory. We consider a fluid of hard spherocylinders of length-
to-breadth ratioL/D55 confined by two identical, planar,
parallel walls—in the so-called slit geometry—that act as
hard walls on the centres of mass of the particles and addi-
tionally can orient the particles along some predetermined
direction. This model has been analyzed previously7 and
shown to exhibit a rich surface phase diagram with wetting
and reentrant wetting transitions, anchoring, and prewetting
transitions. These phenomena are obtained as the chemical
potential and surface affinity of the walls are varied. Here we
examine how these properties affect and are affected by the
confinement of the system.

Recently a few theoretical studies have focused on the
confinement properties of fluids made up of simple model
particles, using either density-functional theory or computer
simulation.8–13 For example, Chrzanowskaet al.14 have re-
cently analyzed the structure of a fluid of hard Gaussian
overlap molecules between parallel hard walls, both using
the Onsager density-functional theory and computer simula-
tion. Also, van Roijet al.15–17 have used computer simula-
tion and a Zwanzig approximation on the Onsager theory to
investigate the capillary nematization transition of a hard
spherocylinder fluid confined between parallel hard walls.
All of these studies have not explored different scenarios, in
particular, the interplay between the wetting behavior of the
fluid and confinement. In this respect, we believe our work to
be the first to address these questions from a completely
molecular point of view, without restricting the calculations
to any simplifying assumption about the orientations of the
particles.

The remainder of the paper is organized as follows: In
the following section, we present the theoretical model and
provide a few technical details; a more detailed account of
the model has been presented elsewhere.7 In Sec. III we
present the results, and finally in Sec. IV we give the con-
clusions and present a few lines for future research.

II. SOME THEORETICAL DETAILS

In this section we briefly sketch the theory and present
some numerical details. For a more detailed account of the
theory see Refs. 7, 18–20. The relevant free energy density
functional for our confinement problem is the grand canoni-
cal free energy,V@r#5F@r#2mN, whereF is the Helm-
holtz free energy,m the imposed chemical potential,N the
number of molecules andr(r ,V̂). In the present work we
use an extension of Onsager theory21 to obtain the Helmholtz
free energy, which is the central quantity to approximate. The
extended theory allows for slowly-varying molecular distri-
butions of the type that are expected in the confined liquid
crystal close to the isotropic–nematic transition. The Helm-
holtz free-energy density functional is approximated by

F@r#5F id@r#1kTE E drdV̂r~z,V̂!

3F DC~r~z!!

4p

3
r~z!seq

3 G E E dr 8dV̂8vexc~r2r 8,V̂,V̂8!

3r~z8,V̂8!1E drdV̂r~z,V̂!vext~z,V̂!, ~1!

where vexc is the overlap function for two HSPC~unity if
they overlap and zero otherwise!, DC(r(z)) is a prefactor
that depends on the angular-averaged density distribution
r(z),

r~z![E dV̂r~z,V̂! ~2!

andvext is the external potential representing the effect of the
two substrates on a single molecule,

vext~z,V̂!5H `, z,0, z.H

V0@e2az1e2a(H2z)#P2~V̂"ẑ!, 0<z<H,
~3!

whereH is the pore width, i.e., the distance between the two
parallel walls,V0 the substrate strength parameter,a the de-
cay inverse length,ẑ the unit vector normal to the walls, and
P2(x) the second-order Legendre polynomial. The parameter
seq is an effective particle diameter~see Refs. 18–20 for a
discussion!. Here we have chosenz to be along the normal to
the substrates and with origin in the substrate at the left, so
that our density distributions only depend on that coordinate
since the substrate is chosen not to possess any transverse
structure.F id@r# is the ideal-gas free-energy density func-
tional which is exactly given by

F id@r#5kTE drdV̂r~z,V̂!@ logr~z,V̂!21# ~4!

with T the temperature andk the Boltzmann’s constant. As
usual we introduce an angular distribution functionf (z,V̂)
by r(z,V̂)5r(z) f (z,V̂) and work not with the function it-
self but with the first moments relevant for axisymmetric
molecules,

hm~z!5E dV̂f ~z,V̂!Y2m~V̂!, m50,61,62 ~5!

