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Wetting properties of a hard-spherocylinder fluid on a substrate
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A density-functional theory is used to analyze the wetting properties of a fluid made up of hard spherocyl-
inders of a length-to-breadth ratidD =5 on a model substrate. The substrate imposes an exclusion boundary
condition over the molecular centres of mass, while at the same time favoring a definite molecular orientation,
either parallel or perpendicular to the substrate, in a region next to the substrate. The wetting properties of this
system are seen to depend on the strength with which the substrate orients the molecules: as the latter is
increased, wetting by nematic phase is followed by a region of partial wetting which then leads to reentrant
wetting by nematic. The two wetting transitions correspond to wetting films with nematic director perpendicu-
lar and parallel to the substrate, respectively. Also, in the region of partial wetting, an anchoring transition
occurs in the substrate-nematic interface between two different director configurgiaratiel and perpen-
dicular to the substrateFinally, a metastable wetting transition by isotropic is also obtained. This model
considerably enriches the wetting phenomenology of the hard-spherocylinder fluid on substrates, of which only
the pure hard wall, with no surface control parameter available, has been considered so far.
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[. INTRODUCTION cial properties. In this respect, the standard model is the
HSPC fluid against a purely hard wall. Early studies by Po-
The microscopic understanding of the surface propertiesiewierski and Holys{8], based on an extension of Onsager
of liquid crystals are crucial in the design of liquid-crystal theory to inhomogeneous distributions, gave some evidence
based devices and the optimization of their response. Theder complete wetting by nematic phase of the wall-isotropic
properties depend very sensitively on a number of effectinterface. This evidence has been increased by more recent
occurring at the interface, which are ultimately linked to thework using a Zwanzig approximatiori0] of the extended
molecular interactions and the interactions with the surfaceOnsager theory11] and by a computer simulation study
A number of analyses have been published in the past fefl2]. However, the HSPC fluid against a hard-wall model
years which are based on phenomenological Landau—d#oes not have the flexibility to show other possible surface
Gennes—type theoriesl—4]. These studies have been of behaviors of the HSPC fluid. Thus, none of the above studies
enormous interest since they have shown the basic surfa¢gve focused on the specific wetting properties that might be
phenomenology that can be expected and how different phebtained if one considers not a simple hard wall but different
nomena such as wetting and anchoring are linked. types of substrates with specific interactions, favoring one of
Some effort has also been expended in constructinghe phases that coexist in bulk, either isotropic or nematic, or
simple molecular models that not only contain the moleculashowing a preferred orientation of the molecules at the sub-
interactions explicitly, but also incorporate the coupling be-strate.
tween the density and the orientational order parameter. In this paper we have used a standard Onsager-type
These models have been shown to contain the basic phenomensity-functional theory, extended to include general spa-
enology. Most of these models rely on explicit soft aniso-tially inhomogeneous phases, to examine the wetting proper-
tropic interactions treated in mean field while hard-core reties of a HSPC fluid against a model surface. The model
pulsive interactions are grossly approximated by hardsurface is flexible enough so that one can modify its affinity
spheres. More realistic models, e.g., the Gay-Berne modelpward different types of fluids. The amount of surface nem-
have begun to be studied by simulatidg]. atic order can change as the result of variations in the surface
Also, the surface properties of purely repulsive modelsstrength parameter contained in the model surface potential,
such as hard ellipsoids or hard spherocylinddsSPC3$  and this can modify the wetting or nonwetting properties of
have been studied by simulatip®,7] and by Onsager theory the fluid. In fact we have found an extremely rich phenom-
[6—9]. These models are very interesting since hard-core inenology, with wetting behaviors of a different nature coex-
teractions are believed to be very important in establishingsting with an anchoring transition whereby the nematic di-
bulk liquid-crystalline order, and it is natural to ascertain torector undergoes a phase transition between parallel and
what extent these models are also sensible to study interfé&someotropic alignment. In this way we have demonstrated,
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in particular, the interplay between wetting and anchoring, .., is the external potential representing the effect of the
properties in a well-defined molecular model. substrate on a single molecule, ang, is an effective mo-
The remainder of this paper is organized as follows. In th@ecular diameter that will be discussed at the end of this
following section we give a short account of the theoreticalsection(see also Ref§13—15). We choose the axis to be
scheme. In Sec. Il we present some details of the numericalormal to the substrate. Then our density distributions

calculations to_gether with the r_esult_s, followed in Sec. IV byp(z,ﬂ) only depend on that coordinate since the substrate is
some conclusions and some directions for future work.  cpgsen not to possess any transverse structure. This form for
the intrinsic free energy is a simplification of the Somoza-
Il. THEORY Tarazona density functiondfl3], which was proposed to
g_eal with highly structured density distributions and contains

where[13—15. Here we only sketch briefly the main ingre- " averaged density di.strib.u.tion over molecular intgractjon_s;;
[ 3 y y 9 re, for the sake of simplicity, this averaged density distri-

dients and the numerical approach. The relevant free energy”,.”’ ™ . ) A
PP dﬁﬁtlon is taken to be simply the local density distribution

for our adsorption problem is the surface tension or surfac : _ )
free energyy which, in the grand canonical ensemble, can pe>Nce We do not expect highly inhomoageneous density pro-

expressed as the exce@ser bulk grand potential) per ILIIeS.OThus, th?htheoryhl_s rTOt exacttly tthe Slmple. extt(_an5|?r|]’1 of
Unit transverse areA: e Onsager theorywhich amounts to approximating the

