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Introduction

Liquid crystals undoubtedly play an important role in our daily life today, due to the

widespread usage of flat displays based on them. The most of the applications utilize

nematic liquid crystals consisting of organic rod-like molecules. The nematic phase exhibits

uniaxial symmetry, where the symmetry axis is the so-called director defined locally by the

average direction of the longitudinal axes of the molecules. The director can be deformed

by external electric and magnetic fields that is the basis of the display applications.

Objectives

In the nineties of the last century, the scientific interest has turned to liquid crystals

consisting of bent-core molecules. The reduced symmetry of bent-core molecules compared

to that of rod-like compounds lead to the formation of complex structures in the so called

’banana’ phases1 that are still under intense studies. Maybe the most fascinating feature

of this class of liquid crystals is that they can exhibit ferroelectric or antiferroelectric

polar ordering, even though the consisting molecules are exclusively achiral2. Bent-core

molecules can also form nematic phase, however, that is rare compared to the nematic

phase of the rod-like molecules. This could be explained by that the bent shape is not

really compatible with the translational freedom of the nematic phase. The first bent-core

materials forming the nematic phase, were created at around the millenium, and since then

it has turned out that bent-core nematic liquid crystals exhibit extraordinary properties

compared to the conventional rod-like nematic compounds.

The evident difference between rod-like and bent-core mesogens lies in their symmetry.

Rod-like compounds can well be approximated by elongated ellipsoids of revolution. Con-

sidering the molecules as such uniaxial objects worked successfully in molecular theories

of rod-like nematic liquid crystals. Nevertheless the bent-core compounds are different.

Their molecular symmetry is reduced compared to that of rod-like materials, namely

bent-core molecules are biaxial. The bulk symmetry of bent-core nematic liquid crystals,

however, remains uniaxial, therefore one would not expect qualitative differences between

rod-like and bent-core nematic compounds. An interesting question arises then, how the

bent-shape of the molecules influences the bulk nematic properties quantitatively?

Compared to rod-like nematic materials, large quantitative differences in the basic bulk

properties (e.g. elastic constants, viscosities) could lead to qualitatively different behavior

1 H. Takezoe et al., Jpn. J. Appl. Phys. vol. 45, no. 2 A, pp. 597-625, 2006.
2 D. Link et al., Science, vol. 278, no. 5345, pp. 1924-1927, 1997.
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in complex phenomena, such as pattern formation. Another question is what kind of new

effects could be possible with bent-core compounds, that were not observable in rod-like

nematic liquid crystals due to the different ranges of material parameters?

Bent-core liquid crystals exhibit electric field induced convective patterns3, that can-

not be explained by the theoretical models available. During the investigations of such

extraordinary patterns in a typical bent-core compound, the conductivity anisotropy was

found to change its sign twice below 100 kHz, that could refer to a dielectric loss peak,

since the frequency dependent conductivity is proportional to the dielectric loss. The di-

rect motivation of the dielectric studies of a bent-core nematic liquid crystal presented in

the dissertation was to investigate this possible dielectric relaxation at such unusually low

frequencies. Furthermore, no previous studies were done on bent-core nematic materials

before, that was also encouraging to perform the dielectric spectroscopy measurements

[P1, P4]. The dielectric behavior of a number of rod-like - bent-core mixtures with differ-

ent concentrations was also investigated, in order to have the chance to see the possible

gradual changes of dielectric parameters from the characteristics of the unknown bent-core

to that of the regular rod-like.

Previous electro-optical studies demonstrated that in certain bent-core nematic com-

pounds, the ratio of the elastic constants for the so-called splay and bend director defor-

mations is reversed4 compared to that of rod-like nematic liquid crystals. The analysis of

transient defect walls in a bent-core nematic compound5 showed that the elastic constant

for the twist deformation can be an order of magnitude smaller than the one for the bend

mode, which effect could not be observed in rod-like nematic materials before. The in-

dications for the extraordinary elasticity of bent-core nematic liquid crystals served the

motivation for determining all individual elastic constants of a typical bent-core compound

in a direct way, in addition to the fact that there were no such studies performed before

the work presented in the dissertation [P2, P4]. Later, in order to broaden these studies

and to check the universality of the findings, similar measurements [P3] were performed

on a different type of bent-core compound. On that occasion, a new way was found to

determine the twist elastic constant.

