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The role of surface fields in determining a local order parameter in the vicinity of the liquid
crystal-vapour interface is determined, and an expression is obtained for its spatial variation
in regions of molecular anisotropy. The consequences of differences between the bulk and surface
order parameters are investigated, and are found to be responsible for a wide variety of phenom-
ena related to the surface tension and entropy of liquid crystal systems.

1 INTRODUCTION

Molecular fluids having an anisotropic pair interaction have been shown
to develop an orienting torque in regions of structural inhomogeneity, in
particular at the free-liquid-vapour interface!*?>-¢ where the existence
of a strong density gradient establishes a surface orienting field. The existence
of surface orienting torques may be inferred from the competitive interaction
between the entropy term in the surface excess Helmholtz free energy which
favours molecular disorientation, and the energy term which favours a
specific orientation in the surface field arising from the bulk fluid. Whether
oriented molecular states will develop depends upon the details of the density
transition profile, the pair interaction and the temperature. For molecular
systems whose shape is no more than a perturbative departure from sphericity,
there is some evidence for weakly oriented surface states. Liquid nitrogen,
for example, appears to show a tendency for alignment of the molecular axis
parallel to the liquid surface.? These calculations, however, also predict
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normally oriented vapour states just above the free surface which is somewhat
difficult to understand physically, although the effect may be almost certainly
ascribed to the use of inconsistent one and two-particle distributions and
the use of an interpolated pair distribution which is too heavily weighted
towards the bulk liquid distributions in the vapour side of the dividing
surface.’

For strongly anisotropic molecular fluids Parsons® has determined the
surface tension of a nematic liquid crystal system working in what is essen-
tially the Kirkwood-Buff approximation. Whilst providing some insight into
the molecular processes operating at the liquid surface, certain of the assump-
tions are sufficiently restrictive as to suppress a number of qualitative features
which arise from local surface variations in the order parameter. In the second
section, this model, which is qualitatively very similar to the ansatz proposed
earlier by Croxton and Chandrasekhar, is used to yield the surface tension-
temperature characteristics of smectic, nematic and isotropic liquid crystal
systems.

2 SURFACE VARIATION OF THE LOCAL ORDER PARAMETER

Whilst the orientation of the director is arbitrary in the bulk fluid, the effect
of a bounday—in particular a free surface—is to break the translational
symmetry of the system, whereupon both the local density and the orienta-
tional distribution will modify and depend upon the location of the molecular
centre relative to the Gibbs dividing surface which is located such that

[ tor = puenez = [ B - e

Moreover, the direction of the director fi modifies in the vicinity of the surface
for purely geometrical reasons and we may therefore expect the surface excess
thermodynamic properties to depend upon fi at the surface. Far from
boundaries, and in the absence of external fields, the bulk liquid order
parameter is defined as usual by

1 1 1!/2
mo=g3costf— 1> f BGeos? 0 — )f@sin6d6 (1)
g

where 0 is the molecular orientation relative to the local director, and where a
thermal average has been taken over the set of internal orientational states
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characteristic of the bulk. At the surface, however, the intervention of inter-
facial torque fields leads us to expect that a more general order parameter
n(z), will be necessary.

We specify two cartesian coordinate frames, the first having its z-axis
coincident with the surface normal k, and its xy plane defining the Gibbs
dividing surface. The second coordinate frame (&, n, {) is fixed with its {-axis
along fi, the local director field axis. In the case of perpendicular orientation
of the director (ii-k = 1), for example, the two coordinate frames are
simply related by spatial translation: both the z and { axes are parallel.

The surface tension may be expressed in terms of the local excess Helm-
holtz free energy a(z,); per particle

ve = fw afz0)a P2z, ©

where, for rigid molecules with pair interactions u,, depending only upon
the centre of mass vector r,, and the set of molecular Euler angles (¢, 0, )3

Ou Ou
poteiates = = 3 [[fl 22 - xa 322

X Pay21 Fi25 €, &)4 dé} dé3 d’ry, (3)

Xy, and z,, represent the components of the vector r,, linking the two
centres of mass and &,, €, denote the sets of Euler angles for the two molecules
d*é, = sin 6, d6; d®; dy;. Obviously the distribution amongst the states of
the two interacting molecules will, in the vicinity of the surface, depend upon
the location of their centres and the direction of the local director: f(&,, z,);,
f(&,, z,)i. We assume the orientation of the director varies slowly through-
out the interfacial region, which would appear to be a reasonable assumption
since the bulk correlation range of the director is typically > 103 A.

