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We prepared a new bent-shaped molecule, in which dodecylthio tails and typical Schiff-based side

wings are substituted on a conventional phenyl central core. This molecule forms the B7 phase in

a temperature region from 117 to 142 �C, which shows characteristic banana leaf and circular domain

textures. On application of an electric field, the B7 phase is easily transformed to the B2 phase with two

different ground states, depending on the temperature. In the higher temperature region, the B2 phase

possesses a homochiral ferroelectric (SmCSPF) ground state, whereas the lower temperature B2 phase

has a homochiral antiferroelectric (SmCAPA) ground state. These two states transformed into each

other reversibly at 124 �C under the applied field, while they are stable over the mesophase temperature

on the field-off state.
Introduction

Since their discovery by Watanabe et al.,1 bent-shaped

(or banana) molecules and their unconventional mesophases

with unique polarity1 and chirality2 have intrigued scientists and

opened a new era in soft materials. The most interesting

phenomenon of bent-shaped molecules is the occurrence of polar

order and chiral properties from achiral molecules. Various

examinations of ferro- and antiferroelectric behaviour, macro-

scopic chirality and optical activity have been performed for

a large number of molecules, and at least eight different banana

phases have been identified.3–5

Among these phases, the most extensively investigated phase is

the B2 phase. Since the bent-shaped molecules in the B2 phase

are tilted to the smectic layer, four distinct types of structures—

homochiral (SmCSPF and SmCAPA) and racemic (SmCSPA and

SmCAPF)—can be distinguished depending on the tilt and polar

directions of the molecules in adjacent layers. The antiferro-

electric state is generally the ground state. Moreover, depending

on the switching current and optical microscopy measurements,

most exhibit the synclinic antiferroelectric state (SmCSPA) as

a ground state because of interlayer steric interaction. The

structure satisfies the condition that the end chains in adjacent

layers are parallel. This state is racemic, hence the chirality alters

from layer to layer. Homochiral antiferroelectric (SmCAPA)

order is less frequently observed, and a few ferroelectric ground

states have been reported.6–13

The B7 phase has also been extensively studied because of its

unique and characteristic textures, these include spiral, myelinic-

like, accordion-like, checker-board-like, banana-leaf-like and

circular domain textures.14–18 From the electro-optical response

and polarization reversal current measurements, B7 phases are

thought to be ferroelectric, at least after application of an electric

field.14,16,19 In some cases, ferroelectric-like switching in the

higher temperature region of the B7 phase changes to tristable
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switching with a decrease in temperature.14,20 However, the

details of the transformation are not described. The X-ray

pattern is also characteristic of the B7 phase. It includes several

sharp reflections in a small angle region and a broad diffuse

scattering in a wide angle region, suggesting 2D ordered modu-

lated structures, which are different from those in the B1

phases.21

In this study, we examined the electro-optical measurements

for the B7-like phase of 1,3-phenylene bis[4-(4-dodecylsulfanyl-

phenyliminomethyl)]benzoate,

where the dodecylthio tails and typical Schiff-based side wings

are substituted on a conventional phenyl central core. The B7

phase appears with the typical banana-leaf and circular domain

textures, and exhibits a ferroelectric response. However, on

cycling the temperature under an applied electric field, a clear

transition occurs between the lower temperature antiferroelectric

(SmCAPA) and higher temperature ferroelectric (SmCSPF)

phases.
Experimental section

Measurements

The textures were observed under a crossed polarizer using an

Olympus BX50 polarizing optical microscope (POM) equipped

with a temperature controlled Mettler Toledo FP 90 hot stage.

Transition temperatures were determined by differential scan-

ning calorimetry (DSC) using a Perkin-Elmer DSC 7 calorimeter.

The electro-optical response and polarization reversal current

were observed with a high-speed voltage amplifier (FLC Elec-

tronics, F20A) connected to a function generator (NF Electronic

Instruments, WF1945A). To eliminate the effects of electric field
J. Mater. Chem., 2010, 20, 3615–3618 | 3615
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Fig. 2 Banana-leaf-like and circular domain textures of the B7 phase

appearing from the isotropic melt.
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strength, it was fixed at �7.1 V mm�1 through all experimental

processes. X-Ray diffraction measurements were performed

using a Rigaku-Rint-2000 diffraction with Cu-Ka radiation.

