
CHAPTER Ill 

Physical Properties of Pure 
used as Main Components 
Aligned Mode Mixtures 

3.1. Introduction: 

Compounds 
of Vertically 

In order to formulate multicomponent mixtures for Vertically Aligned 

(VA) mode displays the study of the physical properties of pure components is 

essential. Thus the physical properties of pure liquid crystalline compounds 

suitable for application in Vertically Aligned mode Liquid Crystal Display 

(VA-LCD) [1, 2] have been studied in this chapter. Of the existing 

technologies, the VA mode is one of the best approaches that are currently 

being used due to their superior picture quality with wide viewing angle [3, 4], 

high contrast [5] and video-compatible switching times [6-9] over the 

conventional Twisted Nematic (TN) [10-13] or the more recent Plane 

Switching (IPS) [14-23] mode LCDs. As the name suggests, in a VA-LCD, the 

longitudinal axis of the liquid crystal molecules are aligned perpendicular to 

the upper and the lower substrates of the display in the absence of electric field. 

The switching behavior requires liquid crystal materials with negative 

dielectric anisotropy (~E < 0) [24-26]. Liquid crystal molecules with lateral 

polar groups (e.g. fluorine) fulfill this requirement. Research in the "materials 

development" area of VA-LCD's are thus mainly focused on laterally 

fluorinated liquid crystals with negative dielectric anisotropy based on ortho

difluorobenzene building block [27]. 
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The size of the fluorine atom is larger than hydrogen and hence fluoro

substitution in liquid crystal molecules cause many fascinating modifications to 

mesophase morphologies and transition temperatures, and can also improve 

important physical parameters such as birefringence (~n), dielectric anisotropy 

(~E), bend elastic constant (K33), relaxation time ('t0) and rotational viscosity 

(yt) [28]. The temperature dependence of the birefringence, dielectric 

anisotropy, bend elastic constant and rotational viscosity of the pure liquid 

crystalline compounds that have been used as the main components in the 

preparation of the VA mode mixtures, throughout their mesomorphic range, 

has been reported here. The structure property relationship of the pure 

compounds has also been discussed. The Orientational Order Parameter 

(OOP), <P2>, and activation energies (Ea) have been calculated for these 

compounds. The temperature dependence of the visco-elastic ratio (y1/K33) and 

Figure of Merit (FoM) have also been determined. FoM allows the relative 

performance of liquid crystalline materials to be compared as a function of 

temperature and is also proficient to find the most suitable compound for 

application in VA mode displays [28]. 

3.2. Physical properties of pure components of VA 
mode mixtures: 

3.2.1. Materials: 

The main material research target is to identify suitable liquid crystalline 

compounds with low melting point, broad nematic range and negative 

dielectric anisotropy. The materials that are currently being used are the 2, 3-

difluoro sub-unit liquid crystalline compounds having low rotational viscosity 

and broad phase transition temperature [29, 30]'. Moreover, the choice of these 

compounds is also governed by the birefringence required. Therefore, in this 

work materials with low values of the optical birefringence such as 

bicyclohexane or phenyl cyclohexane compounds have been identified and 
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then characterized by different experimental methods. The rotational viscosity 

(y1) should also be kept as low as possible to allow fast switching. Terphenyl 

derivatives are a good choice due to their low values of rotational viscosity 

while keeping the birefringence (L'ln) in the desired range of around 0.09 [31]. 

The chemical structure and phase transition temperatures of the pure 

components that have been used in the formulation of the multi component 

mixtures are given in Table 3 .1. 

Table 3.1. Chemical structure and transition temperatures of the 
components used in the formulation of VA mode multi-component mixtures. 

l Comp 
.No. 

1 

2 

3 

4 

5 

6 

7 

F 

C7H1s 

~>=( 
C3H7 \ j 

C4H9 

CsH11 

50.3 

41.6 114.5 

---
67.1 (75.2) 124.6 

C2Hs 

54.6 123.1 

o-CsH11 
50.8 111.6 

CsH11 

74.2 128.1 

CH3 
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8 F. F 90.6 ----- l32.7l 
I - - -

C3H7 \ ;) \ /) \ /) CH3 I 
I 

9 F. F F, F 93.3 ----- 122.9 I 
- - -

C2H50 
~ ;) \ ;) ~ j CsH11 

10 

-0-D--"'~o 
112 (110) 152 

i C3H7 c -c \ ;} o-c4H9 

I 

11 

-0-D--"' H,o 
111 (109) 162 

I C3H7 C -C · \ ;} O--C2H5 

12 
C0H,-Q-O-o-C2Hs 

32 ----- 37 

13 
c,H,-D-0-ocH, 

.... -........ ----- 33 

14 C,~-QOCH=CH-CH, 80 ----- 86.4 

15 
H7C3-D--O-o-R-oc2H5 

35 59.2 70 

I 0 

16 F. F F. F 75.4 195.5 

c=c-0-oc,H, 
-----

- --
CsH11 \ /) \ /) 

17 F. F F. F 86.1 171.8 
ce<,c-Q-c=c~=c~c,H,, 

-----

--
( --) indicates mono tropic transitions. 

