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Escaped-radial nematic configuration in submicrometer-size cylindrical cavities:
Deuterium nuclear-magnetic-resonance study
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Deuterium nuclear magnetic resonance ('H NMR) is used to extend studies of confined nematic
structures to submicrometer-size cavities. Spectral patterns reveal the escaped-radial configuration
in untreated cylindrical cavities of Nuclepore filters. This configuration is found to survive in pore
sizes as small as 0.2 pm in radius. Singular point defects are found to be present along the escape
axis with the density of the defects being determined from the H NMR spectra. This density is
found to be unaffected by cycling between the nematic and isotropic phases with or without the
presence of an applied magnetic field.

I. INTRODUCTION

It was theoretically predicted in the early 1970s that
the nematic director field in a cylindrical cavity with
homeotropic-type boundary conditions could be a pure
radial configuration with a line disclination along the
cy1inder axis. ' This structure involves a core in the
center of the cylinder where the director field is
undefined. Cladis and Kleman as we11 as Meyer have
shown that another configuration is more stable for
cylinders larger than 0.1 pm in diameter where the dis-
clination line escapes into the third dimension along the
cylinder axis. This arrangement of the director field is
continuous and involves no core defect. Optical studies
of nematic liquid crystals in large cylindrical cavities with
radii of 20—200 pm have verified the existence of the
"escaped-radial" structure. Singular point defects in
the escaped configuration were revealed in the optical
studies. These singular points were found to be of two
types which alternate along the axis of the cylinder and
result from the fact that two energetically equivalent
configurations exist where the direction of bend is
changed. Observation of the escaped-radial configuration
was extended to smaller cylindrical cavity sizes by Kuz-
ma and Labes but optical methods are limited to cavity
radii —2 —3 pm, far larger than the size expected
( (0. l pm) where elastic energies become favorable to in-
duce other kinds of configurations as well as perhaps
compete with surface anchoring energies.

In this paper we show how these configuration studies
can be extended to submicrometer-size cavities using deu-
terium nuclear magnetic resonance ( H NMR). We re-
port the first experimental studies of the nematic director
configuration in cylindrical cavities of radii 0.3 and 0.2
pm demonstrating the effectiveness of this technique in
observing nematic configurations in high detail to the
point of even identifying and studying singular defect
structures and their densities. Our experimental studies

are carried out in the cylindrical pores of polycarbonate
Nuclepore membranes that were permeated with the
deuterated liquid crystal compound 4'-pentyl-4-
cyanobiphenyl (5CB-/3d2). The high density of pores in
the membranes allows this study to be accessible with nu-
clear magnetic resonance techniques.

In the H NMR technique the nematic director
configuration is directly obtained from the shape of the
spectral pattern. Spectral patterns reveal the profile of
the structure for different orientations of the cylinder axis
projected along the magnetic-field direction of the NMR
spectrometer, allowing for precise director structure
determination. Translational diffusion is shown to also
affect the spectral pattern, but in the sizes reported here,
the effect is small and negligible. Likewise, the cavities
sizes studied are too small for the magnetic field of the
spectrometer to affect the director configuration. We
found the escaped-radial configuration to be present in
the submicron-size cavities studied but with singular
point defects along the escape axis. A value for the densi-
ty of these defects is measured to be L /R =2+0.5 where
I is the separation between defects and R is the radius of
the cylinder. This density is found to be unaffected by
different sample-preparation methods.

II. NEMATIC DIRECTOR CONFIGURATIONS
IN CYLINDRICAL CAVITIES

A nematic liquid crystal confined to a cylindrical envi-
ronment exhibits a specific director configuration result-
ing from an interplay between elastic forces, a possible
external field, morphology and size of cavity, and surface
interactions. The deformation free energy of a liquid
crystal confined to a cylindrical cavity in the constant or-
der parameter and strong anchoring approximations as
well as avoiding twist deformation can be expressed as'
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where the first two terms describe the elastic deforma-
tions of the liquid crystal in the cylinder. K» and K33
are elastic constants associated with splay and bend de-
formations, respectively. The third term incorporates the
influence of the magnetic field where Ag is the anistropy
of the diamagnetic susceptibility. The importance of the
field term can be estimated by calculating the coherence
length g given by the equation

1/2

where K can be either K» K33 or a combination of
these elastic constants, depending upon the specific direc-
tor configuration. In our experiments the 4.7 T magnetic
field of the NMR spectrometer produces a coherence
length of g =1.7 I'm, which is larger than the radii of
the cylindrical cavities to be studied here. Because of
this, the field term has a small effect and, as will be shown
later, can be neglected in our studies.

