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ABSTRACT: A solution of the director orientation across Néel inversion walls in a liquid crystal placed in
a magnetic field for different values of the elastic anisotropy is presented. The appropriate characteristic
length, containing the bend, k33, and splay, k1, elastic constants, for Néel type inversion walls is redefined
as (1/H) [(k11 + ks3)/xa]'/2 The qualitative, and, in favorable cases, quantitative, values of the elastic anisotropy
of a liquid crystal polymer can be obtained from the images through the direct measurements of the director

field via a lamellar decoration technique.

Introduction

Liquid crystals are typically aligned via flow or electric
or magnetic fields. Different types of inversion walls may
be formed during field alignment.! Liquid crystal polymers
also form inversion walls under an applied field.>* The
structure of inversion walls should be different for rigid-
rod molecules as compared to flexible molecules. The bend
elastic constant increases with the persistence length, and
the splay constant is proportional to the chain length.5
These two elastic constants are usually not the same,
especially for liquid crystal polymers, where the splay
constant is expected to be largest due to the long polymer
chain.® Defect structures in liquid crystals depend dra-
matically on the values of elastic anisotropy, which is
defined as € = (Ryy + k33)/ (k11 + k3s). However, the effect
of elastic anisotropy on the structure of inversion walls
has seldom been addressed in the literature’ and up to
now has not been reported for thermotropic liquid crystal
polymers.

Liquid crystals, in general, are characterized by a vector
called the director, n (here n and —n are equivalent), which
indicates the locally preferred orientation of molecules.
When a nematic liquid crystal of positive diamagnetic
anisotropy is placed in a magnetic field, the director orients
parallel to the field direction. Regions of uniform orien-
tation along the field direction can be separated by an
inversion wall, where the director orientation changes by
an angle = on crossing the wall. These walls are analogous
to the Bloch (twist) or the Néel (splay-bend) walls in spin
systems.® They can terminate in disclinations of half
integral strength or form loops.21® The differential
equation describing the director orientation across the
inversion wall based on continuum theory!!.in the two-
dimensional case has been derived by Helfrich! and solved
for the equal elastic constant approximation. The thick-
ness of the inversion wall is defined by a characteristic
length £ = (1/H)(k/x.)%% where H is the magnetic field
strength, k& is the Frank elastic constant, and x, is the
magnetic susceptibility anisotropy. Although optical
microscopy has been used to measure elastic anisotropy
via the ellipiticity of a closed wall in small-molecule liquid
crystals (SMLCs), because of low spatial resolution, this
method offers little information about the detailed mo-
lecular orientation across the inversion walls.” The
lamellar decoration technique permits high-resolution
imaging of the director field via TEM,12 SEM, or AFM.
Through the measurement of the director field around a
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disclination, the value of elastic anisotropy may be
obtained.!3 Some “average” elastic constants of main-
chain thermotropic liquid crystal polymers were recently
obtained from TEM and SEM utilizing lamellar decoration
of the wall structure with the assumption of equal splay
and bend constants.24

The present work concerns the influence of elastic
anisotropy on the structure of Néel inversion walls. We
present the numerical solutions for the director field across
Néel inversion walls with elastic anisotropy. These
solutions combined with the lamellar decoration technique
of Thomas and Wood!2 permit quantitative measurement
of the bend-to-splay elastic anisotropy. Knowledge of the
magnetic susceptibility anisotropy allows the determina-
tion of absolute values of the elastic constants.

Equiconstant Néel Inversion Wall, In a thin film,
the director may be confined to lie in the plane of the film.
In this case, the director has only 1 degree of freedom, ¢,
the angle with respect to some fixed axis contained in the
plane. Assuming the field!4 is along the z direction and
the director is confined to the zx plane, a bend—splay (Néel
bend) wall parallel to the field and a splay-bend (Néel
splay) wall normal to the field may be formed (see Figure
1). Ifthedirector, ¢, is a function of x only, the equilibrium
nonlinear differential equation of Néel bend (bend-splay)
wall is given by!

X.H’ 8in ¢ cos ¢ = kyy cos ¢ d—d;(cos ¢ %il) B

kg sin ¢ $1sin 9 §2) =0 1)

For the equal elastic constant approximation, ky; = kag =
k, the equation simplifies to

2
xaH2sin¢cos¢—kug—%=0
x
which can be solved subject to the boundary conditions,
Ppx=—) =0, ¢(x=+)=%m, %%(x=-°°) =

96 1 et =
dx(x+) 0

The solution first obtained by Helfrich is ¢ = 2 tan-!-
(exp(£x/£)), where £ is the characteristic length and equal
to (1/H)(k11/x.)%% and 2¢ is a measure of the wall thickness.
In the general case, the quantitative director orientation
across the inversion wall with different values of the bend
and splay constants has not been reported yet.

© 1993 American Chemical Society



6532 Ding and Thomas

(a) {(b)

Néel Bend Walls Néei Splay walls

Figurel. Schematics of the molecular director across = inversion
walls: (a) Néel bend-splay walls parallel to the field at different
values of elastic anisotropy and (b) Néel splay-bend walls normal
to the field at different values of elastic anisotropy. These figures
are based on the numerical solutions in Figure 2.