density factor between squared brackets by a constant factor
QO-9, Q+PV 1/2), first used by Holyst and PoniewierdKi9]. Alterna-
Ly N Q=F—uN, (1) tively it can be viewed as a generalization of the extended
Onsager theory due to Parsdig] and Le€g[18] to inhomo-
whereF is the Helmholtz free energp the pressurey the =~ 9€Neous systems. In any case, because of the relatively
volume, u the imposed chemical potential), the grand smooth density distributions, we expect to obtain similar re-
potential of the bulk phase, ardithe number of molecules. Sults by use of any of the versions of density-functional
In the present work we use an extension of Onsager theory f€0rY- In this connection, it is to be noted that the simple
obtain the Helmholtz free energy, which is the central quan©Onsager density-functional form, as proposed by Holyst and
tity to approximate. Onsager thedi¥6], which is a second- Poniewierski[19], hgs peen compargd to smulaﬂﬁﬁi for
virial approximation, was proposed to investigate the pulkthe case of hard ellipsoids of revolutlo_n against a model hgrd
isotropic-nematic phase transition in a system of long hard¥all, and shown to reproduce the simulation results quite
rods. It was later extendegd7,18 to incorporate some ef- reasonably. _ , _
fects of spatial correlations, which improves the coexistence Fidlp] is the ideal-gas free-energy density functional

A detailed account of the theory has been presented els

densities of the bulk isotropic-nematic transition. which is exactly given by

Here we further extend the theory to allow for slowly
varying molecular distributions of the type that are expected Fid[P]:ka drdQp(z,Q)[In p(z,)—1], (4)
in a liquid-crystal-forming material near the isotropic-

nematic transition a_nd t_:lose to a_substratm(li,ﬂ)_ls t_he with T as the temperature arldBoltzmann’s constant. As
one-molecule distribution function of the fluidwith

(2, Q) dPrdf giving the average number of molecules in ausual we introduce an angular distribution functitz, Q)

volume elementl® at a distance from the substrate and BY P(Z.€2)=p(2)f(z,£2) and work not with the function it--
with orientation® within the solid angledfl], the Helm- self but with the first moments relevant for axisymmetric

holtz free-energy density functional is approximated by molecules:

F[p]=Fid[p]+ka fdrdﬂp(z,ﬂ) nm(z)=Jdﬂf(z,Q)Y2m(ﬂ), m=0,+1,%2, (5)

R o with Y|, as a spherical harmonic. Assuming mirror symme-

f dr'dQvedr—r",Q,Q") try with respect to thecz plane, the only significant moments

(2) qu are three: transforming to a reference frame where themew
axis lies along the local director the three relevant moments

are y(z), the angle between the directorand the unit vec-

XP(Z"Q'HJ drdQp(z,Q)vex(z,€2), (2 tor normal to the substrate and two distributions that rep-
resent the ordering around the local directg(z) (uniaxial
wherewv ., is the overlap function for two HSPQsinity if order parameterand o(z) (biaxial order parametgrThese
they overlap and zero otherwjse\ ¥ (p(z)) is a prefactor order-parameter functions, together with the local density
(see laterthat depends on the angular-averaged density disp(z), define the configurational state of our adsorption sys-
tribution p(2z), tem. Details on how the free energy is calculated in terms of
these order parameters can be obtained from R&8s-15.
Here we only note that, once the external potential represent-
ing the effect of the substrate is specified, the resulting

AW¥(p(2))
x 4ar
?P

p(2)= f d0p(2, ), 3
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surface-tension functionay([ p];«) can be minimized nu- do not incorporate an averaged density cannot satisfy this
merically with respect to the four order-parameter distribu-sum rule[21], and for this reason the Onsager model and the
tions, for fixed bulk conditions, i.e., for fixed chemical po- version used in this work fail to satisfy the rule. We believe

tential « (T is not a relevant thermodynamic variable sincethis is not a serious shortcoming of the model, since in the

our molecular model is hayd present context we are interested in orientation properties
The external potential has been modeled according to thaend orientational wetting phenomena, and the use of a more
expression sophisticated density functional, like the one proposed by
Somoza and Tarazord3], would not change qualitatively
N », z<0 the conclusions of the present work.
Vex(Z,2) = (6)

Ve *P,(Q-2), z=0,
where P, is a second-order Legendre polynomial. This Il RESULTS
choice for external potential has interesting implications for In the following we restrict ourselves to considering hard
the director configuration that the nematic fluid is going tospherocylinders with a length-to-breadth ratitD=>5. Let
prefer. First, note that the spatial part of the external potentials first discuss the effect of the external poteni&lon the
affects only the centers of mass of the spherocylinders anpositional and orientational order of an adsorbed nematic
that, accordingly, the external potenti@) is not a purely film, since the understanding of the behavior of the nematic
hard wall. As far as the orientation of the molecules is con{ilm for a particular value of the surface potential strength
cerned, the presence of the Legendre polynomial favors pawill be crucial to analyze the results obtained when probing
allel alignment, i.e., tilt angley=90° at the substrate, when the surface behavior of the system close or at the bulk
V, is positive, and homeotropic alignmemgt=0°, when the isotropic-nematic phase transition, i.e., the wetting behavior
parametel is negative. of the system.

