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The molecular anchoring and orientational wetting properties of a liquid crystal close to the nematic-
isotropic transition temperature confined to the 0.2 um cylindrical channels of alumina membranes are
investigated for various surface preparations. The cavity walls of the confining pores are chemically
modified with an aliphatic acid (C,H,, +,-COOH) to establish surface anchoring. Radical changes in
deuterium nuclear magnetic resonance ((H-NMR) line shapes in the nematic phase reveal the existence
of a discontinuous homeotropic-to-planar anchoring transition that is induced by either changing the
length of the surfactant (vary carbon number n), the density of the surfactant on the surface (vary con-
centration), or by varying temperature. The transition to planar anchoring drives the planar-polar
nematic director field to a stable uniform axial structure. Above the nematic-isotropic transition tem-
perature, the thickness of the surfactant monolayer is found to strongly influence the degree of the
surface-induced orientational ordering. The corresponding order parameter of the liquid-crystal mole-
cules at the surfactant interface increases as n increases, until a maximum ordering surface (n =17) is
reached; thereafter, the surface order parameter decreases as n increases. An orientational wetting tran-
sition from partial to quasicomplete is observed as the length of the aliphatic acid increases. The effect is
manifested in the change of the pretransitional temperature dependence of the adsorption parameter
from weak to strong but still nondivergent. Further increase in » results in a reentrant phenomenon
back to the partial wetting regime. Similar coupling mechanisms and wetting behaviors exhibited by the
long chain aliphatic acids and the more rigid benzoic acid surfactants indicate minimal interdigitation of
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the liquid-crystal molecules into the surfactant aligning layer.

PACS number(s): 64.70.Md, 61.30.Eb, 68.45.Gd, 61.30.Gd

I. INTRODUCTION

The presence of a solid surface limiting an organized
fluid introduces a rich variety of interfacial phenomena
[1]. One of the most extensively studied orientationally
ordered fluids is the nematic liquid crystal. The transla-
tional symmetry and often also the rotational symmetry
of the nematic phase is broken when it encounters an in-
terface. The principal driving force behind the basic in-
terest in surface phenomena of liquid crystals is that they
represent simple examples of complex fluids that can ex-
hibit many surface transitions associated with surface-
induced order or disorder [2-4], molecular anchoring [5],
and orientational wetting [6]: discrete and continuous an-
choring transitions [6—20], surface layering transitions
[21-26], prewetting transitions [1,4], surface melting
[27-29], complete-to-partial orientational wetting transi-
tions [30,31], symmetry breaking transitions [32-35],
orientational transitions in monolayers [36], and ordering
transitions in microconfined cavities [37—-55]. The most
attractive surface phenomenon to the general statistical
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mechanics audience is the Berezinski-Kosterlitz-Thouless
(BKT) transition characteristic of systems possessing
symmetry of a two-dimensional x-y model. In addition to
the basic importance of surface phenomena of liquid crys-
tals, understanding the ordering and anchoring mechan-
ics at the liquid-crystal—solid interface is crucial in the
fabrication of liquid-crystal displays [56,57].

Anchoring of elongated liquid-crystal molecules on
solid surfaces is characterized as planar, tilted, or homeo-
tropic, corresponding to the direction of the long molecu-
lar axis: parallel, fixed at an angle, or perpendicular to
the plane of the interface, respectively [5]. The first two
types can be homogeneous or unidirectional. The energy
associated with the direction of the orientation of mole-
cules at the liquid-crystal—solid interface from the pre-
ferred direction is called anchoring energy. Rapini and
Papoular [58] first proposed the anchoring free energy
density to be fg= W sin’a’ /2, where ' is the angle be-
tween the actual and preferred anchoring directions. The
constant W, known as the molecular anchoring strength,
is a measure of the ease at which the orientation can devi-
ate away from its preferred anchoring direction [59,60].
In the nonhomeotropic cases, all directions are not
equivalent, and therefore the director orientation at the
surface is generally described in terms of the polar 6’ and
azimuthal ¢’ anchoring angles [42]. In the extension of
the Rapini and Papoular form [58], both principal direc-
tions are associated with a polar W, and azimuthal W,
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anchoring strength, which depend on the topology and
chemical nature of the substrate and the liquid-crystal
material. There have been numerous measurements of
W, ranging between 1073 and 1077 J/m?, and values of
W, are reported to be in most cases an order of magni-
tude weaker.

In a confined system, anchoring transitions cause
structural transitions in the bulk liquid crystal. First or-
der anchoring transitions correspond to the nucleation
and growth of domains having a new orientation, and
second order anchoring transitions correspond to the ap-
pearance of fluctuations creating domains with close
orientations. The first observation of an anchoring tran-
sition was reported by Ryschenkow and Kleman [7] to be
a continuous transition between a conical and homeotro-
pic orientation induced by a temperature change. Similar
second order anchoring transitions were reported to
occur on free surfaces, glass surfaces treated with a sur-
factant coupling agent, and SiO films evaporated under
oblique incidence [8—-20]. Porte [16] observed a continu-
ous anchoring transition as the morphology of the sur-
face was systematically varied. Nazarenko and Lavrento-
vich recently reported a temperature driven anchoring
transition that was found to be influenced by ionic impur-
ities in a nematic liquid crystal composed of centrosym-
metric molecules [20].

First order anchoring transitions have also been re-
ported to occur between different monostable planar an-
choring on gypsum and two-tristable planar anchoring on
mica surfaces [17]. Kitzerow has observed similar transi-
tions by physically deforming a mica surface [18]. Re-
cently, Strigazzi and co-workers observed a discontinu-
ous transition from homeotropic-to-planar anchoring on
lecithin treated glass surfaces [13].

The study of anchoring ordering mechanisms of liquid
crystal confined to a restricted geometry has burgeoned
over the past few years because of the importance of
confinement in liquid-crystal display technologies [56,57]
and the basic interest of finite size effects in both well
defined and random confining geometries [37-55]. Much
of the basic interest in the ordering in confined liquid-
crystal systems was pioneered by Golemme and co-
workers [61,62]; they confirmed Sheng’s prediction [4]
that the nematic-isotropic transition becomes continuous
when the confining volume reaches a critical diameter.
In the orientationally ordered phase, confined liquid crys-
tals present a very challenging problem because one must
account for the elastic constraint associated with the cur-
vature of the cavity as well as the surface anchoring. To
complicate the problem even more, surface elastic terms
enter into the free energy for nematic director fields that
depend on more than one Cartesian coordinate, covering
the effects of surface anchoring. Deuterium nuclear mag-
netic resonance (*H-NMR) has made a significant contri-
bution in determining nematic director fields and impor-
tant surface parameters in submicrometer cavities where
surface effects beocme pronounced. The first simultane-
ous measurement of the polar and azimuthal molecular
anchoring strength and the saddle-splay surface elastic
constant has recently been reported using well defined cy-
lindrical cavities (diameters <1 pm). Deuterium NMR
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was also used to observe a discontinuous anchoring tran-
sition from homeotropic-to-planar anchoring conditions
in alumina membranes by changing the carbon number of
the aliphatic acid surface coupling agent at the cavity
wall. Kralj and co-workers have employed the NMR
technique to study homeotropic anchoring conditions in
random silica matrices [49].

