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Polarized FTIR measurements have been made on four ferroelectric liquid crystal compounds
which have a large spontaneous polarization; two of them have a hydroxyl group that can
form a hydrogen bond. Particular attention was given to three C O stretching peaks: keto,
ester, and lactic acid. We found that the polar absorbance pattern and peak positions of the
keto C O group stretching vibration are clearly diŒerent in compounds with and without
the hydroxyl group. We have succeeded in interpreting these measurements by calculating
IR transition moment directions for the vibrational modes of several model compounds
using quantum chemical methods, including HF/6-311G SCF and B3LYP/6-31G(d) and
B3LYP/6-31G(d,f ) DFT calculations. Rotational bias was clearly observed even in the ester
C O group in the molecular core in the SmC* phase of the compound with a hydrogen bond.

1. Introduction is surprising, because it suggests that the orientational
Ferroelectric liquid crystals (FLCs) are characterized distribution of the molecules about the mean molecular

by their fast electro-optic response, with a response time long axis is extremely biased.
proportional to the viscosity and inversely proportional Such biased orientation was � rst proved experi-
to the spontaneous polarization, Ps . One of the goals of mentally by Kim et al. [2] using polarized FTIR. The
FLC materials development has been to obtain com- orientational distribution function of particular carbonyl
pounds with large Ps values. Synthetic chemists have groups on several other FLC compounds behaves
succeeded in obtaining compounds with Ps more than similarly [3–8]. In this paper, we apply this technique
two orders of magnitude larger than that of the � rst to FLC compounds with an alkanoyl group. The com-
FLC material, DOBAMBC. Among them, one of the pounds contain three C O groups, some of which are
compounds derived from lactic acid by Kobayashi et al. expected to contribute to the transverse dipole. We � nd
[1] has the largest known Ps of about 1 mC/cm2. This that the dependence of the absorbance on the incident
amounts to 70–80% of P0 , the Ps value calculated for polarization direction is diŒerent for the three C O
perfect orientational order of molecular dipoles. This groups. In particular, the keto C O absorption pro� le

shows marked diŒerences for compounds with and
without a hydrogen bond. We discuss the molecular*Author for correspondence; e-mail: gun@bly.colorado.edu
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28 J. Matsushima et al.

con� guration and the rotational bias based on the coated with polyimide (SP-550, Toray), and one of the
polarization dependence of IR absorption intensities of substrates was rubbed unidirectionally. The cell thick-
C O stretching vibrational bands. ness was held between 4.7 and 6.2 mm by using PET

� lms as spacers. The cell was placed in an oven whose
2. Experimental temperature was controlled within Ô 0.02 ß C. The align-

The FLC compounds studied are shown in � gure 1 ment quality was checked by polarizing optical micro-
with their phase sequences on cooling. All the com- scopy (POM) before and after the measurements.
pounds exhibit monotropic SmC* phases. The structures Polarized infrared absorption spectra were measured
are denoted as OH

m,n
or noOH

m,n
depending on the as a function of polarizer rotation angle using a JEOL

presence or absence of a hydroxyl group (OH) on the JIR-WINSPEC 50 system equipped with an MCT
phenyl ring and the length m ( 5 6 or 8) or n ( 5 2 or 6) detector. A wire-grid polarizer (Cambridge Physical
of the alkoxy and alkyl chains, respectively. These com- Science, IGP 227) was rotated about the axis of the
pounds possess three C O groups, i.e. keto, lactic acid IR beam.
and ester, the � rst two of which are linked to chiral At CU, homogeneously aligned samples were pre-
carbons and contribute to a large Ps . The absolute pared between CaF2 plates (also 2 mm thick) coated
values of Ps are 665, 440, 512 and 350 nC cm Õ 2 in the with 100 AÃ thick ITO, which are transparent in the range
descending order in which the compounds appear in l 5 0.13–12 mm. These plates were coated with 200 AÃ

� gure 1. thick nylon (elvamide), and one of the substrates was
FTIR measurements were performed independently at rubbed unidirectionally. The smectic phases were aligned

the Tokyo Institute of Technology (TIT) and at the into the bookshelf geometry, with the layers normal to
University of Colorado (CU). In the TIT experiments, the rubbing, and normal or nearly normal to the plates,
homogeneously aligned samples were prepared between the latter induced by � eld application or by slow cooling
two SrF2 plates (2 mm thick) coated with indium tin from the isotropic phase. The cell thickness was held
oxide (ITO), which are transparent in the visible and between 2 and 5mm using silica balls as spacers. The cells
infrared region (l 5 0.13–11 mm). These plates were were also placed in an oven with Ô 0.02 ß C temperature

control and the alignment quality was checked optically
before and after the measurements. Measurements were
made using a Bruker IFS66 spectrometer with MCT
and Si detectors.

