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CHAPTER 6 

 

Mesomorphic properties of a few multi-
component liquid crystalline mixtures of 
hockey stick-shaped molecules 
 

 

6.1.   Introduction  
Molecular conformation and their association in the mesophases are of 

fundamental importance in determining the structure-property correlations and 

hence, the phase behavior of mesogenic compounds. The hockey stick-shaped 

liquid crystals (LCs)bear an intriguing resemblance to a linkage between the 

two most extensively studied and interesting class of liquid crystalline 

materials –the rod-like and the banana-shaped compounds. They possess a 

kinked molecular shape that is highly asymmetric in nature regarding the 

position of molecular bend in their structure and thus demonstrates properties 

not being absolutely matching to any one of a single calamitic or symmetric 

bent-core liquid crystal. In the previous chapters (i.e., chapter 4 and 5), detailed 

investigations on mesomorphic properties, phase behavior and structural 

characteristics of five members of a homologous series of laterally methyl 

substituted hockey stick-shaped mesogens, 4-(3-n-alkyloxy-2-methyl-

phenyliminomethyl)phenyl 4-n-alkyloxycinnamates, from several experimental 

techniques have been reported. It has been found that steric interactions 

between the methyl group in the molecular core and the neighboring alkoxy 

chain in the meta-position have appeared to play a vital role in deciding the 

overall molecular conformation and the resulting phase-structure in them. A 
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fascinating coexistence of both calamitic and bent-core like features has also 

been found in these molecules.  

Furthermore, the constant development in the field of display and other 

technological applications of liquid crystals such as optical switches, 

temperature sensors, optical imaging and recording, medical applications, non-

destructive mechanical testing of materials under stress, beam steering, 

tweezers, laser projection etc., necessitates LC materials with desired 

temperature range of mesophase stability, such as wide nematic range and 

suitable combination of physical characteristics, for example, high optical 

birefringence (Δn), large dielectric anisotropy (), low rotational viscosity 

(γ1), small absorption coefficient, good photo- and thermal stability etc. Such 

optimum combination of material properties cannot be manifested in a single 

compound requiring the formulation of multi-component liquid crystalline 

mixtures for optimizing the parameters for a specific application [1–9].  

The multi-component liquid crystalline mixtures have usually been 

observed to demonstrate properties, varying significantly from those of the 

pure compounds used for formulating those mixtures. In such mixtures, the 

range of different mesophases has also usually been observed to be modified 

considerably relative to those in the pure mesogens. Even in some cases they 

have also been found to be associated with the appearance of new mesophase 

sequences. Moreover, the properties of the mixtures can be suitably tuned by 

proper choice of compounds and their relative composition in those mixtures. 

Therefore, it is of great interest to study the mesomorphic properties of multi-

component eutectic mixtures comprising of hockey stick-shaped liquid crystals 

and to observe the resultant molecular influence on the nematic range, ordering 

and material parameters. Wide nematic range is essential if the LC device is to 

be operated in a broad temperature range. 

This chapter deals with the study of optical, dielectric and visco-elastic 

properties of a few multi-component eutectic mixtures of the above mentioned 

laterally methyl substituted hockey stick-shaped liquid crystals. Three mixtures 
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were prepared, comprising of varying number of pure components and their 

mesomorphic properties, were studied from the measurements of the 

temperature dependence of the optical birefringence, static dielectric constants, 

splay elastic modulus, relaxation time and rotational viscosity. The outcomes 

have been compared with those of the pure compounds used for formulating 

those mixtures and accounted for by considering the unusual shape-determined 

correlation among the molecules of different homologs and their association in 

the mesophases.    

6.2.   Formulation of multi-component mixtures 

The phase transition behavior of the pure hockey stick-shaped 

compounds, 4-(3-n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-

alkyloxycinnamates 1–5, have already been presented in chapter 4 (table 4.1). 