A phenomenon closely related to surface anchoring
that occurs above the nematic-isotropic bulk phase tran-
sition at confining surfaces is orientational wetting. A
quantity used to categorize the wetting regime is the ad-
sorption parameter I, defined as I'= f o [S(z)—Spldzin
the case of uniaxial ordering, where S(z) and Sy are the
orientational order parameters in the surface layer and
bulk liquid crystal, respectively, and z is the distance
from the surface [6,27,30,31]. As the temperature ap-
proaches the nematic-isotropic transition from above, I’
will either diverge to infinity (complete wetting) or will
remain finite (partial wetting). The wetting regime
strongly depends on the nature of the liquid-crystal—solid
interaction.

Sluckin and Poniewierski have qualitatively investigat-
ed the critical behavior of I in the case of complete wet-
ting [63]. A power law of the form I'~Ar " !/3 is ob-
tained for van der Waals type interactions, where At is
reduced temperature (T — Ty ) /Twp, T is the actual tem-
perature, and Ty is the nematic-isotropic transition tem-
perature. A much weaker logarithmic divergence is pre-
dicted, I"'~In(At), for interactions that are of the short
range type. This logarithmic divergence is consistent
with the Landau—de Gennes phenomenological descrip-
tion. A Fréedericksz-type wetting transition gives anoth-
er power law of the form I' ~Ar ~1/2,

A number of experiments have confirmed the logarith-
mic wetting phenomena of liquid crystals at a solid sur-
face [6,27,30,31]. Miyano [6] pioneered the study of
surface-induced order and provided the first experimental
evidence of surface-induced nematic order. Shen and co-
workers expanded on this work using evanescent wave el-
lipsometry to characterize the wetting regimes of alkyl
cyanobiphenyl liquid crystals (nCB) [30]. They found
that complete wetting is evident for 6CB-9CB, while only
partial wetting is realized for 5CB on glass plates coated
with silane. A transition from quasicomplete to partial
wetting has been confirmed in confined systems using
H-NMR, where the carbon number of the surface cou-
pling molecule at the cavity wall is varied to induce the
transition [31]. The term quasicomplete wetting was in-
troduced for the situations in which very pronounced,
but nondivergent, pretransitional increases of the adsorp-
tion parameter I' were observed as the isotropic-nematic
transition was approached.

The phenomenological surface free energy density used
to describe pretransitional order and disorder is
developed from the Landau-type expansion in terms of
the order parameter. Sheng [4] first used a surface free
energy density linear in the scalar order parameter S of
the form fq=—GS&(z), where G is the surface coupling
constant. This form predicts surface-induced order and a
spontaneous surface boundary layer transition for certain
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magnitudes of G. Sluckin and Poniewierski [32] have
used a quadratic form of the surface free energy density
fs=( —GS +US?/2)8(z), where G and U correspond to
ordering and disordering surface coupling constants, re-
spectively. To also cover the nonuniaxial cases, where
order is described by tensor order parameter Q, Nobili
and Durand [64] have implemented a similar but more
intuitive quadratic form fg=g(Q—Qg)*8(z), where g is
the surface coupling constant and Qg is the preferred sur-
face form of the tensor order parameter. The latter two
forms of the surface free energy density are quadratic in S
with two adjustable parameters. The quadratic coupling
in the planar anchoring case yields a variety of surface
phenomena, and in particular allows for the possibility of
disorder and symmetry (BKT-type) breaking surface
transitions [32-35].

There is growing theoretical interest in the literature
on pretransitional nematic surface ordering correspond-
ing to a negative orientational order parameter [31-35].
A negative orientational order parameter can arise when
the liquid-crystal molecules favor random planar align-
ment. It is predicted that random planar alignment on
approaching the nematic-isotropic transition temperature
becomes unstable with respect to a biaxial phase. This
transition is continuous and therefore of the BKT type.
Moses and Shen [29] have used evanescent wave ellip-
sometry to show the existence of a negative surface orien-
tational order parameter, measured to be —0.047, at the
surface above the nematic-isotropic transition. Deuteri-
um NMR measurements are also showing weak negative
surface order parameters of —0.030 for short chain sur-
factant molecules attached to the cavity walls of alumina
membranes [31]. To our knowledge, there have been no
reported observations of the BKT symmetry breaking
transition to date.

Although there is a relatively large amount of experi-
mental data on surface anchoring and pretransitional or-
dering, the details about the interactions occurring at the
surface are not completely understood. We attempt to
gain as much physical insight as possible by presenting a
comprehensive study of molecular anchoring, orienta-
tional wetting, and ordering close to the nematic-
isotropic transition. We have designed experiments to
systematically control the liquid-crystal—solid interaction
using different surfactant molecules to treat the cylindri-
cal channels of alumina membranes. A deuterated
liquid-crystal material is filled in these cavities and
probed with 2H-NMR. We demonstrate the systematic
behavior of anchoring and wetting in térms of the length
and type of the surfactant coupling agent and density of
surfactant molecules on the surface. Our results are ana-
lyzed in terms of two well known phenomenological ap-
proaches: Frank elastic theory in the nematic phase and
the Landau-de Gennes approach in the isotropic phase.

This contribution is organized in the following manner.
Section II is devoted to the confining materials and the
surface treatment process. Section III describes the ap-
plication of NMR to confined liquid-crystal systems.
Section IV is the application of elastic theory to cylindri-
cal systems and the presentation of the H-NMR line
shapes in the nematic phase showing the existence of a
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discrete structural transition. Section V is devoted to
pretransitional ordering and disordering as well as orien-
tational wetting properties. The characterization of the
wetting regime and the magnitude and sign of the surface
order parameter for a wide variety of surfactant covered
surfaces are presented. We conclude in Sec. VI.

II. MATERIALS

The cylindrical channels of Anopore membranes
[65-67] with chemically modified cavity walls proved to
be a convenient system to study microconfined liquid
crystals [31,38,68]. Here the pores were permeated with
the liquid-crystal compound 4'-pentyl-4-cyanobiphenyl
(5CB-ad,) deuterated in the a position of the hydrocar-
bon chain. The membranes are composed of a high puri-
ty alumina matrix with 0.2 um diam cylindrical channels
that penetrate through its 60 pum thickness [Fig. 1(a)].
The porosity of Anopore membranes has been measured
to be 40%, making them ideal systems to study
confinement and finite size effects of materials with in-
tegrative techniques.