Assuming strong anchoring of the nematic director in
a direction perpendicular to the surface of a cylindrical
cavity, Dzyaloshinskii' found that the total free energy of
Eq. (1) could be minimized for a director configuration
which has only a radial component in a plane perpendic-
ular to the cylinder axis, resulting in a pure splay defor-
mation energy with a line disclination at the center of the
cylinder illustrated in Fig. 1(a). Subsequently, Cladis and
Kleman have shown that with perpendicular anchoring
at the surface, the total energy may be reduced by elim-
inating the line disclination and allowing the molecules to
relax out of the plane. Therefore, the divergence in the
splay energy is avoided by including a finite amount of
bend deformation as the disclination escapes into the
third dimension. The energy of the escape configuration
is independent of the cylinder radius. A solution of the
minimization criteria for the free energy for the case
when K» =K33 is given by

A —p
2 2

P(p) =sin
+p

where R is the radius of the cylinder, p is the local posi-
tion in cylindrical coordinates of the nematic director,
and P is the angle between the director and its projection
on the cylinder cross section. The director configuration
resulting from Eq. (3) is calculated and illustrated in Fig.
l(b). For K» &K33 where no twist is allowed, the solu-
tion is expressed by
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FIG. 1. Illustrations of nematic director configurations with

homeotropic-type boundary conditions for the pure radial
configuration with an exaggerated core defect (a), the escaped-
radial configuration for %33/K]1=1.0 {b} %33/4» =&.0 (c),
and the escaped-radial configuration with singular point defects
separated by a distance I. for K33/Ki 1 1.0 (d}.

Figure l(c) illustrates the director configuration for the
case when K33/Kll =5, resulting in a slower increase in
the director field in the z direction as p~o. Cladis and
Kleman have also presented solutions for the circular
configuration with tangential surface anchoring where
the nematic director can relax out of the plane, avoiding
any splay deformations, resulting in a complex twist-bend
configuration. This has been experimentally observed in
large capillaries but will not be considered further in this
contribution.

We have considered equations similar to those of
Cladis and Kleman for the escaped-radial structure, but
have included the inhuence of the magnetic field and
singular point defects resulting from the encounter of two
opposing escape domains. Point defects are included in
the escaped-radial configuration by applying homeotropic
boundary conditions at the cylinder walls and incorporat-
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ing a planar radial distribution of molecules in several
planes a finite distance L apart. ' The resulting structure
is numerically calculated and presented in Fig. 1(d). The
radial planes of molecules or domain walls carry an addi-
tional free energy due to the point defects. It can be cal-
culated' that the interaction between domain walls is at-
tractive for small L (L /R ~ 0.25) and repulsive for larger
L /R. This means that the domain walls annihilate when
they are closer than L/R=0. 25. For L/R ~0.25 they
will repel but cannot disappear at the open surface of the
cylinder because of another repulsive interaction between
the domain wall and the surface. Thus any structure
with the domain-wall separation L/R ~0.25 is metasta-
ble and does not change in time in the sample.

III. DEUTERIUM NMR LINE SHAPES

The characteristic features of the spectral line shapes
that are important in our studies of a nematic liquid crys-
tal confined to cylindrical cavities are the width and
shape of the spectral patterns. In the constant-order pa-
rameter approximation throughout the volume of the
cylinder for a uniaxial liquid crystal, the line shape and
linewidth essentially depend on three factors: the nemat-
ic director configuration inside the cylinder, the orienta-
tion of the cylinder with respect to the magnetic field,
and the translational molecular self-diffusion constant.
Since the resonance frequency depends on the angle be-
tween the nematic director and the external field, the H-
NMR spectral pattern is a direct indication of the nemat-
ic director configuration inside the cylindrical cavity.
The orientation of the cylinder can be changed in the
magnetic field to give the profile of the configuration pro-
jected in different directions. The effect of translational
diffusion on the spectra depends on the cylinder size and
the quadrupole splitting. Using typical values of the
diffusion constant D —10 "m /s, the extent of motional
averaging can be estimated by the relation d —(D/5v)'~ .
For spectra with a quadrupole splitting, 6v=10 kHz, the
distance d a molecule diffuses on the average is
-0.03 pm, which is substantially smaller than the radius
of the cylindrical cavities studied. Diffusion, therefore,
has a small effect and will be shown later to be negligible.

