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Ferrielectric and antiferroelectric chiral twin liquid crystals
showing a stable chiral nematic phase
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Tsukuba 300-2635, Japan

†Department of Chemistry, The University of Hull, Hull HU6 7RX, UK
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A homologous series of chiral twin liquid crystals possessing identical chiral moieties at both
peripheral ends, i.e. optically active a,v-bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-4-biphenylyl)-
oxycarbonyl]phenoxy}alkanes, has been prepared and their liquid crystalline properties
investigated. The homologues preferred to show the ferrielectric and/or antiferroelectric phase
rather than the ferroelectric phase. With ascending central spacer length, the temperature
range of the ferrielectric phase became narrow and eventually disappeared for the dodecyl
homologue, suggesting that the coupling in motion and/or direction between two mesogenic
parts of each twin molecule has an important eVect on the stabilization of the ferrielectric
phase. The octyl and dodecyl homologues showed a wide temperature range chiral nematic
phase (ca. 10ß C or more), so that these compounds were found to be the � rst examples showing
antiferroelectric and/or ferrielectric phases with a broad temperature range of the chiral
nematic phase. X-ray diVraction studies showed that the homologues tend to form a mono-
layered structure. The formation of a relatively well de� ned layered structure was also
indicated, which is considered to be important for generating anticlinic ordering in the
antiferroelectric and ferrielectric phases. An isotropic–isotropic transition characterized by
the emergence of a broad diVuse DSC peak was observed for the even-membered homologues.

1. Introduction electric materials with a 45ß tilt has recently been pro-
So far, a variety of antiferroelectric and ferrielectric posed as a novel answer to overcoming the diYculty of

liquid crystals, as well as ferroelectric materials, has been obtaining good alignment for antiferroelectric materials
prepared and their properties investigated from both [3]. Nevertheless, it is still important to investigate the
the practical and scienti� c points of view [1]. The major reason why antiferroelectric and ferrielectric materials
diVerence in the molecular assembly between these phases have a tendency not to show the chiral nematic phase,
lies in the tilt direction from one smectic layer to another. so that a better understanding of the origin of the
The ferroelectric phase shows synclinic molecular order- antiferroelectricity and ferrielectricity can be achieved.
ing, whereas the antiferroelectric or ferrielectric character Only a few compounds have so far been reported to
is generated by the existence of an anticlinic molecular show the chiral nematic phase and also antiferroelectric
assembly. Another important diVerence has also been or related characteristics. Aoki and Nohira reported
noticed; that is, ferroelectric materials possessing a chiral that the racemic modi� cation of TFMB, � gure 1 (a),
nematic phase can easily be obtained, but antiferro- shows the anticlinic phase with the presence of a narrow
electric and ferrielectric characteristics normally appear in temperature range (c. 1ß C) of nematic phase [4]. Since
the absence of the chiral nematic phase. The existence of the pure enantiomers themselves have been reported not
the nematic phase above the smectic phase is considered to show the chiral nematic phase, but to show the twist
to produce a better alignment of the molecules in the grain boundary (TGB) phase, it is not clear whether the
smectic phase and this is important for the applications antiferroelectric phase with the presence of the chiral
of display and switching devices [2]. Possession of the nematic phase can be obtained by adjusting the optical
nematic phase alone is not a perfect solution for achieving purity. Yoshizawa et al. reported that a non-symmetric
a high quality alignment in the smectic phase and achiral twin compound consisting of cyanobiphenyl
therefore a new type of switching mode using antiferro- and phenylpyrimidine moieties, 8PY11OCB � gure 1 (b),

shows the anticlinic phase and the nematic phase [5];

however, the induction of antiferroelectricity, for example*Author for correspondence; e-mail: isanishi@nanolc.jst.go.jp
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1410 I. Nishiyama et al.

Figure 1. Molecular structures of the compounds so far reported to show the chiral nematic phase and the antiferroelectric phase
and related characteristics.

by introducing chirality in the system, has not yet been oxycarbonyl ) - 4 - biphenylyl )oxycarbonyl ]phenoxy} -
alkanes (BMHBOP-n) was prepared and the liquidreported. Another interesting phase transition behaviour

has been reported for a chiral side group liquid crystal crystalline properties investigated. The octyl homologue
(BMHBOP-8) and the dodecyl homologue (BMHBOP-12)polymer [6], � gure 1 (c), where the polymer shows the

chiral nematic phase as well as smectic phases possess- were found to be the � rst antiferroelectric/ferrielectric
and antiferroelectric materials respectively, showing aing characteristic layer stacking structures where the

molecules assemble in a similar way to that in the anti- broad temperature range of the chiral nematic phase.
ferroelectric or ferrielectric phase. More recently, a 1 : 1
mixture of (S,S)- and (R,R)-isomers of a symmetric chiral
twin compound possessing identical chiral moieties at both 2. Experimental

2.1. Preparation of compoundsperipheral ends of the molecular structure, BMHBOP-6
� gure 1 (d), has been reported to show the nematic phase; The chiral twin homologues BMHBOP-n were prepared

according to the procedure reported for BMHBOP-6whereas the (S,S)- and (R,R)-isomers themselves did
not show the chiral nematic phase [7]. Furthermore, [7] (see the scheme). The � nal twin compounds were
the induction of the chiral nematic phase has also
been observed in some mixtures between optically active
BMHBOP-6 and the analogous monomer, even though
the twin and monomeric compounds themselves do not
exhibit the chiral nematic phase [8].

