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Molecular orientational properties of a high-tilt chiral smectic liquid crystal determined
from its infrared dichroism
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The orientational characterisitics and the temperature dependencies of the molecular apparent tilt angle
of a partly fluorinated chiral smectic liquid crystal 共/S/兲-4-共1-methylheptyloxycarbonyl兲phenyl
4⬘-关6-共3,4,4,4-tetrafluoro-3-trifluoromethylbutylcarbonyloxy兲hexyloxy兴 biphenyl-4-carboxylate 共acronym MHPHFHHOBC兲 are studied using the polarized Fourier transform infrared 共FTIR兲 spectroscopy. The molecular
orientational distributions and the orientational order parameters for a homogeneously aligned liquid crystalline
sample at various temperatures and external electric fields are examined. The analysis uses the dichroic
parameters of the phenyl and the carbonyl bands. For a temperature range of 65– 80 ° C corresponding to the
antiferroelectric SmCA* phase, the molecular apparent tilt angle lies within the range 43°–44°; antiferroelectric
smectic structure being rather close to the orthoconic SmCA* phase. An application of sufficiently high dc field
across the cell in its SmA* phase surprisingly shows that the dichroism first increases slowly and then rapidly
in two stages and finally a saturated apparent tilt angle of ⬃30° is reached. The IR dichroic data is used to
estimate the polar angles and the degree of rotational biasing of the carbonyl groups with respect to the
molecular long axis. In the SmA* phase, the sample appears to demonstrate some of the typical properties of
a de Vries material.
DOI: 10.1103/PhysRevE.76.051707

PACS number共s兲: 42.70.Df, 61.30.Gd, 77.80.⫺e, 78.30.⫺j

I. INTRODUCTION

An increasing interest in the antiferroelectric liquid crystals 共AFLCs兲 with large molecular apparent tilt angles is related to their potential use in optical high-contrast transmission devices in displays and photonic devices by employing
the surface-stabilized smectic-CA* 共SmCA*兲 phase in the anticlinic state for the dark state and the field-induced SmC* as
the bright state 关1–10兴. The compounds where the tilt angle
in their SmCA* phase is 45° are called “orthoconic” AFLC
materials since the smectic-tilt cone angle becomes 90°. For
this case, an ideal surface-stabilized liquid crystalline cell in
SmCA* has its optical axis perpendicular to the windows of
the cell in an unswitched state at zero field as the refractive
index ellipsoid in the plane normal to this axis becomes a
circle. In such a case, the transmittance through the cell between the crossed polarizers is zero, and furthermore it is
almost independent of the quality of alignment of the liquid
crystalline layer in the cell. The polarizer position is adjusted
to make the field-induced smectic-C* 共SmC*兲 state as the
bright state. This offers the advantage of a high quality, repeatable, and reliable performance of the planar cells between the “off” and “on” states. This is extremely important
for the design of high-contrast LC devices that use this effect. Since the helical pitch of these materials is rather short
and does not normally exceed 0.5 m at present, the cell
thickness is restricted to be less than 1 m to obtaining a
surface stabilized structure 关1–9兴. This condition puts considerably higher technological constraints on the manufacture of
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cells with such lower cell spacings. The problem can be
overcome by the synthesis of newer types of orthoconic
AFLC materials or suitable mixtures with longer helical
pitches such that the cells with larger cell thicknesses can be
used. This poses significant new challenges to the synthetic
chemists to synthesize AFLC compounds and their mixtures
with a tilt angle of 45° and with a macroscopic helical pitch
of a few m.
The apparent tilt angle between the optic axis and the
smectic layer normal of ⬃45° has been reported for AFLC
compounds and their mixtures where the achiral tails are
fluorinated 关1–11兴 and in some cases where the core is also
fluorinated 关11兴. The other method is to have the siloxane
based monomers 关12,13兴 and dimeric compounds 关14兴. Recently several new de Vries ferroelectric multicomponent
mixtures based on a new Ge-containing high-tilt AFLC material have been reported to have a tilt angle of ⬃45° over a
rather wide temperature range of 20 to 90 ° C 关10兴. The reason why the optical tilt angle in such AFLC materials is
unusually high is not yet known exactly. It is reasonable to
suggest that a combination of a large tilt of the fluorinated
achiral chains and of the biasing of the tilt director fluctuations in LC compounds may possibly be the reasons for a
large optical tilt in SmCA* phase of such compounds. An
extremely bent molecular configuration is also important in
this consideration.
Some basic properties of de Vries SmA* of LC compounds with bent-shaped molecules containing bulky side
molecular fragments have been studied using optical polarized microscopy, polarized infrared spectroscopy, and birefringence measurements 关15–18兴. The absorption anisotropy
of the characteristic bands of the molecular fragments in a
liquid crystalline molecule which is dependent on the relative orientation of their transition moments, biasing of the
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molecular rotational distributions and the molecular alignment can yield useful information about the molecular arrangement in a liquid crystalline phase. Dependencies of the
orientational order parameter of the biphenyl C-C stretching
vibrations, for which the transition moments make rather
small polar angles with the molecular long axis, on temperature and the electric field applied across the sample, yield
information about the extent of the order in a phase. The
molecular long axis is defined as the axis about which the
moment of inertia is minimum. The orientational distribution
functions of the molecular fragments, especially those of the
carbonyl group attached close to the chiral carbon, may yield
information about the polar order as well as the quadrupolar
ordering 关19–29兴 of the short axes. The average molecular
tilt angle found using IR anisotropy in principle can be different from that found using x-ray scattering and the optical
microscopic methods since different methods probe different
physical entities.
In this paper polarized Fourier transform infrared 共FTIR兲
spectroscopy is used to study the orientational behavior of a
liquid crystal compound that exhibits two interesting structural properties: 共i兲 a rather large molecular optical apparent
tilt angle 共⬃44° 兲 in its SmCA* phase and 共ii兲 a comparatively large molecular optical apparent tilt angle 共⬃30° 兲 for
the field-induced synclinic structure in the temperature range
corresponding to SmA* at zero field. The results on the thickness measurements obtained using x-ray diffraction given in
Sec. II suggest this material to be partially de Vries with the

molecules tilted with a narrow distribution of tilt angle in
SmA* with respect to the smectic layer normal but the molecules azimuthally randomly distributed. The spatial length
within which the azimuthal directions are correlated lies in
the subvisible region.
The orientational distributions of the molecular director
and of some polar groups are determined from the analysis
of the dichroic parameters of several characteristic IR absorption bands in a homogeneously aligned LC sample at
various temperatures and external electric fields. The homogeneity and the phase state of the LC sample are examined
using polarized optical microscopy. The temperature dependence of the average molecular apparent tilt angle is determined from the voltage dependent anisotropy of the highdichroic phenyl vibrational bands. The dichroic data for the
phenyl and the carbonyl bands for the field-induced synclinic
structures are used to determine some parameters of the biasing in the rotational orientational distributions of the carbonyl and the phenyl groups with respect to the molecular
long axes for the various smectic phases. The role of the
molecular structure on the biasing of the rotational distributions, and on the orientational order parameter and on the
large optical tilt angle, is discussed.