The TIT and CU data sets were quantitatively con-
sistent and have been combined to produce the results
presented here.

3. Experimental results
3.1. FT IR measurements in SmA

Figure 2 sketches the experimental geometry and
shows FTIR absorption spectra for wave numbers in
the neighbourhood of 1600 cm Õ 1 for polarized light
parallel and perpendicular to the smectic layer normal,
in the SmA phase for the compounds NTT-OH8,6 and
NTT-noOH8,6 . The only clear diŒerence between the
two compounds appears in the peaks at 1635 cm Õ 1 in
NTT-OH8,6 and at 1683 cm Õ 1 in NTT-noOH8,6 , both
assigned to the keto C O stetching and mutually shifted

because of the presence or absence of the OH group.
This suggests that hydrogen bonding plays an important
role for the keto C O stretching band. The other
important peaks and their assignments are given in
table 1. As shown in � gure 2 and table 1, the three C O

stretching peaks and a phenyl C C stretching peak are
fairly well separated, so that the polarization dependence
of the IR absorption at these peaks can be accuratelyFigure 1. Structural formulae of the liquid crystal materials

used and their phase sequences on cooling. measured.
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29Rotational bias in large Ps
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Figure 2. IR absorption spectra of
NTT-OH8,6 and NTT-noOH8,6
for polarizations parallel and
perpendicular to the layer
normal in the SmA-phase. The
experimental geometry is also
shown.

Table 1. Main absorption peaks analysed in the present work. normal direction. Overlapped peaks were deconvoluted
into individual peaks and their absorbances measured.

Observed wave numbers/
The average C C stretching direction of the phenyl ringAssignment cmÕ 1
(ph) is parallel to the molecular long axis (the director)

Phenyl ring C C stretching 1604 [2] and the layer normal in the SmA phase. The
Keto C O group stretching 1635 (OH

m,n
), observed absorbance pro� les for each mode can be

1683 (noOH
m,n

) qualitatively understood in terms of b, the angle between
Ester C O group stretching 1741

its absorption dipole and the molecular long axis. If theLactic acid C O group stretching 1770
C O groups rotate freely about the molecular long axis,

the angular dependence of the C O peaks should be
symmetric with respect to the director [2, 3, 8]. This isFigure 3 shows the absorbance vs. polarizer rotation
in fact the case in the SmA phase. Under the conditionangle V in the SmA phase of the four compounds
of free rotation, Amax is at V 5 90 ß (0 ß ) for b > (<)bmagic ,without an electric � eld. The orientation V 5 0 ß corre-

sponds to incident polarization parallel to the layer where bmagic is the ‘magic angle’, b 5 54.7 ß , for which a
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30 J. Matsushima et al.

Figure 3. Absorbance vs. polarizer rotation angle for four representative stretching peaks in the SmA phase of (a) NTT-OH8,6 ,
(b) NTT-noOH8,6 , (c) NTT-OH6,2 and (d) NTT-noOH6,2 .

uniaxial distribution around the long axis appears iso- mum of the keto C O group stretching peak is at
V 5 90 ß , � gures 3 (b) and 3 (d ), while it is at V 5 0 ß intropic. Hence carbonyl stretching vibrations, with b in

the range b~60 ß , have Amax at V 5 90 ß . OH
m,n

, � gures 3 (a) and 3 (c).
The following features should be noted in � gure 3.

