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The measurement of the saddle-splay surface elastic constant K,, in a nematic liquid crystal is report-
ed based on two independent deuterium nuclear-magnetic-resonance (?H-NMR) experiments. Fifty
years after the pioneering work of Oseen and Zocher, these measurements were made from observations
of nematic director-field configurations and a configuration transition discovered in submicrometer-sized
cylindrical cavities of Nuclepore membranes under selected surface preparations and wall curvatures.
The experimental difficulties in separating the effect of anchoring energy from surface elastic energy (in-
herent in small confining volumes) were overcome by a unique use of NMR and the ability to predict
stable nematic structures with elastic theory. Direct comparison of calculated ZH-NMR spectral pat-
terns to experiment is very sensitive to the details of the stable nematic director-field configuration in cy-
lindrical cavities. Small differences in the director configuration imposed by the curvature or elastic
properties of the nematic liquid crystal are strongly reflected in the shape of the spectral pattern.
Different nematic structures with preferred perpendicular anchoring conditions such as the escaped radi-
al and planar polar show markedly different patterns. Theoretical analysis reveals that a planar-polar
structure is preferred in cavities with a high degree of curvature or sufficiently weak anchoring condi-
tions at the cavity boundary. The features of the planar-polar structure are described in terms of the di-
mensionless parameter RW,, /K, where R is the radius, W, is the molecular anchoring strength, and K is
the bulk elastic constant in the one-constant approximation. At a sufficiently large radius or substantial-
ly strong anchoring conditions, the escaped-radial structure is favored and sensitive to the dimensionless
surface parameter c =RW,/K +K,,/K —1. The ZH-NMR technique unambiguously distinguishes be-
tween these two stable nematic director-field configurations and is sensitive to the surface parameters o
and RW,/K. Theoretical analysis also reveals that the relative magnitude of the bend (K3;) and splay
(K ;) bulk elastic constants plays a vital role in determining the molecular anchoring angle at the cavity
wall of the escaped-radial configuration. As K;; /K, increases, the molecular anchoring angle is shown
to deviate further from its preferred perpendicular orientation in the presence of finite molecular anchor-
ing to alleviate the expensive bend deformation. Experimentally, point defects occur in the escaped-
radial configuration where the direction of bend is changed, resulting is a series of alternating hyperbolic
and radial defects. An analytical trial function is constructed that describes these defect structures in
the region of interest.

PACS number(s): 64.70.Md, 61.30.By, 61.30.Jf, 68.10.Cr
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I. INTRODUCTION

Despite the successful application of elastic theory to
uniaxial liquid crystals pioneered by Oseen [1] and Zoch-
er [2] more than 50 years ago, the importance of the sur-
face elastic contributions has remained an open question
because there have been no measurements of the associat-
ed surface elastic constant. The measurement of the sur-
face elastic constants has been an experimental challenge
for two basic reasons: The simultaneous presence of bulk
elastic distortions and the effects of surface anchoring. A
liquid-crystal material in its equilibrium configuration
can exhibit three types of bulk deformations that are his-
torically known as splay, twist, and bend. Each type of
deformation is associated with a specific elastic constant
K, K,,, and K3, respectively, that describes the energy
associated with the related deformations. The techniques
for measuring the magnitude of bulk elastic constants are
well established [3,4] and based on Fréedericksz-type ex-
periments or empirically deriving a sample geometry that
excites a particular deformation in a pure mode. The
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other two deformations do not contribute to the
configuration. In principle three configurations are need-
ed to determine K ;, K,,, and K33 accurately.

Unfortunately the surface elastic deformations are not
found in a pure mode analogous to the bulk deforma-
tions. In order for the surface elastic term proportional
to K,, (saddle-splay surface elastic constant) to contrib-
ute to the configuration, very specific surface and anchor-
ing conditions are required. [It should be noted that
different definitions of K,, have been used by various
researchers; our definition is given in Eq. (1) below.] For
example, the K,, distortion can result from liquid-crystal
molecules being anchored to a curved surface [5], inho-
mogeneous configurations in planar cells [6], or hybrid
aligned cells with degenerate parallel anchoring [7].
These systems are complicated to analyze both theoreti-
cally and experimentally which has hindered the mea-
surement of K,,. The measurement of K,, is further ag-
gravated by the difficulty in separating surface elastic en-
ergies from molecular anchoring energies.

Surface elastic terms are unimportant in bulk quanti-
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ties of liquid crystal and typically ignored. But when
liquid crystals are confined to small cavities its effect is
found to be significant, particularly when elastic energies
imposed by the confining volume compete with molecular
anchoring energies. Polymer dispersed liquid-crystal
(PDLC) droplets are systems that exhibit the K,, distor-
tion. Erdmann, Zumer, and Doane [8] successfully mea-
sured the molecular anchoring strength in PDLC systems
with perpendicular anchoring but were limited to large
droplets (R >3 um) by optical methods where the
effective anchoring strength is strong, washing out any
detailed information on the surface elastic constant K,,.
Zumer [9] has extended the theory of the PDLC systems
with perpendicular boundary conditions to include the
surface elastic constant K,,. Furthermore, Zumer has
proposed several methods to determine K,, based on the
radial-to-axial structure transition and zero-field micros-
copy studies of the axial structure, where the simulated
microscope textures [10] are sensitive to the ratio
K,,/K,; [11,12]. It was also concluded that K,, <2K;
based solely on the existence of the zero-field axial struc-
ture observed by Erdmann, Zumer, and Doane. In this
contribution we study in detail nematic director
configurations that exist in cylindrical geometries that
simplify both the theoretical treatment and experimental
analysis, allowing the determination of K ,,.

It was first thought in the early 1970s that the nematic
director field in a cylinder with perpendicular boundary
conditions would consist of only a radial component with
a line disclination along the cylinder axis where the direc-
tor field is undefined [13] (see Fig. 1). Cladis and Kleman
[14] and Meyer [15] have shown that the high cost of
splay deformation energy in the center of the cylinder
could be relieved by introducing a finite amount of bend
deformation. This results in a continuous director field
that is planar radial near the cavity wall but escapes into
the third dimension along the cylinder axis (see Fig. 1).
Comparison of the free energies of these two structures
under strong anchoring conditions at the cavity wall re-
vealed that the escaped-radial structure would be expect-
ed to revert to the planar-radial structure at a sufficiently
small cavity radius, R, =0.1 um. Optical studies verified
the existence of the escaped-radial structure in large
capillary tubes of radii 20—200 um occurring with singu-
lar point defects regularly spaced along the cylinder axis
[16-20]. The defects result from the fact that two
energy-equivalent configurations exist where the direc-

_ERPD

ER .. _.FR

FIG. 1. Three possible nematic-director fields in capillary
tubes, escaped radial (ER), planar radial (PR), and escaped radi-
al with singular point defects (ERPD).
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tion of bend is changed (see Fig. 1). Kuzma and Labes
[21] extended these studies to smaller radii but were lim-
ited by optical methods to cavity radii greater than 2 um.
The smectic- 4 [22] and cholesteric [23] phases were also
studied in large capillary tubes by Cladis when perpendic-
ular anchoring conditions exist at the surface.

