




















































































































































































































































Chapter 5: Dye guest-host nematic mixtures 

The dye absorbs incident light polarised at an angle \\f with respect to the director 

orientation. The absorbance (also called optical density) is expressed as:̂  

A(P,v)/) = Ted rsol sin^ P + 
f l 

I2 J 
sin^ P + 

\ 3 J I2 J 
(2-3sin^P)cos^v)/ (5.4) 

where T is the magnitude of the transition moment, c is the dye concentration and d is the 

cell thickness. P is the angle between the direction of the absorption T and the dye long 

molecular axis as shown in Figure 5.1. The dichroic ratio is defined by 

A,, A(P,Y = 0°) 
D = 

A(p,v = 90°) 

or ]D 
2 + 4SD-6SDsin"p 

2 —2Sq +3SQ sin^ P 
(&5) 

where An and A_l are respectively the absorbance along and normal to the director 

measured at the wavelength of maximum absorption A-max- D is influenced by the order 

parameter of the nematic host Slc but on the other hand, it is independent of dye 

concentration and of sample thickness."* 

(5.6) 

(5.7) 

Experimentally, Sj is obtained from absorbance data as follows: 

g ^ A|| - A D - 1 
^ A„ + 2A^ D + 2 ' 

Using Equations (5.5) and (5.6), the dye order parameter So is related to Sj via 

S =S ^ 
° T 2 - 3 s m ^ p ' 

The order parameter Sj is directly related to the dichroic ratio, while So depends on the 

molecular structure of the dye/ hi the general case, P 9̂  0 and so Sj ^ So- However, for 

elongated positive dyes, the angle p is extremely small leading to a negligible term sin p. 

In this particular case, St = Sd and the dichroic ratio can be written: 

l + 2Sn 
D = 

1-Sr 
(5.8) 

The effects of internal field have to be taken into account and the order parameter 

becomes 

Tcorr 

ncAu-npA^ 

n,AH+2n,.A^ 
(5.9) 
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Chapter 5: Dye guest-host nematic mixtures 

where iig and are the extraordinary and ordinary refractive indices of the liquid crystal 

host. The values of Ug and no have been measured by refractometry (this technique is 

described in detail in Chapter 3, Section 3.5) at X = 632.8 nm, which differs from Xmax-

The wavelength dispersion effects have been evaluated on the system 5CB + 2% 

anthraquinone dye (Xmax = 553 nm) at Tni-T = 11.7 °C by using the data for ng and 

measured at 632.8 nm and 546.1 nm, for pure 5CB^ to determine the order parameter 

Stcoit- The results, given in Table 5.1, show that the influence of wavelength dispersion 

on Sjcorr is negligible and that the values of refractive indices at X. = 632.8 nm can be 

used as a good approximation. Bahadur et al. conducted a similar study on various 

mixtures consisting of a single azo or anthraquinone dye dissolved in a liquid crystalline 

host E8; the Sxcorr values were then calculated from refractive indices measured at A, = 

436-644 nm and were found to be within 2% of each other/ 

Wavelength (nm) Of Do Sxcorr 

632.8 L711 1.5296 0.553 

54&1 1.7302 1.5383 &555 

Table 5.1: Comparison between the order parameter Sxcorr obtained from refractive index 

data measured at A, = 632.8 nm and A, = 546.1 nm for 5CB + 2% anthraquinone dye (at 

TNi-T=11.7 °C). 

5.2.2 Basic principle of DGH d isplays 

The main component of the absorption T of the dye is either parallel (positive dichroic or 

pleochroic) or lies in the plane normal to the long molecular axis Dm of the dye (negative 

dichroic).'* Positive and negative dichroic dyes absorb light polarised respectively along 

and normal to Dm as depicted in Figure 5.2. The dyes are usually characterised by a 

narrow absorption region in the visible spectrum, with a maximum occurring at 

wavelength A,max-
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Chapter 5: Dye guest-host nematic mixtures 

(a) Positive dye (An > Ax) 
D„ 

Incident light 

Parallel polarisation 

Normal polarisation 

Absorbed 

Transmitted 

(b) Negative dye (An < Aj_) 

Incident light 

Parallel polarisation 

Normal polarisation 

Transmitted 

Absorbed 

Figure 5.2: (a) Positive dichroic dye absorption mode 

(b) Negative dichroic dye absorption mode. 

