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A fluid of hard spherocylinders of length-to-breadth rdtitd =5 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 fromu,—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 ghaftapillary nematization
transition or capillary ordering transitipnBy contrast, if the walls tend to orientationally disorder

the fluid, the capillary transition may occur at chemical potentager thanu,,, 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 Physic§DOI: 10.1063/1.1646374

I. INTRODUCTION distance between the walls decreases, depending on the wet-
) ) ) ) ting conditions prevailing at the walls. This effect, well ac-
The confinement properties of fluids are very importante, nted for by the analogue of the Kelvin equation, is similar
to understand many natural phenomena and industrial prag yhe capillary condensation/evaporation transitions occur-
cesses. Particularly interesting, both from practical and funfing in simple argonlike fluids and more complex fluids such

damental reasons, are_the properties of I|qU|d—cryst§1I formln%s wateP. Recently the capillary condensation of a thermo-
materials that are confined by two wall¥hese may induce . S : i
ropic nematic liquid crystal and the associated first-order

some preferred orientations in the nematic director whici{
may compete with the interactions in the liquid crystal to éansmon :m? ter.mmattmg.mfa C”UC?I pomtévyas observed by
give the final structure in the pofeTherefore, the confine- oc‘?\rgzr?nt:r.eus?g? ?a(;m:ryosrtcue dirglscrczsggmblex fuids. and

ment brings about a new element which modifies the Wetting?. . - ¢ R T
and orientation properties of the fluid. iquid crystals in p{?\rtlcular, lies in the|r. intrinsic importance
In pioneering work, Shengand later Poniewierski and to understand wetting and flow properties of nanometer-scale

Sluckin? predicted a phenomenon similar to the capillaryf”ms and their implications in liquid-crystal colloidal disper-
condensation of liquid from vapor in confined simple fluids, Sions and emulsions. For example, colloidal dispersions in a
but involving the isotropic and nematic phases of liquid crys-liquid-crystalline hosts exhibit interesting rheological and
tals. Poniewierski and SlucKinextended the analysis of optical properties from the point of view of applications;
Sheng and shown, using a mesoscopic Landau—de Genntéese properties are caused by the peculiar interparticle
formalism, that the nematic—isotropic transition temperaturdorces mediated by the liquid-crystalline host, arising either
of a liquid crystal placed between two parallel walls mayfrom nematic director deformations or by nematic capillary
increase or decrease, with respect to the bulk value, as tlewndensation 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 opticaF[P]:Fid[P]'*'ka f drdQp(z,€)

properties.
i i i . AV (p(z N A A
~ Inthis paper we have examined the confinement proper « (p(2)) f f drdd v, (11 B.0)
ties of a liquid-crystalline material using a microscopic inter- A 3
action model based on the simple hard-spherocylinder model ?P(Z) Oeq

together with a version of the Onsager density-functional
theory. We consider a fluid of hard spherocylinders of length-
to-breadth ratioL/D=5 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 addYN€r€vex: is the overlap function for two HSPQunity if
tionally can orient the particles along some predetermined®Y Overlap and zero otherwise\W(p(2)) is a prefactor

direction. This model has been analyzed previousiyd that depends on the angular-averaged density distribution

shown to exhibit a rich surface phase diagram with wetting"(z)’

and reentrant wetting transitions, anchoring, and prewetting

transitions. These phenomena are obtained as the chemical p(Z)EJ dQp(z,Q) 2
potential and surface affinity of the walls are varied. Here we

examine how these properties affect and are affected by thgndy ., is the external potential representing the effect of the

confinement of the system. two substrates on a single molecule,
Recently a few theoretical studies have focused on the