II. EXPERIMENT

A chiral smectic liquid crystal

共/S/兲 – 4 – 共1 – methylheptyloxycarbonylphenyl – 4⬘–
关6 – 共3,4,4,4 – tetrafluoromethylbutylcarbonyloxy兲hexyloxy兲兴 biphenyl – 4 – carboxylate

共acronym MHPHFHHOBC, lab name AH43兲 with a partly
fluorinated achiral tail is studied. The structural formula of
the compound is shown in Fig. 1共a兲. The phase sequences
under cooling obtained using differential scanning calorimetry 共DSC兲 in the bulk of the compound: Iso. 129.3 ° C
SmA* 123.5 ° C SmC* 116.3 ° C SmCA* 57.7 ° C Cryst.; and
Iso. 125.3 ° C SmA* 120.2 ° C SmC* 115 ° C SmCA*
57.5 ° C Cryst. using polarized optical microscopy and IR
spectroscopy for a homogeneousely aligned sample of the
compound in a cell of 6 m thickness. For a thin layer of
this compound, the temperatures of the phase transitions are
found to be ⬃3 to 4 ° C lower than for the bulk determined
using DSC. SmA* to SmC* transition is found to be first
order using DSC with an enthalpy of 1.201 kJ mol−1. The
studied material in its unwound SmC* structure is found to
exhibit a rather large spontaneous polarization PS
= 180 nC/ cm2.
Figure 2 shows the results on the smectic layer thickness
of the compound obtained using x-ray diffraction technique.
The layer thickness in the material is found to be almost
constant over the temperature range of SmCA*, whereas over
the temperature range of the SmA* and SmC* phases the
relative change in the thickness is less than 6%, including a

⬃2% change at 123.5 ° C, corresponding to the phase transition SmA*-SmC*. This change is substantially less than
relative changes of ⬃30% and 13% that could be expected

FIG. 1. 共Color online兲 The structural formula of MHPHFHHOBC 共a兲. The phase sequences under cooling obtained using DSC
in the bulk of the compound: Iso. 129.3 ° C SmA* 123.5 ° C SmC*
116.3 ° C SmCA* 57.7 ° C Cryst.; and Iso. 125.3 ° C SmA*
120.2 ° C SmC* 115 ° C SmCA* 57.5 ° C crystal, by using polarized
optical microscopy and IR spectroscopy for a homogeneousely
aligned sample of the compound in a cell of 6 m thickness. The
ball and stick structural model obtained for its single molecule using MOPAC procedure 共b兲.
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( C)
FIG. 2. The temperature dependence of the layer spacing of
MHPHFHHOBC using x-ray scattering.

for tilt angles of 45° and 30° if the molecule is assumed to be
a rigid rod of a fixed length in SmA* phase. This may suggest that the material is at least partially de Vries, where the
in-layers directors are tilted in the SmA* phase with a narrow
distribution of tilt angle with a certain azimuthal angle within
a correlation length of several nm but the molecules within
the same narrow tilt angle distribution are azimuthally randomly distributed away from it. In a perfect de Vries material, the typical layer shrinkage is of the order of 1% 关30兴.
Optical measurements were carried out using a planar
sandwich-type LC cell consisting of two optically polished
CaF2 substrates mounted at a gap of 2 m thickness. The
cell was filled with a LC material in its isotropic phase. Each
substrate of 2 mm thickness and dimensions of 25⫻ 12 mm
coated initially with a thin layer of indium tin oxide 共ITO兲
was spin coated with a thin aligning layer of Nylon 6,6. One
of the two substrates was rubbed in a direction parallel to the
long side of the substrate so as to be sure of the direction of
rubbing. Rubbing of only one substrate gives a better uniformity in the alignment of the LC layer than when both substrates are rubbed due to the surface electroclinic effect. The
cell gap thickness was set using Mylar film stripes. The LC
sample was homogeneousely aligned on the substrates during slow cooling from the isotropic phase. Figure 3 shows
the orientations of the rubbing direction 共vector R兲, the
smectic layer normal 共vector K兲, and the electric vector of
polarized IR radiation 共EIR兲 in the coordinate system
共XC , Y C , ZC兲 fixed to the LC cell. A hot stage in to which a
LC cell was inserted was mounted in a sample compartment
of the spectrometer. The laboratory coordinate system related
to the spectrometer was chosen to coincide with the frame
共XC , Y C , ZC兲. The second coordinate system 共X , Y , Z兲 shown
in Fig. 3 is introduced to take into account the finite angular
shift 共angle  ⬇ 12°兲 of the smectic layer normal with respect
to the rubbing direction of the substrate for the reasons that
will be obvious later.
The polarized spectra in the wave number 共兲 range
1000– 4000 cm−1 were measured using a Bio-Rad 共Digilab兲
FTS-6000A spectrometer with a Mercury Cadmium Telluride
共MCT兲 detector, a wire-grid polarizer, and a hot stage for the
LC cell. A controlled temperature stability within ±0.1 ° C
for the cell over a wide range of temperatures was achieved.

FIG. 3. A schematic illustration of the orientations of the smectic layer normal and the IR radiation polarization direction with
respect to the rubbing direction for a cell substrate. The frame
共XC , Y C , ZC兲 is related to the LC cell: XC axis is normal to the cell
substrates and lies along the IR propagation direction and the electric field, ZC axis is parallel to the rubbing direction 共vector R兲. The
frame 共X , Y , Z兲 is related to the smectic layers: X axis is parallel to
XC axis, the Z axis is parallel to the smectic layer normal 共vector K兲
found from the IR dichroic data in SmA*. ⍀C and ⍀ are the angles
between the electric vector EIR of polarized IR radiation and the
axes ZC and Z, respectively.

A transmission method at the normal incidence of IR radiation to the cell substrates was used. A signal-to-noise ratio
S / N ⬎ 2000 was obtained after averaging of 16 scans for a
spectral resolution 2 cm−1. Spectra were recorded for various
temperatures corresponding to the SmA*, SmC*, and SmCA*
phases of the sample. The orientation of the smectic layer
normal 共vector K in Fig. 3兲 with respect to the rubbing direction 共vector R兲 was characterized by a finite angle ⍀C共兲
=  ⬇ 12° corresponding to the maximal absorbance for the
high dichroic phenyl absorption band at 1525 cm−1 for the
sample in SmA* phase for the temperature range of
120.5– 122.5 ° C and zero external field. The respective polarization angle ⍀ described in the captions to Figs. 3 and 4
was determined from the equation ⍀ = ⍀C − .
Spectra were recorded as a function of the dc bias voltages 共UDC兲 applied across the cell from zero to sufficiently
large 共of both polarities兲 so to totally unwind the helical
structure at a given temperature. For each bias voltage, the
absorption spectra were recorded for a set of the polarizer
rotation angles ⍀C in the range 0°–180° in steps of 10°. The
angular step ⌬⍀C of 6° was also used for some spectral
measurements to obtain a higher accuracy in the determination of the dichroic parameters of bands. In order to determine the peak positions, intensities, and the widths of the
absorption bands, standard peak-fitting software programs
GRAMS and ORIGIN 7.5 were used. The studied absorption
bands of the material are listed in Table I.
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TABLE I. Assignments for several absorption bands in the IR spectrum of MHPHFHHOBC in accordance with Refs. 关32,34,44兴.
Band
共cm−1兲
1525
1603
1715
1741