These results indicate that the symmetric chiral
twin system may be a good candidate for obtaining
antiferroelectric and ferrielectric materials showing the
chiral nematic phase. Thus, in this study, a homologous

Scheme. Preparation of BMHBOP-n.series of optically active a,v-bis{4-[ (4 ¾ -(1-methylheptyl-
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1411Ferri and AFL Cs with stable N* phases

obtained by esteri� cation between the respective a,v- acetate (1/1) mixture, giving a colourless solid product;
yield 0.88 g, (41%). dH (500 MHz, CDCl3 , TMS): 8.17bis-(4-carboxyphenoxy) alkanes (a–n) and optically active

(S)- or (R)-1-methylheptyl 4-hydroxybiphenyl-4 ¾ -carb- (m, 4H, Ar-H), 8.11 (m, 4H, Ar-H), 7.65 (m, 8H, Ar-H ),
7.31 (m, 4H, Ar-H ), 6.98 (m, 4H, Ar-H ), 5.18 (m, 2H,oxylate (b) in the presence of dicyclohexylcarbodiimide

(DCC) and N,N-dimethylaminopyridine (DMAP) [9]. ± C*H (CH3 ) ± ), 4.07 (t, 4H, ± CH2O ± ,
3J= 6.5 Hz), 1.86

(m, 4H, ± CH2CH2O ± ), 1.75–1.30 (m, 32H, aliphatic-H ),The a,v-bis-( 4-carboxyphenoxy) alkanes (a–n) were pre-
pared according to reported preparation procedures 0.88 (t, 6H, ± CH3 ,

3J= 6.9 Hz). n/cm Õ 1
(KBr); 2942,

2859 (C± H str.), 1746, 1717 (C 5 O str.), 1605 (C± C str.),[10]. Standard synthetic methods were also used for
obtaining the optically active 1-methylheptyl 4-hydroxy- 843 (1,4-disub. C ± H out-of-plane deformation (o.o.p.d ) ).

m/z: 988 (M+ ), 663, 494, 325. HPLC purity: normalbiphenyl-4 ¾ -carboxylates (b) [11, 12], where (S)-2-octanol
(Azmax. Co. Ltd., 99%ee) or (R)-2-octanol (Azmax. Co. phase SIL(M) column 99.9%; reverse phase C8 column

98.8%.Ltd., 99%ee) was used as the starting chiral alcohol
without further puri� cation.

The puri� cation of the � nal products was carried out 2.1.2. (S,S)-a,v-Bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-
4-biphenylyl)oxycarbonyl]phenoxy}octane,using column chromatography over silica gel (70–230

mesh) (Sigma-Aldrich Co.) using a dichrolomethane/hexane (S,S)-BMHBOP-8
a,v-Bis - (4-carboxyphenoxy) octane (a–8 ) (0.77 g,mixture as the eluent, followed by recrystallization

from an ethanol/ethyl acetate mixture. The structures of 2.0 mmol ) and (S)-1-methylheptyl 4-hydroxybiphenyl-
4 ¾ -carboxylate ((S)-b) (1.30 g, 4.0 mmol ) were esteri� edthe materials were elucidated by a variety of spectral

methods. Infrared (IR) spectroscopy was carried out using DMAP (0.05 g, 0.4 mmol ), dry dichloromethane
(10 ml) and DCC (1.23 g, 6.0 mmol ) as described forusing a Shimadzu FTIR-8100A infrared spectrophoto-

meter, proton nuclear magnetic resonance (
1
H NMR) BMHBOP-7. After removal of the solvent, the residue

was puri� ed by column chromatography using a dichrolo-spectrometry was carried out using a Brucker DRX500
(
1
H NMR, 500 MHz) nuclear magnetic resonance spectro- methane/hexane (20/3) mixture as eluent, and recrystal-

lized from an ethanol/ethyl acetate (1/4) mixture, givingmeter, and mass spectrometry (MS) was carried out
using a JEOL, JMS-700, using an FD/MS method. The a colourless solid product; yield 0.95 g, (48%). dH

(500 MHz, CDCl3 , TMS): 8.17 (m, 4H, Ar-H ), 8.11analyses of the structures of the products and inter-
mediates by spectroscopic methods were found to be (m, 4H, Ar-H), 7.65 (m, 8H, Ar-H), 7.31 (m, 4H, Ar-H ),

6.98 (m, 4H, Ar-H), 5.18 (m, 2H, ± C*H(CH3 )± ), 4.07consistent with the predicted structures. The purities of
all of the � nal compounds were checked by reverse-phase (t, 4H, ± CH2O ± ,

3J= 6.5 Hz), 1.84 (m, 4H, ± CH2CH2O ± ),
1.75–1.30 (m, 34H, aliphatic-H ), 0.88 (t, 6H, ± CH3 ,and normal-phase high-performance liquid chromato-

graphy (HPLC). Reverse-phase HPLC was carried out
3J= 6.9 Hz). n/cm Õ 1

(KBr): 2934, 2857 (C± H str.), 1740,
1713 (C 5 O str.), 1607 (C ± C str.), 847 (1,4-disub. C ± Husing a ZORBAX, Eclipse XDB-C8 column. A mixture

of acetonitrile/THF (93/7) was used as eluent. Detection o.o.p.d ). m/z: 1002 (M+ ), 677, 501, 325. HPLC purity:
normal phase SIL(M) column 100%; reverse phase C8of products was achieved by UV irradiation (l= 280 nm).