confinement properties of fluids made up of simple model . ©, z<0,z>H
particles, lélfllgg either density-functional theorﬁ/; or compute ex(Z2) = Ve~ “+e <t-D]p,(03), 0=z<H,
simulation?™ For example, Chrzanowslet al.** have re- &)
cently analyzed the structure of a fluid of hard Gaussian
overlap molecules between parallel hard walls, both usingvhereH is the pore width, i.e., the distance between the two
the Onsager density-functional theory and computer simulaparallel walls,V, the substrate strength parametethe de-
tion. Also, van Roijet al®1" have used computer simula- cay inverse lengtr the unit vector normal to the walls, and
tion and a Zwanzig approximation on the Onsager theory td®,(x) the second-order Legendre polynomial. The parameter
investigate the capillary nematization transition of a hardoe, is an effective particle diametésee Refs. 18—20 for a
spherocylinder fluid confined between parallel hard wallsdiscussion Here we have chosento be along the normal to
All of these studies have not explored different scenarios, irthe substrates and with origin in the substrate at the left, so
particular, the interplay between the wetting behavior of thethat our density distributions only depend on that coordinate
fluid and confinement. In this respect, we believe our work tosince the substrate is chosen not to possess any transverse
be the first to address these questions from a completelstructure.Fiy p] is the ideal-gas free-energy density func-
molecular point of view, without restricting the calculations tional which is exactly given by
to any simplifying assumption about the orientations of the
particles. . _ A A A _

The remainder of the paper is organized as follows: In F'd[p]_ka drd€p(z.Mlogp(z. )~ 1] @
the following section, we present the theoretical model and . ,
provide a few technical details; a more detailed account oYV'th T the. temperature ankl the B.olt.zma.nns con.stanE. As
the model has been presented elsewhdre.Sec. Ill we usual we introduce an angular distribution functii(z, 2)
present the results, and finally in Sec. IV we give the conby p(z,Q2)=p(2)f(z,€2) and work not with the function it-
clusions and present a few lines for future research. self but with the first moments relevant for axisymmetric

molecules,

Xp(Z’,ﬂ’)-f-f drdQp(z,Q)ve(z,Q), (1)

IR ME THEORETICAL DETAIL A A A
S0 © c S nm(z)=f dQf(z,Q)Y,n(2), m=0,t1,+2 (5)

In this section we briefly sketch the theory and present
some numerical details. For a more detailed account of th@jith Y,,, a spherical harmonic. Assuming mirror symmetry
theory see Refs. 7, 18—-20. The relevant free energy densityith respect to thez plane, the only significant moments are
functional for our confinement problem is the grand canonithree; transforming to a reference frame where the mew
cal free energy(}[p]=F[p]—uN, whereF is the Helm-  axis lies along the local director the three relevant moments
holtz free energyu the imposed chemical potentidl the  are y(z), the angle between the directbrand the unit vec-
number of molecules ang(r,). In the present work we tor normal to the substrat&, and two distributions that rep-
use an extension of Onsager thedp obtain the Helmholtz  resent the ordering around the local directg(z) (uniaxial
free energy, which is the central quantity to approximate. Therder parametg¢rand o(z) (biaxial order parametgrThese
extended theory allows for slowly-varying molecular distri- order-parameter functions, together with the local density
butions of the type that are expected in the confined liquich(z), define the configurational state of our adsorption sys-
crystal close to the isotropic—nematic transition. The Helm-+em. Details on how the free energy is calculated in terms of
holtz free-energy density functional is approximated by these order parameters can be obtained from Refs. 18-20.
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A homeotropic orientation (WN), or with parallel orientation
\\ (WNI). The associated wetting transitions are located at
Vo=V§™=0 andVy=Vy"™"'=0.4&T, and are of second
and first order, respectively. Off-coexistence surface phase
transitions include the anchoring transitiof) in the bulk
WN.L WN | nematic region, separating phases with different director
\,\ alignments, and the prewetting transition associated with the
~

