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Polarized infrared spectroscopic study on the orientation of the molecules in the smectic-C* phase
of a ferroelectric liquid crystal with a naphthalene ring: Alternative theory for the analysis

of polarization-angle-dependent intensity changes
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A theory to explain the polarization-angle dependence of polarized infrared spectra of a ferroelectric liquid
crystal in the surface-stabilized ferroelectric liquid crystal state is proposed. It describes the relationship
between the intensity of the absorption bands and the polarization angle of the infrared radiation. Using this
theory the polarization-angle dependence of the infrared band intensities was analyzed for a ferroelectric liquid
crystal with a naphthalene ring and two phenyl rings with a stacked layer structure in the smectic-C* phase.
The polarization-angle-dependent spectra were measured at 137 °C under external dc electric fields of140 and
240 V to investigate the orientation of the molecules. Plots of the infrared absorbance versus polarization
angle for representative bands were subjected to a curve fitting procedure by a least squares method. From the
curves obtained the orientation of the transition dipole moments with respect to the molecular long axis and the
orientation of the molecular long axis with respect to the rubbing direction of the cell were estimated based
upon the suggested theory. The polarization-angle-dependent infrared spectra obtained were also analyzed by
two-dimensional~2D! correlation spectroscopy. The 2D correlation analysis clearly detects a slight phase
difference in the polarization-angle dependence which is hardly recognized in ordinary plots of the intensity
changes in the infrared bands. The 2D correlation analysis allows us to separate asymmetric and symmetric
stretching bands due to the chiral methyl group from those arising from other methyl groups in the alkyl chains.
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I. INTRODUCTION

The ferroelectric smectic-C* (Sm-C* ) phase was discov
ered in 1975 and proved to have a unique form of ferroe
tricity @1,2#. Five years passed before a technical applicat
of this effect was first suggested. Clark and Lagerwall@3#
proposed the use of a very thin cell to make the bound
conditions imposed by the orientation layers strong eno
to suppress the helix; this is called the surface-stabili
ferroelectric liquid crystal~SSFLC! effect. Ferroelectric liq-
uid crystal molecules have a permanent electric dipole p
pendicular to their molecular long axis. By changing the p
larity of the external applied electric field, the permane
electric dipole will rotate by 180° to point in the opposi
direction; the molecular long axis can switch between
two SSFLC states. As the macroscopic geometry of the
FLC effect has been clarified@4–6#, investigations of the
microscopic mechanism of the electric-field-induced reori
tation of the alkyl chain, the mesogen, and other segmen
the ferroelectric liquid crystals have become more and m
frequent@7#.

During the past decade polarization infrared spectrosc
and time-resolved infrared spectroscopy have been app
as powerful tools for investigating the static orientation a
dynamic behavior of liquid crystalline molecules@8–31#. Po-
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larization infrared spectroscopy can be used to provide in
mation about the direction of transition dipole moments
the normal modes of vibrations. Measurement of t
polarization-angle dependence of infrared bands of a fe
electric liquid crystal in the Sm-C* phase is very useful in
exploring its molecular structure and alignment. Howev
the analysis of the polarization-angle dependence of infra
band intensity is not always straightforward, partly becau
some of the bands may overlap each other and partly bec
some may show very similar polarization-angle dependen
Thus it is of importance to establish the theoretical relatio
ship between the infrared absorbance and the polariza
angle for studies of the orientation of liquid crystal mo
ecules. With this relationship, one can not only analyze p
cisely the dependence of the absorbance upon the pola
tion angle, but also gain information concerning the an
between the transition moment and the molecular long a
Two models@32# have been developed for this theoretic
relationship. One is based on the statistical average of
absorption of individual dipolar moments with an orientati
distribution described by a series of spherical harmonics.
cause this model is established only for individual dipo
moments, it cannot offer information about the angle b
tween the transition moment and the molecular long a
The other model is built on the basis of classic polarizat
theory. However, this model does not take into account
contribution from nonpolarization components to the IR a
sorbance, and it also cannot offer information concerning
angle between the transition moment and the molecular l
axis.
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In the present study, we propose an alternative theor
for analyzing the polarization-angle dependences in more
tail. This theory describes the relationship between the b
intensities and the polarization angle of the infrared rad
tion. The theory also allows us to investigate quantitativ
the orientation angle of the molecular long axis with resp
to the polarization direction at 0° and with respect to t
rubbing direction, and the mean orientation angle of a tr
sition dipole moment with respect to the direction of t
molecular long axis. This information about the angles
particularly useful for studying the relationship between
molecular structure and the alignment of a ferroelectric
uid crystal. The theory also shows that the polarizatio
angle-dependent features of bands with an orientation a
less than the magic angle~54.7°! will be diametrically op-
posed to those with an orientation angle larger than
magic angle. Furthermore, on the basis of the theory
average direction of the molecular long axis can be de
mined with improved accuracy from the absorbance at va
ing polarization angles.

