
pubs.acs.org/cm Published on Web 07/20/2010 r 2010 American Chemical Society

4798 Chem. Mater. 2010, 22, 4798–4805
DOI:10.1021/cm101409y

Molecular Frustration of Chemically Linked Rod-Disc Liquid Crystal
under an Electric Field

Jun Ho Jung,† So-Eun Kim,† Eun Kyoung Song,† Kyung Su Ha,† Namil Kim,‡

Yan Cao,‡ Chi-Chun Tsai,‡ Stephen Z. D. Cheng,‡ Seung Hee Lee,*,† and
Kwang-Un Jeong*,†

†Polymer BIN Fusion Research Center, Department of Polymer-Nano Science and Technology, and
Department of BIN Fusion Technology, Chonbuk National University Jeonju, Jeonbuk 561-756, Korea, and
‡College of Polymer Science and Polymer Engineering, The University of Akron, Akron, Ohio 44325-3909

Received May 19, 2010. Revised Manuscript Received July 8, 2010

Molecular orientation of a chemically linked rod-disk (cyanobiphenyl-triphenyl) liquid crystalline
(LC) molecule (RD12, where 12 is a number of carbon atoms in each alkyl chain linkage between the
rod and the diskmesogens) in an antiparallel rubbed LC cell was investigated under vertically applied
alternative current (AC) electric fields. Upon varying vertical AC electric fields from the initial state
(0 V) to a fixed voltage ranging between 2.5 and 5.0 V, it was found that RD12 responded to the
electric field with two-steps. The rodmesogen having a higher dipole interaction first aligned parallel
to the electric field, while the diskmesogen behaved like an anchor ofRD12.After the frustration and
stabilization of rod mesogens, the in-plane axis of disk mesogen also aligned parallel to the electric
field. Based on our experimental results, it was concluded that the peculiar molecular frustrations of
RD12 under the vertical AC electric field occurred in a consequence of the competition among rods
attached to both sides of the disk molecule. Furthermore, because molecular orientation of RD12
exhibiting a large birefringence is controlled by an electric field,RD12 can be used as a tunable optical
switching material in the electro-optical devices.

Introduction

To improve electro-optic characteristics of liquid crys-
tal displays (LCDs), design, synthesis, and characteriza-
tion of complex LC molecules have been explored since
the first discovery of LC materials in the 1880s.1-11

Thanks to these efforts, LCD is a ubiquitous and superior

display compared with others.12-20 Parallel to the practical
applications of LCs, novel LC phases such as twist grain
boundary phases,21-23 blue phases,24-26 achiral banana
phases27-32 and biaxial nematic (N) LC phases33-36 have
been obtained by introducing different chemical functions
as well as by synthesizing novel geometry of LC molecules.
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Among them, intensive researches on chemically connected
rod-disk LC molecules have been focused on to fill the gap
between discotic (disklike) and calamitic (rodlike) LCs and
to examine the existence of biaxial N phase.37-42 Unlike
common rodlike LCs that exhibit uniaxial positive birefrin-
gence with the optic axis parallel to the molecular long axis,

disklike LCs possess intrinsically uniaxial negative biref-
ringence with the optic axis perpendicular to the disk-
plane.43-53 The competition between the excluded volumes
of extremely different two mesogens in the chemically
connected rod-disk LC molecules may result in a biaxial
molecular orientation.
Recently, Cheng and his co-workers reported the char-

acteristics of the rod-disk molecule (RD12), which was
newly synthesized by the chemical combination of rodlike
(R) and disklike (D) mesogens.49,50 The chemical struc-
tures and its geometric dimensions are illustrated in
Figure 1. Through combined experimental results and
careful analyses, it was realized that RD12 molecule can
form three different ordered phases by decreasing tem-
perature from isotropic (I) phase: N phase, stable KT1