A similar external potential was used by Allg#,7] in his The potential can be regarded to have two components:
work on nematic films of hard ellipsoids, the only difference one affects the molecular centers of mass by forbidding con-
being that the spatial extent of the potential from the susbfigurations where the centers of mass aresa0. The other
trate was controlled by a step function up to a distance o#ffects the orientations of the molecules and is governed by
half the length of an ellipsoid. Since our external potentialthe strength paramet&f,. Note thatV,=0 does not corre-
contains a free parameter, the strength paramé&enodel-  spond to a hard wall, since our wall is havdly as far as the
ing the orienting properties of the substrate, a range of difeenters of mass are concerned. This difference crucially af-
ferent phenomena can be covered by changing the value &écts any comparison with the computer simulation results of
the strength parameter. In addition, it has some other advamijkstra et al. [12] who used a purely hard wall.
tages over a purely hard wall from a computational point of The parameteY, can be positive or negative. If positive,
view; in particular, spatial and orientational coordinates arehe favored molecular orientation is parallel to the wall
decoupled, and the contribution to the free energy from thevhereas, if negative, molecules tend to orient perpendicular
external potential can be greatly simplified. By contrast, in ao the wall. However, the component affecting the centers of
purely hard-wall potential spatial and orientational coordi-mass always favors perpendicular alignment, since in this
nates are fully coupled and this complicates significantly thevay molecules can pack more densely right at the substrate.
free-energy expression, in particular, the intrinsic contribu-This is in sharp contrast with the molecular configuration
tion, where different overlap regions have to be identified,adopted by HSPC againstheard wall, which is parallel to
and also the entropic contribution. the substrat9,12,22—-24 (the same packing effect, favoring

Since the interaction model does not possess an intrinsiscomeotropic alignment, has been observed by Al&] in
energy scale, energy units are chosek BsThe length unit  his study of hard ellipsoids against model walls using a simi-
is taken to beogq, the equivalent hard-sphere diameter. Anlar external potentia Then, forV,<0, the external poten-
equivalent hard-sphere system arises in the model throudfal favors homeotropic alignment. Whevi,>0, but not
the expression for the functiohW, which is the Carnahan- very high, both effects compete but packing imposes its pre-
Starling expression for the free-energy per particle and uniterred orientation, the favored alignment being still homeo-
thermal energy of a fluid of hard spheres. This function detropic. Finally, if V, is positive and largélarger than a value
pends on the packing fraction of an equivalent system obf orderkT), alignment changes to parallel since the orient-
hard spheres, which is chosen to be equal to the packinipg surface term can impose its preferred orientation. The
fraction of the actual system of HSHEC3-15. For the mol-  value of V, where the favored alignment changes depends
ecules chosen in this study, with/D=5, the value of the weakly on the range parameter
equivalent hard-sphere diameteroig;=2.04D=0.41. To illustrate these different scenarios we have plotted in

Before showing the results it is worth pointing out an Fig. 1 a number of profiles for nematic and isotropic phases
issue concerning the violation of an exact sum rule by thén contact with the substrate. We show the density, director
density functional. Since our external potential represents aonfiguration, and order around the local director for the cor-
hard-wall boundary for the molecular centers of mass thereesponding interface. We emphasize that the order param-
exists a simple sum rul0], P/kT=p(0), which relates the eters are referred to a reference frame tied to the local direc-
pressureP to the value of the local number density right at tor, theproperframe, not to théab frame associated with the
the susbtratep(0). Density-functional approximations that (fixed) substrate which is sometimes used. Unless otherwise
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23—y —— e 2.3 =143 =1
al@ Ve=0rkT|[(b) Ve0rkT| 7= TE Ao, o=qton )
13r 12 We have always applied the transformation is such a way as
S- 08 L — \‘ 0.8 to have positive values of the uniaxial order parameter
g oa} Jos In Fig. 1(a) V, is negative, and the director exhibits ho-
- X meotropic alignment; a small order parameter adsorption can
& 02 02 be seen near the substrate, and the biaxial order parameter is
mg" 18 18 zero as it corresponds to a uniaxial phase. In Fb),Wwhere
) bulk conditions were chosen to correspond to an isotropic
Q 13 13 phase\V, is positive, but not so strong as to orient the direc-
0.8p 0.8 tor parallel to the substrate. Again, the system has uniaxial
03 03 symmetry. AsV, is increased, Fig. (t), there appears a re-
B SO | S gion where the uniaxial order parameter becomes depleted,
02 e 6 5 10 15 20 55 50 2 going to (almos} zero. On going across this region the di-
2/0eq rector orientation changes rapidly from perpendicular to par-

allel. The thickness of the first layer, where molecules lie
FIG. 1. Order-parameter profiles for a system of hard spherocylperpendicular to the substrate, as obtained by the width of

inders at isotropic-nematic coexistenge=t 1..e,) and for different  the uniaxial order-parameter profile at half height, ds
values of the surface strength parameéfgr The surface potential :2_10'eq: 0.84_, i.e., it corresponds approximately to a one-
decay inverse length is taken to be=0.30 . p is the number molecule-thick layer. This width coincides with the extent of
density (continuous linesin units of oeq, 7 the uniaxial nematic  the adsorption layer as obtained from the density profile. As
order parametefdotted lines, o the biaxial nematic order param- 5. a5 orientational properties are concerned, the layer is
eter(shor_t dashed Ilnesa_ndzp the tilt angle (.)f the directofiong largely decoupled from the rest of the film. Its existence is
dashed lings expressed in radians. All profiles refer to the samethe result of the dispersion. orientational-dependent part of
vertical scale. In part¢a) and (b) the biaxial order parameter and u . . ISp .SI , ont : 1 P P
the tilt-angle profiles are zero so that they appear as a single horF—he p'otentlal having a slightly larger range ("~ 307) than
zontal line. packing effects caused by the hard component of the susb-

trate interaction, which are located right at the substrate.

