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Two diastereomers, (R)-2-butyl (S)-2-{6-[4-(4′-decyloxyphenyl)benzoyloxy]- 2-naphthyl}-
propionate, (R,S)-BDPBNP, and (S)-2-butyl (S)-2-{6-[4-(4′-decyloxyphenyl)benzoyloxy]-2-
naphthyl}propionate, (S,S)-BDPBNP, were prepared for investigating the effect of the
configuration on mesomorphic and physical properties of the molecules. Both isomers
displayed the same mesophase sequence viz. BPII-N*-TGBA*-SmA*-SmCAF*, and nearly the
same magnitude of spontaneous polarization at any temperature below Curie point. However,
the electrooptical responses of the isomers in the SmCAF* phase measured in 5-µm
homogeneous cells coated with polyimide, showed that the (R,S)-isomer displayed a tristable
switching, whereas the (S,S)-isomer displayed a V-shaped switching. These results suggested
that V-shaped switching in antiferroelectric phase in the 5-µm cell bears no relation to the
electrostatic effect of the bulk polarization but depends strongly on the absolute configuration
of the diastereomers. The electrooptical responses for both isomers measured in 2-µm cells
showed W-shaped switching, demonstrating the important role of the surface interaction to
the switching. Further investigation in the electrooptical responses of the isomers in a 7.5-
µm cell showed a significant DC threshold, double hysteresis switching, revealing that the
nature of the (S,S)-isomer in the bulk possesses alternating feature of the antiferroelectricity.

Introduction

Antiferroelectric (SmCAF* and SmCA*) phases in the
chiral liquid crystals exhibiting the DC threshold,
double hysteresis, and tristable switching properties1-3

were demonstrated to have the potential for fast-
switching display-device applications. Thus, many com-
pounds were synthesized and investigated to a great
extent. Consequently, a correlation of the molecular
structure of the materials to the appearance of the
antiferroelectric liquid crystals has been successfully
reviewed.4

Further, a mixture of antiferroelectric liquid crystals
exhibiting the thresholdless, hysteresis-free, and V-
shaped switching properties was found by Inui et al.5
This switching model exhibits very attractive charac-
teristics for the display application. Subsequently, two
mixtures (Inui and Mitsui mixtures), showing V-shaped
switching property have been extensively studied and
reported.5-19 And some models, such as the random

model,5,6 collective model,13 and electrostatic model,15,16

based on the studies of the two mixtures have been
proposed to account for the nature and dynamics of the
V-shaped switching. The components in these two
mixtures are generally derived from a homologous series
of chiral tail groups with a highly polar trifluoromethyl
substituent attached to the chiral center. Consequently,
the mixtures possessed high polarization; i.e., the
maximum Ps value for the Inui mixture is about 170
nC/cm2. 15
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The electrooptical response that resulted in a V-
shaped switching property has been realized to critically
depend on the temperature, frequency, and the polarity
of the alignment surface. A few studies, however, have
reported the effect of molecular structure of the liquid
crystals on the switching behavior.12 Recently, we
reported a homologous series of chiral swallow-tailed
materials, 1-ethylpropyl (S)-2-{6-[4-(4′-alkyloxyphenyl)-
benzoyloxy]-2-naphthyl}propionate, (S)EPmPBNP, show-
ing antiferroelectric liquid crystal phase with the thresh-
oldless, V-shaped switching property.20,21 The antiferro-
electric phase of this material was found to possess
relatively low polarization (maximum Ps ) 30 nC/cm2)
as compared to that reported from the Inui and Mitsui
mixtures. This phenomenon suggests that V-shaped
switching could be obtained in the materials with low
polarization in antiferroelectric phase.