crystalline phase, and metastable KT2 crystalline phase
(Figure 2).49 Furthermore, they demonstrated the exis-
tence of biaxial N phase under the direct current (DC)
electric field, even though a macroscopically stable uni-
form biaxial domainwas not obtained.50However, RD12
molecular orientations and transition behaviors under
the alternative current (AC) electric fields with alignment
layers have not been understood. Therefore, there are a
few questions remaining. What are the RD12 molecular
orientations and behaviors under various AC electric
fields with a planar alignment layer?Molecular behaviors
of RD12 under AC electric fields can be important not
only for the scientific studies but also for the practical
applications in LCDs. What is the birefringence of RD12
molecule? On the basis of the molecular geometry of
RD12, RD12 can exhibit a large birefringence, which
can be useful in thin optical compensation films. Further-
more, when birefringence of optical films made of RD12
can be controlled by magnetic and/or electric fields,
tunable optical switches may be fabricated.
To answer these questions, we first fabricated an anti-

parallel-rubbed electro-optic LC cell, which is one of the

Figure 1. Chemical structures of (a) cyanobiphenyl calamitic LC, (b)
triphenyl discotic LC, and (c) RD12.49 Calculated geometric dimensions
of RD12 were schematically illustrated with top and side views in panel c.

Figure 2. Phase transition diagrams of RD1249 (a) during cooling and
subsequent heating at 2.5 �C/min, and (b) during heating at 2.5 �C/min
after quenching from the N phase below Tg.
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typical LCDmodes. By varying vertical AC electric fields,
optical textures and normalized light transmittances were
monitored with respect to time. On the basis of these
experiments, it was obviously realized that RD12 mole-
cules were oriented parallel to the electric field by two-
step processes. Rod mesogens having a higher dipole
interaction first aligned parallel to an electric field. How-
ever, rod mesogens on both sides of the discotic mesogen
competed with each other to align parallel to the vertical
electric field. This competition among the rod mesogens
resulted in molecular frustration and abnormal transmit-
tance changes. After the stabilization of rod mesogens,
the in-plane axes of disk mesogens subsequently aligned
parallel to an electric field. Based on systematic experi-
ments and careful analyses, possible molecular orienta-
tions under the vertical AC electric fields were proposed.
The suggested models of molecular arrangements at each
condition were further supported by the observation of
optical textures.

Equipment and Experiments

A rod-disk liquid crystalline (LC) molecule (RD12) was

synthesized by four-step condensation reactions.49 The chemical

structure of RD12 molecule purified by chromatography on

silica gel using chloroform/hexane (6/1) mixed solvent as an

eluent was verified by thin-layer chromatography, MALDI-

TOFmass spectrometry, elemental analysis, and proton nuclear

magnetic resonance spectroscopy (1H NMR).49 The Cerius2

(Version 4.6, Accelrys) simulation software with the COMPASS

force field was applied to estimate the energy minimized geo-

metry of RD12 in the isolated gas-phase and the results were

schematically illustrated in Figure 1. The calculated diameter of

the triphenyl discotic core was 1.02 nm and the length of each

cyanobiphenyl rod was 1.07 nm.When the alkyl chains between

six rods and one disk were assumed to be in the all-trans

conformation, the diameter of RD12 molecular disk was calcu-

lated to be 6.32 nm, as shown in Figure 1.

In order to confirm the molecular orientation of RD12

molecule under the vertical electric field, the antiparallel-rubbed

electro-optic LC cells were fabricated with planar alignment

layer (Japan Synthetic Rubber, AL-16139, Japan) coated on

indium tin oxide (ITO) glass substrates. This type of LC cell is

called as electrically controlled birefringence (ECB) cell.54-56

Using a spin coater (Korea Spin Coater system, ECF-2, Korea),

planar alignment layer was first coated on ITO glass substrates.