2862
2937

Groups

Type of vibrations

Aromatic rings C6H4 for the phenyl
and biphenyl fragments
Aromatic rings C6H4 for the phenyl
and biphenyl fragments
C v O 共near the chiral center兲
C v O 共in the core part兲
C = O 共in the achiral tail兲
共two overlapping bands兲
CH2
CH2

C-C stretchings combined
with C-C-H deformations
C-C stretchings combined
with C-C-H deformations
stretchings
stretchings
stretchings

III. THEORETICAL CONSIDERATION
A. Molecular structure

The ball-and-stick model of the molecular structure of the
compound obtained using the energy minimization technique
Molecular Orbital Package 共MOPAC兲 is shown in Fig. 1共b兲.
This conformation corresponds to a single molecule in the
absence of any intermolecular interactions. The shape of the
molecule is rather bent. The axes of the terminal chiral and
achiral tails make polar angles of ⬃65° and ⬃25° with the
average core axis. The latter refers to the average axis of the
core containing the biphenyl and the phenyl rings. The central core is bent due to the ester linkage in between the biphenyl and the phenyl segments of the molecule. The paraaxes of the phenyl and the biphenyl fragments are not
parallel to each other: the angle between these two axes is
⬃15°. Both of these para-axes make angles of the order of
10°–20° with the molecular long axis. For the biphenyl, there
is an angle of ⬃30° between the aromatic rings. The plane of
the phenyl fragment is twisted by ⬃60° with respect to the
nearest aromatic ring of the biphenyl fragment.
It is important to note that this model is only an approximation to the real molecular structure in a liquid crystalline
phase. The twisting of the biphenyl fragment in a chiral liquid crystalline compound was found to decrease with a reduction in temperature using Raman spectroscopy 关33兴.
However, the structure of the solid crystalline biphenyl in
general is known to be planar 关20,33兴. Presumably a more
planar 共less twisted兲 structure of the biphenyl fragment of the
entire aromatic core part of a molecule is more favorable for
the interaction of  electrons of the aromatic rings in the
neighboring molecules in a LC phase. The intermolecular
interactions for the LC state are strong enough to influence
the structural and the phase behavior of the materials.
An important molecular structural property of the compound MHPHFHHOBC is the presence of a terminal fragment CF共CF3兲2 and an ester linkage in the achiral tail. Seven
heavy fluorine atoms at the end of the achiral tail significantly influence the position of the mass center and the orientation of the long molecular axis in a molecule, and these
in turn influence the polar angles ␤ of the transition moments

symmetric stretchings
asymmetric stretchings

Relative
dichroism
high
high
low
very low

very low
very low

of the IR active vibrations. In comparison to a nonfluorinated
molecule, the mass center is slightly shifted towards the
achiral tail, the polar angles for the axes of the achiral tail,
and the core part with respect to the molecular long axis are
expected to be lower and higher by several degrees, respectively. The transition moments of both phenyl bands at 1603
and 1525 cm−1 共corresponding to a combination of the localized C-C stretching vibrations and the C-C-H deformations兲,
make relatively small angles with the para-axis of a respective phenyl rings 关34兴. In general, for each phenyl band the
respective transition moments for the phenyl and biphenyl
fragments should be considered separately with different
angles with respect to the molecular long axis. However,
since the phenyl and biphenyl para-axes make a sufficiently
small angle 共艋15° 兲 with each other, we only consider some
effective polar angles of ␤1603, and ␤1525 for these two bands
as approximation. The transition moment of the C v O
stretching vibrations makes an angle less than 20° with the
carbonyl bond 关34,35兴. In Sec. IV, the polar angles ␤1715,
␤1603, and ␤1525 are determined from the experimental dichroic data for the compound investigated here.

B. Absorbance parameters

Figure 4 illustrates the orientations of the molecular axes
and the vibrational transition moments in the coordinate
frame 共X , Y , Z兲 with the smectic layer normal fixed as the Z
axis in terms of the angles ⌰, , ␤, and ␥ defined in the
figure caption. The expressions for the components of the
transition moment M: M X, M Y , M Z in terms of angles ⌰, ,
␤, and ␥ are given by Eqs. 共2兲–共4兲 in Ref. 关27兴. For the IR
radiation incident normally to the windows of a LC cell
along the X axis 共see Figs. 2 and 4兲, the absorbance anisotropy of the sample for a vibrational band with the maximum
at a wave number  can be characterized by the absorbances
AY , AZ, and AYZ in the frame 共X , Y , Z兲 related to the cell
substrates and the smectic layer normal. These are expressed
in terms of M X, M Y , M Z as the components along X, Y, and
Z axes, respectively; k is a constant coefficient.
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ments of a band in the molecular frame 共XT , Y T , ZT兲 through
the azimuthal angle ␥ measured with respect to the tilt plane
normal 共XT axis shown in Fig. 4兲. In the case of an unwound
structure, XT coincides with axes X and XC and is normal to
the cell substrates for all molecules of a LC sample.
For the observed angular dependence of the peak intensity
of a certain band, A共⍀兲, as a function of the angle of polarization ⍀ 共called the absorbance profile兲, the maximal 共Amax兲
and minimal 共Amin兲 absorbances correspond to the IR radiation polarization angles of ⍀max and 共⍀max + 90° 兲, respectively. These parameters are found by fitting the function
关23,36兴
FIG. 4. A schematic representation of the molecular orientations, transition moments, and the IR radiation polarization direction in the frame 共X , Y , Z兲 related to the smectic layers in a LC cell:
X axis is normal to the cell substrates and is along the IR radiation
propagation direction and the electric field direction, Z axis is parallel to the smectic layer normal, ⍀ is the angle between the electric
vector EIR of polarized IR radiation at normal incidence and Z axis.
The frame 共XT , Y T , ZT兲 is related to the molecular tilt plane: ZT axis
is parallel to the molecular long axis and makes the polar angle ⌰
with the Z axis and the azimuthal angle  with the X axis, XT is
normal to the tilt plane. The transition moment M of a certain
vibration is described by the polar angle ␤ with respect to the molecular long axis and the azimuthal angle ␥ measured from XT.

AY = k具M Y 2典/兩M兩2,

AZ = k具M Z2典/兩M兩2 ,

AYZ = k具M Y M Z典/兩M兩2 .