In this paper we report, from the molecular structure
point of view, two diastereoisomers showing different
electrooptical responses in the antiferroelectric phase.
These two diastereomers are (R)-2-butyl (S)-2-{6-[4-(4′-
decyloxyphenyl)benzoyloxy]-2-naphthyl}propionate, (R,S)-
BDPBNP, and (S)-2-butyl (S)-2-{6-[4-(4′-decyloxyphenyl)-
benzoyloxy]-2-naphthyl}propionate, (S,S)-BDPBNP, and
have the general structural formula shown below.

Experimental Section

Characterization of Materials. The chemical structures
of intermediates and target materials were analyzed by
nuclear magnetic resonance spectroscopy using a JEOL EX-
400 FT-NMR spectrometer. The purity of the materials was
checked by thin-layer chromatography and further confirmed
by elemental analysis using a Perkin-Elmer 2400 spectrom-
eter. The specific rotations of the chiral materials were
measured in dichloromethane using a JASCO DIP-360 digital
polarimeter.

Mesophases were principally identified by microscopic tex-
ture of the materials sandwiched between two glass plates

under crossed polarizing microscope using a Nikon Microphot-
FXA in conjunction with a Mettler FP82-HT or Instec HS1
hot stages. Transition temperatures and phase transition
enthalpies of the materials were determined by differential
scanning calorimetry using a Perkin-Elmer DSC7 calorimeter
at running rates from 1 to 20 °C/min. The antiferroelectric
phase of the materials was further characterized by switching
behavior electrooptical response in homogeneously aligned
cells coated with polyimide film, which were purchased from
E. H. C. Co., Japan. The sample was filled into the liquid
crystal sample cell by capillary action in the isotropic state.
Two wires were then pasted separately to the ITO glasses of
the sample cell by silver paint.

The response of optical transmittance versus applied electric
field was recorded using a He-Ne laser (5 mW, 632.8 nm) as
a probe beam.22,23 The optical transmittance of the probe beam
that passed through the cells between the crossed polarizers
(whose axes were parallel and perpendicular, respectively, to
the smectic layer normal) was detected by a photodiode. The
signals were monitored by digital oscilloscope (HP54502A). The
voltage applied to the cell was produced by an arbitrary
waveform generator (AG1200) and amplified by a homemade
power preamplifier.

The magnitude of spontaneous polarization (Ps) was mea-
sured by a triangular wave method.24 A triangular waveform
was applied to the sample from a YOGAW AG1200 arbitrary
waveform generator. The induced current was displayed by
measuring the voltage across a wire-wound resistor using a
Hewlett-Packard HP54502A digital storage oscilloscope.

Preparation of Materials. The starting chiral material
for the synthesis was (S)-2-(6-methoxy-2-naphthly)propionic
acid, purchased from Tokyo Chemical Industry (TCI) Co. Ltd.,
Japan, with optical purity greater than 99% enantiomeric
excess. Tetrahydrofuran (THF) and dichloromethane (CH2Cl2),
were dried by treating with LiAlH4 and CaH2, respectively,
and distilled before use. The synthetic procedures were carried
out in a manner similar to that described previously25 and are
shown in Scheme 1. The acid 1 was esterified with (R)-2-
butanol in the presence of N,N-dicyclohexylcarbodiimide (DCC)
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Scheme 1. Synthetic Procedures for the Diasteromeric Materials (R,S)- and (S,S)-BDPBNP

4516 Chem. Mater., Vol. 15, No. 23, 2003 Wu and Hsieh



and 4-(dimethylamino)pyridine (DMAP) to produce the ester,
(R)-2-butyl (S)-2-(6-methoxy-2-naphthyl)propionate 2. The meth-
oxy group of the ester was demethylated by treatment with
BBr3, and the resulting hydroxy group of (R)-butyl (S)-2-(6-
hydroxy-2-naphthyl)propionate, 3, was subsequently esterified
with 4-(4′-decyloxyphenyl)benzoic acid 4, using DCC and
DMAP to produce the target compound, (R)-2-butyl (S)-2-{6-
[4-(4′-decyloxyphenyl)benzyloxy]-2-naphthy}propionate, (R,S)-
BDPBNP. The diasteromeric isomer, (S,S)-BDPBNP, was
prepared in the same manner by using (S)-2-butanol as the
second chiral starting material. All the intermediates and final
products were purified by column chromatography passing
over silica gel and using dichloromethane as eluent. The
analytical data for the synthetic intermediates and target
materials are provided below.