The spinning rate was increased up to 2800 rpm andmaintained

for 70 s after the spin coating at 550 rpm for 20 s. The spin coated

substrates were cured in a drying oven (JEIOTECH,NO-600M,

Korea) with two-step processes. After being cured for 5 min at

80 �C, the spin-coated substrates were further cured for 1 h at

180 �C to secure the adhesion between ITO glass substrate and

alignment layer. The thickness of cured planar alignment layers

was controlled to be 100 nm. After rubbing process for the

antiparallel alignment of RD12, two substrates were assembled

into a sandwich LC cell by utilizing automatic press (Neo

system, APD-01, Japan). In this assembling process, plastic ball

spacers with a diameter of about 4.5 μm were purposely added

between the substrates in order tomaintain the uniform cell gap.

Using a cell gap measurement (Sesim Photonics Technology,

CGMS-100T, Korea), the cell gap was experimentally deter-

mined to be 4.43 μm. Using osmotic pressure, RD12 was

injected into the fabricated LC cell at 122.7 �C, in which

RD12 is in the N phase. Schematic structure of the fabricated

RD12-filled ECB cell was illustrated in Figure 3. Polarizer (P)

and analyzer (A) were arranged perpendicular to each other and

the antiparallel rubbing direction (S) of substrate was set to be

45� with respect to P and A. The birefringence (Δn) of RD12 in

N LC phase was estimated to be 0.172 by utilizing POM

combined withMichel-L�evy birefringence chart.57 The birefrin-
gence of RD12 was also confirmed by the measurement of

retardation (dΔn) of RD12 inwhich thickness (d) was previously

known (Sesim Photonics Technology, REMS-150, Korea).

Pretilt angle (φ) of RD12 was also measured by an optic system

(Sesim Photonics Technology, PAMS-100T, Korea).

Phase transitions of the RD12-filled ECB cell were investi-

gated by texture observations using POM (Nikon, Eclipse E650

POL, Japan) equipped with a temperature controller (Linkam,

TMS94, UK). The temperature and cooling/heating rate of this

hot stage were calibrated in range of(0.5 �C and(0.05 �C/min,

respectively. In all experiments, to eliminate previous thermal

histories, the RD12-filled ECB cell was first heated to isotropic

(I) phase and then cooled down to a certain temperature at 1 �C/
min. The morphological evolutions of RD12 under a vertically

applied electric field were also studied by POM. Here, the

electric field with an alternative current (AC) voltage (60 Hz)

was applied to the RD12-filled ECB cell using a waveform

generator (Tektronix, AFG 3022, USA). Furthermore, utilizing

a photodetector (FLUKE, Fluke 196, USA) and a fiber laser

Figure 3. (a) Schematic illustration of the RD12-filled ECB cell. POM
images with 45� deviation of the rubbed direction (S) from analyzer (A)
and polarizer (P) in the N phase at different AC electric fields: (b) 0 and
(c) 15 V. The inset POM image in b was obtained when S was aligned
parallel to A.
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(UNIPHASE, 1216-2-CE, USA) generating a 635 nm ray,

time-dependent transmittance of the RD12-filled ECB cell was

monitored with respect to different electric fields.

To confirm the RD12 orientations, which were proposed

on the basis of the experimental observations of the RD12-

filled ECB cell, we also fabricated in-plane switching (IPS) LC

cells.58-61 In contrast to the ECB LC cell having planar electro-

des both on the top and bottom substrates, the IPS LC cell

consists of the interdigitated common and signal electrodes

existing only on the bottom substrate. Here, the electrode

distance should be kept larger than electrode width and cell

gap so that the in-plane field is mainly generated between

electrodes. Cell gap (d), electrode width (w), and electrode

distance (l) of the RD12-filled IPS cell were controlled to be

4.62, 7.0, and 8.0 μm, respectively.