The most desirable way to study nematic director fields
in cylindrical capillaries is by optical polarizing micros-
copy [15-21]. The observed optical birefringence pat-
terns for the escaped-radial nematic director field for two
orientations of the cylinder axis with respect to the initial
polarization vector (a;,=0" and 45°) is presented in Fig.
2. The transmitted light at the a,=0" orientation is
essentially extinct so that the texture appears dark except
near the center of the tube. The extinction results from
the director field being nearly radial in this region. The
maximum transmitted intensity occurs at a;,=45° where
the escaped region along the axis is visible. The presence
of a singular point defect along the cylinder axis is easily
identified by this method. Although optical methods are
the most direct way to study nematic structures, the reso-
lution of the technique limits studies to cavity sizes
greater than 2 um. This is far larger than the size expect-
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FIG. 2. Optical birefringence patterns of the escaped-radial
configuration using a while-light source. The sample is
prepared by filling a 200-um-diam capillary tube treated with
lecithin with the liquid-crystal compound 4’-pentyl-4-
cyanobiphenyl (5CB). The continuous escaped-radial structure
(a) and the escaped-radial structure with a defect (b) is presented
for two orientations of the cylindrical axis with respect to the
initial polarization vector (a,=0° and 45°). For a more detailed
discussion of optical microscopy studies on capillary tubes con-
sult Refs. [15-23].
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ed where the elastic energies compete with molecular an-
choring energies to induce planar types of nematic
director-field configurations.

More recently, nematic director configuration studies
were extended to the submicrometer cylindrical cavities
of Nuclepore membranes where 2H-NMR was used to
study the density of singular point defects that exist along
the cylindrical axis of the escaped-radial configuration
[24]. These results stimulated theoretical studies of mul-
tidomain configurations with perpendicular anchoring
conditions at the cavity wall. Vilfan, Vilfan, and Zumer
[25] predicted that under strong anchoring conditions the
escaped-radial structure with alternating radial and hy-
perbolic defects is no longer stable for L <L,~0.25R,
while at larger defect separations this structure is meta-
stable but unable to obtain the needed energy to relax to
a continuous structure. Stability calculations were
presented indicating that domain shrinkage is possible for
L <L, through direct defect-defect interaction. Further
calculations by Vilfan, Vilfan, and Zumer [25] predicted
the existence of a new structure where the radial defect is
replaced by a defectless axial structure which occurs
when the molecular surface anchoring is diminished.
This structure has yet to be observed experimentally.

In this contribution we investigate the effect of
confining walls on nematic liquid crystals which intro-
duce a variety of exciting behaviors of basic importance
[26-28]. The most profound effects occur when the cur-
vature of the confining walls introduces elastic deforma-
tions which compete with the anchoring strength at the
wall surface to create nematic structures that are sensi-
tive to the detailed elastic properties of the nematic ma-
terial [29]. We present an innovative deuterium nuclear-
magnetic-resonance (*H-NMR) study of nematic liquid
crystals confined to the cylindrical cavities of Nuclepore
membranes and the involved theory behind the measure-
ments. Cavities with untreated surfaces are found to pro-
vide an anchoring strength of sufficient magnitude to sup-
port the escaped-radial director configuration for radii as
small as 0.05 um while cavities with treated lecithin walls
reveal weakened anchoring strengths and only support
this structure in cavities of radius 0.5 um and larger.
When sufficiently weak anchoring conditions exist at the
cavity boundary a different planar-polar configuration is
observed to occur instead of the previously predicted
planar-radial configuration.

The sensitivity of the H-NMR technique to small
differences in the nematic director field imposed by the
curvature or elastic properties of the nematic liquid crys-
tals are strongly reflected in the shape of the ‘ZH-NMR
spectral pattern. The escaped-radial and planar-polar
structures are shown to exhibit markedly different spec-
tral patterns. Studying the escaped-radial structure in a
series of cavity sizes or observing the escaped-radial to
planar-polar transition point allows the measurement of
both K,, and the molecular-anchoring strength W,. The
value of K,, is found to be comparable in size to splay,
twist, and bend bulk elastic constants in the compound
4'-pentyl-4-cyanobiphenyl (5CB-Bd,) at room tempera-
ture based on two independent 2H-NMR measurements.
A stability calculation describing the observed
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configuration transition provides an additional estimate
on the value of K,, that complements the NMR measure-
ments.

The role of curvature, molecular anchoring, and sur-
face elastic constants is not just limited to basic studies,
but offers valuable information to the applied audience as
well. PDLC’s are attractive materials for display applica-
tions, one of these applications being projection displays
where they provide bright, high-contrast images [30,31].
For PDLC materials to be successful in high-resolution
systems it is necessary to adopt these materials to the ac-
tive matrix which requires low driving voltages, high
resistivities, and rapid response rates [32]. Engineering
PDLC materials to meet these specifications requires an
in-depth knowledge of the nematic director fields which
occur in micrometer and submicrometer spherical cavi-
ties. While cavities of cylindrical shape do not occur in
practical PDLC devices, these cylindrical geometries
teach us how to create and control nematic director fields
under various surface conditions and wall curvatures.
The cylindrical cavities of Nuclepore membranes have
two distinct advantages for studying surface effects: (1)
the surfaces are accessible to chemical treatment that
controls the molecular anchoring strength and anchoring
angle; (2) the cylindrical symmetry simplifies the theoreti-
cal analysis of the director configuration. Many of the
material and surface parameters determined in our stud-
ies can be carried over to other cavity shapes important
in electrooptic devices.

II. ELASTIC CONTINUUM THEORY

The nematic director-field configuration inside a small
cavity under stable conditions depends on the elastic
properties of the liquid-crystal material, the strength and
preferred orientation of the molecular anchoring at the
cavity wall, and the strength and orientation of an ap-
plied field. The elastic free energy that describes the bulk
and surface elastic character exhibited by liquid-crystal
materials as described by Saupe [33] is expressed as

Fv:7fVOl{K”(divn)2+K22(n-curln)2+K33(nXcurln)2
—K,,div(in X curln+ndivn)}dV , (1)

where the identity n X curln= —[(n-V)n] is used and the
order parameter S is assumed constant throughout the
volume of the cavity. The nematic director n represents
the local direction of the optic axis of the uniaxial nemat-
ic liquid crystal and K;, K,,, and K;; are the phenome-
nological splay, twist, and bend bulk elastic constants.
K,, is called a surface elastic constant because it enters
the free energy as the coefficient of a divergence term
which can be transformed to a surface integral by
Green’s theorem.
We have not been complete in Eq. (1) in that we
have neglected the other surface term
lK 13div(ndivn)dV, commonly called the mixed
VO

splay-bend contribution. This is based on having weak
deformation and consistently keeping terms only of first
derivatives of n. Including K ,; into Eq. (1) would also re-
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quire the inclusion of volume elastic free energy terms
which involve the square of second derivatives of the
director field [26,27].