The cavity walls of the channels were chemically treat-
ed with different surfactants prior to the introduction of
liquid crystal. Surfactants employed in this study [Fig.
1(b)] are aliphatic acids and a benzoic acid. A 2—-4 % by
weight solution of the surfactant in methanol was
prepared. The membranes were soaked in the solution
for 1 min to ensure complete filling of the channels. The
membrane was removed from the solution, sandwiched
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FIG. 1. Scanning electron microscope photograph of Ano-
pore membranes (a) showing the cylindrical nature of the
confining pores. (b) The aliphatic and benzoic acid surfactants
used to treat the inner cavity wall of the A1,0; Anopore mem-
branes. (c) The deuterated low molecular weight liquid-crystal
5CB deuterated in the a position on the hydrocarbon chain. (d)
A simple model to demonstrate the interaction between the ali-
phatic acid surface treatment and the liquid-crystal molecules.
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between two Whatmann filtration papers to remove ex-
cess solution from the surface, and placed under vacuum
for 1 h at 140°C. The membranes were then cut into
5X25 mm? strips and filled with 5 CB-ad, [Fig. 1(c)].
Approximately 40 strips were stacked on one another and
sealed in a 5 mm diam thin walled NMR tube. This pro-
vided a sufficient signal-to-noise ratio for a 2ZH-NMR ex-
periment.

A schematic illustration of the phenomena occurring
at the surface is presented in Fig. 1. If the aliphatic
chains of an aliphatic acid form a compact assemblage
perpendicular to the cavity wall, the liquid-crystal mole-
cules may also orient perpendicular to the cavity wall if
the aliphatic chain is of sufficient length [31].

III. DEUTERIUM NUCLEAR MAGNETIC
RESONANCE (?H-NMR)

A. Nematic phase

The most desirable way to observe nematic director
fields is with optical polarizing microscopy; however, this
is impossible with cavity diameters well below the optical
resolution limit. Deuterium NMR is ideal for such a
study since it is sensitive to the nematic director distribu-
tion via the quadrupole splitting frequency [69]

8v=15(r)8v,{[3 cos’0(r)—1]
+n(r)sin29(r)cos2¢(r)} , (1)

where 0(r) and y(r) express the orientation of the B field
in the frame of the local electric field gradient (EFG) ten-
sor averaged over fast orientational fluctuations, and 8v,
is the bulk quadrupole splitting in the perfectly ordered
phase. The asymmetry parameter 7(r) is zero for uniaxi-
al liquid crystal, but it can become nonzero if the averag-
ing motions (orientational fluctuations) lose their symme-
try under confinement. This effect is predicted to be
small and is neglected in our studies [n(r)=0] [32]. Only
two absorption peaks are expected for an aligned bulk
nematic phase selectively deuterated at a specific site on
the molecule.

The analysis of nematic structures in our 0.2 um chan-
nels is simplified by the absence of motional averaging
[70]. Using the diffusion relation x,~ (D /8vy)!/?, where
D is the diffusion constant and x is the distance the mol-
ecule migrates during the characteristic time vy !, the
molecule migrates x,~0.02 um for values of D =10
m?/s and 8vy =50 kHz. The spectra therefore reflect a
static director distribution since x is much less than cav-
ity diameters. To pinpoint the director field within the
cavities more accurately from the H-NMR spectrum,
two orientations of the cylindrical axis in the magnetic
field are studied: 6z =0° corresponds to the cylindrical
axis being parallel to the B field, and 65=90° corre-
sponds to the cylindrical axis being perpendicular to the
B field.

B. Deuterium NMR in the isotropic phase

The 2H-NMR spectra in the isotropic phase are ana-
lyzed differently than in the nematic phase because com-
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plete motional averaging over the cylinder is realized.
The molecule migrates a distance x,~ (D /8v)!/? during
the NMR measurement, which is >100 nm for
D =10"" m?/s and 6v <1 kHz [31,38,39]. The resulting
quadrupole splitting given by Eq. (3), neglecting biaxiali-
ty, is averaged over the cylindrical cross section to in-
corporate the inhomogeneity in the orientational order
parameter

(8v) =(S(r))8v[ 1 {cos?0(r)) — 1], )

where (cos’6(r)) and (S(r)) are averaged separately
since they are uncorrelated.

The power of the ZH-NMR technique is evident in the
isotropic phase of our systems since the averaged split-
ting {8v) is a direct measure of the adsorption parameter
given by the following integrand:

P=f0wS(z)dzzﬁwaS(z)2ﬂ-r dr=%(8v)/8v0 ,
(3)

which characterizes the effective thickness of the ordered
layer. We recognize that the correlation length of nemat-
ic order £ is much less than the radius R (§ <<R) in our
situation. The parameter « is a geometrical factor arising
from the direction of the nematic director with respect to
the magnetic field direction; it is 1 for perpendicular an-
choring in the cavity and 2 for parallel anchoring in the
cavity. Monitoring {(8v) as a function of temperature as
the nematic-isotropic phase transition is approached
from above reveals if the orientational wetting at the cav-
ity wall is complete (I" diverges) or partial (I" remains
finite). The temperature dependence of I" (or (8v)) can
be understood on the basis of the Landau—de Gennes
(LdG) model, which is developed in Sec. V to yield T'y 45-
Although H-NMR is an integrative technique, it is
also sensitive to the contribution of a single molecular
layer as described in our previous work [31,38,39]; partic-
ularly important is the first molecular layer. Its effective
thickness [/, is estimated by averaging over the squares of
the molecular length g and the molecular diameter d to
yield
 Iy=[(g®+2d*) /3+2S,(g>—d?)/3]'2 . 4)

In the weakly ordered phase with surface value of the or-
der parameter S, <<1, the thickness /; is estimated to be
~1.2 nm using values of ¢=2.0 nm and d =0.5 nm.
The behavior of the order parameter within this layer
cannot be described with a continuum model. This must
be taken into account when experimentally determining
the value of the order parameter at the surface S, from
(8v) by comparing T in Eq. (3) to the theory. We as-
sume that S, is constant in an effective first molecular
layer of thickness I/, and then it follows the continuum
theory. This will be described in more detail in Sec. V
and can be realized by supplementing the Landau—de
Gennes adsorption parameter I'; 45 with an effective first
layer correction IS,. Although a simple guess leads
I1=11l,, we will use ] =I;, as was deduced from the best
fits between experiment and theory in our previous work
[31,38,39].
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IV. NEMATIC PHASE
A. Elastic theory
In general, confinement breaks the symmetry of the

nematic phase, and the resulting structure of the nematic
J
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director-field depends on elastic forces, surface coupling,
and external fields. The total free energy of a confined
liquid crystal is within the Frank elastic approach and
therefore expressed as [42]