Results and Discussion

As schematically illustrated in Figure 3a, the RD12-
filled electrically controlled birefringence (ECB) cells with
planar alignment layers are first fabricated to study
molecular orientations of RD12 under vertical electric
fields. In the ECB cells, the normalized light transmission
can be determined by the following equation56-58,62

T=T0 ¼ sin2ð2ΨÞsin2ðπdΔneffðV Þ=λÞ ð1Þ
whereΨ is the angle between optic axis of LC and crossed
polarizers, Δneff is the voltage-dependent effective bire-
fringence, d is the cell gap, and λ is the wavelength of the
incident light. To measure the normalized light transmis-
sion in the ECB cells, the optic axis of LC in the initial
state (without electric field, 0V) is arranged to be 45� from
the transmission axes of crossed polarizes. Therefore, the
cell possesses some transmittance before applying a bias
voltage in the ECB cell. On the other hand, when a
vertical AC electric field is applied to the ECB cell, the
transmittance of the cell can be changed as a result of
changing Δneff. The ECB cell appears to be black if the
Δneff is small enough. Additionally, the transmittance
change should be uniform over whole cell area when
molecular frustration between LC molecules does not
occur in response to applied vertical electric field.
To check the macroscopic RD12 arrangement due to

the molecular anchoring forces between RD12 and the
planar alignment layers and to verify the reversible elec-
tric switching of RD12 by the electric field, we first heated
the RD12-filled ECB cell to its I phase and then gradually
cooled down to 122.7 �C, which is in the N phase. The
POM image taken in the N phase without applying any
electric field is shown in Figure 3b. Because the rubbed
direction (S) in the initial state is arranged to be 45� from
the transmission axes of crossed polarizers, the cell ex-
hibits some transmittance. On the other hand, a complete

dark state is obtained in POM image when it is rotated by
45� (inset of Figure 3b). On the basis of the POM image in
Figure 3b, it is obvious that the optic axis of RD12 is
macroscopically and uniformly oriented along the S. It is
worthy to mention that the whole shape of RD12 is
disklike rather than rodlike without alignment layers
and electric fields. Therefore, we speculate that the long
axis of the rod and the in-plane axis of the disk mesogens
in RD12 are aligned parallel to the rubbed direction due
to the molecular anchoring forces between RD12 and the
planar alignment layers. More detail molecular arrange-
ments with respect to electric field and time will be further
discussed later in this paper. When 15 V is applied to the
RD12-filled ECB cells, the bright state without a bias
voltage (Figure 3b) suddenly switches to a dark state
(Figure 3c). This simple POM experiment clearly indi-
cates two facts. One is that both the long axes of the rods
and the in-plane axis of the disks of RD12 are well
oriented along the rubbed direction. The other is that
by applying a vertical electric field the LC director can be
reoriented parallel to the electric field, similar to a typical
ECB cell with rod-like LCs. Note that orientation of LC
director in the RD12-filled ECB cell can be reversibly
switched.
Based on the molecular geometry of RD12 as illu-

strated in Figure 1, we can expect a large birefringence
(Δn) of RD12. The Δn of RD12 is estimated at 122.7 �C
(in the N phase) by the measurements of retardation
(dΔn) and d of the RD12-filled ECB cell. The optic axis
of RD12 is first aligned to one of optic axes of crossed
polarizers, and then a quartz retardation plate is inserted
between RD12 cell and analyzer. The interference color
from RD12 with a quartz retardation plate is observed
and compared with the colors in Michel-L�evy birefrin-
gence chart which are correlated with retardations. The
retardation of RD12 cell is evaluated to be 0.762 μm by
rotating the analyzer to the dark state, in which both
retardations of the quartz retardation plate and theRD12
cell are identical. This retardation value of RD12 cell also
provides an obvious explanation of the greenish color in
POM image of the RD12-filled ECB cell without any
electric fields (Figure 3b). The estimated retardation of
RD12 is also confirmed by utilizing a commercially
available optic instrument (Sesim Photonics Technology,
REMS-150, Korea). Because d is controlled to be 4.43
μm,Δn of RD12 is calculated to be 0.172 at 122.7 �C. The
largeΔn ofRD12 can be useful for fabricating thin optical
compensation films. Furthermore, the birefringence tun-
ability of RD12 by magnetic and/or electric field makes it
possible for RD12 to be used as a tunable optical switch-
ing material in the electro-optical devices.
To investigate the phase evolutions of the RD12-filled