Similarly, normal-phase HPLC was carried out using a column 99.3%.
Shimadzu CLC-SIL(M) column. Dichloromethane was
used as eluent. Detection of products was achieved by 2.1.3. (R,R)-a,v-Bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-

4-biphenylyl)oxycarbonyl]phenoxy}octane,UV irradiation (l= 254 nm).
(R,R)-BMHBOP-8

a,v-Bis - (4-carboxyphenoxy) octane (a–8 ) (0.77 g,2.1.1. (S,S)-a,v-Bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-
4-biphenylyl)oxycarbonyl]phenoxy}heptane, 2.0 mmol ) and (R)-1-methylheptyl 4-hydroxybiphenyl-

4 ¾ -carboxylate ( (R)-b) (1.30 g, 4.0 mmol ) were esteri� ed(S,S)-BMHBOP-7
a,v -Bis- (4-carboxyphenoxy) heptane (a–7 ) (0.74 g, using DMAP (0.05 g, 0.4 mmol ), dry dichloromethane

(10 ml) and DCC (1.23 g, 6.0 mmol ) as described for2.0 mmol ), (S )-1-methylheptyl 4-hydroxybiphenyl-4 ¾ -
carboxylate ( (S)-b) (1.30 g, 4.0 mmol ) and DMAP (0.05 g, BMHBOP-7. After removal of the solvent, the residue

was puri� ed by column chromatography using a0.4 mmol ) were added to dry dichloromethane (10 ml).
DCC (1.23 g, 6.0 mmol ) was then added and the result- dichrolomethane/hexane (5/1–5/2) mixture as eluent,

and recrystallized from an ethanol/ethyl acetate (1/4)ing mixture stirred at room temperature for one day.
Precipitated materials were removed by � ltration. After mixture, giving a colourless solid product; yield= 1.02 g,

(51%). dH (500 MHz, CDCl
3
, TMS): 8.17 (m, 4H,removal of the solvent by evaporation under reduced

pressure, the residue was puri� ed by column chromato- Ar-H), 8.11 (m, 4H, Ar-H ), 7.65 (m, 8H, Ar-H), 7.31
(m, 4H, Ar-H ), 6.98 (m, 4H, Ar-H ), 5.18 (m, 2H,graphy using a dichrolomethane /hexane (10/3) mixture

as the eluent, and recrystallized from an ethanol/ethyl ± C*H (CH3 ) ± ), 4.07 (t, 4H, ± CH2O ± ,
3J= 6.5 Hz), 1.84
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1412 I. Nishiyama et al.

(m, 4H, ± CH2CH2O ± ), 1.75–1.30 (m, 34H, aliphatic-H), 2.2. L iquid crystalline and physical properties
The initial phase assignments and corresponding0.88 (t, 6H, ± CH3 ,

3J= 6.9 Hz). n/cm Õ 1
(KBr): 2934,

2857 (C ± H str.), 1740, 1713 (C 5 O str.), 1607 (C ± C str.), transition temperatures for the � nal products were deter-
mined by thermal optical microscopy using a Nikon847 (1,4-disub. C± H o.o.p.d ). m/z: 1002 (M+ ), 677, 501,

325. HPLC purity: normal phase SIL(M) column 100%; Optiphot-pol polarizing microscope equipped with a
Mettler FP82 microfurnace and FP80 control unit. Thereverse phase C8 column 99.9%.
heating and cooling rates were 2ß C min Õ 1

unless other-
wise indicated. Temperatures and enthalpies of transition

2.1.4. (S,S)-a,v-Bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-
were investigated by diVerential scanning calorimetry4-biphenylyl)oxycarbonyl]phenoxy}nonane,
(DSC) using a MAC Science MTC1000S calorimeter.(S,S)-BMHBOP-9
The materials were studied at a scanning rate of

a,v -Bis- (4-carboxyphenoxy) nonane (a–9 ) (0.80 g,
5 ß C min Õ 1

, for both heating and cooling cycles, after
2.0 mmol ) and (S)-1-methylheptyl 4-hydroxybiphenyl-

being encapsulated in aluminium pans.
4 ¾ -carboxylate ( (S)-b) (1.30 g, 4.0 mmol ) were esteri� ed

The X-ray scattering experiments were performed
using DMAP (0.05 g, 0.4 mmol ) dry dichloromethane

using a real-time X-ray diVractometer (Bruker AXS D8
(10 ml) and DCC (1.23 g, 6.0 mmol ) as described for

Discover). The monochromatic X-ray beam (CuK a line)
BMHBOP-7. After removal of the solvent, the residue

was generated by a 1.6 kW X-ray tube and Göbel mirror
was puri� ed by column chromatography using a dichrolo-

optics. The 2D position sensitive detector had 1024 Ö
methane/hexane (5/1) mixture as eluent, and recrystal-