The interaction between the nematic liquid crystal and
the confining surface gives rise to a surface free energy
first proposed by Rapini-Papoular [34] which has the fol-
lowing form:

F=1[ surfWosinqu s , )

where ¢ is the angle between n and the preferred direc-
tion of alignment at the surface and W, denotes the
strength of the interaction in units of energy per area.
We will consider structures with perpendicular anchoring
at the surface and therefore the normal to the surface is
assumed to be the preferred anchoring direction. In the
strong anchoring limit, W,— o, the surface free energy
is replaced by the boundary condition ¢=0° since the
nematic director becomes perpendicular to the surface.
It should be stressed at this point that W, strongly de-
pends on the type of surface and surface treatment em-
ployed while the surface elastic constant K,, in Eq. (1) is
a material parameter independent of any short-range in-
teractions occurring at the surface.

The contribution to the free energy that describes the
interaction of the liquid-crystal molecules with an exter-
nal magnetic (B) or electric (E) field is described by

Fp=—1[ 2X(gpygp (3a)
2 vol Mo
or
Fp=—1f VOXAeeo(E-n)ZdV (3b)

where Ay is the anisotropy in the diamagnetic suscepti-
bility and Ae€ is the anisotropy in the dielectric constant.
The equilibrium configurations that follow are calculated
for cylindrical geometries with perpendicular boundary
conditions. All the configurations are calculated in zero
field so the contribution of Egs. (3) is not included. The
influence of the magnetic field introduced by the NMR
spectrometer on the nematic director-field configuration
can be shown to be negligible by calculating the magnetic
coherence length given by the relation
&, =(uoK /Ax)'/?/B, where K is some average of elastic
constants K, depending upon the specific director
configuration. Using the appropriate constants for the
liquid-crystal material 5CB (4’-pentyl-4-cyanobiphenyl)
and strength of the NMR magnetic field (4.7 T), the mag-
netic coherence length is ~1.7 pm [35] which is
significantly larger than the cavity radii employed in this
study.

A. Planar-radial structure

The planar-radial (PR) configuration has been treated
in detail by other authors [13-15] so only a brief discus-
sion will be presented here. Since n is normal to the sur-
face, the energy per unit length of the cylinder, which is
pure splay energy, is given by

FPRzﬂKllln(R/p) ’ (4)
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where p is the radius of the line disclination which is of
the order of molecular dimensions, at which elastic
theory breaks down. This configuration is independent of
anchoring strength since n=r. The surface elastic con-
stant K,, also does not contribute to Eq. (4) because the
effect of the inner surface at p cancels with the outer sur-
face at R. This is given mathematically by
div(n Xcurln+ndivn)=6(r)/r when n=r.

B. Planar-polar structure

The planar-polar (PP) structure can be specified by
n=cosy(r,0)r+siny(r,0)0 where ¢ is the angle between
the local nematic director and the radial direction as il-
lustrated in Fig. 3(a). If the simplifying assumption that
K|, =K;3;=K is made, the Euler-Lagrange equation for
minimizing the elastic free energy then becomes the La-
place equation in two dimensions (the polar coordinates r
and 6)

d*y(r,0) L Lldyrne) 1 d*(r,0) _
— _+. —_ =
dr? ro o dr r2  de?
The exact solution in the strong anchoring limit to Eq. (5)
can be found by applying the appropriate boundary con-
ditions ¥(R,0)=0, ¢¥(r,0)=m/2, and Y(r,7/2)=0 and
employing a conformal mapping technique to obtain the
solution

0. (5)

_ R2—¢2
(r,0)=t vy~ 7
v an (R2+r?)tané }
_T _1 | (R?*+7r?)
-?—tan 1 mtan@] . (6)

One can immediately see that K,, does not contribute to
this configuration since div(nXcurln+ndivn)=0. In
fact, the term in Eq. (1) proportional to K,, is identically
zero for any planar configuration in cylindrical
geometries independent of the anchoring direction at the
cavity wall. The free energy per unit length of the
cylinder is determined to be

AZ
y

72 N7

n

7 /

Kd
2 2 ‘@/,’ r

5 o 1 4

@ (b)

FIG. 3. Schematic representation of the coordinate systems
used in the text for the planar-polar (a) and escaped-radial (b)
structures.
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where p is the radius of the axial line disclinations cen-
tered at r =R, 0=0, and 7. The line disclinations in the
PR and PP configurations are introduced to avoid an
infinity in the free energy arising due to the breakdown of
elastic theory. A more accurate description of the phys-
ics would include spatial variations of the local degree of
orientational order [36].

If weak anchoring occurs at the surface, the boundary
condition ¥(r =R)=0 is relaxed by the relation

=0. (8)
r=R

Wosin¢(r,9)cos¢(r,6)+Kd ‘(1:’9) ]

The exact solution to the Euler-Lagrange equation is then
given by

1/1(r,d9)=%——tan‘1

2 2
E§—2+in—tan9 J , 9)
—yr

where y =(£2+1)2—¢ and £=2K /RW,. The nematic
director field is driven by the value of the effective an-
choring strength RW,/K, where it strongly influences
the molecular-anchoring angle at the cavity wall as
shown in Fig. 4. The free energy per unit length of the
cylinder is given by

FPP=7TK[—1n(2§7/)+(1—y)/§J . (10)

It can be shown by comparing Eq. (10) to Eq. (7) that the
crossover to the strong anchoring regime occurs when
Wy ~2K /pe.

The calculation of the PP configuration becomes more
involved when K ;7K ;. There is no analytical solution
for this situation and therefore the resulting differential
equation must be solved numerically.

C. Escaped-radial structure

The escaped-radial (ER) configuration has been studied
by other authors [14,15] in the strong anchoring limit,
J

K ;sin?Q(r)
FER=1rf0Rdrr{ ! e + [d(;ir)
2K —K54)
+ 11 Za dQ(r)sinQ(r)cosQ(r)

r dr
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RW,/K=12

RW,/K=3

Planar—1
Polar

Y(R.6) (deg)

0 15 30 45 60 75 90
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FIG. 4. The effect of the dimensionless surface parameter
RW,/K on the planar-polar configuration for K, =K;;=K.
The diagram shows the dependence of the molecular-anchoring
angle at the cavity wall in terms of the polar coordinate 6 for
various anchoring regimes.

neglecting surface elastic contributions. The nematic
director is completely specified by n=cosQ(r)z
+sinQ(r)r, where Q is the angle between n and the
cylinder axis, and only depends on the radial variable r as
illustrated in Fig. 3(b). We now carefully reexamine the
ER structure to incorporate the term proportional to
K,,, which yields
2 dQ(r)

————sinQ(r)cosQ(r) . (11)
r dr

The free energy per unit length of the cylinder is

div(n X curln+n-divn)=

2
[K 11c08’Q(r)+ K 335in’Q(7) ]

+7RWycos’Q(r =R) . (12)

The term proportional to (K;; —K,4) is a total differential that can be integrated exactly to obtain

2

FEszfoRdr r{ l d(;ir)

+7{RWy+K,,—K | }cos’Q(r =R)=0 .