共1兲

Averaging in Eq. 共1兲 is carried out over all possible orientations of the individual transition moments for all molecules
in the LC sample. The polar angles ␤1525, ␤1603, and ␤1715 for
the phenyl and carbonyl bands at 1525, 1603, and
1715 cm−1, respectively, are assumed to be constant for all
the molecules. For an arbitrary molecular azimuthal distribution of the in-layer director through the angle , the equations for AY , AZ, and AYZ in terms of the functions of ⌰, , ␤,
and ␥ are given in 关29兴. For the case of an unwound synclinic
structure with the azimuthal angle  = 90° for all the molecules, the following equations for the absorbances can be
written 关23,27兴:

A共⍀兲 = − log10关10−Amax cos2共⍀ − ⍀max兲
+ 10−Amin sin2共⍀ − ⍀max兲兴

to the experimental data. The accuracy of determining of
Amax, Amin, and ⍀max for the experimental absorbance profiles using this function is briefly discussed in Sec. IV. In
principle we can determine these parameters with higher accuracy by recording the absorbance of bands for a discrete
number of the polarization angles ⍀C共i兲 chosen with a small
angular step ⌬⍀C. Note that the coefficient k used in Eqs.
共1兲–共4兲 is unknown and can be different for different bands
due to the anisotropic and dispersive properties of the material, especially when a comparison is made for different temperatures. To eliminate k for Eqs. 共1兲–共4兲, for each band we
consider two independent dichroic ratios RY,Z and RYZ,Z defined by the absorbances AY , AZ, and AYZ by the equations
关27,29兴

共2兲

共6兲

RYZ,Z = AYZ/AZ .

共7兲

AY = Amin cos2 ⍀max + Amax sin2 ⍀max ,

共8兲

AZ = Amin sin2 ⍀max + Amax cos2 ⍀max ,

共9兲

AYZ = 共Amin − Amax兲sin ⍀max cos ⍀max .

AZ = k兵cos2 ␤具cos2 ⌰典 + sin2 ␤具sin2 ⌰典具sin2 ␥典
− 2 sin ␤ cos ␤具sin ⌰ cos ⌰典具sin ␥典其,

RY,Z = AY /AZ ,

By using Eqs. 共2兲–共4兲, the ratios RY,Z and RYZ,Z are expressed
as functions of angles ⌰, , ␤, and ␥. The numerical values
of the dichroic ratios RY,Z and RYZ,Z can be found in terms of
the fitted parameters Amax , Amin , and ⍀max  of the experimental absorbance profile for a band using the equations
关23,27兴

AY = k兵cos2 ␤具sin2 ⌰典 + sin2 ␤具cos2 ⌰典具sin2 ␥典
+ 2 sin ␤ cos ␤具sin ⌰ cos ⌰典具sin ␥典其,

共5兲

共10兲

共3兲

These are then used to determine 具sin ␥典 and 具sin ␥典 as
shown in Sec. IV.

共4兲

IV. RESULTS AND DISCUSSION

2

AYZ = k兵共cos2 ␤ − sin2 ␤具sin2 ␥典兲具sin ⌰ cos ⌰典
+ sin ␤ cos ␤具sin ␥典共具cos2 ⌰典 − 具sin2 ⌰典兲其.

The molecular orientational distributions in the tilt plane are
described by the averaged functions 具cos2 ⌰典 and
具sin ⌰ cos ⌰典 used in Eqs. 共2兲–共4兲. The mode corresponding
to the director fluctuations in ⌰ in the tilt plane is termed as
the soft mode. The averages 具sin ␥典 and 具sin2 ␥典 characterize
the rotational orientational distributions of the transition mo-

A. Experimental absorbance profiles

The polarized IR absorption spectra of the compound in
the cell are illustrated by the examples shown in Fig. 5. The
most important bands of the compound lie in the wave number range 1400– 3200 cm−1. Their assignments and relative
dichroic ratios are listed in Table I. The well resolved bands
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°

(b)

°

Wave number (cm−1 )

Absorbance

°

°

Wave number (cm−1 )
FIG. 5. The polarized IR spectra in SmA* at a temperature of
122 ° C for zero field for the IR radiation polarized parallel to the
smectic layer normal 共solid curve for ⍀ = 0°兲 and perpendicular to it
共dashed curve for ⍀ = 90°兲. Spectral ranges: 共a兲 3200– 950 cm−1; 共b兲
1820– 1450 cm−1. Ordinate in above figure in cm−1.

at 1525 and 1603 cm−1 for the stretching vibrations of the
phenyl groups and the band at 1715 cm−1 for the carbonyl
group near the chiral center are used for the analysis. A lowdichroic peak with a maximum at 1741 cm−1 is found to be a
superposition of the two strongly overlapping bands related
to the stretching vibrations of the carbonyl groups situated in
the core and in the achiral tail of molecules. The IR absorption spectrum of a solid polycrystalline powder of the compound in KBr matrix pressed into a tablet showed a complex
structure for this band at 1741 cm−1. For this reason, this
band is not used in the analysis, since the polar and azimuthal angles ␤ and ␥ are different for the transition moments of these two types of C v O groups. The bands of C-F
stretching vibrations in the range 1200– 1400 cm−1 overlap
with the skeleton vibrational bands of the aliphatic chains
and these can also not be directly used for a quantitative
analysis of the results either.
The IR radiation polarization direction that corresponds to
the maximal absorbance for the intense phenyl band at 
⬇ 1600 cm−1 is usually used for characterizing the preferable
orientation of the molecular directors 共the molecular long
axes兲 in aligned LC samples; as a first approximation, the
polar angle ␤1600 of this vibration is assumed to be zero
关22,23,25–29,31兴. In order to determine the molecular orientational distribution function accurately, it is necessary to