3.2.2. Texture studies: 

The transition temperatures and textures were observed usmg a 

polarizing optical microscope (Motic BA300) equipped with Mettler Toledo 

FP900 Hot Stage. Typical thread-like textures characteristic of the nematic (N) 

phase were observed upon heating for all the laterally fluorinated terphenyl 

compounds (compounds 1 and 3-9). Compound 4 and the phenyl 

bicyclohexane compounds 10 and 11 upon cooling exhibited monotropic 
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Smectic B (SmB) phase with mosaic texture. All the compounds (compound 1, 

3-12) showed large super cooling. The phenyl cyclohexane compound 12 has a 

short nematic range. Of the two bicyclohexane compounds studied (compounds 

14 and 15) compound 14 showed only nematic phase, while compound 15 has 

a SmB phase in addition to the nematic phase. Compounds 16 and 17 are two 

laterally fluorinated tolanes with a wide nematic range and have been used as 

dopants in the mixtures. Laterally fluorinated biphenyl (compound 2) and 

methoxy phenyl cyclohexane (compound 13) are non-mesogenic. 

3.2.3. Phase transition temperatures: 

All the compounds studied in this work exhibit an enantiotropic u"''·'"~"'~ 

phase. It is interesting to study the effect of lateral substituent on type 

mesophase formed. Fluorine substitution at a lateral position within the 

aromatic core exerts a small steric effect because, relative to a hydrogen atom, 

the fluorine atom inserted from the side of the molecules induces a steric 

interaction between the molecules. The laterally substituted fluorine atom 

disturbs the packing of the molecules in layers, thus destabilizing the smectic 

order and favouring the less-ordered nematic phase. Larger substituent 

eliminate the layered structure completely and replace it by a nematic order 

[32]. Although, the smectic phase appears in compounds 4, 10 and 11, these are 

monotropic. 

The location of the laterally substituted fluorine atom is different for the 

different investigated compounds and can be classified as (a) inner-core and 

(b) outer-edge [32]. At an 'inner-core' iocation, a lateral fluoro substituent 

causes much disruption in the side-to-side intermolecular packing, and hence 

smectic phase stability is severely depressed, which allows the formation of a 

nematic phase. Such an 'inner-core' location, the fluoro substituent causes an 

inter-annular twisting, which is greater than that caused by the hydrogen, at the 

appropriate joint of the two benzene rings, which reduces the polarizability 

anisotropy, resulting in further reduction of liquid crystal phase thermal 
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stability [33l Compounds 4, 10 and 11 have two fluoro substituents in the 

outer ring. Smectic phases are prevalent because of the 'outer-edge' fluoro 

substitution. The flu oro- substituent at the 'outer-edge' position tends to fill the 

space with a polar unit, facilitating the side-to-side intermolecular forces of 

attraction, and hence upholding the smectic phase stability [31-33]. 

Additionally, as there is no fluoro-substitution in the inner core position, no 

additional inter-annular twisting is expected, and hence polarizability 

anisotropy will be relatively high, thus supporting high transition temperatures. 

For compounds 10 and 11 there is an alkoxy (butoxy and ethoxy for 10 and 11 

respectively) group with two lateral fluorine in the 'outer edge' and hence 

exhibit smectic B phase. 

We can also classifY all the pure compounds depending on the presence 

of fluorine atom in another two categories (a) fluorinated (compound 1-11, 16, 

17) and (b) non:fluorinated (compound 12-15). If one considers the first 

subgroup, the melting temperatures are relatively high for the members with 

short alkyl or alkoxy chains. Introduction of an alkoxy group into the terphenyl 

structure (compound 9) leads to an increase in the clearing point. Compounds 

1, 3, 5-8 have the same core structure with different alkyl chain lengths. 

Compound 1, with methyl-ethyl terminal group on either sides, shows a fairly 

high melting temperature (Tm=72.7°C). When the methyl-phenyl (compound 1) 

terminal group is replaced by methoxy groups (compound 2) then the 

compound become a non-mesogenic. The melting temperature of the terphenyl 

compounds moderately depend on the length of the two terminal alkyl chains. 

The more asymmetric compounds tend to have lower melting temperatures, 

except for the compound with a methyl group (compound 8). In the terphenyi 

series studied, compound 3 ( ethyl-pentyl) and compound 6 (propyl-pentyl) 

have the lowest melting temperatures (41.6°C and 50.8°C respectively). The 

melting temperature gradually increases as the terminal alkyl chains of a 

compound become shorter (compounds 5, 7, 8). As expected, compound 9 with 

ethoxy-pentyl chain exhibits highest melting point. Based on the transition 
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temperatures and phases of all the compounds, the terphenyl compounds seem 

to be attractive compounds for mixture formulation [33, 34]. 