1024 pixels in a 5 Ö 5 cm
2

beryllium window. A sample
lized from an ethanol/ethyl acetate (6/5) mixture, giving

was introduced into a thin glass capillary (diameter
a colourless solid product; yield 1.08 g, (53%). dH

1.0 mm) and placed in a custom-made temperature
(500 MHz, CDCl3 , TMS): 8.17 (m, 4H, Ar-H ), 8.11

stabilized holder (stability within Ô 0.1 ß C).
(m, 4H, Ar-H), 7.65 (m, 8H, Ar-H ), 7.31 (m, 4H, Ar-H),

Electro-optical studies were carried out using com-
6.98 (m, 4H, Ar-H), 5.18 (m, 2H, ± C*H (CH3 )± ), 4.06

mercially available evaluation cells (purchased from
(t, 4H, ± CH2O± ,

3J= 6.6 Hz), 1.86 (m, 4H, ± CH2CH2O± ),
E.H.C. Co. Ltd., Japan). The cells were made with 3 mm

1.75–1.30 (m, 36H, aliphatic-H ), 0.88 (t, 6H, ± CH3 ,
spacings and the inner surfaces had been coated with a3J= 6.8 Hz). n/cm Õ 1

(KBr): 2928, 2855 (C ± H str.), 1734,
polyimide (PI) aligning agent and unidirectionally buVed.

1702 (C 5 O str.), 1605 (C ± C str.), 857 (1,4-disub. C ± H
The optical tilt angle (de� ned as the angle between the

o.o.p.d ). m/z: 1016 (M+ ), 691, 500, 325. HPLC purity:
layer normal in the smectic phases and the extinction

normal phase SIL(M) column 99.9%; reverse phase C8
direction when the sample is rotated during polarizing

column 99.8%.
light microscopy) was determined by � nding the extinction
direction when an electric � eld was applied to the
specimen in increasing or decreasing steps. A Kikusui2.1.5. (S,S)-a,v-Bis{4-[(4 ¾ -(1-methylheptyloxycarbonyl)-

4-biphenylyl)oxycarbonyl]phenoxy}octane, Electric Regulated DC Power Supply was used to supply
the d.c. � eld.(S,S)-BMHBOP-12

a,v-Bis-(4-carboxyphenoxy) dodecane (a–12 ) (0.88 g,
2.0 mmol ) and (S)-1-methylheptyl 4-hydroxybiphenyl- 3. Results

3.1. Phase transition behaviour4 ¾ -carboxylate ( (S)-b) (1.30 g, 4.0 mmol ) were esteri� ed
using DMAP (0.05 g, 0.4 mmol ), in dry dichloromethane Phase transition temperatures for the homologous

series of chiral twins BMHBOP-n are listed in table 1,(10 ml) and DCC (1.23 g, 6.0 mmol ). After removal of
the solvent, the residue was puri� ed by column chromato- and are also compared schematically in � gure 2. All

of the homologues studied here favoured the anti-graphy using a dichrolomethane /hexane (10/3) mixture
as eluent, and recrystallized from an ethanol/ethyl ferroelectric and/or ferrielectric phase rather than the

ferroelectric phase but, did not show the smectic A*acetate (1/2) mixture, giving a colourless solid product;
yield 1.11 g, (53%). dH (500 MHz, CDCl3 , TMS): 8.16 phase. BMHBOP-8 and BMHBOP-12 exhibited a chiral

nematic phase, showing the typical oily-streak texture,(m, 4H, Ar-H), 8.11 (m, 4H, Ar-H ), 7.65 (m, 8H, Ar-H ),
7.31 (m, 4H, Ar-H ), 6.98 (m, 4H, Ar-H), 5.18 (m, 2H, whereas BMHBOP-6, BMHBOP-7 and BMHBOP-9

showed no chiral nematic phase. Figure 3 shows the± C*H(CH3 )± ), 4.06 (t, 4H, ± CH2O ± ,
3J= 6.5 Hz),

1.82–1.30 (m, 46H, aliphatic-H ), 0.88 (t, 6H, ± CH3 , textural change obtained for BMHBOP-8 at the chiral
nematic–ferrielectric phase transition observed using the

3J= 6.9 Hz). n/cm Õ 1
(KBr): 2921, 2853 (C ± H str.), 1732,

1710 (C 5 O str.), 1607 (C ± C str.), 845 (1,4-disub. C ± H polarized light microscope. Pseudo-homeotropic align-
ment of the ferrielectric phase gave dark round-shapedo.o.p.d ). m/z: 1058 (M+ ), 733, 529, 325. HPLC purity:

normal phase SIL(M) column 100%; reverse phase C8 domains in the oily-streak texture of the chiral nematic
phase. With decreasing temperature, a characteristiccolumn 99.7%.
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1413Ferri and AFL Cs with stable N* phases

Table 1. Phase transition temperatures (ß C), transition enthalpies (kJ mol Õ 1
) (in square brackets), and entropies (R) (in italics)

for the homologous series BMHBOP-n.

