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Microscopic structure of molecularly thin confined liquid-crystal films
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The microscopic structure of a molecularly thin liquid-crystal film confined between two plane parallel
surfaceqi.e., walls composed of rigidly fixed atoms is investigated in grand canonical ensemble Monte Carlo
simulations in which the temperatufe the chemical potentigk, and the wall separatios, are the relevant
thermodynamic state variables. These conditions correspond to those encountered in related experiments em-
ploying thesurface forces apparatUSFA). Wall atoms are distributed according to ti®0) configuration of
a face-centered cubiécc) lattice. Film molecules interact with each other via the Gay-Berne potential which
may be viewed as a Lennard-Jor(@g,6 potential modified to account for the anisotropy of the interaction
between two ellipsoidal film molecules. Parameters governing the film-wall interaction are chosen such that
molecules tend to arrange their symmetry axes parallel with the plane of aiwallthex-y plang. The
thermodynamic state of a bulk phase in equilibrium with the confined film pertains to the isotropic phase of the
Gay-Berne fluid, so that preferred orientations in the film are unambiguously ascribed to confiriesnetat
the presence of the wallsin general, film structure is characterized by stratification, that is, the tendency of
film molecules to arrange their centers of mass in individual strata parallel with the walls. The strata are more
diffuse than in films composed of “simple” molecules without rotational degrees of freedom due to a larger
geometric incompatibility between film and wall structure and to orientability of film molecules in the present
model. Ass, is increased at fixed and u, molecularly thin liquid-crystal films undergo complex structural
changes resulting from a competition between wall-induced orientation and lack of space. These effects are
analyzed in depth by density-alignment histograms and correlated with variations of the normall gfress
exerted by the film on the walls. The normal stress, which is in principle accessible in SFA experiments,
depends strongly o, even in rather thick films, indicating the importance of cooperative wall-induced
phenomena for materials properties of confined liquid-crystal fi[i8%063-651X97)04702-§

PACS numbe(s): 61.30.Cz, 68.45-v, 61.20.Ja, 82.65.Dp

[. INTRODUCTION size, not exceeding a few molecular “diameters.” Then, the
very different extent of bulk region and vicinal film permits
If condensed phases like, for instance, liquid crystals ar@ne to safely ignore the impact of the latter on the former
confined to a volumey of some container, two different under the tacit proviso of a macroscopic
spatial regions are discernible providéds macroscopic. At However,V does not have to be macroscopic under all
points{r} sufficiently far removed from any container wall circumstances. On the contrary, it can be quite tiny to the
the microscopic structure of the liquid crystal is solely dic-extent that the distance between the walls in one or more
tated by the thermodynamic state. This so-defined bulk redimensions becomes comparable to the range of the fluid-
gion may be anisotropic or isotropic depending on whethewall potential so that a bulk phase in the above sense is
or not a preferred molecular orientation exists. Orientabilityabsent. Intuitively one would then expect properties of a
of liquid-crystal molecules gives rise to nematic or smecticliquid-crystal vicinal film to differ markedly from those of a
(bulk) mesophases in addition to an isotropic phase typical o€orresponding bulk liquid crystal under identical thermody-
“simple” bulk fluids without rotational degrees of freedom. namic conditions. The physics of a microscopically thin con-
If, on the other hand, one approaches a container wall suffifined liquid crystal is, however, not just an arcane academic
ciently closely, the symmetry of the liquid crystal is dictated playground but of technological importance. For instance,
by the wall which represents a permanent solid interface orspatial and orientational structures of liquid-crystal films be-
from a more abstract perspective, may be viewed as an exween solid interfaces are relevant for the development of
ternal field to which liquid-crystal molecules are exposed. Innew optimized display$1]. In mechanical engineering, on
other words, in the immediate neighborhood of a wall a thinthe other hand, one is frequently confronted with friction
(vicinal) film exists whose microscopic structure is not com-between movable machine parts and wear. The impact of
pletely determined by the thermodynamic state but also téhese ultimately destructive phenomena can be reduced by
some extent by the nature of the wall. For an isotropic bulkubricants. In many cases it is commercially desirable to
phase the thickness of a liquid-crystal film is related to theminiaturize certain machine parts so that the lubricant be-
range of the potential characterizing the interaction betweenomes a molecularly thin confined filff2]. In this regard
film molecules and the wall and is therefore microscopic inliquid-crystal films are of great interest because they exhibit
a much lower frictional resistance under high loads than con-
ventional lubricant$3].
*Electronic address: T.Gruhn@physik.tu-berlin.de Because of advances in technology, properties of thin
TElectronic address: M.Schoen@physik.tu-berlin.de confined films are not only within experimental reach but can
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nowadays be measured almost routinely on a moleculanf surfaces. A simple one, restricted to the nematic liquid-
scale. A particularly prominent experiment in this regard in-crystal phase, describes the preferred local molecular orien-
volves the so-calledsurface forces apparatu¢SFA) by  tation by a director field. After spatial discretization the equi-
which rheological properties of confined molecularly thin librium director field can be obtained for any given boundary
films can be measurdd]. The films consist of rather differ- condition in the presence of external fields by solving a re-
ent molecules, ranging from long-chaie.g., hexadecaper  laxation equatiorj13] or by minimizing the Frank free en-
spheroidal [e.g., octamethylcyclotetrasiloxanéOMCTS)]  €rgy [14]. However, this approach disregards spatial varia-
hydrocarbons [5] to liquid crystals [e.g., 4-cyano- tions of the density. A lattice model was also used by

4"-octylbiphenyl (8CB)] [6]. In the SFA a thin film is con- Dadmun and Muthukumdr5] to simulate a confined semi-

fined between the surfaces of two cylinders which are arfleible liquid-crystal film. They report a strong dependence
c&f the isotropic-nematic phase transition on the adsorption

are traditionally covered with thin mica sheets which permitSFrength of ,the, surfac[alS].l A more realistic microscopic
dicture of liquid crystals is achieved through models in

measurements of surface separation by optical techniquesS”. )
which molecules are permitted to translate and rotate freely.

[4]. Cylinder radii are macroscopic so that the surfaces maré ¢ thei lexity th | I
be taken as parallel on a molecular length scale. In additiorP€c@use of their complexity these models can only be stud-
in computer simulations. Examples include ellipsoidal

they may be perceived as planar since mica can be prepart%d e . !
with atomic smoothness over molecularly large areas. This16:17 cylindrical[16], or needle-shaped particlEs8] with

setup is immersed in a bulk reservoir of the same fluid ofither “soft” or “hard” interaction potentials. A realistic
which the film consists. Thus at thermodynamic equilibriumbUt still sufficiently simple description of the liquid-crystal

temperatureT and chemical potential are equal in both intermolecular interaction is provided by the Gay-Berne
subsystemdi.e., film and bulk reservojr By exerting an

model which is based on a Lennard-Jones potential modified
for ellipsoidal particles19]. For a certain set of potential

film’s thickness can be altered by either expelling moleculeéjarla"(;“Eters i_ts bulk_phasde diagram. Is chompletely klrllown and
from it or by imbibing them from the reservoir until thermo- Includes an isotropic and a nematic phase as well as some
dynamic and mechanical equilibrium is reestablished, that iSMecticB-like phase420]. In the nematic region the model
until the stress exerted by the film on the surfaces equals thas _used to _dete’”_"'”e t_he temperature quendence of the
applied normal stress. If one displays this normal stiess elastic coefﬁqents, including surface coefficie[24]. Fpr a

as a function of surface separatisyy a damped oscillatory Gay-Berne film betwee_n plane parallel structureléss.,
curve obtains in many casésee, for instance, Fig. 1 {i5)). smooth_surfaces a wall-induced smect@cstructurg was re-
The oscillations, which are detected only if the molecularPOrted in[22,23 where temperaturd and densityn are

structure of film molecules matches the crystallographicchosen such that a corresponding bulk fluid is nematic. The

structure of the surfaces to a minimum extent, are attribute§uid-wall interaction was chosen to be homeotropic.
to stratification, that is, the tendency of film molecules to Jnfortunately, none of these investigations are directly

arrange themselves in individual strata parallel with the sur@Pplicable to XSFA experiments because the confined film is
faces. As a phenomenon occurring on a microscopic lengtff€ated as a thermodynamically closed system with a fixed

scale, stratification to date cannot be observed directly iumpPer of molecules whereas in the XSFA the film is open