F=%fvcl{K“(V-n)2+K22(n-V><n)2+K33(n><VXn)z—K24V-(n><VXn+nV‘n)}dV—%%OX— fvol(B-n)ZdV

+1 [ (Wsin’$+ Wocos?0)sin*0d 4 ,

surf

where K, K,,, and K; are the traditional splay, twist,
and bend bulk elastic constants, respectively, and n
represents the direction of the local nematic director.
The saddle-splay surface elastic constant K ,, is a material
parameter that is independent of the interactions occur-
ring at the surface. The fourth term incorporates the
effects of the magnetic field B, with Ay being the anisot-
ropy in diamagnetic susceptibility. The final term
represents an anisotropic part of the interfacial free ener-
gy described by the azimuthal W, and polar W, anchor-
ing strengths, as well as the azimuthal ¢ and polar 6 an-
choring deviation angles [42]. Before we proceed with
the discussion on the stable nematic director fields de-

rived from Eq. (5), it is worthwhile at this point to show

that the magnetic field term in Eq. (5) is negigible for the
4.7 T field strength of our NMR spectrometer. The mag-
netic coherence length is given by &, =(u,K /Ax)!/?B,
where K=7X10"12 J/m and Ay=2.8X10"7 are the
average elastic constant and diamagnetic susceptibility,
respectively, for the 5CB compound. The calculated
value £, ~ 1.7 um is substantially larger than the 0.2 um
cavity diameters of Anopore membranes; therefore, the
magnetic field term in Eq. (5) is neglected.

First we consider the director configurations with

(@) (b)
~\\|/~ i
~\\ |/~
~\|/~
E\\\ | ///i E
~\\|/~
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——— "|'| AL
——— ,ml ,,1
—— IR

FIG. 2. Four possible nematic director-fields in a cylindrical
cavity: (a) the escaped radial, (b) the planar radial, (c) the pla-
nar polar, and (d) the parallel axial.

(5)

[

homeotropic anchoring described by Ws=W,. For sam-
ples of large radii and sufficiently strong anchoring, a
nonplanar arrangement called the escaped-radial
configuration appears [Fig. 2(a)], first discussed by Cladis
and Kleman [71], Meyer [72], and Saupe [73] and later
extended by Allender, Crawford, and Doane [40] and
Kralj and Zumer [74] to the weak anchoring regime. A
planar-radial structure is also possible when K;; >>K;
and strong anchoring at the surface is realized [Fig. 2(b)]
[40,70-73]. In small radii with sufficiently weak anchor-
ing conditions, a planar-polar structure is stable [Fig.
2(c)] [40,44,74,75]. The stability diagrams among the
planar-polar, escaped-radial, and planar-radial structures
have been presented elsewhere [40,44,74,75].

The free energy of the planar-polar structure in its
analytical form for K 11 =K33=K is given by the relation
(40]

Fpp=nK[—In(2Ey)+(1—y)/E], (6)

where y=(&2+1)12—¢, K=K, =K, E=2K/RW,,
and R is the radius of the cavity. As can be seen in Eq.
(6), the stability of the planar-polar structure depends on
the polar anchoring strength W,. For small values of
RWy,/K (e, &—>), Eq. (6) reduces to Fpp
=7RW,y/2K.

There are a wide variety of possible stable nematic
director fields when planar anchoring conditions are
present at the cavity wall of cylindrical samples [38]. The
director fields have been treated in detail for concentric
anchoring direction at the cylinder wall [42]. Such struc-
tures are possible only when concentric grooves or corru-
gations are present at the inner cavity wall of the
cylinder. If cavity walls are smooth or no topological
constraints (grooving or scratching) are introduced
(W4 =0), the director field is usually in a parallel axial
arrangement [Fig. 2(d)].

B. Aliphatic acid surfactant

The spectra for the 2% aliphatic acid surface treat-
ment recorded at room temperature are presented in
Figs. 3(a)'and 3(b). It is evident from the spectra that an
abrupt configurational change has occurred between
n =6 and 7. For the n =5 and 6 surfaces, the 85 =0°
spectra are identical to the macroscopically aligned bulk
nematic phase spectrum with a quadrupole splitting of
vy, while the 65 =90° spectra have a quadrupole split-
ting of 18vp. These spectra are completely described by
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the uniform axial structure with planar anchoring condi-
tions. For the n =20, 18, 17, 15, 9, and 7 surfaces, the
65 =0° spectra consist of two sharp peaks with a quadru-
pole splitting frequency of 18vjp, indicative of a planar
director field orthogonal to the cylindrical axis. At
65 =90 a classical cylindrical powder pattern is record-
ed for n =20, 18, 17, 15, 9, and 7. These spectra are con-
sistent with both the planar-polar and planar-radial
structures [see Figs. 2(b) and 2(c)] with homeotropic an-
choring conditions; however, K33 /K ; is ~1.4 for SCB
at room temperature, which excludes the planar-radial
structure since it requires Kj;;/K;;>>1 [40,44]. The
symmetry axes of the planar-polar director fields are

@ i

§,=0° §,=90°
n=20 M
o A
]
=
g n=18
..".;':
J
2
@
H
S n=17
o
n=15 M

Frequency (kHz)

® i

%=0o %=900
LJ_ B M
2| ~
5
=
~
<
@
§
= n=6
n=5
Frequency (kHz)

FIG. 3. ’H-NMR line shapes of SCB-ad, confined to the sur-
factant treated (2% C,H,, +,-COOH) cavities of Anopore mem-
branes accumulated in the nematic phase Ty —7=10.5 K for
(a) long and (b) short lengths of the aliphatic chain. The spectra
are consistent with the planar-polar structure for n > 7 and the
parallel axial for n <6.
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therefore randomly distributed around the B field. A free
energy estimate confirms that only slight deviations away
from the circular cross section of a few percent prevent
the B field of the NMR spectrometer from orienting the
symmetry axis.

The spectra for the 4% aliphatic acid surface treat-
ment recorded at room temperature are presented in Fig.
4 for n=15, 6, and 5 surfaces. The spectra show a
structural change between the n =5 and 6 surfaces. The
n =5 sample is described by the uniform axial structure,
while the n =6 and 15 are described by the planar-polar
structure. The only difference between the 2% and 4%
surface treatments is that the structural change has been
shifted down to a smaller n for the higher concentration
of surface treatment solution.