Synthesis of 1,3-phenylene bis[4-(4-

dodecylsulfanylphenyliminomethyl)]benzoate

A solution of phenylene 1,3-bis(4-formylbenzoate) (0.30 g,

0.80 mmol) and 4-dodecylsulfanylphenylamine (0.51 g, 1.76

mmol) in chloroform (20 ml) was heated under reflux for 3 h. The

reaction mixture was concentrated and recrystallized from

chloroform–ethanol to give 0.62 g, (83%) of 1,3-phenylene bis[4-

(4-dodecylsulfanylphenyliminomethyl)]benzoate as yellow crys-

tals. The preparation of the intermediate compounds was

performed using procedures described in the previous report.22

1H-NMR (400 MHz, CDCl3) d 0.88 (t, J ¼ 6.8 Hz, 6 H),

1.25–1.68 (m, 40 H), 2.94 (t, J ¼ 6.8 Hz, 4 H), 7.21–7.54

(m, 12 H), 8.04 (d, J¼ 8.4 Hz, 4 H), 8.30 (d, J¼ 8.4 Hz, 4 H), 8.57

(s, 2 H). Elemental analysis: calculated for C58H72N2O4S2 C

75.28, H 7.84, N 3.03, O 6.92, S 6.93; found, C 74.96, H 7.92, N

2.70, O(+S) 14.42.

Results and discussion

The differential scanning calorimetry (DSC) thermogram is

shown in Fig. 1. Two main peaks with DH ¼ 35.1 kJ mol�1

(or 38.5 kJ mol�1) and DH¼ 19.1 kJ mol�1 (or 20.3 kJ mol�1) can

be detected at 127 �C (or 117 �C) and 146 �C (or 141 �C),

respectively, on heating (or cooling); these are attributable to

crystal-B7 and B7-isotropic phase transitions.

The B7 phase was identified from microscopic observation of

banana-leaf-like and circular domain textures in Fig. 2, although

the screw-like helical domain characteristics of the B7 phase were

not observed. From the circular domain, we know that the

extinction directions are parallel and perpendicular to the layer

normal. The X-ray pattern shows the simple layer structure with

an outer broad reflection and inner layer reflection with spacing

of around 4.5 �A and 45.9 �A, respectively. No additional reflec-

tions suggesting smectic layer undulations were observed.21 The

measured layer spacing is smaller than the molecule length of

54.4 �A, which was determined for the molecule with the most
Fig. 1 DSC thermogram for heating and cooling cycles. Between the

two main peaks, i.e., within the B7 phase zone, a small, but significant

peak can be identified from the enlarged view in the inset.
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stable twist conformation of the central core and the most

extended flexible tail chain. The tilt angle of the molecule to the

layer was calculated as 32.5�.

By careful observation of the DSC curve, on heating, a small

but significant peak with DH less than 0.3 kJ mol�1 is observed at

137 �C between the two previously mentioned peaks (see the

enlarged view in the inset of Fig. 1). On cooling, the corre-

sponding transition appears at 125 �C. Nothing is detected in the

microscopic and X-ray observations at this small DSC transition.

Thus, this small transition is due to a small structural change,

which surely occurs in the B7 phase, although it is remarkably

supercooled or superheated.

The present B7-like phase shows the characteristic switching

behaviour against an external electric field. First, we applied an

electric field for the B7 phase at a temperature that was a few

degrees lower than the iso-B7 transition. Immediately after

applying an electric field, a high-birefringent smooth fan-shaped

texture was well developed with the extinction directions tilted to

the polarizers. On reversing the field, the extinction direction of

the fan-shaped domains rotates in the opposite direction and

in the off-state of the electric field the extinction direction is

retained, showing a ferroelectric response (Fig. 3a). The extinc-

tion direction from the polarizer axis is around 30�, which

corresponds to the tilt angle of molecules to the layer as shown by

X-ray spacing data. This ferroelectric behaviour is also ensured

from a single switching current peak in a triangular wave field

(Fig. 3b). Thus, the field-induced ground state is a bistable

ferroelectric, with switching occurring between two homochiral

ferroelectric (SmCSPF) states, as schematically illustrated in

Fig. 4a. Of research interest is the alteration of switching

behaviour when the temperature is decreased below 124 �C,

although the fan-shaped texture remains unchanged. From

microscopic observation, on reversing the field, the alternative

rotation of extinction directions is invariably observed, but in the

field off-state, their directions turn to correspond with the

polarizer directions (Fig. 3c). Further, double switching current

peaks are observed in a half circle of a triangular-wave electric

field, as shown in Fig. 3d. This is typical antiferroelectric

switching, where the ground state is SmCAPA and electro-optical

switching takes place to the SmCSPF, as illustrated in Fig. 4b.