ECB cell, POM textures are monitored during cooling
(Figure 4a) and subsequent heating (Figure 4b) at 1.0 �C/
min. To remove prehistoric effects of RD12, the RD12-
filled ECB cell is first heated to above 145 �C and waited
there for 5 min. Upon cooling, the ITN phase transition
occurs at 130 �C (Figure 4a). This is identical with the
observation in the RD12 LC cell without any alignment
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layers (Figure 2a).49 However, the N phase does not
transfer to the stable KT1 crystalline phase even though
the RD12-filled ECB cell is cooled to 25 �C.Note that this
temperature is below the glass transition temperature
(Tg= 38 �C). These experimental observations suggest
thatmolecular anchoring interactions betweenRD12 and
planar alignment layer are strong enough to suppress or
delay the crystallization of RD12. In the RD12-filled LC
cell without any alignment layers,49 a glassy N phase can
be obtained by quenchingRD12 belowTg (Figure 2b). To
support this speculation, we recorded POM textures
during the heating process at 1.0 �C/min (Figure 4b). As
expected, the glassy N phase is transformed to the me-
tastable KT2 phase above Tg. When the temperature
reaches to around 90 �C, the metastable KT2 phase is
transformed to the stable KT1 phase. The continuous
heating results in the formation of the N phase at 121 �C.
More systematic experiments should be carried out to
understand the anchoring interactions on the molecular
level and to find the origins of the crystallization suppres-
sion by the planar alignment layers. Because the main
purpose of this research is the investigation of RD12
molecular orientations under vertical electric fields, the
rest of experiments are conducted in theNphase, inwhich
RD12 is homogenously aligned and forms a macroscopic
single domain.
Response behaviors of RD12 under vertical electric

fields with a frequency of 60 Hz, time-resolved transmit-
tances of the RD12-filled ECB cell are measured with
respect to various electric fields. The results are summar-
ized in Figure 5. Upon applying voltage from 0 to 2.5 V,
the normalized light transmittance gradually decreases
from 7.4 to 1.2 as increasing time from 0 to 1.8 s, and

rapidly increases, and then levels off to 10.6 when time
reaches to 2.22 s, as shown in Figure 5. On the basis of
eq 1, the full bright state should be obtained when the
phase retardationmatchesmþ λ/2, wherem can be 0, 1, 2,
etc. As discussed in Figure 3b, the phase retardation
without an electric field is 0.762 μm. The phase retarda-
tion at the initial state is thus slightly smaller than the 3λ/2
phase at 635 nm. Note that RD12 at the initial state is
homogeneously aligned parallel to the glass substrates
and its optic axis is positioned to be 45�with respect to the
crossed polarizers. By applying the voltage from 0 to
2.5 V, RD12 gradually “stands up” toward the vertical
electric field, resulting in the decrease of phase retarda-
tion. Therefore, the light transmittance decreases to 1.2
when time changes from 0 to 1.8 s, as shown in Figure 5.
According to eq 1, the light transmittance of 1.2 indicates
that the phase retardation ofRD12 in the ECB cell is close
to the λ phase, so that the cell shows a dark state. The light
transmittance is not 0 even though the phase retardation
is the λ phase at 1.8 s because of thewavelength dispersion
effect. The optic axis of RD12 is further tilted up toward
the vertical electric field when RD12 has a longer relaxa-
tion time. Finally, the light transmittance enhances and
levels off to be 10.6, of which phase retardation is close to
λ/2. RD12 molecular arrangement under the electric field
is stabilized after 2.22 s.
To observe RD12 molecular reorientation behaviors