(1) The absorbance of the lactic acid C O group
(b~80 ß ) and the ester C O group stretching peaks is a 3.2. FT IR measurements in SmC*
maximum for V 5 90 ß , whereas it is a maximum at V 5 0ß We now discuss the changes in the IR polar absorb-
for the phenyl ring C C stretching peak, although the ance pattern induced by applying an electric � eld in the
anisotropy of the ester C O group (particularly of OH

m,n
) SmC* phase. Figures 4 (a) and 4 (b) show the absorbance

is very small. This feature is similar to that seen in other vs. polarizer rotation angle V in the SmC* phase (35.8 ß C)
ferroelectric and antiferroelectric (SmC*

A ) liquid crystals of NTT-OH8,6 in a d.c. electric � eld of 1 2.8 and
in the SmA and SmC*

A phases without an electric � eld Õ 2.8 V mm Õ 1, respectively. The corresponding pattern
in the SmA phase is shown in � gure 3 (a). In an electric[2, 4]. (2) In noOH

m,n
, the angular dependence maxi-
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Figure 4. Absorbance vs. polarizer rotation angle for four representative stretching peaks in the SmC* phase of NTT-OH8,6 in
electric � elds of (a) 1 2.8 and (b) Õ 2.8 V mm Õ 1. Phenyl ring (closed circle), keto (closed square), ester (open square), and lactic
acid (open circle) C O stretching.

� eld, the average (ph) C C stretching direction rotates C C stretching clearly indicates the biased rotation of
the C O groups around the molecular long axis [2, 4, 8].from the layer normal by an angle d de� ned in � gure 4

comparable to the mean tilt of the molecular long
axis h~30 ß . 3.3. Smectic layer thickness

X-ray diŒraction was used to probe the temperatureThe angular dependence of the keto C O group is
almost symmetric with respect to the director (given by dependence of the layer thickness d (AÃ ) in the four com-

pounds, with the results shown in � gure 5. The spacingsthe symmetry axis of the phenyl absorption pro� le). In
contrast, the maximum absorption of the lactic acid of compounds NTT-OH8,6 and NTT-noOH8,6 clearly

exhibit a jump at the SmA–SmC* phase transition tem-C O stretching is shifted slightly from the direction
perpendicular to that of the (ph) C C symmetry axis. perature, indicating a � rst order SmA–SmC* transition.

The compound NTT-OH6,2 has a wide SmA temper-The maximum absorption of the ester C O stretch-
ing scarcely rotates upon � eld application, though the ature range and shows a second order transition to

the SmC* phase. The SmA–SmC* transition was notangular anisotropy increases slightly. Such asymmetric
polarization angle dependence with respect to the (ph) actually observed in NTT-OH6,2 .

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



32 J. Matsushima et al.

all-trans-con� gurations for NTT-OH6,2 and NTT-noOH6,2 .
However, the measured layer thicknesses of NTT-OH8,6
and NTT-noOH8,6 are considerably shorter than the
lengths calculated with our all-trans-con� guration,
strongly suggesting that NTT-OH8,6 and NTT-noOH8,6
have some sort of bent con� gurations.

4. Discussion
4.1. Analysis using conventional methods [2, 3, 4]

As we have shown above, the compounds OH
m,n

and
no-OH

m,n
exhibit IR absorbance characteristics which

depend signi� cantly on the presence of OH, but depend
little on chain length. On the other hand, the layer
thicknesses obtained in the X-ray diŒraction measure-
ments depend on the presence or absence of the OH
group, and are very diŒerent for compounds with diŒerent
chain lengths. Therefore, we cannot make a straight-
forward interpretation about the IR absorption charac-
teristics based on the X-ray experiments . We will therefore
� rst analyse the polarized IR data to obtain the mean
directions of the C O stretching vibration transition
moments and their order parameters. Then, we will show
how the diŒerences in the molecular conformation and
hence in the direction of the transient moments aŒect
the polar absorption patterns in the compounds OH

m,n
and noOH

m,n
.

Figure 5. Smectic layer thicknesses d (AÃ ) vs. temperature (ß C). Figure 6 de� nes the laboratory (X, Y , Z ) and molecular
NTT-OH8,6 (open circle), NTT-noOH8,6 (closed circle),

(x, y, z) coordinate systems. We de� ne the angle h as theNTT-OH6,2 (open square) and NTT-noOH6,2 (closed
molecular tilt angle from the layer normal (Z-axis), b assquare) compounds. In NTT-OH8,6 , NTT-noOH8,6 , and

NTT-noOH6,2 there is a layer thickness change at the the angle between the transition moment of the C O
SmA–SmC* phase transition, but in NTT-OH6,2 there is bond and the molecular long axis (z-axis), and Y as the
no layer thickness change at this phase transition. angle between the tilt plane (Z-X) and the projection