[K 1;1c082Q(r)+ K 33sin’Q(r) ]+

K sin’Q(r)

rZ

+TT(K11 _K24)

(13)

Minimization of Eq. (13) results in the following differential equation:

2 2
%{Kllcoszﬂ(r)+K33sinZQ(r)}+ dUr)
»
1.4
+r dr

sinQ(r)cosQ(r){K3; —K 11}

. K
{K 110082 r) + K 538in%Q(r)} — —=sinQ(r)cosQ(r)=0 .  (14)

r2



8698 G. P. CRAWFORD, D. W. ALLENDER, AND J. W. DOANE 45

The solution in the strong anchoring limit (r =R)=/2 and one-constant approximation is given by the expression

Q(r)=2tan"Yr/R) ,

(15)

which is identical to the previously reported solutions, except the free energy now becomes

FER=7TK(3_K24/K) ’

where the K,, distortion contributes to the free energy.

(16)

If weak anchoring occurs at the surface, the boundary condition (r =R)=1/2 can be replaced by the relation

sinQ(r)cosQ(r(RW,+K,, —K)
KR

dQ(r)
dr

r=R

The solution to Eq. (14) becomes

Q(r)=2tan"! i;tan(a/Z) , (18)

where a is the molecular-anchoring angle at the surface
given by the relation

a=Q(r=R)=cos 1/0) . (19)

The dimensionless surface parameter o governs the an-
choring regime and is defined by

o % + % 1. (20)
Equations (18) and (19) are valid when o > 1. If the phys-
ical parameters are such that o <1 then Q=0 every-
where. The presence of a finite o tilts the molecular-
anchoring angle away from its preferred perpendicular
orientation as shown in Fig. 5. In the strong anchoring
limit 0 — oo, resulting in a— /2 reducing Eq. (18) to

K33/K11=1 K33/K11=5

] Escaped— 1
154 Radial -
0

L A A S A N
o 2 4 6 8 10

ag

FIG. 5. The response of the escaped-radial configuration in
the presence of a finite o for different values of K33 /K ;. The
diagram reveals the behavior of the molecular-anchoring angle
at the cavity wall in terms of the surface parameter o for several
values of the bend-to-splay ratio.

(17)

r=R

f

Eq. (15) where strong anchoring is implied. One can see
by Eq. (20) that K,, strongly influences the nematic
director field in the weak anchoring regime when K,, /K
is comparable to RW,/K. In the case of very weak an-
choring (o <1), the molecular-anchoring angle at the
surface reduces to a parallel orientation along the
cylinder axis. However, the director field would probably
revert to the planar-polar configuration before this situa-
tion is realized. The free energy per unit length is given
by

= 7K RW,/K), o<1. @D

FER

It is important to point out that the K,, term contributes
to the free energy given by Eq. (21) independent of the
anchoring regime. Therefore one must be careful in
neglecting the K,, distortion based solely on the strong
anchoring assumption, particularly when free-energy
considerations are involved.

If weak anchoring occurs at the surface and K;; K33,
the solution to Eq. (14) must be reconsidered. The
boundary condition at the surface is given by the relation

_ (RWy+K,,—K;)sina cosa 22)
r=R R (K cos?a+Kysin’a)

dQ(r)

dr

The molecular-anchoring angle at the cavity wall is given
by the expression

a=Q(R)=cos™! (23)

k172
(o2+k—D'2 |’

where k =K 33 /K, and the dimensionless surface param-
eter o is now defined as

RW K

1, (24)
Ky Ky

g

which is the same definition as in Eq. (20) except K is re-
placed by K;;. The exact solution to Eq. (14) is solved
for two cases: k> 1 and k <1, yielding the relations
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172 172

o+1
o—1

A—pB'cosQ(r)
A+B'cosQ(r)

xr
R

X exp £sin"l(,Bcosot) ]

Bl

X exp {—Esin"‘[ﬁcosﬂ(r)] ], k>1 (25)

BI
and

172 172
r ot+1 ] lA—B’cosQ(r) ]
R

o—1 A+pB'cos)(r)

Xexp l— -g7sinh'1(/3 cosa) l

BI

where A=[1—p%os*Q(r)]"?, B*=|k—1|/k, and
B’*=1/k. The effect of a finite o and increasing values of
K ;3 /K, on the nematic director field is presented in Fig.
5 along with the dependence of the molecular-anchoring
angle at the cavity wall in terms of the dimensionless sur-
face parameter o. It is interesting to demonstrate the
response of the equilibrium configuration for increasing
values of K33 /K, in different anchoring regimes. In the
strong anchoring limit (o — o ), the directors relieve the
expensive bend deformation by introducing more splay
into the system (see Fig. 6) as K33 /K, increases. How-
ever, in the presence of finite anchoring (o =4), the sys-
tem alleviates the high cost of bend in quite a different
manner. Increasing the value of K33 /K, decreases the

X exp lﬁsinh—‘[ﬂcosa(r)] J k<l (6

Q (deg)

FIG. 6. The equilibrium distribution for the escaped-radial
structure in the strong (o = « ) and weak (0 =4) anchoring lim-
its for increasing values of K3;/K,,. The response of the
configuration to alleviate the expensive bend deformation
strongly depends on the anchoring regime. The value of
K;3;/K,, plays a vital role in determining the molecular-
anchoring angle at the cavity wall (/R =1) in the weak an-
choring regime.
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FIG. 7. The free energy per unit length of the escaped-radial
configuration for two values of the saddle-splay surface elastic
constant in the strong and weak anchoring regimes.

molecular anchoring angle of the director at the cavity
wall (see Fig. 6). Therefore both anchoring regimes re-
lieve the costly bend by reducing the escaped region in
the center through two very different mechanisms. The
free energies per unit length are given by the relations

Fpplk>1)=71K lz+ = tan” V=)
k| VEST | K
vVk—1 o K,
27

and

2+ —K tanh WT=R)

FER(k<1)=7TK“ \/1-—~k

__k -
ik tanh

Vi1—k

_Ka
Ky

(28)

The free energy per unit length in terms of K;3/K; is
presented in Fig. 7. This demonstrates that positive
values of K,, /K, lowers the free energy independent of
the anchoring regime.

D. Escaped radial with point defects

In reality, a continuous ER structure is seldom realized
when the liquid-crystal material is cooled from the isotro-
pic fluid phase into the orientationally ordered nematic
phase. Fluctuations that are intrinsic near the nematic-
isotropic transition and irregularities of the cavity walls
often lead to a partially escaped structure. Examination
of the ER structure indicates that the director can escape
either towards z>0 or z<O0. If these two situations
occur in different regions of the same cylinder, singular
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point defects of two types occur along the cylinder axis:
radial and hyperbolic creating an escaped-radial structure
with point defects (ERPD) [19,20,24,25,37]. It is periodic
in the z direction with period 2L, which is the distance
between two defects of the same type. This structure is
much more difficult to treat analytically even in the one-
constant approximation since () depends both on the ra-
dial and axial coordinates giving rise to the Euler equa-
tion

d?Q(r,z) +l dQ(r,z) 4 d*Q(r,z)

dr? r dr dz?

