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We study the pattern formation of a chiral nematic liquid crystal under a wetting transition. In the
isotropic-liquid crystal transition, a surface-enhanced effect happens and a thin liquid crystal layer forms
at the substrates of the cell. In this confined system, chirality, elastic anisotropy, surface anchoring, and
wetting strength interplay. A striped pattern is formed due to the chiral nature of the material and the tilted
anchoring at the isotropic boundary. As the wetting layer grows from cooling the sample, first the stripes
rotate through a process where dislocation defects are formed. As the wetting layer grows further, the
periodicity of the stripe structure changes, and finally a splitting of the stripes occurs. Because of
the unique properties of this system, new insights about pitch-thickness ratio, interface anchoring, and
elastic anisotropy effect are found. Since the anchoring at the isotropic boundary is weak, the critical ratio
between the thickness of the wetting layer and the helical pitch is different from that reported in the
literature. We also discover that the elastic anisotropy and elastic constant ratios play a critical role in
stripe formation. Because of the similarity with biological fibrous composites (twisted plywood), our
system may be used as a synthetic version to mimic the naturally occurring one. We carry out a simulation

study to explain the experimental results.
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Introduction.—A solid substrate breaks liquid crystal
(LC) bulk symmetry and yields many varieties of interest-
ing phenomena. Among them we shall cite the so-called
surface and wetting transitions [1]. The latter occurs when
the contact angle of the two coexisting phase becomes zero
with respect to a solid substrate when temperature (or
composition) is changed [2,3]. The wetting phenomenon
has been reported for LCs before [4,5]. In some cases, a LC
is filled into a slab cell whose substrates have been coated
with a material that favors the nematic phase over the
isotropic. This behavior has been well described before
for nematics; for details see Ref. [4]. A typical (bulk)
isotropic-nematic (IN) transition as described in textbooks
is shown in Fig. 1(a). However, for a system consisting of
multiple components, in the IN transition, phase separation
can be dictated by the surfaces, where the order parameter
is higher [6]. Furthermore, confined LC systems, such as
the one presented here, are known for presenting distinct
physical effects and unique patterns [7—14]. In this Letter,
we report the wetting phenomenon of a chiral nematic LC
in a slab whose surfaces are coated with an alignment layer
of PI2555 (which produces homogeneous alignment par-
allel to the substrate). Under these conditions, a thin LC
layer forms at the substrates separating the surface from the
bulk isotropic phase, yielding a confined system where
chirality, elastic anisotropy, surface anchoring, and wetting
strength interplay to determine the LC orientation. Thus, a
study of the chiral nematic anchoring at the isotropic inter-
face is possible. As reported before [15], LCs orient with a
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certain inclination (perpendicular to the substrate) at the
interface. Under this configuration, the wetting layer forms
stripes under appropriate layer thickness, elastic constants,
and pitch. This system may be used as a synthetic version
to mimic naturally occurring biological fibrous composites
[16], also known as twisted plywoods.

Experiments and discussion.—The chiral nematic LC
was sandwiched between two parallel glass substrates
with cell gap controlled by 10 um glass fiber spacers.
The polyimide (PI2555) was dissolved in a thinner solution
with the ratio of 1:8. The material was coated onto the glass
substrate, baked, and rubbed to produce a homogeneous
alignment. In our experiments, we used four different
nematic LC hosts: E44, E7, TL203, and ZLI-4330. They
are mixtures consisting of multiple components and exhibit
a two-phase region, namely, phase separation, between
the isotropic and nematic phase boundary. The physical
parameters of these LCs are listed in Table I. The first three
had positive dielectric anisotropy whereas the last one had
a negative dielectric anisotropy. The chiral dopant used
was R811, with a concentration of only a few percent.
It did not significantly change the elastic constants and
dielectric anisotropy of the nematic hosts because of its
low concentration. The cells were studied under polarizing
light microscope, and the temperature was controlled
with a hot stage where the temperature was lowered at a
ratio of 0.3 °C/min.

We first studied the texture of the cell filled with the
chiral nematic consisting of 97% E44 and 3% chiral dopant
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FIG. 1 (color online).
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Wetting phenomenon for chiral nematic liquid crystals under cooling of the system from the IN temperature.