Another remarkable feature is that the layer thick-
nesses of NTT-noOH8,6 and NTT-noOH6,2 are much
larger than those of NTT-OH8,6 and NTT-OH6,2 ,
respectively. Since the molecular structures of OH

m,n
and noOH

m,n
diŒer only by the presence or absence of

OH, this suggests that they have diŒerent local con-
� gurations. Table 2 shows the experimentally measured
layer thickness in the SmA phase and the molecular
length calculated assuming an all-trans-con� guration.
It is clear that the layer thicknesses in the SmA phase
are nearly the same as the lengths of the molecules with

Figure 6. Coordinate systems: (X, Y , Z ) de� nes the � xedTable 2. The layer thickness in the SmA phase of OHm,n and
laboratory frame, with Z taken as the layer normal andnoOH

m,n
, along with the calculated molecular length of

X the propagation direction of the incident light; (x, y, z)each all-trans-con� guration.
de� nes the molecular frame, where z is the molecular long
axis. We de� ne b as the angle between the transitionCompound Exp.(SmA)/AÃ Calc.(all-trans)/AÃ
moment of the C O bond and the molecular long axis
(z-axis), and Y as the angle between the tilt plane (Z-X)NTT-OH8,6 31.5 38
and the projection of the transition moment onto the planeNTT-noOH8,6 32.6 38
perpendicular to the molecular long axis. Orientations tNTT-OH6,2 29.1 31
and b occur with equal probability because of the twoNTT-noOH6,2 30.4 31
fold axis of symmetry along y.
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of the transition moment onto the plane perpendicular
to the molecular long axis. To calculate the transition
moment direction (b), we can use the normalized
absorbance anisotropy D de� ned as,

D ;
A

d
Õ A)

A
d
1 2A

)

(1 )

where A
d

and A) are the absorbances for V 5 0 ß and
V 5 90 ß , respectively. In the SmA phase, where molecules
rotate freely about their long axes, the absorbance (A)
and order parameter (S) are related by [4]

A(b, V) 5 Õ log (10 Õ Ad cos2 V 1 10 Õ A) sin2 V) (2 )

S 5 7 P2 (h) 8 5
3 7 cos2 h 8 Õ 1

2
5

2D
3 Õ D

(3 )

where h is an angle between the director and the
molecular long axis,

A
d

5 k(cos2 b 7 cos2 h 8 1 sin2 b 7 sin2 h 8 /2) (4 )

Figure 7. Calculated normalized absorbance anisotropy D asA
) 5 k(cos2 b 7 sin2 h 8 1 sin2 b 7 cos2 h 8 /2 1 sin2 b/2)/2

a function of the angle b between transition moment and
(5 ) molecular long axis in the SmA phase with S 5 0.7, b 5 0ß ,

S 5 0.4, b 5 22 ß and S 5 0.03, b 5 45 ß .
and k is a constant of proportionality . Substituting
equations (4) and (5) into (1) we can calculate D vs. b
in the SmA phase. Examples with various values of 1590 cm Õ 1 which are hardly seen in noOH

m,n
appear in

OH
m,n

. The origin of these two peaks was initially notS 5 0.7, 0.4 and 0.03 are shown in � gure 7. Table 3
summarizes ratios (D) and order parameters for three understood. As we will show below, these are carbonyl

and phenyl peaks shifted by hydrogen bonding.C O stretching peaks. IR data show that the dichroic
ratios and the carbonyl transition moment orientations Moreover, if we estimate the order parameter (Sph 1520 )

using a peak (1520 cm Õ 1 ) which is related to a C Cdo not change much between the 6, 2 and 8, 6 tail
lengths. Since the X-ray data indicate that the molecules stretching and has a large positive dichroic ratio, the

diŒerence in Sph 1520 of OH
m,n

and noOH
m,n

is actuallyare bent, this must mean that the bend is not in the core
region, but more likely where the tails join the core. smaller than that of Sph 1604 .