—LsinQ(r,2c0s0(n2=0 . 29)
’

Therefore we resort to a trial function that satisfies all
the necessary boundary conditions. The solution must
approximate the director near the radial point defect at
r =z =0, given by the expression

Q(r,z)=tan"Yr/z), (30)

and the director near the hyperbolic defect at z =L,
r =0, given by the expression

r

Q(r,z)=tan™!

The above forms describe the director in regions near the
defects but fail to satisfy the boundary conditions at the
surface of the cylinder which are the same as for the ER
configuration. Restricting our interest to the region
L/R <2 and o> 1, a trial function that has the desired
defects given by Egs. (30) and (31) and satisfies the bound-
ary conditions is given by the relation

1 or
z(1—z/L)o—[o—1]r/R)

Q(r,z)=tan" (32)

for a cell <R and 0<z=<L. A point in the region
—L <z <0, which makes up the other half of the unit
cell, has an angle () that is the supplement of the angle at
the corresponding point in the region 0<z<L, i.e,
Q(—z)=7—Q(z). Periodic repetition of the cell pro-
duces a lattice of alternating radial and hyperbolic de-
fects of spacing L which is in close agreement with nu-
merical studies [25,37]. The ERPD structure is plotted in
Fig. 8 for various values of o at a constant defect density
along with the dependence of the molecular-anchoring
angle on the axial coordinate. The resulting free energy
per unit length can be approximated by the expression

S PP S T.CL. S P I
7 |o—1 | L
- | = = ... . 33
. N

These trial functions are valid for L /R <2.
E. Nematic director-field configuration transitions

It was previously predicted that the ER structure
would transform into the PR structure at the critical ra-
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FIG. 8. The effect of the surface parameter o on the
escaped-radial configuration with singular point defects. The
diagram reveals the profile of the molecular-anchoring angle be-
tween successive point defects.

dius R_pe> [14,15], but closer examination of the free en-
ergies for the planar structures summarized in Table I re-
veals that the PP structure is always energetically favor-
able over the PR structure provided the line disclinations
have the same radius p and K; ~K;;. Therefore we ex-
pect the PP structure to occur instead of the PR struc-
ture at small radii. A phase diagram is presented in Fig.
9 in terms of the dimensionless variable RW, /K clearly
identifying the regions of stability for the PP and ER
configurations. This diagram is particularly useful in
determining the magnitude of K,,, based on the
configuration transition since K,, enters into the effective
anchoring strength for the ER configuration, while the
PP structure depends only on RW,/K and is indepen-
dent of K,,. A phase diagram is presented in Fig. 10 that
predicts the regions of stability for the PP and ER
configurations in terms of the dimensionless parameters
RWo/K and K24/K.

Many experimental studies have revealed the existence
of singular point defects along the cylinder axis
[16-20,24,29,37,38]. Although the Fggpp is greater than
Fgg, the point defects of real samples are typically unable
to relax by going to the ends of the cylinder. The bound-
ary conditions on the ends are expected to repel them, re-
sulting in array of equally spaced defects. The precise
value of R at which the ERPD configuration crosses over
to the PP configuration is difficult to predict because of
the uncontrollable parameter L /R. However, experi-
mentally in submicrometer cavities, the defect density is
found to be in the range 1.5R <L <2.0R [24,29,37],
which is consistent with predictions [25].

F. Conditions under which K ,, is important

The surface elastic term proportional to K,, in the
elastic free-energy expression given by Eq. (1) is nonzero
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TABLE 1. Summary of free energies for nematic director-field configurations in cylindrical
geometries with perpendicular anchoring conditions in the one-constant approximation.

Configuration Strong Weak
Planar Radial 7K In(R /p)
(PR)
Planar Polar 7K In(R /2p) 7K { —In(2&y)+(1—y)/E}
(PP) Y=(§2+1)1/2_§
_ 2K
ST WoR
. Ky, Ky, 1
Escaped Radial 7K |3 X 7K |3 X .
RW, Ky
= + —
(ER) o K X 1
o>1

only when the director depends on more than one Carte-
sian coordinate. Therefore previous studies on planar
surfaces in which the director is homogeneously aligned
or homeotropically aligned were valid in neglecting the
K,, term when n depends only on the coordinate normal
to the surface. However, the role of curvature intro-
duced by cylindrical [14-25,29,37,38] or spherical
[5,8-10,12,39] confinement or samples with inhomogene-
ous configurations such as stripes [6] should be analyzed
in terms of the free energy that includes the K,, term. It
was recently reported [7] that hybrid aligned samples
with degenerate parallel anchoring have the K,, distor-
tion. An estimate value of K,, was determined based on
stability calculations of structures observed with optical
microscopy.

3 T T T T T
2 |
v |
&
~
fx
14 h
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0 S— . : . —
0 4 8 12 16 20
RWO/ K

FIG. 9. Free energy per unit length in terms of molecular-
anchoring strength for the planar-polar (PP) and escaped-radial
(ER) structures in the one-constant approximation. The inter-
section point predicts the value of RW /K where the structural
transition occurs.

III. PRINCIPLE OF DEUTERIUM NMR
MEASUREMENTS

H-NMR is a particularly convenient technique to
probe nematic structures [24,29,37,39-42] since this
method gives the distribution of the director orientation
inside the cavity for all cavity sizes. The characteristic
features of the ZH-NMR line shapes of confined nematic
structures are the width and shape of the spectral pat-
terns. Assuming that the order parameter S is constant
throughout the volume of the cylinder, i.e., there is no
evidence that H-NMR is sensitive to the change of
orientational order near the cavity wall or defect regions
in the nematic phase, the line shape and linewidth depend
on three factors: (1) the nematic structure inside the
cylinder, (2) the orientation of the cylinder axis in the
magnetic field, and (3) to a small extent translational
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FIG. 10. Calculated regions of stability for the planar-polar
(PP) and escaped-radial (ER) structures in the one-constant ap-
proximation.
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self-diffusion. Since the resonance frequency depends on
the angle between the nematic director n and the magnet-
ic field B, the H-NMR spectrum is sensitive to the
nematic director distribution inside the cavity. The
nematic director configuration is investigated at two
orientations of the cylinder axis in the magnetic field:
parallel (6;=0°) and perpendicular (65 =90°) for more
precise structure determination.

The extent of motional averaging can be estimated by
the simple diffusion relation x,~V'D /8v, where D is the
diffusion constant, v is the quadrupole splitting, and x,
is the distance the molecule migrates during the NMR
measurement. Using typical values for the diffusion con-
stant D~10"!'"" m?/s and 8v~40 kHz, the molecule
diffuses on the average of x;~0.02 um which is smaller
than the smallest cylinder radius used in these studies.
Diffusion is expected to have only minor effects on the
spectrum since the range the molecule diffuses on the
NMR time scale is small compared to the distance the
director orientation changes appreciably [24]. In con-
trast the influence of diffusion becomes extremely impor-
tant when considering surface-induced orientational or-
der in the isotropic phase because the molecules sample
wide variations of order during the NMR measurement
[43,44].