O O\ V0 WNI| wetting transition, which is of first ordgby contrast,
VSNNII

},L—Mb value ofV, the substrate can be wet by a nematic film with
A

since the WN wetting transition appears to be of second
order, it has no associated prewetting Jin€he surface be-
pw 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.
FIG. 1. Pictorial representation of the surface phase diagram of the model of ~ Next we confine the fluid between two planar, identical,
hard spherocylinders in the presence of a single wall. The phase diagrarﬁara”d walls separated by a distande and search for
includes the wetting and anchoring properties of the semi-infinite model in uti f t}’,} d ity f ti | f ti fch ical
the chemical potentialu)—surface strength parameteYy) plane. The Solu |o.ns 0 € density funclional as a function ot ¢ e_mlca
chemical potential is referred to the value at isotropic-nematic coexistencdpotential u, the surface strength paramely, and the dis-
- The horizontal axis thus represents bulk coexistence. On this axis wetance between the walld. What we are looking for is the
ting transitions by nematic with director perpendicular to the wall (N global phase behavior of the fluid when confined between the
and by nematic with director parallel to the wall (WNare represented by . .
thick lines. Off-coexistence phase transitions include the anchoring transi\—Na”S' In order to analyze the anfmemem propertles 9f the
tion (A) and the prewetting transitiofpw) associated to the buk wN ~ Model we have chosen to obtain the phase diagram in the
wetting transition(which is of first ordey. Equilibrium phases in bulk are  y—H plane for different values df,, having as a guide the
labeled as “iso”(isotropig, “nem (L)” (nematic with director perpendicular surface phase diagram fot=co0. ie. Fig. 1.
to the wal) and “nem ()" (nematic with director parallel to the wall . oo L.
In Fig. 2 we plot some profiles pertaining to the case

Vo=—0.kT, H=35.40.. This value of the surface

Once the external potential representing the effect of the sutfi'ength parameter corresponds to wetting by nematic with
strates is specified, the resulting grand-potential free-energyoMeotropic orientation in the semi-infinite systésee Fig.
functional Q([p];2) can be minimized numerically with re- 1)- Figure 2a shows the nematic order-parameter profiles,
spect to the four order-parameter distributions, for fixed bulkvhereas Fig. @) shows the number density profiles. Each of
conditions, i.e., for fixed chemical potentiagl (T is not a the graphs contains four profiles. Those represented by
relevant thermodynamic variable since our molecular modefl@shed lines correspond to fluid states that, with the same
is hard. chemical potentialp= u(H)=0.987uy, (up is the chemical
The length scale used in this paper have been taken to lRtential at which the bulk isotropic—nematic transition takes
g the effective particle diamet&t-2°For the particle cho- Place, have the same grand potential: they coexist at a first-
sen in this study, witl./D =5, the numerical value is, ordgr phase transition. In Fig(&) we can see that one of the .
=2.04D=0.41L. A final comment on the model is that it Profiles has a zero value of the nematic order parameter in
possesses a certain degree of nonlocality through the overlde central region of the pore, corresponding to an isotropic
function V., but this is not sufficient to reproduce the den- fluid; the other has a high value of the order parameter in the
sity variations that are expected in a high-density fluid near 4/hole pore, which can be associated with a nematic fluid.
wall. A more sophisticated theory, of the weighted-densityThe structure of the fluid in the regions next to the two walls
type, would be necessary to account for these structural efS quite similar in all cases and does not change significantly.
fects. The failure of our theory in this respect is reflected inThe profiles represented by continuous lines correspond to
the violation of the sum rule relating the pressure with thestates with a lower chemical potentigh<u(H), and a
density value at contact in the semi-infinite systeme Ref. higher chemical potentialy>w(H), than that at which the
7). This feature, however, is not expected to be serious at theapillary transition occurs. This behavior clearly demon-
qualitative level since we want to focus on the orientationalstrates the existence of a first-order capillary nematization
properties of the fluid. transition at a chemical potentigl(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.
Figure 1 gives a pictorial representation of the surfaceThe associated change in density, Figh)2is by contrast
phase diagram of the model in the chemical poterfjigd—  very small. We will refer to the phases in the confined system
surface strength parameteV{) plane when the fluid is in as “nematic” and “isotropic” depending on whether the
contact with a single wall; this problem has been analyzed imematic adsorption is large or small, despite the fact that in
Ref. 7. The chemical potential is referred to the value athe latter case there may be a adsorbed layer with high nem-
isotropic—nematic coexistencg,,. Thus, we have coexist- atic order parameter close to the walls, see Fig).ZThe
ence conditions on the horizontal axis. Bulk wetting transi-nematic adsorptiof’ is defined in terms of the spatial inte-
tions are indicated by thick solid lines. Depending on thegral of the nematic order-parameter profile,