They demonstrate a nematic (N) phase in addition to an anticlinic smectic C 

(Sm-Ca) phase or the I–N–Sm-Cs–Sm-Ca phase sequence. Tri-, tetra- and penta- 

component systems were prepared from suitably chosen members of the above 

homologous series. The molar ratios of the individual components in the 

mixtures at the eutectic composition were theoretically computed by solving 

the Le Chatelier, Schröder and Van Laar (CSL) equation [10–15]: 

                                             ln ∆
                                       (6.1) 

satisfying the condition,   

                                                     ∑ 1                                                (6.2) 

where, T presents the melting point of the eutectic mixture having xi moles of 

the component “i”. ∆  and  are the molar enthalpy of fusion (in J mol-1) 

and the melting temperature values (in K) of that pure component respectively 

and R is the universal gas constant (8.31 J mol-1 K-1). The different mesophases 

and related phase transition temperatures of these mixtures were identified by 

studying the sample texture under a polarizing optical microscope (Motic BA 
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300) equipped with a Mettler FP900 hot stage and also from the optical 

transmission measurements (table 6.1).  

Table 6.1. Transition temperatures (°C) of the mixtures consisting of the 4-(3-
n-alkyloxy-2-methyl-phenyliminomethyl)phenyl 4-n-alkyloxycinnamates. a  

Mixture Compound Cr  Sm-Ca  Sm-Cs  N  I 

1 1+2+4  33.4   - 100.4  109.5  

2 1+2+4+3  38.5   - 98.9  107.4  

3 1+2+4+3+5  36.2  101.7  102.5  110.1  
 
Notes:   
a Transition temperatures from optical transmission measurements. 
: Represents the corresponding phases are present; —: represents the absence of the phase. 

The theoretical eutectic values of transition temperatures were compared 

with those obtained from the optical transmission study (table 6.2) and were 

found to be fairly in accord with one another. 

Table 6.2. Molar composition of the pure components and comparison of the 
theoretical and experimental transition temperatures of the eutectic mixtures.   

Mixture Compound Mole ratio Theoretical Experimentala 

1 

1 

2 

4 

0.343 

0.361 

0.296 

Tm = 38.9 °C 

Tc = 110.4 °C 

Tm = 33.4 °C 

Tc = 109.5 °C 

2 

1 

2 

4 

3 

0.228 

0.282 

0.213 

0.276 

Tm = 32.0 °C 

Tc = 111.0 °C 

Tm = 38.5 °C 

Tc = 107.4 °C 

3 

1 

2 

4 

3 

5 

0.217 

0.273 

0.205 

0.267 

0.037 

Tm = 31.2 °C 

Tc = 110.9 °C 

Tm = 36.2 °C 

Tc = 110.1 °C 

 
Notes:   
a Transition temperatures from optical transmission measurements.  
Tm: Represents the melting temperature; Tc: represents the clearing temperature. 
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It has been observed that the tri-component mixture or mixture 1 and the 

tetra-component mixture or mixture 2 exhibits only the Sm-Ca phase below the 

N phase whereas the penta-component mixture or mixture 3 shows the N–Sm-

Cs–Sm-Ca mesomorphism. The nematic width is nearly identical in mixtures 1 

and 2 and is slightly less in mixture 3. Interestingly, despite the sufficient 

proportions of the higher homologs (those with longer terminal chain) with 

nematic ranges ~ 5 °C in them, all the mixtures demonstrate a relatively 

increased nematic ranges of about 7.5 °C – 9 °C.  Perhaps, the lower homologs 

play the key role in deciding the phase-structure, favoring the stabilization of 

the nematic phase in the mesogenic medium. 

 6.3.   Optical birefringence measurements 

Measurement of optical birefringence (Δn = ne - no, where no and ne 

represents the ordinary and extraordinary components of the refractive indices 

respectively) has been carried out from both from thin prism method and high 

resolution optical transmission technique. The temperature dependence of Δn 

for the three mixtures at a wavelength of λ = 632.8 nm as obtained from these 

two methods has been displayed in figures 6.1(a)–(c). Such dual measuring 

procedures enable one to get a rather precise description of the measured 

parameter (i.e., Δn) within the mesophases. The measured data covers the 

nematic as well as the low temperature smectic C phase or phases from the 

optical transmission method. However, in thin prism technique the 

measurements were carried out in the nematic phase only due to strong 

absorption in the LC medium within the Sm-C phase. Now, similar to the 

previous work concerning the characterization of the pure hockey stick-shaped 

compounds, in this study as well, the agreement between these two sets of data 

is found to be reasonably good within the limit of experimental uncertainty. 