with Ylm a spherical harmonic. Assuming mirror symmetry
with respect to thexz plane, the only significant moments are
three; transforming to a reference frame where the newz
axis lies along the local director the three relevant moments
arec(z), the angle between the directorn̂ and the unit vec-
tor normal to the substrate,ẑ, and two distributions that rep-
resent the ordering around the local director:h(z) ~uniaxial
order parameter! and s(z) ~biaxial order parameter!. These
order-parameter functions, together with the local density
r(z), define the configurational state of our adsorption sys-
tem. Details on how the free energy is calculated in terms of
these order parameters can be obtained from Refs. 18–20.
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Once the external potential representing the effect of the sub-
strates is specified, the resulting grand-potential free-energy
functional V~@r#;m! can be minimized numerically with re-
spect to the four order-parameter distributions, for fixed bulk
conditions, i.e., for fixed chemical potentialm (T is not a
relevant thermodynamic variable since our molecular model
is hard!.

The length scale used in this paper have been taken to be
seq, the effective particle diameter.18–20For the particle cho-
sen in this study, withL/D55, the numerical value isseq

52.04D50.41L. A final comment on the model is that it
possesses a certain degree of nonlocality through the overlap
functionVexc, but this is not sufficient to reproduce the den-
sity variations that are expected in a high-density fluid near a
wall. A more sophisticated theory, of the weighted-density
type, would be necessary to account for these structural ef-
fects. The failure of our theory in this respect is reflected in
the violation of the sum rule relating the pressure with the
density value at contact in the semi-infinite system~see Ref.
7!. This feature, however, is not expected to be serious at the
qualitative level since we want to focus on the orientational
properties of the fluid.

III. RESULTS

Figure 1 gives a pictorial representation of the surface
phase diagram of the model in the chemical potential~m!—
surface strength parameter (V0) plane when the fluid is in
contact with a single wall; this problem has been analyzed in
Ref. 7. The chemical potential is referred to the value at
isotropic–nematic coexistence,mb . Thus, we have coexist-
ence conditions on the horizontal axis. Bulk wetting transi-
tions are indicated by thick solid lines. Depending on the

value ofV0 the substrate can be wet by a nematic film with
homeotropic orientation (WN'), or with parallel orientation
(WNi). The associated wetting transitions are located at
V05V0

WN'[0 and V05V0
WNi[0.48kT, and are of second

and first order, respectively. Off-coexistence surface phase
transitions include the anchoring transition~A! in the bulk
nematic region, separating phases with different director
alignments, and the prewetting transition associated with the
WNi wetting transition, which is of first order~by contrast,
since the WN' wetting transition appears to be of second
order, it has no associated prewetting line!. The surface be-
havior of the model, embodied in the wetting and anchoring
transitions shown in Fig. 1, is crucial to understand the phe-
nomena that arise when the fluid is confined.

Next we confine the fluid between two planar, identical,
parallel walls, separated by a distanceH, and search for
solutions of the density functional as a function of chemical
potentialm, the surface strength parameterV0 , and the dis-
tance between the wallsH. What we are looking for is the
global phase behavior of the fluid when confined between the
walls. In order to analyze the confinement properties of the
model we have chosen to obtain the phase diagram in the
m –H plane for different values ofV0 , having as a guide the
surface phase diagram forH5`, i.e., Fig. 1.