Ill. RESULTS
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FIG. 3. Nematic adsorption as a function of chemical potential for a con-
fined fluid with pore widthH=35.40., and a surface strength parameter
Vo/kT=—0.1. 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.

1.0

©g
© 09
= 0.30-gq1. The analog of the Kelvin equation for the liquid—
vapor transition in a confined geometry can be obtained for
08 the nematic—isotropic transition using a macroscopic analy-
sis of the problemi—). This approach was first worked
out by Poniewierski and SlucKinfor thermotropic liquid
L crystals. For our(athermal hard-spherocylinder fluid a
0 10 20 30 L . ) .
parallel derivation results in the following behavior for
Z /G A ,
/,L(Vo,H)
FIG. 2. Nematic order parametés) and density(b) profiles for the case Z(VL —y )
i i i i (— SN S
where homeotropic orientation obtains at the substrafgs- (- 0.1kT) and A/.L(VO,H)H 7)

for a pore widthH=35.45,. In this regime there is wetting by nematic (pn—pH

with homeotropic orientation in the semi-infinite system. Four profiles are . .
represented in each case. Those represented by continuous lines correspddbere YEN, vsi are the surface tensions of the wall-nematic
to states below and above the capillary nematization transition, at chemicand wall-isotropic interfaces, respectively, in the semi-

potentialsy=0.98u;, and . =0.99uy . The profiles represented by discon- jnfinjte system, angby, p, are the densities of the nematic
tinuous lines correspond to coexisting stateg.at0.987«, . The value of

the substrate decay inverse length was takea aﬁ.sa;ql.

1 H
r=ﬁJ0 dzzn(z). (6)

In Fig. 3 the nematic adsorption is represented as a function
of chemical potential for the cas¥,/kT=-0.1 andH
=35.404. 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
(n)—pore width {) plane is shown in Fig. 4. Capillary tran- o LD
sition lines have been plotted for different values of the sur- o5 0w W
face strength parametev, in the range —0.1<V,/kT A
=<0.2. As expected from macroscopic argumefsse be- FiG. 4. Surface phase diagram in the chemical potefjia-pore width
low), all transition lines tend to be horizontal in the linkit (H) plane for the case of homeotropic director alignment. The chemical
— o and asymptotically tend to the chemical potential atpotential ie referred t_o the coexistence vajug and expressed in .thermal

. LT . [T energy units. Lines indicate the location of the capillary transition from
COEX'_Stencef"b' This _md'catefsl th"’.‘t’ in this limit, the uslual isotropic (below the corresponding lingo nematic(above the correspond-
bulk isotropic—nematic transition is recovered. The shift ofing line) for different values of the surface strength paramatgr From
the transition chemical potential from the bulk value, bottom to topV,/kT=—0.10,—0.05, 0.00, 0.03, 0.07, 0.13, and 0.20. The
Au(Vo,H)=u(Vy,H)—u,, depends on the value of the caseV,/kT=0.20 is plotted using a dashed line, which indicates that the

. . corresponding transition line is metastable with respect to parallel director
pore widthH and the nature of the walls, here given by thealignment. Open circles indicate the approximate location of the critical

strength ¥/,) and decay(a) parameters—throughout this point for each case. The value of the substrate decay inverse length was
work we take the decay parameiero be fixed at a value taken ase=0.30,".

(R—p, ) /KT
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transition occuring at chemical potentials higher than the
bulk value,u(H)> up,: this is acapillary isotropization
transition.