In the present study we also use generalized tw
dimensional~2D! correlation spectroscopy@33# to analyze
the polarization-angle dependence of infrared band inte
ties. In a typical 2D correlation analysis, a series
perturbation-induced dynamic spectra are collected a
function of the quantitative measure of the imposed phys
effect itself@34–36#. In our previous paper@30#, we demon-
strated the potential of 2D correlation spectroscopy
analysis of the polarization-angle dependence of infra
band intensity. In 2D correlation infrared spectroscopy
polarization-angle-dependent spectral changes@30#, no per-
turbation is imposed upon the sample itself; the polarizat
angle is used as the perturbation. The 2D correlation ana
allows one to detect slight differences in the polarizatio
angle dependence. Moreover, it enhances the spectral
lution, deconvoluting overlapped bands.

The purpose of the present study is to provide dee
insight into the structure and alignment of molecular s
ments in a ferroelectric liquid crystal with a naphthalene r
and two phenyl rings~FLC-3; Fig. 1! using both the theory
presented here and 2D correlation analysis.

II. THEORY

In previous studies on ferroelectric liquid crystals the re
tive orientation of an alkyl chain, a mesogen, and a ch
segment were investigated by IR polarization spectrosco
In the present study a quantitative analysis of
polarization-angle dependence of the infrared band inte
ties of FLC-3 is performed. We have attempted to deriv
model for the relationship between the absorbance of the

FIG. 1. Structure of FLC-3 and the phase transition temperatu
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bands and the polarization angle of the IR radiation. In t
model the transition dipole moment of the absorption ba
investigated lies on a cone with semianglea around the mo-
lecular long axis of the ferroelectric liquid crystal. Figure
shows a model of the relative positions of the molecular lo
axis, the transition dipole moment, and the polarization
rections. For perfect uniaxial orientationa is related to the
polarization intensities of the investigated absorption ba
by @37,38#

Apar

Aper
52 cot2 a, ~1!

whereApar andAper are the absorbances measured with p
larized radiation parallel and perpendicular to the direct
of the molecular long axis, respectively. The ferroelect
liquid crystal is arranged with its layer structure in a stack
geometry, which is assumed to be optically uniaxial,
though the Sm-C* phase is known to be weakly biaxiall
oriented@39#. When a voltage is applied, the molecular lon
axis of the ferroelectric liquid crystal orients approximate
parallel to the surface of the cell windows. Thus, if the p
larization direction of the incident radiation is parallel an

.

FIG. 2. Schematic model of the relative positions of the pol
ization directions~P0 , P90, and P!, the transition moment~TM!,
and the molecular long axis~M!. P0 is the polarization direction
of the incoming beam at 0° polarizer setting.P90 is the polariza-
tion direction of the incoming beam at 90° polarizer setting.P is
the polarization direction of an arbitrary polarizer setting making
angleg with P0 . M is the molecular long axis of the investigate
FLC in the plane (P0 ,P90) and makes an angleb with P0 . TM
lies at the intersection of the plane (P0 ,P90) with the cone made by
the transition moment aroundM ~opening anglea!.
4-2
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POLARIZED INFRARED SPECTROSCOPIC STUDY ON . . . PHYSICAL REVIEW E64 031704
perpendicular to the molecular long axis, the correspond
transmittances of an absorption bandTpar andTper are given
by

Tpar5e22Apercot2 a ~2!

and

Tper5e2Aper. ~3!