The temperature dependence of two samples (n =7 for
2% and n =6 for 4%) with homeotropic anchoring was
studied just below the transition point to see if the
structural transition can be induced thermally. We
choose these samples to study the temperature depen-
dence because it is the last value of n at which homeotro-
pic anchoring is found stable, before reverting to a planar
alignment for smaller n. The O =0° spectra are present-
ed in Fig. 5. The n =7 surface for the 2% concentration
shows no signs of a structural transition taking place as
the nematic-isotropic phase transition is approached;
however, the n =6 surface for the 4% concentration
shows growing of additional peaks that are separated by
vy as the nematic-isotropic phase is approached from
below. This indicates that the discontinuous nature of
the anchoring transition can be induced by a temperature
change. The transition to complete planar anchoring did
not occur in all cavities because the 18v splitting per-
sists very close to the transition. We attribute this to

i

§,=0° §,=90°

W

I

Intensity (arbitrary units)

n=6
Nua
n=5
Frequency (kHz)

FIG. 4. 2H-NMR line shapes of SCB-ad, confined to the sur-
factant treated (4% C¢H,, +,-COOH) cavities of Anopore mem-
branes accumulated in the nematic phase at Ty —7 =10.5 K
for various lengths of the aliphatic chain. The spectra are con-
sistent with the planar-radial structure for n > 6 and the parallel
axial for n <5.
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FIG. 5. 2H-NMR line shapes of 5CB-ad, confined to the sur-
factant treated (C,H,,,;-COOH) cavities of Anopore mem-
branes accumulated in the nematic phase as a function of tem-
perature for the 4% and 2% concentrations. The 4% n =6
sample is showing a transition from the planar-polar to the
parallel-axial structure as the temperature is increased.

some of the cylinders not reverting to the planar anchor-
ing. This is plausible since the anchoring transition is
very sensitive to both the carbon number of the aliphatic
chain and concentration of surface treatment solution.
We have not observed this temperature driven transition
for the 4% n =7 surface.

C. Benzoic acid surfactant

Deuterium NMR spectra for a 2% benzoic acid sur-
face recorded at room temperature are presented in Fig.
6. The 05=0° surface spectrum consists of two sharp
peaks separated by +6vj, and the 85 =90° is the typical
cylindrical powder pattern. This indicates that the struc-
ture is planar polar, similar to the n > 6 samples for the
2% aliphatic acid surface treatment and n > 5 for the 4%
aliphatic acid surface treatment.

D. Analysis of results in the nematic phase

The strength of the NMR technique lies in determining
nematic structures and structural transitions within sub-

2% Gy Hy;~<O)— COOH

40 kHz

§,=0° §,=90°

Intensity (arbitrary units)

Frequency (kHz)

FIG. 6. 2H-NMR line shapes of 5CB-ad, confined to the sur-
factant treated (benzoic acid) cavities of Anopore membranes
accumulated in the nematic phase at Ty —7'=10.5 K showing
the planar-polar structure.
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micrometer cavities that are too small to be resolved by
an optical microscope. Determining the actual anchoring
direction, however, is beyond the capabilities of the
NMR technique because it is only sensitive to the direc-
tor distribution; furthermore, the analysis is complicated
by the large elastic constraint introduced by the cylindri-
cal geometries.

The structural transition occurring in the cavities when
the carbon number n of the surfactant molecule is varied
is driven by a more fundamental phenomenon, an an-
choring transition. This transition can be described by
two models: (1) W, decreases as n decreases in supporting
homeotropic anchoring until W, changes sign, or (2)
there is a continual change of the preferred anchoring an-
gle 6, (measured from the surface normal) from 6,=0 to
/2. In model (1) the change in the sign of W, is ab-
sorbed in the change of the anchoring axis of the surface
from the normal to the tangential direction. Model (2) is
similar to the observation of Porte [16] and corresponds
to a planar-polar uniform axial structural transition at
0,=61°, where the free energy of the planar-polar struc-
ture WyR[1—25sin(26,)/7]/2 equals that of the uniform
axial structure 7W R cos?6 in the weak anchoring limit.

To resolve the question of whether the anchoring tran-
sition is of a discontinuous type [model (1)] or a continu-
ous type [model (2)], we resort to optical observations of
planar samples to eliminate the elastic constraint imposed
by our curved geometries. The nematic liquid crystal
5CB was sandwiched between two alumina substrates
treated with an aliphatic acid surfactant of different car-
bon number. The cell spacing was controlled to 20 um
with glass spacers. The alumina substrates were oriented
such that their birefringence effects were compensated.
Using conoscopy we confirmed the actual alignment at
planar substrates to help us choose the correct model to
describe our structural and anchoring transition. The
n > 7 surfaces are showing a black Maltese cross charac-
teristic of homeotropic anchoring and a symmetric hy-
perbolic pattern for n =5 and 6 surfaces, indicative of
planar alignment for the 2% samples. The same experi-
ment was performed on the 4% sample to confirm the an-
choring direction. This indicates that our anchoring
transition is of a discontinuous type, informing us that
W, decreases as n decreases in supporting homeotropic
anchoring until W, changes sign, forcing the anchoring
to become planar.

The structural transition thus occurs at Wy,=0, where
the free energies of the planar-polar and parallel axial
structures are equal. According to theory this indicates
the dominance of short range interactions [63] rather
than quadrupole ones [76]. Our results indicate that the
4% aliphatic acid sample exhibits the weakest anchoring
energies of all the samples we studied since it goes
through the W,=0 point on aproaching the nematic-
isotropic transition. ’

Information on the relationship between W, and the
orientational order parameters can also be obtained. The
planar-polar director-field is sensitive to the dimension-
less surface parameter RW, /K and can only revert to the
parallel axial structure if W,/K weakens. It is well
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known that K ~S? [75], but the relationship between W,
and S is not completely understood. If we assume that
W, roughly obeys the power law W,~S#, our observed
anchoring transition for the 4% n =6 sample indicates
that 8> 2, so the ratio RWy/K weakens as the nematic-
isotropic transition is approached. If B<2, the ratio
W4 /K would strengthen as the nematic-isotropic transi-
tion is approached, which is not the csae. Our observa-
tion that 8> 2 is consistent with measurements of Erd-
mann and co-workers in PDLC droplets [77]. To obtain
a better quantitative understanding of this liquid-
crystal-surfactant interface, we resort to the study of
pretransitional surface-induced order above the nematic-
isotropic transition temperature.