To make further progress we must decouple the two-particle distribution
P21, T12; €4, &), which, in a region whose local director field is i, repre-
sents the probability of finding molecules 1 and 2 in the configuration
(21,1, €4, &). If, in the spirit of the mean field approximation, we assume
that there is no angular correlation between neighbouring molecules, then
we may write

Pyz1, ¥y €,8) = p(l)(zl)p(l)(ZZ)f(éZa 208 f(85, Zz)ﬁg(z)(zu rp). 4
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where p;,(z) is the single particle density distribution of molecular centres
relative to the Gibbs surface, and g,(z;, ry,) is the anisotropic radial
distribution function. We point out that even in the bulk g, (—o0,r;,)is a
strongly anisotropic function. The induced dipole pair interaction may
generally be written in dyadicnotation which we adopt as our total molecular
interaction function:

U A A
Upp = _r_(ef‘f"ez)z; v>0,r=1r,] )
6

where T is the symmetric tensor T= (T— (3rr/r?)) and T'a unit tensor:
0 RxRx Rx Ry Rx RZ
0} —3| R,R, RyR, RyR,
1 R.R, R,R, R,R,

T=

o O =
O = O

RZ

Now that the two particle distribution has been decoupled (4), the angular
averages over f(&,, z,); and f(&,, z,); may be performed. Assuming the pair
distribution g,,, scales as o/r, where o is the collision diameter for a particular
orientational configuration, the field particle will sample more widely
varying regions of 5(z) in the case fi- k = 1, compared with - k=0, fora
given density profile. So clearly f(&,, z,) will depend upon .

In a mean field approximation we set

f(éZ’zl)ﬁ zf(él’zl)ﬂ (6)
which is likely to be reasonable provided 5(z) varies relatively slowly.

v
Wepe; = = g6 (Ti+ T2, + T3 + n(z)[4T3 + 2T% + 2T,
— 2T} — 2T} — 4T3,]

+ n*(z)alTE + TE, + 2T + 4TE —4T% —4TED (T)

where T, are the cartesian components of T The local order parameter is
now defined as

n(zis = % J://2(3 cos? 0 — 1)f(0, z,)a sin 0 dO (8)
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where, as before, 8 is the angle which the long molecular axis makes with
respect to the local director (c.f. (1)). Note that now {u)¢, ¢, if a function of z;
and f. We also point out that for mechanical stability the term
215(0u5/0215)p )21, 5 84, €2)s In (3) is independent of z; and, moreover, in
either bulk isotropic phase we have

Ouy, Ouy,
Zyg 5 2z, P(:)("‘OO r;8,8) =x,— o, P(2)(+°O r;&;,¢,) )]

We take the d-distribution to be f(z, ®;), and we define the integrals

2n

cfz) = f(z, @), cos’ © dD
0

2n

s{z)= | flz, ®);sin’ ddd (10)
[0}

2n
csifz) = f f(z, @), sin’ @ cos’! ® d®
(4]

The general case of arbitrary orientation of the surface director #i is
difficult to analyse. However, two specific cases fi- k=1and i-k=0,
corresponding to parallel and perpendicular orientation of the director
relative to the surface may be more readily discussed.

(a) i-k = 1 (perpendicular orientation of the surface director) In this
case we make the transformation of axes & » x, 7 > y, { = z, and also
transform to a cylindrical polar coordinate frame with @ along the polar
axis. For the case fi-k = 1 then since the molecules are cylindrically sym-
metrical, /(z, ®), = f(—o0, @), = 1.00, and we have from (10)

T
C2=52=7[ C322=Z
3n Vs

Cq4 = 84 = y CSy4 = g (11)
Sn T
CG—-S6=? CS42=§
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We may now average over the @ distribution, whereupon (3) becomes, after
some tedious analysis,

@© /2 © _
payzialz) = — f dz f sin 6 d6 f rdr ———:)
— 0 |z| 9r

15 15
X {[P(z)(— 0|pL) — Pz l')][‘ ”2? cos® 0 sin* 0 + _4_7z sin® 0

+ cos? 6(1 + 2 cos? 8 — 5 cos* 0) — msin? 9(1 + %sin2 6) ~ 5mcos* 0]