It should be noted that the intensityI 0 of an incident polar-
ized IR beam equals the sum of the intensitiesI par andI per of
the two beams linearly polarized parallel and perpendicu
to the molecular long axis direction, respectively. Thus,I 0 ,
I par, andI per are related by the equations

I 05I par1I per, ~4!

I par5I 0 cos2~g2b!, ~5!

I per5I 0 sin2~g2b!, ~6!

where g and b are the angles ofP0 with the polarization
directionP of the incident radiation and the molecular lon
axis direction, respectively~Fig. 2!. The angleb is called the
orientation angle of the molecular long axis. The angleg is
the polarization direction angle of the incident radiation a
varies from 0° to 180°. The intensityI of the polarized IR
radiation transmitted by the ferroelectric liquid crystal equ
the sum of the transmitted intensitiesI tpar andI tper of the two
beams polarized parallel and perpendicular to the molec
long axis, respectively. Considering a ferroelectric liqu
crystal material with a layer structure arranged in a stac
geometry, which is assumed to be optically uniaxial,I, I tpar,
and I tper are given by the equations

I 5I tpar1I tper, ~7!

I tpar5I 0e22Apercot2 a cos2~g2b!, ~8!

I tper5I 0e2Apersin2~g2b!. ~9!

The transmittanceT can thus be expressed as a function
the polarization angleg of the incoming radiation and th
orientation angle of the molecular long axisb by

T5e22Apercot2 a cos2~g2b!1e2Apersin2~g2b!, ~10!

If we consider that the ferroelectric liquid crystalline syste
under consideration has a two-phase structure composed
perfectly uniaxial phase and an isotropic phase, the ab
banceAp of the ferroelectric liquid crystalline system is e
pressed by

Ap52S ln@e22Apercot2 a cos2~g2b!

1e2Apersin2~g2b!#1B, ~11!

whereS>0 is a constant that represents the contribution o
perfectly uniaxial phase toAp . B is dependent on the con
tribution of the isotropic phase. When cot2 a50.5 (a
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554.7°), the ferroelectric liquid crystalline system is a pe
fectly isotropic phase because according to Eq.~1! Aper
5Apar andAp becomesAiso. Therefore,B can be expressed
as

B5~12S!Aiso. ~12!

Consequently, Eq.~11! can be replaced by the equations

Ap52S ln@e22Apercot2 a cos2~g2b!1e2Apersin2~g2b!#

1~12S!Aiso, ~13!

where Aiso is the absorbance of an absorption band fo
perfectly isotropic phase. The physical meaning ofS and 1
2S is the proportion of molecules in the perfectly uniaxi
phase and in the isotropic phase of the ferroelectric liq
crystalline system, respectively.

To obtain a relationship between each polarization dir
tion angleg of the incoming beam and the orientation ang
of the molecular long axis,b, the first and second derivative
of Ap with respect tog have been calculated for Eq.~13!:

]Ap

]g
5C sin@2~g2b!#~e2Aper2e22Apercot2 a!, ~14!

]2Ap

]g2 52C cos@2~g2b!#~e2Aper2e22Apercot2 a!

1
C2

S
sin2@2~g2b!#~e2Aper2e22Apercot2 a!2,

C52
S

e22Apercot2 a cos2~g2b!1e2Apersin2~g2b!
,

~15!

whereC<0. Wheng5b anda,54.7°, the absorbance wil
be a maximum in the polarization direction parallel to t
direction of the molecular long axis, and we can obtain
value of the orientation angle of the molecular long axis,b.
When g5b6p/2 anda.54.7°, the absorbance will be
maximum in the polarization direction perpendicular to t
direction of the molecular long axis, and we can also obt
the value of the orientation angle of the molecular long ax
b. Ap andAiso were usually transformed to a logarithm wit
base 10 by dividing both sides of Eq.~13! by ln10. Then we
applied a curve fitting procedure by a least squares met
for the typical bands and thereby obtained theb, a, and S
values for the system under investigation.