under a high electrical potential difference, we applied a
voltage from 0 to 5.0 V. With a higher voltage, RD12 is
reoriented from ∼3λ/2 phase (at t = 0 s) to the λ phase
(t = 0.41 s), which is 4.5 times faster than the reorienta-
tion time when a 2.5 V potential difference is applied
(0 V f 2.5 V). Similar to the case of 2.5 V potential
difference, however,RD12 is further tilted along the vertical
electric field and the full bright state is obtainedwith the λ/2
phase at t = 0.56 s. After a higher electric field (5.0 V) is
applied, RD12 additionally “stands up” and is stabilized to
have a retardationmuch less than the λ/2 phase. Above t=
0.93 s, the light transmittance is 4.6, indicating that the optic
axis of RD12 is still not parallel to the beam direction.
Therefore, 5.0 V is not strong enough to make a homeo-
tropic molecular alignment of RD12.
The time-dependent transmittances of the RD12-filled

ECB cell measured by applying 0 f 2.5 V or 0 f 5.0 V

Figure 4. POM images of the RD12-filled ECBLC cell taken at different
temperatures during (a) cooling and (b) subsequent heating at 1.0 �C/min.

Figure 5. Time-dependent transmittances of the RD12-filled ECB cell
with respect to various electrical fields: 0 f 2.5 V, 0 f 5.0 V, and 2.5 f
5.0 V.
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exhibit similar tendencies, yet the response times to
electric field are abnormally slow compared with those
of a typical calamitic LCmolecule. One of the possibilities
of the slow response time could come from the high
viscosity of RD12 supermolecules. Another reason could
be originated from themolecular frustrations since RD12
is constructed by chemical linkages between the rod and
the disk mesogens. This last speculation could be persua-
sive especially in the antiparallel rubbed ECB cell with
planar alignment layers, in which the entire shape of
RD12 is ribbonlike rather than the disklike, as discussed
in Figure 3. To confirm this speculation, the voltage is
first applied from 0 to 2.5 V and waits more than 3.0 s to
reach the stabilized state. This stabilization state pos-
sesses the maximum bright state, at which the phase
retardation is close to the λ/2 phase. After RD12 stabili-
zation at 2.5 V, the light transmittance is monitored by
increasing the applied voltage from 2.5 to 5.0 V, as shown
in Figure 5. Upon changing the voltage, the light trans-
mittance rapidly decreases from 10.6 to 4.6 in 0.36 s and is
not changed at a longer time. Even though dielectric
torque effects according to tilting angles are considered,
RD12 under the electric field change from 2.5 to 5.0 V is
stabilized six times faster than the electric field change
from 0 to 2.5 V. This fast response is partially due to the
fact that there is no molecular frustration during the
electric field change from 2.5 to 5.0 V. On the basis of
the time-dependent transmittances of the RD12-filled
ECB cell and the corresponding RD12 molecular ar-
rangements depending on various electric fields, it is
provisionally concluded that molecular frustrations oc-
cur in a consequence of the competition among the rods
attached to both sides of the disk, in which rod-disk
molecules are horizontally aligned to form a ribbon-like
shape on the antiparallel rubbed substrate in the initial
state.
To secure our tentative conclusion and identify more

detailed molecular orientations depending on the various
electric fields, in situ POM textures are recorded under
vertical electric fields. Figure 6a represents a series of
POM images taken between 0 and 2.22 s under the applied
voltage from 0 to 2.5 V. POM images up to 0.36 s are not
much changed, which agrees with results of the normal-
ized light transmittance. When time reaches 0.52 s, multi-
domains with thread textures along the rubbing direction
are observed and the greenish (close to the 3λ/2 phase)
POM texture at the initial state is changed to bluish
(between 3λ/2 and λ phase) and yellowish (between λ
and λ/2 phase) textures. The multidomain POM textures
are changed to a homogeneous single domain, when the
transmittance is stabilized above 2.22 s. Note that the
stabilized state at 2.22 s indicates the bright state (close to
λ/2 phase), as shown in Figure 6a. Based on our best
knowledge, a typical rodlike LC molecule does not form
the multidomains with thread textures along the rubbing
direction in the ECB cell with homogeneous alignment of
LC as long as a small pretilt angle is defined. If the
multidomain POM textures are originated from a high
viscosity of RD12 LC molecule, we may avoid the