(R)-2-Butyl (S)-2-(6-methoxyl-2-naphthyl)propionate.
Yield: 82%. Elemental analysis for C18H22O3 (%): calculated,
C 75.50, H 7.74; found, C 75.47, H 7.78. 1H NMR (CDCl3): δ
(ppm) 0.7-1.7 (m, 11H, RCH2CH3), 3.88 (q, 3H, OCH3), 3.79-
3.85 (q, 1H, ArCHCOO), 4.8-4.9 (m, 1H, COOCH), 7.1-7.7
(m, 6H, ArH).

(S)-2-Butyl (S)-2-(6-methoxy-2-naphthyl)propionate.
Yield: 90%. Elemental analysis for C18H22O3 (%): calculated,
C 75.50, H 7.74; found, C 75.49, H 7.76. 1H NMR (CDCl3): δ
(ppm) 0.8-1.3 (m, 13H, RCH2CH2), 3.9 (q, 3H, OCH3), 3.8-
3.9 (q, 1H, ArCHCOO), 4.8-4.9 (m, 1H, COOCH), 7.1-7.7 (m,
6H, ArH).

(R)-2-Butyl (S)-2-(6-hydroxy-2-naphthyl)propionate.
Yield: 64%. Elemental analysis for C17H20O3 (%): calculated,
C 74.97, H 7.40; found, C 74.94, H 7.45. 1H NMR (CDCl3): δ
(ppm) 1.1-1.8 (m, 11H, RCH2CH3), 3.8-3.9 (q, 1H, ArCH-
COO), 4.8-4.9 (m, 1H, COOCH), 5.7 (s, 1H, OH), 7.0-7.7 (m,
6H, ArH). Specific rotation [R]D

26 ) +46.92° (c: 0.645 g/100
mL, CH2Cl2).

(S)-2-Buthyl (S)-2-(6-hydroxy-2-naphthyl)propionate.
Yield: 81%. Elemental analysis for C17H20O3 (%): calculated,
C 74.97, H 7.40; found, C 74.90, H 7.37. 1H NMR (CDCl3): δ
(ppm) 0.8-1.3 (m, 11H, RCH2CH3), 3.8-3.9 (q, 1H, ArCH-
COO), 4.8-4.9 (m, 1H, COOCH), 5.9 (s, 1H, OH), 7.1-7.7 (m,
6H, ArH). Specific rotation [R]D

26 ) +46.92° (c: 0.645 g/100
mL, CH2Cl2).

(R)-2-Butyl (S)-2-{6-[4-(4′-decyloxyphenyl)benzoyloxy]-
2-naphthyl}propionate, (R,S)-BDPBNP. Yield: 84%. El-
emental analysis for C34H48O5 (%): calculated, C 78.91, H 7.95;
found, C 78.98, H 8.00. 1H NMR (CDCl3): δ (ppm) 0.7-1.9 (m,
40H, RCH2CH3), 3.8-3.9 (q, 1H, ArCHCOO), 4.0-4.1 (t, 2H,
OCH2), 4.6-4.8 (m, 1H, COOCH), 7.0-8.3 (m, 14H, ArH).
Specific rotation [R]D

26 ) +18.86° (c: 0.645 g/100 mL, CH2-
Cl2).

