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CHAPTER 8

Dielectric spectroscopy and electro-optical 

studies of three homologous bent-core 

mesogens 
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8.1. Introduction

The dielectric spectroscopy study is based on determining the frequency 

dependent complex permittivity of a substance and is an essential tool for 

investigating the dielectric and molecular properties of liquid crystals (LC). It 

deals with the intermolecular interactions and explores different cooperative 

relaxation processes at the molecular level [1]. Possible experimental outcomes 

provide the information about the material properties, molecular dynamics as 

well as macroscopic phase behavior of the system. The contribution of different 

relaxation processes to the orientational and distortion polarizations in the 

complex permittivity can be investigated by monitoring the reorientation of 

polar and non-polar molecules respectively in response to an oscillating electric 

field. Different LC phases possess one or more relaxation modes, precisely 

defines several valuable physical properties of that particular mesophase. 

Investigation of several relaxation processes by dielectric spectroscopy 

measurement has been found to be a convenient tool for distinguishing 

different atypical mesophases such as de Vries [2,3], TGBA [4], several sub-

phases of AFLCs [5] etc. and also classifying their molecular structure. Over 

the past few decades, enormous efforts have been devoted to characterize the 

relaxation modes in different LC systems comprising of calamitic [6-11], 

discotic [12], T-shaped [13], chiral [14-16] molecules etc. and also some LC 

system doped with nanoparticles and porous media [17-20]. Usually, the 

calamitic nematogens are found to exhibit three dielectric relaxation modes at 

the high-frequency range [7]. So far from the conventional calamitic 

compounds, the more exciting behavior is expected to observe in bent-core 

compounds due to steric hindrance induced by the bent geometry which 

distorts the symmetry of these molecules. Eventually, in recent years, a number 

of relaxation modes at the lower frequency region have been discovered in 

those bent-core systems in comparison to that of calamitic compounds [21,22]. 

Investigation has also been extended to some binary mixtures consisting of 
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calamitic and bent-core compounds with different concentrations in order to 

recognize the possible gradual changes of dielectric parameters from the usual 

bent-core system to that of the regular calamitic LCs [21,22]. 

In bent-core compounds, different mesophases exhibit unusual and quite 

rare characteristics depending on the magnitude and position of bend-angle, the 

size of the molecules as well as the influence of the terminal chain, linking 

groups, number of aromatic rings, transverse molecular polarity etc. [23,25]. 

Although the nematic phase is quite rare in the bent-core compounds, the 

smectic-like strong short-range local ordering in the nematic phase (namely 

cybotactic nematic mesophase) has been reported in a number of cases [26-34]. 

Torgova et al. recently synthesized a bent-core molecule based on 1,2,4-

oxadiazole as a central unit which exhibits the ferroelectric-like response in the 

nematic phase due to the existence of smectic-like polar cybotactic clusters 

[35]. Furthermore, Keith et al. have reported a homologous series of the bent-

core compounds having a broad range of cybotactic nematic phase along with 

the higher ordered smectic phases and put forward an idea about the molecular 

orientations within these phases [36]. More surprisingly, Link et al. [37] 

observed the chirality in layers for the bent-core mesogens due to the combined 

existence of opposite molecular tilt in adjacent layers and polar vector of the 

molecules, though they are achiral in nature [38]. Investigation of relaxation 

modes in such mesophases is an attractive issue because the integrating 

behavior of the molecules in these phases is much deviating from the usual 

mesophase behavior. Till now several experimental verifications affirm that the 

presence of Sm-C type polar nano-clusters is responsible for the occurrence of 

such unusual behavior [39]. Moreover, the macroscopic ferroelectricity has 

also been observed in these phases [39,40]. Therefore, the presence of these 

types of unusual mesophases in bent-core compounds is quite encouraging to 

perform the dielectric spectroscopy study in a broad sense. 
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In this chapter, the dielectric spectroscopy measurement and the electro-

optical investigation has been carried out in detail for three pure achiral bent-

core compounds of a homologous series derived from 4-cyanoresorcinol 

bisbenzoates. The manifestation of the relaxation modes throughout the entire 

mesomorphic regions has been discussed in light of the molecular associative 

behavior both in planar and homeotropic alignments. Moreover, a relative 

comparison of the relaxation modes has been conferred for all of the homologs 

in accordance with the variation of temperature and chain length as well as the 

strength of the dipole moments in respective mesophases. To verify the 

correlation of polar ordering on the relaxation modes, the response to an 

externally applied DC bias has been measured in these phases. Additionally, 

the field reversal switching behavior has also been studied to validate the polar 

ordering of the molecular dipoles and their associative orientation in adjacent 

layers of the respective mesophases. 