SFA experiments but has been established by computdp the bulk reservoir, capable of exchanging matter with it.
simulations of SFA models involving films of “simple” flu- Exchange of matter between the confined film and the bulk

ids consisting of spherical particlésee[7], and references €SErvoir, on the other hand, has important consequences for
therein. A quantitative measure of stratification in these PN@se transitions particularly in cases of severe confinement
simulations is the local density which is a damped oscillatory(i-€-» i very thin films [24]. This observation and our inter-

function of position with respect to the walls. Its peaks, €St in structure and materials properties of thin confined
which in a “simple”-fluid film at microscopically smalk liquid-crystalline films under conditions encountered in the
Z

are quite narrow and tall, represent well-localized individua*SFA témpted us to employ the grand canonical ensemble

strata of film molecules. Stratification is caused by mere conMonte Carlo(GCEMC) method in this work. Since we wish

finement, is unique in the sense that it is largely independe . ) .
of the precise form of the film-wall interactiofg], and is  SCOPIC structure, we deliberately selected thermodynamic

accompanied by subtle order-disorder phase transitions as f; jates fo_r Whi(_:h a bulk liquid c_rystal is isc_)tropi(_:. Any pre-
as simple fluids are concerné, 10. If, on the other hand, erred orientation of molecules in the confined film can then

complex fluids like liquid crystals are employed, aspects of £¢ attributed unambiguously to confinement effects. Results
confined film's structure on a mesoscopic scale rangin four St.UdY are presented in Sec. V. Section 1l is devo.ted
from, say, nanometers to micrometers are now accessib a derivation of molecular expressions for thermophysical

experimentally by a modification of thelassic SFA which prope_rtit_as of interest. We begin, however, in Sec. Il with a

combines the stress-measurement capability of the latter witflescription of our model system.

x-ray diffraction [11]. In this so-called XSFA high-energy

synchrotron radiation has recently been utilized to determine II. THE MODEL

the orientation of a confined smectic liquid-crystalline film

and its dependence on the “softness” of the confining sur- We consider a film composed of ellipsoidal molecules

faces[12]. confined between two planar walls. Each wall is composed
From a theoretical perspective, several approaches ad an array ofNg spherically symmetric atoms distributed

available to describe liquid-crystalline fluids in the presenceacross the plane of the wall according to @0 configu-

concentrate on the impact of confinement on the micro-
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ration of the face-centered cubifcc) lattice. The walls are

. . . . . (rI] u +r|] u )
in registry, that is, they are aligned such that corresponding crff(rIl Ui ,u )=o) 1— E —_—

atoms in the two walls are always exactly opposite each 1+XUi-Uj
other. Coordinates of a given atof@) in the upper wall ~A A —12
: i (r U= Uy)2

(z=s,) are related to those of its counterpét in the lower ij M (5)
wall (z=0) by 1—xU;- uJ

X2= X1, (oflof)?—1 «f—1 ®)

X = = y
Y2=Y1, (1 (oflo)?+1 i+l
Z,=7,+5,=5,. andof; and af; are the zeros ofi¢; for end-end configura-

tions (e, r;|ult;) and side-side configurations
(rjLuu;) of two ellipsoidal molecules. The function
er(rij ,U;,U;) is defined in a similar fashion as

Assuming pairwise additivity of all interactions, the total
configurational energy can be written as

2
k
U=Uret 2 Uiy (- u+r.J uj)?

€1£(rij ,Uj ,Uj)zf?f{ 1_ >

2 1+)( Ui‘Uj
1 N N 2 N Ng (k) L
a2 & U ;121{2 wt ()|, @ U }[1 X2(G- G2
1-x'ui-y;

whereUgg and UF) denote fllm film and film-wall contri-

o @)
utions, respectivelys; andu tw are the associated interac-
tion potentials, and superscriptrefers to lower k=1) and  where
upper k=2) wall. A hard-wall background
O 0<Z<S , E?f/f?f_l Kéf_l (8)
H | Z Pl -
th(Zi):[oo, 2<0, z,>s, ©) X Vel e+l \rf+1

and «{;=€;;/ €f; denotes the ratio of the potential well
depths for side-side and end-end configurations. The values

ture. However, wall atoms are so densely packed that dur|ngff gnd €t arel used to express all quantities in the custom-
the course of a simulation film molecules never interact with®"y dimensionlesestarred units [26].

the hard wall due to the finite range of the repulsive part ofS J:r‘?c;?t\?v:fg?gmbsegvﬁg dgllggsg'dzlng:? mve:fhm:rl]is ggd
ulk [see Eq(9) below. P y ay y

Berne potential as

is formally imposed to define the distance between the walls
rigorously despite their otherwise discrdtee., atomig na-

We employ the Gay-Berne potentigl9] for us; which

provides a reasonably realistic description of the interaction 12

s
Tty

between liquid-crystal molecules. It is based on an ansatz = (K =g¢ (0 ,(J
suggested by Berne and Pechuk2&], who realized that the '
anisotropy of the interaction of two rodlike molecules can be 6
approximated by the convolution of two ellipsoidal Gauss- Otw

ians. Mathematically the convolution yields another Gauss- )

ian characterized by a standard deviatiom(r;j ,U; ,u;)
wherer;; is a unit vector in the direction of the center-of- wherer{ is a unit vector in the direction of the distance
mass distance vector andU;, U; are unit vectorgso-called ~ vector r{{’ between an atom in wak and the center of
microscopic directopsspecifying the orientation of film mol- mass of a film molecule and{?=|r{’. In Eq. (9)
ecules with respect to a space-fixed coordinate system. Using, (r.(Jk) ,0;) is the standard deviation of a Gaussian obtained
ow(rj Ui, U)) Gay and Berne[19] proposed a modified from a similar convolution of a spherical and an ellipsoidal
Lennard- Jone$12 6 potential for ellipsoids of revolution:  Gaussian which can be written explicitly as

Ufw(ru ,Ll )+ oy

€)

_Ufw(rlj ,LI )+O-?W

Ugs(rij .Uy, Uj) = 4€ge(Tij , Ui, Uj) O'fw(rIJ U)=0of[1— a(rk) U212 (103
s 12 .
% ( Ao'fj _ ) with
rij— o(Fij U, Up) + o o8 | 2
ar=1— (k) 2=1- ( fw) . (10b)
fw

)