DGH devices require low dye concentration of typically 0.5-2% wt/wt, depending on the 

solubility and absorption coefficient of the dye^. Positive elongated dichroic dyes are 

usually preferred since the major component of their transition moment T coincides with 

the long molecular axis of the dye (P « 0°). In this case, they will exhibit a higher 

dichroic ratio and dye absorption order parameter. High values for D are desirable to 

improve brightness and to achieve good colour contrast in a DGH device.^ 

The principle of a simple dichroic DGH display, the so-called Heilmeier display, is 

represented schematically in Figure 5.3. This mode requires a positive dye and a host LC 

with positive dielectric anisotropy As. Initially, the alignment of the liquid crystal and 
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Chapter 5: Dye guest-host nematic mixtures 

dye molecules is planar and the cell appears dark due to the absorption of the dye. In the 

presence of an applied electric field, the director reorientation towards a homeotropic 

configuration causes a change in the absorption direction of the dye molecule and the 

display becomes transparent. The dye behaves as a switchable polariser and in principle, 

no polarisers are necessary to observe the electro-optical switching. However, the use of 

a single polariser enhances the absorption and improves the contrast. The addition of dye 

results in brighter displays with intrinsic colour. In display devices, it is advantageous to 

employ a black dichroic dye. This is usually achieved by mixing dyes of three colours 

(such as orange, green-blue and purple) with high order parameter, good absorption, 

photostability and solubility properties. 

The two main classes of dyes commonly used are the azo dye (high dye order parameter) 

and anthraquinone dye (good photochemical stability);^' ̂  their molecular structures are 

given in Figure 5.4. It is mainly the core of the dye molecule that determines its colour 

(with slight differences in hue) while lateral substituents have little influence.^' ^ In liquid 

crystals, the absorption peak is usually shifted by about 20 nm towards longer 

wavelengths; this leads to minor differences in colour compared to the same dye 

dissolved in a solvent such as chloroform.^ Azo dyes with satisfactory photostability can 

provide yellow, orange and red colours, while anthraquinone dyes can produce blue, 

purple and red colours. Some of the azo compounds may undergo photodecomposition 

and/or cis-trans changes when exposed to UV light of specific wavelengths.^' ̂  
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V = 0 

> 

Polarisers 
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m I 

DARK 

V>\V 

Figure 5.3: Basic operational principle of a Heilmeier display. 

k - > CLEAR 

(a) 

Figure 5.4: Core chemical structure for the (a) azo dye (b) anthraquinone dye. 
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5.3 Azo mixtures 

5.3.1 Characterisation of the azo DGH nematics 

Materials and their transition temperatures 

The pure host 5CB and the azo DGH samples were provided by Toshiba and were used 

without any further purification. No mixture preparation was required since the dye was 

already dissolved in the host. The exact structure of the azo dye molecule is illustrated in 

Figure 5.5. The properties of the host 5CB has been described in detail in Chapter 4, 

Section 4.3. Another sample of 5CB, which was heated at 140 °C for 30 min in order to 

dissolve the dye, was also supplied. As the physical properties of the heated 5CB (i.e. 

transition temperature, dielectric anisotropy, elastic constants and viscosity coefficients) 

are identical to the standard 5CB, the data obtained for this sample are not included in 

this work. The mixtures investigated contain up to 3% wt/wt concentration of orange azo 

dye. The nematic-to-isotropic transition temperatures T^i are summarised in Table 5.2. 

The temperature range of the nematic phase increases with dye concentration. Therefore, 

the addition of dye can stabilise the nematic phase to higher temperatures. 

=H N—N 0 - C , H , 

Figure 5.5: Chemical structure of the azo dye investigated. 