8.2. Materials 
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For Compound 1/7, (n = 7): I 383 K NcybC 313.3 K CybC 

For Compound 1/9, (n = 9): I 378.6 K NcybC 333.5 K CybC 325.4 K Sm-C(I) 

For Compound 1/10, (n = 10): I 377.6 K NcybC 351.6 K CybC 341.6 K Sm-C(I)  

330.1 K Sm-C(II)

Investigation on the dielectric spectroscopy has been carried out for 

three symmetric bent-core compounds of a homologous series of 4-

cyanoresorcinol bisbenzoates having terminally substituted alkyl chains 
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[36,41], synthesized at the Institute of Organic Chemistry, Martine-Luther-

University, Halle, Germany. The structural formulae and phase transition 

scheme of these homologs (1/7, 1/9 and 1/10) are shown above. All three 

compounds exhibit a highly correlated nematic phase (NcybC) over a wide 

temperature range followed by a phase (CybC) comprising of elongated but not 

completely fused strings of cybotactic clusters. In addition, the higher 

homologs (1/9 and 1/10) exhibit one or more tilted smectic phases (Sm-C(I), 

Sm-C(II)). The higher homologous compounds 1/9 and 1/10 exhibits a negative 

value of dielectric anisotropy, while the compound 1/7 reveals an inversion 

from positive to negative dielectric anisotropy in the NcybC phase [41]. 

8.3. Dielectric spectroscopy study 

Different dielectric parameters have been explored for the investigated 

compounds by using an impedance analyzer Agilent 4294A, in the frequency 

range 40 Hz-15 MHz with a maximum AC voltage of 0.5 V (RMS) to avoid 

nonlinear responses. Samples were filled into ITO coated LC cells of thickness 

9 μm having both the planar (HG) and homeotropic (HT) configuration. 

During cooling from the isotropic phase, the real (ε ) and the imaginary (ε ) 

parts of complex dielectric permittivity have been measured in each 

temperature throughout the entire mesomorphic range at an interval of 1 K, 

using the well-known procedures as discussed in chapter 2 [42,43]. Obtained 

dielectric spectrums (ε  and ε ) were fitted with the Havriliak-Negami (H-N) 

fitting functions [44-47] given below: 

where εk is the dielectric strength, ε∞ is the high-frequency limit of the 

permittivity, τk ( = 1/2πfk) is the relaxation time, f is the corresponding 
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relaxation frequency, αk and βk are shape parameters describing the symmetric 

and non-symmetric broadness of the dielectric dispersion curve respectively, 

ranging between 0 and 1, and k is the number of relaxation processes. 

However, σ0 is related to the DC conductivity, and S is a fitting parameter 

responsible for the slope of the conductivity.  

The frequency-dependent real ( ) and imaginary ( ) parts of the 

complex permittivity for the compound 1/7 (at a particular temperature 348 K) 

have been displayed in Fig. 8.1(a) and Fig. 8.1(b) for the planar (HG) and 

homeotropic (HT) alignments respectively. Corresponding temperature 

dependence of the relaxation frequency (fR) for different relaxation processes 

are presented in Fig. 8.2(a,b) for both cell configurations, while the obtained 

dielectric strengths ( ε) are shown in Fig. 8.2(c,d). 

The dielectric spectra in Fig. 8.1(a) for HG cell configuration clearly 

indicates two relaxation peaks, one is marked as P1, appeared in a few kHz 

ranges and a high-frequency peak marked as PITO which is independent of 

temperature and arises due to the influence of ITO resistance in series with the 

cell capacitance. Conversely, in the case of HT cell, corresponding relaxation 

modes are depicted in Fig. 8.1(b), representing a high-frequency peak HITO 

along with two temperature-dependent peaks (H1, H2) appeared at the lower 

frequency side of the HITO. Noticeably, the P1 mode in HG cell has a smaller 

value of dielectric strength ( ε) throughout the whole cybotactic nematic 

(NCybC) phase. On the other hand, the H1 mode in HT cell has appeared at a 

lower frequency range with a smaller value of dielectric strength which is 

weakly sensitive to the externally applied bias field. Thus, the reason behind 

the appearance of P1 and H1 modes may be regarded as the rotation of the 

molecules around their long and short axes respectively [48]. Hence, in case of 

transverse component (HG cell), the effect of the molecular rotation around the 

long axis leads to a high-frequency relaxation peak, while in longitudinal  
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Figure 8.1. Frequency dependence of the real ( ) and imaginary ( ) parts of 

the permittivity for compound 1/7 in (a) HG or planar and (b) HT or 

homeotropic cell configurations. Red solid lines represent the fitting curve to 

data points with Eq. (8.2). 