In Fig. 2 we plot some profiles pertaining to the case
V0520.1kT, H535.4seq. This value of the surface
strength parameter corresponds to wetting by nematic with
homeotropic orientation in the semi-infinite system~see Fig.
1!. Figure 2~a! shows the nematic order-parameter profiles,
whereas Fig. 2~b! shows the number density profiles. Each of
the graphs contains four profiles. Those represented by
dashed lines correspond to fluid states that, with the same
chemical potential,m[m(H)50.987mb (mb is the chemical
potential at which the bulk isotropic–nematic transition takes
place!, have the same grand potential: they coexist at a first-
order phase transition. In Fig. 2~a! we can see that one of the
profiles has a zero value of the nematic order parameter in
the central region of the pore, corresponding to an isotropic
fluid; the other has a high value of the order parameter in the
whole pore, which can be associated with a nematic fluid.
The structure of the fluid in the regions next to the two walls
is quite similar in all cases and does not change significantly.
The profiles represented by continuous lines correspond to
states with a lower chemical potential,m,m(H), and a
higher chemical potential,m.m(H), than that at which the
capillary transition occurs. This behavior clearly demon-
strates the existence of a first-order capillary nematization
transition at a chemical potentialm(H), at which the struc-
ture of the confined film changes discontinuously: the nem-
atic order parameter in the central region changes from zero
to a value compatible with the corresponding value in bulk.
The associated change in density, Fig. 2~b!, is by contrast
very small. We will refer to the phases in the confined system
as ‘‘nematic’’ and ‘‘isotropic’’ depending on whether the
nematic adsorption is large or small, despite the fact that in
the latter case there may be a adsorbed layer with high nem-
atic order parameter close to the walls, see Fig. 2~a!. The
nematic adsorptionG is defined in terms of the spatial inte-
gral of the nematic order-parameter profile,

FIG. 1. Pictorial representation of the surface phase diagram of the model of
hard spherocylinders in the presence of a single wall. The phase diagram
includes the wetting and anchoring properties of the semi-infinite model in
the chemical potential~m!–surface strength parameter (V0) plane. The
chemical potential is referred to the value at isotropic-nematic coexistence,
mb . The horizontal axis thus represents bulk coexistence. On this axis wet-
ting transitions by nematic with director perpendicular to the wall (WN')
and by nematic with director parallel to the wall (WNi) are represented by
thick lines. Off-coexistence phase transitions include the anchoring transi-
tion ~A! and the prewetting transition~pw! associated to the bulk WNi
wetting transition~which is of first order!. Equilibrium phases in bulk are
labeled as ‘‘iso’’~isotropic!, ‘‘nem ~'!’’ ~nematic with director perpendicular
to the wall! and ‘‘nem ~i!’’ ~nematic with director parallel to the wall!.
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G5
1

H E
0

H

dzh~z!. ~6!

In Fig. 3 the nematic adsorption is represented as a function
of chemical potential for the caseV0 /kT520.1 and H
535.4seq. The vertical line indicates the position of the cap-
illary phase transition and both the thermodynamically stable
branches and their metastable extensions are shown.

The surface phase diagram in the chemical potential
~m!–pore width (H) plane is shown in Fig. 4. Capillary tran-
sition lines have been plotted for different values of the sur-
face strength parameterV0 in the range 20.1<V0 /kT
<0.2. As expected from macroscopic arguments~see be-
low!, all transition lines tend to be horizontal in the limitH
→` and asymptotically tend to the chemical potential at
coexistence,mb . This indicates that, in this limit, the usual
bulk isotropic–nematic transition is recovered. The shift of
the transition chemical potential from the bulk value,
Dm(V0 ,H)[m(V0 ,H)2mb , depends on the value of the
pore widthH and the nature of the walls, here given by the
strength (V0) and decay~a! parameters—throughout this
work we take the decay parametera to be fixed at a value

0.3seq
21 . The analog of the Kelvin equation for the liquid–

vapor transition in a confined geometry can be obtained for
the nematic–isotropic transition using a macroscopic analy-
sis of the problem (H→`). This approach was first worked
out by Poniewierski and Sluckin4 for thermotropic liquid
crystals. For our~athermal! hard-spherocylinder fluid a
parallel derivation results in the following behavior for
Dm(V0 ,H):

Dm~V0 ,H !→
2~gSN

' 2gSI!

~rN2r I !H
, ~7!

wheregSN
' , gSI are the surface tensions of the wall-nematic

and wall-isotropic interfaces, respectively, in the semi-
infinite system, andrN , r I are the densities of the nematic

FIG. 2. Nematic order parameter~a! and density~b! profiles for the case
where homeotropic orientation obtains at the substrates (V0520.1kT) and
for a pore widthH535.4seq. In this regime there is wetting by nematic
with homeotropic orientation in the semi-infinite system. Four profiles are
represented in each case. Those represented by continuous lines correspond
to states below and above the capillary nematization transition, at chemical
potentialsm50.98mb andm50.99mb . The profiles represented by discon-
tinuous lines correspond to coexisting states atm50.987mb . The value of
the substrate decay inverse length was taken asa50.3seq

21 .