Now we define a normalized absorbance as follows:

An-p5
Ap2Amin

Amax2Amin
, ~16!

whereAmax and Amin are the maximum and the minimum
respectively, ofAp . According to Eq.~13! we obtain a nor-
malized absorbance fora,54.7°:
4-3
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An-p5
11~1/Aper!ln@e22Apercot2 a cos2~g2b!1e2Apersin2~g2b!#

122 cot2 a
~17!

and fora.54.7°

An-p5
2 cot2 a1~1/Aper!ln@e22Apercot2 a cos2~g2b!1e2Apersin2~g2b!#

2 cot2 a21
. ~18!

In the case of a normalized absorbance with 1>An-p>0, An-p is independent ofS andAiso.

FIG. 3. Infrared spectrum of FLC-3 in the
Sm-C* phase at 137 °C.
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III. EXPERIMENT

The chemical structure along with the phase transit
temperatures of the investigated ferroelectric liquid crys

TABLE I. Dichroic ratio ~D! and band assignments for the re
evant peaks in the infrared spectra of FLO-3 in the Sm-C* phase.

Wave number~cm21! Assignmenta Dichroic ratioD

2957 CH3 asym. st. 0.85
2928 CH2 antisym. st. 0.82
2869 CH3 sym. st. 0.95
2858 CH2 sym. st. 0.81
1736 CvO st. ~core! 0.66
1715 CvO st. ~chiral! 0.80
1627 ring CvC st. 1.94
1602 ring CvC st. 9.94
1524 ring CvC st. 6.19
1496 ring CvC st. 5.92
1473 CH2 scissoring 3.77
1273 6.78
1262 C—O—C antisym. st. 8.00
1188 C—O—C antisym. st. 9.53
1146 C—O—C sym. st. 6.84
1095 C—O—C sym. st.~chiral! 4.84
1066 C—O—C sym. st. 3.31

aSym. indicates symmetric, asym. asymmetric, antisym. antis
mtric, and st. stretching.
03170
n
l

FLC-3 are shown in Fig. 1. The synthesis of this liquid cry
tal was reported in Ref.@40#. The sample cell consisted o
two BaF2 plates coated with conducting layers of indium t
oxide and polyamide rubbed in one direction. The thickn
between the two plates, as determined from the interfere
fringe pattern, was adjusted to 1.7mm with a silicone spacer
The cell was filled with molten sample by capillary actio
heated to the isotropic phase, and then slowly cooled do
to a temperature in the Sm-C* phase. Temperature was co
trolled to an accuracy of60.05 °C with the aid of a Mettler

FIG. 4. Polarization infrared spectra of FLC-3 in the paral
~105°! and perpendicular~15°! polarization geometries.
-
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FIG. 5. Polarization-angle dependence of p
larized infrared spectra of FLC-3 in the Sm-C*
phase at 137 °C under an external dc electric fi
of 240 V.
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FP80HT thermocontroller. The approximate size of the
main was in the several hundred micrometer range.

IR polarization spectra were measured on a well align
domain of the sample with a Jeol Model JIR-6500 FT
spectrometer equipped with a Jeol Model IR-MAU 100 m
croattachment and a mercury-cadmium-tellurium detecto
wire grid polarizer was rotated about the axis parallel to
propagation direction of the incident IR radiation.

IR polarization spectra were measured under dc app
voltages of 40 V of both polarities at 137 °C. The polariz
tion angles were read directly from the dial of the polariz
The spectra obtained were corrected for baseline usin
nonlinear spline function, and bands arising from the wa
vapor in the spectrometer were subtracted. In order to s
rate the overlapping bands, the IR spectra were curve fi
using theGRAMS program, and the areas and heights of
separated bands were used for further processing of the

The synchronous and asynchronous spectra were ca
lated based upon an algorithm recently developed
Nodaet al. @41# and used in a software program named
POCHA @42#.
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IV. RESULTS AND DISCUSSION

A. Band assignments and measurements of dichroic ratio

Figure 3 shows an infrared spectrum of FLC-3 in t
Sm-C* phase at 137 °C. Band assignments of the infra
spectrum were made based upon the comparison of the
frared spectrum of FLC-3 with those of FLC-1 and FLC
which have very similar structures@30#. Bands at 1736 and
1715 cm21 are assigned to a CvO stretching mode of the
core and chiral parts, respectively. Band assignments for
relevant peaks in the infrared spectrum of FLC-3 are su
marized in Table I.