Sample Clearing point Tni (°C) 

5CB pure 34.9 ± 0 . 1 

5CB + 1% azo dye 35.6 ± 0 . 1 

5CB + 2% azo dye 36.8 ± 0 . 1 

5CB + 3% azo dye 38.0 ± 0 . 1 

Table 5.2: Nematic-to-isotropic transition temperatures T^i for pure 5CB and for the azo 

containing mixtures. 
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Dichroic ratio and dye order parameter of the azo doped mixtures 

The maximum absorption, determined from the absorbance spectra of all the azo-doped 

5CB mixtures, occurs at = 457 ± 1 nm. 

As explained in Section 5.2.1, the dichroic ratio D and the order parameter St of the dye 

absorption can be deduced respectively from 

A„ 
D = 

A, 

and S Tcon" 

n , A „ - n , A ^ 

n,AH+2n,.A^ 

(&5) 

(5 9) 

The dichroic ratio D and the corrected order parameter of the dye absorption Stcoit have 

been determined for all azo DGH samples. An example of typical data sets for D and 

Stcoit, measured for the 2% azo-doped sample, are shown respectively in Figures 5.6 (a) 

and (b) as a function of shifted temperature TNI-T. The dichroic ratio D and order 

parameter Sxcon- are found to increase with increasing dye concentration, although other 

studies^' ^ have reported results indicating that these parameters are independent of the 

amount of dye; at about T^i-T = 6 °C, Sxcorr = 0.6 for 3% azo compared to Sicorr = 0.51 

for 1% azo. For this reason, to obtain the values of D and Sxcorr for the azo dye in 5CB, 

an average over the three dye concentrations has been calculated and found to agree very 

well with the corresponding values measured for the intermediate concentration. Thus, in 

the following discussion, when no dye concentration is clearly stated, this means that the 

data are quoted for 2% azo dye content. 

(a) (b) 

I I r~~1 1 , J ; 1 I 

15 W 5 
TNI-T (°q 

15 
1—I—:—I—i—I—I—I—I—I-
10 5 0 
TN,-T (°C) 

Figure 5.6: (a) Dichroic ratio D (± 5%) obtained for 5CB+2% azo dye 

(b) Corrected values of the dye absorption order parameter Sxcon- (± 3%) 

for the same sample. 
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Dielectric permittivities 

The dielectric constants parallel sn and perpendicular sj. to the director are represented in 

Figure 5.7 for pure 5CB and all azo dye concentrations. The values of sn and Si and the 

resulting dielectric anisotropy As = s,, -Sj^ are clearly independent of the dye 

concentration. 
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o 3% azo 

14 12 10 
T I i I I i I I I I I I I I I I ' l l 

6 4 2 0 4 

TN,-T(°C) 

Figure 5.7: Dielectric constants sn and e± (± 0.5%) for the azo DGH mixtures and for 

pure 5CB against TNI-T. 

5.3.2 Twist and splay visco-elastic constants 

The rotational viscosity coefficient yi and the elastic constants ki i and kaa are plotted in 

Figure 5.8 and Figure 5.9 for all mixtures. Within experimental errors, the graphs 

obtained for the host and for different dye concentrations are superimposed. This means 

that the azo dye has a negligible effect on the viscous and elastic properties of the liquid 

crystal host. The splay viscosity rispiay has also been measured and for all samples 

studied, rispiay » Yi taking into account the experimental uncertainties. 
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14 12 10 

TNi-T(°q 

Figure 5.8: Rotational viscosity Yi (± 2%) for azo DGH samples versus shifted 

temperature. 
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Figure 5.9: Splay (± 5%) and twist (+ 3%) elastic constants at different azo dye 

concentrations as a function of Tni-T. 
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5.4 Anthraquinone mixtures 

5.4.1 Physical properties of the anthraquinone DGH samples 

Materials and their transition temperatures 

The DGH mixtures, supplied by Toshiba, were used without any further purification. The 

structure of the anthraquinone dye molecule investigated is presented in Figure 5.10. 

Concentrations of 1 to 3% by weight of this purple-coloured dye dissolved in a host 

nematic 5CB were studied. The nematic-to-isotropic transition temperature Tni increases 

with dye concentration as illustrated in Table 5.3. 

0 HN 

Figure 5.10: Molecular structure of the anthraquinone dye. 