This behavior is therefore governed by the relative val-
ues of the two surface tensiong, and yéN; when adsorp-
tion of the nematic phase is more favourable than adsorption
of the isotropic phase s> ygN) 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
01 00 01 02 03 04 05 06 gime, the preference of the substrate changes from nematic

Vo to isotropic adsorption ¥s < ys, and a capillary isotropi-

sation transition takes place. This behavior is already appar-

FIG. 5. Behavior of the cosme'of the conFa_ct_a_ng&eas a function of the ent in Fig. 4 forH Iarger than 46eq (note that the case
substrate strength parametés in the semi-infinite system. Dashed lines

indicate that the continuous lines are supposed to be extended further, bito/KT= 0-13.i5 already above the Critica! Value_\‘bg Wher?
that they have not been calculated explicitely. Short vertical lines indicatdhe change in co&. takes placg The discussion applies

the location of the two wetting transitions. Value of the substrate decaywhen H is large; asH is reduced the macroscopic Kelvin
inverse length as in Fig. 2. 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 besa
and isotropic phases, all at coexistence conditions. The swentrant capillary nematization transition when the pore is
perscript L in yg, indicates that the equilibrium nematic sufficiently narrow. For example, in the casg/kT=0.13
director configuration has been arbitrarily chosen to be hothere is a maximum in the transition line which for very
meotropic; in any case the surface tensiagy should con- narrow pores decreases, implying that the interaction be-
form to the equilibrium director orientation. A discussion tween the two interfaces is constructive and promotes nem-
along the same lines as in Ref. 2 can now be made. Firsgtic formation in the pore. More generally, for narrow pores
sincepy>p,, the sign ofAu is dictated by the sign ofsy, ~ one would expect effective interface interactions and
—vs). Consider a situation of partial wetting by a nematic changes with respect to the macroscopic behavior. One has
phase with homeotropic orientation. Thenys,=vsy to bear in mind, however, that our density-functional model
+ yni1 COS6,, where yy, is the surface tension of the cannot account for the strong inhomogeneities that occur
nematic—isotropic interface arg} is the contact angle. We next to the walls in this isotropic—nematic systémgh num-
have ysy— vs1= — ¥ni €0s6, and the Kelvin equation can be ber density and that, consequently, effects related to interac-

written tion between the walls mediated by the intervening liquid
29,y COSO, when the pore width is small will not be properly treated.

Au(Vg,H)—— ————. (8) The complex capillary behavior of the present system,

(pn=p)H with capillary nematization and isotropization transitions,

Since our our density-functional results should verify theand reentrant capillary transitions as the surface strength pa-
limits established by the Kelvin equation, we may use theaameter of the walls is varied, is the result of the peculiar
values of the contact angle derived from our density-wetting properties of the system. In simple fluids adsorbed
functional theory to predict the sign &u. The behavior of on a substrate there may be only one wetting transition by
cos@, as a function o/ is plotted in Fig. 5. The location of the liquid phase and maybe a drying transitievetting by
the two wetting transitions is indicated by short vertical linesthe vapor phage The cosine of the contact angle only
at V‘é"”l (wetting by nematic with homeotropic director changes sign once, giving rise to capillary condensation and
alignmenj andVX"N” (wetting by nematic with parallel direc- capillary evaporation transitions in the confined system. In
tor alignmen}. At these transitions cas=1. In the partial-  our liquid-crystalline system two wetting transitions by nem-
wetting regime co$, changes sign at two values &fy, atic phases with different alignment characteristics are
which are approximately$/kT=0.12 andVS /kT=0.32.  present in the system and, unavoidably, ¢oshanges sign
Therefore, we have the following gemes at largeH: twice. Note, in addition, that the nematic—isotropic surface
, tensionyy, is very small in these systems and, consequently,
(1) Vg™ =Vo<V§ or VG <Vo=Vg™': cosf:>0, which  cosg, varies very rapidly with the surface parameters, in
implies ysy<ys) O ysn< s, and the capillary transi- contrast with the situation in simple fluids where the liquid-
tion proceeds in the usual manner, wit. <0, i.e., the  vapor surface tension is generally high far from the critical
nematic—isotropic transition occuring at chemical potenpoint.
tials lower than the bulk valugu(H)<up: this is a An interesting feature of the capillary transitions in-
capillary nematizatiortransition. volves the existence of critical pointg.{,H.) terminating
(2 V8<VO<V8': c0s#.<0, which implies ysy>7vs) or  the capillary isotropic—nematic transition, and how these
ygN> vs1, and the capillary transition proceeds in a re- critical points behave as the surface strength paranvgtées
versed manner, witth >0, i.e., the nematic—isotropic varied. This feature was predicted by Sh&mmghis pioneer-
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V /KT FIG. 7. Difference in nematic adsorptidi,e,— I'is, between the nematic