i o Finally, whenV, is sufficiently high such that the angular
noted, all profiles and results pertaining to the present worlgart of the surface potential is successful in orienting all the
correspond to a value=0.30, . The system is prepared in molecules parallel to the substrate, including the first layer,
each case by placing the director either parallel or perpenthe orientation of the film becomes uniformly parallel, as
dicular to the substrate and with a corresponding boundarghown in Fig. 1d), and the first layer disappears altogether.
condition far from the substratéhe distance between this It is interesting to compare these profiles with those obtained
boundary and the substrate was taken typically to be,30 by Allen [6,7], who does not report the type of profiles
but, when studying wetting phenomena, much larger disshown in Fig. 1c)—including a defect in the form of a sharp
tances were sometimes necessafyne density and uniaxial discontinuity in the director orientation. One of the possible
order-parameter profiles were initialized to constant bulk val+easons is the use by Allen of a strictly step function, with a
ues(consistent with the chemical potenjialhereas the bi- width equal to half the molecular length of an ellipsoid; an-
axial order parameter profile was taken to be zero. The dersther reason could be the strong anchoring conditions used
sity functional was then minimized using a conjugate-by Allen (V,/kT=23.3 in our language In any case, we also
gradient technique and the minimum surface free-energfind smooth profiles, together with a small adsorption right at
configuration was chosen as the equilibrium configurationthe substrate.
which in each case corresponds to the profiles plotted in the An interesting question concerns the appearance of biaxi-
figure. The equilibrium structure is reached typically in 50ality in the order-parameter distributions. Recently, Po-
iterations using the convergence criterion such that the normiewierski has showr9] that the parallel-aligned HSPC
of the gradient be less than 18 Figure 1 includes four fluid against a purely hard wall is biaxial even for bulk con-
cases corresponding to four different values\Myf In all  ditions well inside the isotropic density stability range. It is
cases the density profiles are very smooth, but close to theatural to expect that this result can apply as well in our
substrate the density rises quite significantly to a valuesystem, where coexistence conditions prevail. Indeed, the
higher than the bulk value. The extent of the resulting advery fact that a tilt angle can be calculated at all for the
sorbed film is typically equal to half a molecular leng#ee  conditions shown in Figs.(&),(d) demonstrates that the cor-
laten. Before discussing the behavior of the order-parameteresponding profiles are biaxial. Since we have adopted a ref-
profiles, we note that since they are referred to the propeerence frame associated with the local director, the small
reference frame, there exists a trivial degeneracy implying/alue of the biaxial order-parameter profiles in Fig&),1d)
that a given orientational state can be specified by twmnly indicates a weak departure of the orientational distribu-
equivalent sets of order parameteng, ¢) and (»',0’) re-  tion from complete azimuthal symmetry around the local,
lated by parallel-aligned director.
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A. Wetting transitions v VA v
[}

We now discuss the occurrence of wetting transitions. 24k
Since we are considering isotropic-nematic coexistemae
have left aside altogether the possibility of smectic formation
in our system, wetting may be of two types: either a mac- 2.6
roscopically thick nematic film intrudes between the sub- -
strate and a bulk isotropic pha$eetting by nematigor a = gl
macroscopically thick isotropic film interposes between the ~
substrate and a bulk nematic phaseetting by isotropig. “'?_"
Situations where films are of finit@nicroscopig¢ width will -3.0
be termed nonwetting or partial wetting. As explained later -
in this section, we have found two wetting transitions asso- 32
ciated to the value of the surface strength paramégeras i /

this parameter is increased, the system goes from a situation

of comp'lete wetting by a nematic ph'ase'with the Qirector B340 o 0!2 : 0'_3 04 05

perpendicular to the substrate, to a situation of partial wet-

ting, and finally areentrant wettingvhere the nematic direc- Vo/ kT

tor lies parallel to the susbtrate. Also, in the parameter region ] ) ]

where partial wetting obtains, an anchoring transition be_tionFl()(f;.Sﬁ}fggéfzg’(z;e?slogfa?;etr; dfﬁée:ljr'f':ferfafﬁesn‘;salad‘:‘::'

tween states with different director orientations is found, to- g p 6 7 P \ Y
. The surface tensions for

. . o - . inverse length is taken to be=0.30,
gﬁg]sir V\gtfoaremgitsasaig:ﬁgwftﬁlsngp;r::(fmggo?ggg]ev\;gogﬁgfﬁ e different interfacesy  for the substrate-nematic interface with

. . . he director oriented parallel to the substr for the substrate-
mention how the different transitions were located. b A8y

| d | . o h d d nematic interface with the director oriented perpendicular to the

N oroer to oqate W(.att.mg trgnsmon; we have con ucte ubstrateys, for the substrate-isotropic interface, apl, , vy, for
Se“e,s, of ngmerlcal mm'm'zatlons, using dlﬁgre!']t boundarythe nematic-isotropic interface with the director parallel and perpen-
conditions in bulk. The bulk chemical potential is set to thedicular to the interface, respectivglgre represented by lines, as

coexistence valug = icoey, @ boundary condition at bulk is jngicated in the key box. The appropriate nematic-isotropic surface
chosen(either isotropic or nematjc and the strength sub- tensjon is subtracted froms, to permit easier visualization of the
strate parameteV,, is varied. Surface free energiggn(Vo)  wetting transitions, indicated in the upper part of the paneV§ij)!