3.2.4. Birefringence measurements: 

The temperature dependence of the principal refractive indices n0 and ne 

and the refractive index in the isotropic phase (niso) at a wavelength of 'A = 

632.8 nm for all the pure compounds were measured and are shown in Figures 

3.l(a)-(m). Figures 3.2 (a)-(c) illustrate the birefringence (~n) of compounds 1, 

3-12, 14, 15 plotted as a function of relative temperature (T Nr T). 

It is observed that the optical anisotropy (i.e. birefringence, tm) of the 

pure compounds strongly depends on the terminal alkyl or alkoxy chains as 

well as the number and position of fluorine atoms in the lateral direction. Thus, 

it is often necessary to take into account the structural modifications to explain 

the difference in experimental data obtained from optical anisotropy studies 

[35, 36]. 

A common structure for compounds 1, 3, 5-8 is shown below. It will be 

helpful to compare side by side the variation in ordinary and extraordinary 

refractive indices as well as the optical anisotropy for those compounds. The 

chemical structure is as follows: 
F F 

R 

where, R and R1 stand for the terminal alkyl chain. The unsaturated rings of the 

terphenyl structure elongate the 1t electron conjugation through the entire rigid 

core of the molecules. The optical anisotropy strongly depends on the length of 

the total alkyl chain (i.e. R+R1
). As the length of the alkyl chain decreases 

birefringence (~) decreases. It has been found that for compound 5 and 

compound 6 the total chain lengths are almost equal and hence their 

birefringence values are almost similar ( ~0.20 at T NI-T=l 0°C). Phenyl rings 

and alkyl chains both trap 1t electrons which results in n electron conjugation 
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Figure 3.1. Experimental values of refractive indices n0 and nc as a function of 
temperature for (a) compound 1 and (b) compound 3. TN1 =nematic- isotropic 
phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices 11o and fle as a 
function oftemperature for (c) compound 4 and (d) compound 5. TNI =nematic 
- isotropic phase transition temperature and T SmB-N = smectic B-nematic phase 
transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices n0 and ne as a 
function of temperature for (e) compound 6 and (f) compound 7. T NI = nematic 
- isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices no and ne as a 
function oftemperature for (g) compound 8 and (h) compound 9. TN1 =nematic 
-isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices no and ne as a 
function of temperature for (k) compound 12 and (1) compound 14. T NI = 

nematic - isotropic phase transition temperature. 
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Figure 3.1. 'contd. Experimental values of refractive indices n0 and ne as a 
function of temperature for (m) compound 15. T NI =nematic -isotropic phase 
transition temperature. 

and hence the ordinary refractive indices (no) values have increased [33]. At the 

same time photochemical stability has not been jeopardized. Again, as the 

chain length decreases the extraordinary refractive indices (ne) also decrease. 

Lowest values of ne is found for compound 8 (ne= 1.66 at TNrT=l0°C) and 

highest value of ne is observed for compound 6 (ne = 1.74 at TNI-T=l0°C). 

Subsequently for compounds 4, 10 and 11 the presence of two lateral fluorine 

atoms at the 'outer edge' position, strongly affects the molecular geometry as 

well as ~n values [34]. However, compound 4 shows higher values of ~n (~ = 

0.22 in the SmB phase) compared to compounds 10 and 11 in the nematic as 

well as smectic B phases (~n=0.08 and 0.11 in the SmB region), since in these 

compounds rigid core contains two cyclohexane rings [35, 36]. It is well known 

that benzene rings are rather polarizable along the plane of the ring, because of 

the delocalized rc electrons whereas cyclohexane rings are less polarizable. 

Moreover, when alkyl group is replaced by an alkoxy group both n0 , ne as well 
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as ~n also decrease. The smectic B - nematic (SmB-N) phase transition is 

discontinuous for compounds 4, 10 and 11. 