Figure 4 shows the infrared polarization spectra of FLC
in the Sm-C* phase at the polarization angles of 15° a
105°. The direction ofv5105° is close to the direction o
the molecular long axis of FLC-3 under the external dc el
tric field of 240 V, and the direction ofv515° is close to
the perpendicular direction of the molecular long axis. Fro
these spectra the dichroic ratioD, defined as the ratio of the
absorbances for the parallel and perpendicular polarizat
of the radiation, was calculated for the absorption bands.
a-
nd

dc
FIG. 6. The absorbance versus the polariz
tion angle for bands at 1602, 1273, 1262, a
1188 cm21 in the polarized spectra of FLC-3 in
the Sm-C* phase at 137 °C under an external
electric field of240 V.
4-5
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FIG. 7. The absorbance versus the polariz
tion angle for bands at 1736, 1715, 1524, 149
1473, 1146, 1095, and 1066 cm21 in the polar-
ized spectra of FLC-3 in the Sm-C* phase at
137 °C under an external dc electric field o
240 V.
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dichroic ratios for the isolated and relevant bands are a
listed in Table I. The high value of the dichroic ratio fo
many of the bands associated with the mesogen mo
shows that the orientational order of FLC-3 in the Sm-C*
phase is very high.

Figure 5 exhibits polarization-angle-dependent infra
spectra~from v50° to 180° at intervals of 5°! of the sample
in the Sm-C* phase measured at 137 °C under an externa
electric field of240 V. Figure 6 shows absorbance vers
polarization angle for the bands at 1602, 1273, 1262,
1188 cm21. Figure 7 shows absorbance versus polarizat
angle for the bands at 1736, 1715, 1524, 1496, 1473, 1
1095, and 1066 cm21. The symbols in Figs. 6 and 7 represe
measured absorbances and the curves were obtained b
plying a curve fitting by a least squares method to the da

The values ofa andb andS50.748 are obtained from th
plots in Figs. 6 and 7, anda and b are listed in Table II.
FromS50.748 one can conclude that the proportion of m
ecules in the perfectly uniaxial phase of the ferroelectric
uid crystalline system is 0.748. Simultaneously, from the
chroic ratio of the bands, we calculated the angle
orientation of the transition dipole moment with respect
the molecular long axis,a* , by the method of Ref.@28#. The

TABLE II. a* , a, b, and b0 , ~in dig! for infrared bands of
FLO-3.

Wave number~cm21! a* a b b0

1736 62.06 61.81 95.93 4.93
1715 58.71 58.33 94.89 3.89
1602 0.00 0.46 108.80 17.80
1524 18.63 13.64 109.66 18.66
1496 19.69 14.91 109.46 18.46
1473 29.28 27.47 107.73 16.73
1273 16.48 16.49 106.72 15.72
1262 12.02 9.60 106.69 15.69
1188 5.12 6.48 106.26 15.26
1146 16.27 14.74 107.71 16.71
1095 24.11 27.07 100.72 9.72
1066 31.91 27.45 109.19 18.19
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calculated values ofa* are also given in Table II. The value
of a obtained from the curve fitting are in good agreeme
with the values ofa* , and the maximum deviation is smalle
than 5°. The standard deviation of the values ofb is 1.30°
and its average value is 108.02° for the bands witha
,54.7° except for the band at 1095 cm21. A deviation of
7.30° for the band at 1095 cm21 is probably due to the fac
that the band arises from the C-O-C group of the chiral m
ety. The results in Table II suggest that the orientational
rection~b! of the naphthalene ring and the two benzene rin
is roughly parallel to the core moiety of FLC-3. Therefore,
seems that the average orientation of the molecular long
of FLC-3 is at an angle of 108.02° in the Sm-C* phase at
137 °C under an external dc electric field of240 V.

