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Effect of oligomethylene spacers on 
the dielectric and electro-optic 
properties of two biphenyl benzoate 
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6.1 Introduction 

   The compounds of the chiral mesogenic series that have been discussed 

so far in this dissertation, all have three oligomethylene spacers in their 

fluorinated chain. In this chapter we are presenting the dielectric and 

electro-optic properties of two compounds of the same series, namely  

(S)-(+)- 4/ - [(4 – nonafluoro-pentanoyloxy)but-1-oxy] biphenyl-4-yl 4-

(1-methylheptyloxy)-benzoate (4F4R), (S)-(+)-4/-[(5-nonafluoro-

pentanoyloxy)pent-1-oxy]biphenyl-4-yl 4-(1-methyl-heptyloxy)benzoate 

(4F5R) [1]. Both compounds have four carbons in their fluorinated chain 

and unlike the other compounds included in this thesis, 4F4R and 4F5R 

have four and five numbers of oligomethylene spacers in their chains 

respectively. Hence, along with fluorination, the effect of additional 

oligomethylene spacers on the dielectric and electro-optic properties of 

the compounds of this homologous series can also be explored by 

investigating the properties of these two compounds. Like the compounds 

discussed in the last two chapters, 4F4R and 4F5R also exhibit 

ferroelectric SmC* phase for a quite extended temperature range and 

following the trend of 3F3R (discussed in chapter 4), 5F3R and 6F3R 

(discussed in chapter 5), these two compounds also directly melt in to 

isotropic phase from SmC* phase. Thus their dielectric and electro-optic 

parameters can be useful from application perspective. The molecular 

structures of the compounds are shown in figure 6.1. 

 

 

 

 



 

Figure 6.1: the molecular structure

6.2 Experimental methods 

   Dielectric and electro

the compounds inside a dielectric cell with 

indium tin oxide (ITO) 

transition temperatures of the compounds were ident

optical microscopy, using 

equipped with a CCD camera

measured using a Hioki

40 Hz to 5 MHz. Observed dielectric 

Cole–Cole function [2,3]

by reversal current method 

amplitude was applied as input f

generator. The voltage drop a

of an storage oscilloscope (Tektronix TDS 2012B) as a function of time.

The electrical response time was measured 

of occurrence of polarization bump from the applied square pulse

154 

1: the molecular structures of a) 4F4R and b) 4F5R.

Experimental methods  

Dielectric and electro-optic measurements were performed by taking 

inside a dielectric cell with low resistivity (about 20 Ω/□) 

ITO) coated electrodes and 8μm cell gap

transition temperatures of the compounds were identified b

, using Olympus BX41 polarizing microscope 

equipped with a CCD camera. Complex dielectric permittivity was 

measured using a Hioki 3532 50 LCR meter in the frequency range from 

Observed dielectric spectra were fitted to the

[2,3]. Spontaneous polarizations (PS) were

rsal current method [4] for which an ac triangular voltage of 30V 

amplitude was applied as input from an Agilent 33220A function 

enerator. The voltage drop across a resistor was measured with the help 

oscilloscope (Tektronix TDS 2012B) as a function of time.

The electrical response time was measured by measuring the time delay 

of occurrence of polarization bump from the applied square pulse
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frequency 60Hz) edge while monitoring the voltage across the same 

resistor in series with the cell. Optical tilt of molecules in smectic layers 

was determined by electrically switching the sample under a low 

frequency (10 mHz) square wave and simultaneously observing it under 

polarizing microscope. The angle of rotation of the sample between two 

dark states was considered as a measure of double the tilt angle. Mettller 

FP90 temperature controller along with FP82 hot stage was used to 

regulate temperature in all experiments. The procedures in detail have 

been discussed in chapter 2. 

6.3 Results and discussions 

6.3.1 Observed phases 

   The observed transition temperatures and thermal range or stability of 

SmC* phase (ΔTSmC*) of the compounds are presented in table 6.1. 

Though antiferroelectric SmC*A phase was reported in 4F4R below 

SmC* phase in the synthesis paper [1], but presence of that phase could 

not be confirmed in the present study. Rather below SmC* phase, within 

the temperature range of 980C to 860C, a subphase (SmX*) has been 

detected in this compound. Both the compounds show SmC* phase over a 

considerable temperature range (32.9º in 4F4R and 54.5º in 4F5R) and 

melts directly to isotropic phase. 