FIG. 3. Nematic adsorption as a function of chemical potential for a con-
fined fluid with pore widthH535.4seq and a surface strength parameter
V0 /kT520.1. The vertical line gives the location of the thermodynamic
capillary transition. The value of the substrate decay inverse length was
taken as in Fig. 2.

FIG. 4. Surface phase diagram in the chemical potential~m!–pore width
(H) plane for the case of homeotropic director alignment. The chemical
potential is referred to the coexistence valuemb and expressed in thermal
energy units. Lines indicate the location of the capillary transition from
isotropic ~below the corresponding line! to nematic~above the correspond-
ing line! for different values of the surface strength parameterV0 . From
bottom to top:V0 /kT520.10,20.05, 0.00, 0.03, 0.07, 0.13, and 0.20. The
caseV0 /kT50.20 is plotted using a dashed line, which indicates that the
corresponding transition line is metastable with respect to parallel director
alignment. Open circles indicate the approximate location of the critical
point for each case. The value of the substrate decay inverse length was
taken asa50.3seq

21 .
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and isotropic phases, all at coexistence conditions. The su-
perscript' in gSN

' indicates that the equilibrium nematic
director configuration has been arbitrarily chosen to be ho-
meotropic; in any case the surface tensiongSN should con-
form to the equilibrium director orientation. A discussion
along the same lines as in Ref. 2 can now be made. First,
sincerN.r I , the sign ofDm is dictated by the sign ofgSN

'

2gSI . Consider a situation of partial wetting by a nematic
phase with homeotropic orientation. Then,gSI5gSN

'

1gNI cosuc , where gNI is the surface tension of the
nematic–isotropic interface anduc is the contact angle. We
havegSN

' 2gSI52gNI cosuc and the Kelvin equation can be
written

Dm~V0 ,H !→2
2g IN cosuc

~rN2r I !H
. ~8!

Since our our density-functional results should verify the
limits established by the Kelvin equation, we may use the
values of the contact angle derived from our density-
functional theory to predict the sign ofDm. The behavior of
cosuc as a function ofV0 is plotted in Fig. 5. The location of
the two wetting transitions is indicated by short vertical lines
at V0

WN' ~wetting by nematic with homeotropic director
alignment! andV0

WNi ~wetting by nematic with parallel direc-
tor alignment!. At these transitions cosuc51. In the partial-
wetting regime cosuc changes sign at two values ofV0 ,

which are approximatelyV0
c/kT50.12 andV0

c8/kT50.32.
Therefore, we have the following re´gimes at largeH:

~1! V0
WN'<V0,V0

c or V0
c8,V0<V0

WNi : cosuc.0, which
implies gSN

' ,gSI or gSN
i

,gSI , and the capillary transi-
tion proceeds in the usual manner, withDm,0, i.e., the
nematic–isotropic transition occuring at chemical poten-
tials lower than the bulk value,m(H),mb : this is a
capillary nematizationtransition.

~2! V0
c,V0,V0

c8 : cosuc,0, which implies gSN
' .gSI or

gSN
i

.gSI , and the capillary transition proceeds in a re-
versed manner, withDm.0, i.e., the nematic–isotropic

transition occuring at chemical potentials higher than the
bulk value,m(H).mb : this is acapillary isotropization
transition.

