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A comparison of infrared spectra obtained experimentally and reproduced using
the density functional theory (DFT) calculations for an antiferroelectric liquid
crystal  4-(1-methylheptyloxycarbonyl) phenyl 4'-octylcarbonyloxybiphenyl-4-
carboxylate (MHPOCBC) is being presented. The material has been prepared for
investigations using infrared spectroscopy by exchanging a single carbon atom
with the °C isotope in order to examine the carbonyl vibrational modes separately.
Polarised infrared studies of the homogenously aligned cell show that the peak
assigned to the stretching vibration of the carbonyl group in the non-chiral
terminal chain exhibits high dichroic ratio. This effect may be explained if the
transition dipole moment of this carbonyl band is considered to be exactly perpen-
dicular to the long molecular axis. This has been obtained from the simulated
molecular geometry. Such a geometry may play an important role in stabilising
the anticlinic order.

Keywords: antiferroelectric liquid crystal; density functional theory; infrared
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1. INTRODUCTION

It is possible to reproduce a vibrational spectrum of the molecule
using ab initio or density functional theory (DFT) calculations. For
liquid crystalline molecules, with number of atoms exceeding 50, it
is a difficult problem even for current computers. However, analysis
of the rich vibrational spectra of such molecules may be much easier,
supported by results of molecular modelling calculations. In the
present paper we show a comparison of infrared spectra obtained
experimentally and reproduced theoretically for an antiferroelectric
liquid crystal.

Infrared spectroscopy is a powerful technique for investigating
the orientational order of liquid crystals. Kim et al. [1] first employed
this technique for proving the hindered rotation of carbonyl dipoles
about the long molecular axis in several antiferroelectric liquid
crystals, and since that date a number of papers have appeared in
which the liquid crystalline phases have been discussed. A recent
review of these works is given by Kocot et al. [2]. In order to under-
stand the origin of antiferroelectricity, most attention is focused on
the microscopic structure near the chiral center of molecules. How-
ever, according to the model proposed by Osipov et al. [3,4], the
transversal dipoles localised far from the centre of the molecule
and also in the non-chiral tail, play crucial role in stabilising the
anticlinic order. A presence of an additional large transversal dipole
in the non-chiral tail, which is supported by a conformation obtained
from the DFT calculations, may thus promote anticlinic order rather
than synclinic one.

2. MATERIAL

Material under study was a classic antiferroelectric liquid crystal
R-MHPOCBC [5] with carbon atoms in the “core” carbonyl group
selectable exchanged with 3C isotope (Fig. 1). The molecule contains
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FIGURE 1 Structure and phase sequence of the MHPOCBC.
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three carbonyl groups: in a neighbourhood of the chiral center
(“chiral”), inside the molecular core (“core”) and in the non-chiral
terminal chain (“chain”). It is expected, that selective substitution
by the heavier isotope, will shift the vibrational peak to the lower
frequencies. It allows us to observe independently three peaks in the
range of 1800-1680 cm ! one for each of the carbonyl groups.

The sample MHPOCBC is known for its strong antiferroelectric
properties [6]. With essentially the same molecular structure as
MHPOBC [7] (the only difference being the presence of an additional
carbonyl group in the non-chiral tail) the sample does not exhibit
any ferroelectric or ferrielectric phases, but three different antiferro-
electric ones (SmlI},SmC}, and SmC] phase [8]) are exhibited.

3. EXPERIMENT

Infrared experiments were carried out for the homogenously aligned
cell. The cell was prepared using ZnSe windows equipped with the
indium-tin-oxide (ITO) electrodes. The nylon 6/6 was used as an
orienting layer and the mylar film of the thickness of 5 um used as
spacers. Spectra were collected with the Bio-Rad FTS-6000 Fourier
transform infrared spectrometer (FT-IR) using the DTGS detector.
The experiments were performed in the SmC) phase without applied
electric field and in field-induced synclinic phase [9]. A reference
spectrum was also collected in the isotropic phase.

4. CALCULATIONS

Calculations were carried out using the density functional theory (the
Gaussian 98 W application [10]) with the hybrid BSLYP functional [11]
and the standard polarised 6-31 G* basis set. The geometry of single
molecule was optimised to obtain the stable conformation and then
the vibrational spectrum was calculated. In order to avoid computa-
tional approximations, the calculated force field was scaled with the
scaled quantum-mechanical (SQM) procedure [12], using a set of
scaling factors as in Table 1 [13]. A detailed discussion of a choice of
the scaling factors will be given elsewhere [14]. After replacing the
calculated frequencies by peak functions (here gaussian function of
the width of 7em™), the calculated and experimental spectra could
be compared. The polarised spectra were prepared by dividing the
calculated transition dipole moments into components along and
perpendicular to the axis of the lowest moment of inertia of the
optimal conformation.
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TABLE 1 Scaling Factors for the Scaled Quantum Mechanical

(SQM) Procedure

Symmetry of modes Scaling factor
X-Y stretching 0.9254
X-H stretching (aliph.) 0.8890
X-H stretching (arom.) 0.9150
X-Y-Z bending 0.9923
X-Y-H bending 0.9473
H-X-H bending 0.9171
out-of-plane 0.9711
NH, wagging 0.8358
X-0-H, X-N-H bending 0.9047
torsions of conjugated systems 0.9389
torsions of single-bonded systems 0.8980
linear deformations 0.8905

5. RESULTS

5.1. Comparison of Isotropic Spectra

Figure 2 shows a comparison of both, the experimental and the
calculated spectra in the isotropic phase. Figure 2(b) shows the most
important part of the spectra in a range of frequencies 1800-
1575 cm !, with all the carbonyl bands and C—C stretching vibration
of aromatic rings. Due to the presence of '3C isotope, the band
from carbonyl vibration inside the molecular core, which normally
appears at about 1740 cm '[15,16], is now shifted to a lower frequency
of 1700cm™. Spectra of a member of the homologous series of
MHPOCBC, studied using FT-IR spectroscopy by Sigarev et al. could
be compared in reference [16]. The advantage of investigating the
sample with '2C isotope is quite obvious.