and yg (Vo) for the substrate-nematid¢SN) and the  andvy™ . The anchoring transition is indicated M .
substrate-isotropi€Sl) interfaces are then calculated by nu-
merically minimizing the surface free energy using nematic
and isotropic boundary conditions in bulk, respectivViel§].
Since we are considering the possibility that the director con: _ . . . .
figuration may adapt itself to the boundary and thermody-Wherw_f0 theglwittm% by the nematic phase occurs smcfel It
namic conditions imposed by choosing the minimum surfacésf more Tavora i. cl)(r the system to Lnterpose a nemat;]c Imlk
free-energy configuration, we have to anticipate the occurd’ macr OSCOD'C_t ickness between the substrate and the bu
rence of nematic films with different director configurations isotropic phase:
in bulk, either parallel ﬁ/lN) or perpendicular ¥s,) to the
substrate. The surface free energy for the isotropic-nematic
interface,y,y , is calculated beforehand and only once, since ) . o
it is a free interface and consequently its surface tension dod8 contrast, when nematic conditions prevail in bulk the con-
not depend oiv,. As is well known, the equilibrium director f[act_anglea’ of the IN interface with respect to the substrate
configuration of the free-nematic-isotropic interface of aiS given by

HSPC fluid corresponds to a director parallel to the interface

[9,15,22—24 However, as discussed below, we will have to  Ysn= ¥sit %nCOSH"  (partial wetting by isotropik

use two values fory, : one for the equilibrium free inter-

face, caIIedy‘,‘N , and another for monequilibriumfree in-  and the conditiord’ =0 indicates a transition to wetting by
terface where the director lies perpendicular to the interfacethe isotropic phase where an isotropic film of macroscopic
called vy ; the latter quantity will be necessary when the thickness intrudes between the substrate and the bulk nem-
nematic-isotropic interface be sufficiently close to aatic phase:

substrate-nematic interface favoring strong homeotropic an-

choring conditions, which will then propagate to the vsn= Ysit vin  (wetting by isotropig.
nematic-isotropic(NI) interface. The values obtained for

these two quantities argl5] 7‘|‘N=0-0433T;q2kT and vy,  To illustrate how the wetting transitions are located using the
=0.05337gq2kT. Antonow’s rule then gives the contact above wetting conditions we present in Fig. 2 the surface
angle 6 of the isotropic-nemati¢IN) interface with respect tensions of the Sl and SN interfaces as a functiol gfwe

to the substrate when there is an isotropic phase in bulk ashave added (subtractedd to the latter (formern the

vs1= vsnt vinCOSO  (partial wetting by nematjc

vsi= ysnt vin  (wetting by nematig
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FIG. 3. Difference in surface tensionsy=ysy+¥in— Vsi
against value of surface strength parametgrin the region of Vo/ kT
partial wetting by nematic but close to the wetting transition. The
curve is a fit of density-functional data to a quadratic polynomial. ~FIG. 4. Nematic adsorptioll vs surface strength parametés
The surface potential decay inverse length is taken toabe for various values of the surface inverse decay lengtiThe data
=O.3(r;ql. are associated to the wetting transitionVg™- of a nematic with

the director aligned perpendicular to the substrate. Symbols are cal-

V-independent value Of)’l||N or )’ﬁn in order to visualize culations with the density functional. Continuous lines are fits to the
more easily how the crossing of the different free energieorm I'=a+DbIn(Vo/kT—c).

takes place.
P a layer with finite width from a wetting layer of infinite

width, which would be a signal of a first-order phase transi-
tion

A useful quantity to characterize nematic adsorption is the

The condition ys;= ygy+ ¥y (corresponding to a uni- integrated uniaxial orientational order-parameter profile
form, perpendicular tilt director configuratipis met atV,
=Vg'N=0 (see Fig. 2 signaling the occurrence of wetting O
by a nematic film with a director aligned perpendicular to the B J'O dzn(2), ®)
substratdtilt angle ¢»=0°). The twomembers of the above
equality become equal at the transition, but they appear to d@hich gives an indication of how thick the nematic layer is.
so tangentially which indicates that the transition is presumThe nematic-adsorption parameter obviously depends on the
ably of second order or maybe weakly of first order. Furtherchemical potentiaj. and the surface strength paramedgr
evidence is obtained by the impossibility to generate metaThe behavior ol at u= .. (i.€., with isotropic conditions
stable states, i.e., nematic films of finite width f  at bulk as the wetting transition is approached from above,
<Vg'™ . In order to investigate this question in more detail v, (v"N')*  can be used to ascertain the nature of the
we have computed surface free energies for valMgs etting transition: at a first-order transitidh would jump
>Vg'™ but close to the wetting transition, and checked thatfrom a finite to an infinite value, whereas if the transition is
Ay=ysnt Yin— vsi~ (Vo— Vg'™)2, with no linear depen-  continuous the nematic adsorption would increase in a con-
dence(Fig. 3). Therefore, within the accuracy of our calcu- tinuous fashion and ultimately diverge at the transition.
lations, we may say that this wetting transition is probably ofComputingI” requires obtainingruly equilibrium distribu-
second order. tion profiles. Sincd” is directly related td_, the thickness of

