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Liquid crystal (LC) materials have been interested in material science and technologies due to
the promising applications in display and sensing applications. Recently, it was reported that the
high charge carrier mobility can be obtained using small molecular weight LC organic
semiconducting materials that have the smectic E phase. However, there has barely studied about
the basic smectic E phase structures though the X-ray and electron diffraction structural studies
had been carried out to show a two-dimensional hexagonal lattice and strong herringbone
packing. Here, we have investigated the dendritic growth of freely suspended film of the smetic
E, which can make easy to see the specific arrangement of LC molecules. This can be understood
based on packing sequence of orthorhombic unit cell and molecular packing of the LC molecules
in the smectic E phase. Quantitative measurement of the dendritic branch meets the value
theoretically predicted using universal growth laws. Our resultant work can suggest a hint to
improve the electrical property of the organic electronics in the future.
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We have investigated the dendritic growth of freely suspended film of a rod-type molecule forming the smectic E phase
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from the smectic A phase upon cooling from isotropic temperature. In contrast to the fractal growing patterns of other

smectic liquid phases, this exhibits a clear dendritic growth along with the director of the molecular unit cell of the smectic

E phase. As freezing from the outmost monolayers of the freely suspended film, the sequential dendritic growth occurs

based on the confining effect of preformed outer layers of the smectic E phase. Analysis for the growth law of the
characteristic length; L(t) ~ t" shows that the growth process is consistent with the theoretically predicted (n~0.66).

Introduction

The freely suspended film of soft condensed matters in
promoting order or disorder has been widely studied because
of the reduced structural dimensionality.1*® Two-dimensional
melting and freezing, surface-induced, layer-by-layer
transitions are examples of the wide range of phenomena that
have been investigated in such freely suspended films. Among
these, surface melting and freezing of the liquid crystals (LCs) on
the substrates such as glass and metal has been massively
studied because of the practical demand,”8 while the freely
suspended film of LC materials has not been much studied
although in many cases more ordered behaviour is shown than
the bulk, in which surface freezing can be observed.%11
Especially, the relevant smectic LCs are excellent model systems
to study these two-dimensional growing phenomena and phase
transitions and critical fluctuations in the LC phases.

It is also well known that the smectic LC structures are built up
by orientational ordering if there are the translational
disordered smectic layers within these, which form more
ordered phases such as hexatic phases, the polarization splay
modulated (B7) phases and the helical nanofilament (B4)
phase.121> This structural ordering can be increased as
temperature decreases in the smectic layers, meaning that a
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layer structure without order (smectic A (SmA), SmC) within the
layers can pass over with decreasing temperature by phase
transitions to layer structures with orders in the layers (SmB,
SmE, etc).16-18 Whereas the smectic phases of SmA and SmC
types have been studied before,°-2! the structure observation
of the highly ordered smectic phase such as the SmE phase
which is a layered phase with the molecules oriented
perpendicular to the layer plains and hexagonally ordered
within each layer, are restricted to a few classes of substances.
The X-ray and electron diffraction studies demonstrated this
hexagonal order in materials,222* confirming that the SmE
phase is characterized by a two-dimensional hexagonal lattice
and strong herringbone packing.

Here we report the dynamic growth in the freely suspended film
of the SmE phase, which is now the essential phase to show the
high charge carrier mobility.25-27 Even though the dynamics in
the growth of thick film between planar aligned substrates was
studied before, both theoretically and experimentally,28-31 there
has not been studied about the dendritic growth in freely
suspended film of the SmE phase. To understand the dynamic
growth of the SmE phase, we probe the freely suspended film
by DTLM (depolarized transmission light microscopy) at a
certain temperature range between the smectic A phase (i.e., a
SmA phase that has body-centred rectangular domains;32 from
here SmA will be alternated to SmA for the convenience) and
the SmE phase. The feely suspended film explored here has
several layers, approximately ~ 6 layers because the
birefringence is not so strong to be considered at most ~ 10
layers. It is expected that this basic structural analysis of the
SmE film will extend the realm of smectic LCs to organic
electronics for the next generation opto-electronic devices.
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Results and discussion