Néel Inversion Wall, ¢ # 0. We introduce the elastic
anisotropy, € = (k11 — kas)/ (k11 + ka3), a new characteristic
length { = (1/H)((k11 + kss)/xa)%?, and the dimensionless
distance x’ = x/{, such that the differential equation of
the Néel bend wall (more bend character in the bend-
splay wall) can be rewritten as

sin ¢ cos ¢ + € sin ¢ cos ¢(—gf,)2 +
. 1+e¢ d% _
(e sin® ¢ - 5 ) —-——dx’ 5 =0 (2)

The differential equation (2) can be solved using the
Runge—Kutta method for different values of the elastic
anisotropy, . Since the director field across the wall should
be symmetric, the director orientation only needs to be
calculated from a sufficiently distant location x’s, such
that ¢(x’s) = 0, up to the center of the inversion wall where
¢(0) = /2. Inpractice, the differential equation is solved
from x’ = -5 (where the initial director orientation is
guessed) to x’ = 0. If ¢(x'=0) = n/2, a new initial value
of the director orientation is chosen and the director
orientation is calculated until the director angle is equal
to /2 at x’ = 0 (within 0.05% error). Solutions of ¢(x")
are shown in Figure 2a. As expected, the solutions show
that the director field across the inversion wall depends
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significantly on the elastic anisotropy. The change of the
director orientation is almost constant for easy splay (¢ =
-1) from the center of the inversion wall until x’ =~ 1.5,
whereas the change of the director is rather continuous
until x’ ~ 2.5 for the easy bend case (¢ = 1). The director
trajectories of the Néel bend wall are plotted in Figure 2b.
Because eq 2 cannot be solved for ¢ = -1, we used the
approximation ¢ = -0.99 for the numerical calculation.

For the Néel splay wall, the differential equation of the
inversion wall is identical to eq 1 except k;; and k33 are
switched. Solutions of ¢(x’) are thus the same, except the
elastic anisotropies are switched. That means the change
of the director orientation is almost constant for easy bend
from the center of the inversion wall until x’ ~ 1.5, whereas
the change of the director is rather continuous until x” ~
2.5 for the easy splay case (see Figure 2a). The director
trajectories of a Néel splay wall are precisely orthogonal
to the director trajectories of a Néel bend wall, and the
magnetic field direction is rotated by 90° with respect to
the wall direction. It is evident from Figure 2b of a Néel
bend wall that, for ¢ = -1 (easy splay), the molecules align
with the field more slowly than for the ¢ = +1 (easy bend)
case, whereas from Figure 2¢, in a Néel splay wall, the
opposite is true.

Experiment and Analysis

Inversion wall structures of two nematic main-chain thermo-
tropic liquid crystalline polymers are analyzed. A semiflexible
main-chain polyether (MEBBS5) has been supplied by Percec:

0O oo

The crystal to nematic transition temperature is 148 °C, and the
nematic to isotropic transition occurs at 180 °C.

The specimen previously examined in Hudson et al.2 was a
random terpolymer of equal molar amounts of hydroxybenzoic
acid, hydroquinone, and pimelic acid (HBA/HQ/PA):

-{—o—@-@/—o—@—o — / —ic? —(CHa)s —E—]—n

Its number-average molecular weight is 3000; the crystal to
nematic transition is 180 °C, and the nematic to isotropic
transition is 250 °C.

A 1-2-um thin film of each polymer was first sheared with a
razor blade on a glass slide in the liquid crystalline state. In
order to create inversion walls, the specimen was aligned in a
13.5-T magnetic field which was oriented in the plane of the
specimen and perpendicular to the initial shearing direction. The
sample was placed in the field for 30 min at 160 °C for the MEBB6
polymer and for 30 min at 230 °C for the HBA/HQ/PA polymer
and then quenched to room temperature at a rate of ~10 °C/s
with a flow of nitrogen gas. After appropriate annealing, the
quenched glassy nematic polymer partially crystallizes into a
lamellar morphology. The variations in the director field are
easily rendered visible by the lamellae, which are perpendicular
to the local director.!2

A Néel splay inversion wall which is normal to the field appears
as a Néel bend wall in the AFM (or SEM?) image due to the
orthogonal relation between the long axis of the lamellae and the
director. Conversely, a wall parallel to the field is a Néel bend
wall, which appears as a splay wall in the image of the lamellae.
A different curvature of the lamellae in the two types of Néel
walls would directly indicate different values of elastic anisotropy
as shown in Figure 1.