Sample Clearing point Tni ("C) 

5CB pure 34.9 ± 0 . 1 

5CB + 1% anthra dye 35.8 ± 0 . 1 

5CB + 2% anthra dye 36.7 ± 0 . 1 

5CB + 3% anthra dye 37.5 ± 0 . 1 

Table 5.3: Nematic-to-isotropic transition temperatures Tni for pure 5CB and for the 

anthraquinone mixtures. 

Dichroic ratio and dye order parameter of the anthraquinone mixtures 

The maximum absorption occurs at a wavelength A-max = 553 ± 1 nm. No particular 

absorption problems were observed in DLS experiments using homeotropic cells when 

the samples are exposed to a He-Ne laser (X = 632.8 nm). 

The dichroic ratio D and the order parameter of the dye absorption Sxcon- were determined 

from the absorbance spectra of the anthraquinone samples following the same method as 
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for the azo DGH mixtures (see Equations (5.5) and (5.9)). D and Sjcorr are respectively 

illustrated in Figures 5.11 (a) and (b) for the 2% anthraquinone-doped sample against 

shifted temperature. They exhibit a weaker dependence on dye concentration than the 

samples containing azo dye. 

(a) (b) 

TNi-T(°C) TNi-T(°C) 

Figure 5.11: (a) Dichroic ratio D (± 5%) 

(b) Order parameter Stcoit (± 3%) for the 2% anthraquinone dye mixture. 

Dielectric permitivities 

As can be seen in Figure 5.12, neither of the components of the dielectric permittivity Sn 

and Si of the doped mixtures are affected by the presence of up to 3% of anthraquinone 

dye. 

i 
i 

21 

17 

13 

Q 9 

1 0 1 % 

Gil 

S I 
x> DO a > a > jas> &> A 

A5CB 

O 1% anthra 

X 2% anthra 

o 3% anthra 

14 12 10 6 4 

TNi-T(°C) 

Figure 5.12; Dielectric constants sn and s± (± 0.5%) for all anthraquinone DGH samples 

against relative temperature TNI-T. 
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5.4.2 Twist and splay visco-elastic constants 

Figure 5.13 represents the twist viscosity coefficient versus TNI -T for 5CB and the 

anthraquinone-doped samples. yi decreases by about 5% for the mixture containing 3% 

dye compared to the host, although the viscosity data of the 1 % and 2% samples can be 

considered (within the uncertainty limits) to be equal to the values of the host. The twist 

and splay elastic constants k22 and kn are both given in Figure 5.14 on a shifted 

temperature scale. The values of kn are more disperse than the data for kaa but none of 

the elastic constants are affected by the addition of dye. 

048 

0.06 -

0.04 

0.02 

A5CB 
D 1% anthra 

X 2% anthra 

o 3% anthra 

14 12 10 0 

TNi-TCQ 

Figure 5.13; Twist viscosity yi (± 2%) for the pure 5CB and the three dye-doped mixtures 

as a function of T^i-T. 
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Figure 5.14: Splay (± 5%) and twist (± 3%) elastic constants for all samples against 

shifted temperature. 

5.5 Temperature influence on the visco-elastic properties 

5.5.1 Refractive indices and orientational order parameter 

The extraordinary and ordinary refractive indices Ug and n^ as well as the nematic 

orientational order parameter S are plotted in Figure 5.15 and Figure 5.16. 
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Figure 5.15: Refractive indices and no (+ 0.0002) for 5CB and for the azo-doped 

samples. 
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o % X 

W* T k 0.5 A5CB 
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X 2% azo 

o 3% azo 

TNi-TCQ 

Figure 5.16: Nematic orientational order parameter for pure 5CB and for the azo 

mixtures as a function of TNI-T. 

The presence of azo dye seems to cause a very small increase in Ug while it does not 

affect UQ. A S a result, the birefringence An = UG-NO of the azo doped samples is about 3% 

higher than for the pure liquid crystal host, taking into account that the accuracy on the 

measured values is less that 1%. However, this small change in birefringence does not 

affect the optical properties of the host LC. 