take possible finite values of ␤1600 into account. For various
AFLC compounds, the values of ␤1600 lies in the range from
12° 关27,31兴 to 25° 关25兴. For the studied material here, ␤1603 is
also not less than 12° 共as discussed below兲.
The experimental data at zero field for the highly dichroic
bands of 1525 and 1603 cm−1 analyzed using the fitting
function 共5兲 for the temperature range of 120.5– 122.5 ° C
corresponding to SmA* 共Fig. 6兲, shows that the maximal
intensities for these bands are observed for the polarization
angles ⍀Cmax 1603 and ⍀Cmax 1525 of about 12° in the laboratory frame 共XC , Y C , ZC兲 described in Fig. 2. This result
proves the existence of a finite deviation angle  ⬇ 12° made
by the smectic layer normal with the rubbing direction for
the investigated LC cell 共see Fig. 3兲. This large deviation
angle  is attributed to the surface electroclinic effect
关37–39兴. Such a large value of  presumably distorts the
helical structure of the compound at zero voltage. The extremely large surface electroclinic effect with a deviation
angle of  ⬇ 20° was reported earlier for a partly fluorinated
compound 关40兴 and an anomalously large surface electroclinic effect has been observed for the Tokyo mixture that
gave rise to a thresholdless V-shape switching. For the compounds of the Tokyo mixture the deviation angles were found
to be ⬃12° and ⬃20° for the cells with the polyimide and
the nylon aligning layers, respectively 关41兴. Such a large
surface-induced deviation angle will give rise to polar ordering in the SmA* phase with a finite surface-induced polarization. This effect has already been proven to exist and has
experimentally been observed for a LC compound using the
pyroelectric technique 关42兴.
For the compound, the polarizer rotation angle with respect to the frame 共X , Y , Z兲, ⍀, can be found using the relation: ⍀ = ⍀C −  共see Fig. 3兲. The results for absorbance profiles A共⍀兲 for the two phenyl bands at 1525 and 1603 cm−1
and for the carbonyl band at 1715 cm−1 were obtained for
zero field and for electric fields of both polarities that exceed
the saturating fields for unwinding the electric-field-induced
SmC* structure for various temperatures corresponding to
the SmA*, SmC*, and SmCA* phases. A summary of the
results for the most intense band at 1603 cm−1 is shown in
Fig. 6 as polar plots. The dichroic parameters for zero and
saturating fields for several temperatures on a few important
bands are given in Table II. The maximal dichroism was
observed for the phenyl band at 1525 cm−1. The dichroic
ratio R1525 = Amax 1525 / Amin 1525 was found to be up to 13.5 for
the field-induced ferroelectric structures. Somewhat less dichroism with a maximum of 10.2 was observed for the phenyl band at 1603 cm−1. For the carbonyl band at 1715 cm−1,
a comparatively low dichroism was observed 共R1715 lie
within the range from 2 to 3兲. It is known that differences in
the relative dichroic ratios for the various absorption bands
are dependent not only on the molecular arrangement in the
aligned sample, but also on the polar angles between the
respective transition moments and the molecular axes
关22,23,26,27,34兴. The dichroic ratio R = Amax / Amin for an
ideal unwound synclinic structure with free rotational orientational distribution of the transition moments through the
azimuthal angle ␥ can be estimated using the formula R
= 2 cot2 ␤ 关27,29兴. So the relation R1525共U1兲 ⬎ R1603共U1兲
gives an estimation ␤1525 ⬍ ␤1603.
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7, for UDC = 40 V, the maximal positive values of 兵Aexp共⍀i兲
− Afit共⍀i兲其 are observed for the regions of both maximums
and minimums of the absorbance for both phenyl bands. This
inaccuracy gives rise to a substantial 共up to 50% and 100%兲
overestimation of the dichroic ratio R共fit兲 calculated using the
formulas R共fit兲 = Amax共fit兲 / Amin共fit兲 for the bands at 1603 and
1525 cm−1 for the applied voltage of 40 V in comparison
with the exact values of R1603 and R1525 obtained after an
accurate analysis of the extremes of the absorbance profiles.
A relative inaccuracy in the determination of Amin is especially large. For UDC = −40 V, the observed deviations
⌬A共⍀i兲 in the vicinity of the extremes are rather small.
For determining the exact values of Amax and Amin of the
real phenyl absorbance profiles, the experimental data in the
local angular regions of the extremes were additionally fitted
using polynomial functions using the procedure described in
关31兴. A small angular step ⌬⍀ = 6° in the polarizer rotation
angle during the spectral measurements was used for obtaining exact values of Amax and Amin for the phenyl absorbance
profiles. The accurately fitted ⍀max, Amax, Amin, and the respective calculated values of the dichroic ratio R
= Amax / Amin for the studied bands are considered below.

°

B. Voltage dependencies of the dichroic parameters

°

°

FIG. 6. Polar plots of the absorbance profiles A共⍀兲 for the phenyl band at 1603 cm−1 for zero field 共쎲兲 and the positive 共䉲兲 and
negative 共䉭兲 saturating fields for the studied homogeneously
aligned cell of 6 共m thickness at temperatures 122 ° C 共a兲, 118 ° C
共b兲, and 65 ° C 共c兲. Values of applied voltages are shown in the
inset. Lines interconnect the adjacent experimental points.

It has been found that the function 共5兲 fits the experimental data for the high-dichroic phenyl band with different accuracies in the regions of the minimums and maximums of
the absorbance profiles for opposite polarities of the saturating electric fields. For the low dichroic band at 1715 cm−1,
experimental data are fitted extremely well with Eq. 共5兲. This
will be discussed in a separate publication. As seen from Fig.

The voltage dependencies of the dichroic parameters
⍀max 1603, Amax 1603, Amin 1603, and R1603 for the intensive
high-dichroic phenyl band at 1603 cm−1 are shown in Figs.
8–10, respectively. Similar relative changes in the voltage
dependencies of these parameters were also observed for the
band at 1525 cm−1. Since normally for both these phenyl
vibrations, the polar angles ␤1603 and ␤1525 are sufficiently
small 共␤1603 艋 20° for the various compounds兲 the mean orientations of the respective transition moments M1603 and
M1525 are approximately parallel to the molecular long axes
even in the case of a small biasing in the molecular rotational
orientational distributions. The direction and the degree of
the preferable orientation of the molecular directors can be
characterized by the parameters ⍀max and R for the most
dichroic phenyl band. A lower estimation of the orientational
order parameter 具P2典 is calculated using the formulas 具P2典
= 共R1525 − 1兲 / 共R1525 + 2兲.
For temperatures of 122, 121, and 120.5 ° C, which correspond to the SmA* phase of the compound in the absence
of the external field, an application of the dc bias voltage
across the cell induces characteristic changes in the dichroic
parameters of the various bands 关see Figs. 6共a兲 and 8–10兴.
For zero field, the maximal intensities of both phenyl bands
are observed in the IR radiation polarization direction parallel to the smectic layer normal. This corresponds to
⍀max 1603 ⬇ ⍀max 1525 ⬇ 0° after a subtraction ⍀max v = ⍀Cmax v
− . The applied voltages of opposite polarities 共±UDC兲 induce the angular shifts of the absorbance profile for a band
by the same absolute value 共specific for a certain band兲 but in
the opposite directions 共±⌬⍀max v兲 关see Fig. 6共a兲兴. The plots
in Figs. 8–10 for a fixed temperature can be divided into
three characteristic regions. 共i兲 For comparatively low voltages from zero to a temperature-dependent threshold voltage
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TABLE II. The dichroic parameters ⍀max  and R for the bands at 1525, 1603, and 1715 cm−1 and the order parameter 具P2典 关lower
estimation using R1525共U1兲兴 for a 6 m cell of MHPHFHHOBC at several temperatures for zero and for sufficiently high voltages 共U1兲
inducing the unwound ferroelectric structure.
T
共°C兲

Phase for
zero field

122

SmA*

118

SmC*

65

*
SmCA

Band
共cm−1兲
1525
1603
1715
1525
1603
1715
1525
1603
1715

⍀max 共0兲
共deg兲

⍀max 共U1兲
共deg兲

R共U1兲

具P2典共U1兲

U1
共V兲

0
0
91.3
−29.5
−30.8
79.5
−3.6
−3.5
89.8

27.3
28.2
100.7
33.6
34.6
104.8
43.4
44.1
105.2

7.51
5.69
1.94
9.11
7.09
2.03
13.43
10.18
2.82

0.685

160

0.73

40

0.806

40

A exp () – A fit ()