This behavior is therefore governed by the relative val-
ues of the two surface tensionsgSI andgSN

' ; when adsorp-
tion of the nematic phase is more favourable than adsorption
of the isotropic phase (gSI.gSN

' ) the surface free energy
compensates the free-energy cost associated with having a
nematic film at too low a chemical potential. Close to the
wetting transition by nematic, but in the partial wetting re´-
gime, the preference of the substrate changes from nematic
to isotropic adsorption (gSI,gSN

' ) and a capillary isotropi-
sation transition takes place. This behavior is already appar-
ent in Fig. 4 for H larger than 40seq ~note that the case
V0 /kT50.13 is already above the critical value ofV0

c where
the change in cosuc takes place!. The discussion applies
when H is large; asH is reduced the macroscopic Kelvin
equation breaks down and has to be corrected by terms that
account for the interaction between the two interfaces. Our
density-functional results indicate that there may be are-
entrant capillary nematization transition when the pore is
sufficiently narrow. For example, in the caseV0 /kT50.13
there is a maximum in the transition line which for very
narrow pores decreases, implying that the interaction be-
tween the two interfaces is constructive and promotes nem-
atic formation in the pore. More generally, for narrow pores
one would expect effective interface interactions and
changes with respect to the macroscopic behavior. One has
to bear in mind, however, that our density-functional model
cannot account for the strong inhomogeneities that occur
next to the walls in this isotropic–nematic system~high num-
ber density! and that, consequently, effects related to interac-
tion between the walls mediated by the intervening liquid
when the pore width is small will not be properly treated.

The complex capillary behavior of the present system,
with capillary nematization and isotropization transitions,
and reentrant capillary transitions as the surface strength pa-
rameter of the walls is varied, is the result of the peculiar
wetting properties of the system. In simple fluids adsorbed
on a substrate there may be only one wetting transition by
the liquid phase and maybe a drying transition~wetting by
the vapor phase!. The cosine of the contact angle only
changes sign once, giving rise to capillary condensation and
capillary evaporation transitions in the confined system. In
our liquid-crystalline system two wetting transitions by nem-
atic phases with different alignment characteristics are
present in the system and, unavoidably, cosuc changes sign
twice. Note, in addition, that the nematic–isotropic surface
tensiongNI is very small in these systems and, consequently,
cosuc varies very rapidly with the surface parameters, in
contrast with the situation in simple fluids where the liquid-
vapor surface tension is generally high far from the critical
point.

An interesting feature of the capillary transitions in-
volves the existence of critical points (mc ,Hc) terminating
the capillary isotropic–nematic transition, and how these
critical points behave as the surface strength parameterV0 is
varied. This feature was predicted by Sheng3 in his pioneer-

FIG. 5. Behavior of the cosine of the contact angleuc as a function of the
substrate strength parameterV0 in the semi-infinite system. Dashed lines
indicate that the continuous lines are supposed to be extended further, but
that they have not been calculated explicitely. Short vertical lines indicate
the location of the two wetting transitions. Value of the substrate decay
inverse length as in Fig. 2.
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ing work and is probably generic. Figure 6 represents the
evolution of Hc with V0 . The plot shows two re´gimes: for
V0 /kT,0.03 the critical widthHc decreases more or less
linearly, whereas forV0 /kT.0.03 the variation of the criti-
cal width tends to flatten off. It is tempting to speculate that
the two regimes are related to the existence of the wetting
transition in the semi-infinite system. When complete wet-
ting at coexistence occurs (V0,0) relatively thick nematic
layers develop at the walls, even in the confined system at
off-coexistence conditions. We may argue, loosely speaking,
that the capillary transition will occur when the two nematic
films more or less meet at the center of the pore, which will
occur for more narrow pores asV0 increases from negative
values~remember that the associated wetting transition is of
second order at bulk coexistence, and consequently nematic
films adsorbed at the walls in the confined system and off
coexistence are expected to become thinner asV0 increases
toward zero from negative values!. Once we are out of the
wetting regime at coexistence (V0.0) the thickness of the
nematic layers is approximately constant or at least grows
relatively slowly, the surface films consisting of a single
layer of homeotropically oriented particles. The two layers
then meet when the pore width is approximately equal to two
layer thicknesses.

