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By deuterizing the chiral and achiral alkyl chains separately, we have observed the ir absorbance vs polarizer
rotation angle for the CH2 and phenyl ring stretching peaks in a prototype antiferroelectric liquid crystal,
4-~1-methylheptyloxycarbonyl! phenyl 48-octyloxybiphenyl-4-carboxylate~MHPOBC!. The angle between the
chiral chain and core axes is more than 54.7°~the magic angle! even in the smectic-A ~Sm-A! phase and the
precession appears to be biased or hindered toward the tilt-plane normal in the chiral smectic-C ~Sm-C* !
phase.@S1063-651X~96!00805-8#

PACS number~s!: 61.30.Gd, 77.80.2e, 78.30.2j

Both in the chiral smectic-C ~Sm-C* ! and smectic-CA
~Sm-CA* ! phases, the transverse permanent dipoles near the
chiral center of the constituent molecules play an essential
role in the emergence of ferroelectricity@1,2# and antiferro-
electricity @3,4#; neither of them does emerge without these
dipoles. However, the role in ferroelectricity differs from that
in antiferroelectricity. The intermolecular interaction due to
the Coulomb force among the permanent dipoles is not the
direct cause of the ferroelectricity. The Sm-C* low symme-
try makes the transverse permanent dipoles align preferen-
tially through the intermolecular interaction due to the attrac-
tive dispersion and repulsive steric forces; tilting together
with molecular chilarity locally breaks the axial symmetry
around the long molecular axes and induces in-layer sponta-
neous polarizations along the tilt-plane normal@2,5#.

On the other hand, the Coulomb force among the perma-
nent dipoles has been considered to directly cause the anti-
ferroelectricity. Takanishiet al. @6# proposed the pairing
model that the permanent dipoles form pairs in adjacent
smectic layers. Quite recently, Miyachiet al. @7# suggested
another possibility, thePX model, that the biased or hindered
rotation of permanent dipoles about the long molecular axes
tend to produce in-layer spontaneous polarizations parallel to
the tilt plane,PX’s, at the smectic layer boundaries; the ex-

istence ofPX’s themselves together with their interaction
between the boundaries through the fluctuation force@8# re-
sults in the stabilization of the antiferroelectricity.

Neither of the models appears to be realistic, however,
because antiferroelectric liquid crystals generally have the
following two characteristic features:~1! the permanent
transverse dipoles are not located at the end of the chiral
alkyl chain@4,6#, and~2! the smectic layer structure can ap-
proximately be depicted as an ordinary picture of molecules
lying on equidistant planes@4,9#. If the chiral chain is bent
extremely as actually observed in a crystal phase by Hori and
Endo@10# or the molecules very much interdigitate with one
another between adjacent layers, the Coulomb force among
the permanent dipoles may become strong enough to stabi-
lize the antiferroelectricity in liquid crystals. The purpose of
this Rapid Communication is to show unambiguously that
the chiral chain is, in fact, projecting obliquely from the core
even in the smectic-A phase~Sm-A! and hence is considered
precessing around the long core axis; the angle between the
chiral chain and core axes is more than the magic angle,
54.7°. Such a bent molecular structure may allow the perma-

FIG. 1. The molecular formulas and phase sequences of samples
used. The abbreviation ee means enantiomeric excess defined by
ee5(R2S)/(R1S).

FIG. 2. Absorption spectra of CH2, CH3, CD2, and CD3 to-
gether with their peak wave numbers and assignments.
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nent dipoles in adjacent layers to adequately interact through
the Coulomb force.

Three partially deuterated samples were used, the molecu-
lar formulas and the phase sequences of which are summa-
rized in Fig. 1. Homogeneously aligned cells were prepared
and polarized infrared~ir! spectra were measured as de-
scribed in previous papers@7,11#. Figure 2 illustrates absorp-
tion spectra of CH2, CH3, CD2, and CD3 together with their
peak wave numbers and assignments. Both in the symmetric

and asymmetric stretching peaks, the separation between
CH2 and CH3 is better than that of CD2 and CD3; conse-
quently, we will mainly show the results obtained from the
CH2 peaks. However, the qualitatively similar results were
also obtained from the CD2 peaks. The phenyl ring stretching
peak at 1604 cm21 was used to determine the average direc-
tion of the long molecular axis@7,11,12#.

Figures 3~a! and 3~b! show the absorbance vs polarizer
rotation angle observed in Sm-A of ~R!-MHPOBC-d13 and
~racemic!-MHPOBC-d25, respectively. Because of the partial
deuterization indicated in Fig. 1, these figures give informa-
tion about the achiral and chiral chains, separately. The an-
gular dependence of the CH2 stretching peaks, both asym-
metric and symmetric, exhibits a conspicuous contrast
between the achiral and chiral chains. In the achiral chain, it
is out of phase with that of the phenyl ring stretching peak.
In the chiral chain, on the other hand, it is in phase; more-
over, the degree of polarization is very small. Five and seven
CH2 groups exist in the achiral and chiral chains, respec-
tively, but their stretching vibrations show only two peaks,
one asymmetric and the other symmetric; the alkyl chain
conformation is changing temporally and spatially. We may
be allowed to consider an average transition dipole moment

FIG. 3. Absorbance vs polarizer rotation angle in Sm-A mea-
sured at 130 °C using homogeneously aligned cell of~a! 4.0 mm
thick ~R with 30% ee!-MHPOBC-d13 and ~b! 9.6 mm thick
~racemic!-MHPOBC-d25. s: Phenyl ring stretching;m: CH2 asym-
metric stretching; andd: CH2 symmetric stretching.

FIG. 4. A model of the transition dipole moment for the CH2
stretching vibrations, situated on the alkyl chain and freely rotating
about the chain axis. The chain itself makes the angle ofa with the
core axis and precesses around it.