. 15n .
+ 2[pa—olpnL = Pz, HN(2)] [ISn cos®  sin* § + Tn sin® 0
— sin? (5 cos* @ — 4n + 11 cos? B) — cos? B(3 — 11 cos? 6 + 10 cos® 0)]
+ [paf—om: — p(z)(zl)nz(z,)][—h sin? 0 cos20(1 + 10(sin? 8 — cos? #))

5 1
+ ; sin® 8 — —;E cos? 8sin* 8 — 2 sin? 6(55 sin? @ + 7€>

— 6cos? 0 + 20 cos* O(1 + cos* O(sin? § — cos? 9))]} (12)

where we have used (9) and the decoupled form (4) for the two-particle
density distribution.
Formally

Payz1, 1) = P(1)(Z1)P(1)(Zz)g(2)(21, r) (13)

and it remains to specify p(;,(z;) and g,)(z,, r). For near linear density
profiles we may expand the single particle density about p,(z,), where to
first order:

o)
P(l)(zz) = (P(1)(Z1) + 212<J%'Zl)) )5 (14)

such an approximation has been shown elsewhere’ to be reasonable even
for sharp density transitions, and for g,,(z,, r,,) we adopt the closure

9221, 1) = 0.5g)[r|p1y(21)] + 0.5g2)[r]p1)(z2)] (15)
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which is invariant to particle exchange (symmetrical) and is asymptotically
correct for slowly varying profiles. The two functions g,,[r[py(z,)] and
gd)lrlpayz2)] in (15) may be related by the Ornstein-Zernike equation,
using (14):

0
gz ) =14 c(r) + [,0(1)(2,) + %zlz(p(al—z)(lzl)) ]F(r)

o,
= g lrlpae)] + z(l’-fgf—)) F() (16)

where F(r) = | c(ry3)h(r,3)d3; F(r), c(r) and h(r) being the indirect and total
correlation functions, respectively. Implicit in the approximation (16) is the
assumption that ¢(r) varies more slowly with density than does pF(r). It is
known that the direct correlation function is, in fact, a very strongly density-
dependent function at small r but almost exactly opposed by pF(r) in the
strongly density-dependent core region, The two functions always occur in
product with r2 whereupon the core behavior is virtually suppressed. Thus,
the principal contribution in (13) arises at intermediate to large r, where the
approximation is likely to be reasonable. We may formally integrate (13)
to yield the local excess Helmholtz free energy density:

pafzafzy) = —pi[AL + nBL + 13 C,]
+ P(zl)(z1)[AL(21) + n(z,)B.(z1) + ’12(21)CJ.(21)]

a 2
+ Pu)(zl)(”*p(%) [D(zy) + n(z)Eu(zy) + ’72(21)GL(Z1)]

1 (17

where the coefficients 4 ,(z,),..., G,(z,) represent the results of integrating
(12), following the insertion of (15) and (16). In the absence of explicit
expressions for the one and two-particle correlations it is difficult to obtain a
more specific description of the interfacial structure and the associated
properties. However, we are able nevertheless to gain considerable insight into
the statistical thermodynamics on the basis of these formal expressions, as
we shall demonstrate below.

b) #i-k = O (parallel orientation of the director) Making the transforma-
tion { — x, n — y, £ — z, we obtain the analogous expression to (12) for the
surface excess Helmholtz free energy. The formal expression is inordinately
complicated, the more so since the simplifications (11) cannot be incorporated ;
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it serves no useful purpose to write the expression out explicitly here, except
to say that it shows a similar dependence upon #, 5(z), poy(—o0,r) and
Pyz1, 1) as in Eq. (12). Similar reasoning as for the perpendicular case
yields the formal result

payzagzy)y = —pilAy + nBy + i C]
+ P(21)(21)[A||(Z1) + n(z)By(zy) + ’72(21)C||(21)]

2
+ P(1)(Z1)<€%> [(Dy(zy) + n(z)E(zy) + ’12(21)Gi|(z1)]
1 zZt

(18)

where the coeflicients 4(z,),. .., G(z,), represent the result of the integra-
tions following the insertion of (15) and (16).