In compound 9 there are four laterally substituted fluorines in the core 

and an ethoxy group (more polar than alkyl chain) in the terminal chain. This 

results in a decrease in n0 values and an increase in the ne values. As a result, 

lm values are moderate for compound 9. Phenyl cylclohexane has a much less 

rigid bridging group (compound 12) than other compounds studied and this 

leads to relatively small conjugative interactions [35]. Therefore compound 12 

has a low birefringence (~n =0.08 at TNI-T=l0°C). Compounds 14 and 15 with 

bicyclohexane in the rigid core show a very low birefringence of the order of 

0.03 and 0.08 respectively. Finally, it can be concluded that compounds 1, 3-9 

show higher values of~ (0.20-028 in the nematic range) compared to 10-12, 

14-15 since the aromatic ring contributes towards a higher value of the optical 

anisotroy (~n) compared to a cyclohexane ring. 
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Figure 3.2. Experimental values of birefringence (~n) as a function of relative 
temperature for (a) pure compounds 1, 3-5. Key to symbols: o Comp. 1; ~ 
Comp. 3; • Comp. 4; o Comp 5. i indicates SmB-N phase transition. 
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A comparison of the birefringence (.1.n) in the nematic phase of all the 

compounds studied at a relative temperature T NI-T = 1 0°C is shown below: 

.1.n 6-5>3>1>7>8>9>4>12>10>14~15>11 

3.2.5. Dielectric permittivity measurements: 

The parallel and perpendicular component of dielectric permittivity ( s 11 

and e J..) as a function of relative temperature for all the pure compounds under 

investigation are shown in Figures 3.3(a)-(c) and Figures 3.4(a)-(c) 

respectively. The dielectric anisotropy ( ~s) for several laterally fluorinated 

liquid crystalline pure compounds 1, 3-11, one phenyl cyclohexane compound 

12 and two bicyclohexane compounds (compound 14 and compound 15) as 

function of relative temperature are shown in Figures 3.5(a)-(c). 

dielectric anisotropy (ell < a1..) for all the laterally fluorinated compounds (1, 3-

11) are observed as expected. Compounds 12, 14 and 15 however, show 

positive dielectric anisotropy (an> eJ..). 

The dipole structure of the molecules studied clearly indicates that for 

the laterally fluro-substituted compounds, the dipole moment is substantially 

aligned along the transverse axis. The high electro negativity of fluorine 

(electro negativity of F=-3.98) [37] significantly affects the dielectric 

properties of the pure compounds. The electron density is concentrated around 

the fluorine, leaving the carbon relatively electron poor. Modification of the 

alkyl chain and the number of lateral fluorine present in the core helps to 

change the component of the dielectric permittivity values and also moderates 

the dielectric anisotropy (ile). From a comparison of the en values for 

compounds 1, 3-8 it is observed that they increase as the total chain length 

decreases. For longer tails the s 11 values are reduced. It is highest for compound 

8 (total chain length R+R!=4) and lowest for compound 6 (total chain length 

R+R!=9) [31, 34]. The dielectric permittivity in the perpendicular direction (eJ..) 

for compounds 1, 3-8 varies slightly with alkyl chain length, while keeping 
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their dielectric anisotropies almost similar. The presence of an alkoxy chain in 

place of an alkyl chain leads to an increase in the permittivity values along the 

molecular long axis because of 1t electron conjugation. The ethoxy (compound 

9 and 11) and butoxy (compound 10) groups are the most effective in this 

respect. Again, from the structural point of view, it is observed that compounds 

14 and 15 with identical rigid cores and terminal chain on one end and 

dissimilar terminal groups on the other end- an ethylene bond in compound 14 

replaced by an ester group (electro negativity of 0=-3.44 [37]) in compound 

15, results in higher value of sn for compound 15. 

Compounds 1, 3, 6, 8 (Figure 3.5 (a)-(b)) however has moderately low 

value of L'ls of about -1 at a relative temperature T Nr-T = 5 0°C. The ~E value 

compounds 4, 5 and 7 (Figure 3.5(b)) are slightly higher ·1. 

lateral fluoro substituents induce a higher value of transverse dipole moment 

(compound 9) which also results in a higher value of ~E. Compound 9 shows 

the highest value of dielectric permittivities both the longitudinal and 

transverse directions (Ell= 9.8 and EJ. = 16 at around TN1-T = 50°C) and also has 

the highest dielectric anisotropy among all the compounds (~E = -6.2 at around 

TNrT = 50°C). It has been found that the SmB-N phase transition is 

discontinuous for compounds 4, 10 and 11 as shown in Figure 3.5 (a) and (c). 

This result is also supported from birefringence measurements as discussed 

the previous section on these compounds. It is observed that the dielectric 

anisotropy (~s) for compounds 10 and 11 are around -3 at the nematic to SmB 

phase transition and -6 within the SmB phase [36]. This is due to the presence 

of only a single phenyl ring with conjugated n bonds in compounds 10 and 11 

in comparison to the terphenyl compounds 1, 3-9 which makes a significant 

contribution in the direction of the molecular long axis (Eli)· Compound 12 

however exhibits a positive dielectric anisotropy of around 0.75. Compounds 

14 and 15 with bicyclohexane in the rigid core also have a very low positive 

dielectric anisotropy of the order ofO.l and 0.2 respectively. 
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Figure 3.4. 'contd. Dielectric constant ( e J.) of pure compounds (b) 6-9. Key to 
symbols: o Comp. 6; L1 Comp. 7; • Comp.8; o Comp.9 and (c) 10-12, 14-15. 
Key to symbols: o Comp.10; L1 Comp. 11; • Comp.12; o Comp.14; 0 
Comp.15. i indicates SmB-N phase transition. 
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Comparison of the en, e_t and ~e values in the nematic phase of the compounds 

studied at T NI-T = 1 0°C is shown below: 