共Uthr兲, the angle ⍀max 1603 rises slowly and almost linearly
with increasing voltage 共Fig. 8兲. Uthr is equal to ⬃100 V,
⬃40 V, and ⬃30 V for temperatures of 122, 121, and
120.5 ° C, respectively. The derivative d⍀max 1603 / dUDC also
exhibits a weak dependence on the temperature and lies in
the range from 0.12 共° / V兲 at 122 ° C to 0.17 共° / V兲 at
120.5 ° C. The parameters Amax 1603, Amin 1603, R1603 and the

order parameter 具P2典 remain almost constant for this voltage
interval. This corresponds to a significantly large electroclinic effect in SmA* 关31兴.
共ii兲 For the second voltage range from Uthr to a saturating
voltage 共Usat兲, the parameters ⍀max 1603 and R1603 共Fig. 8兲
show a rapid rise with increasing voltage and then lead to
slow saturation for UDC ⬇ Usat. Values of Usat are large
enough and temperature dependent, varying from ⬃140 V
for 122 ° C to ⬃ 60 V for 120.5 ° C. It is interesting to note
that d⍀max 1603 / dUDC for Uthr ⬍ UDC ⬍ Usat is approximately
3–5 times larger than for UDC ⬍ Uthr. The absorbances
Amax 1603 and Amin 1603 demonstrate opposite tendencies:

A exp () – A fit ()

 (degrees)

 (degrees)

FIG. 7. The deviations 兵Aexp共⍀i兲-A fit共⍀i兲其 of the experimental
data, Aexp共⍀i兲, for the polarization angles ⍀i from the points
A fit共⍀i兲 of the fitting curve function 共5兲 vs the polarization angle ⍀
for the bands at 1603 cm−1 共a兲 and 1525 cm−1 共b兲. The illustration
corresponds to a typical data for the 6 共m cell of MHPHFHHOBC
at 118 ° C.

FIG. 8. The voltage dependences of the polarization angle
⍀max 1603 for the phenyl band at 1603 cm−1 in a homogeneously
aligned cell of 6 m thickness at several temperatures. Lines interconnect adjacent experimental points 共illustration of curves and
temperatures in °C are shown in the inset兲.
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FIG. 10. The voltage dependences of the dichroic ratio R1603
= Amax 1603 / Amin 1603 for the phenyl band at 1603 cm−1 in a homogeneously aligned cell of 6 m thickness at several temperatures.
Lines interconnect adjacent experimental points 共illustration of
curves and temperatures in °C shown in the inset兲.

FIG. 9. The voltage dependences of the absorbance parameters
Amax 1603 共a兲 and Amin 1603 共b兲 for the phenyl band at 1603 cm−1 in a
homogeneously aligned cell of 6 m thickness for several temperatures. Lines interconnect adjacent experimental points 共illustration
of curves and temperatures in °C shown in the inset兲.

Amax 1603 rises but Amin 1603 decreases with increasing voltage
共Fig. 9兲. This results in a considerable increase in the dichroic ratio R1603 共Fig. 10兲 and the order parameter 具P2典,
which is increased from ⬃0.455 for UDC = 40 V to ⬃ 0.625
for UDC = 160 V. Such a dichroic behavior does also correspond to a significantly large electroclinic effect.
共iii兲 For the third voltage range 共UDC ⬎ Usat兲, ⍀max 1603,
R1603, and 具P2典 are slowly increasing with voltage 共see Fig.
8兲. The derivative d⍀max 1603 / dUDC is about 4–5 times lower
than that for the low-voltage interval 共UDC ⬍ Uthr兲. For applied voltages UDC ⬎ Usat, the field-induced state of the
sample is ferroelectric with the molecular directors orientated parallel to the cell substrates.
Such a behavior of the dichroic parameters of the phenyl
band and the orientational order parameter 具P2典 for the temperature range 120.5– 122 ° C under electric fields as reported above is extremely interesting. The results show a
significantly large electroclinic effect corresponding to the
phase transition from tilted SmA* to the electric-fieldinduced synclinic SmC*. This property is also typical of the

de Vries SmA* material 关15兴, for which at zero external field
the in-layer directors are tilted but azimuthally randomly distributed on a smectic cone through  共see Fig. 3兲 with an
axial symmetry. The electric field induces an alignment of
the molecular director azimuthal angles and this gives rise to
a significantly large electroclinic effect. The material investigated has the tilted SmA* phase of de Vries type. This
conclusion is supported also by experimental data on x-ray
layer thickness given in Fig. 2, as already discussed.
For temperatures corresponding to the SmC* phase
共118 ° C兲 and the metastable coexistence of SmC* and
SmCA* 共100 ° C兲 for low voltages 共UDC ⬍ 2 V兲, a rather
large finite apparent tilt angle is observed in terms of finite
⍀max 1603 共see Fig. 8 and Table II兲. Similar behavior of the
apparent tilt angle was reported by Rudquist et al. for orthoconic compounds in a thin cell 关9兴. This effect is anticipated
to arise from a partial disturbance of the helix, unwound
domains, metastable synclinic state caused by the chevron
structure, large relaxation time of the phase structural transformations and the molecular anchoring at the cell substrates
surfaces. For SmCA* at 90 ° C, a rather small ⍀max 1603 as
well as ⍀max 1525 were observed for the sample at zero field
共see Fig. 8 and Table II兲. A similar deviation of the apparent
tilt angle at zero field observed for an orthoconic liquid crystal in SmCA* was attributed to a so-called “apparent pretransition state” caused by the unwinding of the macroscopic
helix by the surface interactions 关9兴.
For SmC* at 118 ° C, a rapid increase in ⍀max 1603 and
R1603 is observed with voltage increasing from 1 – 8 V. For
SmCA* at 90 ° C, a rapid increase in ⍀max1603 and R1603 with
voltage is observed for voltages higher than a saturating volt-
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FIG. 11. The temperature dependence of the molecular apparent
tilt angle ⌰T determined from the values of ⍀max 1603 for the applied
voltages of ±40 V for the entire temperature range studied 共solid
circles兲 and for the temperature dependent saturating voltages ±Usat
for the range 120.5– 122.5 ° C 共open squares兲. Explanation is provided in the text.

age of ⬃15 V. A saturation in the dichroic parameters for
both these temperatures is reached for voltages ⬃18– 20 V.
C. Temperature dependence of the molecular
apparent tilt angle

The average molecular tilt angle ⌰T is determined from
the saturated values of ⍀max 1525 共rather close to ⍀max 1603兲
for positive and negative applied voltages since the band at
1525 cm−1 exhibits the highest dichroism and the polar angle
␤1525 is assumed to be close to zero. It is essential to take
into account both field polarities since for the SmC* and
SmCA* temperature ranges, the value of ⍀max 1525 at zero
field is not equal to zero and does not correspond to the
orientation of the smectic layer normal 共see the previous section兲.
Figure 11 shows the temperature dependence of the molecular apparent tilt angle of the compound. Solid circles
represent ⌰T共±40兲 obtained from the experimental data for the
applied voltages of 40 V and −40 V using the equation
⌰T共±40兲 = 关⍀max 1603共UDC = 40 V兲
− ⍀max 1603共UDC = − 40 V兲兴/2.
For a temperature range of 65– 120 ° C corresponding to
SmCA* and SmC* phases, the obtained values of ⌰T共±40兲
characterize the average molecular tilt angle reasonably because these voltages are higher than required to reach saturation in ⍀max 1525 with field 共see Fig. 8兲. For a temperature
range of 65– 80 ° C, ⌰T lies in the range 43°–44°, with a
smectic tilt cone angle of 86°–88° and hence the anticlinic
SmCA* structure is only slightly short of being completely
orthoconic.