Although Egs. (17) and (18) are purely formal results, they do nevertheless
show that the local free energy density has limiting Cahn-Hilliard “square-
gradient” form in the high temperature isotropic phase’ (1 = n(z,) = 0)
when p;)(z,) is a slowly varying function of position, whilst in the nematic
phase the Cahn-Hilliard form is modified by terms proportional to 5(z,) and
n%(z,). Unfortunately, in the absence of any knowledge of the distributions
f(z, @) and g,)[r|p(z,)], it is difficult to be more specific regarding the co-
efficients A,...,G appearing in Egs. (17) and (18). However, physical
considerations lead us to require

A“ = AJ_ >0
Ay(zy) = A(z) > 0 (19)
Dy(z;) = Dy(z,) >0

since in the high-temperature isotropic phase (4 = 0) the Cahn-Hilliard
result must be recovered regardless of the director i in the nematic phase.
Which of the two molecular orientations, parallel or perpendicular, (or
indeed some intermediate orientation) yields a.lower free energy depends in a
subtle way upon the relative magnitudes of the coefficients 4, ..., G and
unfortunately cannot be ascertained from these purely formal results.

Two further simplifications may be made by setting

dolrlpayz)] = g{})(r) (20)

in (16), where g3, is the bulk liquid crystal pair distribution. Such an approxi-
mation is likely to be reasonable for low temperature nematic systems
possessing a relatively sharp surface density transition. Secondly, if we
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neglect the z dependence of the @ distribution (which is strictly valid for
k- = 1.0 and a reasonable approximation for k - fi = 0), then we find
dpz)Y
P(1)(21)as(21)||,1 = A|1,L[P(21)(Z1) PL] + Dy, lp(1)(21)( ml !

zy

+ By, L[Pu)(zx)’?(ﬁ) - pL’?L] + Ej, LP(1)(Z1)(M) nz,)

21

+ ’12(21)P(1)(Z1)[c|1.1 + G||,L(P/(Z1))§,] (21)

where the |(L) subscripts are adopted consistently throughout. The first
two terms on the right-hand side of (21) represent the surface excess Cahn-—
Hilliard Helmholtz free energy of a disordered liquid (n = 0), whilst the
subsequent terms represent the modification of the Cahn-Hilliard free
energy due to surface orientational order. For a given bulk order parameter
1., and a given density transition profile p(z;), we should determine the
local order parameter #(z,) which minimizes the left-hand side of (21). Thus
if we assume that only a(z;); ; is a function of 5(z,), then for given 5,
minimization of the free energy density yields

—(By, 1p1y(z1) + E||,L[P'(Z1)]2)
2Cy, . + Gyl (z )]

If however, we assume that #(z,) varies slowly across the interface, we may
attribute the spatial variations of the orientational contributions to the
surface excess Helmholtz free energy directly to the terms pd,(z,) and
P21 X0p1(21)/021)2, neglecting terms of second order in :

0p1)zy)
puzDadzy)y, L ~ Ay, 10p{zs) — pE1 + Dy, Lp‘”(z‘)< “z)l l )

n(zy) =

Z1

2
+ Bu,i[an(zl)ﬂ(Zl) — pinl + Eu,lpu)(zl)(gp%(lzﬁ) n(zy)  (22)

zy
It is on the basis of this expression that the analysis of §4 will proceed. The
expression (22) is very similar to the qualitative proposals for the surface
variation of the order parameter suggested by Croxton and Chandrasekhar,*
on the basis of which they predict possible features of the surface tension-
temperature characteristics which may, in principle, arise in nematic-
isotropic liquid crystal systems. We shall consider their discussion in more

detail in §4.

Minimization of the free energy for a disordered fluid (7 = 0) would
require that the signs of the first two terms be opposed (i.e. 4, ,, Dy 1 > 0).
For an ordered fluid (# > 0) the situation is not so readily assessed. However,
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we understand that the excess surface free energy to be determined on the
basis of the conventional competition between interfacial sharpness and
interfacial delocalisation (as in the Cahn-Hilliard analysis) except that here
the two components additionally have implications for the surface order:
localisation tending to impose an orienting torque, delocalisation tending to
disorient (see Eq. 45).