For negative dielectric anisotropic compounds (~e<O) 

en 9>11>10>8>1>7>3>5>4>6 

e_L 9>10~11>7>3~5>4>8>6>1 

~e 9>11>10>4>5~8>3>6>7~1 

For positive dielectric anisotropic compounds (~e>O) 

en 15>12>14 

8_1_ 15>12>14 

~8 12>14>15 
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Figure 3.5. Dielectric anisotropy (~E) of pure compounds (a) 1, 3-5. Key to 
symbols: o Comp.l; A Comp.3; • Comp. 4; o Comp. 5. j indicates SmB-N 
phase transition. 
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3.2.6. Bend elastic constant measurements: 

The elastic constants of a liquid crystalline compound are a measure of 

the amount of restoring force required to relax to its equilibrium configuration 

when the distorting field is withdrawn. Although a considerable amount of 

work has been done on the elastic constant measurements of liquid crystalline 

materials exhibiting positive dielectric anisotropy, the measurements of the 

bend elastic constants on laterally fluorinated molecules exhibiting negative 

dielectric anisotropy is relatively rare in the literature. Electric field induced 

Freedericksz transition was used to determine the bend elastic constant (K33) of 

compounds having negative dielectric anisotropy and splay elastic constant 

(Kn) of compound 12 with positive dielectric anisotropy. The threshold 

voltage (V th) was determined trom the sudden change in the capacitance when 

the cells were subjected to an electric field. These Vth values were used to 

determine the elastic constants. The temperature dependence of the bend elastic 

constant (K33) of compounds 1, 3-9 are shown in Figures 3.6(a)-3.6(c). For the 

terphenyl compounds 1, 3-9 a pronounced temperature dependence of the bend 

elastic constant throughout the nematic range has been observed. The K33 

values vary from 4-16 pN at room temperature for all the laterally fluorinated 

pure compounds (1, 3-9). The presence of additional fluorine in the outer 

phenyl ring of compound 9 contributes toward an increased effective dipole 

moment for the compound in comparison with compound 2. The strong 

influence of the dipole moment on the elastic constants may be responsible for 

higher values of the bend elastic constant The K33 values in the nematic phase 

for compounds 10 and 11 are around 7pN and 8pN [36] respectively and are 

found to increase quite steeply, especially as the SmB-N phase transition is 

approached (Figure 3 .6). Out of the three positive dielectric anisotropic 

compounds (12, 14 and 15), only compound 12 shows threshold behavior in the 

planar aligned cell. Although, the threshold voltages of compound 12 are found 

in the range ~2V, due to the low values of dielectric anisotropy the splay elastic 

constant values are found to be quite low throughout the mesomorphic range 
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[36]. However, for compounds 14 and 15 probably due to very small values of 

dielectric anisotropy, the Freedericksz threshold could not be observed. 
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Figure 3.6. Variation of bend elastic constant (K33) as a function of relative 
temperature (TN1-T) for (a) pure compounds 1, 3-5. Key to symbols: o Comp.l; 
8 Comp.3; • Comp. 4; o Comp.5. 

From Figure 3.6 (c) it has been found that the bend elastic constant (K33) 

values are highest for compound 9 and Figure 3.6 (a) shows that K33 values are 

lowest for compound L Since bend elastic constant values are directly 

proportional to the threshold voltage (Vth) it is evident that compound 9 has 

highest values of Vth and compound 1 has lowets values of Vth· The rest of the 

compounds have moderate values of bend elastic constant. 
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3.2.7. Relaxation time ('to) and rotational viscosity (y1) 

measurements: 

Relaxation time and rotational viscosity are important parameters from a 

fundamental science point of view as they offer valuable insight into the 

molecular interactions and phase transitions. These properties are related to the 

switching behaviour of the liquid crystal molecules in presence of an external 

field and they control parameters like steepness of the transmission-voltage 

curve, response time, controlling voltage, etc. 

The experimentally determined relaxation times ('to) in the nematic 

phase of compounds 1, 3-12 as a function of relative temperature (TN1-T) have 

been plotted in Figures 3.7(a)-3.7(c). The relaxation time increases with 

decrease in temperature in the nematic phase of these compounds and show 

sharp temperature variation. From Figure 3.7(a)-3.7(c) it is also clear that out 

of the eleven compounds under investigation, the terphenyl compounds 1, 3-9 

show improved performance in the relaxation time in comparison to others. 

However, compound 4 shows highest value of 'to (around 90ms at T NI-T=20°C). 