Even though, well within the N phase, n values obtained from the thin prism 

technique are found to be slightly smaller than those obtained from the optical 

transmission  measurements.  The  reason  behind  such  trivial  discrepancy  is   
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        (b) 

Figure 6.1. Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (a) mixture 1; (b) 
mixture 2.  : no;  : ne;  : niso;  : nav;  : birefringence (from thin prism 
method);  : birefringence (from optical transmission measurement). 
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      (c) 

Figure 6.1. (cont’d). Experimental values of refractive indices no and ne and 
birefringence (Δn = ne - no) as a function of temperature for (c) mixture 3.       
 : no;  : ne;  : niso;  : nav;  : birefringence (from thin prism method);  
 : birefringence (from optical transmission measurement). 

perhaps the difference between the thicknesses of sample between the substrate 

plates of thin prisms and thin liquid crystal cells as used in the two methods 

and the related surface anchoring strength. 

The temperature dependent variation of the principal refractive indices 

no and ne, the average refractive index (nav) and the refractive index in the 

isotropic phase (niso) for the three mixtures, are also shown in the insets of 

figures 6.1(a)–(c). Both no and ne demonstrates a sharp change close to the N–I 

phase transition and then vary relatively slowly within the N phase. The 

average component of the refractive index nav has values close to the isotropic 

refractive index niso, which again is in agreement with the findings for the pure 

hockey stick-shaped compounds and also for few other bent-shaped mesogens 

[16].  
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The temperature dependence of Δn has also been found to be quite 

similar to that of the pure compounds i.e., on cooling demonstrates a sharp 

increase following the N–I phase transition, then enhances relatively slowly 

throughout the N and Sm-Cs phases, shows a rapid decrease at the Sm-Cs–Sm-

Ca phase transition and finally becomes more or less constant over the entire 

Sm-Ca phase. Now, in an attempt to make a comparison between the 

magnitudes of Δn in the N phase for the different mixtures from the two 

dissimilar procedures, a comparative presentation of the same is made in 

figures 6.2(a)–(b) from refractive index study and optical transmission 

measurements respectively. Mixtures 1 and 2 are found to possess almost 

identical values of Δn over the N phase from both the measuring processes 

while Mixtures 3 shows a slightly lower values of Δn well within the N phase 

relative to the other two. Furthermore, all the mixtures demonstrate Δn values 

relatively less than that of the pure compounds (except for compound 1).  
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        (a) 

Figure 6.2. Temperature dependence of the birefringence (Δn) in the nematic 
phase for the mixtures 1–3 from (a) thin prism method. 
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Figure 6.2. (cont’d).  Temperature dependence of the birefringence (Δn) in the 
nematic phase for the mixtures 1–3 from (b) optical transmission measurement. 

6.4.   Static dielectric permittivity measurements 

The temperature dependences of the dielectric parameters [, ε, iso and 

εav = {1/3(2+)}] for two representative mixtures 1 and 3 are shown in 

figures 6.3(a)–(b). The variation of the dielectric anisotropy ( =  - ) in the 

N phase for all the mixtures are also shown in figure 6.4. On cooling from the 

isotropic phase, below the N–I phase transition,  values have been found to 

enhance rapidly, leading to the formation of a broad maximum within the N 

phase and then gradually decrease on approaching the low temperature smectic 

C phase. A noticeable pretransitional depression in  has been observed in 

vicinity of the Sm-Ca–N or Sm-Cs–N phase transition, perhaps owing to the 

considerable growth of the Sm-C like cybotactic clusters in the mesogenic 

medium close to those transitions in which the tilted organization of the 

molecules causes a significant drop in the longitudinal component (i.e., along 

the molecular long axis) of the molecular dipole moment () and hence, in the 



                                         