This conclusion is supported by a parallel analysis basethe nematic layer, it is a slow variable. In order to calculate
on partial minimizations of the functional. The idea consistsfor a fixed value oV, we have followed the technique men-
of performing constrained minimization where the width of tioned in the preceding paragraph, searching for an approxi-
the nematic layer. (a slow variable of the problemis not  mate value ofL by first doing short minimization runs and
allowed to change, while the remaining variables are relaxedhen refining this initial guess by full minimizations. The
Here we assume a uniform value of the tilt angle across th@ematic-adsorption parameter, plotted in Fig. 4, always
wetting layer, an assumption that, for very thick wetting shows a continuous growth as the wetting transition is ap-
nematic layers, i.e., very close to the wetting transition, willproached. The parameter has been plotted for different values
necessary failsee discussion later pnin no case does the of a, the range parameter of the surface potential, covering
resulting constrained surface free-energy differeacgL) ranges between 303, and 12.5.,. This again confirms the
=y&(L) = ysn— vai [7E/(L) being the surface free energy continuous nature of the wetting transitiowe cannot rule
for the constrained S| interfagshow any barrier separating out, however, the possibility that for other values @for

1. Wetting by a nematic phase with director perpendicular
to the substrate
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The nematic fluid forming the wetting layer is subject to
161 two different boundary conditions: at the substrate the fa-
vored configuration corresponds to the molecules arranged
141 perpendicular to the substrafsince Vy~0 this is due to
i packing effects whereas a free-isotropic-nematic interface
12 favors parallel alignment of the director. Clearly, the only
g | manner in which these two conditions can be met is when the
° ok director rotates uniformly across the wetting layer, which
~ implies an elastic energy. This situation has been studied
previously by Sullivan and Lipowskj26] and by Sluckin
8 and Poniewierski[27], using an effective interfacial ap-
proach, and by Brauretal. [28] in the context of a
6 Landau—de Gennes free-energy functional. For an emergent,
- thick wetting nematic layer, a distorted-tilt director configu-
A —7 ration satisfying both boundary conditions but incurring an
0.975 0.98 0.985 0.99 0.995 1 elastic energy should indeed occur, and this would modify
B/ Boex the location of the wetting transition and bring about a cross-

over to a different growth law for the layer thickness as
FIG. 5. Nematic-adsorptiol' vs chemical potentiak relative  coexistence is approachg€@6—-28. However, elastic effects

to the coexistence valup . for a substrate strength parameter appear only extremely close to coexistence, i.e., in fairly
Vo=—0.1kT and a surface potential decay inverse length thick wetting layers and, within a Landau—de Gennes model,
=0.30,, to the substrate. The data are associated to the wettingjve rise to a surface phase transition taking place just before
transition atVg™ of a nematic with the director aligned perpen- coexistence which separates nematic films with uniform di-
dicular to the substrate. Symbols are calculations with the densityactor from nematic films with a linearly distorted director
functional. ~ Continuous  lines are fits to the fomi=a  [2g] \We anticipate that the study of these effects by density-
+b In(u/ peoex—C) - functional theory will be difficult since one needs a very fine

. ) ... control over the bulk conditions of the system and their de-
functionally longer-ranged surface potentials the trans't'orbarture from coexistence.

may change its ordgr Corresponding to short-range inter- = | order to explore this transition using our density-
molecular interactions, the nematic-adsorption parametgy,tional model we tried to follow an approach similar to
shows Iogarithmip growth as .the wetting tran§ition IS ap-yat used in Ref[28], where the free-energy functional is
proached at coexistence. This is supported by fits to the forminimized with respect to all variables except the slow ones,
I'=a+blin(x=c), with x=V,/kT; a, b, andc are fiting o 'the thickness of the wetting layerand the tilt angle at
parameters that depend on the valuezofThe values o yhe N interface sy, (assuming strong anchoring conditions
vary between—0.50¢q and —1.00¢q, Whereasb is around 5 the substratey=0°, and a linear behavior of the director
_0;95‘7eq- 4The parameterc is always nearly Zzero isiortion,y, defines the degree of distortion of the director
(10 __10_ ). i i ) across the wetting layer Thus we conducted constrained
~ InFig. 5 the nematic-adsorption parameter is plo\}/t&d for &ninimizations to compute an effective surface free energy
fixed value of the strength paramedég=—0.1kT<Vo™™, x| 4 ) for the Sl interfacdincidentally, the constrained
and increasing chemical potentjal— 1coey The divergence  minimization produces numerically similar results if the
of I' supports the complete wetting scenario. Again, the datninimization is not constrained at all but allowed only for a
clearly show a logarithmic-type divergence of the adsorptionjimited number of iterations, this number being sufficient to
The fitting form isI'=a+bIn[(c—X)/x], with X=u/peex,  relax the rapid, short-length scale variables; this is in practice
and we obtaina=—5.00r¢;, b=2.340¢,, and c=1.00. the methodology that we tried to Usdn these minimiza-
Given the elusive character of the prewetting transition, thejons, the tilt-angle profile was set initially to a linear func-
absence of a discontinuity ifi, which would signal the ex- tjon of z and the density and uniaxial and biaxial order pa-
istence of a prewetting transition, does not rule out first-ordefameters were set to the corresponding bulk values. Once this
wetting but simply supports evidence for the continuouseffective surface free energy is obtained, it can be minimized
character of this wetting transition collected by other meansj, g separate process with respect_tand i, . However,
The location of the wetting transition, i.e., the valuegf  this program failed since the minimization process leading to
atW\(‘thlc.h 'the nematic phase ceases to wet the substraige construction ofy%,(L, 1) becomes terribly painful due
Vo, is in general very small but depends weakly on theig computer time limitations. Some estimates based on elas-
value of the range parameter Provided the transition is of tic theory indicate that the critical nematic film thickness for
second order, a simple model based on the Fowler approxivhich elastic effects would begin to be favorable with re-
mation predicts a value/g™ =0 for @<0.63r¢, and  spect to boundary effects is 1000, which is outside our
Vg'N->0 for @>0.630;" . Exact minimizations of the func- present computational capabilities. However, full density-
tional are not accurate enough to precisely locate the wettinfunctional calculations of films with thicknesses less and
transition, but our approximate analysis gives results irarger than this value give an indirect indication that there
agreement with the Fowler approximation. must be a phase transition between two phases with uniform
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FIG. 6. Prewetting phase diagram in the chemical potential
and surface strength parametgy plane. The surface potential de- n/ Heoex
cay inverse length is taken to be=0.3cr;q1. The coexistence line . ) . . .
is represented by a horizontal axis; the filled square on this line FIG. 7. Nematic-adsorptioli vs chemical potentigk relative