In 2006, the appearance of the bend director deformation induced so-called flexoelec-

tric polarization was studied on a bent-core nematic material6. The (flexo)electric current

was measured on a periodically deformed flexible liquid crystal cell that could be used

3 D. Wiant et al., Phys. Rev. E, vol. 72, no. 4, p. 041712, 2005.
4 P. Sathyanarayana et al., Phys. Rev. E, vol. 81, no. 1, p. 010702, 2010.
5 M.-G. Tamba et al., Eur. Phys. J. E, vol. 22, no. 1, pp. 85-95, 2007.
6 J. Harden et al., Phys. Rev. Lett., vol. 97, no. 15, p. 157802, 2006.
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to determine the characteristic flexoelectric coefficient. Measurements on a typical rod-

like compound were also done for comparison, and a three orders of magnitude larger

flexoelectricity was found in the bent-core liquid crystal. Similar results were obtained

by the converse experiment, where the mechanical distortion of a flexible cell was mea-

sured as the function of applied voltage7. Above a threshold voltage, the so-called ’giant

flexoelectricity’ appeared here as well.

Molecular statistical models of bent-core nematic liquid crystals, however, could not

explain such high flexoelectric response. An alternative explanation argued with the effect

of polar molecular clusters in the nematic matrix, proposed by previous studies of nuclear

magnetic resonance, and dynamic light scattering. The origin of these nano-scale objects

was attributed to the strong short range polar ordering of bent-core molecules. The clusters

constructed by few tens of molecules were assumed to be randomly dispersed in the

nematic and even in the isotropic phase. The giant flexoelectricity could not be reproduced

so far by other techniques, since the indirect electro-optical methods8,9 gave the regular

order of magnitude for flexoelectric parameters in bent-core compounds. It is still not

clarified, why could one get giant effect only if the direct/converse mechanical flexing

technique is used. Other extraordinary features of bent-core nematic materials such as

very high flow induced birefringence, unusual rheological and 2H NMR results were also

explained by the presence of molecular clusters with higher order.

The flexoelectric instability is an electric field induced pattern forming mechanism in

nematic liquid crystals, which can be observed relatively rarely. The resulting patterns are

the so-called flexodomains that appear as stripes parallel with the director. In contrast

to flexodomains, the electroconvection is a common AC voltage induced pattern forming

phenomenon that appears as convection rolls perpendicular (or oblique) to the director.

In 2011, a novel theoretical description of flexodomains and of low frequency voltage

induced standard electroconvection was published10 containing experimentally untested

results that served the motivation for the experimental investigations of pattern formation

in nematics at very low frequency voltage excitation. The new theory gives the oppor-

tunity to precisely determine a flexoelectric parameter from the threshold characteristics

of flexodomains. In such way, a new reliable method became available to compare the

flexoelectricity of rod-like and bent-core nematic liquid crystals that could be a valuable

scientific result.

7 J. Harden et al., Phys. Rev. E, vol. 78, no. 3, p. 031702, 2008.
8 K. van Le et al., Liq. Cryst., vol. 36, no. 10-11, pp. 1119-1124, 2009.
9 P. Kumar et al., J. Phys. Chem. B, vol. 113, no. 27, pp. 9168-9174, 2009.

10 A. Krekhov et al., Phys. Rev. E, vol. 83, no. 5, p. 051706, 2011.

3



The standard so-called ”conductive”electroconvection exhibits an almost static director

modulation at higher frequencies, where the previous experimental investigations were

done. A basic time scale in nematic liquid crystals is given by the director relaxation

time. Since the earlier studies were performed in the regime where the director relaxation

time is larger than the period of the applied voltage, the question has arisen what happens

at very low frequencies, where the relation between the characteristic times is the opposite

[P5-P7].

Methods

The first topic of the dissertation addresses the different nature of rod-like and bent-core

nematic liquid crystals concerning their dielectric properties and elasticity.

The dielectric spectra could be obtained by the complex impedance measurements

of the empty and filled liquid crystal cells. The proper orientation of the director was

ensured by magnetic field. The results were fitted by the complex nonlinear least squares

method. In order to discuss the findings, the molecular dipole moments were determined

by quantum chemical calculations that accounted for the different conformations as well.

Electric and magnetic field induced director reorientations (Freedericksz-transitions)

were studied experimentally in different geometries by dielectric and optical methods.

The effective dielectric constant and the optical transmittance of the liquid crystal layers

were measured as the function of the applied magnetic field or voltage. The measured

quantities could be calculated numerically applying the continuum theory of nematics,

and least squares fitting methods were employed in order to determine several important

material parameters such as elastic constants.

The second main part of the results is about pattern formation in rod-like and in

bent-core nematic liquid crystals at very low frequency voltage excitation.

The electric field induced patterns in the nematic materials were observed in a polariz-

ing microscope in transmission mode using the shadowgraph technique. The microscope

images were recorded by a high-speed camera synchronised precisely to the exciting volt-

age signal. The electric current in the driving circuit was measured simultaneously.

