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4.1 Introduction 

   The phase behaviour, structural, dielectric and electro

of two chiral liquid crystals with biphenyl

[(3-pentafluoropropanoyloxy)prop

heptyloxy)- benzoate 

butanoyloxy)prop-1-oxy] biphenyl

(3F3R) [1], [explanation of code name nFmR, is given in chapter one], 

have been discussed in this chapter. The 

compounds (2F3R and 3F3R), differ from 1F3R (discussed in chapter 3) 

only by one and two number of additional 

chain respectively. As discussed in 

homologue 1F3R exhibit 

hexatic phases (SmE* and SmB*) along with 

As a result of the addition 

induced in 2F3R and 3F3R. Both the 

tilted hexagonal phases and

structures of the compounds are shown in 

Figure 4.1: Molecular structures of (a) 2F3R and (b) 3F3R.
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The phase behaviour, structural, dielectric and electro-optic properties 

liquid crystals with biphenyl benzoate core, viz.  (S

pentafluoropropanoyloxy)prop-1-oxy]biphenyl-4-yl 4

benzoate  (2F3R) and  (S)-(+)-4/-[(3

oxy] biphenyl-4-yl 4-(1-methylheptyloxy)benzoate 

xplanation of code name nFmR, is given in chapter one], 

been discussed in this chapter. The molecular structure

compounds (2F3R and 3F3R), differ from 1F3R (discussed in chapter 3) 

only by one and two number of additional carbons in the

chain respectively. As discussed in the previous chapter

exhibit only orthogonal smectic phases - 

s (SmE* and SmB*) along with lower order SmA* phase. 

As a result of the addition of fluorine atoms in the chain, tilted phases are 

induced in 2F3R and 3F3R. Both the compounds are found to 

lted hexagonal phases and a wide ranged SmC* phase.  The molecular 

structures of the compounds are shown in figure 4.1.  

1: Molecular structures of (a) 2F3R and (b) 3F3R.
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benzoate core, viz.  (S)-(+)-4/-

yl 4-(1-methyl 

[(3-heptafluoro 

methylheptyloxy)benzoate 
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structures of the 

compounds (2F3R and 3F3R), differ from 1F3R (discussed in chapter 3) 

in the fluorinated 

chapter, the lower 

 higher order 

SmA* phase. 

atoms in the chain, tilted phases are 

are found to exhibit 

The molecular 

 

 

1: Molecular structures of (a) 2F3R and (b) 3F3R.  
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   From the time when Mayer [2] discovered the ‘ferroelectric’ properties 

of SmC* phase in chiral liquid crystals (LC), there had been an extensive 

study on the dielectric and electro-optic properties of ferroelectric liquid 

crystals (FLCs), mainly focussing on their potential applications on 

advanced electro-optic devices. Thus the characterisation of 2F3R and 

3F3R which display ferroelectric SmC* phase for a wide range of 

temperature, may contribute significantly to this stream of research. 

Besides, the compounds also exhibit tilted hexagonal phases (SmF* and 

SmG*/SmJ*).  SmF* phase had also been identified as a ferroelectric 

phase. However, ferroelectricity of SmF* has not yet been explored well 

compared to SmC* phase, mostly because of their small temperature 

range, higher viscosity and instability [3,4].  Hence, structural, dielectric 

and electro-optic studies of the tilted hexagonal phases may be proved to 

be handy in exploring their fundamental properties and probable practical 

utilities.  

4.2 Experimental methods  

   The sample was fed into an 8μm dielectric cell (EHC) with 

homogeneous polyimide alignment layer and the bookshelf alignment 

was achieved by slow regulated cooling of the samples from the isotropic 

phase to the desired temperatures often in presence of an ac electric field.    

The polarising optical microscopy (POM) was done using Olympus 

BX41 polarizing microscope equipped with a CCD camera. X-ray 

scattering experiments were performed using PETRA III synchrotron 

beamline at P07 Physics Hutch station at Deutsches Elektronen-

Synchrotron (DESY), Hamburg, Germany to investigate their structural 

properties. A beam of wave length 0.164 Å was used to explore an 

angular range of Bragg angle (2θ) of nearly 5°. The complex permittivity 

was measured using a Hioki 3532-50 impedance analyzer in the 
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frequency range of 100 Hz to 5 MHz while Hioki IM3533 analyzer was 

used in the range of 0.1 mHz to 270 kHz. The Cole-Cole function [5] 

modified to consider the low frequency parasitic effect was used to fit the 

observed dielectric spectra. The spontaneous polarization (PS) was 

measured by reversal current method [6]. Agilent 33220A function 

Generator was used to apply an ac triangular signal of voltage 20V and 

frequency 60 Hz as the input signal. The helical pitches of the 

compounds were measured from the optical textures by measuring the 

distances between the parallel lines in the chiral phases after proper 

length calibration of the captured textures [7]. 

   A Lakeshore 340 temperature controller was used to control the 

temperature during SAXS study and a Mettller FP90 temperature 

controller along with FP82 hot stage was used to regulate temperature in 

all other experiments. 

   Detail procedures of all the experiments are discussed in chapter 

2.  