indicates the wetting transition by nematic with parallel directori(/) t_hg ;(cfremstznce Vall;ﬁcoex fort a tlsu|bs;rate st.rength p?rameter
alignment,vg”. The thin line starting avg” is the prewetting tran- o and a surlace potential decay Inverse ength .
=0.30, to the substrate. The data are associated to the wetting

sition line, which ends in a critical point indicated by a big circle. . WN| L ; .
The insets show the uniaxial order-parameter profiles of two filmgransition alvy " of a nematic with the director aligned parallel to

that coexist on the prewetting line at the point shown by a fiIIedthe substrate. Symbols are calculations with the density functional.

circle. Molecular orientations in the films are drawn, and the bquThe filled circle corresponds to a stable thick film. The open circles
isotropic phase is indicated by “iso.” are metastable thick films. Continuous lines are fits to the fbrm

=a+b In(u ueex— €). The dashed vertical line indicates the loca-

director configuration and distorted director, respectively,tlon of the prewetting transition.

since in the first(second case the distorted-tilt-angle con-
figuration is seen to be legmore stable than a film having
a uniform director configuration.

merely indicates that beyond that point no sharp transition
could be found; a method based on extrapolation using a
power law for the difference in nematic adsorption between
the two films AT~ (u— u"W)# proved numerically unreli-
able due to the impossibility to obtain good-quality estimates
When the surface strength parametgy is sufficiently  of adsorption to be used in the extrapolaiiofihe figure
high there occurs a new wetting transition where the directoincludes as insets the uniaxial order-parameter profdesl
of the nematic film is uniformly oriented parallel to the sub- the typical molecular configurations, indicated by short seg-
strate(see Fig. 2 No distorted director configurations arise mentg of two particular films that coexist on the prewetting
here since the boundary conditions at the two interfacesine at the point indicated by a filled circle; note that in this
namely, the substrate and the isotropic-nematic interfacegange of values of the surface strenyth there persists a
are both satisfied. This time the wetting transition is clearlyfirst molecular layer with homeotropic orientation but the
of first order, as evidenced by the large jump in nematiqprewetting transition occurs between thicker films with par-
adsorption that occurs at the wetting transitis,=V'N  allel orientation.
=0.47&KT. Further evidence of the first-order character of The nematic-adsorption parameter is plotted in Fig. 7 for
the transition is obtained by analyzing the occurrence of ar‘v0=0.5kT>V‘é\’NH as u— pepex- NOte that for this value of
off-coexistence prewetting line separating two films of dif- v/, there is a prewetting transition prior to the bulk wetting
ferent thicknesses, which is a necessary thermodynamic cofransition; this is indicated in the figure by the vertical line.
sistency condition. As expected, the prewetting line is veryData represented by open circles are metastable states corre-
close to coexistence. Figure 6 showswavs V, phase dia-  sponding to metastable thick film(mdsorption data for the
gram where the coexistence line is represented by the horihin films are much too low for them to be seen in the fig-
zontal axis on which a point, represented by a filled squareure), whereas the filled circle is an equilibrium thick film.
indicates the location of the wetting transitiM{ﬁVN”, sepa- The data in the graph have been fitted to a logarithmic law of
rating wetting from nonwetting states. The thin line startingthe form I'=a-+b In[(c—x)/x], with x=V,/kT. The fitting
at this point and separating tangentially from the coexistencgarameters obtained weae=—5.380¢,, b=2.3%,, and
line is the prewetting line. As usual, this line is seen to exisic=1.00 The value for the amplitude of the logarithby,is
extremely close to coexistendeee the chemical potential numerically very similar in both wetting transitions. This
scale and to end in a surface critical points/gw,,upw) was to be expected since, in the true asymptotigne, the
where both films become the same and whose location wamplitude of the logarithm must be equal to the correlation
have not estimated with any accurafthe point shown length of the bulk nematic phase.