6
_( Ott )
rij—o F,l],l] + 07}
= iy Ui U)o where o$,, and o%,, are the zeros ofiy,, for r{?L0; and
where r{9u;, respectively. To obtain an expression for
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{In Eqg. (15) Qy is the canonical partition function. For a

efW(Fi(jk) ,l]j) one notes the similarity between its counterpar X Y )
molecular system like a liquid crystal it can be cast as

fo(Fij ":Ii ,CIJ) in Eq (7) and O'ff(Fii 'Cli ":IJ) in Eq (5) The

main difference between the latter two concerns a factor 1 NN NN N NN
cy;-U; in Eq. (7) which has no equivalent i, (r{?,u;) QN:—N!hSNJ exd —BH(r",p",w",p,) ]dr "dp dw"dp,,
because wall atoms are spherical. Under this proviso and by (16)

analogy with Egs(5) and(7) we have from Eq(103

in the classical limit where B:=(kgT)" % p"

wa(?ij ,aj):€§W[1_a'(fi<jk>.aj)2]2, (113 ={p1,P2, ... Py} are _ _the momenta conjugate to the

center-of-mass  positions N={r;,r,, ... ry, "
where ={w;,w,, ... ,wy} are Euler angles specifying molecular
orientations [w;=(6,,¢;) for linear moleculek
p":‘,z{pwl,pwz, ..+ P} are the momenta conjugate ",
andh is Planck’s constant. The exponent 5 in Ebt) takes
notice of the five degrees of freeddthree translational and
ande;,,, €, denote the depths of potential wells for sphere-two rotationa) of the ellipsoidal Gay-Berne molecules. The
end and sphere-side configurations, respectively. At thiglamiltonian
point the set of parametefsrs,,, o5, €5 €nwf GOVErning

6? -1/2
a’:=1—(Kf'w)1/2:1—(E—eW) (11b

fw

2 N 2
the fluid-wall interaction potential is yet undetermined. A H= p_,+ Zle s urN N 1
particular choice of values employed in this work will be .21 2m 21 a:Ex,y | (re? a
rationalized subsequently in Sec. lll B where we emphasize
technical aspects of our GCEMC simulation. is split into translational and rotational kinetic contributions

and the intermolecular potentidl(rN,w"). In Eq. (17) L;,

is the component of the angular momentum referred to the

body-fixed principal axisx of moleculei, | is the (scalaj

A. Statistical-physical description moment of inertia, andn is the molecular mass. For a sys-
of confined liquid-crystal films tem without rotational degrees of freedom a division of the

For a film confined between discrete walls and open to AHamiltonian into kinetic and potential contributions immedi-
bulk fluid reservoir in the thermodynamic sense, it wasately leads to a factorization @y into a kinetic part and the

shown in[27] that the exact differential of the grand poten- configurational integra.l because in a classical equilibrium

tial, which governs infinitesimal, reversible transformationsSyStém momenta are independent of each other and' of

in an open system, can be written as For a system with rotatllonal o!egrees of freedom, on the other

hand, Gray and Gubbins point out that=LN(e",p)) so
dQ=—-SdT-Ndu+y'dA+T,Ads,, (120  that a similar factorization is prevent¢#9]. The factoriza-

tion of Qy is, however, possible if one introduces the trans-
where{T,u,A,s,} is the set of natural variables. The expres-formationpl\— LN. This permits one to rewrite E416) as
sion in Eq.(12) explicitly assumes that the walls are in reg-

Ill. THEORETICAL BACKGROUND

istry [cf. Eq.(1)] and that the film is not sheared. In E42) 1 NN NN

S denotes entropyy’ is a film-wall interfacial tensionA is Qn={7peN | eXH—AH(.p% %0, ]

the area of film-wall contact, andl,, is the average stress NN N1 1 N

applied normally toA. By convention,T,, is negative if the X dr NdpNde[J™N[dL", (18

force exerted by the film on the wall points outward. From

Eq. (12) it immediately follows that where [JV)| is the absolute value of the Jacobian of this

transformation. Since.; is independent ofpwj for i#j,

k1) JN=3,3,- .3y whereJ; is given b
A_I_ZZ_(g , (19 192 N i1sg y
2/ T A d(Pg,Po,) _
L . i 1= ooy = —sing;. (19
which is of interest here because this stress tensor element d(LyLy)
can be measured in principle in complementary SFA experi- ) _
ments. A molecular expression fdt, can be derived from Introducing Eq.(19) together with
Eqg. (13) and ) A .
sing,d6,d¢;=du; (i=1,...N) (20

O =—-kgTInE, 14 . .
B a4 eventually permits one to rewrite E(1L8) as

Qn= QtransQrot’ZN ) (22)

which follows from standard textbook considerations; (
Boltzmann’s constant[28]. The grand canonical partition

function = can be expressed as where

o0

— ~ 1 o 1
:(M'T'SZ,A):NZO quMN/kBT)QN(TaSZaA)- (15) ZN:WJ exp[—,BU]dr NduNzsz. (22)
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In Eq. (22) Zy denotes the configurational integral, the extraThe contributions from the upper limits on the integrations

factor 2N

tionsu, and — U, . In Eq. (21) Qtrans 2Nd Q. represent inte-

corrects for double counting equivalent orienta- overz; vanish, sinc&J becomes infinite a; = s, on account

of the implicit hard-wall backgroundsee Egs.(2), (3)].

grals over momentum and angular momentum space whicfiore explicitly,

can be carried out analytically to give

27Tm 3N/2
Qtrans W ::A_SN-
271\N \N
rot— W) =AM E) ) (23

whereA is the thermal de Broglie wavelengt®8]. Combin-

ing now Egs.(21)—(23) and inserting the resulting expres-
sion into Eq.(15) permits one to reexpress the grand canoni-

cal partition function in factorized form as

—5N | N
N! (Zm)

X exp( uN/KgT)Zy(T,s,,A).

=uTsA=3 0

(29

From Egs.(13), (14), and(24) one obtains a molecular ex-

pression forT,,, namely,

a0
AT,=|—
T, u,A

IS;) ¢
_ T(&InE)
° 9, T, 1A
kgTa AN/ 1 \N dZy
:_?NZ:o T (ﬁ) eXF(,uN/kBT)< &SZ>T’M’A.
(25)

Depending on how the partial derivative 8f; is evaluated,

two alternative forms foll,, obtain. This is demonstrated by

writing more explicitly

IZy 9

s, S,i= 1fdufdxfdy,J' dz

xexd —BU(rN,uM)].

(26)

In Eg. (26) s, appears as a variable in the upper limit of the

fourth integral as well as in the argumentlhecause of the
contributionU &), [cf. Eq. (2)] which containss, as an argu-
ment via

rP=L06= X2+ (yimy )+ (z=5) 12 (@7)

because of Eq.1l). Applying Leibniz’s rule for the differen-
tiation of an integra[30] therefore yields

N O M

x g AU,

IZn
Js,

asz

(28

n2, NN duga z2-s, &%
=— (2)

(29)
whereF (%) is thez component of the force exerted by atom
j inwall 2 on the center of mass of film moleculdnserting
now Egs.(26), (28), and(29) into Eqg. (25) yields

1 o0
T~ A2 N

A75N

N
('—m) exp( uN/kgT)

xf daNf drVNFPexd — pU(rN,aY)]