                                                                                                          Chapter 6 

180 
 

related component of dielectric permittivity (). Within the nematic and Sm-Cs 

phases, the anisotropy () has always been found to take on small positive 

values. However,  exhibits a pronounced drop on entering the low 

temperature anticlinic smectic C phase, causing a cross over in the two 

dielectric components ( < ε) just below the Sm-Ca–N or Sm-Ca–Sm-Cs phase 

transition, resulting in negative values of  which continues throughout the 

entire low-temperature Sm-Ca phase. Thus, similar to those observed for pure 

components, here as well, a temperature dependent sign reversal in the 

dielectric anisotropy is observed within the Sm-Ca phase of all the investigated 

mixtures. Similar sign inversion in  has been reported for other symmetric 

bent-core and hockey stick-shaped liquid crystals [17, 18] as well and the 

possible reasons behind such a typical behavior have previously been discussed 

in chapter 5. Moreover, the average component of the dielectric permittivity 

(av) for the mixtures in  all  the  mesophases  is observed  to  be always smaller  
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Figure 6.3. Temperature variation of dielectric parameters (ε║, ε, εav and εiso) 
for (a) mixture 1. 
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Figure 6.3. Temperature variation of dielectric parameters (ε║, ε, εav and εiso) 
for (b) mixture 3. 
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Figure 6.4. Temperature dependence of the dielectric anisotropy (Δε) in the 
nematic phase for the mixtures 1–3. 
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than the extrapolated isotropic dielectric permittivity (iso). As mentioned 

previously in chapter 5, such a lowering is probably due to the antiparallel 

correlation among the neighboring mesogenic molecules [19]. In fact, such an 

outcome also indicates that the dipole–dipole interactions are relatively much 

stronger in the mesophases compared to that in the isotropic state. 

The dielectric anisotropy (∆ε) values have been found to be more or less 

identical for the three mixtures over the nematic range. Interestingly, the 

obtained ∆ε values are relatively greater than that for all the pure components.  

6.5.   Elastic constant measurements 

The temperature dependence of the splay elastic modulus (K11) for the 

three multi-component mixtures, consisting of the hockey stick-shaped 

molecules is illustrated in figure 6.5. In the N phase, it has been observed that 

the splay modulus is nearly identical for all the three mixtures and exhibits a 

monotonic enhancement in magnitude from ~ 0.7 pN to ~ 11.9–13.8 pN with 

decrease in temperature. Similar close resemblance in magnitude of K11 has 

also been reported by Sathyanarayana et al. for mixtures comprising of bent-

core and calamitic units [20]. With change in mole fraction of the bent-core 

compound, they have found almost no variation in K11 values at a specific 

temperature and explained that by considering the structural similarity between 

two different kinds of molecules present in those mixtures. In our study as well, 

the near likeness in the molecular structure of the pure hockey stick-shaped 

compounds leads to practically identical values of K11 at a particular 

temperature for the different mixtures. These obtained K11 values are again 

slightly higher than those for the pure components, where the magnitude of K11 

has found to vary between ~ 0.5 pN and ~ 6–8 pN within the N phase. For all 

the mixtures, the increase in K11 is linear on the temperature scale in the N 

phase. Moreover, like the pure components, here as well, no trace of 

pretransitional divergence is observed in the temperature dependence of K11 in 

vicinity of the nematic to the lower smectic C transition. Such non-existence of 
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pretransitional divergence of K11 has also been observed in many symmetric 

bent-core [18, 21, 22] and hockey stick-shaped liquid crystals [23] and also in 

their mixtures with calamitic molecules [20], which again contradict the 

theories developed by de Gennes [24] and Chen and Lubensky [25], envisaging 

divergence of all the three components of Frank elastic moduli in vicinity of 

the Sm-C–N transition.  
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Figure 6.5. Temperature dependence of the splay elastic constant (K11) for the 
three mixtures under study. 

6.6.   Rotational viscosity measurements 

In this study, the molecular relaxation time (τ0) of the multi-component 

mixtures was determined from the capacitive study of the molecular decay 

dynamics in the N phase. The temperature dependant variations of τ0 for all the 

three mixtures (mixtures 1–3) are presented in figure 6.6. From the measured τ0 

and K11 values, the rotational viscosity (γ1) values have also been evaluated 

following  equation (2.19)  and the temperature dependence of  the same for all  
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of the investigated mixtures are shown in figure 6.7. On cooling from the I 

phase, rotational viscosity takes on values between ~ 53 mPa s and 91 mPa s in 

the immediate vicinity below the N–I transition, following which it enhances 

monotonically with decrease in temperature, indicating a steady increase in 

orientational order. In the neighborhood of the Sm-C–N transition, γ1 is found 

to assume values close to 352–456 mPa s. These obtained values are again 

relatively higher than those for many known rod-like molecules [26, 27] and 

also their mixtures. However, they are significantly smaller than the reported 

values of γ1 for different bent-core compounds [21, 28]. Moreover, similar to 

the temperature dependence of K11, in the temperature variation of γ1 as well, 

no appreciable pretransitional divergence is observed close to the Sm-C–N 

transition. Such outcome is possibly due to the fact that formation of cybotactic 

clusters with smectic-like layered structure and their subsequent growth on 

lowering the temperature causes a significant obstruction to molecular 

rotational motion and results in a relatively larger γ1 values with respect to 

normal calamitics. As discussed in chapter 4, the existence of such Sm-C like 

clusters in the N phase in the pure hockey stick-shaped compounds, has already 

been confirmed from the study of the small angle X-ray scattering data. 