For a temperature range of 120.5– 122.5 ° C that corresponds to SmA* phase, the voltages of ±40 V are not large
enough to induce SmC* with an unwound structure, since
saturated values ⍀max 1603 ⬇ 30° and R1603 ⬇ 6 are observed
for considerably higher voltages 共see Figs. 8 and 10兲. For
this temperature range, the values of ⌰T共±40兲 lie in the range
2°–15° 共solid circles in Fig. 10兲, are considerably less that
the saturated values at V 艌 150 V, and hence represent only
some intermediate apparent tilt angles for given applied voltages. In order to find reasonable values of the tilt angle, the
measurements are made in the induced unwound SmC*
phase. As seen from Fig. 8, for a temperature range of
120.5– 122.5 ° C, the saturating voltage Usat varies in the
range from 60 V 共for 120.5 ° C兲 to 160 V 共for 122.5 ° C兲.
The saturated values of the molecular apparent tilt angle for
this temperature range were calculated using the equation
⌰T = 关⍀max 1525共Usat兲 − ⍀max 1525共−Usat兲兴 / 2. Thus obtained
values of ⌰T lie in the range 28°–31° and are represented by
open squares in Fig. 11.
The voltage dependence of the tilt angle ⌰T is shown in
Fig. 11 in two steps: solid circles for a temperature range of
65– 120 ° C and open squares for 120.5– 122.5 ° C. It would
appear that the behavior of the SmA* phase exhibiting such a
large tilt angle is rather unusual and appears to show some
characteristics of de Vries SmA* in a temperature range of
120.5– 122.5 ° C.
D. Polar angles and the rotational biasing for the vibrational
transition moments

The dichroic properties of the sample with the fieldinduced unwound SmC* structures show the existence of
large biasing in the rotational orientational distribution of
molecules with respect to their long axes. This conclusion
follows from a comparison of the observed polarization
angles ⍀max for the phenyl and the carbonyl bands. For
SmA* at 122 ° C and zero voltage, we have ⍀max 1525
= ⍀max 1603 = 0° 共the polarization direction is along the smectic layer normal兲 and ⍀max 1715 ⬇ 90° 关see Table II and Figs.
6共a兲 and 8兴. For this case, the long axis of the absorbance
profile for the carbonyl band is perpendicular to the long
axes of the absorbance profiles for both phenyl bands. However for the sample with the field-induced unwound ferroelectric structures, the polarization directions to the maximal
absorbance of the carbonyl bands turn to be nonperpendicular to those of the phenyl bands for all studied temperatures.
For example, for temperatures 122, 118, and 65 ° C, the differences 关⍀max 1715共U1兲 − ⍀max 1525共U1兲兴 are equal to 73.4°,
71.2°, and 61.8°, respectively 共see Table II兲. According to the
analysis 关23兴, the asymmetry of the absorbance profile of the
carbonyl band with respect to the main axes of the phenyl
band absorbance profile is the result of rotational biasing for
the molecules in the tilted smectic phase. The rotational orientation of molecules is characterized by the function f共␥兲
which shows the distribution of the vibrational transition moment of an absorption band through an azimuthal angle ␥
measured with respect to the normal to the molecular tilt
plane 共XT axis in Fig. 4兲. For an unwound structure, XT axis
is normal to the substrates. The observed large deviation 共by
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TABLE III. The mean parameters 具cos2 ⌰典 and 具sin ⌰ cos ⌰典 for the molecular directors; the polar angles
␤ and the mean azimuthal parameter 具sin ␥典 for the transition moments for the bands at 1603 and 1715 cm−1
for several temperatures 共T兲 and sufficiently high voltages 共U1兲. Sample: a 6 m cell of MHPHFHHOBC
with the unwound ferroelectric structure.
T
共°C兲

U1

具cos2 ⌰典

具sin ⌰ cos ⌰典

122

160

0.722

−0.312

118

40

0.656

−0.37

65

40

0.524

−0.43

17°–28°兲 of the angular differences 关⍀max 1715共U1兲
− ⍀max 1525共U1兲兴 from 90° confirms the existence of a large
biasing in the molecular distribution function f共␥兲 for the
unwound SmC* structures of the compound.
The experimental dichroic data for the bands at 1525,
1603, and 1715 cm−1 for the field-induced unwound SmC*
structures is analyzed to determine the polar angles ␤ for the
phenyl and carbonyl transition moments and to estimate the
degree of biasing in the molecular azimuthal distribution
through ␥ using the procedure given in 关29兴. For each of
these three bands we consider two equations for the dichroic
ratios 共6兲 and 共7兲 for temperatures 122, 118, and 65 ° C. The
angular functions 共2兲–共4兲 for the unwound SmC* structure
are combined with the numerical values 共8兲 and 共9兲 obtained
using the adjusted parameters listed in Table II. The azimutal
distribution of the transition moments through the angle ␥ is
approximated by the function f共␥兲 with one Fourier component 关22兴,
f共␥兲 = 共2兲−1 + a1 cos共␥ − ␥0兲

共11兲

with the biasing coefficient a1 共for definiteness, a1 艌 0兲 and
the biasing angle ␥0v for a certain band. It may be remarked
that this distribution function was first introduced by Kim et
al. 关22兴 and later modified by Jang et al. 关23兴 who introduced
a coefficient 兩a2兩 艌 0 for the quadrupolar order. Later detailed
studies by Sigarev et al. 关31兴 on a deuterated chiral compound has shown that 兩a2兩 Ⰶ a1 by at least a factor of 20, less
than 4% which lies within the experimental uncertainty. This
leads us to the conclusion that 兩a2兩 ⬇ 0. This apparent puzzle
is resolved by surmising that the quadrupolar order arising
from the head and tail equivalence of the molecule gives rise
to a symmetrical disposition of the transition moments of the
carbonyl group and is therefore not reflected in the IR measurements. Whether the mixing of R and S enantiomer will
yield a finite value of 兩a2兩 is not yet known. The polarized IR
therefore seem to yield only the polar order. For this function, the parameters 具sin ␥典 and 具sin2 ␥典 used in Eqs. 共2兲–共4兲
are as follows:

Band
共cm−1兲

␤
共deg兲

具sin ␥典

1525
1603
1715
1525
1603
1715
1525
1603
1715

0
16.5
63.9
0
14.2
63.5
0
12.4
62.8

—
−0.067
−0.172
—
−0.066
−0.194
—
−0.058
−0.342

具sin ␥典 = a1 sin ␥0 ,

共12兲

具sin2 ␥典 = 0.5.

