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Curvature-Induced Configuration Transition in Confined Nematic Liquid Crystals
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Stable nematic director fields of liquid crystals confined to cylindrical cavities which enforce homo-
geneous concentric anchoring depend on the competition between azimuthal and polar molecular an-
choring strengths and the surface elastic constant K24. Deuterium nuclear-magnetic-resonance line
shapes of such systems reveal a structural transition from an escaped-twisted to a newly discovered
planar-bipolar configuration as the curvature is varied. This observation allows for the first determina-
tion of the polar and azimuthal anchoring energies and K24 by a single experimental method.

PACS numbers: 64.70.Md, 61.30.Cz, 61.30.Jf, 68.10.Cr

One of the most important physical parameters that
characterizes the solid- liquid-crystal interface is the
orientational molecular anchoring strength [1]. The free
energy associated with this interaction can be expressed
phenomenologically as the vector sum of the azimuthal
(in-plane) and polar (out-of-plane) component [2].
Several techniques have been developed to measure both
components for a variety of liquid crystals and substrates
[3] with homogeneous [4] and homeotropic anchoring
[5].

It has proved to be a di%cult task to simultaneous-
ly measure both the azimuthal and polar anchoring
strengths [6]. These parameters become even more
elusive when liquid crystals are confined to submicrome-
ter environments, e.g. , spheres [7] and cylinders [8]. The
presence of bulk and surface elastic deformations along
with the eAect of finite anchoring energies complicates
both the theoretical and experimental analysis in these
systems. Recently, it was reported that the eAects of po-
lar anchoring energies could be separated from the sur-
face nematic elastic energies by probing the nematic
director fields that occur in the submicrometer cylindrical
cavities using deuterium nuclear magnetic resonance
('H-NMR) [8,9].

Little is known about the nature of the interactions

occurring at the surface when parallel anchoring condi-
tions are enforced in confined geometries. Cladis and
Kleman first predicted that in a nematic phase confined
to a cylindrical cavity an escaped-twisted (ET) structure
(see Fig. 1) is stable under strong concentric parallel an-
choring conditions, where the molecules are parallel to
the cylinder surface yet perpendicular to its symmetry
axis [10]. They calculated this structure to transform
into a planar-concentric (PC) structure when the elastic
free energy becomes favorable (see Fig. 1) [10]. Only
one attempt to obtain these structures experimentally has
been reported [11],but nonuniform concentric rubbing of
the inner cavity wall resulted in irregularities of the direc-
tor field.

In this contribution we provide the first experimental
study of nematic director fields in cylindrical regions
when concentric parallel anchoring conditions are en-
forced. Analysis of the Frank free energy supplemented
by the appropriate anchoring energy terms reveals struc-
tures sensitive to the polar and azimuthal anchoring
strengths and the surface elastic constant %24.

We overcome the experimental hurdles in obtaining
these unusual configurations by modifying the inner walls
of the cylindrical cavities of polycarbonate Nuclepore
(Nuclepore Corp. ) membranes [see Fig. 2(a)] with a
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FIG. l. Possible nematic director field structures in cylindri-
cal environments when parallel anchoring is preferred: the
planar-concentric (PC), planar-bipolar (PB), and escaped-
twisted (ET) structure, where the top of the nails represents
that part of the director beneath the plane of the cross section.

FIG. 2. The inner corrugated walls of a cylindrical cavity of
Nuclepore membranes as revealed by scanning electron micros-
copy (SEM) (a). A representation of the angles used in the
calculation of the director fields on the surface of the cavities
(b).
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Polyimide (Du Pont) treatment. The large number (pore
density —3x10 /m ) of these circumferentially corru-
gated cavities [12] are filled with the liquid-crystal com-
pound 4'-pentyl-4-cyanobiphenyl (5CB-Pd z). The an-
choring and surface elastic properties are expected to be
important in cavities with submicron size diameters. A
variety of sizes ranging from 0. 1 to 0.5 pm in radius is

employed that is much smaller than the resolution of an
optical microscope. Therefore NMR is used to study the

nematic director fields within these pores. We should
point out that the pore sizes mentioned in this Letter are
nominal pore sizes provided by the manufacturer. For ex-
ample the measured [13] radius for a nominal pore radius
of 0. 1 pm is 0.0825(+ 0.0075) pm. The pore size distri-
bution, however, is very narrow with 80% of the pores be-
ing within 10% of the mean of 0.085 pm.

The total free energy of a confined liquid crystal is ex-
pressed as

F= —, [K, , (V n) +K22(n Vxn) +K33(nxVxn) —K24V (nxVxn+nV n)jdV
& vol

+ —,
' (W&sing'+ Wecosg')sin 0'dS,

~ surf

where K~ ~, K22, and K33 are the conventional splay, twist,
and bend bulk elastic constants, respectively, and n is the
nematic director. The saddle-splay surface elastic con-
stant K24 is a material parameter that is independent of
interactions occurring at the substrate. The final two
terms which represent the interfacial free energy are de-
scribed by the azimuthal W& and polar 8'~ anchoring
strengths and 8' and p' are explained in Fig. 2(b).