Let us now estimate the transition moment directionSph 1604 is computed from the observed dichroic ratio of
the phenyl ring stretching (1604 cm Õ 1 ). We should note (b) of the three C O stretching modes by comparing

the experimental dichroic ratio in the SmA phasehowever that Sph 1604 for OH
m,n

is smaller than that for
noOH

m,n
and that the value of about 0.4 for OH

m,n
is (table 3 ) with � gure 7, where the dichroic ratios are

calculated for respective values of S. The b values forrather small, compared with the value of more than 0.5
for noOH

m,n
. A possible explanation of this small order the keto, ester and lactic C O stretching directions are

shown in table 4, where the results using Sph 1604 , Sph 1520parameter is the overlapping of some peaks with negative
D at 1604 cm Õ 1 due to the existence of the hydrogen (table 3) and S 5 1 are shown. For the OH

m,n
com-

pounds, we do not use the order parameter (S) obtainedbond. Actually, two additional peaks at 1635 and

Table 3. Normalized absorbance anisotropy D, and order parameter, S, of the three C O groups at diŒerent T . The two order
parameters, Sph 1604 and Sph 1520 , specify the values determined using 1604 and 1520 cmÕ 1 absorption peaks, respectively.

Compound Temp./ß C Sph 1604 Sph 1520 D (keto) D(ester) D ( lactic)

NTT-OH8,6 43.0 0.42 0.55 0.37 Õ 0.06 Õ 0.62
NTT-noOH8,6 69.5 0.56 0.61 Õ 0.21 Õ 0.1 Õ 0.64
NTT-OH6,2 57.0 0.31 0.50 0.28 Õ 0.10 Õ 0.62
NTT-OH6,2 55.0 0.33 0.54 0.29 Õ 0.12 Õ 0.64
NTT-noOH6,2 90.0 0.51 0.62 Õ 0.23 Õ 0.18 Õ 0.69
NTT-noOH6,2 60.0 0.55 0.68 Õ 0.25 Õ 0.21 Õ 0.75
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34 J. Matsushima et al.

Table 4. b values of the three C O groups obtained using Sph 1604 , Sph 1520 and S 5 1.

Compound b(keto)/ ß b(ester)/ ß b( lactic) b(keto)/ ß b(ester)/ ß b( lactic) b(keto)/ ß b(ester)/ ß b( lactic)/ ß
using Sph 1604 using Sph 1520 using S 5 1

NTT-OH8,6 28.4 58.9 Over 35.1 57.9 Over 44.0 56.5 71.0
NTT-noOH8,6 68.1 63.2 Over 65.6 61.7 Over 61.2 59.0 72.5
NTT-OH6,2 28.4 63.4 Over 38.8 60.0 Over 46.6 57.3 71.2
NTT-noOH6,2 67.5 65.0 Over 64.8 62.9 Over 61.4 60.2 75.0

Table 5. Experimental and calculated IR absorption peaksfrom the phenyl ring stretching (1604 cm Õ 1 ) to obtain
for keto with and without hydrogen bonding, ester andb values because this stretching is not parallel to the
lactic carbonyl groups. The vibrational frequencies and

molecular long axis (b Þ 0) as will be discussed in transition moment directions were calculated using Density
the next section, but we have to use the order parameter Functional Theory (DFT) with the Becke’s three-parameter

exchange functional and the gradient-corrected functionobtained from other phenyl ring stretching (1520 cm Õ 1 ).
(B3-LYP DFT) with the 6-31G(d) basis set.According to the results using Sph 1520 , b of the keto

C O stretching in OH
m,n

is estimated to be small
Carbonyl group Experimental/cmÕ 1 Calculated/cmÕ 1

(b~35 ß –40 ß ) compared with that in noOH
m,n

(b~65 ß ),
while for the ester C O stretching these are almost the Keto 1680 1690

H-bonded keto 1636 1635same (b~60 ß –63 ß for OH
m,n

, and noOH
m,n

).
Ester 1736 1739
Lactic 1770 17634.2. EVect of hydrogen bonding on the direction of the

transition moment
As mentioned above, we have observed an unusual

absorbance pro� le for the keto C O stretching in materials However, for the keto C O with an intramolecular
hydrogen-bonded OH, the calculated frequency of thewhere the phenyl has an OH: maximum absorbance

occurs for V 5 0 ß in the SmA phase, and the presence C O stretching is reduced to 1636 from 1680 cm Õ 1 and
the calculated direction of the transition moment of theof the OH reduces the phenyl order parameter by 10%

(NTT-OH8,6 and NTT-noOH8,6 ) and 20% (NTT-OH6,2 keto C O is rotated by ~35 ß from the bond direction
connecting C and O atoms toward the molecular longand NTT-noOH6,2 ).