2. Wetting by a nematic with director parallel to the susbtrate
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FIG. 8. Surface tensiong of the different interfaces as a func-
tion of surface strength parameté in the region of partial wet- FIG. 9. Summary of the wetting phenomenology found for the
ting. The surface potential decay inverse length is taken terbe system studied. The horizontal axis is the surface strength param-
:0.3a;ql. The surface tensions for the interfaces involved in theeter V,. The first wetting transition by nematic is denoted by
(metastablewetting transition by the isotropic phasey, for the  vWN- "pelow which a nematic phase wets the substrate with the
substrate-nematic interface with the director oriented parallel to thgirector perpendicular to the substrate. As indicated by the dashed
substrate,ygN for the substrate-nematic interface with the director vertical line, this transition appears to be of second order. The sec-
oriented perpendicular to the substratgs, for the substrate- ond wetting transition by nematic is denoted 8§ ; above this a
isotropic interface, andyly for the equilibrium free-nematic- nematic phase wets the substrate with the director parallel to the
isotropic interface with director parallel to the interfagge repre-  substrate. As indicated by the continuous vertical line, this transi-
sented by lines, as indicated in the key box. The appropriatéion is of first order. In this case, depending on the valu&/gfa
nematic-isotropic surface tension is subtracted fregnto permit first layer with molecules oriented perpendicular to the director oc-

easier visualization of the wetting transition by isotropic, indicatedcurs or not. In the regiow\éVNl <V0<V\6VNH partial wetting occurs.
in the upper part of the panel \ém_, and the anchoring transi- |n this region a first-order anchoring transition takes plac¥gt
tion, indicated byV; (the corresponding wetting transition by iso- separating phases with different director orientation sufficiently far

tropic VIl is not shown in the figuje from the substrate.

B. Anchoring transition tropic and parallel orientations, is again indicated. For values
Vo>V4 the equilibrium substrate-nematic interface consists
of a nematic director parallel to the substrate. However, at
. - Vo=Vy'"* =0.18%T the metastablesubstrate-nematic inter-
creasingVo, the nematic director far from the substrate NOtace with director perpendicular to the substrate undergoes a

longer orients perpendicular to the substrate but adopts \‘;i'letting transition at which an infinitely thick isotropic film

parallel co_nfiguration. Thi_s Is an anchoring transition fromintrudes between the substrate and the nematic phase. For
homeotropic to parallel alignment. Note that here there also A o L

. . —valuesVy<Vy the equilibrium substrate-nematic interface
appears a first layer where the molecules still anchor with

perpendicular orientation; we remind the reader that thiCorlSiStS of avrvﬁmatic directo_r perpe_ndicular o the substrate
layer arises from the strong tendency of the HSPC molecule ut, atVoe=Vy _(n_ot shown n the_ figure the metastable

to pack together near the substrate with their axes perperfuPStrate-nematic interface with director paraliel to the sub-

dicular to the surface. Therefore, the first layer plays a majo?‘tralt(e_ undergot;ls a Wetgng gansmon ﬁt Wh'gh an |nf|r(1j|terlly

role in the occurrence of this transition, which appears as H"C |§otrcr)]p|c IKI] mtrt;] es ett)wien the su strart_]e an t e

competition between the orienting dispersion force due to th@€Matic phase. Note that, in both cases once the isotropic

substrate, favoring parallel ordering, and the purely entropid!™ has wet the substrate, the bulk nematic director aligns
field due to the first layer which is exerted on the fluid nextParallel to the substrate, as it corresponds to the equilibrium
to it, which favors homeotropic ordering free-NI interface. These two metastable transitions are both

of first order. The sense in which these transitions are called
metastable is the following. We assume the hypothetical situ-
ation where the bulk nematic phase may reaccommodate the
Wetting by the isotropic phase also occurs in this systemgirector orientation and that this is driven by the behavior at
but it always happens to be metastable. To see this approptike SN interface or at the NI once the latter is depinned from
ate surface tensions have been represented in Fig. 8. Thige substrate. Implicitly this is equivalent to assuming that no
anchoring transition, separating nematic films with homeo-other interfaces compete by establishing new preferred axes.

As can be seen in Fig. 2 the surface tensigggand y@N
cross at a valuelozvézo.168<T, indicating that, on in-

C. Wetting by the isotropic phase
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If this is not the case the wetting transitions discussed in thisecond order, for parallel-aligned films we find a first-order
section could indeed be realized, since the anchoring transiransition and an associated prewetting line off coexistence
tion could be suppressed and the preferred orientation at thbat ends in a surface critical point. In addition, an anchoring
NI interface imposed by suitable strong anchoring conditiongransition has been found between films with homeotropic
at other interfaces. and parallel alignments. All these features, collected graphi-
cally in Fig. 9, imply that the HSPC model exhibits an ex-
tremely rich surface behavior making it an appropriate model
) _ ) to incorporate other more realistic features in the intermo-
To conclude, we have examined the wetting behavior of acylar potentials such as van der Waals or electrostatic

fluid of hard spherocylinders in contact with a model sub-forces. These studies, together with the analysis of behavior
strate. By changing the affinity of the substrate toward dif-iy confined geometries, will be left for future work.
ferently oriented nematics distinct wetting behaviors are ob-

served. In particular, as the strength of the surface
interactions is increased we observe wetting by a homeotro-
pically aligned nematic, nonwetting, and wetting by a This work was partially supported by Grant Nos.
parallel-aligned nematic film. As observed in simple isotro-BFM2001-0224-C02-01, BFMZ2001-0224-C02-02, and
pic fluids, the nature of the wetting phase transitions cruBFM2001-1679-C03-02Spain. D. de las H. is supported by
cially depends on the range of the surface interactions. Thus, FPU grant from The Spanish Ministry of Education and
whereas the wetting transition of homeotropic films is of Culture.

IV. CONCLUSIONS
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