The PC configuration (see Fig. 1), a planar director
field with a pure bend deformation and line disclination
along the symmetry axis of the cylinder, is a possible
solution to Eq. (1) for the above anchoring conditions
[10]. The free energy per unit length, Fpc=+K331n(R/
ppc), where ppc is the radius of the core of the line dis-
clination [14], is independent of K24 and W& (or Wii).

We have discovered that under these conditions the PC
configuration does not yield the lowest free energy. A
planar-bipolar (PB) structure (see Fig. 1) has a planar
director field with a splay-bend deformation and two sur-
face disclination lines running parallel to the symmetry
axis of the cylinder connecting the poles of the planar
field. It is completely specified by n =cos%'(r, p)i„
+sin%'(r, P)i&, where 0 is the angle between the radial
vector r and the local nematic director, and p is the angle
between the radial vector and the symmetry axis of the
structure. For infinitely strong anchoring at the cavity
wall the free energy per unit length in the one-constant
approximation (K~ ~

=K33 =K) is given by Fpa =+K
xln(R/4ppa), where ppa is the radius of the cores of the
two disclination lines. For the above-mentioned approxi-
mation, leading to ppq=ppg, the free energy of the PB
structure is always lower than that of the PC structure.
Introducing finite anchoring the nematic director distri-
bution can be obtained in closed form by solving the
Euler-Lagrange equation by a conformal mapping tech-
nique to yield

+ = tan ' [cot/(R + yr )/(R —yr )],
where y=(g +1) '~ —

g and (=2K/RWii. The finite an-
choring condition eliminates the presence of both surface
disclination lines of the structure. The free energy per
unit length is Fpa =+K[—ln(2yg)+ (1 —y)/g].

The ET configuration is also a defectless director field
(see Fig. 1). Its bend-twist deformation is specified in cy-
lindrical coordinates by n =sina(r)i&+cosa(r)i„where a
is the angle between the local nematic director and the
cylinder axis [10]. We present a generalization of this
structure by including the K24 term and allowing for the
smooth change of the surface nematic director from a
concentric to an axial direction by varying the anchoring
strength. The minimization of Eq. (1) results in the equi-
librium configuration given by

[1+(x —
1 )sin a] '~ —cosa o.+ 1

[1 + (tc —I )sin a] '~ +cosa

K33 &1,
K22

(3)

where o.—=RW~/K22+ Kq4/K22 —
1 is a dimensionless

surface parameter describing the eAective anchoring
strength at the surface. The free energy per unit length
in the one-constant approximation is FET=xK(3 —K24/
K —I/~).

Equating the free energies for the PB and ET structure
in the finite anchoring regime at a critical radius R„a
three-dimensional stability diagram in terms of the di-
mensionless surface parameters RWe/K, RW&/K, and
K24/K is created (see Fig. 3). The phase diagram is cal-
culated for the one-constant approximation. A more de-
tailed analysis for nonequal elastic constants is desirable
and will be published at a later time.

The H-N MR spectral pattern directly reAects the
director distribution of the sample via the quadrupole fre-
quencies expressed as 6v~ = ~ —,

' Bvii[3cos e(r) —1]
where 6(r) is the angle between the local nematic direc-
tor n and the applied magnetic field, and 6'v~ is the quad-
rupole splitting of the aligned bulk in the nematic phase
[15]. The NMR magnetic field has a negligible eAect on
the configuration inside the cavity since the magnetic
coherence length, g

= (poKqz/Ag) ' /8 —1.2 pm, is

larger than the cavity diameter, using reported values for
the anisotropy in the diamagnetic susceptibility, hg
=2.8&10, the twist elastic constant K22=4x10
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FIG. 3. A stability diagram for the escaped-twisted and
planar-bipolar structures in terms of dimensionless surface pa-
rameters.

60 kHz

J/m, and the strength of our magnetic field 8 =4.7 T.
The extent of the eA'ect of diff'usion on the NMR line
sha e is also negligible since the distance the molecule
migrates on the NMR time scale, xo —(D/Sv)
pm, issu sai substantially smaller than the cavity diameter for

10
—11typical values of the self-diAusion constant D —10

m /s and the bulk value of Bv~ =40 kHz. The experi-
mental H-NMR line shapes are directly compared to
simulations using the calculated structures. This is per-
formed for the cylinders parallel (Op =0') and perpen-
dicular (0~ =90') to the magnetic field (see Fig. 4) to
diff'erentiate between the structures.