4.3 Results and discussion 

4.3.1 Observed phases 

   Unifying the outcome of polarising optical microscopy, synchrotron 

diffraction, dielectric and electro-optic studies it is observed that while 

cooling down from isotropic phase, the lower member 2F3R formed 

SmA* and SmC* phases followed by tilted hexatic SmF* phase and 

finally settle into soft crystal SmJ* phase. On the other hand, the higher 

member 3F3R is found to form directly SmC* phase on cooling from the 

isotropic phase, giving rise to SmF* phase followed by soft crystal SmG* 

phase on further cooling. The phase sequences and transition 

temperatures are summarized in table 4.1. 

 



 

Table 4.1: Phase sequence and transition temperatures of the compounds 

2F3R: Crystal 68⁰C SmJ* 83
SmA*135⁰C Iso   

3F3R: Crystal 65⁰C SmG* 73.5
131oC Iso 

   

   Both the compounds 

(ΔTSmC*). It is observed fro

extra fluorine in the chain, the SmA* phase was eliminated in 3F3R and 

the stability of SmC* 

increased significantly than that of 2F3R (29

a coexistence phase of SmC* and SmF* phases was

the two phases.  

4.3.2 Optimised geometry

   To explore the structural dependency of the properties of the 

compounds the molecular structures were optimis

Fock method and using 3

energy optimised structures are shown in 

Figure 4.2: Optimised geometry of a) 2F3R and b) 3F3R.
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1: Phase sequence and transition temperatures of the compounds 

SmJ* 83oC SmF* 85oC (SmF*+SmC*) 100oC SmC* 129
C Iso    

SmG* 73.5oC SmF* 75oC (SmF*+SmC*) 83oC SmC* 

compounds showed quite wide range of SmC* phase 

observed from table 4.1, as a consequence of 

fluorine in the chain, the SmA* phase was eliminated in 3F3R and 

 phase (ΔTSmC*) in that compound (48

nificantly than that of 2F3R (29⁰C). In both the compounds 

hase of SmC* and SmF* phases was observed in between 

ed geometry 

To explore the structural dependency of the properties of the 

olecular structures were optimised, applying Hartree

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

energy optimised structures are shown in figure 4.2.  

2: Optimised geometry of a) 2F3R and b) 3F3R.
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1: Phase sequence and transition temperatures of the compounds  

C SmC* 129oC 

C SmC* 

of SmC* phase 

s a consequence of addition of 

fluorine in the chain, the SmA* phase was eliminated in 3F3R and 

(48⁰C) was also 

both the compounds 

observed in between 

To explore the structural dependency of the properties of the 

ed, applying Hartree-

package[8]. The 

 

 

2: Optimised geometry of a) 2F3R and b) 3F3R. 
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   It is worth mentioning here that, for the purpose of comparison, the 

initial structures of the compounds taken for optimisation, that we are 

going to report in this dissertation, were build up from one single core of 

the molecules. Different compounds were built by modifying the chain 

only. This process differs from the process of optimisation that was 

reported in the published paper. Hence the optimised parameters also 

changed a bit. Optimised molecular lengths (l) were found to be 33.75Å 

and 33.48Å for 2F3R and 3F3R respectively. Dipole moments (µ) of 

2F3R and 3F3R molecules were respectively found to be 6.75 D (5.1, 

4.35, 0.21) and 6.48D (5.0059, 4.12, 0.07) where the components of 

dipole moments along the three coordinate axes are shown within 

parentheses. The molecular length and dipole moment of 3F3R were 

found to be less than 2F3R, even after having one extra carbon and 

fluorine atoms in the chain, owing to the change in conformation of the 

fluorinated chain. After the addition of the third carbon in the fluorinated 

chain the optimised structure got twisted in the z direction (figure 4.2b). 

It can be quantitatively described by the value of the torsion angle 

between C1, C2, C3 and O1 atoms as shown in figure 4.2. The torsion 

angle for 2F3R was found to be -179.85⁰, exposing almost relatively 

linear positions of the said atoms. But the same torsion angle of 3F3R 

was found to be 92.35⁰, revealing a twist of almost ~87⁰ of the chain. It is 

concluded that these changes in dipole moment and the molecular 

conformation give rise to subtle change in the intermolecular interaction 

and playing important role in the appearance of different phases in the 

two compounds.    

4.3.3 Polarized optical microscopy (POM) study 

   The POM study was done in the cooling cycle. The optical textures of 

2F3R and 3F3R at different phases in planar geometry are shown in 
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figure 4.3 and 4.4 respectively. A clear fan shaped texture was observed 

in SmA* phase of 2F3R.  In the SmC* phase of same compound, broken 

fan shaped textures and small change in birefringence were observed 

with an equidistant line pattern due to the helical structure. On further 

cooling, at 850C a new phase was observed in a small temperature range 

which was denoted as SmB*Crystal in a previous report [1]. 

 

 

  

Figure 4.3: Textures of 2F3R at a) SmJ* (80°C) b) SmF* (84°C) c) 

SmC* (125°C) and d) SmA* (132°C).  

     

Figure 4.4: Textures of 3F3R at a) SmG* (70°C) b) SmF* (74°C) and c) 

SmC* (130°C).  
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   However, the texture in this phase was observed to have even more 

pronounced broken fan texture with some change in the birefringence. 