Absolute
n con� guration cryst. antiferro ferri ferro N* I DiVuse peak

a

6 (S,S) E 135.7 E 159.7 E 178.7 E — 179.3 E [2.64]
[51.50] [0.44] [-]

b
[2.57]

b

15.16 0.12 0.68
6 (R,R) E 137.3 E 159.7 E 178.1 E — 178.7 E [2.83]

[55.04] [0.48] [-]
b

[2.57]
b

16.13 0.13 0.68
7 (S,S) E 109.1 E 112.3 E — — 113.2 E —

e

[42.74]
c

[-]
d

[5.37]
d

13.45 1.67
8 (S,S) E 139.3 E 141.8 E — 147.7 E 156.7 E [1.37]

[59.18] [0.64] [6.28] [0.17]
17.26 0.19 1.80 0.05

8 (R,R) E 140.9 E 140.9 E — 146.6 E 155.3 E [1.29]
[54.28] [0.59] [5.65] [0.13]
15.77 0.17 1.62 0.04

9 (S,S) E 109.1 E — — — (102.5)
f E —

e

[56.57]
c

[-]
g

17.81
12 (S,S) E 113.8 E — — (109.9)

f E 129.8 E [0.73]
[60.45] [11.10] [0.28]
18.80 3.49 0.08

a
A broad diVuse DSC peak appeared in the isotropic liquid phase.

b
Peaks corresponding to the ferri–ferro and ferro–I transitions were not separated clearly, and therefore only the total of the

enthalpy values for the two transitions were measured.
c
Measured on the second heating cycle.

d
Peaks corresponding to the anti–ferri and ferri–I transitions were not separated clearly, and therefore, only the total of the

enthalpy values for the two transitions were measured.
e
A broad DSC peak in the I phase did not appear.

f
( ) indicates a monotropic phase transition.

g
The transition enthalpy could not be obtained due to the occurrence of immediate recrystallization.

Figure 2. Phase transition temper-
atures for BMHBOP-n.
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1414 I. Nishiyama et al.

Figure 3. Optical texture observed
at the chiral nematic–ferrielectric
phase transition of BMHBOP-8.

texture with constant movement, similar to that reported observed, indicating that the transition is � rst order in
nature. A broad DSC peak appeared in the isotropicfor the ferrielectric phase of the analogous monomer

[13], was observed. Thus, BMHBOP-8 was found to liquid phase of BMHBOP-6. Similarly, BMHBOP-8 and
BMHBOP-12 showed a broad diVuse DSC peak in theshow the ferrielectric and antiferroelectric phases with a

broad temperature range chiral nematic phase (c. 10ß C). isotropic liquid region, but the peak became broader
and weaker on increasing the central spacer length,With increasing alkyl spacer length, the temperature

range of the ferrielectric phase became narrow and the � gures 4 (c) and 4 (d ). The DSC peak that appeared in
the isotropic region of BMHBOP-12 was quite broadferrielectric phase disappeared for BMHBOP-12, whereas

the chiral nematic phase range became wider. As a result, and low, but the existence of the peak was con� rmed in
repeated heating and cooling cycles of DSC measure-BMHBOP-12 showed the antiferroelectric phase with

a broad temperature range (c. 20 ß C) of chiral nematic ments. The odd-membered homologues, i.e. BMHBOP-7
and BMHBOP-9, did not exhibit a broad diVuse peakphase.

With increasing alkyl spacer length, the clearing in the isotropic liquid phase. A shoulder appeared on the
DSC thermogram and corresponded to the ferri–antiferropoint decreased with a strong odd–even eVect. The

odd-membered homologues showed substantially weaker transition of BMHBOP-7, see � gure 4 (b).
liquid crystallinity than the even members. BMHBOP-7
showed the antiferroelectric phase with a narrow temper- 3.3. Miscibility studies

Miscibility studies were performed between the homo-ature range (c. 1ß C) of ferrielectric phase. BMHBOP-9
showed the antiferroelectric phase, but this phase was logues so that a consistent assignment of the phases

could be achieved. Figure 5 shows a phase diagram formonotropic and the temperature range of the antiferro-
electric phase formed on cooling was quite narrow ( less mixtures between BMHBOP-8 and BMHBOP-6. The

phase diagram shows continuous miscibility acrossthan 1 ß C) due to the occurrence of recrystallization.
the full composition range between BMHBOP-8 and
BMHBOP-6 for the antiferroelectric and for the ferri-3.2. DiVerential scanning calorimetry studies

Figure 4 shows diVerential scanning calorimetry electric phases. Similarly, � gure 6 shows a phase diagram
between BMHBOP-8 and BMHBOP-12 showing con-(DSC) thermograms for the homologues. The transition

enthalpies and entropies associated with the transition tinuous miscibility across the full composition range for
the antiferroelectric phase, so that the phase sequence oftemperatures are summarized in table 1. DSC peaks

corresponding to the ferri–ferro and ferro–isotropic BMHBOP-12 was con� rmed as ‘isotropic liquid–chiral
nematic–antiferro’. A phase diagram was also obtainedtransitions for BMHBOP-6 were not separated clearly,

but a shoulder corresponding to the ferri–ferro transition between BMHBOP-8 and BMHBOP-7 as shown in
� gure 7. The antiferroelectric and ferrielectric phaseswas observed as shown in � gure 4 (a). At the antiferro–

ferri transition of BMHBOP-6, a sharp peak was were found to be individually miscible.
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1415Ferri and AFL Cs with stable N* phases

Figure 4. DSC thermograms of BMHBOP-n.