formation of the multidomain POM textures by applying
a high electrical potential difference. However, the multi-
domains with thread textures along the rubbing direction
are observed even under a high electrical potential diffe-
rence (0f 5.0 V), as shown in Figure 6b. Brightness and
color of POM textures are also changed according to the
phase retardation. These results are well matched with
those of Figure 5. Based on the POM results combined
with the normalized transmittance depending on time and
electric field, we can conclude that the multidomains with
thread textures are formed because of the molecular
frustrations under the vertical electric field. Our conclu-
sion is also supported by the POM textures taken under
the voltage change from 2.5 to 5.0 V, after the stabiliza-
tion of RD12 at 2.5 V. The results shown in Figure 6c are
also well-matched with those of the normalized light
transmittance. As expected, the multidomain texture is
not observed and the POM texture is stabilized in 0.36 s
that is a reasonable switching time for a viscous LCmole-
cule. This result clearly indicates that RD12 responds
with one-stepmolecular orientation to the vertical electric
field without any molecular frustrations after the stabili-
zation at 2.5 V.
By careful analysis of POM textures and light trans-

mittances, we propose the two-step molecular orienta-
tions under the vertical electric field. From the POM
image of the RD12-filled ECB cell (Figure 3b), it is re-
cognized that the optic axis of RD12 is macroscopically
and uniformly oriented along the S without any electric
field. The overall shape of RD12 in the ECB cell with the
rubbed planar alignment layers must be ribbonlike rather

Figure 6. Time-resolvedPOMimages for theRD12-filledECBcell under
vertical electrical fields: (a) 0f 2.5 V, (b) 0f 5.0 V, and (c) 2.5f 5.0 V.
POM images of frustrated molecular states were emphasized with red
dotted boxes in parts a and b.
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than disklike. The most probable molecular orientation
without an electric field on the rubbed planar alignment
layer is schematically illustrated in Figure 7a. As shown in
this figure, the long axes of six rod mesogens chemically
attached to the periphery of the diskmesogen are oriented
along the rubbed direction with a certain physical pretilt
angle (φ). The experimentally measured φ of RD12 is
∼0.80�. Molecular rearrangement under the vertical AC
electric fields can be explained by the dielectric torque (M)
of each mesogen. The dielectric torque, M, can be ex-
pressed with an electric field (E), a dielectric anisotropy of
LC molecule (Δε), and a LC director (n).63

M ¼ jΔεðnEÞn� Ej ð2Þ
Before discussing themolecular orientation under theAC
electric fields, it is worthy to point out that the triphenyl
disk mesogen does not respond to the DC electric field
below 150 V.50 Therefore, by applying AC electric field
from 0 to 5 V, the triphenyl diskmesogen does not play as
an active mesogen to rearrange RD12, yet works as a
chemical junction point holding six mesogens. When a
vertical electric field from 0 to 5 V is applied, two di-
electric torques, M1 and M2, exert on the left and right
parts of the rod mesogens attached to the disk mesogen,
respectively (Figure 7b). In the first step, M1 and M2

compete with each other to align toward the electric field,
whereas the disk mesogen behaves like an anchor of
RD12. As illustrated in Figure 7b, M2 has a favoring
position to win this competition compared with M1

because rods of M2 can easily “stand up” with less
resistance than rods ofM1. When the competition among
the rodmesogens is over,M2 becomes a dominant driving