Figure 8.2. Temperature dependence of relaxation frequency (fR) and dielectric 

strength ( ) for compound 1/7 in (a,c) planar and (b,d) homeotropic cells 

respectively. Vertical arrows define corresponding phase transition 

temperatures.   
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component (HT cell) the same about short axis leads to a low-frequency 

relaxation peak. Similar observation has been reported by Jang et al. [48] in 

planar and homeotropic orientations. The extracted experimental values for the 

relaxation frequency (fR) in the present system agrees quite well with others in 

both the cell alignments as represented in Fig. 8.2(a,b). However, in addition to 

H1 relaxation mode in HT cell, the present system offers a second mode (H2) at 

higher frequency region. By lowering the temperature, the value of relaxation 

frequency (fR) for this mode progressively decreases towards the lower 

frequency region throughout the NCybC phase. However, the value of fR is found 

to be nearly equal to that of the P1 mode in the planar configuration and also 

reveals a weak dependence upon the applied biasing field. Hence, it can be 

assumed that due to the superposition of different independent rotation of polar 

molecules around their long axis or around the principle director implements 

this relaxation mode. Earlier investigations of Tadapatri et al. for a similar type 

of molecule with alkoxy terminal chain, also support the present outcomes 

[49,50]. This type of high-frequency relaxation mode in longitudinal 

component appears in GHz range for usual calamitics but downshift of this 

mode in the bent-core compound may be assigned due to molecular size and 

very high viscosity of the sample. Moreover, a quite analogous identification of 

three relaxation peaks (H1, H2 in HT cell, and P1 in HG cell) has also been 

observed in some bent-core nematic as well as in mixtures with calamitics [51-

53]. Furthermore, in the present investigation, the dielectric strength ( ) for 

the P1 and H1 modes has found to demonstrate an anomalous behavior at a 

region below 15 K from the isotropic–nematic (I–NCybC) phase transition as 

shown in Fig. 8.2(c,d). The value of  is found to initially increase in HG cell 

while it reduces in HT cell followed by the I–NCybC phase transition. 

Surprisingly, near the temperature 365 K (marked with red arrow) both of the 

data for  has been observed to reveal a kink and follow the opposite pattern 

thereafter. The previous investigation of this compound also unveils an 
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inversion in positive to negative dielectric anisotropy at 18 K below the I–

NCybC phase transition temperature [41]. Due to the presence of Sm-C type 

polar nano-clusters in the nematic phase and the mutual alignment of these 

clusters leads to such a behavior. However, it has been reported that this 

inversion of dielectric anisotropy is also dependent on frequency and the nature 

of corresponding crossover frequency is highly non-Arrhenius type at lower 

temperature [48,54]. Recently, Jang et al. explained that inversion by assuming 

the value of anisotropic Kirkwood correlation factors (g  and g ) not equal to 1, 

rather g  decreases and g  increases than unity, i.e., g  <1 and g >1 [54].  

The frequency-dependent imaginary ( ) part of the complex 

permittivity for the second homologous compound 1/9 is shown in Fig. 8.3(a,b) 

for both the HG and HT cell alignments respectively. Corresponding 

temperature-dependent relaxation frequencies (fR) and the dielectric strengths 

( ε) are plotted in Fig. 8.4(a,b) and Fig. 8.4(c,d) respectively, as a function of 

1000/T. 

In this case, the frequency dependent imaginary component of 

permittivity ( ) for HG cell is characterized by a single relaxation peak (P1). 

On the other hand in HT cell, the dielectric modes are portrayed by two 

relaxation peaks- H1 and H2. The H1 mode appears at a frequency about 100 

kHz and found to decrease throughout in NCybC phase by lowering the 

temperature. However, the other mode (H2) arises near the NCybC–CybC phase 

transition but at relatively high-frequency region than H1 mode. On a close 

look to the temperature variation of relaxation frequency for P1 mode, it reveals 

an almost same variation as observed in the planar-aligned compound 1/7. 

Moreover, it has been found that the dielectric strength ( ) of this peak is 

strongly dependent on temperature, i.e., it gradually increases its magnitude in 

the nematic phase with decreasing the temperature. Further lowering the 

temperature, the value of  decreases sharply in the Sm-C(I) phase via the  



  Chapter 8 

 Page   279 

(a) 

(b) 

Figure 8.3. Frequency dependence of the imaginary ( ) parts of the 

permittivity for compound 1/9 in (a) HG or planar and (b) HT or homeotropic 

cell configurations.  
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Figure 8.4. Temperature dependence of relaxation frequency (fR) and dielectric 

strength ( ) for compound 1/9 in (a,c) planar and (b,d) homeotropic cells 

respectively. Vertical arrows define the corresponding phase transition 

temperatures.    

CybC phase. A similar type of observation for the dielectric strength has been 

reported by Eremin et al. at the transition to a para-electric to anti-ferroelectric 

Sm-C phase transition for a bent-core compound [55]. In the NCybC phase there 

exist a number of small-sized cybotactic clusters with Sm-C type layer 

structure which correspond to a strong short-range correlation among the 

molecules and the cluster size is being elongated by lowering the temperature 

[36]. Thus, the appearance of this mode can be assigned due to rotation of 

molecules within the clusters around the long axis of the director in the nematic 

phase. However, it can be considered that the anti-parallel correlation of the 

molecular dipoles along the long axis essentially affecting this mode in Sm-C(I) 

phase. The CybC phase is a phase comprising elongated but not completely 
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fused strings of cybotactic clusters, the anti-parallel dipolar alignments are 

observed to be initiated from the NCybC–CybC phase transition. Although, the 

compound 1/9 posses a larger molecular size and dimension of the cluster in 

comparison to that of  the compound 1/7, the temperature-dependent variation 

of the cluster size as well as the molecular tilt plays a significant role in the 