0 and isotropic phases inside the pore as a function of pore widfor the
case of homeotropic director alignment and for a value of the substrate
strength parametdr, /kT=0.03. The line is a best fit, restricted to the first
seven points, to a forn e, ise=a(H/oeq—b)? with a=0.1711, b
=12.079, and3=0.3372.

FIG. 6. Behavior of the critical pore widtH . as a function of the substrate
strength parametey,, for the case of homeotropic director alignment. Sub-
strate decay inverse length was taken tmbeo.&rgql.

ing work and is probably generic. Figure 6 represents thepherocylinders witt./D = 15 confined by two parallel hard
evolution of H, with V. The plot shows two gimes: for  walls indicate the presence of a capillary nematization tran-
V,/kT<0.03 the critical widthH, decreases more or less sition. Their study is based on a Gibbs-ensemble technique
linearly, whereas fol,/kT>0.03 the variation of the criti- for confined systems, and they do not measure the chemical
cal width tends to flatten off. It is tempting to speculate thatpotential. Interestingly, they observe the presence of a critical
the two regimes are related to the existence of the wettingoint such that, for wall separations less than a critical value,
transition in the semi-infinite system. When complete wet-no nematization transition occurs. The critical pore width
ting at coexistence occurd/{<0) relatively thick nematic estimated by Dijkstraet al. is such thatH./(L+D)=2.3,
layers develop at the walls, even in the confined system dte., about two molecular lengths, whereas in our case
off-coexistence conditions. We may argue, loosely speakingl./o¢q~13 for V=0 (see Fig. ¥ sinceo=2.04D, this
that the capillary transition will occur when the two nematic givesH./(L +D)~4.4. This comparison is not entirely sig-
films more or less meet at the center of the pore, which willnificant, since our calculations are performed on spherocyl-
occur for more narrow pores a4 increases from negative inders of very different aspect ratit/D =5, and the walls
values(remember that the associated wetting transition is ofire modelled in a very different wayrue hard walls in the
second order at bulk coexistence, and consequently nematiase of Ref. 15 and hard walls only on the centers of mass in
films adsorbed at the walls in the confined system and ofthe present work
coexistence are expected to become thinnev asicreases The results contained in Fig. 4 were obtained using ini-
toward zero from negative value€Once we are out of the tial profiles consistent with a homoeotropic director configu-
wetting regime at coexistenc&/¢>0) the thickness of the ration. These initial profiles always gave rise to equilibrium
nematic layers is approximately constant or at least growsolutions with the same homeotropic configuration that are,
relatively slowly, the surface films consisting of a single therefore, associated with local mimima of the functional.
layer of homeotropically oriented particles. The two layersHowever, according to Fig. 1, there is an anchoring transition
then meet when the pore width is approximately equal to twan the semi-infinite system at a valuéo=V§~O.17kT in
layer thicknesses. bulk nematic conditions and at coexistence. The transition is
The nature of the critical points can be ascertained byf first order and involves a discontinuous change of the
looking at the behavior of the nematic order parameter as theematic director orientation from perpendicul@omeotro-
critical point is approached. The difference in nematic ad-pic) to parallel with respect to the wall. The last value\Gf
sorption I'oniTiso between the nematic and isotropic for which the capillary nematization transition is shown in
phases inside the pore as a function of the pore width Fig. 4 (Vo/kT=0.20) is clearly above the anchoring transi-
along the transition line is plotted in Fig. 7 for the casetion in the semi-infinite system at coexistence, whereas the
Vo /kT=0.03 (the middle case in Fig.)4This quantity ap- previous one Y,/kT=0.13) is below this anchoring transi-
proaches zero at the critical point aS,en—'iso~(H tion (in fact, we have checked that the anchoring transition
—H.)?, where g is an exponent. A least-square fit of our shows only a weak dependence on the pore width and the
data to this formsee Fig. 7 gives 3=0.3372. This is com- value of the chemical potential, except possibly for very nar-
patible with the mean-field exponent for the two-dimensionalrow pores$. This may lead us to ask ourselves whether nem-
Ising model 3=1/3), which is in the same universality atic configurations with director orientations different from
class as the capillary transition. homeotropic can be more stable, which would imply that
Simulations by Dijkstraet al’® for a fluid of hard some of the solutions shown in Fig. 4 are only metastable. In
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FIG. 8. Surface phase diagram in the chemical poteftiz-pore width 2829 H3/O a1 32
(H) plane for the caseV,/kT=0.3. Stability regions where nematic I O eq
(“nem”) and isotropic(“iso” ) states are stable are indicated. In the case of . | . | . A
the nematic phases the orientation of the director with respect to thé wall '1'2|0 20 30 40
for homeotropic alignment anififor parallel alignmentis also indicated. H/oc