This is obviously due to the presence of lateral fluorine atoms in 'outer edge ' 

[32]. On the other hand, compound 9 has the lowest value of 'to (around 26ms at 

T Nr-T=20°C) due to the presence of two additional fluorine atoms in the lateral 

position. 

Rotational viscosity is an important parameter for many electro-optical 

applications employing liquid crystals, because the response time of the LC 

device is linearly proportional to Yl· From the molecular point of view, the 

magnitude of Y1 depends on the detailed molecular constituents, structure, 

intermolecular association, moment of inertia and clearing temperature (T c). 

From the display point of view it is desirable that a linearly conjugated liquid 

crystal molecule should exhibit relatively low rotational viscosity. 
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Figure 3.7. Variation of relaxation time ('r0) as a function of relative 
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and • Comp.l2. 

The experimentally determined rotational viscosity (y1) in the nematic 

phase of compounds 1, 3-12 (compound 2 non-mesogenic) as a function of 

relative temperature (TNI -T) is shown in Figures 3.8(a)-3.8(c). It is clear that 

out of the eleven compounds under investigation, the terphenyl compounds 

show improved performance in the rotational viscosity values in comparison to 

compounds 10, 11 and 12. As temperature increases, y1 decreases rapidly for 

of the compounds. The (2, 3) difluoro substituted terphenyl compounds are 

found to have relatively lower values of the rotational viscosity (around 100 

mPas ), thereby implying a faster response of the molecules to an external 

deforming field [38]. From Figures 3.8(a) and 3.8(b) it is observed that the y1 

values for compounds 1, 3-9 are around 60-120 mPas in the nematic range 

(near room temperature) which is considerably smaller than those obtained for 

phenyl bicyclohexane compounds 10 and 11 with values of 233 mPas and 322 

mPas respectively near the N-SmB phase transition [36]. At the elevated 

temperature, Y1 decreases dramatically. The variation in y1 values can easily be 
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understood by the molecular structure and their interactions. The geometry of 

a phenyl ring is planar, while a cyclohexane ring exhibits a highly non-planar 

structure. Hence, a molecule consisting of phenyl ring rotates more easily [35]. 

On the other hand the curved structure of a cyclohexane leads to various steric 

interaction possibilities during a rotation, which results in an increased value of 

y1• Moreover, the presence of the CH2-CH2 linkage group in compounds 10 and 

11 perhaps induces a rotational hindrance thereby affecting an increased 

relaxation time of the nematic directors which in tum leads to higher values 

the rotational viscosity. 
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Figure 3.8. 'contd. Variation of rotational viscosity (y1) as a function of 
relative temperature (TNr-T) of pure compounds (c) 10-12. Key to symbols: o 
Comp.lO;!:!,. Comp. 11; • Comp.12. 

A number of empirical facts may be concluded from the above 

discussion on rotational viscosity (y1). These are as follows: 

• Molecules with a higher number of rings or alkyl chains are 

characterized by an increase in their corresponding rotational viscosities. 
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• Liquid crystals exhibiting higher values of ~E usually exhibit higher 

viscosities than those with low ~E. Probably this is due to the stronger 

polar interaction between the molecules. 

• Liquid crystals with phenyl rings (planar structure) and lateral fluorines 

exhibit much lower viscosity (around lOOmPas) than compounds with 

cyclohexane in its rigid core (highly non-planar structure). They exhibit 

rotational viscosity values more than 250mPas. 

3.2.8. Activation Energy: 

The temperature dependence of y1 is fitted with the following expression 

J) 

where, kp is the Boltzmann's constant and Ea is the associated activation 

energy. <P2> is the Orientational Order Parameter (OOP) which has been 

determined from birefringence measurements [39]. 

The birefringence in the crystalline or solid state (~n0) was determined 

from the Haller's extrapolation method [ 40] using the equation: 

(3.2) 

where t1n0 is the extrapolated birefringence at absolute zero temperature, 

T* and P are adjustable parameters. T* is about 1-3K higher than the clearing 

temperature and the exponent p depends on the molecular structure and its 

value is close to 0.2. L1n0 is the birefringence in the completely ordered state i.e. 

at absolute zero temperature. It may be noted that for compounds having both 

nematic as well as smectic B phases (compounds 4, 10 and 11) equation 3.2 has 

been fitted in the nematic phase only. From Haller's extrapolation method [40] 

L1no was determined. The values of L1no, T* and exponent B of all the pure 

compounds are shown in Table 3.2. The temperature dependent birefringence is 

related to the order parameter (<P2>) [41] by the following expression 
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(3.3) 

Figures 3.9(a)-3.9(c) show the variation of the experimentally 

determined Orientational Order Parameter (OOP) values with relative 

temperature throughout the mesomorphic range for all the pure compounds. 