entire NCybC mesophase. The tilt angles of these molecules enhance from 15
o
 in

NCybC phase to 32
o
 in a perfectly aligned Sm-C(I) phase through the CybC phase

in which molecular tilt angle is 28
o
 [36]. Therefore, it can be assumed that in 

the NCybC phase the assembly of molecular dipole moments associated with Sm-

C type polar clusters forms a ferroelectric type of alignment in neighboring 

layers and thereby increases the strength of the relaxation modes by decreasing 

the temperature followed by the elongation of the cluster size. Consequently, 

the value of  enhances gradually in the NCybC phase. Further lowering the 

temperature, the clusters are fused into elongated ribbon-like aggregates in the 

CybC phase and orient the dipole moments in such a way that an anti-

ferroelectric type of ordering of the dipoles develops in adjacent layers. The 

strong dipole-dipole interaction favors to align the molecular dipole moments 

in adjacent layers with an anti-parallel ordering. This anti-ferroelectric type of 

orientation has been observed to continue throughout the Sm-C(I) phase which 

causes an effective decrease in  value in the CybC and Sm-C(I) phases. 

Almost identical type of behavior has been observed by Guo et al. for a bent-

core compound at the transition from Sm-APR phase to anti-ferroelectric Sm-

APA phase [56]. Again, this mode is sensitive to the external bias field. From 

the Fig. 8.5(a) it is clearly evident that the strength of the mode P1 is further 

increases by increasing the bias field without any change of fR. This indicates 

that this mode (P1) develops due to the molecular rotation about the long axis 

and additionally influenced by the local anti-ferroelectric ordering of the 

molecular dipoles in adjacent layers. A complete realization of this issue has 

been drawn from the field-induced polarization technique as described later. 

Further increasing the field strength, the trivial appearance of an additional  
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Figure 8.5. The variation of frequency-dependent imaginary ( ) part of 

permittivity with the bias voltage for compound 1/9 in (a) planar and (b) the 

homeotropic alignment cells. 

peak (P2) has been observed in the Sm-C(I) phase at a lower frequency side. 

This suggests that there also exist an additional rotational motion of the 

molecules around the short axis or bow axis, as well as it has an effect of local 

polar ordering that has been apparently recognized after the application of 

external voltage. Nevertheless, in case of HT cell, both H1 and H2 peaks have a 

relatively smaller dielectric strength than P1 mode and having a weak 

temperature dependency. However, a noticeable change in  has been found in 

the CybC and Sm-C(I) phases. The relaxation frequency for H1 mode is quite 

similar to that of the compound 1/7 in NCybC phase. Therefore, this mode is also 

assigned to the molecular relaxation, appearing due to the end-over-end 

rotation of molecules around their short axis or bow axis. An identical 

observation has been reported in a bent-core compound having similar 

molecular core structure but with alkoxy terminal chain [50]. Moreover, the 

signature of the mode H2 has found from the CybC mesophase relatively at 

higher frequency region than H1 and it extends to the entire Sm-C(I) phase. 

Interestingly, the strength of this mode is highly sensitive to the external bias 

field, i.e., the value of  increases with increasing the bias voltage, while it is 

very small in absence of the field as observed from Fig. 8.5(b). Hence, this 

mode can be attributed to a collective mode of relaxation in which anti-
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ferroelectric domains of polar molecules in Sm-C(I) phase transforms to 

ferroelectric domains by inducing external DC field, thereby effectively 

increases the strength. It has been observed from Fig. 8.5 that the electric field 

response of relaxation modes is too much strong in HT cell than that of the HG 

cell. It demonstrates that the contribution of effective molecular dipole 

moments in HT cell is greater compare to HG cell subsequent to the application 

of bias voltage. Hence, due to the anti-parallel alignment of the molecular 

dipoles, the effective dielectric strength initially shows much smaller value in 

absence of the field. On increasing the external field, the dipolar groups tend to 

reorient progressively parallel to the field direction, while the long molecular 

axes remain randomly distributed around the field direction. This results an 

enhancement of the dielectric strength along the field direction with increasing 

the field strength. However, in case of HG cell, the component of the dipole 

moment parallel to the field direction is too weak compared to that in HT cell 

and therefore, not so sensitive to the external bias field. 

The frequency-dependent imaginary ( ) part of the dielectric 

permittivity for the higher homologue 1/10 at different temperature is shown in 

Fig. 8.6(a,b) for both the HG and HT cells respectively. Corresponding 

temperature-dependent relaxation frequencies (fR) and the dielectric strengths 

( ε) are plotted in Fig. 8.7(a,b) and Fig. 8.7(c,d) respectively, as a function of 

1000/T. 