3.4. X-ray diVraction studies for the analogous monomeric compound 10B1M7 [13]
(see � gure 9). The twin homologues showed sharp � rstFigure 8 shows intensity pro� les of the wide angle

X-ray scattering for the homologous series of chiral twin and second order peaks in the small angle region corres-
ponding to the smectic layer spacing, whereas thecompounds BMHBOP-n, together with that obtained
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1416 I. Nishiyama et al.

Figure 5. Miscibility phase diagram between BMHBOP-8 Figure 7. Miscibility phase diagram between BMHBOP-8
and BMHBOP-6. and BMHBOP-7.

the strength of the second order re� ection which may
be, in the case of BMHBOP-12 because the length of
the central spacer is roughly twice the length of the
peripheral chain. DiVuse scattering in the wide angle
region was observed for all of the smectic phases of
the homologues, indicating that there is no long range
positional order within the layers. This indicates that the
antiferroelectric, ferrielectric and ferroelectric phases are
in fact sub-phases of the smectic C* phase. Interestingly,
even in the isotropic phase near to the smectic–isotropic
phase transitions of BMHBOP-6 and BMHBOP-7, a
clear XRD peak was observed in the small angle region
as shown in � gure 10, whereas the monomer 10B1M7
showed no such peak. The XRD peak obtained in the
small angle region of BMHBOP-6 and BMHBOP-7
showed a lower angle shift at the transition from the
smectic to the isotropic phase, as shown in � gures 10 (a)
and 10 (b), respectively, whereas 10B1M7 showed a higher
angle shift, see � gure 10 (c).

Figure 6. Miscibility phase diagram between BMHBOP-8
Figure 11 shows the temperature dependence of

and BMHBOP-12.
the layer spacing in the smectic phase, or the length
corresponding to the local or short range transitional
correlation in the isotropic phase, which was calculatedanalogous monomer showed only one sharp peak corres-

ponding to the smectic layer spacing. In particular, from the positions of the sharp peak in the small angle
region, obtained for BMHBOP-n and 10B1M7, togetherBMHBOP-12 showed a signi� cantly larger second order

peak. The appearance of the second order peak for with the peak intensities. BMHBOP-6 and BMHBOP-7
showed similar pro� les for the layer spacing, i.e. theBMHBOP-n indicates the formation of a relatively well

de� ned smectic layer structure which is considered to layer spacing increases toward the transition form the
smectic phase to the isotropic phase. In the isotropicbe important for generating anticlinic structures in the

ferrielectric and antiferroelectric phases. The molecular phase, however, the length corresponding to the local
or short range transitional correlation decreases withstructure also has an important eVect on determining
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1417Ferri and AFL Cs with stable N* phases

Figure 9. Structure of 10B1M7.

increase in temperature. The intensity of the X-ray scatter-
ing peak that appeared in the small angle region decreased
suddenly at the smectic–isotropic phase transition, but
certain values of the peak intensities were still clearly
obtained just above the smectic–isotropic transition.
BMHBOP-8 showed that the layer spacing increases at
the ferrielectric–chiral nematic transition and then decreases
with increasing temperature. However, BMHBOP-12
showed a totally diVerent tendency for the temperature
dependence of the layer spacing, i.e. the spacing
decreased at the transition from the antiferroelectric to
chiral nematic phase; the intensity also decreased at
the transition. The pro� le obtained for BMHBOP-12 is
somewhat similar to that obtained for the monomeric
analogue 10B1M7, � gure 11 (e).

3.5. Electro-optical studies
Figure 12 shows the applied electric � eld dependence

of the optical tilt angle in the ferroelectric, ferrielectric
and antiferroelectric phases of BMHBOP-6. In the ferro-
electric phase, a good bistability with a large tilt angle
of 52 ß was observed. In the ferrielectric phase, a charac-
teristic multi-step change in the tilt angle was obtained
with a large saturated tilt angle of 46ß , corresponding to
the electrically induced ferroelectric state. It should be
noted that a metastable plateau corresponding to the
ferrielectric ordering also showed a large tilt angle of 40ß .
In the ferrielectric phase of BMHBOP-6, clear textural
changes on applying the electric � eld were observed for
the homogeneously aligned sample; � gure 13 (a) shows
a texture without the electric � eld, and � gures 13 (b)
and 13 (c) show the textures corresponding to the meta-
stable ferrielectric ordering and to the electrically induced
ferroelectric state, respectively. In the antiferroelectric
phase, a characteristic threshold behaviour with a rather
large pre-transitional eVect was observed, where a large
saturated tilt angle of 52 ß , corresponding to the induced
ferroelectric ordering, was obtained.

The applied electric � eld dependence on the optical
tilt angle at the ferrielectric and antiferroelectric phases
of BMHBOP-7 is shown in � gure 14. The characteristic
multi-step change in tilt angles was observed in the ferri-
electric phase, � gure 14 (a). The antiferroelectric phase
of BMHBOP-7 showed a d.c. threshold electric � eld of
9 MV m Õ 1

, with a large pretransitional eVect where the
co-existence of the antiferroelectric and the induced ferro-

Figure 8. X-ray scattering patterns of BMHBOP-n and the electric domains was observed, � gure 14 (b). Figure 15
analogous monomer, 10B1M7. shows the multi-step tilt angle change as a function of
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1418 I. Nishiyama et al.