The experimental <P2> values are found to be discontinuous across the SmB-N 

phase transition for compound 4, 10 and 11. These values are also found to be 

relatively higher in the smectic B phase showing the phase to be much more 

orientationally ordered than the neighbouring nematic phase. The terphenyl 

compounds are moderately ordered (Figure 3.9 (a)) in the nematic phase 

whereas compounds 10 and 11 in the smectic phase show higher values of 

OOP (Figure 3.9 (b)). 
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From the slope of the of In (y1/<P2>) curve plotted against 1/T 

(Arrhenius plot) the activation energy Ea was evaluated using equation 3.1. The 

associated activation energy is listed in Table 3.3. 

Table 3.2. Extrapolated birefringence at the absolute zero temperature (b.n0), 

T* and exponent ~ in the nematic phase of all the pure compounds. 

Comp. 
.£\no T*inK I f3 I 

No. 

j 1 0.356±0.004 382.6±0.2 0.23±0.005 
3 0.317±0.001 380.1±0.1 0.19±0.002 

t-
I 4 0.216±0.002 398.5±1.1 0.17±0.006 

1------ . -

5 0.284±0.002 378.7±1.1 0.17±0.006 ~ !---·---- -
6 0.348±0.004 382.6±0.4 0.17±0.006 I 

I 
----f-· --·---~---- _____., 

7 0.283±0.003 392.9±0.3 0.18±0.005 I 

J 
8 0.353±0.004 406.8±0.4 0.14±0.006 

' 9 0.291±0.003 393.3±0.6 0.20±0.005 
!----- I--· 

10 0.118±0.002 430.3±0.1 0.15±0.006 

11 0.117±0.003 440.4±0.1 0.14±0.005 
12 0.113±0.006 309.6±0.2 0.13±0.013 
14 0.091±0.002 361.4±1.8 0.16±0.013 --
15 0.087±0.003 345.2±1.6 0.17±0.017 

Table 3.3. Activation energy (Ea) values calculated in the nematic phase of 
compounds 1, 3-11. 

Compounds Phase 
Activation energy 

KJmor1 

1 N 32.54 
3 N 31.88 
4 N 28.77 
5 N 29.65 
6 N 29.26 
7 N 30.44 
8 N 31.45 
9 N 32.01 
10 N 28.67 
11 N 28.11 
12 N 27.56 
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3.2.9. Determination of visco-elastic co-efficient and Figure 
of Merit (FoM): 

The visco-elastic co-efficient (y1/K33) characterizes the amount of time 

and energy required to rotate the liquid crystal molecules [ 42-44]. Figures 

3.10(a)-3.10(c) summarizes the temperature dependence ofthe visco-elastic co

efficient of the pure compounds studied. From the experimental data for 

compounds 1, 3-12, it is evident that the terphenyl compounds 1, 3-9 have 

improved values of the visco elastic coefficient due to lower values of the 

rotational viscosity of these materials, while the higher values of the rotational 

viscosity of the phenyl bicyclohexane compounds 10 and 11 and the phenyl 

cyclohexane compound 12 reversely affect the visco-elastic ratios 

compounds and as a result the (y1/K33) values are enhanced. 
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Figure 3.10. Visco-elastic co-efficient (y1/K33) of the pure compounds (a) 1, 3-
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To compare the performance of a liquid crystal compound in a device, 

the Figure of Merit (FoM) [28] that takes the birefringence and visco-elastic 

co-efficient (y1/K33) into consideration is calculated from the expression: 

(lln) 2 

FoM=----
(rt I K33) 

(3.4) 

Figures 3.ll(a)-3.ll(c) illustrate the FoM values, plotted as a function of 

relative temperature. FoM gives us a clear picture about the comparison of 

switching speed of the molecule. As expected, compounds with cyclohexanes 

and laterally substituted fluorine atoms and longer terminal alkyl chains 

demonstrate lower FoM values and therefore are expected to be less effective 

in multi-component mixtures to reduce the response time to an applied electric 

field. 
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Since the expression for F oM consists of the square of birefringence, 

compounds 1, 3-9 with relatively higher values of the birefringence and lower 

values of rotational viscosity exhibit improved values of F oM. On the other 

hand, for compounds 10 and 11, the FoM values are low because of the 

presence of cyclohexane core with CH2-CH2 linkage group (resulting in low 

birefringence) in these two compounds [36]. Compound 12 with a phenyl 

cyclohexane core also possess a lower F oM value. It is also observed from this 

study that, of all the terpheny 1 compounds investigated here, the material 

properties in the nematic phase of compound 4 (not a room temperature 

nematic and has a SmB phase at lower temperature) are by far the best suited as 

component of multicomponent mixtures for VA mode displays due to its 

improved y1/K33 and FoM values. However, it may be added that this finding 

do not rule out the selection of other pure components in the formulation of 

rnulticomponent mixtures since no single component can fulfill all the material 

requirements of a liquid crystal to be used in display devices. 