Table 6.1. Transition temperatures and thermal stability of SmC* phase of 

the compounds 

Compounds Transition temperatures Stability of SmC* phase 
(ΔTSmC

*) 
4F4R Crystal: 86.50C: SmX*: 980C : SmC*: 

130.90C: Iso 
           32.9° 

4F5R Crystal: 78.0° C : SmC*:132.5° C: Iso             54.5° 
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   The thermal stability or range ΔTSmC* of SmC* phase in 4F4R is found 

to be less (32.9⁰) than all the compounds discussed so far viz. 3F3R, 

5F3R and 6F3R, except 2F3R. In 4F5R also ΔTSmC* was less (54.5⁰) than 

the other compounds except 2F3R and 3F3R. However, in 2F3R and 

3F3R there was a mixed phase of SmF* and SmC*. Thus, the stability of 

SmC* phase decreased significantly after addition of the fourth 

oligomethylene spacer in the chain. However, after adding yet another 

oligomethylene spacer, ΔTSmC
* increased slightly.  

6.3.2 Optimised geometry  

   To elucidate the structure property relationship geometries of the 

molecules were optimised, as done for other compounds, applying 

Hartree-Fock method and using 3-21G basis set in a commercial package 

[5]. The optimised structures are shown in figure 6.2. The molecular 

length of 4F4R and 4F5R were found to be 33.83Å and 36.72Å 

respectively, thus the optimised molecular length (l) increased after 

adding additional oligomethylene spacers, as expected. Optimised 

molecular lengths (l) of the two compounds are greater than 1F3R, 2F3R 

and 3F3R (chapter 3 and 4), which is again expected as both the number 

of carbon in fluorinated chain and the number of oligomethylene spacer 

are less in those compounds, compared to that of 4F4R and 4F5R. 

However in 5F3R and 6F3R (chapter 5) ‘l’ was found to be higher than 

4F4R and 4F5R due to additional carbons in the fluorinated chain. The 

dipole moments of 4F4R and 4F5R are 6.12 D (5.31, 2.70, 1.4) and 5.65 

D (-4.94, -2.67, 0.65) respectively where the components of dipole 

moments along the three coordinate axes are shown within parentheses. 

Dipole moments of these two compounds are less than all other 

compounds with three oligomethylene spacers. Thus dipole moment is 

observed to decrease with increasing oligomethylene spacers. This might 



 

be attributed to the fact that, with addition of oligomethylene spacer, 

distance between the flu

molecule is increased

 

Figure 6.2: Optimised geometry of a) 4F4R and b) 4F5R.

   It is noticed that the changes in the optimised parameters, compared to 

the other homologues, are much higher for 4F5R than 4F4R. That is due 

to a substantial change in the conformity of the optimised structure after 

the addition of the fifth 

[chapter 4 and 5] and even 4F4R the chiral chain and the fluorinated 

chain of the optimised geometry were observed to be bend in the same 

direction. But for 4F5R they are bent in the opposite direction. For 

quantitative description

atoms C1, C2, O1, C3 (
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be attributed to the fact that, with addition of oligomethylene spacer, 

distance between the fluorine part of the chain and the core of the 

increased and thus the dipole moment is 

2: Optimised geometry of a) 4F4R and b) 4F5R.

noticed that the changes in the optimised parameters, compared to 

the other homologues, are much higher for 4F5R than 4F4R. That is due 

substantial change in the conformity of the optimised structure after 

fifth oligomethylene spacer. For 3F3R, 5F3R, 6F3R 

[chapter 4 and 5] and even 4F4R the chiral chain and the fluorinated 

chain of the optimised geometry were observed to be bend in the same 

direction. But for 4F5R they are bent in the opposite direction. For 

quantitative description, the torsion angle of the molecules 

C1, C2, O1, C3 (figure 6.2) were measured. For 4F4R and 4F5R it 
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was found to be 150.9⁰ and -35.27⁰ respectively. This change in 

molecular conformation might affect the phase sequence of the 

compounds.     

   It is worth mentioning that the optimised results published in the paper 

for these compounds differ from what has been reported in this 

dissertation. This is because of the fact that previously we used molecular 

mechanics method in a different program package, but here we have used 

Hartree Fock method of another program package which is considered to 

be more accurate. Moreover, we wanted optimised structures of all the 

compounds discussed in this dissertation are on same footing to make 

comparison more realistic. 

6.3.3 Polarized optical microscopy (POM) study 

   Observed optical textures of the compounds are displayed in figure 6.3 

and 6.4.  

  

Figure 6.3: Optical textures of 4F4R in a) crystal b) SmX* and c) SmC* 
phases. 