(a) Nucleation of liquid crystal droplets and (b) beginning of the wetting phenomenon for a chiral nematic cell. [(c) and (d)] Stripes
forming as the wetting layer grows. (e) Planar texture nucleating and splitting of the stripes. (f) Planar texture and remaining isotropic

domains.

R811 (which generated a pitch of 3.3 pm). The results are
shown in Fig. 1. Undergoing the phase transition, the liquid
crystalline phase formed first at the surfaces of the cell, as
shown in Fig. 1(b). The field of view was brightened
gradually with exception of a few defects at the surfaces.
At these preliminary states, the LC almost did not twist in
the thin wetting layer, and light can be extinguished by
changing the rubbing direction of the cell with respect to
the crossed polarizers. As the system was further cooled,
the wetting layer grew thicker, and light extinction was no
longer possible, which indicates the LC orientation was
twisted, with the helix axis parallel to the surface normal.
However, the twisting rate ¢/ h, (Where ¢ is the twist angle
and £ is the wetting layer thickness) was still small. When
the wetting layer reached a critical thickness, it became
more favorable to assume an undulated configuration, as
shown in Fig. 1(c). This led to a texture of stripes, where
the periodicity was approximately equal to the natural
pitch of the chiral nematic. Under further cooling, shown
in Fig. 1(d), the layer became thicker and the orientation
of the stripes rotated with respect to the rubbing direction.
At this stage, it was possible to observe many dislocation
defects moving quite rapidly in the field of view. As the
temperature was further lowered, the planar texture

TABLE I. Physical parameters of liquid crystals.
quuld CryStal Kl 1 /K22 K33/K22 Ae
E44 1.19 2.15 17.0
E7 1.48 2.28 13.8
TL203 1.97 223 11.0
Z11-4330 2.00 292 -1.9

started to nucleate from spacers and impurities in the
cell. The stripes started to split, and stripes with different
orientations appeared, corresponding to the stripes formed
at the opposite surface, meaning both wetting layers started
to have direct contact with each other, as shown in
Figs. 1(e) and I(f). shows the texture when the planar
texture took over the entire cell except a little remaining
isotropic phase, which was no longer trapped between two
LC wetting layers but formed droplets.

The thickness of the wetting layer plays a critical role in
the formation of the stripe structure. It is important to know
how the thickness of the wetting layer changes with
temperature. We ran the following experiment to determine
the thickness growth with decreasing temperature. A
20 pm thick cell was filled with the nematic LC E7, and
its transmission was measured as a function of tempera-
ture. The cell was placed between two crossed polarizers
with the LC director making an angle of 45° with the
polarizers. We cooled the sample from 62 until 46 °C at
0.5 °C/min, and the transmission was measured using a
632 nm (A) light. Figure 2 shows that there is a large
change of transmission in a narrow temperature interval,
from 58 until around 56 °C. The transmission change in
this region is associated to the change in thickness of the
liquid crystalline wetting layer at the surfaces. Below
56 °C, the change of the transmission is due to the change
of the birefringence as a function of temperature. In
the transition region, the transmission is given by 7T =
sin[277An(2d)/A], where d is the wetting layer thickness
(note there are two wetting layers, one on the bottom
surface and the other on the top surface of the cell). The
layer thickness was calculated from the transmission, and
the result is shown by the inset in Fig. 2. The value of the
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FIG. 2. Transmission vs temperature. The large change of the
transmission in a narrow interval right after the transition from
isotropic phase shows the change in birefringence due to the
change in thickness of the wetting layer.

birefringence An was obtained from the literature [17].
The layer grew from O to 5 wm in approximately 2 °C.

The bulk free energy involved has two parts: the free
energy associated with the orientational order and the
elastic energy associated with the nonuniform spatial ori-
entation of the LC director. The surface free energy also
has two parts: the anchoring energy at the alignment layer
surface, which is strong and does not change much in the
narrow temperature range, and the anchoring energy at
the LC-isotropic interface, which is weak and changes with
the orientation of the LC at the interface. The director
configuration within the wetting layer is the state that
minimizes the total free energy (bulk free energy plus
surface free energy). Experiments have shown that the
anchoring strength at a LC-isotropic interface is weak
and on the order of 1077 to 107 J/m? [15] and the tilting
angle ranges from 50° to 70° with respect to the interface
normal [15], which has been verified theoretically [18].
Furthermore, it has been reported before that chiral
nematics tend to develop stripes at free surfaces [19,20].
Moreover, stripe domains or fingerprints have been exten-
sively studied before [21,22].