The orientational order parameter S, calculated from refractive index data using Haller's 

analysis, remains unchanged upon the addition of up to 3% of azo dye. In fact, at low dye 

concentrations, the elongated azo dye molecules are aligned by the liquid crystal matrix 

and do not disturb the orientational order of the host material. Recalling Chapter 2, 

Equation (2.2), S can be derived according to: 

AP 
^ T ' - T (5.10) 

The fitting parameters, used in Haller's method, are the exponent P and the temperature 

T* associated with a "continuous" nematic-to-isotropic transition. The values for T* 

(obtained to within + 0.1 °C) are recapitulated in Table 5.4 for 5CB and for the three azo-

doped mixtures. The parameter p is independent of dye concentration and is equal to 

P=0.187 ± 0.005. For all samples, the temperature T* is higher than the clearing point Tni 

and follows the same evolution i.e. it increases as a function of dye concentration. From 
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Equation (5.10), it is obvious that greater transition temperatures induce an upward shift 

inS. 

Sample Temperature T* (°C) 

5CB 35^ 

5CB + 1% azo 3&5 

5CB + 2% azo 37X) 

5CB + 3% azo 39.0 

Table 5.4: Transition temperatures T derived from Mailer's method for the azo DGH 

samples. 

5.5.2 Temperature dependence of the visco-elastic constants 

Several phenomenological models have been developed to describe the thermal 

dependence of the twist viscosity yi. For nematics, experimental data show that y, 

follows generally a type of Arrhenius law that takes into account the orientational order 

parameter S, such that:^' 

Y, ocS'exp(E(S)/kBT), (5.11) 

where E(S) is an activation energy. E(S) = EQ or EQS and x = 0, 1, or 2 depending on the 

best fit for the data. 

Maier-Saupe theory predicts that E(S) is proportional to S and yi is expected to scale with 

exp(EQS/kgT).^ However, there is strong empirical evidence for x = 1, E(S) = Eq to 

account for the thermal behaviour of the twist viscosity for several nematic materials 

including 5CB.'° For our 5CB data, the best fit for the rotational viscosity is achieved 

with X = 0 and E(S) = EQS i.e. 

y, cc exp(EoS/kgT). (5.12) 

This unexpected dependence may be explained by the fact the temperature range 

investigated is relatively narrow (~ 10 °C) and close to the nematic-to-isotropic 

transition. Under these conditions, the Haller's method used to derive the orientational 

order parameter S may not give reliable and consistent results (see Chapter 2, Section 

2.2).^^ It should be mentioned that our twist viscosity values for pure 5CB and for the 

azo-doped samples also seem to vary linearly with temperature (refer to Figure 5.8). 
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Cui et al. also measured the visco-elastic properties of 5CB by DLS and found that their 

twist viscosity data were best fitted using x = 2 and E(S) = Eq over a similar temperature 

range of 10 °C." The activation energy calculated for 5CB and the azo DGH mixtures is 

0.16 eV ± 2% (compared with 0.46 eV '̂ and 0.27 eV^' obtained by other groups for 

5CB). The discrepancy not only between the theoretical predictions and the experimental 

findings but also between the measurements made by various groups on the same 

material suggests that other models should be investigated in order to describe accurately 

the temperature dependence of the twist viscosity. 

From the mean field theory, Saupe and Nehring predicted that the elastic constants are 

expected to scale as the squared order parameter^ i.e. kjj oc S^. For 5CB and all azo 

mixtures, this relation is verified for both kn and k22 as illustrated in Figure 5.17, where 

kjj/S^ is plotted versus Tnj-T. Using Equation (5.10), the variation of elastic constants 

with temperature can be written 

kyOc(l-T/T')"P. (5.13) 

It is clear that the elastic constants, like the order parameter, increase with T* and 

consequently with dye concentration since P does not change significantly. 
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Figure 5.17: Ratio of twist and splay elastic constants to the squared order parameter 

against shifted temperature. 
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The twist-to-splay elastic constant ratio kn/kn is presented in Figure 5.18 for the 5CB 

and the azo samples; it is nearly constant within experimental errors for all mixtures as 

expected'^ and takes values between 0.6 and 0.7 in this work. 