  The extracted γ1 values at the same reduced temperature are found to be 

either slightly higher or close to those of the pure compounds. Furthermore, γ1 

values are nearly identical for all the three mixtures. However, for mixture 1, 

well within the phase, γ1 is slightly lower than the other two mixtures. Such 

outcomes in fact indicate that the different factors influencing the molecular 

motions, such as formation and growth of smectic-like clusters utilizing the 

kinked molecular shape and transverse dipolar contribution from the bent-

molecules, remain almost unaltered in these combined systems compared to 

those in the pure components. Furthermore, variation of the components and 

their compositions in the mixtures also possess almost no impact on the 

resultant temperature dependence of rotational viscosity coefficient. 
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Figure 6.6. Temperature dependence of the relaxation time (τ0) in the nematic 
phase for the mixtures under study. 
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Figure 6.7. Temperature dependence of the rotational viscosity (γ1) in the 
nematic phase for the mixtures under study. 
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In an attempt to obtain an estimate of the activation energy (Ea) values in 

the N phase, the temperature dependence of γ1 is also fitted with equation (3.5). 

The required orientational order parameter (S) is extracted from the measured 

birefringence values following the procedures as discusses in section (2.2.5) of 

chapter 2. The variation of ln(γ1/S) with 1/T for mixture 3 is shown in figure 

6.8. From the slope of the curve the associated Ea values could be determined. 

Activation energy was found to be about 212 kJ.mol-1, 130 kJ.mol-1 and 169 

kJ.mol-1 for mixtures 1, 2 and 3 respectively. These values are close to those of 

the pure components, except mixture 1, for which Ea value is comparatively 

higher than those for the pure hockey stick-shaped liquid crystals.  
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Figure 6.8. Variation of ln(γS) with (1/T) for mixture 3 (). Solid line () 
represents best fit of the data to equation (3.5).  

6.7.   Conclusions  
Mesomorphic properties of a few multi-component liquid crystal 

mixtures of hockey stick-shaped compounds have been investigated. All the 

mixtures exhibit a N phase. In addition to that, the tri- and tetra- component 

mixtures show the Sm-Ca phase while the penta- component system shows two 
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tilted smectic phases – the Sm-Cs and Sm-Ca with synclinic and anticlinic 

molecular configuration respectively. The nematic range in all the investigated 

mixtures is around 7.5 °C – 9 °C and is relatively greater than that in the three 

higher homologs (i.e., those with relatively longer terminal chain length) of the 

pure compounds. The optical birefringence assumes comparatively lower 

values for all the mixtures than that of the pure components. Similar to the pure 

hockey stick-shaped compounds, here as well, the dielectric anisotropy exhibits 

a temperature-dependent sign-inversion from positive to negative values on 

entering the low-temperature anticlinic smectic C phase. Furthermore, the 

obtained dielectric anisotropy and splay elastic modulus values have found to 

be relatively larger than those for the pure components. Also, the splay elastic 

modulus exhibits no trace of pretransitional divergence near the nematic to 

lower smectic C transition. At a fixed reduced temperature, the rotational 

viscosity values are either somewhat higher or nearly identical to those of the 

pure compounds. Moreover, the dielectric anisotropy, splay elastic constant and 

rotational viscosity have found to assume nearly identical values for all the 

mixtures. It is quite clear that in spite of the difference in composition of the 

mixtures and also the major variation in concentration of the constituents from 

one mixture to another, the various physical properties exhibit no significant 

variation. Perhaps it is the structural resemblance of the individual hockey 

stick-shaped molecules which lead to such alike behavior. Such outcomes also 

signify the key role of the molecular structure in deciding the intermolecular 

interactions in molecular association and hence, the phase-structure and 

mesomorphic behavior of liquid crystalline compounds.  
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