To interpret this unusual behaviour and the low dichroic axis as shown in � gure 8 (b). In this case, the resultant
transition moment direction of the keto C O stretchingratio of the phenyl ring stretching in OH-containing

compounds quantitatively , we allow the direction of the is b 5 25 ß from the molecular long axis instead of along
the C O bond direction (b 5 60 ß ). Any value of b < 54.7 ßtransition moment to be changed by the introduction

of hydrogen bonding in our model. The calculation gives a maximum absorbance in the SmA phase, when
the incident light is polarized parallel to the smecticmethod is based on quantum chemical methods which

have been widely applied to the electronic structure of layer normal, and b 5 25 ß gives an order parameter of
0.4. It is generally accepted [11] that due to hydrogen-in� nitely extended solids. We use Hartree–Fock (HF)

and Density Functional Theory (DFT) with Becke’s bonding, not only are the frequencies reduced, but also
the transition moment direction associated with thethree-parameter exchange functional and the gradient-

corrected functional of Lee, Yang and Parr (B3-LYP vibrational mode of the C O rotates towards the direction
of the hydrogen bond because the vibration is con� nedDFT) [9] for geometry optimization and for the IR

vibrational frequency of transition moment calculations to an oscillation of the hydrogen atom in the bond
direction and the associated transition moment directionfor the keto carbonyl with and without hydroxyl on the

phenyl ring. All quantum mechanical calculation employed will be almost parallel to it. The changes of polarized
absorbance pro� les due to hydrogen-bonding, andthe standard 6-31G(d) and standard 6-31G(d,f ) basis

sets and were performed using the GAUSSIAN94/DFT inter- and intra-molecular interactions in ferroelectric
liquid crystal cells will be discussed experimentally andprogram [10]. Table 5 compares the experimental and

the calculated wave numbers, which agree well. theoretically elsewhere [12].
For the case of phenyl stretching without a hydrogen-For the case of the keto C O without hydrogen-

bonded OH, the calculated direction of the transition bonded OH, the calculated direction for the transition
moment of the phenyl group is slightly rotated awaymoment obtained from atomic vibrational displacements

and charges is slightly rotated from the direction of the from the molecular long axis (b~6 ß ). However, the
lower phenyl dichroic ratio of the compounds withmolecular bond axis (b~67 ß ) as shown in � gure 8 (a).
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Figure 8. Calculated directions of
the transition moments of phenyl
and keto C O stretching:
(a) without, (b) with hydrogen-
bonded OH.

hydrogen-bonded OH is also caused by the fact that
the phenyl absorption dipole of the phenyl containing the
OH group is rotated, according to our calculations, by
b 5 45 ß away from the molecular long axis. An assump-
tion that the observed 1604 cm Õ 1 phenyl stretching peak
is a composite of the biphenyl moiety with S 5 0.7
(b 5 0 ß ) and correspondingly high dichroism, and the
phenyl ring containing OH with S 5 0.03 (b 5 45 ß ) and
low dichroism, reproduces the experimentally observed
polar absorption pattern with intermediate dichroism as
shown in � gure 9. The unusual results described above
can thus be ascribed to the change in the direction of
the transition moment resulting from the C O … H O
hydrogen bonding. The layer thickness of the long
alkyl chain compounds (NTT-OH8,6 and NTT-noOH8,6 )
measured by X-ray diŒraction are much smaller than
the estimated thickness assuming all-trans-molecules,
suggesting that the molecules are bent, while the layer
spacings of NTT-OH6,2 and NTT-noOH6,2 agree with
those of all-trans-molecules.

Figure 9. Experimentally observed polar absorption patternThus the IR dichroism results show that the 8, 6
( ) with intermediate dichroism for the 1604 cmÕ 1 phenylmaterials are bent, and the bend is not in the core, since,
stretching peak � tted (solid) with a composite of the

apart from hydrogen-bonding eŒects, the dichroic ratios biphenyl ( long dashes) with S 5 0.7 (b 5 0 ß ) and a corres-
are nearly the same for the 6, 2 and 8, 6 compounds. pondingly high dichroism, and the phenyl containing OH

(short dashes) with S 5 0.03 (b 5 45 ß ) and a low dichroism.Gaussian94 calculations of low energy conformations

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



36 J. Matsushima et al.

indicate that the bend is in the tails, near where they A
Y

5 k(cos2 b 7 sin2 h 8
join the core. Speci� cally, it is found [13] that the � rst