共13兲

The unknown parameters 具cos ⌰典, 具sin ⌰ cos ⌰典 for the
directors and ␤ and 具sin ␥典 for each band are determined by
solving a system of Eqs. 共6兲 and 共7兲 for the bands for a fixed
temperature using program MATHCAD 2000 PRO. For the most
dichroic band at 1525 cm−1, we use ␤1525 = 0° as a first approximation. For the bands at 1603 and 1715 cm−1, the initial values were taken varying in the ranges of 0° to 20° and
60° to 70°, respectively, in accordance with the molecular
structure analysis. The parameters 具cos2 ⌰典, 具sin ⌰ cos ⌰典,
␤1603, ␤1715, 具sin ␥1603典 and 具sin ␥1715典 determined for the approximation ␤1525 = 0° are given in Table III. It is important
to note that the observed difference in the values of the dichroic ratios R1525 and R1603 共Table II兲 corresponds to rather
large values of ␤1603 in the range from 12.4° for a temperature of 65 ° C to 16.5° for a temperature of 122 ° C. The
values of ␤1715 are found to lie in a comparatively narrow
range within 1° for various temperatures. Additional estimations using higher values of ␤1525 共up to 10°兲 show a comparable increase in the obtained values of ␤1603 and rather
small changes in ␤1715.
It is interesting to compare the determined parameter
具cos2 ⌰典 共see Table III兲 with the functions cos2 ⍀max 1525 for
the fitted ⍀max 1525 used in the calculations. The parameter
具cos2 ⌰典 is related not only to the in-layer tilting of molecules for SmC* but also to the distribution of the molecular
long axes through ⌰ due to the thermal fluctuations in the tilt
plane 共the soft mode兲. ⍀max 1525 corresponds to the preferable
orientation of the respective transition moments, that are dependent not only on the molecular distribution through ⌰,
but also on their angles ␤ and on the distribution through ␥.
The analysis shows that the calculated values of 具cos2 ⌰典 are
less than cos2 ⍀max 1525 by approximately 9%, 5.5%, and
0.7% for temperatures of 122, 118, and 65 ° C, respectively.
These differences reflect the relative intensity of the soft
mode fluctuations which increase with temperature. The non-
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⬍ a1 艋 共2兲−1, since 兩sin ␥01715兩 艋 1 for Eq. 共12兲 and f共␥兲
艌 0 for Eq. 共11兲. For the field unwound SmC* structures of
the compound at 122, 118, and 65 ° C, the biasing coefficient
a1 is comparatively high and varies in the ranges 0.055 to
0.159, 0.062 to 0.159, and 0.109 to 0.159, respectively.

V. CONCLUSIONS

FIG. 12. Possible solutions of Eq. 共12兲 for 具sin ␥1715典 of −0.172
共curve 1兲, −0.194 共curve 2兲, and −0.342 共curve 3兲 determined for
temperatures of 122, 118, and 65 ° C, respectively.

linearity of the function 具cos2 ⌰典 should also be taken into
account. For example, if to determine some “abstract tilt
angle” ⌰* from the equation cos2 ⌰* = 具cos2 ⌰典, the obtained
values of ⌰* are equal to 31.8°, 35.9°, and 43.6° for temperatures 122, 118, and 65 ° C, respectively. These angles are
higher by 4.5°, 2.3°, and 0.2° in absolute term 共and ⬃17%,
7%, and 0.5% relatively兲 than the values of ⍀max 1525 obtained from experimental data for 122, 118, and 65 ° C, respectively 共see Table II兲. For a temperature range of SmA*,
the difference 共⌰* − ⍀max 1525兲 is rather large, whereas for the
low-temperature range of SmCA*, it is negligible. The results
given by IR spectroscopy confirm the previously known fact
that the magnitude of the tilt angle fluctuations are considerably enhanced close to the SmA*-SmC* transition temperature. Note that a finite nonzero polar angle ␤1525 may complicate the calculations significantly.
The calculated 兩具sin ␥1715典兩 for the unwound SmC* structures of the compound are equal to −0.172, −0.194, and
−0.342 for temperatures 122, 118, and 65 ° C, respectively
共see Table III兲. In absolute terms these values are higher by a
factor of 10 in comparison with those found for other usual
AFLC compounds 关29,32兴 investigated. This is a direct evidence for the existence of considerable biasing in the rotational orientational distribution of the carbonyl groups with
respect to the molecular long axes in the orthoconic compound. For the compound studied here, it is possible to analyze biasing in the distribution function f共␥兲 using only one
carbonyl band at 1715 cm−1 since the second carbonyl band
at 1741 cm−1 is a complicated superposition of the two overlapping bands with different transition moments. Since each
phenyl band is related to the two transition moments corresponding to the phenyl and biphenyl fragments of a molecule, it is difficult to determine relative values of the azimuthal angles ␥0 for the bands. Figure 12 shows possible
regions of solutions of Eq. 共12兲 for the parameters ␥01715 and
a1 for the determined values of 具sin ␥1715典 for three temperatures. The azimuthal parameters of the phenyl band at
1603 cm−1 are omitted from the consideration in this step.
The possible values of a1 lie in the range −1兩具sin ␥1715典兩

The IR dichroic properties of a homogeneously aligned
sample of a partly fluorinated chiral smectic liquid crystalline orthoconic compound MHPHFHHOBC lead us to draw
the following conclusions on its molecular orientational behavior. A deviation of the layer normal by a finite angle of
⬃12° with respect to the rubbing direction in a homogeneously aligned LC cell and the observed substantial distortion of the helical structures for the SmC* and SmCA* phases
at zero field across the cell are related to an anomalous large
surface electroclinic effect exhibited by this material. For a
temperature range of 120.5– 122.5 ° C corresponding to
SmA* phase, the material demonstrates a significantly large
electroclinic effect, and a considerable increase in the orientational order parameter with the field is observed. An average molecular apparent tilt angle 共⬃30° 兲 for sufficiently
high electric fields is a result of the large electroclinic effect
leading from SmA* to SmC* field-induced state. Such a behavior is also typical of the de Vries SmA* materials where
for zero field there is a random azimuthal distribution of the
molecular directors that are tilted within a narrow distribution of the tilt angle; though the data on layer shrinkage at
the SmA* to SmC* transition shows only a partial de Vries
character of SmA*. For a temperature range 65– 80 ° C, the
molecular apparent tilt angle is found to lie in the range
43°–44°, consequently the anticlinic SmCA* phase exhibits
an orthoconic structure short of at the most 2° in the tilt
angle. The tilt angle in SmCA* has been determined by applying electric field across the cell. The observed differences in
the shapes of the experimental absorbance profile for the
high-dichroic phenyl bands measured for the opposite polarities of the saturating electric fields are presumably related to
a possible nonhomogeneity of the layer structure in the vicinity of the substrates and enhanced molecular surface interactions for this material. For the temperature ranges corresponding to SmCA*, SmC*, and de Vries SmA* phases, the
field-induced unwound synclinic structures exhibit significantly large rotational orientational biasing of the carbonyl
groups with respect to the molecular long axes, larger by a
factor of ⬃10 compared to other materials studied so far.
This is consistent with the observed large spontaneous polarization of the material studied ⬃180 nC/ cm2 and other materials reported in the literature 关43兴. This may also imply
that the biasing does play an important role in giving rise to
a large tilt angle in an orthoconic compound.
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