In a local region of the cylinder represented by the po-
sition vector r, a compound selectively deuterated at a
specific site on the molecule will yield a spectrum of two
lines at quadrupole frequencies 8v, given by the relation
(42]

Svp
8v(r)=i——2—[3cos29(r)—1] , (34)

where 6(r) expresses the orientation of the local nematic
director relative to the magnetic field, 8v is the quadru-
pole splitting of the bulk nematic phase given by
8vp =3e2qQS /2h, eq is the electric-field gradient created
by the carbon-deuterium (C—D) bond, eQ is the nuclear
quadrupole moment, and S =1(3 cos’p—1) is the degree
of orientational order of the C—D bond direction with
respect to the magnetic field. It can be seen from Eq. (34)
that the resonance frequency depends on the orientation
of the magnetic field in the principal axis frame (director
frame) in the phase. In the case of a macroscopically
aligned sample, only two absorption lines are expected.
This is the case when the directors of a nematic liquid
crystal with positive diamagnetic susceptibility align
parallel to the field. In the case when the directors are
not uniformly aligned in the magnetic field but exhibit a
specific director configuration as a result of boundary
conditions imposed by a confining geometry, the 2H-
NMR line shape will reflect the distribution of directors
in the sample [24,29,37,39-41].

The 2H-NMR spectral distributions are simulated from
the free induction decay (FID) which is a relaxation func-
tion describing the attenuation of nuclear magnetization
in the time domain. The FID is described in terms of the
resonance frequency expressed by Eq. (34) given by the
relation [45]
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G(t)=<exp

i [ mvixtear ])

= 3 exp[imdv(r;)t]P(r;) , (35)
j

where the time interval (0,?) is divided into equal parts,
() represents the ensemble average, and P is the time-
independent probability that there is a molecule with fre-
quency v at position r;. The frequency spectrum is ob-
tained by the Fourier transformation of Eq. (35) given by

1(5v)= [ © G(vexp(—imdvt)dt . (36)

Line broadening is included by convoluting I(w,) with
the Gaussian distribution function. Motional averaging
can be included if necessary by considering an instantane-

-ous value of the quadrupole frequency and time-

dependent probability in Eq. (35) [24,39,43].

Now we will consider the ZH-NMR spectral line shapes
for the configurations presented in Sec. II to illustrate the
effectiveness of the 2ZH-NMR technique to probe various
nematic structures with perpendicular boundary condi-
tions. The spectral patterns are simulated in the strong
anchoring limit for parallel (6; =0°) and perpendicular
(65 =90°) orientations of the cylinder axis in the magnet-
ic field. The resulting simulations are presented in Fig.
11. The PR configuration is trivial for the 85 =0° orien-
tation resulting in the situation where all the directors are
perpendicular to the magnetic field. This results in two
singularities separated by 18vp that correspond to the
contribution from molecules with their principal axis
oriented at an angle 6=90°. In the 85 =90° case, the an-
gle 6 is uniformly distributed in a cylindrical distribution

6,=90°

g
_

Intensity (arb. units)

ERPD
L/R=2

Frequency (kHz)

60 kHz

FIG. 11. Simulated H-NMR spectral patterns for nematic
configurations in a cylindrical environment where the nematic
director is strongly anchored perpendicular to the cavity wall in
the one-constant approximation.
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giving rise to the classical ZH-NMR spectral pattern for a
cylindrical distribution. This is the same pattern that
would be obtained for the cholesteric liquid-crystal phase
where the pitch axis is oriented perpendicular to the mag-
netic field [46]. The PP structure yields the same spectral
pattern for the 85 =0° case as did the PR structure be-
cause all directors are perpendicular to the magnetic
field, but the 85 =90° case results in two singularities
separated by 8vy from the contribution of directors with
their principal axis oriented at an angle 6=0°. The
center portion of the spectrum represents the nonzero
contribution of directors in the magnetic field. The
05 =90° orientation was calculated for the situation
where the symmetry axis of the configuration aligns
parallel to the magnetic field which is experimentally re-
ported to occur when anchoring of the nematic director
is sufficiently weak at the cavity wall [29].

The 85 =0° orientation of the ER structure is charac-
terized by two shoulders and two singularities separated
by 18vp. The singularities correspond to the contribu-
tion of directors orientated at 6=90° and the orientation
with 6=0° contributes to the intensity of the shoulders.
The 05 =90° orientation results in a spectral pattern simi-
lar to a cylindrical distribution except the outer singulari-
ties are suppressed because of the escaping directors
along the cylinder axis that contribute to the 6=90°
singularities. The ERPD configuration yields two singu-
larities separated by 18vp with a contribution in the cen-
tral region of the spectrum for the 65 =0° orientation of
the cylinder axis. This is similar to the ER structure ex-
cept that the shoulders are suppressed due to the pres-
ence of defects which introduce radial domain walls
separated by a distance L. The 65 =90° orientation yields
a spectral pattern very similar to the cylindrical pattern
with the outer singularities having a greater intensity
than the ER configuration but less intense than the PR
configuration. As the L approaches large values, the
ERPD spectral pattern approaches that of the ER spec-
tral pattern. Figure 11 demonstrates the utility of 2H-
NMR to distinguish between nematic director-field
configurations that occur in cylindrical cavities with per-
pendicular anchoring conditions at the cavity wall.

To illustrate the sensitivity of the 2ZH-NMR technique
to the molecular-anchoring angle, consider the ER
configuration described by Eq. (18) and presented in Fig.
5. Several spectra were simulated for various values of
the dimensionless surface parameter o given by Eq. (20)
and are presented in Fig. 12. First consider the 65 =0°
orientation of the cylinder axis. As o decreases, i.e., due
to competition between the elastic and surface energies,
the molecular-anchoring angle tilts away from its pre-
ferred anchoring direction shifting in the 6=90° singular-
ities to the actual anchoring angle given by Eq. (19).
There is also an increase in the intensity in the shoulders
due to a larger contribution of directors escaping along
the cylinder axis. The 63 =90° orientation results in the
suppression of the §=0° contribution as o decreases due
to the increased number of directors escaping along the
cylinder axis contributing to the #=90° singularities.
The spectra will eventually reduce to two sharp singulari-
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FIG. 12. Simulated ?H-NMR spectral patterns for the
escaped-radial configuration for various values of the dimen-
sionless surface parameter o when K|, =K;; =K.

ties for the trivial case where the directors align parallel
to the cylinder axis for o < 1.

The ERPD spectral patterns behave in a similar
manner except the sensitivity to o is less pronounced.
This can be seen in Fig. 13 where the trial function given
by Eq. (32) is used. For small values of o the 6=90°

=00 6,=90°
L/R=1.5

o=6

=
=

o=2.5

Intensity (arb. units)
‘? ? q
I

60 kHz

Frequency (kHz)

FIG. 13. Simulated ?H-NMR spectral patterns for the
escaped-radial configuration with alternating radial and hyper-
bolic defects at constant defect density L /R =1.5 for various
values of the dimensionless surface parameter o-.
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singularities begin to split into two resolvable peaks for
the 85 =0° case as a result of the molecular-anchoring an-
gle tilting away from the surface normal. The 6=0°
shoulders become suppressed in the 85 =90° case as o is
decreased. These simulations using the trial function
given by Eq. (32) for the ERPD structure agree well with
numerical simulations [24,37].