3 THE KIRKWOOD-BUFF MODEL OF THE NEMATIC LIQUID
CRYSTAL SURFACE

Few conclusive results may be drawn on the basis of the purely formal
analysis of the preceding section: further progress requires more drastic
approximation before the expressions (17) and (18) become amenable to
discussion. Parsons!? has considered what amounts to the equivalent of a
Kirkwood-Buff analysis, but appropriate to nematic liquid crystal systems.
In his treatment, Parsons assumes that the nematic liquid crystal retains its
bulk density p; right up to a planar surface of density discontinuity beyond
which the fluid density is assumed to be zero.
Thus, as in the case of a simple fluid in the KBF approximation,

pPayz) = pr z<0
py2) =0 z>0 23)

p(z1, 0125 €1, €205 = Py (21)P1)(22)d2)(X; &1, €5)

where g\(r; €5, €,) = g\ (1) f(6;) f(0,), it being assumed that the orienta-
tions 6, and #, are uncorrelated and that the bulk two-particle distribution
is isotropic. The mean field distribution of orientations is, of course, related
to the bulk order parameter 7, as follows

i2

= % J (3 cos? 6 — 1) f(H)sin 6 do (24
0

The above assumptions are identical to the original KBF step model of the

liquid surface, with the additional assumption that the uncorrelated orienta-

tional distributions f(6,), f(8,) are not modified in the vicinity of the transi-

tion zone which, of course, they should be.

Further, and more seriously, the bulk order parameter #, is assumed to
remain constant up to the dividing surface, and the radial distribution function
retains a simplified bulk form g,,(r) up to the interfacial plane. Clearly suchan
approximation which assumes that neighbouring molecules are spherically
symmetrically distributed about the origin molecule is inappropriate to a
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liquid crystal system. Nevertheless, its adoption enables the integrals (17)
and (18) to be evaluated with the final result

2 .,
Y=ol +3nm+ 1
3 6 3 ® 1
— 2 d
4 g ?O—ZWPLU 09(2)(7')? r
Y¢=V0[1‘§’1+ﬁ’12:| (25)

corresponding to perpendicular and parallel orientation of the surface
director. It is immediately apparent that y, > y;, whereupon Parsons
concludes that the molecules align parallel to the liquid surface, and that the
surface tension for such a system will show a discontinuous increase across
the nematic-isotropic phase transition, when n — 0:
Ay 4 8
L= — Ay + — (Ay)? 26
; g A1+ 5 (An) (26)
where A = /(T < Tnp) — (T 2 Ta)-
Since 1 = 0 in the isotropic phase and ~4(T < Ty in the bulk nematic
we have

A L 10y
y

The small decrease in density which accompanies the transition is expected
to be substantially less than that due to the discontinuous variation in the
order parameter.

The difference in free energy between the parallel and perpendicular
orientations

Yo=Yy _ " n
LTS S o i T il
Ve 9(0 6) 27N

is, on the basis of this model, quite substantial; this suggests that the surface
molecules are strongly anchored in the parallel configuration, and are
unlikely to modify their orientation with temperature to any significant
extent. Such a conclusion has been verified for p-azoxyanisole and n-p-
methoxybenzylidene p’-n-butylanilene although in the latter case the long
molecular axis is inclined at about 75° to the surface plane, which does not
concur with Parson’s prediction. There are a number of possible explanations
however, the simplest being that the dipole axis of the molecule does not
coincide with the geometrical axis. In a more recent analysis, based on the
Landau form of the free energy, Parsons*® concludes that polar surface order
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favours a perpendicular alignment of the molecules at the surface and this
may underlie the development of tilted interfacial directors.

4 SURFACE TENSION NEMATIC AND SMECTIC-A LIQUID
CRYSTAL SYSTEMS

The Maier-Saupe nematic mean field analysis may be extended to smectic-A
liquid crystal systems by assuming that in addition to being preferentially
oriented along the z-axis (say), is also layering in the z-direction. McMillan'2
has proposed that in this case the single particle potential in the mean field
of its neighbour is

Iz
ulz;, c0s 8,) = u{l +o cos(%)}(% cos? 6, — 1):1; ©8)

where both translational and orientational effects are now included, the
smectic layering being represented as the density wave « cos(2nz/d). For
o = 0, (28) reduces to the Maier-Saupe nematic mean field potential. d is the
length of the molecule. Now, although the minimum energy configuration
corresponds to the molecular centre of mass lying on one of the planes with
its long axis in the z-direction, there will be thermal fluctuations in the
orientation and location of the molecule. Consequently, a second order
parameter o is introduced into the single particle mean field potential:

ulz;, cos 0;) = a{l + oo cos(?)}(% cos? 6, — b (29)

i = constant > 0.