V. ISOTROPIC PHASE

A. Landau-de Gennes formalism

We employ the Landau—de Gennes approach for the
nematic-isotropic transition that is used to give a phe-
nomenological expression for the free energy density
close to the nematic-isotropic transition temperature.
We follow our preliminary investigation [31], which
showed that in both homeotropic and planar alignment
of the liquid crystals the surface-induced ordering is uni-
axial. Therefore for such systems with a uniform director
orientation, the free energy density can be expanded in
terms of a single scalar orientational order parameter S:

Frac™= fows (z)dz
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2
ds

f(S)=fo+3a(T —T*)S*~5bS>+3eS*+ 1L | =

+1g(S —S5)%8(2) , )

where f is the order parameter independent part of the
free energy density; r is the distance from the cavity wall;
and a, b, ¢, L, and T* are material parameters. The ma-
terial parameters reported for 5CB are a =0.13X10°
J/m* K, b=1.6X10° J/m’ ¢=3.9X10° J/m’
L=1.7X10%J/m, and Ty —T*=2b%/9ac=1.1 K [78].
The final term in Eq. (4) is the surface free energy contri-
bution first proposed by Durand [64], where g is the cou-
pling constant and Sy is the preferred degree of order at
the surface that strongly depends on the surface. This is
similar to the two-parameter model employed by Sluckin
and Poniewierski [32] of the form (—GS+1US?)8(z),
where G and U are constants characterizing ordering and
disordering of the surface, respectively. For comparison,
G and U are related to g and Sy by the relations
G =2gSg, U=2g, and Sg=G /U. The effects of curva-
ture introduced by our cylindrical tubes are neglected be-
cause studies of T'y; shifts in droplets of comparable radii
are <0.1 K [54]. This small shift is due to the curvature
constraint being a factor (£/R)*<<1 smaller than the
f(S) term including dS /dr.

To derive the adsorption parameter I'y,; within the
Landau-de Gennes formalism, a contact nature for the
surface interactions is assumed:

V2/a(T —T*)c (A+b/3)+1

=4&Va(T—T*)/2cIn

with

V2/a(T —T*)c (A+b/3)—1

A(Sy)=S8¢'[2a(T —T*))"*[a(T —T*)/2—bS,/3+cS%/4]">+a(T —T*)/Sy—b /3 , (8)

where §=£,(T/T*—1)" % is the correlation length, a=1
and &, being the standard temperature correlation length
defined by &,=L /(aT*) with £,=0.65 nm for 5CB.
I'} 4 exhibits a logarithmic singularity In[ T /(T — Tyy)]
on approaching T'y; if Sy > 2b /3¢, which is 0.27 for SCB.

B. Aliphatic acid surfactant

Spectra recorded above the isotropic-nematic transi-
tion temperature for various surfaces of the 2% aliphatic
acid surface treatment are presented in Fig. 7(a), showing
an interesting development of the quadrupole splitting as
n is varied. For n=7, 9, and 15 surfaces, which induce
homeotropic anchoring, {8v) increases as n increases.
The unresolvable peak, at n =7 also indicates the pres-
ence of very weak interfacial coupling. The splitting is
again resolvable for n =6, where the anchoring is planar.
The temperature dependence for the n =15, 9, and 5
samples is presented in Fig. 7(b). Both & and S, increase

as the nematic-isotropic transition temperature is ap-
proached, resulting in {(8v) increasing.

Figures 8(a) and 8(b) show the temperature dependence
of (8v) for n=15,9, 7, 6, and 5 samples (2% surface
treatment solution) on linear and logarithmic tempera-
ture scales, respectively. Within our experimental error,
it appears that the » =15 and 9 samples lead to a weak
logarithmic divergence corresponding to complete wet-
ting, as evident from Fig. 8(b). In the n =5 and 6 surface,
however, I" definitely remains finite and weakly tempera-
ture dependent, corresponding to partial wetting. No
splitting was observed for n =7, implying that (8v) is
smaller than the linewidth ( <200 Hz), implying further
that I" <0.2 nm, indicating weak partial wetting or no
wetting at all.

Figures 9(a) and 9(b) show the results of {8v) on linear
and logarithmic temperature scales for the n =20, 18,
and 17 surfaces (2% surface treatment solution), where
anchoring is also homeotropic. @An interesting



53 SYSTEMATIC STUDY OF ORIENTATIONAL WETTING AND. ..

phenomenon is observed. The n =17 surface yields the
largest quadrupole splitting of any sample, indicating an
optimal ordering surface. As n increases, {&v) decreases,
which is the opposite trend observed in the n =7, 9, and
15 samples. Figure 8(b) indicates that » =17 and 18 lead
to a weak logarithmic divergence, while I' for the n =10
surface definitely remains finite, indicating partial wet-
ting.

The temperature development of (8v) for the 4% ali-
phatic acid surface treatment solution is presented in
Figs. 10(a) and 10(b) for » =5 and 15 on linear and loga-
rithmic temperature scales, respectively. The n =15
sample appears to have a weak logarithmic divergence, as
observed in Fig. 10(b), contrary to the n =5 surface,
which indicates only partial wetting. The characteristics

T=36.00°C |2% CnHin+1 -COOH| 4 =0°
n=15 n=9 n=7
2
=
=
>
1S
g
=
N
S
2 n=6 n=;s
3
§ ———
3 2 kHz
=
(a)

Frequency (kHz)

® g Tt

n=15 n

B j UL JM; N -
M

M}Vk _JLJL
JVL JALJL
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n=5

40.40%C

Intensity (arbitrary units)

45.00°C

FIG. 7. 2H-NMR line shapes of 5SCB-ad, confined to the sur-
factant treated (2% C,H,, +;-COOH) cavities of Anopore mem-
branes accumulated in the isotropic phase as a function of chain
length of the aliphatic acid (a) at the surface and (b) as a func-
tion of temperature for several samples.
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of the n =6 surface were not analyzed because both pla-
nar and homeotropic anchoring conditions coexist very
close to the nematic-isotropic transition temperature as
observed in the experiments in the nematic phase (Fig. 5).
The anchoring direction was therefore uncertain.

C. Benzoic acid

The temperature dependence of {8v) for a 2% benzoic
surface treatment solution (n =10) is presented in Figs.
11(a) and 11(b) on linear and logarithmic temperature
scales. It appears from Fig. 11(b) that this sample exhib-
its a weak logarithmic divergence.
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FIG. 8. The averaged quadrupole splitting frequency (8v) as
a function of temperature on (a) a linear and (b) a semilog scale
for the 2% C,H,, ,;-COOH surface treatment for n <15. The
semilog representation has the adsorption parameter I' plotted
on the right y axis, where y =1 for n =5 and 6 and y =2 for 9
and 15.
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D. Analysis of results in the isotropic phase

The orientational order parameter is derived at the
cavity wall using the Landau—de Gennes approach sup-
plemented by the surface layer correction (see Sec. III).
The experimentally measured values of {8v) are derived
by comparing I" to I'y 35 +1,S, and using Egs. (8) and (4),
yielding the temperature dependence of S,. Since 2H-
NMR cannot distinguish between negative and positive
solutions of S, we simply choose S, >0 for homeotropic
anchoring conditions. For planar anchoring conditions,
we choose the S, <0 simply because our data show no
evidence of a symmetry breaking transition on approach-
ing the nematic-isotropic transition temperature.