Remnants of the parallel lines were also seen which indicated the 

persistence of helical structure even in this new phase. Thus this phase 

below SmC* phase must be a tilted phase, SmI* or SmF*, not an 

orthogonal SmB*Crystal phase. This kind of texture has been reported 

before for SmI* and SmF* phases [9]. Finally a SmG*/SmJ* like mosaic 

texture [7,9] was observed  under 83°C in 2F3R. On the other hand, in 

3F3R directly SmC* phase was formed from the isotropic state. Though 

parallel chiral lines were seen in the texture with few defects but no 

significant domain was visible. In other members of the same series and 

with a direct transition from isotropic to SmC* phase similar textures 

were reported before in SmC* phase [1]. On further cooling at 750C, a 

small change in birefringence was observed with more defects but 

helicoidal lines were still visible.  Hence this must also be a tilted phase 

viz. SmI*/SmF*, presence of this phase was not reported in [1]. Finally, 

at further lower temperature, SmG*/SmJ* mosaic like texture could be 

observed. No such soft crystalline phases were reported before in both 

the compounds [1]. Although from the POM study we could not 

differentiate SmI*/SmF* and SmG*/SmJ* phases but they were 

ascertained from the synchrotron diffraction study discussed in the next 

section.  

 

4.3.4 Synchrotron X-ray diffraction study 

   The sharp lower and the diffuse higher angle features were observed in 

the diffraction photographs corresponding to the smectic layer spacing 

and ordering within the layers respectively. In SmJ*/SmG* phases higher 

angle features were also sharp. The presence of strong diffraction 
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maxima up to 4th order at low angles, in higher order smectic phases, 

signified the long range ordering across the smectic layers in those 

phases. 

   As mentioned in chapter 1, both the SmF* and SmI* phases have tilted 

pseudo-hexagonal packing within the layers with tilt of the molecules 

towards an edge or towards an apex of the hexagon respectively. In these 

phases, the in-plane bond orientational order (BOO) and the interlayer 

correlations are found to be quasi long range in nature. The other two low 

temperature phases - SmG* and SmJ* - are soft crystal-like tilted phases 

with pseudo-hexagonal packing within the smectic layers. In SmG* the 

tilt direction is similar to that of SmF* on the other hand in SmJ* it is 

similar to that of SmI*. But these phases have long range in plane bond 

orientational order as well as long range interlayer correlation and do not 

have any helical arrangement of tilt [7,10–12]. A schematic diagram of 

the structures of SmF* and SmI* phases and expected X-ray pattern are 

shown in figure 4.5. 

 

Figure 4.5: Schematic diagram of the structures and X-ray diffraction 

patterns of SmF* and SmI* phases.  

   SmF* and SmI* phases can be distinguished by the wide angle X-ray 

diffraction features of the two phases. At the outer diffraction maxima of 

a perfectly mono-domained sample, in SmF* phase, the (200) and (110) 

reflections can be observed at angles θ and sin-1 (±( 1/2) sin θ) to the 

equator respectively, but in SmI* phase (020) and (110) reflections will 
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appear respectively at angles zero and sin-1( ±
√

𝜃) to the equator, θ 

being the tilt angle [10–12]. 

   Though no field was applied to align the samples, but due to slow 

regulated cooling from isotropic phase to the desired temperature, the 

compounds got aligned only partially inside the cell. Some representative 

diffraction photographs of the compounds, at different phases are shown 

in figure 4.6 and 4.7. 

 

Figure 4.6: Diffraction pattern of 2F3R at a) SmJ* (80oC), b) SmF* 

(84°C) and c) mixed phase (100oC).  

 

Figure 4.7: Diffraction pattern of 3F3R at a) SmG* (70°C), b) 

SmF* (75oC) and c) mixed phase (83oC).  

 

   The intensity profiles of the outer maxima of both the compounds are 

shown in figure 4.8.  



Chapter IV 

105 
 

  

Figure 4.8: Intensity profiles of outer maxima in different phases of a) 

2F3R and b) 3F3R.  

   A diffuse ring was observed at higher angle in SmC* phase, as 

expected. After entering in to the SmI*/SmF* phase the shape of the 

intensity profile at wider angle changed considerably, the width 

decreased significantly and a few satellites were seen. It is evident from 

figure 4.6 and 4.7 that the diffraction features of SmF*/SmI* phase 

actually resembles that of SmF* phase. In both the compounds four 

maxima at wider angle diffraction pattern, visible more in 3F3R, can be 

observed at an angle of about 30° from the equator. This feature is more 

prominently displayed in the integrated intensity profiles of the outer 

maxima presented in figure 4.8. The diffraction pattern changed 

drastically but differently in the two compounds, after entering into the 

soft crystalline phase. In 2F3R the tilt direction changes, the features 

resemble to that of SmI* i.e. maximum can be observed at 0° from the 

equator (figure 4.6a) implying that this must be SmJ* phase while in 

3F3R the tilt direction remains same, wide angle maximum at ~ 30° from 

the equator persists and become more prominent (figure 4.7a) 