The nature of the critical points can be ascertained by
looking at the behavior of the nematic order parameter as the
critical point is approached. The difference in nematic ad-
sorption Gnem2G iso between the nematic and isotropic
phases inside the pore as a function of the pore widthH
along the transition line is plotted in Fig. 7 for the case
V0 /kT50.03 ~the middle case in Fig. 4!. This quantity ap-
proaches zero at the critical point asGnem2G iso;(H
2Hc)

b, whereb is an exponent. A least-square fit of our
data to this form~see Fig. 7! givesb50.3372. This is com-
patible with the mean-field exponent for the two-dimensional
Ising model (b51/3), which is in the same universality
class as the capillary transition.

Simulations by Dijkstraet al.15 for a fluid of hard

spherocylinders withL/D515 confined by two parallel hard
walls indicate the presence of a capillary nematization tran-
sition. Their study is based on a Gibbs-ensemble technique
for confined systems, and they do not measure the chemical
potential. Interestingly, they observe the presence of a critical
point such that, for wall separations less than a critical value,
no nematization transition occurs. The critical pore width
estimated by Dijkstraet al. is such thatHc /(L1D)52.3,
i.e., about two molecular lengths, whereas in our case
Hc /seq'13 for V050 ~see Fig. 5!; sinceseq52.04D, this
givesHc /(L1D)'4.4. This comparison is not entirely sig-
nificant, since our calculations are performed on spherocyl-
inders of very different aspect ratio,L/D55, and the walls
are modelled in a very different way~true hard walls in the
case of Ref. 15 and hard walls only on the centers of mass in
the present work!.

The results contained in Fig. 4 were obtained using ini-
tial profiles consistent with a homoeotropic director configu-
ration. These initial profiles always gave rise to equilibrium
solutions with the same homeotropic configuration that are,
therefore, associated with local mimima of the functional.
However, according to Fig. 1, there is an anchoring transition
in the semi-infinite system at a valueV05V0

A'0.17kT in
bulk nematic conditions and at coexistence. The transition is
of first order and involves a discontinuous change of the
nematic director orientation from perpendicular~homeotro-
pic! to parallel with respect to the wall. The last value ofV0

for which the capillary nematization transition is shown in
Fig. 4 (V0 /kT50.20) is clearly above the anchoring transi-
tion in the semi-infinite system at coexistence, whereas the
previous one (V0 /kT50.13) is below this anchoring transi-
tion ~in fact, we have checked that the anchoring transition
shows only a weak dependence on the pore width and the
value of the chemical potential, except possibly for very nar-
row pores!. This may lead us to ask ourselves whether nem-
atic configurations with director orientations different from
homeotropic can be more stable, which would imply that
some of the solutions shown in Fig. 4 are only metastable. In

FIG. 6. Behavior of the critical pore widthHc as a function of the substrate
strength parameterV0 for the case of homeotropic director alignment. Sub-
strate decay inverse length was taken to bea50.3seq

21 .

FIG. 7. Difference in nematic adsorptionGnem2G iso between the nematic
and isotropic phases inside the pore as a function of pore widthH for the
case of homeotropic director alignment and for a value of the substrate
strength parameterV0 /kT50.03. The line is a best fit, restricted to the first
seven points, to a formGnem2G iso5a(H/seq2b)b with a50.1711, b
512.079, andb50.3372.
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order to check whether this is the case, we have performed
minimizations where the nematic director is constrained to a
parallel configuration. The caseV0 /kT50.13 with homeo-
tropic alignment~the one shown in Fig. 4! is in fact stable,
whereas the caseV0 /kT50.20 is not~i.e., the more stable
configuration is that with parallel orientation, in complete
accord with the behavior dictated by the anchoring transition
in the semi-inifinite system!; this is represented in Fig. 4 by
the dashed line indicating the location of the capillary tran-
sition.

How is the phase behavior modified when a true mini-
mization, searching for the global minimum, is performed?
Figure 8 shows the surface phase diagram for the case
V0 /kT50.3, a much clearer case thanV0 /kT50.2 since it is
right in the middle of the window between the semi-infinite
anchoring transition and the wetting transition. Interestingly,
the two structures can be stabilized, and a new phase transi-
tion appears. There is an island of nematic states with the
director parallel to the walls, separated via first-order phase
transitions from isotropic states at lower chemical potentials
and nematic states with homeotropic alignment at higher
chemical potentials. A third transition line separates isotropic
and nematic states with homeotropic orientation, a line
which terminates in a critical point, and the three phases
coexist at a triple point (Ht ,m t). The phase transition be-
tween the two nematic phases can be considered to be a
remnant of the anchoring transition that exists in the semi-
infinite fluid out of coexistence with the isotropic phase.
Note that this anchoring transition line nem~i!–nem~'! is
expected to tend to a valuemA.mb for H→`. By contrast,
the iso–nem~i! transition line follows an asymptotic law
based on the Kelvin equation and tends tomb at H→`.