The PP structure described by Eq. (9) is sensitive to the
anchoring parameter RW, /K only for the 65 =90° orien-
tation while the 65 =0° is insensitive to the anchoring
strength always yielding two singularities separated by
18vp. The center contribution of the PP configuration in
the 65 =90° orientation (see Fig. 11) will reduce to two
sharp singularities separated by dvp for sufficiently weak
anchoring conditions as RW,/K —0. The height of the
finite contribution in the center is thus a measure of the
anchoring strength assuming the symmetry axes are
aligned in the field.

IV. MATERIALS

In order for nematic director configurations that exist
in submicrometer cylindrical cavities to be accessible
with 2H-NMR, materials that offer a large surface-to-
volume ratio must be realized to obtain a sufficient
signal-to-noise ratio for a NMR experiment. The cavities
of Nuclepore membranes [47] are very satisfying for our
studies since they offer a reasonable porosity and concise
cylindrical pores. The pores can be obtained in a variety
of sizes ranging from 0.0075 to 6.0 pm in radii. We have
studied cavities of radii 0.05 to 0.5 um large enough for a
reasonable signal-to-noise ratio yet small enough so that
the magnetic field does not distort the nematic director-
field.

The Nuclepore membrane is composed of a polycar-
bonate film with cylindrical pores penetrating through its
10-um thickness [48]. The pores are perpendicular to the
membrane surface as shown by the scanning electron mi-
croscope photograph in Fig. 14. The membranes were
cut into 4-mm-wide strips and wetted with a small
amount of 4’-pentyl-4-cyanobiphenyl (SCB-Bd,) [49].
They are then taken above the nematic-isotropic transi-
tion temperature (35°C) for 1 h to ensure complete wet-
ting of the cylindrical pores. To remove the excess liquid

FIG. 14. Scanning electron microscope (SEM) photograph of
a Nuclepore membrane with pores of radius 0.4 pm.
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crystal from the surface, the membranes are pressed be-
tween two Whatmann filtration papers. Approximately
200 uniformly stacked strips are needed to perform the
NMR experiments.

The principal application of Nuclepore membranes is
critical filtration procedures requiring low absorption
[50]. However these membranes are not new to the field
of physics. They have found their way into low-
temperature physics laboratories [51,52] in the study of
superfluid helium, specifically used to achieve a confining
geometry to study the effect of finite size near the
superfluid transition. The membranes were first intro-
duced to the liquid-crystal community by Kuzma and
Labes [21] who performed microscopy studies to investi-
gate director configurations and finite-size effects. Re-
cently it was demonstrated that deuterium NMR is sensi-
tive to the surface-induced nematic order imposed by the
cavity walls of Nuclepore membranes of an isotropic
liquid crystal [43].

The 2H-NMR experiments were performed on a
home-built coherent pulsed spectrometer specifically
designed for structure determination and phase-transition
studies of liquid-crystalline materials. A modified qua-
drupolar echo sequence (7/2),-7-(m/2), was used where
7=100 us and the length of the 7 /2 pulse was 5 us. The
FID was averaged 10000-50 000 times depending on the
cavity size of the sample. Smaller cavity sizes require ad-

- ditional averaging since there is less deuterated material

present in the sample. The temperature is regulated by a
circulating fluid bath with resolution of 0.1 °C and sample
stability of 0.05°C. All experiments in this study were
performed at room temperature. The sample is con-
structed such that when placed in the magnetic field all
cylinders are oriented with their long axis parallel to the
field (A5 =0°) and can be rotated through 90° with a
stepper motor such that the long axis of the cylinders are
perpendicular (65 =90°) to the field.

V. DETERMINATION OF K,, AND W,

2H-NMR spectra were measured for a variety of cavity
radii for two different surface conditions that provide
perpendicular anchoring at the cavity walls: untreated
and lecithin treated Nuclepore cavities filled with 5CB-
Bd,. We present the methodology for separating the sur-
face elastic constant K,, from the molecular-anchoring
strength Wjthat to date has been an experimental chal-
lenge.

The 2H-NMR spectra were recorded for three samples
with cavity radii 0.2, 0.1, and 0.05 um at 24°C for two
orientations of the cylinder axis. The experimental spec-
tra (solid curve) are presented in Fig. 15 where the
dashed curve denotes the theoretical simulation. These
spectra are characteristic of the ERPD structure where
the details of their shape strongly depend on the surface
parameter o given by Eq. (20). The simulations are per-
formed using Eq. (32) for the director distribution and
Egs. (35) and (36) to obtain the spectra in the frequency
domain. First we consider the strong anchoring limit
that occurs for samples R =2 0.3 um. These spectral pat-
terns are not sensitive to the surface parameter o since
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FIG. 15. Experimental 2H-NMR spectral patterns (solid
curve) of 5CB-Bd, in Nuclepore membranes compared to
theoretical simulations (dashed curve) for the ERPD structure
varying the surface parameter o to obtain the fit at constant de-
fect density L /R =1.5. The spectra were recorded at 24 °C.

the shape of the patterns can be fit for 0 = 10. As the
cylinder size is decreased, the intensity in the central re-
gion of the spectra increases for the 6; =0° orientation as
a consequence of weak anchoring. This is particularly
noticeable for the R =0.05 um sample. For the 65 =90°
orientation of the cylinder axis, the outer singularities de-
crease as the cylinder size is decreased due to the weaken-
ing of the effective anchoring strength at the surface driv-
ing a larger contribution of directors to escape along the
cylinder axis. We were somewhat disappointed that the
configuration did not undergo a transition, but calcula-
tions reveal that the ERPD structure is metastable and
can remain locked in [25].

The best fits to the experimental spectra were obtained
using values of L /R =1.5 and o =38, 4, and 2 for cavity
radii R =0.2, 0.1, and 0.05 pum. The molecular-
anchoring strength W, and the surface elastic constant
K,, can be wuniquely determined by graphing
0=RW,/K +K,,/K —1 as a function of R as shown in
Fig. 16. This results in a linear relationship where W,/K
is the slope and the ordinate intercept yields the value of
K,,/K. Using values of K =5X10"'2 J/m, the
molecular-anchoring strength is determined to be
Wy=2X10"* J/m? and K,,=K. Numerical solutions
for the director distributions used in the simulations yield
similar values of W, and K,, [37].