In planar configuration, a high-frequency peak (P1) appeared in a 

frequency range identical to the lower homologous compounds, with a 

relatively large value of ε. During cooling from the isotropic phase, the value 

of ε gradually increases in NCybC phase and found to decrease in the CybC and 

Sm-C(I) phases. This observation is quite similar to the compound 1/9 in HG 

cell. Moreover, in the Sm-C(I) phase, an additional relaxation mode (P2) with a 

very close value of fR has been observed. By applying an external bias field, 
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(a) 

(b) 

Figure 8.6. Frequency dependence of the imaginary ( ) parts of the complex 

permittivity for compound 1/10 in (a) HG or planar and (b) HT or homeotropic 

configuration cells.  
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Figure 8.7. Temperature dependence of relaxation frequency (fR) and dielectric 

strength ( ) for the compound 1/10 in (a,c) planar and (b,d) homeotropic cells 

respectively. Vertical arrows define the corresponding phase transition 

temperatures. 

Figure 8.8. The variation of frequency-dependent imaginary ( ) part of the 

complex permittivity with the bias voltage for compound 1/10 in (a) planar and 

(b) the homeotropic alignment cells. 
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these two modes can be resolved clearly (See Fig. 8.8(a)). On further cooling, 

the P1 mode persists to the lower temperature Sm-C(II) phase. Therefore, similar 

to the compound 1/9, the P1 mode in the compound 1/10 can be ascribed as the 

molecular mode in the NCybC phase, while in tilted Sm-C(I) phase, the 

orientation of the molecules in anti-parallel fashion with a greater tilt angle, 

describing a collective process of relaxation. Conversely, in the homeotropic 

cell, a single relaxation mode (H2) has been observed throughout the whole 

mesomorphic range rather than the two relaxation modes (H1 and H2) as 

observed in lower homologous compounds (1/7 and 1/9). However, the 

strength of this mode is comparatively lower than that of the HG cell. 

Although, during cooling, the value of the dielectric strength slightly decreases 

in NCybC phase, it enhances further in the CybC and Sm-C(I) phases. 

Furthermore, the ε value remains almost constant at the Sm-C(II) phase, in 

which the molecules are considered to be organized in a quite close-packed 

structure. Interestingly, the strength of this mode in the Sm-C(I) phase sharply  

increases with the applied biasing field as shown in Fig. 8.8(b). Notably, on 

applying the bias voltage, the first longitudinal mode (H1) is observed minutely 

at a lower frequency region than H2, which has been found to appear 

predominantly in the lower homologous compounds without any bias voltage. 

It can be explained that due to the enhancement of the molecular length in 

compound 1/10, the terminal chains easily escaped into the surface boundary 

and produce the aliphatic excrescences around the cluster [36]. Moreover, 

combination of the steric interaction and dipole-dipole interaction favors to 

orient the terminal chains parallel to the layer boundary, which allows the 

interdigitation of the terminal chains [57]. As a result, the rotation of the 

molecules about its short axis is hindered in HT cell, but imparts a significant 

influence in HG cell. Owing to the enhancement of the molecular size, the 

emergence of the P2 mode has been observed in HG cell without bias field. By 

applying an external field, both of the compounds 1/9 and 1/10 clearly resolve 

the relaxation peak (P2) in the planar anchoring Sm-C(I) phase as seen from Fig. 
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8.5(a) and Fig. 8.8(a). This mode is basically referred to a molecular mode 

arises due to rotation of molecules around their short axis. Additionally, this 

mode has an effect of the anti-ferroelectric organization of molecular dipoles. It 

has been observed that the mode P2 is definitively absent in the compound 1/7, 

while it appears in compound 1/9 after the application of external field and 

predominantly been found in the compound 1/10 without any bias field. This 

implies that by increasing the chain length, the molecular rotation is facilitating 

gradually about the short axis in case of HG cell. Therefore, it can be predicted 

that further increase of chain length should exhibit a noticeable appearance of 

this mode with a greater value of dielectric strength [56,58]. However, in case 

of HT cell, the direction of the effective dipole moment diverges from the field 

direction by increasing the chain length. In addition to this molecular rotation 

about the short axis is inhibiting by the enhancement of the chain length. As a 

result, prominently appearance of the mode H1 in lower homologue turns out to 

an insignificant peak in the compound 1/10 which is clearly visible in the 

spectrum by the application of bias voltage (Fig. 8.8(b)). Therefore, the 

molecular motion becomes collective in the Sm-C(I) phase, i.e., the relaxation 

process can be assumed due to the cooperative fluctuation of the dipoles. The 

associative arrangement of the molecules results an anti-ferroelectric ordering 

in adjacent layers which has also been found in other bent core-molecules 

[58,59]. However, the Sm-C(II) phase is like a glassy state or solid-like state 

which does not respond in external bias field. For deeper understanding of 

polar ordering for these smectic phases, the field induced switching behavior 

has also been studied which is described below. 