 

Figure 6.4: Optical textures of 4F5R in a) crystal and b) SmC* phase. 
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   In SmC* phase of 4F4R the texture resembles to that of 6F3R (chapter 

5), where just like other compounds of the series with direct transition 

from SmC* to isotropic phase, no significant domains can be observed 

[1], but a few poorly developed broken fan region can be observed with 

parallel lines due to helical structure. After entering into SmX* phase, the 

chiral lines become fainter and the broken fan structure broke even 

further. For 4F5R in SmC* phase, the broken fan texture was much more 

prominent, and chiral lines were also much more clearly visible.    

6.3.4 Frequency dependent dielectric relaxation study 

    Only one strong dielectric relaxation mode was observed in SmX* and 

SmC* phases of 4F4R and in SmC* phase of 4F5R. As discussed in 

previous chapters, the collective dielectric behaviour of the SmC* phase 

is dominated by two relaxation processes: the Goldstone mode (GM) and 

the soft mode (SM). Looking at the fact that the observed peak was 

suppressed after the application of a DC bias of 13V and 15V in 4F4R 

and 4F5R respectively and considering the range of critical frequencies 

(fC) (159– 420 Hz in 4F4R and 400 – 1100 Hz in 4F5R) and values of 

dielectric increments (Δε) (277 – 280 in 4F4R and 43 - 123 in 4F5R), this 

relaxation mode was identified as GM relaxation for both the 

compounds. No SM process was observed in any of these two 

compounds, even when a DC bias field is applied. As both compounds 

melt to isotropic phase directly from SmC* phase, the absence of SM 

relaxation is in conformity with our previous observations, where soft 

mode was not observed in absence of any orthogonal to tilted phase 

transition [chapter 3,5] . Reason for this has been discussed in detail in 

last chapter.  

   To probe the existence of SmX* phase in 4F4R from dielectric study, 

the perpendicular components of the real parts of dielectric permittivity 
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have been plotted as a function of temperature at 1 kHz and 10kHz 

(figure 6.5). When the data are fitted linearly, at both frequencies, a 

distinct change of slope has been observed at 980C. At 1 kHz the slope 

changes from 1.461 to 0.95, while at 10 kHz it changes from 0.12 to 0.06. 

This clearly indicates the existence of a new phase in 4F4R below SmC* 

(980C). 

 
  

Figure 6.5: Variation of real part of dielectric permittivity of 4F4R with 

temperature (a) at 1kHz, (b) at 10 kHz. 

   Representative dielectric spectra, fitted to modified Cole–Cole 

function, showing the presence of GM both in SmC* and SmX* phases of 

4F4R and in SmC* phase of 4F5R, are shown in Figures 6.6 and 6.7 

respectively. As the ε/ and ε// are related to each other by Kramers- 

Kronig relation, Cole-Cole plots are shown in figures 6.8 to show that 

the fitting is good. It has been observed that, in 4F4R, the average value 

of distribution parameter (α) in SmC* phase is ~ 0.17, while that in the 

SmX* subphase it is ~ 0.21, which signifies broadening of spectra in this 

phase and further points to the presence of a different phase below 

SmC*. It is also inferred that in these compounds also the GM process in 

SmC* phase is found to be non-Debye type as revealed from the values 
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of symmetric distribution parameter α. In SmX* phase it deviates further 

from the Debye type behaviour. 

 

Figure 6.6: Fitted dielectric spectra for 4F4R showing GM: (a) SmX* 

phase (96°C), (b) SmC* phase (110°C) Fitted parameters for a) are ΔεGM: 

282± 0.87, fGM: 125± 2.7, αGM: 0.21± 0.004, ϭGM : 7E-12 ±1E-15 and for 

b) are ΔεGM: 276± 0.94, fGM: 247± 1.2, αGM: 0.17± 0.002, ϭGM : 1.1E-8 

±1E-12  

 

 

 

Figure 6.7: Fitted dielectric spectra in SmC* phase at 115ºC for 4F5R 

showing GM. Fitted parameters for are ΔεGM: 71± 1.31, fGM: 988± 6.3, 

αGM: 0.15± 0.002, ϭGM : 9.8E-8 ±1.4E-10 
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Figure 6.8: Fitted Cole-Cole plots in a) SmX* phase (96°C) and b) SmC* 

phase (110°C) of 4F4R and c) SmC* phase (115⁰C) of 4F5R. 

   Relaxation frequency and dielectric increment observed from the fitted 

data are shown in figures 6.9-6.10 as functions of temperature. 

Increasing dielectric increment and critical frequency with temperature, 

at least in low temperature region, may be explained from generalised 

Landau theory [6] as discussed in previous chapter. 

 

Figure 6.9: Temperature variations of (a) critical frequency and (b) 

dielectric increment of 4F4R. 