To achieve our goal, firstly, a rod-shaped liquid crystalline
material, Y002, was synthesized according to the method
previously reported.33 The thermal phase transition of Y002
happens upon cooling from the isotropic to the SmA phase at T
=185°C, and then from the SmA to the SmE phase at T = 111°C
(Fig. 1a).343¢ The semi-fluorinated tails of Y002 cause splayed
molecular stacking, as shown in Fig. 1b, which depends on
dipole delocalization, showing the orthorhombic configuration
of Y002 molecules with a herringbone arrangement. The unit
cell shows the short molecular dimension of a=6.8 nm, b=5.6
nm, and c=7.3 nm (Fig. 1b). This typical SmE phase is resulted
from the attractive pi stacking interaction between adjacent
biphenyl groups and shows sufficient dense-packed molecules
per unit cell.

Two-dimensional dendritic growths of the freely suspended film
of the SmE phase from the SmA phase were directly
investigated by in-situ imaging of DTLM. Here, 5° depolarization
between cross-polarisers was used because of the low
birefringence of optical morphologies during transition
between the SmA and the SmE. The film is made in the SmA
phase, in which it is hard to see the specific optical anisotropy
because the SmA phase is uniaxial on top view in the given
experimental condition (Fig. 2a). As the SmA film transits to the
SmE film upon cooling, a dim birefringent structure having saw-
tooth like morphology is growing from right side to the left side,
which results from the dendritic growth of biaxial units of the
SmE film (Fig. 2b-d). Once this growing is saturated, we hardly
see the saw-tooth-like structure because the domains near each
boundary are merged; instead, there appear sharp lines
between domains that depend on the orientation of the biaxial
SmE phase of Y002 molecules (Fig. 2e). Finally, the dendritic
growth of the SmE phase occurs legitimately from right to left
as a function of time. Now, various birefringent optical
morphologies of different domains can be observed (Fig. 2e, f).

a) Y002 0
F(CFQ)B(CHmo
OCH,CH
63°C 114°C 195¢C
tn > smE > smA > Iso
50°C 111°C 185°C

Fig. 1 Phase transition of Y002 and molecular ordering. (a) The chemical structure and
phases of liquid crystal, Y002 with transition temperatures. (b) Orthorhombic packing
structure of the SmE phase of Y002 with herringbone arrangement in which the unit
cell shows the short molecular dimension of a=6.8 nm, b=5.6 nm and c=7.3 nm.
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Fig. 2 Two-dimensional dendritic growths of the freely suspended film of the SmE phase
from the SmA phase on cooling and their schematic representations. Here, 5°
depolarization between cross-polarizers is used because of the low transmitted
intensity. (a) There’s little birefringent signal because the SmA phase is uniaxial on top
view. (b-d) As the phase transition goes from the SmA phase to the SmE phase, the
morphological changes happen from the two outmost layers of freely suspended film
(L1 and L6). (e, f) Once the phase transition in the outer layers is finished, the internal
SmA phase freezes into the SmE phase with dendritic growing tendency. Especially, the
dendritic branches have 90° each other in one domain, regardless of dark and bright
region. Schematic representation of the possible scenario for the transition of a multi-
layer SmA film into the SmE film through layer-by-layer surface transition.

Interestingly, each branch in one domain is growing regularly
with 90° difference between main and side branches, regardless
of dark or white one, meaning that different orientation of the
SmE domains.