8.4. Electro-optical investigation 

The electro-optical investigation for the three investigated bent-core 

compounds has been carried out in combination with the field reversal 

polarization technique [60] by applying a triangular wave AC input voltage 

(amplified by 20 times) and simultaneous observation of the optical textures 
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(by using square wave) under a crossed polarizing optical microscope. An 

absolute voltage of 180 Vpp, 20 Hz has been applied with a proper resistive 

circuit to the sample filled ITO coated cells both in the planar and homeotropic 

orientations. Hence, an effective voltage of about ±20 V acts per m on the cell 

which drives a current through the material. The output current spectrums have 

been acquired in Agilent DSOX2000A and the optical textures were observed 

by using a polarizing optical microscope (BANBROS) at a temperature interval 

of 1 K. 

Out of the three investigated compounds, the lower homolog 1/7 has 

NCybC and CybC phases where no prominent polarization peak has been 

detected throughout the mesomorphic range. On the other hand, the higher 

homologous compounds (1/9 and 1/10) exhibit two significant polarization 

peaks in the lower temperature smectic phases and a single polarization peak in 

the NCybC phase, which exist also in the isotropic phase. The obtained current 

response spectrums along with the applied AC triangular wave voltage for the 

compounds 1/9 and 1/10 are depicted in Fig. 8.9(a-e) for both of the cell 

alignments. The corresponding temperature dependence values of the 

spontaneous polarization (Ps) are illustrated in Fig. 8.9(f,g). Simultaneous 

observations of optical textures in response to the applied square wave AC field 

are also represented in Fig. 8.10. 

The output current spectrum for the planar-aligned compound 1/9 

exhibits a broad asymmetrical current peak in the NCybC phase even also in the 

isotropic phase as represented in Fig. 8.9(a) at different temperature above and 

below the I–NCybC phase transition. However, an appearance of a sharp current 

peak has been observed in the HT configuration which is shown in the inset of 

Fig. 8.9(a). Similar observation has also been noticed in case of the compound 

1/10 in the NCybC phase for both the cell configurations. The area covered by 

the peak for both the compounds is sufficiently large near the isotropic phase 
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Figure 8.9. Switching current response curves of compound 1/9 and 1/10 for a 

triangular wave voltage (Red dashed line) at different temperatures; (a-c) 

Compound 1/9 in HG cell, (d) Compound 1/10 in HG cell, (e) Compound 1/10 

in HT cell, (f-g) Temperature-dependent polarization value for the compound 

1/9 and 1/10 respectively. 
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 (a) (b)      (c) 

 (d)    (e)        (f) 

 (g)   (h)   (i)  (j) 

  (k) (l)  (m)  (n) 

Figure 8.10. Optical textures of the compound 1/9 and 1/10 for an applied 

square wave AC voltage at different mesophases; (a-c): compound 1/9 in HG 

cell, (d-f): compound 1/9 in HT cell, (g-j): compound 1/10 in HG cell, (k-n): 

compound 1/10 in HT cell. Corresponding insets are the textures before the 

application of the field and arrows indicate the direction of the analyzer and 

polarizer. 
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and slowly diminishes in the NCybC phase by lowering the temperature. Thus, 

the corresponding value of polarization (Ps) has been found to be about 210 

nC/cm
2
 in HT cell and about 140 nC/cm

2
 in case of HG cell in the isotropic 

phase for the compound 1/9 (see Fig. 8.9(f)). On the other hand, the compound 

1/10 reveals a quite higher value of about 320 nC/cm
2
 in HG cell and about 260 

nC/cm
2
 in HT cell as represented in Fig. 8.9(g). Further lowering the 

temperature, the value of PS gradually decreases throughout the entire NCybC 

phase. Moreover, the application of a square wave input voltage (at different 

frequencies) also produces a hump in the output spectrum which eventually 

ruled out the emergence of this peak as ionic contribution. Rather it may be 

concluded that due to the existence of small clusters consisting of Sm-C type 

polar molecules in the NCybC phase and even also in the isotropic phase induces 

such polarization peak. Quite similar type of observation has been reported in 

four-ring bent-core samples [61] and in the Sm-A phase of three-ring bent-core 

compound [62]. Therefore, the single peak observed in the switching current 

indicates that the fluctuation of the polarization vector of these polar cybotactic 

clusters is induced by the application of an external field, resulting in a 

ferroelectric-like polar switching [61,63,64] both in the isotropic and NCybC 

phases. However, the average size of the polar clusters is very small near the 

isotropic phase which makes the reorientation of the dipolar axes quite easier 

and hence demonstrates a high value of polarization [30]. Moreover, as the 

temperature decreases the polar clusters grow up in size resulting in an 

effective increase of viscosity which also restricts the reorientation of the 

clusters within the NCybC phase and hence the polarization value decreases by 

lowering the temperature. Subsequently, a sharp change of the planar-aligned 

schlieren nematic texture (inset of Fig. 8.10(a,g)) has been observed as shown 

in Fig. 8.10 (a,g) due to the application of an AC square wave field (180 VPP, 5 

Hz) in the NCybC phase for both of the compounds. When the field is removed, 

the texture switches back into the initial state within a few milliseconds. 