In a local region represented by the position vector r, a
compound deuterated at a specific site will yield a spec-
trum of two lines at angular quadrupole frequencies ct)q,

given by the expression

frame) of the phase. In the case of macroscopically
aligned samples, only two absorption lines are expected.
This is the situation in the bulk nematic phase where the
director is aligned in the magnetic field. In the case
where samples are not uniformly aligned in an external
field, a spectral distribution will result that will reflect the
configuration of the directors in the sample.

A. Planar radial con6guration

(a) e (b)

(c) :3

This case is trivial when the cylinder axes are parallel
to the magnetic field since the directors are perpendicular
everywhere to the magnetic field. This results in two
singularities that correspond to the contribution from
molecules with their principal axis oriented at an angle
0=90'. The quadrupole splitting in this case is one half
of the aligned bulk nematic splitting as illustrated in Fig.
2(a). In the case where the cylinder's axes are oriented
perpendicular to the magnetic field, the angle 0 is uni-
formly distributed in a cylindrical distribution and the
spectral pattern is illustrated in Fig. 2(c). This is the clas-
sical H NMR spectral pattern for a cylindrical distribu-
tion and is similar to the spectral pattern obtained for a
cholesteric phase where the pitch axis is perpendicular to
the magnetic field. "

co (r)=+sr 3 cos j9(r) —1
5v
2

(5)

where 0(r) expresses the orientation of the local nematic
director relative to the magnetic field, 5v is the quadru-
pole splitting in the bulk nematic phase given by
3e qQS/2h, eq is the electric-field gradient created by the
carbon-deuterium (C—D) bond, eQ the nuclear quadru-
pole moment, and S=—,

' (3 cos a —1) the degree of
orientational order of the C—D bond direction with
respect to the magnetic field. It can be seen from Eq. (5)
that the resonance frequency depends on the orientation
of the magnetic field in the principal axis frame (director

40 kHz

Frequency (kHz)

FIG. 2. Simulated H NMR line shapes for nematic liquid
crystal confined to cylindrical cavities with homeotropic type
boundary conditions: the case of planar radial configuration (a)
and the escaped-radial configuration (b), where the long axes of
the cylinders are parallel to the magnetic field; planar radial (c)
and the escaped-radial (d), where the long axes of the cylinders
are perpendicular to the magnetic field.
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B. Escaped-radial configuration

In this case, the spectral distribution dN/den can be
calculated by the expression

dN dN dp dp
6p Ocoq Jco

where N is the NMR signal intensity and p is expressed
by Eqs. (3) or (4). For the case of equal deformation con-
stants (Kt& =E33), the positive and negative contribu-
tions of the spectral pattern are given by

dN 1

(&I+2x +&3)'&I+2x

B=O T

D=O m'/s

(c)

B=26 T

(b)

D = 1 0-» m2/s

where x =co~ /m5v. A spectral simulation of Eq. (7) using
Gaussian line broadening is illustrated in Fig. 2(b). It is
characterized by two shoulders and two edge singulari-
ties. The singularities correspond to the contribution
from molecules whose principal axis frame is oriented at
an ange 0=90' and the orientation with 0=0 contributes
to the intensity at the shoulders.

In the case where the cylinder's axes are orientated
perpendicular to the magnetic field, the escaped-radial
configuration yields a spectrum given by

dX cos PCC p 8p&(1+2x ) I cos P —
—,
' (1+2x ) ]

(8)

C. Escaped-radial configuration
with singular point defects

Theoretical spectra have been calculated for the
escaped-radial configuration with singular point defects
for the case where the cylinder axes are parallel to the
magnetic field. This takes into account the encounter of
two opposing escaping domains. This structure is illus-

where cos $=4p R /(R +p ) from Eq. (3). Perform-
ing the integration on Eq. (8), a complicated analytical
expression is obtained. The calculated spectral distribu-
tion is shown in Fig. 2(d). This is similar to the cylindri-
cal spectral pattern, except the intensity of the 0=0
singularities is smaller due to the escaping of the direc-
tors in the center of the cylinder.