(2)
=—Z fdu fdrNF(z)fMVT—< >,

(30

which introduces the probability density functibp,+ of the
grand canonical ensemble and expressgsas an ensemble
average of the component of the net force per unit area
exerted by the upper walR) on the film. This force must be
applied externally in order to keep wall (2) stationary in the
state of thermodynamic equilibrium. Likewisér({?) may
be viewed as the component of the negative total force per
unit area exerted by the film on the wall. Because of me-
chanical stability,
(FP)=—(F{). (31)
On account of its functional form, Eq30—together with
Eq. (31)—is termed the “force” expression fof,,. An al-
ternative expression can be derived by transforming vari-
ables according to

z—7Z=zs,' (i=1,...N),
70 7ZM=72s"1 (i=1,...Ns;k=1,2 (32
so that Eq.(26) reads
IZy d N ~ (s s 1
(33
Scaling affects bot) - andU), because of
r=[4—x) 2+ (yi—y)2+s5(Z-7)%",
r=L06=x)2+(y; =~ y) 2 +s5(Z - Z ()21, -

and the differentiation gives

9Zy _NZy
is, s,

0

fdu f dx,f dy,f dzW,,
Szl 1

Xexp(— BU), (35
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after reverting the transformatiofEgs. (32)]. In Eq. (35)
W,, is defined as

NN 2 N K 1ok
W _:E duff i-l—E 2 3 du(fw) [Zi(j)]2
zz 2i<1 T#i dl’ij rij k=1i=1j=1 dl’i(jk) I’i(jk)
FF | \\FW
- sz +sz ) (36)
where z; : =z—z; and z{? :=z—2{ . Inserting Eq.(35)

into Eq. (25) gives

TZZZTEE"*'TZF;N’ (37a
where
(NYkegT 1 o .
TZ:: — W EZNE:O f dUNf dl‘NWZ:fHVT

NYkeT (WFF

=_< > B +< zz>’ (37b)
As, As,

1 *© ~ (WFW
TZF;N:KZNZO J' dUNf dl‘ NWE;Nf,uVT:A—ZSZZ' (370)

Because of Eq(36) Egs.(37) will henceforth be called the
“virial” form of T,,. Similar virial and force expressions
have been derived previoudl$1,32 for “simple” films. In
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A 1= hmal1—28) (39
around that axis. Botld ., and . are adjusted during a
run to preserve an acceptance ratio of-8D % of displace-
ment and rotation attempts. From the theory of Markov pro-
cesseg33] it follows that the probability for the transition
k—1 is governed by the ratiﬁEH,T/ fEf\],T where from Eq(30)

5

2mA
fMVTocexr{—,B(U—,uN)—lnN!—Nln( H (40

A\
after a convenient transformation

rNSTN=Ix/s,y1 /8,211, ... XnIS,YN!S 2N IS5}

which gives rise to the termrN InV in Eq. (40) [26]. Since

N does not vary during the first step, it is easy to verify that
fly

= exd— AU ],

uVT

(41)

whereAU, _,, is the change in configurational energy asso-
ciated with displacement and rotation of molecul&Employ-

ing Metropolis’s algorithm[26] the transitionk—1| is ac-
cepted with a probability

p1=min{1,exg — BAU\_)} (42

[31] the film was confined between rigid discrete walls simi-i the usual way. During the second step an attempt is made

lar to the ones employed here whereaq3@] these walls

to alterN by either adding or removing one film molecule in

were thermally coupled to the film via the Einstein model Ofan unbiased way, that igN,_, =NIT-NIK =+ 1. Addi-

a crystal. The expressions in Eq80) and (37) differ from

their counterparts ih31] by an additional integration over A
molecular orientation due to the rotational degrees of free
dom of our molecules. They also lack additional mean-field

contributions which arise in32] because of the Einstein

model. Despite these details force and virial forms provide

useful check on internal consistency of computer simul
tions. This is demonstrated [81,32 for various ensembles

and different thermodynamic states and holds for the present

model, too.

B. Grand canonical Monte Carlo method

Unfortunately none of the expressions fioy, just derived

tion and removal are attempted with equal probability. If
Ny_;=+1 a new molecule is added from a virtual reser-
voir of matter with random orientation at a randomly se-
ected position irV; if AN,_,;=—1 an already existing mol-
ecule is chosen at random and subjected to a removal

%ttempt. Addition and removal attempts are accepted on the
@basis of amodifiedMetropolis criterion

po=min{ 100 /fI - =exp(r )}, (43)

where the argument of the pseudo Boltzmann factor is given
by

can be solved analytically for the present model. Thus we re=—InNt—gaulll+B (443
resort to GCEMC simulations which provide a numerical »

route to this quantity. In GCEMC generation ofrumerical ~ for addition AN,_,,=+1) and by

representation of)aviarkov chain of configurations proceeds -

in two consecutive steps. In the first step one of khenol- M =InNM+ gauld—B (44b)

ecules, say, is chosen at random and its center of mass is

- K |
displaced slightly within a small cube of side lengtt,2,  [of "emoval AN,_,;=—1). In Egs.(44) AU and AUl _
centered on its original positiouriﬂk], that is, denote configurational energy differences due to the addi-

tional molecule in the oldik] and the new trial configuration

rl=r4d (1-28), (38  [I], respectively. The dimensionless constant
where the superscripts refer to origindd] and new trial EZ,B In 2mA°® (45)
configuration[l], 1=(1,1,1) and§ is a vector whose three K 4

components are pseudorandom numbers distributed uni-

formly on the interval[0,1]. Then one of the three axes of depends on the thermodynamic state via the{geV,T},
the Cartesian coordinate system is chosen at random and thelecular massn, and the moment of inertiawhich can be
molecule is rotated randomly by a small angle increment cast analytically as
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TABLE I. Technical details of the GCEMC simulations.

Temperaturel * 1.25
Thermal de Broglie wavelength for given temperatuké, 0.0663
Chemical potentiap* —10.1 (film);
—10.1,-8.1, — 7.1 (bulk)
Lattice constant of the fc€100) walls, I * 1.90
Side length of simulation cell in the-y plane,s* 11.422
Axis ratio of fluid moleculesk;; 3.0
Ratio of potential well depthsug;), «i; 5.0
Potential well depth ofi,, for 4L (%, ug, 1.0
Ratio of potential well depthsugy,), xi,, 25
Starting configuration random
Number of equilibration steps (1-0L.5)x 10’
Total number of MC steps (2-03.0)x 10’
Cutoff radius for fluid-fluid interaction,r;)* 4.0
Cutoff radius of neighbor list 4.5
Cutoff radius for fluid-wall interaction,r§,,)* 3.44
Thickness of imaginary layer used in computatiorpadindh, Az* 0.05-0.12
Interval ofu? used in computation dfi, Au? 0.05
I 1 determined once¢s; and «¢; are specified. To determine
—= 550 A1+ «y) (46)

m_ 20 orw(Tij ,U;) we express the zero afy,, for configurations
Fijj_ﬂi as
for ellipsoids of revolution. S R

Out of convenience we introduce a potential cut(fée Tiw: = (owt o71)/2 (48)

Table ) and modifyu;; andus,, so that both potentials van- , s
o0 : . . for purely geometrical reasons wherg denotes the “diam-
ish identically at intermolecular separations equal to or larger

than this cutoff. Specifically, we replacg; in the GCEMC eter” of a wall atom. In the same spirit we write

simulations by 02, = (ot 0512 (49)
0, rij=rg for configurations?inGi. In addition, equal “volumes” for

sim A a A s fluid molecules and wall atoms are assumed, so that
us'=9 ©, rij—og(rij Ui, U+ o0
Urg(Tij .Uy ,Uj) = Uge(r ey .0y, Up),  otherwise, o= (i) of= ow=330%, (50
“7 and afW(Fi(jk) ,Gj) is completely determined. Equatiof#8)—
(50) are, of coursead hocassumptions but do not seem to be
too unreasonable especially in view of the lack of more re-
fined potential models for the interaction between wall atoms
and film molecules. However, two undetermined parameters
femain, namelyef, and «{,,= €;,/ €5, [s€€ Eqs(11)]. In
this article we takee,, = €f; and i, = k{;/2 favoring an
alignment of the microscopic director parallel with the wall.