 

Figure 6.10: Temperature variations of (a) critical frequency and (b) 

dielectric increment of 4F5R. 
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   It is seen that in 4F5R, having an extra oligomethylene spacer, 

dielectric increment is less but the critical frequency is more than that of 

4F4R. In SmX* phase of 4F4R critical frequency increases from 67 Hz 

(86ºC) to 138 Hz (98ºC) and in SmC* phase it increases from 159 Hz 

(100°C) to 420 Hz (130°C), while in 4F5R it initially increases from 300 

Hz (79ºC) to 1100 Hz (109ºC), then decreases to 500 Hz (131ºC). Thus 

the critical frequency increased considerably in 4F5R due to the addition 

of an extra oligomethylene spacer. Although fC increased in 4F5R 

compared to 4F4R, but still it remains less than that of 2F3R, 3F3R, 

5F3R and 6F3R as discussed in previous chapters. The dielectric 

increment of 4F4R increases from 280 (86°C) to 283 (98°C) in SmX* 

phase and in SmC* phase it increases from 277 (100°C) to 280 (130°C), 

hence while moving from SmC* to SmX* phase there is a discontinuous 

increase of dielectric increment justifying our identification of the new 

phase (SmX*) below SmC*. Δε is found to be highest and fC to be the 

lowest in 4F4R out of all the compounds, discussed so far in this 

dissertation. In 4F5R the dielectric increment increases from 43 (78°C) to 

123 (131°C). 

   Although a discontinuity in dielectric increment (Δε) has been observed 

at SmX*-SmC* transition, but there is no such discontinuity in the 

critical frequency (figure 6.9). Discontinuous decrease in dielectric 

increment [7–9] and continuous variation of critical frequency [9,10] 

(figure 6.9) have been reported earlier in a three layer ferrielectric SmCγ
* 

subphase. The broadening of dielectric spectra is also an inherent 

property of SmCγ
* subphase [7], which was also observed in SmX* 

phase. Moreover, this only one low frequency relaxation process has 

already been identified as Goldstone mode, and ferrielectric Goldstone 

mode relaxation is often observed in SmCγ
* phase [7,9,10]. Although in 



Chapter VI 

164 
 

SmCγ
* subphase, dielectric increment higher than SmC* [10–12], 

broadening of dielectric spectra [7] and higher tilt [13] were reported 

before as observed in 4F4R (higher tilt are discussed below), however, it 

is unusual that dielectric increment in three layer ferrielctric SmCγ
* phase 

will be more than the ferroelectric SmC* phase. We, therefore, designate 

the new phase as SmX* phase instead of SmCγ
* subphase.  

 

6.3.5 Spontaneous polarization (PS) 

   The temperature variation of the spontaneous polarization is shown in 

figure 6.11. PS is found to increase with decreasing temperature as 

expected. However, no anomaly at SmC*-SmX* transition is observed 

may be due to application of strong electric field during PS measurement. 

PS is found to decrease from 57.3 nC/cm2 (86°C) to 47.3 nC/cm2 (98ºC) 

within SmX* phase and in SmC* phase it decreases from 46.9 nC/cm2 

(100°C) to 11.2 nC/cm2(131°C), while in 4F5R it decreases from 

50.7nC/cm2 (79ºC) to 5.8 nC/cm2 (133ºC). This values are within the 

acceptable range of polarization for different applications [14]. The 

measured value of PS were found to be greater than that of 2F3R, 3F3R 

[chapter 4], 5F3R and 6F3R [chapter 5]. Thus spontaneous polarization is 

found to increase with increasing oligomethylene spacers.  

 

Figure 6.11: Dependence of Ps on temperature (a) 4F4R, (b) 4F5R.  
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   The PS data were fitted to the mean-field model, 𝑃 = 𝑃 (1 − )  [15] 

where TC is the SmC* to isotropic transition temperature and β is critical 

exponent for the secondary order parameter PS. In all cases β deviates 

significantly from the mean field value for a second order phase 

transition, however, fitted TC matches nicely with observed TC. It is 

worth mentioning that the change in enthalpy values at SmC* to isotropic 

transition of 4F4R and 4F5R was quoted as 8.39 and 6.79 kJ/mole 

respectively in the reference [1]. This also indicates that the 

corresponding transition is not second order rather points to first order.  

6.3.6 Rotational viscosity (γΦ) 

   The rotational viscosity (γφ) associated with the GM fluctuations is 

another important parameter for ferroelectric liquid crystals as it strongly 

influences the switching time between the field-induced states of FLCs. 