This field-induced transformation between ferroelectric and

antiferroelectric ground states is reversible on heating and

cooling cycles as long as the electric field is applied. The transi-

tion temperature is around 124 �C, and is invariably detected
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 Photomicrographs (a and c) and polarization reversal currents (b and d) observed upon application of the electric field: (a) and (b) at 130 �C, and

(c) and (d) at 120 �C. At temperatures higher than 124 �C, optical microscopic textures in (a) indicate ferroelectric switching with a homochiral synclinic

ferroelectric (SmCSPF) ground state. Ferroelectric switching is also supported by a single switching current peak on application of a triangular wave field

(260 Vpp, 12 Hz) in (b). At temperatures below 124 �C, the ground state is altered to homochiral anticlinic antiferroelectric (SmCAPA) as found from the

textural change in (c) and antiferroelectric switching is confirmed by the observation of two switching peaks in (d). This field-induced transformation

between ferroelectric and antiferroelectric ground states is completely reversible in heating and cooling cycles as long as the electric field is applied.

Fig. 4 Schematic representation of the molecular rearrangement on

(a) ferroelectric switching in the higher temperature region and (b) anti-

ferroelectric switching at lower temperatures.
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during heating and cooling processes. In the field off-state, the

field-induced ground state texture is retained on heating and

cooling, even if the temperature is varied in the B7 temperature

region. In other words, the ferro- or antiferroelectric ground

state is very stable once it is induced by an electric field.
This journal is ª The Royal Society of Chemistry 2010
Here, two distinct features are extracted for the present B7

phase. First, the B7 phase is easily altered to the homochiral B2

phase by an electric field. This is because the B7 phase has

a similar packing structure to the B2 phase in local space, and

differs only by having a polarization-modulated structure.21 In

other words, the B7 structure escapes from a macroscopic polar

order by a polarization splay that breaks the long layer corre-

lation. Thus, the B7 phase possesses a 2D structure, which results

in additional inner reflections in the X-ray pattern.21 In the

present B7 phase, only one inner reflection is detected, as in the

B2 phase, although undulation may be likely since the extinction

direction in the microscopic texture corresponds to the polarizer

directions, irrespective of significant tilting of molecules to the

layer. The undulation period may be too long to be detected by

X-ray, and this long period may be attributable to the easy

transformation of B7 into B2 on application of the electric field.

The second feature is that the field-induced ground state of the B2

phase in the higher temperature region is SmCSPF, while it is

SmCAPA in the lower temperature region (Fig. 4). The difference is

seen only in the clinicity, which can be produced by a small energy

difference. The temperature (125 �C) of the small DSC peak observed

on cooling the B7 phase corresponds to 124 �C of the field-induced

transformation between the ferro- and antiferroelectric B2 phase.

Thus, the small DSC peak can be attributed to the transition between

the two ground states. The energy difference between the two states is

0.3 kcal mol�1; such a small difference can be caused by the difference

in the conformation of the alkylthio terminal chains22 or the
J. Mater. Chem., 2010, 20, 3615–3618 | 3617
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interaction of the terminal chains between the neighbouring layers.

Here, the question arises as to why the transition does not take place

for the field-induced B2 phase, but does so reversibly for the B7 phase.

We speculate that there is an easier transformation process in the B7

phase because of its polarization modulation structure.

In summary, we prepared a bent-shaped molecule, in which

the dodecylthio tails and typical Schiff-based side wings are

substituted on a conventional phenyl central core. This molecule

forms the B7 in the temperature region from 117 to 142 �C, which

shows the characteristic banana leaf and circular domain

textures, but is easily transformed to the B2 phase with a fan-

shaped texture by application of an electric field. The electric-

field-induced B2 phase appears with different ground states,

depending on the temperature. At higher temperatures, the B2

phase possesses a ferroelectric (SmCSPF) ground state, whereas

at lower temperatures the B2 phase shows an antiferroelectric

(SmCAPA) ground state. These two states transformed into each

other reversibly at 124 �C under the applied field, while they are

stable over the mesophase temperature in the field-off state.
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