3.3 .. Summary and Conclusions: 

LCDs working on the vertical alignment technique are particularly 

attractive due to their wide viewing angle, excellent contrast and shorter 

response time. For such devices, nematic LC mixtures with negative dielectric 

anisotropy (~E < 0) are used. To assess the suitability of a particular compound 

in multi component VA mode mixtures, the physical properties of several 

laterally fluorinated LC pure compounds (compounds 1, 3-11) with negative 

dielectric anisotropy (~E < 0) and a phenyl cyclohexane compound (compound 

12) with positive dielectric anisotropy (~E > 0) have been studied from 

dielectric permittivity, optical birefringence, bend elastic constant and 

rotational viscosity measurements. Compound 10 and 11 are two 

bicyclohexane phenyl compounds. 
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The molecular structures have an essential impact on many important 

physical (electro-optical and visco-elastic) parameters e.g. birefringence, 

dielectric anisotropy, bend elastic constant, relaxation time and rotational 

viscosity. The thermotropic rod-like molecules (compounds 1-15) studied here 

are characterized by several structural features including lateral fluorine 

substitution, aromatic ring structures in the core and alkyl or alkoxy group in 

the terminal position. Compound 1 and compounds 3-9 with lateral fluorine 

substitution posses a higher values of birefringence (0.20-0.28 in the nematic 

range) while the phenyl bicyclohexane compounds 10 and 11 and the phenyl

cyclohexane compound 12 exhibit a relatively lower birefringence values of 

around 0.08 - 0.11. Bicyclohexane compounds 14 and 15 show a very low 

birefringence of the order of 0.03 and 0.08 respectively. From dielectric 

anisotropy measurements, it is observed that the SmB-N phase transition is 

discontinuous for compounds 4, 10 and 11. It is observed that the dielectric 

anisotropy (L:le) for compound 9 is around -2 in the nematic phase. Compounds 

1, 3, 6 and 8 however have a moderately low value of L:le of about -1. The Lle 

values for compounds 4, 5 and 7 are slightly higher than -1. Again, Lle for 

compounds 10 and 11 are around -2 at the nematic to Sm B phase transition 

and -6 within the Sm B phase. This is due to the presence of only a single 

phenyl ring with conjugated n bonds in compounds 10 and 11 in comparison to 

the terphenyl compound (1, 3-9) which makes a significant contribution in the 

direction of the molecular long axis (ell)· Compound 12 however exhibits a 

positive dielectric anisotropy of around 1. Compounds 14 and 15 also have a 

very low positive dielectric anisotropy of the order of 0.03 and 0.20 

respectively. The terphenyl compounds (compound 1, 3-9) confirm a 

pronounced temperature dependence of the bend elastic constant throughout 

the nematic range. The K33 values vary from 4-16 pN at room temperature for 

all the laterally fluorinated pure compounds. This leads to reduced values of the 

rotational viscosity coefficient (y1) for these compounds. However, as 

observed, compounds 10, 11 and 12 exhibit an enhanced value ofK33 . The K33 
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values in the nematic phase of compounds 10 and 11 rises quite steeply, 

especially near the SmB-N phase transition. For compound 12 only a slight 

temperature dependence of the K33 values throughout the mesomorphic range is 

observed. From rotational viscosity measurements, it is clear that out of the 

eleven compounds under investigation, the terphenyl compounds show 

improved performance in the rotational viscosity values in comparison to 

compounds 10, 11 and 12. The y1 values for compounds 1, 3-9 are around 100-

120 mPas in the nematic phase which is considerably smaller than those 

obtained for phenyl bicyclohexane compounds 10 and 11 with values of 233 

mPas and 322 mPas respectively at the SmB-N phase transition. 

It is also evident that the terphenyl compounds 1, 3-9 have improved 

values of the visco elastic coefficient (y1/K33) due to lower values of the 

rotational viscosity of these materials, while the higher values of the rotational 

viscosity of the bicyclohexane phenyl compounds 10 and 11 and the 

cyclohexane phenyl compound 12 negatively affect the visco-elastic ratios of 

these compounds. 

Significantly higher Figure of Merit (FoM) (almost ten times or more) 

are observed for the laterally fluorinated compounds (1, 3-9), due to both 

higher values of birefringence (0.20-0.28 within the nematic range) and lower 

values of rotational viscosity compared to the rest bicyclohexane compounds 

with CH2-CH2 linkage group in the core (compounds 10 and 11). Due to its 

improved y1/I(33 and FoM values, compound 4 shows marked improvement in 

its physical parameters as far as its applicability in multicomponent mixture is 

concerned; however its melting temperature is high and also shows underlying 

SmB mesophase. 
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