wherer§; : = of;+ of; . We note in passing that{" is set to
infinity if the denominators in Eq4) become negative. This
is necessary because the Gay-Berne potdiii@l(4)] has an
unphysical minimum for strongly overlapping configurations
of a molecule pair, a deficiency of the Gay-Berne potential
which is due too(r;;,U;,U;) and rarely discussed in the
literature. It obviously leads to nonsensical results especiaII)i.he impact of other choices fdie,, ,€5,} is planned to be
in simulations involving particle insertions but may also af'discussed in a separate publicatf[(gz’l] fw

fect complementary approaches based on, say, density func= The simulations were performed With a fully vectorized

tional theory or integral equations if the limits of integration GCEMC program incorporating neighbor lists on a Cray

are chosen improperly. The fluid-wall potential is modified . .
the same way and replaced b which involves, however, J932 where a typical run of IMC steps takes about 70 min

A _ S of CPU time.
on(rij,b;) andrf,:=of,+ o}, instead of o (rij, Ui, uj)
andr{; in Eq. (47). Becauseusi" and ug,' are short-range V. RESULTS
potentials we employ minimum image convention and peri- _
odic boundary conditions in all three,fy,z; bulk phasg or A. Isotropic bulk phase
two (x,y; confined film dimensiong26]. For the special caser;=3 andx{;=5 the phase diagram

(Al results presented below are obtained fofi =3 and  of the bulk Gay-Berne fluid was meticulously determined by
xi¢=5. From Eqs.(5)—(8) one notes that in reduced units Chalamet al.[22]. It reveals the rich phase behavior typical
(see aboveo(r;,u;i,U;) andeg(ri; ,u; ,u;) are completely  of a liquid crystal, that is, existence of various mesophases in
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6 sufficiently off the isotropic-nematic phase transition which
65 « £ . at this temperature occurs at =0.32[22]. Results in Fig.
7L o s T e 1(a) show that convergence of the ensemble average, on
75 which the estimateg is based, depends significantly onit
8l is faster at lowen because of the decreasing efficiency with
N 85 T which test particles sample regions of low configurational
B3 :9 | energy. This is particularly apparent from the discontinuous
(a) jumps in the data points fon* =0.254 which disappear
95 gradually with increasing run length, that is, with increasing
10 gt statistical accuracy. The calculateds are then used in
105 1 , GCEMC to determine the average density of a bulk phase at
-1 2 “1 é é 10 the same temperatui® Results in Fig. (b) show that this
density converges nicely to the value for whighwas de-
1076x Number of MC steps termined in the preceding canonical ensemble MC simula-
tion. Thus for relevant thermodynamic states in this work
0.255 | GCEMC is reliable.
¢W°°V
025 & o B. Stratification of confined liquid-crystal films
+ - -
0245 | 1 Turning to confined films next, a useful quantitative mea-
* sure of confinement effects is obtained through the Maxwell
s 0247 ) relation
0.235 | (®) ]
: ( &N) _A( aTZZ) 51
% I - ’
023 | %% N ISz) 1 m i Tis, A
0.225 : : : :
0 2 4 6 8 10 which follows directly from Eq(12). Since
107%x Number of MC steps lim T,(s,)= lim T;;(SZ)Z ~P, (52)

S;—® S;—®
FIG. 1. (a) The chemical potentigl obtained by the test par-
ticle method as a function of the number of steps in a canonicathe partial differential on the right hand side of E&1)
ensemble MC simulation atT*=1.25; n*=0.2274 (d), reduces to its bulk counterpdd7]
n*=0.2480 (+), n*=0.2545 (¢). (b) The number density
n:=(N)/V as a function of the number of GCEMC steps at JdPy
T*=1.25;u*=—10.1 ), p*=—8.1 (+), u*=—7.1(0). The ). =M (53
horizontal lines refer to the constant chemical potential of a corre- v
sponding GCEMC simulatiofa) and to the density employed in a

canonical ensemble MC simulatidh), respectively.

in this limit whereP,, andny, denote the pressure and density
of a corresponding homogeneous bulk phase, respectively.
Thus it proves convenient to introduce

1 (a(N)

r=-—
Any\ ds,

addition to an isotropic phagsee Fig. 17 irf22]). Thus for
a given temperatur€ and densityn one knows the nature of
the phase to which a particular thermodynamic state pertains.
If one wants to perform a GCEMC simulation for this very
state, however, one does not need its density but the state
variable conjugate to it, that is, the chemical potentiallt ~ as the relative “rate” at which the confined film imbibes
can be computed for a givefi andn via the test particle matter from a(virtual) reservoir ass, varies with respect to
method in a MC simulation in the canonical enseni@g].  the (constant absolujebulk imbibition “rate.” Because of

If this so-determinedk is utilized in a subsequent GCEMC this definitionr <1 refers to states for which imbibition is
simulation one can compute tlhweragedensity of the same hindered relative to the bulk whereas imbibition is enhanced
thermodynamic state now specified uniquely by the seif r>1. The origin of any deviation af from its bulk value
{u,V,T}. Based upon the hypothesis of equivalence ofof one must be related to a microscopic structure of the film
statistical-physical ensembl¢86] one expects thaverage differing sufficiently from that of a corresponding bulk phase
density from GCEMC to equal thfixed density of the cor- at the samel and . Since the thermodynamic state is the
responding canonical ensemble MC simulation within statissame for film and bulk, a different structure of the former can
tical accuracy. Applicability of the hypothesis is, however, only be induced by the walls so that in this sensg a direct
not guaranteea priori but expected for states characterizedmeasure of confinement.

by a correlation length sufficiently smaller than the micro- For a thermodynamic statg*=1.25, u*=-10.1 to
scopic dimensions of the simulation cell. For three differentwhich the remainder of this paper will be restricted we plot
densitiesn* =0.2274, 0.2480, 0.2545 and the temperature as a function ofs, in Fig. 2. Data points plotted in that
T* =1.25 we computeg by the test particle method. These figure are obtained by numerically differentiatiflg) from a
states pertain to the isotropic phase of the Gay-Berne fluidequence of GCEMC simulations at differgst}. As ex-

—1 (S,~x) (54

)T,,u,A
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1.5 T——tr————T—T Plots of p(z;s,) for various selected states in zones A—E
1.4 F © - illustrate stratification as, varies. Generally speaking, for
13LA|B* C | D | E i all the cases presented in Fig. 3 stratification causes the film
1oL |® ° i to be inhomogeneous, that is, its reduced local density de-
11 f k ° 4 pends ore. If s, is sufficiently small in zone A only a mono-

1 ' " 00 layer of liquid-crystal molecules fits which is located in the
09k ¢ O © i middle between the walls for energetic reasons. Going to
08 F ° ©o i zone B ats; =3.0 the contour op(z;s,) changes substan-
0.7 _®<> | tially, which can be seen by comparison of Figéa)3and

P PR T T N 3(b): even though the film seemingly consists of a mono-

25 3 35 4 45 5 55 6 layer, its peak height appears to be significantly reduced
R compared with the curve in Fig(&. The plot ofp(z;s,) in
Sz Fig. 3(b) is also broader and exhibits shoulders not visible in