We applied a lecithin surfactant (Sigma Chemical Co.)
to the cylinder walls to weaken the effective anchoring
strength yet preserve the preferred perpendicular molecu-
lar orientation at the surface. The experimental *H-
NMR spectra recorded at 24 °C are presented in Fig. 17
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FIG. 16. The experimentally measured parameter o as a
function of cavity radii extracted from the ZH-NMR spectral fits
presented in Fig. 15.

for three radii R =0.3, 0.4, and 0.5 um. We were
surprised to discover the existence of the PP
configuration rather than the PR configuration for cavity
radii R 0.4 um which led to the detailed theoretical
treatment of this structure presented in Sec. II. This
configuration yields two sharp singularities separated by
18vp with no further contributions for the 65 =0° case.
For the 65 =90° case, the spectral pattern results in two
singularities separated by §vp with a small contribution

Intensity (arb. units)

Frequency (kHz)

FIG. 17. Experimental 2H-NMR spectral patterns (solid
curve) of 5SCB-Bd, in Nuclepore membranes directly compared
to theoretical simulations (dashed curve) for the ERPD struc-
ture R =0.5 pum (L /R =1.5) and PP structures R <0.4 um.
The dotted curve for the R =0.5 um sample represents the situ-
ation when K,, /K =0. The spectra were recorded at 24 °C.
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in the center that depends on the cylinder size, i.e., the
anchoring strength. This indicates that the symmetry
axis of PP structure rotates to align parallel to the mag-
netic field in the presence of weak anchoring at the cavity
wall. This sort of behavior also occurs in polymer
dispersed liquid-crystal (PDLC) systems where the bipo-
lar droplet will often align its symmetry axis parallel to
the magnetic field [39]. The PP configuration transforms
into the ERPD structure at R 20.5 um as can be seen
from the spectrum in Fig. 17.

The PP—ERPD transition proves to be particularly
useful in determining the surface elastic constant K,,
since it contributes to the ERPD structure and is absent
in the description of the PP configuration. The value of
RW, /K is the only fitting parameter in the spectral simu-
lation for the PP structure (dashed curve in Fig. 17) at
the 85 =90° orientation. The 65 =0° orientation always
yields two singularities at one-half the bulk quadrupole
splitting frequency. The best fits were obtained using
RW,/K=1.8 and 2.4 for cavities of radius 0.3 and 0.4
um, respectively. Using a value of K=5X10"1% J/m,
the anchoring strength is calculated to be 3X 107> J/m?.
Using this independent measurement of W, for the
lecithin/5CB-f3d, interface, it is then possible to extract
K,, /K from the spectral fit for the ERPD structure that
occurs at R =0.5 um. A good fit is obtained in the
05 =0° case which gives a value of K,,=1.1K. The dot-
ted curve in Fig. 17 for the R =0.5 pm sample at the
65 =0° orientation is the corresponding spectrum assum-
ing K,, /K =0. The fit to the 85 =90° orientation is less
satisfying at the =0 singularities. We attribute this to
the magnetic field strength that becomes a nuisance at
larger cavity sizes where the cavity diameter approaches
the magnetic coherence length and is further aggravated
by the presence of weak anchoring at the cavity wall in-
troduced by the lecithin treatment. This problem wor-
sens for the next cavity size at R =1.0 um.

A crossover calculation that was presented in Sec. II
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FIG. 18. Free energy per unit length as a function of K,,/K
for the planar-polar (PP) and escaped-radial (ER) structures in
the one-constant approximation calculated using the value of
RW, /K measured for the lecithin surface.

provides a useful check on the magnitude of K,,/K.
Since we do not have an exact solution to the free energy
of the ERPD structure but only an approximate solution
given by Eq. (31), we use the exact free energy for the ER
structure given by Eq. (21) to estimate K,,/K based on
the observation of the transition point. The calculation is
made using the experimentally determined value of W,
measured from the PP structure at the 685 =90° orienta-
tion of the cylinder axis and the observed value of
R, =0.5 um, where the nematic director-field transition
takes place which yields a value of K,, /K ~1.7 as shown
in Fig. 18. Adding defects to this calculation will in-
crease this estimated value of K,,.

VI. CONCLUSIONS

It was demonstrated that the surface elastic term pro-
portional to K,, plays an essential role in considering
nematic structures subjected to weak molecular anchor-
ing and high degrees of curvature. The cylindrical
geometry and high density of pores exhibited by Nu-
clepore membranes allows nematic director-field
configurations to be studied in submicrometer cavities
where elastic energies become favorable to induce other
kinds of configurations. The molecular-anchoring
strength W, and surface elastic constant K,, must care-
fully be included into the theoretical treatment to de-
scribe the interesting physics that takes place when sur-
face and elastic energies begin to compete in small
cylinders. Untreated Nuclepore membranes when filled
with 5CB-Bd, provide an anchoring strength of sufficient
magnitude to support the ERPD structure for
R 20.05 ym with a defect density L /R =1.5, which is
consistent with predictions [25]. Lecithin-modified Nu-
clepore surfaces are shown to weaken the anchoring
strength by an order of magnitude only supporting this
structure for R 20.5 pm. At R =0.4 um the PP nemat-
ic configuration occurs rather than the PR structure.
The sensitivity of the NMR technique to the nematic
director distribution associated with the structure allows
the detailed elastic properties such as K,, to be mea-
sured. The value of K,, is found to be comparable in
magnitude to the bulk elastic constants.

We do not expect to observe the PR configuration pre-
dicted by Cladis and Kleman when the splay and bend
elastic constants are similar and under normal anchoring
conditions in view of the observed PP structure that is
shown to be energetically favorable. However, one might
expect the PR configuration to occur where there is
unusually strong anchoring and in materials that exhibit
a smectic phase where the bend deformation becomes ex-
pensive near the nematic-smectic transition [22,23,53].

The influence of the term proportional to K3 in the
free energy, sometimes called the mixed-splay-bend term,
is less obvious because it requires the inclusion of the
volume elastic free-energy terms which have second
derivatives in the director field. However, a rough esti-
mate of its importance can be provided by considering
the escaped-radial configuration in the one-constant ap-
proximation described by Eq. (18). The solution to the
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Euler-Lagrange equation which neglected K;; can be

substituted into K ;div(ndivn)dV to arrive at a first
. vol , . .

estimate on the contribution of the K |3term which results

in the following expression:

3 _ - - = _—

X o (37

Ky 1 8 Ki3 ]

Again this estimate demonstrates that the K3 term con-
tributes to the free energy if the surface elastic constant
K 3 is nonzero. The magnitude of K3 is unknown but its
contribution to the nematic director field is expected to
be less important than its K,, counterpart. The inclusion
of K3 will force us to take into account the volume elas-
tic free-energy terms which have second derivatives of
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the director field. This proves to be extremely involved
and is a subject of future study.
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FIG. 14. Scanning electron microscope (SEM) photograph of
a Nuclepore membrane with pores of radius 0.4 pm.



FIG. 2. Optical birefringence patterns of the escaped-radial
configuration using a while-light source. The sample is
prepared by filling a 200-um-diam capillary tube treated with
lecithin with the liquid-crystal compound 4'-pentyl-4-
cyanobiphenyl (5CB). The continuous escaped-radial structure
(a) and the escaped-radial structure with a defect (b) is presented
for two orientations of the cylindrical axis with respect to the
initial polarization vector (a,=0° and 45°). For a more detailed
discussion of optical microscopy studies on capillary tubes con-
sult Refs. [15-23].