Local deformations of the molecule are produced by
external dc electric field for the CvO, groups of both the
core and chiral moieties in FLC-3. The deformation allow
freer rotation of the molecule along its long axis. In additio
the ferroelectric liquid crystals should be able to rotate fre
in the equilibrium state. The values ofb of the bands at 1736
and 1715 cm21 deviate by 12.09° and 13.13°, respective
from value for the molecular long axis. This suggests that
motion of the carbonyl groups is strongly hindered, and
distribution functions for the CvO bands are not cylindri-
cally symmetric with respect to the molecular long axis.

Figure 8 illustrates the normalized absorbance versus
polarization angle for all bands shown in Figs. 6 and 7. T
symbols in Fig. 8 represent the normalized absorban
which were calculated according to Eq.~16!. The curves
were calculated according to Eqs.~17! and~18! based on the
results of the curve fitting procedure. Note that some
symbols of some bands deviate from the curves. The rea
is that, if the measured maximum and minimum absorban
have large deviations from the curve fitting, the normaliz
absorbance will be very different between the measured
and the results of the curve fitting. Therefore, when we
plied the curve fitting to the data in Figs. 6 and 7, Eq.~13!
but not Eqs.~17! and~18! was used to avoid a deviation from
the measured data~maximum and minimum value!.

In order to gain information about the angle of the m
lecular long axis with respect to the rubbing direction, w
also measured polarization-angle-dependent infrared spe
4-6
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FIG. 8. Normalized absorbance versus the p
larization angle for some representative bands
the polarized infrared spectra of FLC-3 in th
Sm-C* phase at 137 °C under an external
electric field of240 V.
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of FLC-3 in the Sm-C* phase at 137 °C under on external
electric field of140 V. Figure 9 depicts the normalized a
sorbance versus the polarization angle for the bands at 1
1273, and 1188 cm21 for both 140 and240 V. The values
of ~b,a! were calculated by the curve fitting to be~73.36°,
0.46°!, ~75.26°,16.13°!, and~75.65°,5.41°!, respectively, for
the bands at 1602, 1273, and 1188 cm21, andS50.748 in the
Sm-C* phase at 137 °C under an external dc electric field
140 V. Thea values of these bands are nearly equal to
corresponding values in the Sm-C* phase at 137 °C under a
external dc electric field of240 V. Ferroelectric liquid crys-
tals perform switching between the two surface-stabiliz
states around the rubbing direction under an external app
electric field. Therefore, we can calculate the rubbing dir
tion as 91° with respect to the polarization directionP0 ~Fig.
2! from theb values of the bands for the electric fields wi
positive and negative polarity. The angleb0 of the molecular
long axis with respect to the rubbing direction was calcula
from b291° and is also listed in Table II. It was found th
the average orientation of the molecular long axis of FLC
with respect to the rubbing direction is 17.02° for the Sm-C*
phase at 137 °C under an external dc electric field of240 V.

The bands in the 3100–2700 cm21 region overlap seri-
ously, so that the analysis of polarization-angle-depend
03170
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spectral changes is difficult. Thus, we carried out 2D cor
lation analysis for the series of polarization-angle-depend
infrared spectra.

B. Two-dimensional correlation spectroscopy

Figure 10 shows a synchronous 2D correlation spectr
in the 3020–2700 cm21 region, generated from the
polarization-angle-dependent infrared spectra of FLC
Note that five autopeaks are observed at 2970, 2952, 2
2921, and 2854 cm21. Four positive cross peaks appear
~2874 vs 2970!, ~2921 and 2854 vs 2952!, and ~2854 vs
2921! cm21 and six negative cross peaks are developed
~2952, 2921, and 2854 vs 2970!, ~2874 vs 2952!, ~2874 vs
2921!, and ~2874 vs 2854! cm21. From the synchronous
spectrum, six bands can be separated at 2970, 2952, 2
2921, 2874, and 2854 cm21. Among these bands the tw
bands at 2970 and 2874 cm21 share the negative cross pea
with the three bands at 2952, 2921 and 2854 cm21, showing
that the former two bands have completely differe
polarization-angle dependences from the latter three ba
Therefore, the two bands at 2970 and 2874 cm21 may be
assigned to the asymmetric and symmetric CH3 stretching
modes of the chiral CH3 group. It is very likely that only this
o-
in