Similar observation has also been found in HT cell as depicted in Fig. 
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8.10(d,k). Such ferroelectric nature in the nematic phase reveals a good 

consistency with several experimental reports [30,61,65] and often a quite 

higher value of polarization has also been reported in bent-core nematic phase 

[66]. As the polar clusters of the nematic phase are fused into elongated 

aggregates in the CybC phase, a ribbon-like optical texture arises in the CybC 

phase as a result of applied field which is depicted in Fig. 8.10(b,h) for HG cell 

and in Fig. 8.10(e,l) for the HT cell. Additionally, an appearance of two 

insignificant peaks in switching current has been found in this phase (blue 

curve in Fig. 8.9(b)). Further decreasing the temperature, two well distinct 

sharp peaks developed in the current response spectrum at the Sm-C(I) phase as 

shown in Fig. 8.9(b,c) for both the cell configurations. This is the signature of 

weak anti-ferroelectric ordering of the dipoles in adjacent layers. Nevertheless, 

the optical texture also shows a considerable change at the field-on state in the 

Sm-C(I) phase as represented in Fig. 8.10(c,i) for HG cell and Fig. 8.10(f,m) for 

the HT cell. Although the texture patterns are almost identical in the CybC and 

Sm-C(I) phases, a considerable change in the birefringence has been observed 

between these two phases. However, as the anti-parallel organization of the 

molecules in the neighboring layers is initiating from the CybC phase, the dual 

insignificant polarization peaks has found to appear from the CybC phase. On 

lowering the temperature, the obtained polarization value sharply increases to 

250 nC/cm
2
 for the HG configuration and 498 nC/cm

2
 for the HT configuration 

in the Sm-C(I) phase as described in Fig. 8.9(f). Similar type of enhancement 

for the polarization value has also been reported in some bent-core anti-

ferroelectric smectic phases [51,55,67-71]. Possibly, the steric interaction 

between the molecules reorients the terminal chains parallel to the layer 

boundary, which allows partial interlayer diffusion (interdigitation) of terminal 

chains [72]. Moreover, the strong dipole-dipole interaction also favors to align 

the molecular dipole moments in adjacent layers in an anti-parallel fashion. 

Combination of both the interaction stabilizes the anti-ferroelectric phase [72]. 

In addition, two well distinct sharp peaks of the compound 1/10 become 
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initially distorted in Sm-C(II) phase and finally disappears at a lower 

temperature as represented in Fig. 8.9(d,e) for the HG and HT cell 

configurations respectively. Moreover, the field-on optical texture in the Sm-

C(II) phase eventually does not return to its initial state when the bias field is 

switched off as shown in Fig. 8.10(j,n) for the HG and HT cells respectively. 

This is essentially due to the effect of a more viscous medium with closely 

packed nature of the molecules in Sm-C(II) phase. Thus the Sm-C(II) phase 

corresponds to a more solid-like Sm-C phase or a glassy state. The value of the 

polarization increases with decrease in temperature having a maximum up to 

520 nC/cm
2
 for the HG configuration and 370 nC/cm

2
 for the HT configuration 

in Sm-C(I) phase, while it decreases in the Sm-C(II) phase (see Fig. 8.9(g)). 

Surprisingly, the value of polarization for the compound 1/10 has found to be 

comparatively greater in case of HG cell than that of the HT cell in the lower 

temperature smectic phases, while the opposite nature has been observed in 

case of the second homologous compound 1/9, i.e., the value of polarization is 

greater for the HT cell than that of the HG cell. This unusual behavior can be 

explained by considering the deviation of resultant dipolar contribution with 

the variation of chain length in both the cell configurations. The magnitude of 

dipole moment for both the compounds are nearly equal, but owing to the 

elongation of chain length a strong component of the effective dipole moment 

is being oriented towards the direction of the field in the HG cell while it 

becomes weak in the HT cell. The obtained results in dielectric spectroscopy 

also support this behavior in which the first longitudinal peak (H1) is absent in 

higher homologous compound (1/10), while a distinct appearance of second 

transverse mode (P2) is observed in HG cell which is also observed in the 

planar-aligned compound 1/9. Recently, a similar type of bent-core molecules 

(n = 6,8,12,14,16,18) has been synthesized from 4-cyanoresorcinol aromatic 

core [69,73-76] with the reversal of ester linking groups in which the higher 

homologous compounds (n = 16,18) possess a non-tilted and non-polar uniaxial 

Sm-A phase in addition to two uniform tilted Sm-C phases (Sm-CSPF and Sm-
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CSPA) those are also exhibiting similar type of bulk polarization behavior. The 

field induced polarization study of present compounds (1/9 and 1/10) indicate 

that both lower temperature Sm-C phases are polar in nature with the anti-

ferroelectric ordering of the dipoles and have a sufficiently high value of 

polarization (PS). All these observations are found to be supportive with the 

conclusions made from the dielectric spectroscopy measurements. Finally, it 

appears that the Sm-C(I) phase should be designated as Sm-CSPA phase (CS 

stands for synclinic-type of molecular organization and PA corresponds to anti-

ferroelectric ordering of polar orientation in neighboring layers) while Sm-C(II) 

phase is nothing but a quite solid-like state or close-packed Sm-C phase having 

another version of synclinic - anti-ferroelectric ordering (Sm-C´SPA phase). 