To decipher whether the data really correspond to
complete or partial wetting, the results are analyzed us-
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FIG. 9. The averaged quadrupole splitting frequency {8v) as
a function of temperature on a (a) linear and (b) a semilog scale
for the 2% C,H,, +;-COOH surface treatment for n > 17. The
semilog representation has the adsorption parameter I" plotted
on the right y axis, where ¥ =1 for all samples.
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ing a surface free energy density of the form 1g(S,—Sy )?
[64]. This form covers positive and negative ordering and
the absence of a symmetry breaking transition. The sur-
face coupling parameter g and the preferred degree of or-
dering S are determined such that the theoretical Sy(T)
dependence corresponds to the minimum total free ener-
gy and yields the best fit to S, obtained from I'. To
better the theoretical fits to the experimental data, the
parameter Ty;—T* is varied; this parameter should be
close to 1.1 K to be consistent with theoretical predic-
tions.

The values of S and the theoretical fit to Sy =.Sy(T)
are presented in Fig. 12 for the 2% aliphatic acid surface
treatment (n =15, 9, 6, and 5). The temperature depen-
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FIG. 10. The averaged quadrupole splitting frequency {&v)
as a function of temperature on a (a) linear and (b) a semilog
scale for the 4% C,H,, . ,-COOH surface treatment for two
different n. The semilog representation has the adsorption pa-
rameter I" plotted on the right y axis, where y =1 for n =15 and
y=2forn=S5.
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scale for the 2% benzoic acid surface treatment for n =10. The
semilog representation has the adsorption parameter I' plotted
on the right y axis, where y =1.

dence of S, shows a strong critical increase for n =9 and
15 and a noncritical behavior for n =5 and 6. In the
fitting procedure for n =5 and 6 surfaces, the exponent
on the correlation length 1is determined to be
a=0.41+0.02 instead of the classical 0.5 to compensate
for the small but nonphysical increase of S, as the tem-
perature increases. It is interesting to note that the mag-
nitude of S, is slightly larger for n =5 than n =6 when
planar anchoring results. This indicates that for these
short chain surfactants, strong interactions between the
alumina substrate and the core of the liquid-crystal mole-
cules dominate the steric hindrance to enforce planar an-
choring. The n =15 and 9 samples show a sharp increase
in S, as the nematic-isotropic transition is approached,
but within the experimental error of the NMR spectrom-
eter (T —Ty;>0.2 K) the values of S, are still much
smaller than the threshold value of S, >0.27 needed for
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FIG. 12. The surface induced orientational order parameter
So versus reduced temperature for various lengths (n) of the
surfactant molecule 2% C,H,,,;-COOH). The solid line
denotes the theoretical fit.

the divergence of I within the Landau—de Gennes mod-
el; therefore wetting cannot be completed. Nevertheless,
the strong precritical increase of the adsorption parame-
ter resembles the complete wetting situation rather than
the partial wetting of n =5 and 6 cases; therefore we have
decided to introduce the term quasicomplete wetting for
the description of this behavior [31]. The fitting parame-
ters are summarized in Table I.

It is interesting to compare our data on planar anchor-

0.064
0.04+

0.024

0.00

FIG. 13. The surface induced orientational order parameter
So versus reduced temperature for various lengths (n) of the
surfactant molecule (2% C,H,,;-COOH). The solid line
denotes the theoretical fit.
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ing (n =5 and 6 surfaces) to that of Moses and Shen [29].
For planar anchoring between planar, parallel substrates,
they report values of G=—6.8X 107°  J/m?,
U=9.0X10"° J/m? and S,=—0.0047 near the
nematic-isotropic transition temperature using the sur-
face free energy of the form fg=—GS,+L1US]. Their
values of S, and G compare well with our » =5 and 6
samples, which exhibit similar degenerate planar anchor-
ing; however, U does not because their sample exhibits a
stronger temperature dependence for I'. Our large value
of U is related to the noncritical behavior of S, in our
systems.

The values of S, for the long chain aliphatic acid sur-
face treatments (n =20, 18, and 17) prepared with a 2%
surface treatment solution are presented in Fig. 13. The
optimal ordering surface in these systems is clearly the
n =17 sample, which reaches order parameters at the
surface near the nematic-isotropic transition that are
slightly less than the bulk nematic just below the transi-
tion point. For larger n, the value of S, decreases; the
n =20 sample exhibits very weak surface ordering, which
is consistent with its partial wetting behavior. The sur-
face order parameters for the n =18 and 17 samples are
below the threshold value of S >0.27 for complete wet-
ting in the Landau—de Gennes model; therefore wetting
is only quasicomplete. The fitted values of g and S are
presented in Table I.
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The fitting parameters for the 2% aliphatic acid sur-
faces are plotted as a function of n in Fig. 14. Figure
14(a) clearly shows that the optimal ordering surfaces is
obtained for the n =17 sample, and it shows the regions
that correspond to partial and quasicomplete wetting.
The ordering capabilities of the surfactants rapidly fall off
after n =18 and reenter the partial wetting regime. Fig-
ure 14(b) shows the empirical relationship between g and
n. The maximum value of g for the homeotropically an-
chored systems occurs at n =17 since this is the optimal
ordering surface. The large value of g for the n =5 and 6
surfaces is required to obtain the noncritical temperature
behaviors.

Our long aliphatic chains are of a length similar to the
chains on the commonly used silane surfactant, which
also promotes homeotropic anchoring: dimethyl-
octadecyl-3-(trimethoxysilyl) propylammonium chloride
(DMOAP). Chen and co-workers [30] have measured the
surface order parameter of SCB on DMOAP covered sur-
faces at S;~0.2 near the nematic-isotropic transition
temperature. This is slightly larger than our n =17 sur-
face, which reaches S;~0.13 just above the nematic-
isotropic transition temperature.

This suggests that the ordering mechanisms, which are
predominantly sterical, are similar for both systems.