1 2 sin b cos b 7 sin h cos h 8 7 sin y 8
two bonds in the tail (O C C* C and O C C* O
bonds tend to be gauche in the lowest energy con- 1 sin2 b 7 cos2 h 8 7 sin2 y 8 )
formations, leading to an almost 90 ß bend there in the

A
YZ

5 k[ 7 sin h cos h 8 (cos2 b Õ sin2 b 7 sin2 y 8 )
molecules) provide bent conformations in much the same
fashion as is found for the O C O C* C methyl oxy 1 sin b cos b( 7 cos2 h 8 Õ 7 sin2 h 8 ) 7 sin y 8 ].
tail of MHPOBC [14]. This kind of tail bend can clearly

(11)
account for the reduced length of the 8, 6 homologues.

The diŒerence between V ¾max of the C O stretching in
the SmA and SmC* phases, DV ¾max , is about 0 ß , Õ 26 ß

4.3. Orientational bias in SmC*
and Õ 4ß for the keto, ester and lactic acid C O groups,

In the SmC* phase, as a result of the lack of mirror
respectively. The tilt angle d from the layer normal

symmetry, the most probable orientation of the C O direction is given by
group is Y 5 Y0 Þ 0 ß . It should be noted that the
overall C O group orientational distribution is symmetric

d 5
1
2

tan Õ 1 A 2A
YZ

A
Z
Õ A

Y
B (12)

under the operation Y � Õ Y (� gure 6), because of the
head-and-tai l equivalence of the molecular orientation.

where A
Y
, A

Z
, A

YZ
are functions of 7 sin y 8 given byTherefore, the azimuthal distribution function of the

equation (11).carbonyl group about the molecular axis in the biased
Figures 10 and 11 show d for the ester C O grouprotational motion may be described [2] by

(b 5 57.9 ß ) and lactic C O group (b 5 79.9 ß ) as a function
of the orientational bias factor 7 sin y 8 5 a sin Y0 . Heref (Y ) 5 ft (Y ) 1 fb (Y ) 5 ft (Y ) 1 ft (Õ Y)
we assumed that b in SmC* is the same as that in SmA.
Comparing these calculated curves with the experi-5 A 1

2pB {2 1 a[sin(Y Õ Y0 ) 1 sin (Y 1 Y0 )]}. (6 )
mental tilt angles, we obtain 7 sin y 8 5 0.34 and 0.11 for
the ester and lactic acid C O groups, respectively. The

Here a is the degree of bias and the subscripts t and b ester carbonyl value is unexpectedly large, implying
stand for the two molecular orientations related by a p an important contribution to the high observed Ps of
rotation about y, respectively, as illustrated in � gure 6; NTT-OH8,6 .
we have kept only the lowest order sinusoid in the
Fourier expansion in Y Õ Y0 . In general the absorbance
vs. polarizer rotation angle, A(V ¾ ), is given by

A(b, V ¾ ) 5 Õ log (10 Õ Ad cos2 V ¾ 1 10 Õ A) sin2 V ¾ ) (7 )

where V ¾ 5 V Õ d, A
d

5 k 7 P2
d

8 , A
) 5 k 7 P2

) 8 and d is the
tilt angle determined as half the diŒerence between Vmax
of the phenyl stretching in the SmC* phase under
positive and negative voltages. The relations between
the absorbances A

d
and A

)
in the molecular frame and

the absorbances A
Z
, A

Y
and A

YZ
in the � xed laboratory

frame are as follows:

A
Z

5 A
d

cos2 d 1 A) sin2 d (8 )

A
Y

5 A
d

sin2 d 1 A
)

cos2 d (9 )

A
YZ

5 sin d cos d(A
d
Õ A) ) (10)

where A
Z
, A

Y
and A

YZ
are related to the rotational

reorientation distribution function obtained before [4]

Figure 10. Calculated tilt angle d of the ester C O (b 5 57.9 ß )A
Z

5 k(cos2 b 7 cos2 h 8
absorption pro� le from the layer direction as a function
of the bias factor 7 sin y 8 in NTT-OH8,6 . The absence ofÕ 2 sin b cos b 7 sin h cos h 8 7 sin y 8
reorientation of the pro� le with � eld reversal (d~0)
implies a strong orientational bias ( 7 sin y 8 5 0.34).1 sin2 b 7 sin2 h 8 7 sin2 y 8 )
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a signi� cant degree of biased orientation of the ester
C O groups about the molecular long axes.
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