We performed computer simulations and found that the
anchoring at the LC-isotropic interface is responsible for
the stripe pattern. We used the relaxation method in the
Q-tensor representation, which takes into account the sym-
metry of the chiral nematic phase. This method consists in
numerically solving the LC torque balance equation when
the free energy is written in the Landau—-de Gennes’s
Q-tensor representation [23,24]. The equations are discre-
tized in a three-dimensional mesh, and at each time step the
director is calculated [25]. In the simulation, the anchoring
energies were 10™% J/m? at the alignment layer (bottom)
surface and 107 J/m? at the isotropic (top) surface. The
pretilt angle is 88° (with respect to the cell normal) at the
bottom surface and 50° at the isotropic interface. We set
the initial thickness to 0.3 um and the initial orientation
planar. From the initial orientation, we get the stable
configuration by relaxing the LC director. We then
increased the thickness stepwise until the LC layer reached
3 pwm. After each small change in thickness, we allowed

y
(a)

(@

FIG. 3 (color online). Cholesteric layer growth simulation
against isotropic interface; (a) and (b) show the zy plane whereas
(c) shows the xy or top view. In (a), the wetting layer is too thin,
and no stripes are seen. After a while, stripes develop from the
isotropic boundary, as shown in (b). In (c), the period is approxi-
mately equal to the natural pitch of the sample.

the free energy of the system slowly to relax to the stable
state in a small time step controlled by the relaxation
parameter o = 0.05 [24]. In every step, a small noise
was added to recreate thermal agitation. We chose the x
and y lengths equal to 6 um, while the growing thickness
was set in the z direction. Periodic boundary conditions
were used in the x and y directions. Figure 3 shows the
resulting texture of our simulation where E44’s elastic
constants ratios are K,;/K,, = 1.19 and Ks;/K,, = 2.15
and the pitch is 3 wm. In the initial states, while the LC
layer is thin, it has a planar twisted structure with its helical
axis uniformly aligned along the z direction, as in Fig. 3(a).
In this state, the elastic energy is low and the surface energy
at the top surface is high. When the LC layer increases to a
certain critical thickness, the LC director assumes an undu-
lated configuration, shown in Figs. 3(b) and 3(c) shows the
top view of the LC director configuration on the xy plane.
In this undulated state, the surface energy at the top surface
is reduced while the elastic energy is increased due to
the introduction of the splay and bend deformations. The
increase of the elastic energy is less (when the wetting layer
is sufficiently thick) than the decrease of the surface
energy. The stripe pattern obtained in the simulations is
similar to the pattern observed in our experiments, with
period approximately equal to the natural pitch, since the
anchoring does not allow half-pitch periodicity [26].

We then experimentally studied the pattern formation in
the cells with different LCs and found that for long pitches
(h/p< = 1), chiral nematics with E44 and E7 formed
stripes whereas chiral nematics with TL203 and ZLI-
4330 did not. In order to explain the different behavior,
we performed a simulation study on the effect of the ratio
between the elastic constants. It was found that when the
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ratio of K;/K,, is large, the stripe configuration costs too
much elastic energy and therefore cannot form. When
h/p = 3, the ratio must be lower than 1.6 in order to
have the stripe structure. The tilted orientation at the inter-
face and the planar orientation in the bottom cause a splay
distortion near the interface. If K;; > 1.6K,,, it is too
energetically expensive to endure the splay distortion, in
such a way that a twist deformation (pitch length change)
“pays” the elastic penalty. On the other hand, if K;; <
1.6K,,, the splay distortion will propagate to the bulk. To
get rid of this energy, the cholesteric assumes the undulated
organization. The pitch length change also explains why
the stripes are observed for shorter pitches for all the
materials, since the twist energy in cholesterics is inversely
proportional to the pitch and therefore has a greater energy
cost. As shown in Table I, the ratios of elastic constants are
small for E44 and E7 and large for TL203 and ZLI4330.
Therefore, the stripe structure forms in the cells with E44
and E7 but not in the cells with TL203 and ZLI4330. The
simulated LC director configurations in the cells with E44
and TL203 are shown in Fig. 4. In these figures, the color of
the background shows the energy density. The darker color
represents higher density of energy. In the cell with E44,
the elastic energy density is high in the bulk whereas in
the cell with TL203 the surface energy is higher at the top
(isotropic) surface.