The open circle indicates the location of a critical point. Substrate decay €q

inverse length was taken to ae=0.30,;' .

order to check whether this is the case, we have performer (b)
minimizations where the nematic director is constrainedtoa s nem
parallel configuration. The casé,/kT=0.13 with homeo-
tropic alignment(the one shown in Fig.)dis in fact stable, |- -
whereas the cas¥,/kT=0.20 is not(i.e., the more stable =
configuration is that with parallel orientation, in complete
accord with the behavior dictated by the anchoring transition =z,
in the semi-inifinite system this is represented in Fig. 4 by |
the dashed line indicating the location of the capillary tran- 3‘ -1.5
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 casi
Vo /kT=0.3, a much clearer case thep/kT=0.2 since it is 3 . ! . ! . | . |
right in the middle of the window between the semi-infinite 10 20 30 40 50
anchoring transition and the wetting transition. Interestingly, H/c eq
the two structures can be stabilized, and a new phase transi-

tion appears. There is an island of nematic states with thf'S- - Surface phase diagram in the chemical potefiat-pore width
) plane for the case of parallel alignment. The chemical potential is

director parallel to the walls, separated via first-order phasgyerred to the coexistence valyg and expressed in thermal energy units.
transitions from isotropic states at lower chemical potentialg.ines indicate the location of different phase transitiog@.Vy/kT=0.7;
and nematic states with homeotropic alignment at highepematic(*nem”), isotropic(*iso” ) and prewetting“pw” ) states are indi-
chemical potentials. A third transition line separates isotropi¢2ied: and the inset shows an enlargement of the region around the triple
. . . . . . oint, marked by a black dotb) Vo, /kT=1.4; labels as in the previous case.
and nematic states with homeotropic orientation, a Im%
which terminates in a critical point, and the three phases
coexist at a triple pointH,,u,). The phase transition be-
tween the two nematic phases can be considered to bels) of second order. Therefore, no prewetting transition oc-
remnant of the anchoring transition that exists in the semicurs in the semi-infinite system, and no prewetting transition
infinite fluid out of coexistence with the isotropic phase.is expected to occur when the system is confined. This situ-
Note that this anchoring transition line nefi)—nem(L) is ation will be seen to change when considering the case where
expected to tend to a valye,> up, for H—o. By contrast, the substrate favours a parallel orientation for the nematic
the iso—nem(ll) transition line follows an asymptotic law director: here the transition is first order and a prewetting
based on the Kelvin equation and tendsutpat H—o°. transition takes place in the semi-infinite system. An interest-
The values ol for which the phase diagram has beening question is how this prewetting transition survives for the
plotted in Fig. 4 are about the vaIM%VNL:O corresponding confined system.
to one of the wetting transitions in the semi-infinite system;  The surface phase diagram for this case is depicted in
this transition involves the growth of a wetting layer with the Fig. 9 in the chemical potentidj)—pore width H) plane,
director perpendicular to the substrate andoisis close to  usingV,/kT=0.7 in Fig. 9a) andV,/kT=1.4 in Fig. 9b).