confirming the soft crystalline phase of 3F3R to be SmG*. Similar 

intensity profiles had been reported for SmF*, SmG* and SmJ* phases in 

another chiral compound with the same core structure but with 

protonated end chain [9]. 
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   To explore the structural features of the hexagonal phases in more 

detail, their cell dimensions were estimated. SmF* phase can be realised 

considering a C-centred monoclinic unit cell with axis 𝒂 > 𝑏 where b is 

the axis around which tilting takes place and the angle between ‘a’ and 

‘c’ is considered as β  which equals to (90o+θ) [11–13]. Considering the 

molecules as rigid rods, the tilt of the molecules (θ) was calculated from 

the smectic layer spacing (d) using the relation 𝜽 = 𝒄𝒐𝒔 𝟏 𝒅

𝒍
  where the 

molecular length (l) was obtained from the optimised geometry. Values 

of ‘c’ and ‘a’ axes were calculated from d001 and d200 respectively using 

the standard expression for the interplanar spacings and then ‘b’ was 

calculated from the relation a=2bcos30o assuming an ideal hexagonal 

packing [13–15]. Cell parameters of SmG* phase were calculated in a 

similar way. For SmJ* phase, values of ‘c’ and ‘b’ were calculated from 

the peaks identified as (001) and (020) and ‘a’ was calculated using ‘b’ as 

before. Calculated lattice parameters are listed in table 4.2. As expected 

‘a’ was found to be greater than ‘b’ in SmF* and SmG* phases, opposite 

behaviour was observed in case of SmJ* phase [13]. Among the satellites 

in the intensity profile of outer maxima (figure 4.9), only one additional 

peak could be identified as (110) and the observed values of d110 in the 

hexagonal phases never deviated more than 0.3 Å from the calculated 

values. Packing fractions (p) in each phase, shown in table 4.2, were also 

calculated employing the volumes of the molecules in the optimised 

geometry. Change of packing fraction is found to be much higher when 

the tilt direction changes. It is to be noted here that due to minute change 

in the optimised length (l), as mentioned in section 3.2, the crystal 

parameters reported here has changed by 1-2% of what was reported in 

the published paper.  As a matter of fact, after this correction the 

calculated value of d110 was found to be closer to the observed value.   
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Table 4.2: Lattice parameters of 2F3R and 3F3R in SmF*, SmG* and 

SmJ* phases. 

Compou-

nd 
Phase a (Å) b (Å) c  (Å) β (o) 

d110(Å) 

(calculated) 

d110(Å) 

(observed) 

p 

2F3R 

SmF*(83°C) 11.91±0.02 6.87±0.01 33.68±0.52 120.38±1.7 5.7±0.08 5.4±0.005 0.45±0.03 

SmJ*(79°C) 6.09±0.001 10.56±0.002 33.4±0.25 120.38±0.38 4.71±0.04 4.75±0.01 0.57±0.002 

3F3R 

SmF*(75°C) 11.72±0.03 6.76±0.017 33.42±0.58 116.9±1.52 5.6±0.03 5.4±0.07 0.47±0.01 

SmG*(71°C) 11.98±0.02 6.91±0.004 33.43±0.15 116.99±0.54 5.80±0.01 5.92±0.05 0.45±0.02 

 

   It was further noticed, clearly revealed in figure 4.6 and 4.7, that 

features of SmF* phase, observed both in low and high angles, started 

developing in the low temperature regime of SmC* phase, at 100°C in 

2F3R and at 83°C in 3F3R. Even splitting of the inner maxima was 

observed (figure 4.9), more prominently in 3F3R. This had been 

identified as a signature of coexistence phase of (SmC*+SmF*). 

 

Figure 4.9: Intensity profile of inner maxima of a) 2F3R and b) 3F3R.  

    Similar splitting of inner maxima was reported by S. Krishna Prasad et 

al.  [17] in a coexistence phase of (SmC*+SmI*). It had been argued that 

the coupling of molecular tilt may induce a weak bond orientation order 

even in SmC* phase since both the phases have same symmetry 

[12,16,17]. 



Chapter IV 

108 
 

    The correlation lengths (𝜉) of the compounds, across and within the 

layer, were calculated to explore the range of molecular correlation using 

equation 4.1[18]. 

𝜉 =                                      [4.1] 

The temperature variation of 𝜉 are shown in figure 4.10 and 4.11.  

 
 

Figure 4.10: Temperature variation of correlation lengths of 2F3R a) 

across and b) within the layer. 

 
 

Figure 4.11: Temperature variation of correlation lengths of 3F3R a) 

across and b) within the layer. 

   Discontinuous changes of the correlation lengths across the layer (𝝃||) 

can be observed at the phase boundaries whereas in plane correlation (𝝃) 

was found to decrease continuously, except at SmJ*-SmF* and SmG*-

SmF* transitions. 𝝃|| was found to be about 1400 Å and 1500 Å in SmJ* 

and SmG* phases of 2F3R and 3F3R respectively. Corresponding 

correlation lengths within the plane (𝝃) was found to be about 700 Å and 
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600 Å, much less compared to 𝝃||. In SmF* phase 𝝃|| decreased to about 

1300 Å and 1450 Å respectively in the two compounds which meant a 

correlation of more than 38 and 43 molecular lengths for 2F3R and 3F3R 

respectively. Similarly, the in plane correlation decreased to about 35 Å 

and 26 Å. Comparable values of correlation lengths were reported before 

in hexatic and soft crystal phases [18–20]. It was also noted that 𝝃|| 

showed an increasing trend with temperature within SmC* in both 

compounds, attained a maximum value and decreased thereafter. This 

might be due to the fact that correlation across the smectic planes is not 

fixed within SmC* but grows with temperature and becomes maximum 

at the middle.  