The values ofV0 for which the phase diagram has been
plotted in Fig. 4 are about the valueV0

WN'50 corresponding
to one of the wetting transitions in the semi-infinite system;
this transition involves the growth of a wetting layer with the
director perpendicular to the substrate and is~or is close to

be! of second order. Therefore, no prewetting transition oc-
curs in the semi-infinite system, and no prewetting transition
is expected to occur when the system is confined. This situ-
ation will be seen to change when considering the case where
the substrate favours a parallel orientation for the nematic
director: here the transition is first order and a prewetting
transition takes place in the semi-infinite system. An interest-
ing question is how this prewetting transition survives for the
confined system.

The surface phase diagram for this case is depicted in
Fig. 9 in the chemical potential~m!–pore width (H) plane,
usingV0 /kT50.7 in Fig. 9~a! andV0 /kT51.4 in Fig. 9~b!.

FIG. 8. Surface phase diagram in the chemical potential~m!–pore width
(H) plane for the caseV0 /kT50.3. Stability regions where nematic
~‘‘nem’’ ! and isotropic~‘‘iso’’ ! states are stable are indicated. In the case of
the nematic phases the orientation of the director with respect to the wall~'
for homeotropic alignment andi for parallel alignment! is also indicated.
The open circle indicates the location of a critical point. Substrate decay
inverse length was taken to bea50.3seq

21 .

FIG. 9. Surface phase diagram in the chemical potential~m!–pore width
(H) plane for the case of parallel alignment. The chemical potential is
referred to the coexistence valuemb and expressed in thermal energy units.
Lines indicate the location of different phase transitions.~a! V0 /kT50.7;
nematic~‘‘nem’’ !, isotropic~‘‘iso’’ ! and prewetting~‘‘pw’’ ! states are indi-
cated, and the inset shows an enlargement of the region around the triple
point, marked by a black dot.~b! V0 /kT51.4; labels as in the previous case.
Substrate decay inverse length was taken to bea50.3seq

21 .
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Lines indicate the location of first-order phase transitions
separating the isotropic~‘‘iso’’ !, nematic~‘‘nem’’ ! and iso-
tropic phase with a prewetting layer~‘‘pw’’ ! in the case
V0 /kT50.7. In this case the prewetting line crosses the cap-
illary nematization line at a triple point where the above
three phases coexist. This line has a very small positive slope
with H, meaning that the prewetting transition is slightly
affected by confinement when the pore is very narrow. In the
limit H→` the prewetting line asymptotically tends to the

prewetting transition of the semi-infinite system, with only
one substrate. The prewetting transition ends at the triple
point; beyond this point, i.e., for narrower pores, there is not
enough room for the two thick films, one at each substrate, to
develop, and the system directly passes to the nematic phase.
The capillary isotropic–nematic phase transition continues
down to a critical point, below which there is no distinction
between both phases. For the caseV0 /kT51.4 no prewetting
transition line was detected sinceV0 is larger than the value
for which the prewetting line terminates at the prewetting
surface critical point~estimated to beV0

PW'0.85). This be-
havior is similar to that already predicted by Sheng3 in 1982,
using a Landau–de Gennes–type theory suitable for thermo-
tropic liquid crystals.

Figure 10 shows the density and nematic order-
parameter profiles for the caseV0 /kT50.7 at the triple point
shown in Fig. 9~a!. The three sets of profiles correspond to
the three phases that coexist at the triple point: a nematic
phase~‘‘nem’’ !, where the pore is filled with nematic; a
phase with thin nematic films close to the two walls~‘‘pw’’ !;
and an isotropic phase~‘‘iso’’ !. The two structures that co-
exist along the prewetting line that develops from the triple
point for increasing pore widths are very similar to those
coexisting at the corresponding semi-infinite prewetting tran-
sition.