Fig. 3(@. Regardless 0§, similar shoulders are never ob-
FIG. 2. The relative imbibition “rate’r of a confined film with  served for a film consisting of simple “molecules” and must
respect to a bulk reservoir at the same temperafuaed chemical  be ascribed to the molecular nature of our model fluid as we
potential u as a function of distance between the walls Zones |l demonstrate in due coursgsee Sec. IV ¢ However,
A-E are identified according to intervals sf in whichr>1 and  pefore discussing this aspect further we note from the plot in
r<1, respectively. Vertical lines separate these zones and the hor’:-ig_ 3(c) that at the end of zone B the original shoulders have
zontal line demarcates the bulk value 1. Zone E is not divided  transformed into two rather tall peaks corresponding to two

further because the deviation offrom one is small fols; =4.7. coniact stratdi.e., the strata closest to a wdind a distinctly
_ _ . . _ smaller middle peak. Thus in zerB a trilayer film appears
pectedr is a damped oscillatory function &f which oscil-  without participation of an intermediate bilayer film unlike

lates around the bulk value of one. Intuitively this makesfor a film of “simple” molecules where the number of strata
sense because confinement effects are expected to be mefigiays changes by one at certain characteristic valuss of
pronouncedi.e., the deviation from one is expected to be the[g]. In zone C the film appears to be less stratified than in
largep the smalless, is. Based upon the plot ofin Fig. 2we  zone B, which is inferred from the reduced height of contact-
divide the range of wall separations studied into differentstratum peaks and the almost invisible middle-stratum peak
zones depending on whetheris less or greater than one. in Fig. 3d). For a “simple”-fluid film such a “disappear-
These zones are demarcated in Fig. 2 by vertical lines. Thgnce” of formerly (i.e., at lowers,) already existing strata
subsequent discussion of structural aspects will be restricteghon enlargings, has not been observed. In zone D the
to representative thermodynamic states., values ofs,)  middle stratum reappears even though the height of the
identified bys; =2.5 (zone A, 3.0 and 3.4(zone B, 4.0  contact-stratum peaks in Fig.(é3 remains largely unaf-
(zone Q, 4.5(zone D, and 5.6(zone B. fected. Finally, in zone E the middle stratum breaks up into

What structural changes are expected as one moves b&vo geometrically equivalent middle strata distributed sym-
tween different zones? From previous work involving films metrically around the midplare=0 as one would expect on
composed of “simple,” spherically symmetric molecules it account of the present registration of tluiscrete walls. If,
is well known that the most prominent structural feature dueon the other hands, is sufficiently large the structure of a
to confinement is stratificatiofi7]. This phenomenon is liquid-crystal film resembles that of a corresponding
unique in the sense that it is independent of the nature of thesimple” fluid. This can be seen in Fig. 4 wheygz;s,) at
fluid-wall interaction potential and occurs whether or nots* =12 exhibits peaks corresponding to three individual
these walls are harfB8] or soft[39], structured or smooth strata in the vicinity of each wall if one scrutinizes the plot
[8]. One is therefore tempted to assume stratification to opcreatively. The remainder of the cross section between the
erate in films ConSiSting of CompIeX ﬂUidS, too. A direct mea-walls is homogeneous at the density of a bulk Gay_Berne
sure of stratification is the local densityf. Sec. ) defined as  fjuid kept at the sam& and u. According to the exposition

at the very beginning of the paper, this is expected at suffi-

e (N(z;s,)) ciently larges,. Homogeneity of the cross section is, of

p(Z;8,):= TAAz (55 course, a consequence of the particular thermodynamic state
which belongs to the isotropic phase of the bulk Gay-Berne
fluid.

where (N(z;s,)) is the average number of film molecules
located in a thin slice of widtlAz (see Table)l centered on

z and parallel with the walls. We note that generalthe C. Orientational effects
local densityp(r, ;s,) is a function of molecular orientation

. . From the discussion in the preceding section it is evident
w because of the anisotropy of film molecules and\afc- b g

i X . that the structure of a confined liquid-crystal film differs
tor) position r because of the corrugation of the walls in g0, that of a corresponding “simple”-fluid film in three
transverse directions. However, since we are mainly CONfimportant aspects

cerned with stratification for the time being, it seems permis-
sible to average(r,w;s,) over thex-y plane and to inte- (1) Stratification is less pronounced, that is, even for very
grate it over all orientations. The result of these operations is  thin films individual strata are spatially less well local-
p(z;s,) where we introduce the overbar to emphasize them. ized and not resolvefsee Figs. &)-3(f)].
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FIG. 3. The reduced local density(z;s,) [see Eq.(55)] as a function of positiore/s, between lower #/s,=—0.5) and upper
(z/s,=0.5) wall. (8) s;=2.5 (zone A, (b) s;=23.0 (zone B, (c) s;=3.4 (zone B, (d) s} =4.0 (zone G, (e) s; =4.5 (zone D, (f)
s; =5.6 (zone B. See Fig. 2 for a definition of zones A—E.

(2) In some casefsee, for instance, Fig.(B)] stratification  at z with a particular orientationf(z,u?;s,)dzd\f, where
begins closer to the walls and not out in the mid@lee  u, is the cosine of an anglé between the microscopic di-
Fig. 2 in[10]). rectoru and thez axis. From an operational point of view

(3) Upon enlargings, the number of individual strata does
not always change by one at certain characteristic values

2.
of s, [see Figs. @-3(c)]. f(zu2;s)= (N(z,uz;s,))

(NYAzAUS (56)

Thus besides stratification some other mechanism must af-

fect the microscopic structure of a confined liquid-crystalwhere(N(z,uz;s,)) is the average number of molecules in a
film. Because of the molecules’ anisotropy it seems naturalhin slice of widthAz centered orz with an orientation in
to expect orientational effects to be important in this respectthe intervall uZ— AuZ/2,u2+ AuZ/2] (see Table)l The argu-
Therefore we introduce the probability of finding a moleculement u? (rather thanu,) of the probability density
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FIG. 4. As Fig. 3 but fors} =12.0.

f(z,u?;sz) takes notice of the nonpolarity of Gay-Berne
molecules. On account of its definition?= 1.0 if the micro-
scopic directoru is parallel with thez axis (i.e., for mol-
ecules homeotropically oriented with respect to a wall
u§=0.0 if the microscopic director is perpendicular to the
z axis (i.e., for molecules lying in planes parallel with the
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layer, the plot in Fig. &) indicates a preferential molecular
orientation parallel to the plane of the wallsﬁ(: 0). Since
the hyperplaneh(z,ui ;S,)>0 over a finite range of orienta-
tions, parallel alignment of microscopic directors is not per-
fect which is, of course, due to thermal motion. In zone B the
structure of the film becomes more complex as can be seen
from Fig. 5b) whereh(z,u§ ;S,) has a bifurcation at small
uZ and a maximum ati>=0.25 andz=0. Thus in the im-
mediate vicinity of the walls a small fraction of molecules
tends to align their microscopic directors parallel with the
plane of the wall which is inferred from the double-peak
structure at smalug, while the majority of molecules, still
located at the center of the filne€0), appear to be tilted
with respect to the plane of the wall. The maximum at
u320.25 corresponds to a tilt angle 6&=60° between the
microscopic director and the axis. The double-peak struc-
ture in Fig. 8b) is therefore responsible for the shoulders in
p(z;s,) discussed previousljsee Fig. &)]. At the upper
bound of region B the bifurcation has shifted to higher val-
ues ofuZ and so has the maximum b{z=0,?;s,) in Fig.
5(c) indicating that at the center of the film molecules tend to
align their microscopic director more and more parallel with
the z axis as space between the walls becomes increasingly

walls). However,f(z,u2;s,) is not immediately suitable for available(i.e., with increasings,). In the immediate vicinity
our purposes which can eas”y be Comprehended by Consi@.f the walls molecules prefel‘ a more parallel a“gnment W|th
ering a homogenous isotropic phase with no distinguishe¢he walls as revealed by two well-separated peaks in

molecular orientation. One may then write

f(z,uZ;s,)du=fi(U)duZ

=ZCJ2WJarCCOS‘/u—§
0 al
1

sing do d¢

[2 2
rccos\/u; +du;

corresponding to the intervdluZ,u2+du?] on the upper
hemisphere of the unit sphere. The constant of normalizatio
c is determined such that