A5CB 

0 l%azio 

X 2% azD 

o 3% azo 

Txi-T (°C) 

Figure 5.18; Twist-to-splay elastic constant ratio (± 6%) as a function of shifted 

temperature. 

5.6 Comparison between the azo and anthraquinone-doped systems 

From the data in Tables 5.2 and 5.3, both dyes produce a similar raise in the clearing 

point of the host 5CB. They do not exhibit large dipole moments and thus they do not 

change the dielectric permittivities of the host liquid crystal'^ (see 

Figure 5.7 and Figure 5.12). 

5.6.1 Dichroic ratio and dye order parameter 

The dependence of the dichroic ratio D and of the order parameter Sxcorr on dye content is 

less significant for the anthraquinone dye than for the azo dye; for example, at a shifted 

temperature of about 11.5 °C, for the mixtures containing 1% and 3% anthraquinone, 

STCOIT is equal to 0.53 and 0.57 respectively while at TNI-T = 6 °C, Sxcon- = 0.6 for 3% azo 

compared to Stcoit = 0.51 for 1% azo. As explained in Section 5.3.1, in both instances, 

average values for D and Stcoit are taken over the different dye concentrations. 
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Table 5.5 summarises the data for the maximum absorption wavelength Xmax, dichroic 

ratio D and transition moment order parameter Sxcon- determined at TNI-T = 8.8 °C for the 

azo and anthraquinone dyes. The values of and D measured by other groups on 

analogous azo and anthraquinone dyes, illustrated in Figure 5.19 are compiled in Table 

5.6.'̂ ' The transition moment order parameter S j is also included in the same 

table. Although, Sx is slightly lower than the corrected values Sxcorr, both parameters 

behave similarly. Their difference varies in the range 0.02 to 0.05, depending the dye and 

the host material considered.' 

Within each class of dye, the values of A-max are almost identical. Previous investigations 

showed experimentally that the absorption occurs in the central part of the dichroic 

molecule;^' ̂  terminal chains do not affect the direction of the transition moment T of the 

dye absorption but they have a direct influence on the dye orientational order parameter 

So/ The data in Table 5.6 were obtained at room temperature in various liquid crystalline 

host materials of different polarities, which explain the minor differences in Xmax-'̂  

Schematically, the dye can be represented as a cylinder of length L and of breadth a. If 

we define a dye geometrical factor as L/a, there is a correlation between the order 

parameter of the transition moment Sxcorr and L/a:^ Sxcorr increases with L/a. 

Consequently, azo dyes will generally exhibit a higher dye absorption order parameter 

and a higher dichroic ratio than the anthraquinone type. This results from the 

combination of two effects; the increased length of the azo molecule yields higher values 

for Sxcorr while the greater breadth of the anthraquinone acts to reduce Sxcorr-' However, 

in this work, the value of Sxcorr and D for the azo dye is only slightly higher than that 

measured for the anthraquinone dye at the same shifted temperature, as reported in Table 

5.5. This is because the absorption order parameter of the dye Sxcorr also depends on the 

nematic orientational order parameter of the host SLC-̂  

For both dyes investigated in this thesis, the values of Sxcorr are systematically lower than 

the data of Sx quoted in Tables 5.6 (a) and (b) obtained for analogous dyes. This 

difference can be removed by taking into account the shifted temperature T^i-T at which 

the measurements were performed. Most of the liquid crystal materials used as hosts to 

obtain the data of Tables 5.6 (a) and (b) are commercial mixtures with wider nematic 
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range than 5CB and with clearing points Tni > 60 °C. Sj is usually measured at ambient 

temperature i.e. T = 20-25 °C, which corresponds approximately to a shifted temperature 

TNI-T = 35-40 ° C for these host mixtures and to T^i-T = 10-15 °C in the case of 5CB. For 

example, both anthraquinone dyes in Table 5.6 (b) from Cox's reference were studied in 

E7, which consists of a eutectic mixture of cyanobiphenyls. The nematic orientational 

order parameter SLC of the host is found in this work to be 0.53 for 5CB compared to a 

value of about 0.51 quoted by Allinson et al. for E7^° at the same TNI-T = 10 °C. As 

expected, these cyanobiphenyl-based hosts have values of SLC in close agreement with 

each other. At Tni-T = 35-40 °C, the absorption order parameter of the anthraquinone 

dyes ST reported by Cox is about 0.67*^ while the order parameter SLC of E7 is higher 

than 0.63^° (see Table 5.6 (b)). Thus, St > Slc, in agreement with our observations. 