   The layer spacing (d001) of the compounds in all phases were found to 

be less than the molecular length which further implied that even the 

hexagonal phases were tilted. The temperature variation of d001 is shown 

in figure 4.12. In the entire SmC* phase of 3F3R the layer spacing 

increased with temperature but in 2F3R it was found to decrease in the 

low temperature regime. Layer spacing in SmC* phase is expected to 

increase with temperature due to decrease of tile of the molecules. A 

possible explanation is discussed below. However, discontinuous 

changes in d values were observed in both the compounds at the 

transition from SmC* to the coexistence phase, Δd being 0.84 Å and 1.71 

Å in 2F3R and 3F3R respectively. This sort of variation had been 

reported before at similar phase transitions [16]. However, in 3F3R the 

layer spacing of the coexistence phase was found to be higher than that in 

SmC*, while in 2F3R it was lower. Moreover, in 2F3R the layer spacing 

was found to increase as the coexistence phase was approached from 

above. This might be due to stretching of the chain and growth of the 

orientational order of long molecular axes [21,22]. This kind of pre-

transitional effect had been reported at SmC* to the hexagonal smectic 
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phase transition point in other homologues and also in other chiral LCs 

[1,9,21,22]. Within SmF* phase layer spacings were observed to be 

independent of temperature. d values in SmF* phase of 2F3R and 3F3R 

were found to be nearly 29.0 Å  and 29.8 Å  respectively. In 2F3R it 

increased marginally in SmJ* phase but in 3F3R it remained almost same 

in SmG* phase. Within SmG* and SmJ* phases it showed a slightly 

decreasing trend with lowering of temperature, this type of behaviour had 

also been reported before [9]. 

 

 

 

Figure 4.12: Temperature variation of layer spacing of a) 2F3R and b) 

3F3R.  

   The ratio of layer spacing to molecular length was found to be nearly 

0.90 in SmA* phase of 2F3R. This ratio for the homologues 5F6R, 4F6R, 

1F4R and 1F3R was reported earlier as 0.50, 0.76, 0.97 and 1.01 

respectively [1]. It is noticed that the ratio decreases with increasing 

fluorination.  That the ratio is less than one in SmA* phase may occur 

due to the fact that the chains may not be totally extended [12] or the 

molecules may have tilts with azimuthal degeneracy as in a de Vries 

phase [23] . To inquire it further we revisited the temperature variation of 

‘d’ in SmC* phase in 2F3R. The layers start contracting in SmC* phase 

at about 1° below SmA*-SmC* transition but after reaching a certain 

temperature (~112oC) it showed a negative layer thermal expansibility 
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and ultimately almost recovered the highest ‘d’ value observed at SmA*-

SmC* transition. In SmA* phase also the overall expansibility of ‘d’ is 

negative. This kind of temperature dependence of the layer spacing is 

typically observed in de Vries type material [24,25]. Although the highest 

layer contraction in SmC* phase was found to be ~1.5%, effective layer 

contraction is only about 0.3%. This value is much less than in the 

mesogens having ordinary SmA phase [26], and very close to the value 

of ideal de Vries type material [24,27]. Thus the possibility of chevron 

defects in display will be reduced drastically in 2F3R.  

   Treating the molecules as rigid rods, the tilt of the molecules at 

different phases were calculated from the equation  𝜃 = 𝑐𝑜𝑠  , where, 

‘l’ is the optimised molecular length. The temperature variation of tilt 

angles are shown in figure 4.13. 

 
   

Figure 4.13: Temperature variation of X-ray tilt angle of a) 2F3R and b) 

3F3R. 

   Quite high tilt was observed in both compounds, highest tilt in SmC* 

phase being 32.78° and 28.62° for 3F3R and 2F3R respectively. These 

are much higher than in 6F4R, 4F6R and 5F6R [1] but less than that of 

4F3R [28]. Within the SmC* phase tilt angles decreased with 

temperature as expected except in the low temperature region in 2F3R. A 

discontinuous and anomalous change was observed in the coexistence 

phase like layer spacing. In SmF* phase tilt was found to be~ 30.5⁰ and 
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27⁰ in 2F3R and 3F3R respectively and remained almost constant 

throughout the phase. It is to be noted here that the absolute values of tilt 

has changed slightly here in comparison to what was reported in the 

paper, which is due to change in the optimised length. In some previous 

reports tilt angles were reported to decrease [21] or to have no change 

[29] or even to increase [9] after entering into SmF* phase. Tilt 

decreased slightly in SmJ* phase of 2F3R but not much change could be 

observed in SmG* phase of 3F3R. 