FIG. 5. Normalized absorbance vs polarizer rotation angle in
Sm-A, A(v8!, calculated for variousa.
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of the CH2 stretching vibrations, which is perpendicular to
the average chain axis and is rotating freely around it.

Since the transition dipole moment of the phenyl ring
stretching peak is parallel to the core axis, the out-of-phase
relationship illustrated in Fig. 3~a! for the achiral chain is
naturally expected if the chain axis is parallel to the core
axis. The in-phase relationship illustrated in Fig. 3~b! for the
chiral chain, on the other hand, requires a special explana-
tion. Let us calculate the normalized absorbance by assuming
the average transition dipole moment described above and by
neglecting the sample anisotropy@7,11,12#. Several neces-
sary angles are defined as depicted in Fig. 4;a is the angle
between the chain and core axes,x the azimuthal angle of the
chain axis around the core axis,c the rotation angle of the
transition dipole moment around the chain axis,u the tilt
angle in Sm-C* which is zero in Sm-A, v the polarizer rota-
tion angle, andv85v2u. The absorbance vs polarizer rota-
tion angle is given by

A~v8;a!5
1

2pE0
2pE

0

2p

f ~x!~sinv8cosx sinc

2sinv8cosa sinc2cosv8sina cosc)2dx dc.
~1!

Here the distribution function in Sm-A is f (x)51/(2p); the
chain axis rotates freely around the core axis because of
uniaxial Sm-A symmetry.

Figure 5 shows the calculated normalized absorbance in
Sm-A. At the magic angle,a5cos21(1/A3)554.7°, the ab-
sorbance does not depend on the polarizer rotation angle,
A(v;a)51/3. The aforementioned in-phase and out-of-

FIG. 6. ~a! Normalized absorbance vs polarizer rotation angle in
unwound Sm-C* , A(v8!, calculated forb50.3, x0560°, and vari-
ousa. ~b! Calculatedvmin8 ~x0,b;a! for a530° and 54°,54.7° and
vmax8 ~x0,b;a! for a555°.54.7°. The degree of biasing,b50, 0.1,
0.2, and 0.3 is used as a parameter.

FIG. 7. Absorbance vs polarizer rotation angle in electrically
unwound Sm-C* homogeneously aligned cells,~a! for the achiral
chain in 4.0mm thick ~R with 30% ee!–MHPOBC-d13 measured at
75 °C and 12.5 Vmm21 and~b! for the chiral chain in 9.6mm thick
~R!-MHPOBC-d25 measured at 100 °C and 9.5 Vmm21. s: Phenyl
ring stretching;m: CH2 asymmetric stretching; andd: CH2 sym-
metric stretching.
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phase relationships correspond toa.54.7° anda,54.7°, re-
spectively. In this way, Figure 3~b! unambiguously indicates
that the chiral chain in Sm-A is obliquely projecting, precess-
ing around the core axis; the angle between the chain and
core axes is more than 54.7° but may probably be close to
the magic angle because of the considerably small observed
degree of polarization. Figure 3~a! also clearly shows that the
achiral chain in Sm-Amakes an anglea,54.7° with the core
axis. By taking account of the fact that not only the average
transition moment but also the average chain axis itself is
actually fluctuating, the rather large degree of polarization
observed may indicate that the angle is far separated from the
magic angle and rather close to zero.

The chiral chain precession will become biased or hin-
dered in Sm-C* ~Sm-C! and Sm-CA* ~Sm-CA!. By simply
assuming a distribution function,

f ~x!5$1/~2p!%$11b cos~x2x0!%, ~2!

the absorbance vs polarizer rotation angle in electrically un-
wound Sm-C* , A(v8;a;b,x0!, is also given by Eq.~1!.
Herex0 is the biased direction andb the degree of biasing.
Figure 6~a! illustrates some calculated results.A(v8;a;b,x0!
is symmetric with respect tovmin8 or vmax8 ; depending on the
sign of x0.0 ~x0,0!, vmin8 shifts from 0° toward145°
~245°! with an increase ofa,54.7°, whilevmax8 shifts from
0° toward245° ~145°! with a decrease ofa.54.7°, respec-
tively. The shift ofvmin8 or vmax8 naturally depends onb as
illustrated in Fig. 6~b!. Note that

vmin or max8 ~2x0 ;b!52vmin or max8 ~x0 ;b!.

Experimentally, we tried to observe the shift in unwound
Sm-C* by applying an electric field; neither in the chiral
chain nor in the achiral chain, however, could we so far
confirm any clear shift, which appears to be smaller than 5°
as shown in Fig. 7. This fact may indicate that the chiral
chain precession is biased to the tilt plane normal~x0'0°!. It
is also consistent with the above indication thata of the
achiral chain is far separated from the magic angle and rather
close to zero. Naturally, the shift is zero whenx050 ora50.
More detailed studies with improved accuracy, in particular,
using not only homogeneous cells but also homeotropic
ones, will surely give us reliable information about the alkyl
chain directions in unwound Sm-CA* as well as Sm-C* . We
are in the process of further investigations. Finally, it is-
worthwhile noting that13C NMR has clearly detected not
only the chiral chain precession in Sm-A but also its hin-
drance or biasing in Sm-C* and Sm-CA* @13#.

Note added in proof.Ouchiet al. quite recently also con-
cluded that the molecule has a bent structure even in Sm-A
when they measured the smectic layer spacing of several
homologous series in detail.@Y. Ouchi, Y. Yoshioka, H.
Ishii, K. Seki, M. Kitamura, R. Noyori, Y. Takanishi, and I.
Nishiyama, J. Mater. Chem.5, 2297~1995!#
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