All measurement systems were assembled from basic elements and fully automatized

by Labview programs. The simulations and the fitting programs were written in Matlab.
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Theses

1. Using dielectric spectroscopy, I showed that a typical bent-core nematic liquid crystal

exhibits qualitatively different frequency dependent dielectric properties, than regular

rod-like nematic liquid crystals. I found five dielectric relaxations in the nematic phase

of the bent-core compound, in contrast to the number of three that is usual for rod-like

nematic materials. One relaxation of the bent-core compound exhibited a characteristic

frequency of a few kHz, that is several orders of magnitude lower, than the lowest

frequency relaxation in regular rod-like nematic liquid crystals [P1, P4].

2. I investigated the binary mixtures of rod-like and bent-core liquid crystals with dielec-

tric spectroscopy. The experimental data indicated that the relaxations in the mixtures

can be attributed to those observed in the pure compounds. I demonstrated, that the

composite spectra of the mixtures can be reproduced as the superpositions of the

relaxation modes in the bent-core and rod-like compounds [P1].

3. I determined the elastic constants of a typical bent-core liquid crystal, using dielectric

and optical measurements of Freedericksz-transitions combined with the numerical

fitting of the continuum theory of nematic liquid crystals. The twist and bend elastic

constants were found to be one order of magnitude lower than those of rod-like nematic

liquid crystals. The unusual findings were attributed to the effect of the bent-shape of

the molecules, and to the effect of the molecular clusters [P2].

4. I found a new way to determine the twist elastic constant by the dielectric measurement

of the magnetic Freedericksz-transition in the twist geometry. This novel technique

utilizes the director pretilt at the alignment layers. The new dielectric method as

well as the previously available optical technique was simulated for comparison and

to reveal the effect of the most relevant parameters such as the cell thickness and

the director pretilt. Both the simulation results and the experiments performed on a

standard nematic and on a non-typical bent-core compound confirmed the applicability

of the novel measurement principle. The elastic constants of the non-typical bent-

core compound were found to be similar to those of rod-like nematic liquid crystals,

attributed to the unusual molecular structure [P3].
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5. I showed that the stationary patterns of standard conductive electroconvection be-

come flashing gradually by decreasing the frequency of the driving voltage in the case

of a rod-like liquid crystal. At low frequencies, where flexodomains can additionally

be observed, two different pattern morphologies can rapidly appear and vanish after

each other in the half period of the applied voltage. The characteristics of the patterns

depend differently on the frequency, thus I could find a crossover between electrocon-

vection and flexodomains at a critical frequency, where the threshold voltages for both

types of patterns are equal [P5–P7].

6. I revealed that the appearance of the flashing electroconvection pattern coincides with

the peak in the current measured in the driving circuit. The nonlinear current phe-

nomenon was explained by the build up of ionic double layers near the insulating poly-

imide coatings on the electrodes after each polarity reversal. The less sharp threshold

characteristics of electroconvection compared to flexodomains were also attributed to

the effect of ionic impurities [P7].

7. Using the critical wave numbers of flexodomains measured at various temperatures,

the difference of flexoelectric coefficients could be calculated as the function of temper-

ature for a rod-like liquid crystal, that I used to confirm a prediction of the molecular

theory of flexoelectricity. The characterization of flexodomains in the case of a bent-

core nematic compound resulted in a slightly larger flexoelectric parameter than that

of the rod-like liquid crystal; thus reproducing the giant flexoelectricity could not be

achieved, similarly to the other electro-optical methods that used non-flexible cells

[P7].
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Conclusions

The scientific results presented in the dissertation contributed to the understanding of the

different nature of bent-core nematic liquid crystals compared to the regular compounds

consisting of rod-like molecules.

The dielectric spectroscopy measurements [P1, P4] on a typical bent-core compound

showed by two more relaxations than in the case of the usual rod-like nematic liquid

crystals. The larger number of relaxations cannot be explained by the polar rod model

that satisfactorily provided the theoretical explanation for the findings in rod-like nematic

compounds. Moreover, the relaxation frequencies determined in the case of the bent-core

material are significantly lower compared to rod-like liquid crystals. The lowest frequency

nematic relaxation was detected at around a few kHz in the parallel component. This find-

ing actually confirms the original assumption of the presence of a low frequency relaxation

based on earlier measurements of conductivity.

Without a satisfying match between the measurements and a proper theoretical de-

scription, the origin of the relaxations found in the studied bent-core compound cannot

be given unambiguously. Since there is no theory of dielectric relaxations available cur-

rently that could handle bent-shaped molecules, only qualitative explanations can be

given. The unusual dielectric behavior of the studied bent-core nematic liquid crystal

might be attributed to the biaxial symmetry of the bent-shaped molecules, that can allow

more rotational modes. Moreover, the polar rod model considers the molecules as rigid

rods, which is also not true for the studied bent-core compound, as it was shown by the

conformational calculations. Consequently, the large conformational freedom might also

affect the dielectric spectra. It cannot be excluded, that the relaxation found at around a

few kHz may originate from the presence of polar smectic clusters.