The dynamic structural behaviour of layer-by-layer freezing
during SmA to SmE transition shows that there are three
possible processes in which a SmA film can freeze into a SmE
film upon cooling, as represented schematically in Fig. 2 for the
six-layer film. The two outermost layers of L1 and L6 firstly
freeze into the SmE phase, while the interior four layers remain
in the SmA phase (Fig. 2b-d). Then the next interior layers of L2-
L5 transform into the SmE phase sequentially, and finally, all six
layers are in the SmE phase (Fig. 2e, f). Since the SmE phase
shows pseudo-three-dimensional structures, we can guess that
the role it plays, if any, in the surface freezing of the SmA phase
depends primarily on the extent to which the smectic layers are
coupled to each other. Additional discussion on the correlation
between the interlayer coupling and the type of surface
transitions will be described to clarify this later in this paper.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The enlarged images of each specific transition point of freely suspended film
during phase transition from the SmA to the SmE phase, and representative schematic
sketch. (a) Upon cooling, saw-tooth like morphologies are appeared as the SmA phase
transforms into the SmE phase, yellow dashed line means the boundary of different
domains in the two outmost layers of the SmE phase. (b) The dendritic branches have
90° each other in a domain, while it shows 60° between each domain (red solid and blue
dotted line). (c) 90° dendritic growth is based on the herringbone packed unit cell
(orange ellipsoids) of the SmE phase. The difference in angle of 60° between each
domain can explain the difference in optical birefringence.

Because of the strong intrinsic herringbone ordering in the SmE
phase, a model of freely suspended film of Y002 could be
formulated for a LC structure with coupled herringbone and
bond-orientational degrees of freedom (Fig. 3). With this model,
it is possible to understand the peculiar behaviour at the SmA-
SmE phase transition. This model can be obtained based on the
enlarged images of each specific transition point of freely
suspended film during transition of SmA to SmE phase. As the
SmA phase transforms to the SmE phase, firstly, the two
outermost layers (L1 and L6 in Fig. 2) freeze and then all of
interior layers (L2-L5) change into the SmE phase sequentially,
and such certain birefringent changes can be seen clearly in Fig.
3a and b. During this process, there are growing a few kinds of
domains of dark and bright morphologies although it is not easy
to be distinguished in Fig. 3a. But 90° growing dendritic
branches of each domain can be clearly seen in Fig. 3b, and
simply we can recognize the similar growing morphologies of
dark and bright domains. From this, there are three things to be
considered. Firstly, 90° growth of each branch is caused by the
orthorhombic unit cell in connection with a herringbone
packing as shown in Fig. 1b and 3c. Each unit cell has 90°
difference and this generates the macroscopic dendritic growth
of the SmE domains. Secondly, the different contrast of dark
and bright region is resulted from the transmitted light intensity
that depends on the sin?2¢, where ¢ is the angle between a
principal optic axis and the polarization direction (Fig. 3b and c).
This can explain the reason why the domain of @~35° shows
brighter than that of ¢ ~ 25° by Malus’s law, in which a linearly
polarized light whose polarizing direction is relatively parallel to

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Molecular resolution AFM images of Langmuir monolayer film. (a, b) Top-view
of the Langmuir monolayer shows hexagonal packed —CFss. (c) Each unit has 60°
between neighboring units, meaning distance between the semi-fluoroalkyl chains of
~0.50 nm.

the axis of the polarizer can show a high transmitted intensity
(Fig. 3¢).37 Thirdly, considering the angle (0) between bright and
dark domains is about 60°, and this can be explained based on
the packing sequence of Y002 molecules. Molecular resolution
AFM image of a monolayer film of Y002 (Fig. 4) made by
Langmuir method shows top-view of the herringbone type
packed chemical functionalities of “—CF3”, revealing 60°
between neighbouring “-CF3” units (Fig. 4c).3® This packing
sequence governs the propagation of dendritic growth after the
nucleation of each domain.