force to control the alignment of the whole RD12 mole-
cule, as shown in Figure 7c. After the molecular competi-
tions between M1 and M2, the in-plane axis of the disk
mesogen also gradually tilt up to the electric field due to
the alignment of rod mesogens. Therefore, it is evident
that the peculiar molecular frustration of RD12 under a
vertical AC electric field is originated from the chemical
attachment between the rod and the disk mesogens.
To confirm the molecular frustration and rearrange-

ment ofRD12 under theAC electric field, theRD12-filled
in-plane switching (IPS) LC cell is also fabricated. In the
IPS cell, the optic axis of LC should rotate along the in-
plane direction unlike in the ECB cell and the transmit-
tance change follows eq 1. Its POM images under the AC
electric field in a range from 0 to 5.0 V are monitored
with respect to time, as shown in Figure 8. Because the
rubbing direction is parallel to analyzer (Ψ= 0�), the
POM image of the RD12-filled IPS LC cell appears dark
without a bias voltage. This result confirms the fact that
the long axes of the rods and the in-plane axes of discs of
RD12 are uniformly aligned parallel to the rubbed direc-
tion which is about 20� clockwise rotated with respect to
electrode directions. The molecular arrangement of
RD12 in the IPS LC cell without an electric field is
schematically illustrated in Figure 9. By applying the in-
plane AC electric field from 0 to 5 V, the multidomains
with thread textures that are formed because of the
molecular frustrations in the RD12-filled ECB cell are
not generated in the RD12-filled IPS cell. Only one-step
transition is observed as shown in Figure 8. On the basis
of the POM experimental results, RD12 molecular orien-
tations in the RD12-filled IPS LC cell are proposed and

Figure 8. Time-resolved POM images for the RD12-filled IPS cell under
an in-plane electric field from 0 to 5.0 V.

Figure 7. Schematic illustrations of RD12 molecular orientations in the
RD12-filled ECB cell: (a)M1=M2=0, (b)M1≈M2, and (c)M1<M2.

(63) Gu, M.; Shiyanovskii, S. V.; Lavrentovich, O. D. Phys. Rev. Lett.
2008, 100, 237801.
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schematically illustrated in Figure 9a and 9b. When the
in-plane AC electric field is applied to the RD12-field IPS
LC cell, the rod mesogens, pointing to either northeast
or southwest, rotate clockwise toward the electric field
without any molecular competitions and frustrations,
as shown in Figure 9b. RD12 molecular orientation
under the in-plane electric field is also supported by the
measurement of light transmittance. Therefore, we can

confirm our conclusion that the molecular frustration in
the RD12-filled ECB cell is originated from the competi-
tions between the rod mesogens attached on both sides of
the disk mesogen (Figure 7b).

Conclusions

Molecular orientation of a rod-disk LC molecule
(RD12) under various AC electric fields is investigated
in the vertical and in-plane electric field LC cells. Possible
molecular orientations are proposed on the basis of the
POM images combined with the normalized transmit-
tance light. In the vertical electric field LC cell, RD12
responds to the electric field with a two-step process. On
the basis of our experimental observations and analyses,
it is recognized that the molecular frustrations forming
multidomains with thread textures occur as a result of the
competition between the rod mesogens attached to both
sides of the disk mesogen. After the frustration and
stabilization of the rod mesogens, the whole RD12 mole-
cule is aligned parallel to the electric field. This peculiar
two-step molecular orientation of RD12 should be attri-
buted to the chemical attachment between the rod and the
disk mesogens and the specific geometry of the vertical
electric field LC cell. This conclusion is further confirmed
in the in-plane electric field LC cell, which consists of the
interdigitated common and signal electrodes. The unique
molecular behaviors of RD12 under the AC electric fields
can be applied in electronics, optics, and energy.
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Figure 9. Schematic illustrations of RD12 molecular orientations in the
RD12-filled IPS cell: (a) E = 0 V and (b) E = 5.0 V.