The magnitude of o characterises a particular molecular species, whilst o
is a measure of the amplitude of the density wave,

Now, the single particle Boltzmann distribution will be of the form

f{z;, cos 6;) = exp(;;f), (30)

and we may use this to self consistently determine the single particle mean
field potential. If we assume a pair interaction

i i\ 2
Vifrij, cos 0;) = — (“){CXP - (;2> }(%COSZ 0 ~ H 6D

372
Nrom 0
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where the exponential term reflects the short range character of the inter-
action, and r, is of the order of the length of the rigid part of the molecular
length, then we have

if Vi; f(z;, cos 8))dj dj
§f f(z;, cos 0,)dj dj

- afGeos* 0, - Yc3cost 6, ~

+ o cos(zz )(3 cos? 0, — 7)<cos<2d )(7 cos? §; — 7)>}

(33)

ulz;, cos 8,) = (32)

Self-consistency between (29) and (33) requires that
n=<{3cos?0; — (34

o= <cos(27; )(2 cos? 0, — & > (35)

where the z-average implied in ¢ is taken over one density wavelength, i.e.,
{8 dz.
The single particle distribution function is

ln{d ! f f exp{ [n + oo cos (2;‘2)]

x (3 cos? 0 — %)}d(cos G)dz} (36)

and the N body partition function is Zy = N In z,.

The excess thermodynamic functions of the ordered system relative to
those of the disordered one can now be readily derived on the basis of Egs.
(31), (32) and (33). For example, the internal energy per mole is

15 §& u; exp(—u;/kT)d(cos 6,)dz;

U=~ 8J5 exp(—uy/k T)d(cos 6,)dz;

(37)

= —Nia(n?® + (x0)?). (38)
The (orientational) excess entropy with respect to a disordered fluid is
S=kTInZ + U/T

an? + 2 d pt . p)
= __Nk[u('?—kT(me - ln{d"lfo fo exp<r;l [71 + oo cos(—;tf)]

(3 cos? 9 — Hd(cos H)dz}], 39)



Downloaded by [Tomsk State University of Control Systems and Radio] at 03:40 23 February 2013

232 C. A. CROXTON

and the (orientational) excess Helmholtz free energy

d ol —i
—kTInZy = —NkT ln{d_1 L J; exp{ﬁ [r/ + oo cos (2%)]

(3cos?d — %) {d(cos H)dz}. (40)

The above analysis may now be extended to yield the surface excess
functions arising from ordering relative to a disordered fluid by specifying
local order parameters 5(z), and o(z);, where we have explicitly indicated
that these will depend upon'the surface director field i as outlined in' §2. It
follows directly from (40) that the contribution to the surface tension arising
from surface excess orientational order is, per unit area,

R —kT ® B d o1
1= | putemta [
A — 0vo0

X eXp< T [nﬁ(z) + o4(2) cos(zd—z)](% cos? 6 — {,—)) d(cos 0)dz'}dz

+ k% p* ln{ f f exp(—;{ [11* + a*u cos(z—gz—,)]
G cos? b — %))d(cos H)dz’}dz “n

where p* = p,(z < 0); p* = p(z > 0), similarly #*, ¢*.

This somewhat cumbersome expression may be made physically more
transparent for illustrative purposes by linearising the functions, where-
upon we obtain to second order

72

— to 2
P~ o f . [(Pm(z)ﬂz(z) = 1) + 5 (puDo*(2) - pLaz)] dz 42

In obtaining the above expression we have assumed that the Gibbs dividing
surface is located at z = 0, where the superficial excess density of matter
vanishes, and that = ¢ = ( in the uniform vapour phase.
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The temperature derivative, or the orientational surface excess entropy is,
to the same degree of approximation,

—d$ 4 k * u
i g Sg=—— f T (Pm(z)’?n(z) - PL’? + o:z(p(l)(z)m - PLUZ))dZ

10kT2A J‘ (P(1)(Z)'1 (2) — pn )

a2
+ 5 (p(2)a%(2) — pro?)dz

u

- <IOkT ) J- Loa2n?(z) — prn*]

+ “7 (p(2)0%(z) — pyoY)]dz

1 a0

= 2 T (P(l)(z)’?n(z) - PL”I + o’

+ @ (D03 ~ pro?dz - L @)

It does, of course, remain to specify the spatial variation of the local order
parameters 7;(z) and o4(z). The z dependence of these functions has already
been discussed, and is a generalisation based upon an analysis by Croxton
and Chandrasekhar* for nematic liquid crystals. We shall continue their
approach here.