Detailed measurements of ¢(x’) were made as a function of
distance from straight sections of » inversion walls oriented
approximately parallel to and normal to the magnetic field. It
is straightforward to qualitatively estimate the sign of ¢, i.¢., easy
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Figure 2. (a) Numerical solutions of director fields across Néel bend and Néel splay walls at different values of elastic anisotropy.
Curves 1-7 are the solutions of ¢ = 1, 0.9, 0.5, 0, 0.5, ~0.9, and -1 for Néel bend walls, while curves 1-7 correspond to ¢ = 1, 0.9, 0.5,
0, 0.5, 0.9, and 1, respectively, for Néel splay walls. Open circles and asterisks represent the measured values utilizing the lamellar
decoration method for a AFM and HRSEM? image. The best fit of the experimental data for MEBB5 (open circles) is ¢ ~ 0.5 and
for HBA/HQ/PA (asterisk) is ¢ ~ 0. (b) Calculated director orientation across Néel bend walls. (c) Calculated director orientation
across Néel splay walls. Curve 1 is the molecular trace for the easy splay case in Néel splay walls. Curve 1 also represents the lamellar

image of a Néel bend wall for the easy bend case.

bend or easy splay, from the curvature of the director withrespect
to position. The width of the inversion walls was fit by trial and
error to determine the value of elastic anisotropy. Note the
orthogonal relationship between molecular trajectories and
lamellae and the reversed sign of elastic anisotropy of the Néel
bend and Néel splay wall from the differential equation. For
example, the curvature of the lamellae imaged of a portion of
Neéel splay wall of the MEBBS5 polymer in Figure 3 appears to
be similar to the director trajectories within the range of -1 <
¢ < 0 in Figure 1a of the Néel bend wall. This means that for
MEBBS5 kg; < k;;. Open circles in Figure 2a show the values of
the director orientation with respect to the dimensionless distance,
¢(x’). The measured elastic anisotropy is therefore approximately
0.5;1i.e., k11 = 3kas. The (new) characteristic length, {, was found
to be 450 nm. Using a typical value of x,, which is on the order
of 1.0 X 10-" emu-cgs/g for semiflexible main-chain liquid crystal

polymers,'® and assuming a density of 1.0 g/cm?® give approximate
values of k;; = 2.8 X 108 dyn and kgg = 0.9 X 104 dyn, respectively.
These values are typical of small-molecule and semiflexible
polymer nematics.

THe ¢(x’) data from Hudson et al.?2 indicate the elastic
anisotropy of HBA/HQ/PA is approximately zero (Figure 2a),
which is quite compatible with the result from previous mea-
surements on the director field distribution around a disclination
in this polymer.® The estimated average elastic constant for
HBA/HQ/PA was determined as 2.3 X 10-¢ dyn.

Discussion

From our analysis, the width of both the Néel bend and
Néel splay walls is expected to be the same in a given
specimen since both the splay and bend elastic constants
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Figure 3. (a) AFM micrograph of a portion of the Néel splay inversion wall in MEBB5. The observed lamellae are perpendicular
to the local molecular director, and the deformation is approximately two dimensional. (b) Height variation across the Néel bend
inversion wall indicating a small amount of out-of-plane (twist) deformation.

enter into the characteristic width of the wall. Comparing
the new characteristic length, which we call { = (1/H)((k1;
+ R33)/xa)%%, which combines both the splay and bend
constants, with the characteristic length of the equal elastic
constant case, £ = (1/H)(k11/xa)* shows that { = 21/2¢
when the elastic constants are equal. Thus, the average
elastic constant obtained from measurement of the char-
acteristic length is the arithmetic average instead of a
geometric average or some other average.

Although the Néel inversion (splay-bend) walls have
been theoretically recognized by Helfrich, details on the
molecular trajectory of the Néel inversion walls have been
seldom reported? or distinguished, especially for the Néel
splay wall. The Néel bend and Néel splay walls are quite
distinct, and they are easily identified via AFM (Figure
3a,b) or SEM images for samples which exhibit lamellar
decoration.

The AFM image in Figure 3a also shows the height
profile of the upper (free) surface of the sample containing
a portion of the Néel splay wall in a thin region of the
MEBB5sample. The width of the inversion wall is around
1.5 um, and the maximum height variation across wall is
0.015 um. Itisevidentthatthe deformation of the director
across the inversion wall is approximately two dimensional.

Since the twist elastic constant is usually the smallest
inliquid crystals, twist deformation of the molecules should
be considered. The equilibrium shape of closed inversion
twist wall loops created by Freedericks transition is
predicted to be elliptical.!” Figueiredo Neto et al.? have
calculated that twist deformation would lower the Néel
bend wall energy during the Freedericks transition.
However, the three-dimensional solution for Helfrich
inversion walls has not yet been solved. A greater
difference (15 nm) in height is observed across a Néel
bend wall in the thicker area of the MEBB5 specimen (see
Figure 3b). This suggests that out-of-plane twist defor-
mation may take place in thicker regions. Understanding
such three-dimensional director patterns provides a new
challenge for liquid crystal physics.

Summary

We numerically solved the differential equation for Néel
inversion walls with elastic anisotropy in the thin film
(2D) approximation and calculated the director orientation
across both the Néel bend and Néel splay walls for different
values of elastic anisotropy. The elastic anisotropy of
liquid crystal polymers may be obtained directly from
microscopic images (TEM, SEM, or AFM) of inversion
walls by measuring the director orientation with the
lamellar decoration technique.2412 Combined with the
measurement of the wall width, which provides the
information of the arithmetic average of the splay constant
and bend constant, the absolute value of elastic constants,
k11 and kg3, can be obtained with knowledge of the magnetic
susceptibility anisotropy.
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