The freezing process during the phase transition is of
fundamental importance for the processing of materials,
ranging from metal alloys and glasses to polymers. Thermal
fluctuations of the unstable interface between the SmA phase
and the SmE phase result from the competition between a
temperature gradient or chemical potential gradient, inducing
the nucleation of the low-temperature phase,394° here the SmE,
and domains of dendritic branches in the SmE phase grow
spontaneously once a critical nucleus size is exceeded. When
nucleus growth is followed optically, the time evolution of the
characteristic length, L(t) of one of dendritic branches as a
function of time can be described by a universal growth law, L(t)
~ t", where n is called the growth exponent.?242 During the
growth, each domain of the SmA and the SmE phase is
separated by a sharp domain boundary and the velocity of the
local domain interface is equal to the local curvature of the
domain. The general result (n ~ 0.5) of this problem at a certain
quench depth (i.e. the difference of temperature between
phases; AT=0 K) was already obtained.4344 And this n value can
be varied by AT; for OK < AT < 0.8K, n value is 0.5 < n < 1.0.45-47
From analysis of various images as a function of time, the
dendritic growth in free-standing film of SmE phase can be
quantified by L(t) based on the growing area, in which the area
is translated to the length of one branch (Fig. 5). The latter time
regime of the dendritic domain growth in Fig. 2 (d~f) can clearly

J. Name., 2013, 00, 1-3 | 3
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Fig. 5 Characteristic length L(t) of a dendritic branch (black squares) based on the
experimental results and fitted data (red triangles). Growth exponent n is determined
from this fitting and the value is ~ 0.66.

be identified by a change of slope in the representation of L(t)
versus t used for the determination of the growth exponents

(n). Therefore, considering our quench depth (AT) is ~ 0.3, n is
determined 0.66 after fitting (red triangles) based on the
experimental data (black squares) as described in Figure 5. As
dendritic growth is saturated to meet the other domains, L(t)
becomes constant on these contacts.

Conclusions

In summary, we have investigated the dynamics of the dendritic
growth of free-standing film, during freezing from the SmA
phase to the SmE phase. This specific dendritic growing process
can be understood based on packing sequence of orthorhombic
unit cell and molecular packing of the SmE phase of Y002.
Quantitative measurement of the dendritic branch meets the
value theoretically predicted based on universal growth laws of
the L(t) ~ t", here n is ~ 0.66. Considering the SmE phase is the
one of the promising phases that can show the high charge
carrier mobility, our resultant work can suggest a hint to
improve the electrical property of the organic electronics in the
future .
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Experimental details

Materials
The LC material Y002 was synthesized by the procedure for the
alkylation of methyl ethyl 4'-hydroxy-4-biphenyl carboxylate

4| J. Name., 2012, 00, 1-3

Molecular-Systems Design & Engineering

with 1H,1H,2H,2H,3H,3H,4H,4Hperfluorododecyl bromide in
DMF (Sigma Aldrich, 99.8%) at 70 °C under reflux with K,CO3.32

Sample Preparation and optical characterization

The freely suspended film was made by using a circular hole in
a glass coverslip that has 18 x 18 mm? and thickness of ~ 0.15
mm. A small amount of Y002, ~ a few tens of mg was placed
near the hole of a coverslip and then heated up to the SmA
phase then spread with the other glass sip to make the freely
suspended film in the hole.! For this, a heating stage and
temperature controller (Instec STC200) was used, and DTLM
(Olympus BX51) was used to observe the dendritic growth of
Y002 on cooling to the SmE phase.

Langmuir monolayer investigation

Langmuir monolayer was prepared using a commercial
Langmuir trough (NIMA, Coventry, England). A dilute solution of
Y002 in ethyl acetate (5pl, 1mg of molecule/ml, Merck, HPLC
grade) was spread on an ultra-pure water (Milli-Q; resistivity ca.
18.2MQcm) subphase and the monolayer was deposited on
mica substrate. Surface topography of the monolayer of Y002
was performed under ambient conditions with an AFM
(Nanoscope III: Veeco Instruments, Santa Barbara, CA). For the
molecular resolution mode and preventing from deformation of
sample, contact mode AFM with Si3sNs cantilevers having a
nominal spring constant of 0.06 N/m was used.
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