(S)-2-Butyl (S)-2-{6-[4-(4′-decyloxyphenyl)benzoyloxy]-
2-naphthyl}propionate, (S,S)-BDPBNP. Yield: 84%. El-
emental analysis for C34H48O5 (%): calculated, C 78.90, H 7.95;
found, C 78.94, H 7.98. 1H NMR (CDCl3): δ (ppm) 0.8-1.3 (m,
30H, RCH2CH3), 3.9 (q, 1H, ArCHCOO), 4.1 (t, 2H, OCH2),
4.8-4.9 (m, 1H, COOCH), 7.0-8.3(m, 14H, ArH). Specific
rotation [R]D

26 ) +18.87 (c: 0.659 g/100 mL, CH2Cl2).

Results and Discussion

Mesomorphic Properties. The mesophases and
their corresponding phase transition temperatures for
(R,S)- and (S,S)-isomers are given in Table 1. Both

materials exhibit enantiotropic BPII, N*, TGBA*, SmA*,
and antiferroelectric SmCAF* phases. The BPII was
characterized by forming some blue-gray platelets. The
N* phase was obtained with small focal-conic and/or
Grandjean planar texture. The TGBA* phase was rec-
ognized by the appearance of filaments. This phase has
been found in many compounds such as those containing
phenylpropiolate,26-30 tolane core,31-35 and naphthyl
unit,20,36-39 in which the core structure is the same as
both diastereomers, and so on. The filaments emerged
and formed paramorphotic texture of the SmA* phase.
The SmCAF* phase was primarily characterized by the
appearance of striated focal-conic and pseudo-homeo-
tropic texture.

To further identify the SmCAF* phase for the isomers,
materials were filled into 2-µm thickness of homoge-
neously aligned cells. Because of the existence of the
TGBA* phase, the quality of alignment in the SmA*
phase was rather poor. However, it was improved by
applying an electrical field at the SmCAF* phase for
several hours and then heated to the SmA* phase. After
the treatment, the texture of the SmA* phase was
altered from the birefringence texture to the normal
SmA* texture. A needlelike defect perpendicular to the
smectic layer normal accompanying the fringe lines
parallel to the smectic layer normal was noticed while
the phase transition from SmA* to SmCAF* occurred.
Rotation of the sample showed that the bright and dark
stripes alternated with each other. In addition, the
average extinction direction was aligned along the
direction perpendicular to the molecular layers. The
above phenomena support the assignment of antiferro-
electric SmCAF* phase as reported by Nishiyama et al.40

However, after the application of an electric field (100
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Table 1. Transition Temperature and Enthalpies ∆H (in italics) of Diastereomeric Materials (R,S)- and (S,S)-BDPBNP at
2 °C min-1 Scanning Rate

T/°C and ∆H/ Jg-1 (in italics)absolute
configuration Iso-BPII BPII-N* N*-TGBA* TGBA*-SmA* SmA*-SmCAF

* SmCAF
*-Cr. mpb

R,S 141.9 139.4 135.6 131.9 112.9 71.8 97.0
4.0 a a a 0.4 34.2 39.0

S,S 141.8 139.3 135.7 133.4 109.8 69.7 93.5
4.3 a a a 0.3 35.8 42.3

a The enthalpies of the TGBA-SmA*, N*-TGBA, and BPII-N* transitions were added to the Iso-BPII transition value. b mp refers to
melting point taken from DSC thermograms recorded at heating rates of 2 °C min-1.
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Hz, 20 VPP), the texture was changed in such a way that
the stripes gradually disappeared and were followed by
the appearance of dechiralization lines perpendicular
to the layer normal. This possibly suggests that the
ferroelectric domains appeared, although antiferroelec-
tric domains still remained. The SmCAF* phase was
irreversible as it was changed to the ferroelectric SmC*
phase on application of an electric field, suggesting that
the SmCAF* phase is unstable in the thinner cell, similar
to that reported by Suzuki et al.41

It is worth pointing out that both the (R,S)- and (S,S)-
isomers displayed frustrated phases: blue phase and
TGBA* phase, and SmCAF* phase in the same temper-
ature ranges, indicating that both isomers have the
same molecular chirality and have no reduction in the
chirality of the system on moving from a (R,S)-config-
uration to a (S,S)-configuration. Thus, the formation of
TGBA* phase may not be attributed by the increasing
molecular chirality exclusively, but presumably by the
weakening of layer structure from the steric effect. The
introduction of a methyl substituent group at the chiral
tail would disturb the packing ability of the molecules;
thereby reduce the tendency to form a lamellar arrange-
ment and weakening the layer ordering.