(a) The nematic liquid crystal surface (6=0, n > 0}

It is proposed that the nematic order parameter in the vicinity of the liquid
surface is determined solely on the basis of a competition between the dis-
ordering effect of the decreasing density across the liquid-vapour interface,
and an ordering effect due to the development of a surface torque field.
The analysis in §2 suggests the former is proportional to p,(z) and the latter
to (dp(l,(z)/dz)2 (Eq. (22)) (Figure 2). On the basis of such a model a number of
qualitative forms for the y(T) characteristic have been predicted.*> At low
temperatures, for example, just beyond the crystal-nematic transition temper-
ature, the spatial delocalization of the surface may be sufficiently small and
consequently the surface orientational field sufficiently high that there is a net
enhancement of the local order parameter over its bulk value; that is ng(z) > n
inthe vicinity of the surface. Setting ¢ = 0in (43), correspondingto the nematic
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FIGURE 1| The single particle density gradient p;(z) and (dp,(z)/(dz)*.

phase, we have

dj

S, =
*Tdr

- f A oM@ — pn?)dz
+ IOkTZA J [Pu)(z)'?n(z) - an2]dz

: (IOkT )J [o(2n*(2) — pLn*1dz (44)

We see immediately that for a sufficiently large surface enhancement of
orientational order the usual negative monotonic slope of the y(T) character-
istic may actually reverse and increase with temperature, at least just above
the melting point and just below the nematic-isotropic transition temperature
Tni> when the rapidly decreasing bulk order parameter is enhanced by the
surface torque field (Figure 2). At higher temperatures, of course, spatial
delocalization of the surface with a corresponding relaxation in the surface
field will ensure the usual monotonic decrease of surface tension with
temperature.
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{(r)

Tﬁ T

FIGURE 2 Qualitative form of the surface tension-temperature characteristic of a nematic
liquid crystal system showing pretransition phenomena (surface enhancement of local order
parameter) and a negative discontinuity $ at Ty,

We have already observed that for spherically symmetrical interactions,
minimization of the surface excess Helmholtz free energy is achieved as a
competition between the surface excess energy term, which favours a sharp
liquid-vapour density transition, and the surface excess entropy, which
favours a spatially delocalized surface. In the case of strongly anisotropic
molecular systems such as we are considering here, orientational contribu-
tions to the excess Helmholtz free energy may be similarly regarded as a
competitive interplay between the orientational energy term fi; which favours
molecular orientation aligned with the surface director field, and the excess
orientational entropy term S, which favours angular dispersion:

A, =0, - TS, (45)

(unless the spatial and orientational contributions to the free energy develop
independently it is not legitimate to minimize them separately: the two
components will generally be inextricably coupled. In the spirit of the
preceding analysis, however, we assume here that such a decoupling is in
order).
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¥(r)
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FIGURE 3 Qualitative form of the surface tension-temperature characteristic of a nematic
liquid crystal system showing post-transition phenomena (residuum of surface enhancement
of local order parameter in the isotropic phase) and a positive discontinuity  at Ty;.

In terms of molecular quantities Eq. (42) becomes, for a nematic liquid
crystal surface

N 1 © 52 , ,
'~ 104 _[_w kT Loaf2ma(2) — pon*ldz (46)

whose contribution to the total (configurational -+ orientational) surface
tension is positive or negative according as j‘i’w P 2na(z)dz 2 j"_"w P dz,
the magnitude and sign of the contribution becoming apparent at the nematic-
isotropic transition Ty;. (Figure 2).

There is a complex interplay of the relative magnitudes of p;,(z)n4(z)
and p,n at Ty resulting in a wide variety of pre- and post-transition phe-
nomena. For example, it is possible that a very weak surface orientation
(torque) field remains for a short thermal range beyond Ty, into the isotropic
phase, resulting in a positive discountinuity 9 in the surface tension, and
reducing (and even inverting) the negative slope d9/dT. Indeed, we might go
so far as to say that on the basis of Eqs. (44), (46) systems showing positive
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FIGURE4 Surface tension of p-anisaldazine.? (c.f. Figure 2).

slopes just above Ty must also show positive discontinuities %, and vice
versa (Figures 4, 5). Ultimately, of course, all characteristics become mono-
tonic negatively-sloped functions of temperature.