1 (s,
f f fiso(ui)dz d'f:l'
0Jo

(58)

Thus even though the physics does not distinguish any pa
ticular orientation f iso(uf) apparently varies in proportion to
|u,|~1. It is therefore sensible to introduce a reduced distr
bution function

fzulis)  2s, (N(ZUZ;s,)luy
fiso(ug) <N> AZAUZ

as the quantity of prime interest. Clearly(z,u?;s,)=0 in
spatial regions inaccessible to film moleculésg., very
close to a wal, h(z,u2;s,)=1 for all {z,u?} if the distribu-
tion of microscopic directors is isotropic, arhz(z,u%;sz)
#1 if this is not the case. Plots df(z,ug;sz) in Fig. 5

h(z,u?;s,):= (59

h(z,u?;s,) in Fig. 5c) in the limit u>—0. Because mol-
ecules with a parallel orientatidmvith respect to a wallcan
move closer to that wall due to their cigarlike shape, the two
maxima inh(z,u?;s,) for u below the bifurcation move to
positions|z/s,| which are the larger the lower is. In zone
C the orientation in the middle layer is rather diffuse but the
bifurcation in Fig. %d) is still visible and has now moved to
even Iargerug. The maximum inh(z=0,u§;sz) is located
almost atu?=1.0 so that molecules in the middle of the film
are perpendicularly oriented with respect to the wall while
Inolecules closer to a wall are aligned in a parallel fashion as
one concludes from the two peaks at Iu\jl. A comparison
Qith Fig. 5(e) shows that the orientation in the middle stra-
tum changes from perpendicul@o the plane of the wal)go
parallel in zone D: the broad peak fr{z=0,u2;s,) at high
u2 now appears at low?. In zone D the contact strata are
capable of inducing their parallel orientation in the middle
}gygfor the first time. The disappearance of the middle peak
of p(z;s,) in the sequence of plots in Figs(c3-3(e) is
therefore apparently associated with a change in the pre-
ferred orientation in the middle layer from tiltdig. 5(c)]
to perpendiculafFig. 5(d)] to parallel[Fig. 5(€)]. This effect
is due to a competition between preferred orientation and
lack of space because of the cigarlike shape of film mol-
ecules. Finally, in zone E the middle stratum breaks up into
two new stratdFig. 5(f)] corresponding to molecules which
prefer to orient their directors parallel with the plane of the
confining walls.

However, in none of these cases do we observe a perfect
orientation of molecules in the film. This is particularly ap-
parent from the plots in Fig.(B) and Fig. %f) which show

illustrate the orientation of molecules as the film thickens forthat molecules in the contact layers can have orientations

the same representative states for whi€h;s,) is displayed
in Fig. 3. In zone A, where the film comprises just a mono-

ranging all the way from parallel to perpendiculavith re-
spect to the wall planesven though a parallel orientation is
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FIG. 5. Density-alignment histograh(z,uZ;s,) as a function of positiom/s, between lower #/s,= —0.5) and upper#/s,=0.5) wall
and the squarerl component of the microscopic directoby which the orientation of film molecules is specifieduff:O, the microscopic
director is parallel to the plane of the walls;uf: 1.0 the microscopic director is perpendicular to that pldaaes; =2.5 (zone A, (b)
s¥=3.0(zone B, (c) s; =3.4(zone B, (d) s; =4.0(zone G, (e) s; =4.5(zone D, (f) s; =5.6(zone B. See Fig. 2 for a definition of zones
A-E.

clearly favored because of our choice of film-wall potentialas a function of wall separatiosy. Generally speakindT,,
parameters. In general, our results fgz,u?;s,) show that  as well as its componen&,F and TF\ from the virial ex-
stratification is less pronounced than in a correspondingression are damped oscillatory functionspf As before in
“simple”-fluid film because of the gradual variation of mo- the classification of significant structural changes, the quan-
lecular orientation and lack of space due to severe Confinqny r proves useful to distinguish different regimes in the
ment. This competition prevents the number of strata frony e T,(s,) which in turn demonstrates the close relation
increasing by one as, becomes larger and causes the ficti- heweenT,, and the microscopic structure of the film. We

tious disappearance of already existing strata discussed in thgaefore identify different zones in Fig. 6 according to the
preceding section in conjunction with FigsicB-3(). The classification scheme introduced in Fig. 2. It turns out that in

parallel results in Fig. &)-5(e), however, clearly demon- regions whereg <1, T,, increases witts, while it decreases

strate that there is no such disappearance but that the Orie\';]vheneverr>1 This makes sense intuitively becaus
tation changes so that the middle stratum, which still exists . ' " o y DE £
Mmay be viewed as a measure of “ease” with which the film

b ther diff d is buried in the plop@;s,) i
Fiegco?T(;S rather diffuse and is buried in the plop@;s) in can imbibe additional matter from a reservoirsasncreases.

It is then plausible that the “rate” of imbibition in the con-
fined film relative to the bulknamely,r) should be less than
D. The normal stress one untilT,, has reached a maximum. If, on the other hand,
Clearly, the previously discussed structural features oft structural change permits the film to imbibe matter more
confined liquid-crystal films must manifest themselves ineasily beyond a certain threshdice., if T,, decays beyond a
materials properties, too. To this end, perhaps the most irmaximum valug r should exceed one until,, assumes a
teresting quantity is the normal component of the stress temew minimum. The plot in Fig. 6 confirms this notion.
sor T,, which can be measured in principle in SFA experi- Figure 6 also shows thal,, has less distinct extrema
ments[4,5]. It is obtained here from both virial and force compared with earlier results for a “simple” fluid confined
expressiongsee Eqs(30), (37)]. Results are plotted in Fig. 6 between structured wallssee Fig. 3.4.a if7]). Viewing
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0 — . . . . . . TABLE Il. GCEMC results for the film-wall contribution to
0.2 [, | the normal stres§§¥v for various distances, between the walls.