The DSC thermograms for both isomers on heating
and cooling at a scanning rate of 5 °C/min displayed
nearly the same thermal traces. The SmCAF*-SmA*
transition showed the first-order characteristics as
observed for other compounds that display antiferro-
electric tendendency.40,42 There are four endothermic
peaks correspond to the SmA*-TGBA*, TGBA*-N*,
N*-BPII, and BPII-Iso transitions nearing the clearing
point.

Spontaneous Polarization. The magnitudes of the
spontaneous polarizations (Ps) for the isomers are
plotted in Figure 1. The Ps values increase rapidly in
the vicinity of the SmA*-SmCAF* transition and then
increase gradually before crystallization. It is shown
that the magnitudes of Ps obtained from both isomers
are nearly the same at any temperature below the Curie

point in the SmCAF* phase. It is generally acknowledged
that, if the dipole associated with the first chiral center
is enhanced by the second chiral center, one might
expect the chirality to be increased. Or it might be
possible that the dipoles of two chiral centers may
oppose each other and the effective molecular chirality
of the system may therefore be reduced. Thus, the
apparent results of polarization obtained from these two
isomers strongly suggest that the addition of second
chiral group and/or the absolute configuration of the
diasteromeric chiral tails have no significant contribu-
tion on the overall molecular transverse dipole strength
in the SmCAF* phase. A conceivable explanation of the
result can be presumably rationalized as that the second
chiral center may not be able to trap along the long
molecular axis due to the peripheral alkyl chain length
attached to the second chiral center, which is too short.43

This means that the overall molecular transverse dipole
strength is not affected by the dipoles associated with
each chiral center being additive or subtractive in the
molecules.

Switching Behavior and Electrooptical Re-
sponse. The switching current behaviors of both of the
isomers in the SmCAF* phase were measured in a 5-µm
homogeneous cell, and the switching profiles are pre-
sented in Figure 2. Surprisingly, as it can be seen that
only one broadened current peak appears in the whole
temperature range of SmCAF* phase for both isomers.
This is different from that detected from the normal

(41) Suzuki, Y. I.; Isozaki, T.; Hashimoto, S.; Kusumoto, T.; Hiyama,
T.; Takanishi, T.; Takezoe, H.; Fukuda, A. J. Mater. Chem. 1996, 6,
753.
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Hiraoka, K.; Ouchi, Y.; Takezoe, H.; Fukuda, A. Jpn. J. Appl. Phys.
1990, 29, 987.

(43) Goodby, J. W.; Patel, J. S.; Chin, E. J. Phys. Chem. 1987, 91,
5151.

Figure 1. Magnitudes of the spontaneous polarization plotted
as a function of temperature for the diastereomers (R,S)-
BDPBNP and (S,S)-BDPBNP: (O) (R,S)-isomer, and (9) (S,S)-
isomer.

Figure 2. Switching current behaviors measured in the SmA*
and SmCAF* phases for (a) (R,S)-isomer and (b) (S,S)- isomer
in the homogeneously aligned cell with 5-µm thickness.
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antiferroelectric phase such as MHPOBC,44 but re-
sembles that reported as the SmC* phase in an anti-
ferroelectric mixture with thresholdless, V-shaped switch-
ing property.6,10 However, the broad band switching
peak can also be split into two overlapping peaks on the
variation of frequency as shown in Figure 3. This result
is similar to ours previously reported for an antiferro-
electric compound with thresholdless, V-shaped switch-
ing property.20 The antiferroelectric character of these
two isomers was further identified by the measurement
of the optical responses.