Figure 11. Layer spacings and intensities as a function of
temperature for BMHBOP-n and 10B1M7 (Tc = clearing
temperature).Figure 10. X-ray scattering patterns obtained around

the smectic–isotropic phase transition for BMHBOP-6,
BMHBOP-7 and 10B1M7.

to the ferrielectric ordering also showed a large angle
of 42 ß . Since BMHBOP-9 and BMHBOP-12 showedthe applied electric � eld observed in the ferrielectric

phase of BMHBOP-8. The saturated tilt corresponding only a monotropic antiferroelectric phase, detailed tilt
angle measurements could not be performed due to theto the electrically induced ferroelectric ordering showed

a large angle of 50ß . The metastable plateau with respect occurrence of recrystallization during the measurements.
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1419Ferri and AFL Cs with stable N* phases

Figure 12. Optical tilt angle as a function of the applied
electric � eld for the (a) ferroelectric, (b) ferrielectric and
(c) antiferroelectric phases of BMHBOP-6.

However, the characteristic threshold behaviour, which
is typical for the antiferroelectric phase, was con� rmed

Figure 13. Optical texture change on application of an electricby rapid application of a d.c. electric � eld to the sample.
� eld in the ferrielectric phase of BMHBOP-6; (a) 0 V mm Õ 1

,The tilt angle of BMHBOP-12 in the antiferroelectric
(b) 3.4 V mm Õ 1

(ferrielectric ordering) and (c) 5.2 V mm Õ 1

phase, just below the chiral nematic–antiferroelectric
(induced ferroelectric ordering).

phase transition, was found to be 52ß .

3.6. EVect of optical activity
(S,S)- and (R,R)-BMHBOP-6 showed a bizarre diVuse

peak in the isotropic liquid region, see � gure 4 (a).
However, a 1 : 1 mixture of the two optical isomers
showed no diVuse peak in the DSC thermogram, but a
sharp peak corresponding to a nematic–isotropic liquid
transition, even though the (S,S)- and (R,R)-isomers
themselves do not exhibit chiral nematic phases. The
emergence of the nematic phase was also con� rmed by
contact preparation studied. Figure 16 shows a photo- Figure 14. Optical tilt angle as a function of the applied
micrograph of the contact region between the (S,S)- and electric � eld for the (a) ferrielectric and (b) antiferroelectric

phases of BMHBOP-7.(R,R)-isomers at 186 ß C as observed using the polarizing
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1420 I. Nishiyama et al.

4. Discussion

The calculated molecular length (l ), the optical tilt
angle (h), the values of ‘l Ö cos h’, and the layer spacing
(d) obtained from the X-ray scattering experiments are
summarized in table 2. All of the homologues studied
showed that the ‘l Ö cos h’ values are comparable to the
layer spacings, which strongly suggests that the homo-
logues form a monolayered structure rather than an
intercalated structure. If this is the case, then the two
mesogenic groups of each twin molecule form a ‘pseudo’
bilayer structure which allows the chiral moieties to lie
in proximity to the interfaces of the smectic layers; the
chiral interactions between layers are therefore expectedFigure 15. Optical tilt angle as a function of the applied
to be relatively strong in comparison to monomericelectric � eld for the ferrielectric phase of BMHBOP-8.
systems. The diVerences between the ‘l Ö cos h’ values
and the observed layer spacings may be attributed to

the diVerence between the optical tilt used for the
calculation and the real steric molecular tilt [14, 15].light microscope. The (S,S)- and (R,R)-isomers show the

The observed tendency to form a monolayered structureisotropic phase at 186 ß C as totally dark regions, but
for BMHBPO-n agrees with the reported results thatthe chiral nematic phase is seen to be induced around the
symmetric dimers generally form a monolayered smecticcontact area. The schlieren texture of the nematic phase
phase [16], although a few exceptions have been reportedwas observed at the central contact region where the
[17]. The result obtained indicates that microphasepitch of the chiral nematic phase became compensated.
separation [16, 18], giving three distinct regions con-The DSC thermograms for (S,S)-BMHBOP-8, (R,R)-
taining either mesogenic cores, alkyl central spacers orBMHBOP-8 and the 1 : 1 mixture of the two optical
terminal chains, occurs in this homologous series. Withisomers are shown in � gure 17. As stated above, a broad
increasing central spacer length, the stability of the chiralpeak appeared in the isotropic phase of (S,S)- or (R,R)-
nematic phase increased, which is again similar to theBMHBOP-8, but this was not observed for the 1 : 1
reported behaviour for many dimer series [16]. Thus,mixture for which a sharp peak appeared corresponding

to the nematic–isotropic liquid transition. the molecular design of introducing into the peripheral

Figure 16. Optical texture obtained for the contact preparation between (S,S)- and (R,R)-BMHBOP-6 at 186 ß C.
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1421Ferri and AFL Cs with stable N* phases

Table 2. Molecular length l, saturated tilt angle h, and estimated and observed layer spacings for BMHBOP-n.