The temperature dependence of S, for the 4% aliphat-
ic acid sample is presented in Fig. 15 and the fitting pa-

TABLE 1. Estimated interfacial parameters for the coupling of 5CB molecules to surfactant covered (C,H,, +;-COOH) alumina

surfaces.
n Taa—T* 107% g 107* G 1073 U0 Wetting
anchoring Concentration (K) (J/m?) Ss (J/m?) (J/m?) regime
5
parallel® 2% 1.5£0.2 >58.3 —0.031+0.005 > —3.61 >11.1 partial
5
parallel® 4% 1.5+0.2 >58.3 —0.026+0.005 > —3.02 >11.1 partial
6
parallel® 2% 1.5+0.2 >58.3 —0.024+0.005 > —.278 >11.1 partial
6
parallel® 4%
7
homeotropic® 2% 1.1+£0.3 7.30£1.50 0.008+0.02 0.12+0.05 1.46+3.00 partial
9
homeotropic 2% 0.8+0.3 7.80+1.00 0.05+0.01 0.78+0.25 1.56+1.50 quasicomplete
15
homeotropic 2% 1.1+0.2 8.75+1.00 0.11+0.02 1.92+0.60 1.75+2.00 quasicomplete
15
homeotropic 4% 1.1+£0.2 9.20£1.0 0.12+0.02 2.21+0.60 1.84+2.00 quasicomplete
benzoaic
homeotropic 2% 1.1+£0.2 9.04£1.00 0.11+0.02 1.98+0.60 1.81+2.00 quasicomplete
17
homeotropic 2% 1.1£0.2 9.91+1.00 0.18+0.02 3.37+0.70 1.98+2.00 quasicomplete
18
homeotropic 2% 1.1+0.2 9.04+1.00 0.13+0.02 2.35+0.70 1.81+2.0 quasicomplete
20
homeotropic 2% 1.1+0.3 8.45+1.50 0.014+0.005 0.24+0.10 1.70+3.00 partial

2Only lower bound on g, G, and U attainable.
YEstimate based on linewidth measurements.
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FIG. 14. (a) The preferred degree of order S and (b) the sur-
face coupling strength g as a function of chain length »n of the
C,H,, +,-COOH surfactant for the 2% sample.

rameters are summarized in Table I. Comparing the 2%
and 4% samples for the n =15 sample, we see that the
value of Sy is slightly larger for the 4% surface treatment
than for the 2% one. This indicates that in the case
where steric hindrance induces homeotropic anchoring,
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FIG. 15. The surface induced orientational order parameter
S, versus reduced temperature for various lengths (n) of the sur-
factant molecule (4% C,H,, ,,-COOH). The solid line denotes
the theoretical fit.
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FIG. 16. The surface induced orientational order parameter
Sy versus reduced temperature for various lengths n =10 of the
benzoic acid surfactant molecule (2%). The solid line denotes
the theoretical fit.

the higher concentration of the surfactant molecules has
only a nominal effect on the surface order. Comparison of
the 2% and 4% samples for n =5 shows that S| is slight-
ly smaller in magnitude for the 4% sample than for the
2% one. This is consistent with our earlier statement
concerning the interaction of the core of the liquid-
crystal molecules with the alumina surface underneath
the surfactant monolayer because the higher concentra-
tion of surfactant molecules in the 4% sample keeps the
core away from the surface. The larger concentration of
surfactant molecules on the surface appears to weaken
the liquid core-alumina interaction.

The analysis of the 2% benzoic acid surfactant is
presented in Fig. 16. The benzoic molecule was chosen to
investigate how a rigid core on the surfactant molecule
influences the ordering of the liquid-crystal molecules.
The theoretical fits to the data indicate that g and S are
similar to those for the 2% aliphatic acid surface treat-
ment with n =15 (see Table I). This indicates that the
rigid core of the benzoic acid has less influence on the or-
dering of the liquid-crystal molecules than a more flexible
aliphatic chain. A possible explanation for these similari-
ties may be that the interdigitation of the liquid-crystal
molecules in the surfactant monolayer is minimal, and
the more rigid aromatic core has little influence on the
ordering of the liquid-crystal molecules.

VI. CONCLUSIONS

A comprehensive study on anchoring and wetting and
ordering near the nematic-isotropic transition tempera-
ture is presented. In the nematic phase the observation
of a discontinuous homeotropic-to-planar anchoring
transition indicates that interfacial coupling is dominated
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by short range interactions rather than quadrupolar ones
[21]. The transition occurring between n =6 and 7 (for
2% surface treatment) shifts to smaller carbon number n
(between n =5 and 6) as the density of the surfactant
molecules at the surface increases (4% surface treatment
solution). The discontinuous anchoring transition is also
seen as a function of temperature on approaching the
nematic-isotropic transition from below, indicating that
the relationship between W, and S is W,~S# with 8> 2,
which is consistent with the findings of Erdmann, Zumer,
and Doane [77].

The studies of the pretransitional ordering on ap-
proaching the nematic-isotropic transition temperature
from above unveil a variety of wetting phenomena, indi-
cating a strong dependence of the interfacial coupling
strength on the nature of the surfactant monolayer. In
addition to the anchoring transition from the planar-to-
homeotropic ordering, our observations show two wet-
ting transitions in the homeotropic regime as the length
of our surfactant molecule on the surface is varied from
n =7 to 20 [see Fig. 14(a)]. An orientational wetting
transition from partial to quasicomplete between n =7
and 9 and another wetting transition from quasicomplete
to partial wetting between » =18 and 20 are observed.
We attribute the first wetting transition from partial to
quasicomplete as an increase in the steric interactions
with increasing chain length. The reentrant wetting tran-
sition from quasicomplete to partial indicates that with
increasing surfactant chain length, the surfactant tail in
the aligning surface layer undergoes a type of “melting”
transition. The lack of the complete wetting in this case
seems to be a result of relatively weak short range in-
teractions [63] rather than confinement [76]. The optimal
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ordering surface occurs at n =17 for the 2% aliphatic
acid surface treatment. Unfortunately, the coupling
strength is still not strong enough for the Sheng-type
prewetting boundary layer transition [4]. The density of
surfactant molecules in the ordering monolayer has only
a small influence on the orientational order parameter at
the surface. The value of S is enhanced by ~10% for
n =15 when the surface treatment solution is changed
from 2% to 4%.

In the planar anchoring situation corresponding to sur-
factants with » =5 and 6, the weak temperature depen-
dence of the surface order and its persistence deep into
the isotropic phase indicate the need for inclusion of non-
linear terms in the phenomenological treatment of sur-
face coupling. The lack of the symmetry breaking BKT
transition in these cases indicates that interfacial cou-
pling is not strong enough to induce such a transition. A
search for a method to enhance the surface coupling in
planar anchored systems is in progress. Investigations on
the order parameter of the surfactant monolayer is
planned, and we are continually searching for surface
treatments that give rise to strong interfacial coupling.
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FIG. 1. Scanning electron microscope photograph of Ano-
pore membranes (a) showing the cylindrical nature of the
confining pores. (b) The aliphatic and benzoic acid surfactants
used to treat the inner cavity wall of the Al,O, Anopore mem-
branes. (c) The deuterated low molecular weight liquid-crystal
SCB deuterated in the a position on the hydrocarbon chain. (d)
A simple model to demonstrate the interaction between the ali-
phatic acid surface treatment and the liquid-crystal molecules.
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