The inhuence of the magnetic field can be included in
the spectral line-shape calculation through Eq. (1). Two
spectra have been calculated for the escaped-radial
configuration in cylinders of size 0.3 pm in radius. Fig-
ure 3(a) illsutrates the case where the ratio of the magnet-
ic coherence length and the radius of the cylinder is
g/R = ~ which corresponds to a null value for the mag-
netic field. The spectrum in this case essentially reduces
to the static line shape calculated in Fig. 2(b). In Fig. 3(b)
we have included a large, exaggerated value of the mag-
netic field (B =26T) for g/R= l. It can be seen that
such a magnetic field did not inAuence the spectrum.
Therefore, the NMR magnetic field of 4.7 T has no ap-
preciable inAuence on the spectral line shape. The
cylinder size has to be on the order of 2 pm for the field
to inhuence the nematic director configuration for the
quadrupole interaction studied.

40 kHz

Fr eqiiency (kHz)

FIG. 3. Simulated H NMR line shapes showing the
inhuence of the magnetic field for a cylinder of radius 0.3 pm in

the case of no magnetic field, (/R = oo {a), compared with a
strong magnetic field, g/R= l (b), the infiuence of diffusion in

the case of negligible diffusion (c), compared with the line shape
calculated for a typical diffusion constant D = 1 X 10 " m /s on
the escaped-radial pattern with defects L /R = 1.5 (d).

trated in Fig. 1(d) where the point defects are incorporat-
ed by including radial planes separated by a distance L.
There is no analytical expression in closed form between
0 and p for the molecular distribution of this
configuration. The spectrum is numerically calculated
from Eq. (1) in the one-constant (K» =%33) approxima-
tion and shown in Fig. 4 for several different defect densi-
ties. ' It is evident that the spectral line shape depends
on the defect density expressed as the ratio L /R. For the
case when L/R=5. 0, shoulders corresponding to 8=0'
become more apparent and the central portion of the pat-
tern becomes enhanced in comparison to smaller L/R
values.

D. Self-translational diffusion

As argued earlier, the effect of translational diffusion is
not expected to inhuence the spectral shapes because of
the large quadrupole interaction. We have nevertheless
included diffusion in the spectral pattern calculation for
the case of the escaped-radial structure with point defects
where diffusion would be expected to have the largest
effect. The frequency spectrum for a deuteron pair is
given by'

I(ru) = f G (t)exp(idiot)dt,
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L/R= 5.0 L/R= 1.5
where G(t) is the autocorrelation function given by the
relation

Gtt)=(exp if te, [r(t')]dt' (10)

L/R=2. 0

40 kHz

L/R=1. 0

where co [r(t)] is the instantaneous value of the quadru-
q

polar frequency given by Eq. (5). Line broadening is tak-
en into account by convoluting I(co) with a gaussian dis-
tribution curve. A simple random jump model was em-
ployed to simulate the diffusion process, where a square
lattice is introduced in the cylindrical cavity with a lat-
tice spacing a. The molecules are allowed to "jump"
with the same probability to one of the six nearest lattice
sites. The "jump" time ~ is given by a /6D, and
reAection is assumed at the surface. This diffusion model
has been previously employed in nematic microdrop-
lets. ' Figures 3(c) and 3(d) are calculated spectra with a
defect density of l. /R=1.0 for the static and dynamic
(D = 1 X 10 "m /s) cases, respectively, for a cylinder of
radius 0.3 pm. This verifies that diffusion has a minimal
effect on the line shape for the larger cavity sizes. The
diffusion is demonstrated only in a slight approach of the
two main peaks.

F'requency (kHz)

FIG. 4. Simulated H NMR line shapes for the escaped-
radial configuration with singular point defects for various den-
sities (I./R) and cylinders whose long axes are parallel to the
field.