For cavity sizes R =0.2 and 0.3 pm, the spectral pat-
terns reveal the existence of the PB configuration ob-
served for the first time. The Og =0 line shape confirms
the planar nature of the structure while the O~ =90' line
shape clearly discriminates between the PC and PB struc-
ture, since a PC structure would reveal a cylindrical
powder pattern (four peaks) at this orientation. The PB
structure gives rise to the observed two peaks separated
by the bulk splitting 6'va. The NMR magnetic field, as
mentioned above, is not strong enough to substantially
distort the director field itself. However, the two peaks in

the Oq =90' spectrum indicate that this relatively weak
field does reorient the symmetry axes of the PB structure
to within a few degrees of the Og =90 orientation due to
the spherical cross section of the cavities. These con-
clusions are supported by a qualitative polarizing optical
microscope observation of the transmitted light along the
large collection of small cylindrical cavities. The modula-
tion of transmitted light caused by a gradual application
of a transverse electric field clearly indicates the gradual
reorientation of the symmetry axis of the PB structure
parallel to the applied field. Only the NMR spectra are
sensitive enough to study the dependence of the PB struc-
ture on the dimensionless parameter RW'g/K, which can

Frequency (4Hz)

FIG. 4. H-NMR line shapes of 5CB Pd2 confined in
Polyimide-modified Nuclepore membranes recorded at room
temperature. The dashed lines correspond to the theoretical
fits. The R =0.4 pm theoretical spectra are composed of 15%
ET and 85% PB and the R =0.5 pm spectra of 50% ET and
50% PB. We attribute the narrow central peak to an artifact
produced by our NMR machine.

be directly determined by fitting the theoretical [using
Eq. (2)] to the experimental Oa =90' PB line shapes (see
Fig. 4). By fitting the Hz =90' line shapes for both PB
samples the value of Wg is found to be (1 ~ 0.4) &&10

—12J/m using an average value of K=7.0X10 J/m.
Increasing the pore size from R =0.3 pm to R =0.5

pm the line shapes experience a dramatic change reveal-
ing the transition to the ET structure, which starts to ap-
pear in a small percentage of pores in the R =0.4 pm

1 Because of the distribution of cylinder sizes in-samp e. ecau
tillherent in Nuclepore membranes [13] some cylinders sti

support the PB structure even at R =0.5 pm. Both
OB =0 and 90 orientations are sensitive to the parame-
ter o. =RW&/Kq2+K24/K22 —1. Two fitting parameters
are therefore required to calculate the theoretical spectra:
the ratio of PB to ET and the value of a. Fitting the
spectra concludes that the R =0.4 pm sample consists of
15% ET and 85% PB structures and the R =0.5 pm sam-
ple of 50% ET and 50% PB structures; the value of a. is
found to be 12+ 1. By taking into account point defects
along the symmetry axis of the cylinder due to oppositely
escaping domains [15], the shoulders in the theoretical
fits for the O~ =0 orientations as well as the inner peaks
in the O~ =90 orientation can be reduced, resulting in

better fits to the experimental spectra. The latter is
beyond the scope of this Letter and is the subject of a
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future more precise study. Using K24/K22 —2 [8l and
K2q=4x10 ' J/m, W& is determined to be (0.8~0.4)
x 10 J/m

The magnitude of Wg and W& are found to be compara-
ble in these materials to within the experimental error of
the NMR measurement. This is a surprising result be-
cause most reports indicate that W& is nearly an order of
magnitude weaker than We [16]. We attribute our result
to the surface roughness of the inner cavity walls. The
value of the elastic constant K24 can also be estimated
based on this transition which is completely described by
the stability diagram in Fig. 3. Using the previously
measured values for We/K =(1.3 ~0.4) x10 m ' (from
PB) and er= 12 (from ET), the saddle-splay surface elas-
tic constant is estimated to be K24/K=1. 2~ 1.0 for a
critical radius of R, =0.5 pm. The error is largely a
reAection of the distribution of cylinder sizes and the
one-constant approximation. The value of K24 deter-
mined above is in agreement with earlier experiment [9].
The values of K24/K and W&/K could be simultaneously
measured by comparing the fitting parameter o for cavi-
ties with two diA'erent radii, if another Nuclepore sample
were available with a radius of 0.6 pm. Not having this
forced us to estimate the value of K24 by use of the stabil-
ity diagram (see Fig. 3). It is worthwhile to mention that
for a particularly selected system the variation of the
temperature and/or radius could change the ratios
RWg/K, RWt/K, and K24/K to such extent that a reen
trance of the PB structure can occur (see Fig. 3).

We have demonstrated the ability to measure both the
azimuthal and polar anchoring strengths in confined cy-
lindrical geometries using H-NMR along with predic-
tions from the Frank free elastic theory. The experimen-
tally observed structural transition from the ET
configuration to the newly discovered PB configuration
further enables us to estimate the value of the saddle-
splay surface elastic constant K24. These are the first
studies of this kind that allow all of these important sur-
face parameters to be determined simultaneously by a
relatively simple experiment. It is a subject of future
study to reduce the error in the measurement of Wo, W&,

and K24 by refining the theoretical analysis: inclusion of
the magnetic field term, relaxing the one-constant ap-
proximation, and including point defects due to oppositely
escaping domains along the symmetry axis of the cylinder
in the ET configuration.
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