Estimated layer spacing Observed layer spacing
Compound Mesophase l/AÃ

a
h/ ß b

( l Ö cos h)/AÃ
c

(d)/AÃ
d

BMHBOP-6 ferri 57.5 45.1 40.6 42.5
antiferro 47.8 38.6 40.6

BMHBOP-7 ferri 56.3 46.2 39.0 41.1
antiferro 47.7 37.9 40.8

BMHBOP-8 ferri 60.1 48.9 39.5 41.7
antiferro 50.3 38.4 40.7

BMHBOP-12 antiferro 64.8 52.4 39.5 42.5

a
Estimated by MM2 calculation.

b
Optical apparent tilt angle measured using the polarizing light microscope.

c
Estimated from the molecular length ( l ) and the saturated tilt angle (h), under the assumption that the twin molecules form a

‘monolayered’ structure.
d

Calculated from the X-ray diVraction peak that appeared in the small angle region.

this condition. The segregation eVect produced in the
BMHBOP homologues may be strong enough to form
a monolayered structure.

BMHBOP-6 and BMHBOP-8 showed a stable ferri-
electric phase, but the related twin homologues possess-
ing two identical chiral moieties in the ‘inner’ region of
the molecular structure (see � gure 18) have been reported
not to exhibit the ferrielectric phase, but instead to
exhibit ferroelectric and antiferroelectric phases [19].
These results indicate that the position of the chiral
moieties in the overall structure is quite important for the
appearance of the ferrielectric phase. i.e. the chiral moieties
located at the peripheral ends of the BMHBOP-n
molecules promote the interaction between smectic layers
that stabilizes the ferrielectric character. With increasing
central spacer length, the temperature range of the ferri-
electric phase was reduced, indicating that the coupling
in motion and/or direction between two mesogenic parts
also plays an important role in the stabilization of the
ferrielectric phase.

It should be noted that the metastable tilt angle
Figure 17. Comparison of DSC thermograms between (S,S)- obtained for the ferrielectric ordering is quite large

BMHBOP-8, (R,R)-BMHBOP-8 and the 1 : 1 mixture of compared with the saturated tilt angle of the induced
the optical isomers. ferroelectric ordering as shown below:

BMHBOP-6 (ferrielectric tilt= 40ß ,
saturated tilt = 46 ß );ends of a symmetric twin con� guration chiral moieties
BMHBOP-8 (ferrielectric tilt= 42ß ,that favour generation of antiferroelectric and ferri-
saturated tilt = 50 ß ).electric molecular assemblies, allows us to obtain anti-

ferroelectric and ferrielectric materials possessing a chiral The structures of the ferrielectric phase have so far
nematic phase. It is interesting that BMHBOP-12 also been proposed to consist of three- or four-layer repeat-
showed a monolayered smectic structure, because the ing units [1 9b), 1 (c), 20]. However, the large tilt angle
length of the terminal chain of BMHBOP-12 is roughly
half the length of the central spacer. It has been reported
that for smectic properties to be observed in many cases
of symmetric twins, the length of the terminal chains
must be greater than half the length of the spacer Figure 18. Chiral twin compound possessing chiral centres

in the ‘inner’ part of the overall molecular structure.[16]. The case of BMHBOP-12 seems to be critical for
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1422 I. Nishiyama et al.

obtained for the ferrielectric orderings of the chiral twins appearance of the broad peak in the isotropic phase
of (S,S)- and of (R,R)-BMHBOP in a 1 : 1 mixture, asBMHBOP-6 and BMHBOP-8 cannot be explained by

only three or four repeating units. If the ferrielectric described earlier, is also intriguing.
phase of BMHBOP-6 were formed by a three-layer
repeating unit, the expected ferrielectric tilt would be 5. Conclusions
only [46 Ö (2)+ 46 Ö (Õ 1)]/3= 15 ß . In order to obtain Octyl and dodecyl homologues of chiral twin liquid
the observed large ferrielectric tilt angle, approximately crystals possessing identical chiral moieties at both peri-
ten layers are required in one repeating unit. Thus, the pheral ends, i.e. optically active a,v-bis{4-[( 4 ¾ -(1-methyl-
ferrielectric structures obtained for the chiral twins studied heptyloxycarbonyl )-4-biphenylyl )oxycarbonyl ]phenoxy}-
here are believed to be produced by longer range inter- alkanes, were found to be the � rst ferrielectric and/or
actions between smectic layers than for usual monomeric antiferroelectric materials to show a broad (more than
systems. 10ß C) chiral nematic phase. The twin homologues favoured

Finally, let us consider the isotropic–isotropic liquid formation of a monolayered smectic structure which
transition observed for the even-membered BMHBOP-n. allows the chiral groups to interact with each other at
The two isotropic phases show completely dark textures the interfaces between the planes of the smectic layers,
under examination using polarized light microscopy. producing stronger chiral interactions between the neigh-
However, as noted earlier (see � gure 4), a bizarre diVuse bouring smectic layers. Thus, the chirality-induced super-
peak above the smectic–isotropic liquid transition was structure of the ferrielectric ordering became stabilized.
observed in the DSC thermograms. It should be noted Correlation between the two mesogenic parts in each
that the lower temperature isotropic phase is totally molecule also played an important role in the stabilization
diVerent from the chiral nematic phase, because a small of the ferrielectric phase.
but clear DSC peak was obtained for the chiral nematic–
isotropic phase transition, see � gures 4 (c) and 4 (d).
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