We also studied the effect of the helical pitch p. It is
well-known that the ratio 4/ p determines the transition of
nematic to chiral nematic in homeotropic oriented cells and
hybrid aligned cells, where h/p = 1 is the critical thick-
ness [27,28]. We experimentally observed that when the
pitch was sufficiently short ( <1 um), the cells with all
of the four types of LCs exhibited the stripe texture. We
performed a simulation study of the effect of pitch in the
cell with the weak anchoring. The result shows that for E44
the critical value of the ratio &/ p is 0.7 above the ratio at
which the stripe structure forms. For E7, the critical value
of the ratio A/ p is 1.7 because its value of K|;/K,, = 1.48,
which is higher than that of E44. The measured value of i/ p
is, however, smaller, probably due to the fact that there are
nucleation seeds produced by irregularities, such as impurity
and spacers, in the cells. When the pitch is shorter, the strips
form continuously everywhere in the sample [22].

One interesting feature of the stripes is that the stripes’
direction constantly rotates as the cell is cooled. Similar

(a) E44

(b) TL203

FIG. 4 (color online). (a) and (b) Wetting layer with E44 and
TL203, respectively. As in the experiment, the stripe pattern is
observed for E44 but not for TL203.

behavior has been reported for wedge cells under electric
fields [28]. This is a direct consequence of the molecular
reorientation in the middle of the cell and the change in
thickness due to the growth of the wetting layer. As sug-
gested in Ref. [28] (where hybrid aligned chiral nematics
in wedge cells were studied), the rotation of the stripes
should be related to the helical structure near the planar
substrate even after the stripe domains are formed. The fact
that the anchoring at the isotropic interface is weak makes
it easier for the stripes to rotate. The microphotographs
taken at four different temperatures are shown in Fig. 5(a),
where the LC was E7 with 1.6% of R811 ina 5 um cell.
The stripes rotated clockwise (chiral dopant sense) with
decreasing temperature [29]. The angle of the stripe with
respect to the rubbing direction decreased with decreasing
temperature as shown in Fig. 5(b). The rotation direction
always follows the chiral dopants’ handedness. We ran a
simulation to investigate the rotation of the stripes. The
result shows that as the wetting layer thickness increases
with cooling temperature, the thickness of the planar layer
between the bottom surface and the top stripe region, as
shown in Fig. 3(b), increases. Note that when the wetting
layer grows, the thickness of the stripe structure remains
constant while the thickness of the planar layer increases.
The orientation of the LC molecules at the bottom of the
planar layer is fixed by the bottom alignment layer with
the strong anchoring strength, whereas the LC molecules at
the top of the planar layer tend to rotate such that the pitch
length remains the same as the natural pitch as the layer is
growing. The orientation of the molecules at the top of the
planar layer makes the stripes rotate, because the isotropic
surface imposes little resistance. As shown by the inset in
Fig. 5(b), the angle of the stripes is linearly related to the
thickness of the wetting layer.

To conclude, we studied the surface wetting of chiral
nematic liquid crystals consisting of multiple components.
In the isotropic-chiral nematic phase transition, they phase
separated into an isotropic layer and LC layer. The LC
layer is on the surface of the homogeneous alignment layer

Angle (Deg)

.1 12 13
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Temperature (C)

(b)

FIG. 5 (color online). (a) Stripe rotation as the wetting layer
grows. When the stripes first appear, they are oriented to an angle
of 43° with the rubbing direction. As the system is cooled, the
stripes continually rotate and the periodicity increases. (b) Stripe
direction with respect to the rubbing direction at different
temperatures, whereas the inset shows the simulated results
(angle vs layer thickness).
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made from PI2555. As the temperature was decreased, the
LC layer grew, which made it possible to have a variety of
structures. We found that the elastic anisotropy and the
elastic constant ratios are decisive for the pattern formation
and that the critical ratio &/ p is smaller than 1, which is
different from that reported in the literature.
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