The electrooptical responses in the SmCAF* phase for
both isomers were detected by using different thick-
nesses of homogeneous cells to explore the real nature
of the phase, and the results are presented in Figure 4.
It can be seen that the electrooptical response of the
(R,S)-isomer shows a switching of double hysteresis
loops; a typical antiferroelectric electrooptical feature,
while that of the (S,S)-isomer shows a V-shaped switch-
ing in the SmCAF* phase at 5-µm cell. Theses results
reveal that the electrooptical response in the antiferro-
electric phase is remarkably dependent on the config-
uration of the molecules containing two chiral centers
in the chiral tail. It is worth pointing out again that
the magnitudes of polarization for both isomers are
nearly the same at the same temperature below Curie
point. Thus, the formation of different switching behav-
iors strongly suggests that the formation of V-shaped
switching is not caused by the electrostatic effect of
polarization in the bulk of liquid crystal molecules,
rather it is caused by the different absolute/spatial
configuration of the molecular structure at the chiral
tails of the materials. It is then concluded that, in the
fixed conditions of the cell such as homogeneously
aligned layer of polyimide and cell thickness, molecular
structure of the materials plays a very important role
in the formation of the V-shaped switching property.

The electrooptical responses for both isomers at a 2-
µm cell, however, display a W-shaped switching prop-
erty as shown in Figure 4. The double hysteresis
switching of (R,S)-isomer and V-shaped switching of
(S,S)-isomer in a 5-µm cell are altered to the W-shaped
switching in the 2-µm cell. This result implies an

importance of the surface interaction force that exerted
to the bulk of the liquid crystal in the cell. Thus, it can
be realized that the effective forces induced by the
surface interaction to give a V-shaped switching in the
(S,S)-isomers in the 5-µm cell should exert its effect
uniformly throughout the bulk of the liquid crystal in
the antiferroelectric phase. Further investigation of the
isomers in 7.5-µm cells showed that the electrooptical
responses for both isomers display a double hysteresis
switching property. As the cell gap increases in the cell,
the force that raised from the surface interaction to the
bulk of liquid crystals could expect to be reduced.
Because the V-shaped switching property is considered
the result of surface-induced phenomenon, the elec-
trooptical response in a 7.5-µm cell showing double
hysteresis loop should reflect to some extent the nature
of the materials in the antiferroelectric phase. Studies
of the free-standing film from the antiferroelectric
mixture that possesses a V-shaped switching property
also reported that the mixture displays alternating
features of antiferroelectric structure.8

(44) Fukuda, A.; Takanishi, Y.; Isozaki, J.; Ishikawa, K.; Takezoe,
H. J. Mater. Chem. 1994, 4, 997.

Figure 3. Switching current behaviors measured in the
SmCAF* phase for (R,S)-isomer in the homogeneously aligned
cell with 5-µm thickness.

Figure 4. Optical transmittance versus electrical field mea-
sured by applying triangular waveform to the SmCAF* phase
of diastereomers in 2-, 5-, and 7.5-µm thickness of homoge-
neously aligned cells.
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Conclusion

We have demonstrated that two diastereomers, (R,S)-
BDPBNP and (S,S)BDPBNP, exhibit antiferroelectric
SmCAF* phase. Both isomers have the same magnitudes
of spontaneous polarization at any temperature below
the Curie point. The electrooptical responses of the
isomers in the SmCAF* phase are critically dependent
on the temperatures, frequency, and thickness of the
homogeneous cell. It is concluded that the V-shaped
switching property in 5-µm cells does not result from

the electrostatic effect of the polarization in the bulk of
the liquid crystal molecules, but rather is caused by the
configuration of the isomers that contain two chiral
centers in the chiral tail of the materials. The nature
of the molecular structure which formed the V-shaped
switching property in the SmCAF* phase is, as that
reported from the study of free-standing film, an anti-
ferroelectric feature of the alternating structure.11
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