   Average intermolecular spacings (D) were calculated from the high 

angle diffraction ring in SmA* and SmC* phases and from (200) 

reflections in SmF* and SmG* phases, while in SmJ* phase from (020) 

reflections were used. D increased slightly with temperature in SmC* 

phase as shown in figure 4.14, no anomaly is observed in 2F3R as 

observed in d. In 3F3R discontinuous change was observed at SmF*-

SmG* transitions and slight anomaly was noticed in the mixed phase.    

 

Figure 4.14: Temperature variation of average intermolecular spacings 

(D) of a) 2F3R and b) 3F3R.  

 

4.3.5 Frequency dependent dielectric relaxation study 

 

   The dielectric relaxation study was conducted in cooling cycle for both 

compounds. One low frequency and one mid-frequency relaxation was 
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observed in SmC* phase. In fact the low frequency mode (in the range of 

0.1 Hz to 10 Hz) was observed in all the phases including isotropic phase 

and critical frequency (fC) of this mode was found to exhibit slight 

increasing trend with temperature. This mode has very high dielectric 

increment (Δε about 500 for 2F3R and 450 for 3F3R) and can be 

suppressed by applying DC bias.  These characteristics indicate it to be 

the Maxwell Wagner mode (MW) which arises in heterogeneous 

materials having non-zero electrical conductivity due to the accumulation 

of charge at the interface [30], as described in detail in chapter 2. MW 

mode was observed also in 1F3R, described in chapter 3 and also in other 

compounds of the same homologous series 2F6R, 4F6R and 6F6R [31]. 

The other mode which was observed in SmC* phase at around ~103 Hz 

was assigned with Goldstone Mode relaxation (GM). It was mentioned in 

chapter 2 that GM mode is associated with the azimuthal fluctuations of 

directors in a smectic plane, is also known as phason mode. A DC bias 

suppressed this mode as well because of the unwinding of the helical 

structure. It showed moderately high dielectric increment (maximum Δε 

~ 140 for 2F3R and ~135 in 3F3R). In 2F3R another high frequency 

mode (~480 kHz) appeared in SmC* phase near SmC* to SmA* 

transition which persisted throughout the SmA* phase also.  This mode 

exhibited much smaller dielectric increment (Δε ~5) than that of GM or 

MW relaxation and did not get suppressed under bias. This relaxation 

was assigned with soft mode (SM) collective relaxation which arose due 

to tilt fluctuation of the molecules. However, just like in 1F3R, SM was 

not observed in 3F3R which did not have any SmA* phase. It is in 

consonance with our argument of chapter 3, related with the nonexistence 

of soft mode in absence of any orthogonal to tilt phase transition.   

   In the hexagonal SmF* phase three modes were observed. The low 

frequency mode was related to MW relaxation as stated before. The 
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second mode in the intermediate frequency range (~60Hz-100Hz) had the 

critical frequency (fC) and dielectric increment comparable to that of GM 

relaxation in SmC* phase. However, a discontinuous drop in fC and an 

increase in Δε were observed. In 2F3R the frequency decreased so much 

with the temperature that it could not be distinguished from MW 

relaxation in low temperature. The third mode was observed in the high 

frequency range (~200 kHz for 2F3R and ~50 kHz for 3F3R) with a very 

small dielectric increment (~5 for 2F3R and ~0.5 for 3F3R). As proposed 

by Rychetsky´ and Glogarova´[29],  in tilted hexatic phases the dielectric 

relaxation is mainly contributed by tilt angle phason and bond orientation 

order (BOO) phason. Strong BOO phason softens the frequency in the 

vicinity of SmC* to SmF* transition resulting an increase in permittivity 

and decrease in fC in SmF* phase. On the other hand, the tilt angle 

phason mode is accompanied with a decrease in permittivity and an 

increase in fC. Thus both these phason modes are present in our 

compounds. The mid frequency relaxation is associated with BOO 

phason while the high frequency one is related to tilt angle phason. Two 

phason modes were also reported before but in SmI* phase [4]. As 

mentioned earlier, BOO phason was not observed in the lower 

temperature range of SmF* phase and hence in SmJ* phase of 2F3R due 

to its suppression by MW mode. In 3F3R also this mode along with MW 

mode went beyond the range of measurement in SmG* phase. However, 

in both compounds tilt phason relaxation was observed in SmJ* and 

SmG* phases in a range of 1-2°C near transition. As representative 

examples, two dielectric spectra, fitted to modified Cole-Cole relation, 

one showing SM relaxation in SmA* phase of 2F3R and the other 

showing MW, BOO and tilt phason relaxations in SmF* phase of 3F3R 

are presented in figure 4.15. As the ε/ and ε// are related to each other by 

Kramers-Kronig relations, corresponding Cole-Cole plots are also 
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depicted in figure 4.16 to show that the fitting was good. Temperature 

variations of dielectric increment and critical frequencies of all modes are 

shown in figure 4.17 and 4.18 respectively. 

 

Figure 4.15: Fitted dielectric spectra showing a) SM relaxation in SmA* 

phase of 2F3R and b) MW, BOO and tilt phason relaxations in SmF* 

phase of 3F3R. Fitted parameters for a) are ΔεSM: 5.25± 0.08, fCSM: 

520000± 234, αSM: 0.01± 0.002, ϭSM : 2.4E-6 ±3.4E-8 and for b) are 

ΔεMW: 465±1.3, fCMW: 0.6 ±0.02, αMW: 0.03± 0.005, ΔεBOO: 108±13, 

fCBOO: 130 ±5, αBOO: 0.3± 0.004, Δεtilt phason: 0.5±0.02, fCtilt phason: 

40000±102, αtilt phason: 0.3± 0.02, ϭ : 1.9E-12 ±2E-14. 