Recent experimental observations on nematic liquid crystal systems®1°
have confirmed the qualitative features predicted on the basis of the above
analysis. For example, the surface tension of p-anisaldazine in the nematic
and isotropic phases is shown in Figure 4. The development of a surface
excess orientational order just before Ty, (corresponding to [* . p;,(z)n(z)dz
> [®, prn.dz) with a discontinuous change in slope and magnitude of the
Y(T) characteristic is in qualitative agreement with Figure 3. On the other
hand, a residum of surface orientation just beyond Ty, in p-oxyanisole
(Figure 5) agrees qualitatively with the curve in Figure 3. We observe that in
this case 9 will be positive since in the isotropic phase n4(z) > 0 for T = T;.
The question arises as to whether the “anomaly” in the y(T) characteristic
is due to a rather sudden reorientation of the molecules in the vicinity of
Tn.*? The alignment of the molecules at the surface of p-azoxyanisole
(PAA) and n-p-methoxybenzylidene p’-n-butylaniline (MBBA) has been
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FIGURE 5 Surface tension of p-azoxyanisole.” (c.f. Figure 3).

studied by light scattering techniques.'! In the case of PAA the molecules
are found to be aligned parallel to the liquid surface, and the orientation
appears to be independent of temperature, whilst for MBBA the molecules
are tilted at 75° to the surface, the orientation being only slightly dependent
upon temperature. It would therefore seem safe to say that the features of the
y(T) curve are not attributable to any molecular reorientation at the surface,
although of course, the specific surface orientation of the molecules does
affect the magnitude of the surface tension.

The Kirkwood-Buff model of the nematic liquid surface in assuming the
bulk order extends up to the discontinuous liquid surface forfeits those
features of the preceding analysis which depend on a local order parameter.
Indeed, the model specifically neglects spatial and orientational contribu-
tions to the entropy component of the surface free energy. It may well be
therefore, that y| is not the lowest free energy as obtained by Parsons—a
lower value being achieved by inclusion of entropy contributions resulting
in some intermediate orientation of the surface director field.
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(b) The smectic-A liquid crystal surface (¢ >0, 1=10)

A similar line of reasoning is proposed for the smectic-A liquid surface
where, for values of the local order parameter [* , p, (2)oa(2)dz> (2, p 0 dz,
corresponding to pronounced layering in the vicinity of the surface, we
again anticipate positive slopes in the y(T) characteristic. Indeed, at the
relatively low range of temperatures over which the smectic phase is stable,
the sharp density discontinuity at the surface implies strong surface fields,
with the result that a number of smectic systems appear to show positive
Y(T) slopes throughout the entire phase.” Again, discontinuities in both the
magnitude and the slope of the surface tension may occur as for nematic
fluids, and beyond the smectic-nematic transition temperature Tgy we
anticipate the usual nematic y(T) curves: these qualitative features have been
reproduced experimentally® for p-cyanobezylidene p'-n-octyloxyaniline
(CBOOA)

CONCLUSIONS

The bulk order parameters are expected to modify in the vicinity of the free
liquid-vapour interface, the local value being determined as a competition
between the decreasing density across the transition zone serving to lower
the order parameter, and the development of surface torque fields acting to
increase it. The former term appears to vary as p;,(z) whilst the latter
depends on the square of the density gradient, (dp,;,(z)/dz).? There may be a
net surface enhancement of the local order parameter which, it is shown, may
have the consequence of decreasing the negative y(T) slope, and even in-
verting it so as to assume positive values. On this basis a number of qualitative
predictions have been made regarding the form of the y(T') curve, which appear
to be supported experimentally. Both pre- and post-transition phenomena
are included in the above description, one consequence of which seems to be
that positive discontinuities in the surface tension at Ty are followed by
positive slopes, and vice versa.

The inability of a Kirkwood-Buff type of analysis to describe the complex
variety of phenomena is understood in terms of its retention of a bulk order
parameter right up to a surface of density discontinuity.
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