-1+

5 1S0

ubstrate decay inverse length was taken tmybve().Sa;ql.
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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 c¥gék T=1.4 no prewetting
transition line was detected sin¥g is larger than the value

for which the prewetting line terminates at the prewetting
surface critical poin{estimated to b&/5"~0.85). This be-
havior is similar to that already predicted by Sh&ig1982,
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 ca¥g/kT=0.7 at the triple point
shown in Fig. 9a). 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 wdlisw” );
and an isotropic phasgiso” ). 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 alignmenfthe wetting transition is estimated to
be atVg™N'/kT=0.48). According to the argument based on
the Kelvin equation, we expect a standard capillary nemati-

FIG. 10. Density and nematic order-parameter profiles for the ¢gékT

zation transition here, with the transition occurring for values

=0.7. The three sets of profiles correspond to the three phases that coex@f th? chemical potential lower than the coexistence value. In

at the triple point shown in Fig.(8), i.e., (@) nematic phasg‘nem” in Fig.
9(a)]; (b) thin-film phase(“pw” ); and(c) isotropic phasé“iso” ). Continu-
ous lines: uniaxial order parametgrdotted lines: number densipy dashed
lines: biaxial order parameter, and dot-dashed lines: tilt angle Value of
the substrate decay inverse lengtlas in Fig. 4.

the regime 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 V.
Lines indicate the location of first-order phase transitions
separating the isotropi€iso” ), nematic(“nem”) and iso- IV SUMMARY
tropic phase with a prewetting layéfpw” ) in the case '
Vo/kT=0.7. In this case the prewetting line crosses the cap- In this paper we have investigated the confinement prop-
illary nematization line at a triple point where the aboveerties of a fluid of hard spherocylinders between two identi-
three phases coexist. This line has a very small positive slopeal parallel substrates using a version of density-functional
with H, meaning that the prewetting transition is slightly theory. The substrates act as hard walls on the centers of
affected by confinement when the pore is very narrow. In thenass of the particles, while a superimposed orienting field is
limit H—< the prewetting line asymptotically tends to the added which controls the preferred alignment of the nematic

V,=-01kT  V, =013kT Vv, =03kT V,=07kT Vy=14kT
- 0.1 g
x 0 - | 08} 11° oF
= 02 | 0 - [ o6l
= B ol C . sl 041 || B
3 04 Oir iso - [ - iso I''2[
L oef iso |-02f iso 08 18 iso
S— B L L L L L L [ L L L L L L 0 L L L 1 L 1 [ L L L L L L -2.4 : 1 L 1 L L L
10 20 30 10 20 30 10 20 30 10 20 30 10 20 30
H /cseq H/Geq H/<5eq H /Geq H/(seq

FIG. 11. Summary of the different phase diagrams of the confined fluid ip.thd plane as a function o¥.

with homeotropic director alignmentl” nematic phase with parallel director alignment.

“is0:” isotropic phase. “L:" nematic phase
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director. Confinement shifts the chemical potential for theconmensuration effects associated with the layer spacing of
nematic—isotropic transition in a quantiyu with respectto  the smectic phase and the pore width will play a crucial role
the bulk value. In complete agreement with a macroscopién establishing the equilibrium structure of the system and
Kelvin-type analysis, the shift may be toward lower chemicalmay induce an extremely rich surface phase diagram.
potential, A u<0—standard capillary transition—or toward
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