5.2. Comparison of Polarised Spectra

In order to obtain orientational information about the liquid crystal
from a homogenously aligned cell it is necessary to record the
polarised spectra. It allows us to measure the components of the absor-
bance along and perpendicular to the optical axis. We can reproduce
the polarised spectra using values of transition dipole moments
obtained from density functional theory calculations. We assume a
simple model that the absorbance component along the optical axis
corresponds to the transition dipole moment component along the axis
of the lowest moment of inertia and the absorbance component perpen-
dicular to the optical axis corresponds to the transversal components
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FIGURE 2 Experimental and calculated spectra for the isotropic phase; (a)
the whole Mid-IR region, (b) region of the C=0O and C—C stretching vibrations,
solid line — experimental spectrum, dotted line — calculated spectrum.

of the transition dipole moments. Then we assume a perfect orienta-
tional order and rotational freedom about the long molecular axis.
Both assumptions are obviously false, but nevertheless we obtain very
good agreement between experimental and calculated spectra, as
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FIGURE 3 Experimental and calculated polarised spectra for the smectic
phase; (a) the whole Mid-IR region, (b) region of the C=0 and C—C stretching
vibrations, top plots — experimental spectra, bottom plots — calculated spectra,
solid and dotted lines — longitudinal and transversal polarisation, respectively.

shown in Figure 3. The calculated spectra reproduce the experimental
one and also values of the absorbance dichroic ratio (the ratio of longi-
tudinal and perpendicular components of the absorbance) for con-
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FIGURE 4 Polar plots of the absorbance versus polarisation of the incident
light without (a) and with (b) applied external electric field; squares — C—C
stretching 1600 cm ™, circles, up triangles and down triangles — C=0 stretch-
ing vibrations of the “chain” (1760cm™), “chiral” (1720cm™) and “core”
(1700 cm™) groups, respectively.

sidered stretching bands (Fig. 3 and 4). The dichroic ratio depends on
the angle  between the transition dipole moment and the long mol-
ecular axis. The dipoles close to the “magic angle” [17-19] value of
54.7° (and 7-54.7°), for which a uniaxial distribution about the long
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TABLE 2 Angles Between the Transition Dipole Moments
and the Long Molecular Axis for Chosen Vibrational Bands

Vibration (cm ™) B
1600 2.67
1700 52.2
1720 133.3
1760 95.4

axis is isotropic, exhibit dichroic ratio = 1. In our case the smallest
value of the dichroic ratio corresponds to the band of the “core” car-
bonyl group. The calculated value of the angle f for this transition
dipole moment is 52.2°. We may conclude that calculated values of
angles [ of transition dipole moments are reasonably close to the real
values. The values for the bands under consideration are given in
Table 2. It should be indicated that according to Osipov’s model of
antiferroelectricity, the perpendicular orientation of the carbonyl
group in the non-chiral chain favours anticlinic order and increases
the “antiferroelectric strength”. We can analyse similar compounds:

(i) MHPOBC with absence of such a dipole,
(ii)) MHP10CBC (reference [16]) with a longer non-chiral chain.

In both samples we can expect, that interactions between transversal
dipoles, promoting antiferroelectricity, will be lower then in the case of
the MHPOCBC and indeed both compounds exhibit rich polymorphism,
including ferroelectric and several ferrielectric phases. Therefore we
may conclude important role of these dipoles in forming antiferroelectri-
city. Moreover, only transversal components of such dipoles contribute
to the interaction promoting antiferroelectricity. In our case, the perpen-
dicularity of the dipole results in maximal efficiency of such an interac-
tion. Similar situation, also seen by infrared spectroscopy and DFT
calculations exist in a case of the Ajinomoto sample [18-20]. This
material exhibits direct transition from the antiferroelectric SmC} to
the paraelectric SmA phase. We can conclude, that its “antiferroelectric
strength” is even larger than that of the MHPOCBC.

5.3. Rotational Bias of Carbonyl Dipoles About
the Long Molecular Axis

Application of an external electric field in the anticlinic antiferroelec-
tric SmC) phase above the threshold value induces transition to the
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TABLE 3 Angles of the Rotation of Ansorbance Profiles for Chosen
Vibrational Bands

Vibration (cm ™) 0
1600 12.2
1700 3.7
1720 5.0
1760 11.1

synclinic phase [9]. The absorbance profile rotates by an angle, which
is close to the tilt angle of the molecule. In a case of the free rotation
about the long molecular axis all the absorbance profiles should rotate
about the same angle. The observed differences (Fig. 4, Table 3) indi-
cate, that the rotation is biased [1,2,19,20].

CONCLUSIONS

Infrared spectroscopic study of samples with selected carbon atoms
exchanged by the '2C isotope is a very promising way in obtaining
more detailed information about liquid crystalline systems. The infra-
red spectroscopy, when significantly supported by the density func-
tional theory, is a powerful experimental technique for investigating
the phase behaviour of antiferroelectric liquid crystals. During the last
15 years since the discovery of antiferroelectricity in liquid crystals,
through several steps involving experiments and theory, we are now
closer to understanding the origin of this phenomenon.
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