The cases presented correspond to situations well inside
the region of complete wetting by a nematic phase with par-
allel director alignment~the wetting transition is estimated to
be atV0

WNi/kT50.48). According to the argument based on
the Kelvin equation, we expect a standard capillary nemati-
zation transition here, with the transition occurring for values
of the chemical potential lower than the coexistence value. In
the régime of partial wetting, but close to this wetting tran-
sition, we should expect the same type of behavior as ex-
plained in the previous section, with a region of capillary
isotropisation. Figure 11 depicts schematically the type of
surface phase diagrams of the confined system studied as a
function of V0 .

IV. SUMMARY

In this paper we have investigated the confinement prop-
erties of a fluid of hard spherocylinders between two identi-
cal parallel substrates using a version of density-functional
theory. The substrates act as hard walls on the centers of
mass of the particles, while a superimposed orienting field is
added which controls the preferred alignment of the nematic

FIG. 10. Density and nematic order-parameter profiles for the caseV0 /kT
50.7. The three sets of profiles correspond to the three phases that coexist
at the triple point shown in Fig. 9~a!, i.e., ~a! nematic phase@‘‘nem’’ in Fig.
9~a!#; ~b! thin-film phase~‘‘pw’’ !; and~c! isotropic phase~‘‘iso’’ !. Continu-
ous lines: uniaxial order parameterh; dotted lines: number densityr; dashed
lines: biaxial order parameters; and dot-dashed lines: tilt anglec. Value of
the substrate decay inverse lengtha as in Fig. 4.

FIG. 11. Summary of the different phase diagrams of the confined fluid in them –H plane as a function ofV0 . ‘‘iso:’’ isotropic phase. ‘‘':’’ nematic phase
with homeotropic director alignment. ‘‘i:’’ nematic phase with parallel director alignment.
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director. Confinement shifts the chemical potential for the
nematic–isotropic transition in a quantityDm with respect to
the bulk value. In complete agreement with a macroscopic
Kelvin-type analysis, the shift may be toward lower chemical
potential,Dm,0—standard capillary transition—or toward
higher chemical potential,Dm.0, giving rise to areversed
capillary transition or capillary isotropization transition. The
occurrence of one type of transition or the other is dictated
by which is phase, either isotropic or nematic, that the sub-
strate prefers or, in other words, by the sign of the cosine of
the contact angle, cosuc . Since this system presents two wet-
ting transitions by nematic phases, cosuc may change sign
twice, and consequently two changes of regime, from a stan-
dard to a reversed capillary transition and then back to a
standard transition, take place. Ultimately, then, this behavior
is associated with the wetting properties of the semi-infinite
system, which do not appear explicitely in the confined sys-
tem~since the system does not have enough space to develop
infinitely-thick nematic layers! but only indirectly. Another
effect of the bulk wetting transition is the persistence of the
prewetting transition in the confined system. Finally, the an-
choring transition that occurs in the semi-infinite system and
that spans a certain range in chemical potential in the nem-
atic region of stability, survives in the confined system, and
modifies the behavior of the confined fluid in an interesting
manner. The present results have the value of somehow uni-
fying different behaviors of the semi-infinite system when
the system is confined by parallel walls, using a completely
microscopic approach.

Future work involves the implementation of the full
Somoza–Tarazona18 density-functional theory which in-
cludes an averaged density profile and is therefore capable of
describing highly structured density profiles. This model is
therefore expected to give a more faithful representation of
the system when the pore width is very much reduced and
the liquid-mediated interaction between the walls is impor-
tant. Also, the model can account for the strongly inhomoge-
neous structures typical of smectic phases. These calcula-
tions may prove very interesting since it is expected that

conmensuration effects associated with the layer spacing of
the smectic phase and the pore width will play a crucial role
in establishing the equilibrium structure of the system and
may induce an extremely rich surface phase diagram.
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