γφ has been calculated from equation 6.1, which was derived from the 

generalized Landau model [6]. 

𝛾 =
∆

( )                  [6.1] 

   Here Goldstone mode dielectric strength (Δε) and relaxation frequency 

(fC) were obtained from dielectric relaxation study and tilt angle (θ) was 

obtained from electro optic measurement (discussed latter). The 

temperature variation of rotational viscosity is shown in figure 6.12. 
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Figure 6.12: Rotational viscosity (γφ) of a) 4F4R and b) 4F5R. 

   The rotational viscosity first decreases with temperature, then near the 

SmC* to isotropic transition it diverges which may be due to pre-

transitional effect. In most of FLC materials the rotational viscosity has 

been reported to decrease with temperature [4]. However, for certain FLC 

materials it has been reported to increase near the transition [16], as has 

been observed in the present compounds. The initial value of γφ in SmC* 

phase was found to be smaller in 4F4R (0.26 Pa.s) compared to that of 

4F5R (0.51Pa.s). In fact the rotational viscosity of 4F4R was found to be 

smaller than all the other compounds discussed so far, except that of 

2F3R. As mentioned in chapter 5, the rotational viscosity can be 

calculated also from electro-optic data. However, since two formulae 

give almost same values we have not repeated that in these compounds. 

6.3.7 Optical tilt angle (θ)  

   Tilt angles for the compounds were determined optically. Optical tilt 

reflects the angle between the direction of molecular core and the layer 

normal, since the principal axis of indicatrix coincides with the core 

direction. As can be seen from figure 6.13 the optical tilt in both cases is 

found to increase with decreasing temperature as expected. In 4F4R, it 

shows a clear jump at 980 C [figure 6.13 (a)], as previously reported in 

SmCγ
* phase [17]. Dolganov and Kats [18] have argued that in 3 layer 
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ferrielectric SmCγ
* phase, both quadratic and biquadratic interactions 

between nearest layers and the frustrating interaction between nearest and 

next nearest layers have negative energy contribution in the expression of 

Landau free energy, which favors the increase of tilt angle. Both 

compounds showed higher optical tilt angle at the onset of SmC* phase 

than 5F3R and 6F3R [chapter 5]. In fact initial value of θ in SmC* phase 

is higher in 4F5R than in 4F4R. Hence, it appears that optical tilt does 

increase with increasing number of oligomethylene spacer. 

 

Figure 6.13: Optical tilt angles of a) 4F4R and b) 4F5R. 

6.3.8 Response Time (τ): 

   The temperature variation of observed electric response time is 

depicted in figure 6.14. Response time was found to decrease with 

temperature as expected. In SmX* phase of 4F4R the compound 

exhibited much slower electrical response (1500 μs). Response became 

two times faster after entering into SmC* phase (810 μs). The highest 

response time in SmC* phase of 4F5R (214 μs) was found to be much 

smaller than that of 4F4R. Both compounds showed much slower 

response than the other compounds with three oligomethylene spacers 

(2F3R, 3F3R, 5F3R, 6F3R) [chapter 4 and 5]. Thus addition of one 

oligomethylene spacer resulted in increasing the response time at least by 

an order. However, τ decreased a bit after addition of a further spacer.  
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Figure 6.14: Response time of a) 4F4R and b) 4F5R.  

6.4 Conclusion 

   Both compounds 4F4R and 4F5R exhibit SmC* phase over a broad 

temperature range and melt directly into isotropic phase without 

displaying an intermediate orthogonal phase. However, stability of this 

phase is less in 4F4R than in 4F5R, in fact less than in most other pure 

compounds studied in this dissertation, which might be attributed to the 

presence of a smectic subphase (SmX*) in this compound. Although 

existence of only one Goldstone mode like relaxation, broadening of the 

dielectric spectra and discontinuous increase in the dielectric increment 

and tilt angle indicate this newly detected subphase to be a 3 layer 

ferrielectric SmCγ
* phase, but the higher dielectric increment than that of 

the ferroelectric SmC* phase restrains us to conclusively assign it as 

SmCγ
* phase, rather we prefer to designate it as SmX* phase. No soft 

mode relaxation is observed in these two compounds which melted 

directly into isotropic phase from SmC* phase, which is in conformity 

with our previous observations. GM critical frequency of these 

compounds is found to be less than any other compounds discussed so 

far.  Compounds exhibit moderate spontaneous polarization and 

rotational viscosity. Optical tilt was found to increase with increasing 

oligomethylene spacer. They showed much slower response than other 
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compounds included in this thesis indicating addition of more 

oligomethylene specers results in slower response of the molecules.  
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