e
ric
FIG. 9. Normalized absorbance versus the p
larization angle for some representative bands
the polarized infrared spectra of FLC-3 in th
Sm-C* phase at 137 °C under external dc elect
fields of 140 and240 V.
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chiral CH3 group, whose transition dipole moment is in th
direction of the short molecular axis, appears separat
Such information can be obtained directly via analyzing
spectra of the sample by generalized two-dimensional co
lation spectroscopy. This procedure is more easily imp
mented in comparison with that reported previously, wh
requires the synthesis of two deuterated counterparts of
sample@43#. The bands at 2921 and 2854 cm21 are due to
the antisymmetric and symmetric CH2 stretching modes o
the alkyl chain, respectively. The band at 2952 cm21 is at-
tributed to the asymmetric stretching mode of the C3
groups of the alkyl chains.

Figure 11 shows the corresponding asynchronous 2D

FIG. 10. Synchronous 2D infrared correlation spectrum in
3020–2700 cm21 region generated from the polarization-ang
dependent~from 0° to 180° at intervals of 5°! polarized spectral
variations of FLC-3 in the Sm-C* phase at 137 °C under an exte
nal dc electric field of240 V.

FIG. 11. Asynchronous 2D infrared correlation spectrum in
3020–2700 cm21 region generated from the polarization-ang
dependent~from 0° to 180° at intervals of 5°! polarized spectral
variations of FLC-3 in the Sm-C* phase at 137 °C under an exte
nal dc electric field of240 V.
03170
y.
e
e-
-

h
he

r-

relation spectrum in the 3020–2700 cm21 region. In the
asynchronous spectrum are observed seven cross pea
~2970 vs 2960 and 2854!, ~2960 vs 2952, 2921, and 2874!,
and ~2854 vs 2952 and 2921! cm21. A new band can be
identified at 2960 cm21, and the phase of the intensit
changes in the band at 2960 cm21 lags behind those of the
bands at 2952 and 2921 cm21 because there are cross pea
at ~2960 vs 2952 and 2921! cm21, and the sign of the cros
peaks above the diagonal line is negative.

A synchronous 2D correlation spectrum between
1760–1000 and 3020–2700 cm21 regions is shown in Fig.
12. It can be seen from Fig. 12 that the bands at 1627, 16
1524, 1496, 1473, 1262, 1188, 1146, 1095, and 1066 c21

share many cross peaks with the band at 2970 cm21 and
most of the bands in the 1630–1000 cm21 region. All these
cross peaks between the band at 2970 cm21 and those in the
1630–1000 cm21 region always show positive sign while th
cross peaks between the band at 2952 or 2921 cm21 and
those in the 1630–1000 cm21 region show negative sign
However, two negative cross peaks appear between the
at 2970 cm21 and those at 1736 and 1715 cm21 and positive
cross peaks are developed between the band at 2921 or
cm21 and those at 1736 and 1715 cm21. These observations
suggest that the two CvO stretching bands show differen
polarization-angle-dependent intensity changes from
asymmetric stretching mode of the chiral CH3 group and the
same polarization-angle-dependent intensity changes as
other stretching modes of the alkyl groups. Figure 13 illu
trates the corresponding asynchronous spectrum where
five bands at 2970, 2960, 2952, 2921, and 2854 cm21 are
separated. These observations are in good agreement
the results in Figs. 10 and 11.