Not only the dielectric, but the elastic properties of the studied bent-core compound

are extraordinary as well. The analysis of the Freedericksz-transition experiments revealed

[P2] that the twist and bend elastic constant are one order of magnitude smaller than in

the case of rod-like nematic materials, while the splay elasticity was found to be usual. The

results were explained by the presence of smectic clusters, that can be chiral containing

twist and bend deformations in their structures. The previous indications of the unusual

ratios of elastic constants in bent-core nematic liquid crystals became verified in a direct

way.

The numerical simulations of the magnetic twist Freedericksz-transition showed that

considering the realistic assumption of the director pretilt at the cell boundaries allows
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to determine the twist elastic constant using a novel dielectric method. The simpler ex-

perimental technique and the clearer evaluation can make this new dielectric technique

superior compared to the optical depolarization measurements. The optical calculations

revealed that the adverse effect of the adiabatic light propagation can be sufficiently low

if thin cells are used in the optical detection of the twist Freedericksz-transition.

The applicability of the novel dielectric technique was demonstrated on a standard

nematic compound and on an unusual bent-core liquid crystal, which showed similar

characteristics of elasticity to that of regular rod-like nematic materials [P3]. This could

be explained by the presence of the intermediate alkyl-chains that increase the distance

between the molecules. Consequently, without strong core-core interactions, the bent-core

characteristics cannot emerge.

The results of pattern formation revealed that the nature of the standard conductive

electroconvection becomes different in the regime, where the period of the applied voltage

is larger than the director relaxation time [P5, P6]. At high frequencies (f ∼ 100 Hz),

the pattern contrast was found to be approximately constant in time, counter to the low

frequency behavior, where the convection rolls appear as short flashes, so that in the most

of the driving period only the homogeneous state can be observed. The relative contrast

modulation of the pattern images measured as the function of frequency, revealed that the

transition from steady contrast to the flashing regime is continuous and it is characterized

by the director relaxation time. At around 30 mHz and below, the appearance of flex-

odomains could be observed as separated flashes in addition to those of electroconvection.

The experimental findings were compared with the theoretical calculations performed

by a co-worker [P6], and a good qualitative agreement was found. A significant quan-

titative mismatch, however, was pointed out between the measured and the calculated

frequency dependence of the pattern appearance time values within a half period of driv-

ing. Nevertheless, the inaccuracy of the theoretical description is not so surprising, since

the model considered only ohmic conductivity, even though ionic effects definitely play an

important role at low frequencies.

The synchronized electric current measurements indicated a direct correlation between

the peak in the nonlinear ionic current and the appearance of the electroconvection pat-

tern, that clearly shows the importance of ionic effects in the low frequency pattern for-

mation. The absence of sharp thresholds at very low frequencies might be attributed to

an ionic effect. Consequently, a precise theoretical description in the future should take

into account the weak electrolytic character of liquid crystals.
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A crossover was found between electroconvection and flexodomains at around 60 mHz,

due to the different frequency dependence of their threshold voltages. A morphological

transition from the oblique conductive to the oblique dielectric roll structure could be

observed close to 7 Hz, which was an interesting finding, because there were no previous

reports of such transition.

Using the critical wave vector of flexodomains, the difference of flexoelectric coefficients

(|e1 − e3|) could be determined as the function of temperature. The calculations were

performed both analytically, using the model with one-elastic-constant approximation,

and numerically, utilizing the novel theory that considers elastic anisotropy. It has turned

out, that the results obtained by the different methods lie close to each other, because the

critical parameters of flexodomains are not sensitive to the elastic anisotropy in the used

combination of material constants. The temperature dependence of |e1−e3| supported the

molecular theory of flexoelectricity predicting that |e1 − e3| is proportional to the square

of the scalar order parameter.

Flexodomains were also found in a typical bent-core compound. The difference of the

flexoelectric coefficients was calculated by two methods at the temperature, for which the

material parameters were determined before. The model considering one-elastic-constant

approximation gave similar result than the theory accounting for anisotropic elasticity,

alike to the case of the rod-like compound. The flexoelectric parameter |e1 − e3| of the
bent-core nematic liquid crystal was found to be larger than that of the rod-like material,

compared at the closest relative temperatures. Nevertheless, the giant flexoelectricity of

the studied bent-core compound, indicated by both direct and converse mechanical flexing

experiments and interpreted as the consequence of polar clusters, could not be reproduced

by this method. Rather the |e1−e3| deduced from the properties of flexodomains fits well in

the range of the values given by other electro-optical measurements on bent-core nematic

liquid crystals.
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