’ Parametea ands'™ are calculated from E¢60) according to the
04 | A KB C D E | o v 1

. e criterion | T3,,'/Py|<0.01.
06 | N 1 _

«N -0.8 1 Xiﬁﬂ K‘x,\'_% 1 S; TEN a SIzIm

-1r ] 4.8 —0.559 2.68 196
12t i 5.8 —0.443 2.57 188
A4 oot 8.0 ~0.323 2.58 188
16t {}4 12.0 —0.216 2.60 190
-1.8

25 3 35 4 45 5 55 6

. system limit becausgTt,"(s¥ =5.8)/P,|=0.32 is still quite

z substantial. This raises the interesting question: how large is

the limiting value si™ at which Eq.(52) approximately

FIG. 6. The normal stress componeiy, as a function of dis-  holdsi.e., at WhiChTZN(sgm)zO]? The question may be

tances, between the walls from Eq30) (), T;" (0), T;;  answered if one realizes from E€g6) that beyond a certain

(+). Lines are intended to guide the eye. The horizontal line rePTiim thickness(i.e., s,) WEW reaches a constant value due to

resents the negative pressur®, of a bulk fluid at the sam& and the finite range ofzthe Z1‘Zilm-wall interaction potential. For

w. See Fig. 2 for a definition of zones A-E. thicker films it then seems reasonable to expegte Eq.

o o (37091 T2 to increase according to
T,, as a measure of stratification, one can rationalize this

observation in terms of the more pronounced geometric mis- a
) TEw_ _ 2
match between the crystallographic structure of the walls and 27 s
the molecular structure of Gay-Berne molecules in compari- z
son with previous models in which films of spherically sym-\ynerea is some constant. From simulation data at various
metric molecules were confined between (260 walls. In \4jyes ofs, we estimate this constant in Table Il which turns
addition to the geometric m|_smatch3 stratlflca'_uon is redugeq)ut not to vary appreciably over the range of wall separations
here further by molecular orientability according to the dis-cqnsidered so that Eq60) apparently holds. Based on the
cussion in the preceding section. The influence of such geQsgtimate ofa one can calculate a limiting valuém at which

metric factors has also been noted experimentally by Ge ) . L :
etal. [5], who observed in SFA experiments with certain Eq. (52) is approximately satisfied. Taking "/ Py| <0.01

branched hydrocarbon films confined between mica surfacedS @ reasonable but arbitrary criterios;)* =190 is ob-
that oscillations are completely absent in a plot of the analo%a'”ed; which is much larger than the range of film-wall in-
of T,, versuss, while many very distinct oscillations are teractions indicating the importance of cooperative phenom-
detected if the film is composed of long-chain hydrocarbong&n@ for materials properties of confined "Ellms._ This is
which can adjust themselves more easily to the rather rigigubstantiated further by the slow decay Bf; which at
and symmetric mica structure because of their greater flexs; =12 has reached only 83% of its limiting valuePy, [see
ibility. Eqg. (52)]. That it is not unreasonable to expect an impact of

One may also verify from Fig. 6 that the sum the walls over distances of several tens of molecular “diam-
TP P+ TP agrees nicely with the force expression o, as ~ €ters” is corroborated also by results for self-diffusion in a
required(see Sec. Il A. The agreement is nearly perfect up “simple” fluid confined between fcc(100 walls. At
to s;‘ =4.2 and does not exceed 4% even at the |argest Waﬂ: =30 the self-diffusion CoefficieriDH for the diffusion of
separation. However, we deliberately refrain from plottingfilm molecules located halfway in between the walls and
T,, from Eq. (37) a|ong with its force counterpart because mOVing ina “plane” parallel with the walls exceeds its bulk
we do not want to overload Fig. 6 and, more importantly,counterpart significantlysee Fig. 5.3 irf 7]).
because plotting the component§! and TPV separately
permits more interesting conclusions. First, one notices from V. CONCLUDING REMARKS
Fig. 6 that even as; =5.8, T,, has not reached its large-
system limit— P, [see Eq(52)] and, furthermore, does not

S

(60)

In this paper we present results from GCEMC simulations
o . . f molecularly thin confined Gay-Berne films. These are
exhibit a clear ter;%'e”cy tc;vv\\/la_rd 't.' This can be understoo imulations o%/a confined liquid cr))//stal under conditions en-
from the plot ofTZ_Z andT,," in Fig. 6 which are almost countered in complementary XSFA experiment®]. In
monotonous functions a$, beyonds; =4.6 having small, {hege experiments the confined film is open to a bulk reser-
nearly equal slopes of opposite sign. Thus when summegy;r \ith which it exchanges matter, work, and heat. To
these slopes cancel partially resulting in an even weaker glgyimic these conditions in a computer simulation, the grand
bal dependence df, on s, which we are unable to detect canonical ensemble is well suited because it permits one to
given the accuracy of the data. Second, it follows from Eq.compute properties of both film and bulk reservoir separately
(5F2F) that the I|m|.t|ng.value;V\I/3b should be assumed by nder experimentally relevant conditions, i.e., fixed tempera-
T;, alone, that is, lig_...T;;=0. The plots in Fig. 6 tyre T and chemical potentigk in both subsystems. This
clearly show thas} =5.8 is apparently way below the large- approach views the film as infinitely large in the plane par-
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allel to the walls and therefore ignores edge effects at filmFig. 3.5 in[7]) individual strata appear generally to be spa-
bulk contact, which we believe to be a rather mild assumptially less well localized and overlafcf. Figs. 3b)—3(f)].
tion. The reduced degree of stratification is also seeh,irwhich

The results presented here give clear evidence of a higbxhibits less distinct oscillations with varyirgy compared
degree of structural complexity in liquid-crystal films on ac- with a film of “simple” fluids. However, T,(s,) compares
count of the orientability of film molecules. Orientations can qualitatively well with results obtained in SFA experiments
be analyzed best in terms of density-alignment histogramhich involve a liquid-crystal film whose corresponding
h(z,u?;s,) since Gay-Berne molecules are nonpolar. Thebulk phase is isotropic, tof#0].
histograms show that the microscopic structure of molecu- Besides confinement and mismatch between wall and film
larly thin liquid-crystal films is a consequence of a competi-structure, the thermodynamic state has a significant impact
tion between the orientation favored by the film-wall inter- on stratification. For example, if the thermodynamic state
action potential and spatial constraints, that is, lack of spacegaertains to a smectic or nematic bulk phase, more stratified
The observed orientations are solely due to the presence 6fms are conceivable. Smectic films, which are the subject of
(discrete walls because the thermodynamic state of a correprime interest in recent XSFA experimeri,11,17, are,
sponding Gay-Berne bulk phase pertains to the isotropitiowever, difficult(if not impossible to investigate within
phase where no particular orientation is distinguished. Howthe present GCEMC framework because of their large den-
ever, details of wall-induced orientations in a liquid-crystal sity and high degree of order, which renders the conventional
film will depend on the orientation favored by the film-wall addition-removal step of the GCEMC algorithm very ineffi-
potential, that is, the choice of;, and «i, in Eq. (11).  cient.
Depending on their value, homeotropic or parallel orienta-
tions of the microscopic directar with respect to the plane
of the walls may be realized which then have to compete
with packing effects. In this paper we concentrate on walls We are indebted to Professor Siegfried HEBschnische
which tend to align film molecules in parallel planes. In aUniversita Berlin) for his generosity, constant interest, and
separate publication we plan to study the impact of othesupport of this work. Professor M.P. Allefuniversity of
parameter sets for the film-wall potential on the microscopicBristol), Professor D.J. DiestleUniversity of Nebraska-
structure of confined liquid-crystal filmg34]. Within the  Lincoln), and Professor S. Hess are acknowledged for criti-
context of the present study, however, it seems worthwhile teally reading the manuscript and for discussions which we
stress that unIikeh(z,ug;sZ) the (reducedl local density enjoyed during the course of this work. We are grateful to
p(z;s,) is not too well suited to characterize the microscopicthe Sonderforschungsbereich 331 “Anisotrope Fluide” and
structure of a confined liquid-crystal film under current con-the Deutsche ForschungsgemeinscHBEG) for financial
ditions. This is becausp(z;s,) is primarily a measure of support. Computations were carried out on the Cray J932 of
stratification which is not too strong here in most casesthe Konrad-Zuse-RechenzentrufBerlin) which we ac-
Compared with films composed of “simple” moleculésee  knowledge for a generous allotment of computer time.
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