IV. EXPERIMENTAL METHOD

The cylindrical cavities of polycarbonate Nuclepore
membranes' are permeated with the liquid crystalline
material 4'-pentyl-4-cyanobiphenyl (5CB-Pdz ) deuterated
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FIGe 5. Scanning electron microscope (SEM) photograph of a polycarbonate nuclepore membrane with pores of radius 0.3 pm.
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bonate nuclepore membrane with 0.3-p
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V. EXPERIMENT AND COMPARISON WITH THEORY

R=0.3 pm

R=O.B pm

(a) H C +H
D D

cH (b)

Bulk

50 kHK

(c)

Frequency (kHz)

)I
I (

I

10 kHz

r

L/R=5. 0
--------.— L/R =2.0
—- - - — L/R= 1.0

Experiment (20oC)

Frequency (kHz)

FIG. 6. Experimental H NMR line shapes recorded at
24 'C for long axes of the cylinders parallel to the magnetic field
(a) long axes of cylinders perpendicular to the magnetic field
(b), and macroscopically aligned bulk 5CB-/3dz sample c).

Figure s ows e6 h th H NMR spectra for two orienta-
tions of the long axes of the cylinders with respect to t e
magnetic field. Figure 6(a) is the case where the long axes
of the cylinders are parallel to the magnetic field. is

FIG. 7. Experimental spectrum at 20 C20 C from Nuclepore
membranes with pores of radius 0. pm p.3 m corn ared with theoret-
ical line s apes or eh f th escaped-radial configuration with singu-
lar point defects. L /R =2.0 gives the best fit.
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pattern is indicative of the escaped-radial configuration
shown in Fig. 2(b), except the absence of a shoulder on
the spectrum suggests that the configuration is of the
escaped-radial type with singular point defects as illus-
trated in Fig. 1(d). When the long axis of the cylinders is
oriented at 90 with respect to the magnetic field, a
cylindrical-type powder pattern is obtained for both
cylinder sizes plotted in Fig. 6(b). Figure 6(c) is the spec-
trum for a macroscopically aligned bulk 5CB-Pdz sample.

Figure 7 is a direct comparison with theory for various
values of L/R in a cylinder of radius 0.3 pm. The best fit
is obtained for an average density of L/R =2.0 which is
above the critical value L/R =0.25 where the domain
walls become attractive. There were several attempts to
vary the cooling rate from the isotropic phase to investi-
gate its inhuence on the density of point defects. The rel-
ative height of the central region of the spectrum is in-
dependent of the cooling rate when the sample is in the
magnetic field, suggesting that the singular point defects
are a consequence of the elastic energy and not the
preparation method.

The temperature dependence of the 0.2-pm-radius
membranes permeated with 5CB-pdz is shown in Fig. 8.
The quadrupole splitting decreases as we approach the
nematic-isotropic phase transition, which is expected.
The temperature depression is expected to be largely a

Temperature (oC)
FIG. 8. Temperature dependence of the 'H NMR quadrupo-

lar splitting for the spectral lines of the aligned bulk 5CB-Pd2
material and the singularities of the spectral patterns for the
confined 5CB-/3dz material.

consequence of impurities effects introduced by the mem-
brane and to a lesser extent on finite-size effects.

VI. CONCLUSIONS

The escaped-radial configuration with point defects on
the escape axis is seen to be present in submicron-size cy-
lindrical cavities with a radius as small as 0.2 pm. The
observed defect density of L /R =2 is consistant with pre-
dictions. ' The prediction of Cladis and Kleman that
this configuration will revert to the planar radial
configuration at R =0. 1 pm has yet to be examined but is
well within the realm of the H NMR technique reported
here, and is the subject of future work.

It should be mentioned that previous workers have as-
sumed the strong anchoring case, which may not hold for
very small values of R, in view of the recent study of
nematic liquid crystals confined to spherical cavities by
Erdmann et ah. In that work it was found that for small
enough spherical droplets, the splay elastic energy im-
posed by the confining spherical cavity will compete with
surface anchoring energies to alter the anchoring angle
and induce a new configuration. Such a case could also
occur in cylindrical cavities and is also a subject of future
study.

The power and convenience of H NMR in studies of
confinement or finite-size effects on nematic liquid crys-
talline materials is clearly illustrated. It may be neces-
sary in smaller geometries to include effects of diffusion.
In geometries with radii larger than 1 pm, the affect of
the magnetic field imposed by the NMR spectrometer
would need to be included in the calculation of director
configurations. In the cavity sizes used in this study,
both diffusion and field effects can be neglected for the
strength of the quadrupole interaction used. It is the sub-
ject of future work to explore configurations in the same
cavity sizes with different preparations of the cavity sur-
face for different anchoring angles and strengths.
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