Synchronous and asynchronous 2D correlation spectr
the 1760–1000 cm21 region are shown in Figs. 14 and 1
respectively. In the 1630–1450 cm21 region bands due to the
CvC stretching modes of the three aromatic rings app

e

e

FIG. 12. Synchronous 2D infrared correlation spectrum betw
the 3020–2700 and 1760–1000 cm21 regions generated from th
polarization-angle-dependent~from 0° to 180° at intervals of 5°!
polarized spectral variations of FLC-3 in the Sm-C* phase at
137 °C under an external dc electric field of240 V.
4-8
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and in the 1300–1000 cm21 region several bands assigned
the C—O—C antisymmetric and symmetric stretchin
modes are observed. It seems from the synchronous s
trum that all the bands in the 1630–1000 cm21 region show
nearly in-phase polarization-angle dependence. However
asynchronous spectrum in Fig. 15 reveals that the phas
the intensity changes in the bands at 1602, 1524, 1496, 1
and 1262 cm21 is lagging behind those in the band at 11
cm21 because there are cross peaks at~1188 vs 1602, 1524
1496, 1473, and 1262! cm21, and the sign of the cross peak
above the diagonal line is negative. From similar consid
ations, the following sequences of the intensity changes
bands are suggested: 1095,1602,1496,1473,1262,
1188 cm21; 1262,1602,1496 cm21; 1262,1188,1066

FIG. 13. Asynchronous 2D infrared correlation spectrum
tween the 3020–2700 and 1760–1000 cm21 regions generated from
the polarization-angle-dependent~from 0° to 180° at intervals of 5°!
polarized spectral variations of FLC-3 in the Sm-C* phase at
137 °C under an external dc electric field of240 V.

FIG. 14. Synchronous 2D infrared correlation spectrum in
1760–1000 cm21 region generated from the polarization-ang
dependent~from 0° to 180° at intervals of 5°! polarized spectral
variations of FLC-3 in the Sm-C* phase at 137 °C under an exte
nal dc electric field of240 V.
03170
ec-

he
of
3,

r-
of

cm21. Thus, we may be able to conclude that the phase
the band intensity change is delayed in the order of the ba
at 1095, 1188, 1262,~1496 or 1602 or 1066! cm21. This
conclusion is in good agreement with the results obtained
the theoretical treatment~Table II!.

V. CONCLUSIONS

In the present paper, we proposed a theory to ana
polarization-angle-dependent infrared spectral variation o
ferroelectric liquid crystal and discussed the mutual alig
ment of the molecular segments of FLC-3 in the Sm-C*
phase. The theory has provided the following significant
formation.

When a,54.7°, the maximum of absorbance is in th
polarization direction parallel to the direction of the molec
lar long axis, and we can obtain the value of the orientat
angle of the molecular long axis,b. When a.54.7°, the
maximum of absorbance is in the polarization direction p
pendicular to the direction of the molecular long axis, a
the value of the orientation angle of the molecular long ax
b, can be calculated.

We have applied a curve fitting procedure to t
polarization-angle-dependent changes in the band intens
It has been found based upon the results of the curve fit
and the proposed theory that the average orientation of
molecular long axis is 108.02° with respect to the polariz
tion directionP0 and 17.02° with respect to the rubbing d
rection of the cell in the Sm-C* phase at 137°C under a
external dc electric field of240 V.

The values ofb of the bands at 1736 and 1715 cm21

deviated by 12.09° and 13.13°, respectively, with respec
the average orientation of the molecular long axis. This s
gests that the motion of the carbonyl groups is strongly h
dered, and the distribution functions for the CvO bands are

-

e

FIG. 15. Asynchronous 2D infrared correlation spectrum in
1760–1000 cm21 region generated from the polarization-angl
dependent~from 0° to 180° at intervals of 5°! polarized spectral
variations of FLC-3 in the Sm-C* phase at 137 °C under an exte
nal dc electric field of240 V.
4-9



ar

p
o
en

ing
s at

nd

J. G. ZHAO, T. YOSHIHARA, H. W. SIESLER, AND Y. OZAKI PHYSICAL REVIEW E64 031704
not cylindrically symmetric with respect to the molecul
long axis.

Furthermore, the present study has demonstrated the
tential of 2D correlation spectroscopy in the detection
slight differences in the polarization-angle-dependent int
s.
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sity variations and in the band assignments for overlapp
bands. The 2D correlation analysis revealed that the band
2970 and 2874 cm21 can be assigned to the asymmetric a
symmetric stretching modes of the chiral CH3 group, respec-
tively.
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