 

Figure 4.16: Cole-Cole plots of dielectric spectra of a) 2F3R at 134⁰C and 
b) 3F3R at 74⁰C 

   In 2F3R the soft mode dielectric increment and critical frequency 

showed respectively inverted ‘V’ shape and ‘V’ shape temperature 

variation in the vicinity of SmA*-SmC* transition as expected from 

generalized Landau model [32]. GM dielectric increments for both 

compounds were found to increase with temperature which can be 
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explained if in the expression of free energy density in the generalized 

Landau model stronger biquadratic coupling between tilt and polarization 

compared to bilinear one was assumed [32]. This has been discussed in 

chapter 2. 

 

Figure 4.17: Temperature variation of dielectric increments of a) 2F3R 

and b) 3F3R in all phases. 

  

Figure 4.18: Temperature variation of critical frequencies of a) 2F3R and 

b) 3F3R in all phases. 

 

   Though the generalized Landau model does not predict any temperature 

dependence of GM critical frequency, but according to this theory fC 

depends on rotational viscosity (γφ), elastic constant (𝑘 ) and helical 

pitch (p) as shown in equation 4.2: 

  𝑓 =          [4.2] 
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  where, 𝑞 =  

   Since the above parameters are temperature dependent, hence fC should 

somehow depend on temperature. Similar temperature variation of GM 

critical frequency was reported before in 4F3R [28] , 4F5R and 7F3R 

[chapter 6 and 7].  

 

4.3.6 Spontaneous polarization 

   The compounds are found to have moderate values of spontaneous 

polarization, maximum values being ~28 nC/cm2 in 2F3R and ~35 

nC/cm2 in 3F3R. Temperature variations of the observed spontaneous 

polarizations (PS) are shown in figure 4.19. The observed PS data near 

the onset of ferroelectric phase were fitted to mean field model  𝑷𝑺 =

𝑷𝟎(𝟏 −
𝑻

𝑻𝑪
)𝜷, where TC is the SmC*-SmA* or SmC*-Iso transition 

temperature for 2F3R and 3F3R respectively and β is the critical 

exponent of secondary order parameter PS [33]. TC values did not deviate 

more than 1° from the observed values and β value was found to be equal 

to the mean field value for 2nd order transition in 3F3R and 2F3R. In the 

inset of figure 4.19 magnified view in the vicinity of SmC* to SmF* 

phase has been depicted. In both the compounds, PS decreased in the 

SmF* phase. In 2F3R at lower temperatures inside SmF* phase, it was 

too small to measure. In the coexistence phase fluctuation in Ps was 

observed, more in 2F3R. The rate of change of PS also increased in the 

coexistence phase. On cooling SmC*, the tilted hexagonal phase is 

formed because of coupling between tilt, polarization and bond 

orientation order.  It was predicted theoretically that PS may decrease or 

increase in SmF* phase if the coupling constant of the tilt, bond and 

polarization in the expression of free energy be positive or negative 

respectively  [3,17,29]. Thus in the investigated compounds the coupling 
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constant is positive. Both increase [17,29] and decrease[21,29,34,35] of 

PS in the tilted hexagonal phase had been reported earlier.  

 

  
  

Figure 4.19: Temperature variations of spontaneous polarizations of a) 

2F3R and b) 3F3R.  

4.3.7 Rotational viscosity:  

   Rotational viscosity (γφ) related to the GM was calculated from the 

relation given by equation 4.3, which was derived from the generalized 

Landau model [32]. 

𝛾 =
∆

( )                                          [4.3] 

   The GM dielectric strength (Δε) and relaxation frequency (fC) were 

obtained from the dielectric relaxation study and tilt angles (θ) were 

obtained from the synchrotron diffraction study. This rotational viscosity 

can be realized as the hindrance against the azimuthal rotation of the 

tilted molecular directors about the cone. It greatly influences the 

electrical response time of the compounds. The temperature variation of 

γφ  is shown in figure 4.20. It was found to increase very rapidly with 

decreasing temperature as expected.  In SmF* phase highest observed 

value was nearly 0.92 Pa.s in 2F3R and 0.74 Pa.s in 3F3R. BOO phason 

mode dielectric data were used for this calculation. In SmC* phase, γφ 
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reduced drastically because of the absence of the BOO ordering, highest 

value was 0.05 Pa.s in 2F3R and 0.28 Pa.s in 3F3R. Thus γφ was found to 

increase with increasing number of carbons in the chain in SmC* phases.  

 

 

Figure 4.20: Temperature variation of rotational viscosities of a) 2F3R 

and b) 3F3R.  

4.3.8 Electrical response time: 

   Observed electrical response times (τ) are shown in figure 4.21. In 

SmF* phase τ was found to be much higher than in SmC* phase for both 

systems which was expected due to the onset of BOO. The response was 

found be to about 10 times slower in 3F3R implying stronger BOO in it. 