8.5. Conclusion 

Precise dielectric spectroscopy and electro-optical measurements have 

been performed to investigate the molecular dynamics for three homologous 

compounds (1/7, 1/9 and 1/10) derived from 4-cyanoresorcinol bisbenzoates 

with terminally substituted varying alkyl chains (n = 7, 9, 10). All the 

compounds possess almost equal magnitude of dipole moment ( 5.1 D). The 

lower homolog (1/7) comprises of a stable NCybC phase in a broad temperature 

range, while the higher homologue (1/9 and 1/10) exhibit a NCybC phase, in 

addition to tilted Sm-C phases- Sm-C(I) and Sm-C(II) followed by a CybC phase. 

The molecular conformations and their association impart a significant role in 

the mesomorphic behavior of the investigated compounds. Investigation on the 

dielectric spectroscopy for all of the compounds reveals that the compound 1/7 

exhibits only one relaxation mode (P1) in the planar-aligned NCybC phase and 

ascribed as the molecular mode, arising due to the rotation of polar molecules 

around the long axis of the director within the Sm-C type tiny clusters. Besides, 

in HT cell, a couple of distinct relaxation modes has been found in which the 

low-frequency relaxation peak (H1) appears due to the rotation of the molecules 

around their short axis and the higher frequency relaxation peak (H2) 
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corresponds to the molecular mode associated with the local polar ordering of 

the molecules. However, the relaxation modes in NCybC phase of the compound 

1/9 have been found to be of similar nature as the relaxation modes (P1, H1 and 

H2) of the lower homolog 1/7. Interestingly, the dielectric strengths of these 

modes are too much sensitive to the externally applied bias field, indicating an 

influence of the effective dipole moment of the molecules on these modes. On 

the other hand, the higher homologous compound 1/10 exhibit only one 

longitudinal relaxation mode (H2) throughout the mesmorphic region, which is 

also very sensitive to the applied bias field. Additionally, this compound 

exhibits two relaxation modes (P1, P2) in planar aligned Sm-C(I) phase. Due to 

the presence of a long terminal chain of the compound 1/10, the steric 

interaction between the molecules reorients the terminal chains parallel to the 

layer boundary and forms an interdigitation of the terminal chains. This in 

effect restricts the rotational motion of the molecules around the short axis in 

HT cell and found to be gradually facilitating about the short axis in HG cell. 

More specifically it can be stated that due to the elongation of chain length a 

strong component of the effective dipole moment is being oriented towards the 

direction of the field in the HG cell while it becomes weaken in the HT cell. In 

order to investigate the polar contribution of these mesophases, the field 

reversal switching polarization has been measured in the investigated 

compounds over the whole mesomorphic range both in the HG and HT cell 

configurations. On the basis of all investigated results, it can be concluded that 

the NCybC phase of these compounds mostly differ from the usual nematics, 

where a switchable macroscopic bulk polarization has been found in the 

direction of the applied electric field and defines a ferroelectric type of polar 

ordering. The molecules in the NCybC phase are organized themselves in such a 

way that their individual dipoles suitably pile up to produce a large ferroelectric 

polarization within the medium. Moreover, the lower temperature Sm-C phases 

(Sm-C(I) and Sm-C(II)) exhibit two well distinct peaks in current response curve, 

indicating an anti-ferroelectric type of ordering of the molecular dipoles in 
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adjacent layers. Due to this reason, the effective cancellation of the dipole 

moments reduces the dielectric strength ( ε) of the relaxation modes, but an 

application of an external bias voltage principally switches the dipoles along 

the field direction and hence significantly enhances the dielectric strength. The 

intermediate CybC phase endorsed the transition from the ferroelectric-type 

NCybC phase to the anti-ferroelectric type of Sm-C(I) phase where the cybotactic 

clusters are being elongated. However, the Sm-C(II) phase is nothing but a Sm-

C phase with enhanced packing density in comparison to Sm-C(I) phase, that 

seems like more solid-like state or glassy state. For this reason, even the field-

on optical texture in the Sm-C(II) phase eventually does not return to its initial 

state as the field is completely switched off. Therefore, the development of 

polar order of the molecules in layers has been discussed in accordance with 

the variation of temperature and chain length. Considering all experimental 

findings it is concluded that the Sm-C(I) phase can be designated as Sm-CSPA 

(synclinic- anti-ferroelectric ordering) while the Sm-C(II) phase a quite solid-

like state or close-packed Sm-C phase with similar type of synclinic - anti-

ferroelectric ordering. This type of transition character from a rare ferroelectric 

NCybC phase to anti-ferroelectric Sm-C phase is quite interesting among the 

bent-core molecules. All of the obtained outcomes emphasizes that these 

compounds may be used to formulate mixtures having improved material 

parameters like induced biaxialty, effective dipole moment, switching time etc. 

for practical applications. 
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