This was consistent with higher in plane correlation observed from X-ray 

study. In SmC* phase also the response in 3F3R was much slower 

because of higher viscosity. In 2F3R highest τ value was 79.6 µs which 

was faster than any other compounds of the series reported so far - 4F3R 

(88µs) [28], 5F3R (112µs) and 6F3R (93µs) [chapter 6]. This makes 

2F3R a promising material to be used as a dopant in the formulation of 

fast switching FLC mixtures. 
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Figure 4.21: Temperature variation of response time of a) 2F3R and b) 

3F3R. 

 

4.3.9 Helical Pitch: 

   As mentioned before, in the optical textures of the tilted smectic phases 

equidistant parallel lines were observed as a signature of the helicoidal 

structure. The pitch length (p) of the helix was estimated from the spatial 

periodicity of the lines and is shown in figure 4.22. Of course, pitch 

determined from this type of measurement is not very accurate. 

Moreover, the determined pitch may be higher than those of the 

undisturbed bulk material because of the deformations of the helix due to 

elastic interactions with the substrate of the cell [7]. However, it was 

found to agree with theoretical predictions and reported data. Pitch of 

3F3R was found to be higher (10µm in SmC*, 12.4µm in SmF*) than in 

2F3R (8.5µm in SmC*, 5.8µm in SmF*). In fact, helical pitch lengths of 

these compounds in SmC* phase is found to be higher than most of the 

other reported compounds [36–39]. It is worth mentioning that for 

applicability of FLC in electro-optic devices, the perfect alignment of the 

compound inside a cell is still a major issue. In this regard compounds 

like 2F3R and 3F3R, having very long helical pitch, can be useful for 

SSFLC electro-optic effect [40].  The change in pitch ( both increase and 

decrease) in the hexagonal phase was predicted theoretically [29]. In both 
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compounds, pitch lengths were found to decrease with temperature but 

just before the SmC*-SmA* or SmC*-Iso transition it started diverging 

as predicted in the generalized mean field theory [7,32,39].  

 

Figure 4.22: Temperature variation of helical pitch of a) 2F3R and b) 

3F3R. 

4.3.10 Elastic constant: 

   Modified elastic constant (Kϕ) was calculated using equation 4.2 which 

was derived from the generalized Landau model [28,32,39]. 

Temperature variation of Kϕ is shown in figure 4.23.  

   In both compounds Kϕ was found to be quite high in SmC* phase, ~ 

480 pN in 3F3R and ~ 97 pN in 2F3R. In SmC* and SmC phases Kϕ had 

been reported to be of the order of 10-20 pN [39,41,42]. However higher 

elastic constant (~70 pN) was reported even in a diphenylacetylene core 

nematic compound [43]. In both systems, Kϕ increased in the coexistence 

phase, but in SmF* phase Kϕ decreased in 2F3R (40 pN) while in 3F3R it 

increased (1957 pN). High pitch values might be responsible for higher 

Kϕ.  
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Figure 4.23: Temperature variations of elastic constants of a) 2F3R and 

b) 3F3R. 

 

4.4 Conclusion 

   While the lower homologue 1F3R exhibits only orthogonal phases, 

addition of one or two carbon atoms in its fluorinated chain induces tilted 

phases in the compounds 2F3R and 3F3R. Unlike the lower variant 

1F3R, both 2F3R and 3F3R show quite extended range of ferroelectric 

SmC* phase. While 2F3R forms a orthogonal SmA* from tilted SmC* 

on heating, 3F3R melts directly to the isotropic phase. From the chiral 

lines observed in the optical textures, indexing of satellites peaks found 

in the intensity profile of the outer diffraction ring, the measured tilt in 

synchrotron diffraction study, and from dielectric relaxation behaviour it 

is confirmed that both compounds undergo a transition to hexagonal 

SmF* phase below SmC* phase. On further cooling soft crystal like 

hexagonal SmJ* phase is formed in 2F3R, undergoing a change in the tilt 

direction, but in 3F3R, SmG* phase is formed with no change in tilt 

direction. A coexistence phase of (SmC*+SmF*) is also observed in a 

certain temperature range in both the compounds. From the optimisation 

of molecular structures it is revealed that the length and dipole moment 

of the higher member are slightly less than the lower member because 

introduction of additional carbon atom in the fluorinated chain results in 
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considerable change in the molecular conformation. This gives rise to 

subtle changes in the intermolecular interactions which play important 

role in the appearance of different phases in the two compounds. Within 

certain temperature range in SmC* phase, 2F3R shows negative thermal 

expansion and effective layer contraction is only around 0.3% as 

observed in a de Vries type material. Though present in 2F3R, no soft 

mode relaxation is observed in 3F3R due to the absence of SmA* phase. 

Both BOO phason and tilt angle phason modes are observed in SmF* 

phase for the first time. Cooperative relaxation behaviour is also 

observed in crystal like smectic phases. Long helical pitch and moderate 

value of spontaneous polarization, observed in both compounds, are 

expected to be useful in SSFLC based electro-optic devices. Around 80µs 

switching time in 2F3R, one order less than in 3F3R, makes it more 

suitable for display applications.   
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