Azo Anthra 

^MAX (nm) 457 553 

D 4.4 4.0 

STCOIT &566 (X536 

Table 5.5: Comparison of dye parameters for both azo and anthraquinone dyes at Tni-T • 

8.8 °C. 

(a) 

Azo dye of Figure 5.19 (a) m̂ax (nm) D St References 

Ri = Rz = OC2H5 451 11.3 0.77 

Ri= R2 = OC4H9 450 1:2.1 N/A Uchida et al^ 

Figure 5.19 (b) 446 N/A (X71 Seki et al.^ 

(b) 

Anthra dye of Figure 5.19 (c) m̂ax (nm) D St References 

554 N/A 0.67 Cox^ '̂ 
R3 = C2H5 R3 = C2H5 

553 6.5 N/A Uchida et al. 

R3 = OCsHn 557 N/A 0.68 Cox'^' 

R3 = C4H9 556 N/A 0.66 Constant et al}^ 

Table 5.6: Maximum absorption wavelength, dichroic ratio and dye absorption order 

parameter measured for (a) azo and (b) anthraquinone dyes in various nematic hosts. 
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(a) Generic structure for the azo dye 

R C=N N = C 

H 

(b) Azo dye from reference 5 

C,H, N = N N = N 

(c) Generic structure for the anthraquinone 

NH O 

0 

Figure 5.19: General formula of the dyes discussed in Tables 5.6 (a) and (b). 

Good contrast between the on and off states in a DGH display requires a dye order 

parameter Sxcon- higher than 0.73.^' In practice this criterion is seldom fulfilled by the 

anthraquinone dyes. Values of Sxcon- between 0.7 and 0.76 were only reported for 

compounds with alkoxyphenyl groups substituted in position 2 and 6 of the 

anthraquinone core® (compared to position 1 and 5 for our dyes). This type of dye is 

soluble up to 7% in E7. Sxcorr is found to increase with the length of the substituted 

chains. An example of such a dye is given in Figure 5.20. 

NH, O OH 

OC.H n 2n+1 

OH O NH, 

Figure 5.20: 2, 6- substituted anthraquinone dye with high order parameter. 
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The ratio of Stcoit/Slc is plotted in Figure 5.21 against Tni-T in order to compare the 

order parameters of the host and of the dye absorption. STCOIT/SLC is greater than 1 and 

tends to increase with temperature, this latter effect being more pronounced for the 

anthraquinone dye than for the azo dye investigated. This can be understood in the 

following way: for dyes whose length exceeds the length of the LC molecules, 

Stcoit/Slc > 1 and this ratio increases at higher temperatures which means that the dyes 

are less affected by thermal fluctuations than the LC molecules. Whereas, for dichroic 

molecules shorter than the mesogenic molecules, Sxcorr/SLC < 1 and in this case, the dyes 

are more sensitive to these fluctuations.^' 

(55 

I 
• Azo 

• Anthra 

15 10 5 0 

TNi-T C P 

Figure 5.21: Ratio (± 2%) between the dye absorption and the nematic orientational order 

parameters versus shifted temperature. 

5.6.2 Twist and splay visco-elastic constants 

In Figure 5.22, the twist viscosity yi is depicted against dye concentration at several 

temperatures for both dyes. In this graph, the lines represent linear fits to the 

experimental data and they show that yi increases proportionally with the percentage of 

added dye (by about 15% for 3% azo dye and by only 5% for 3% anthraquinone dye at 

26.6 °C). Thus, the value of rotational viscosity is higher for the azo dye than for the 

anthraquinone dye at the same temperature and concentration. 

The twist and splay elastic constants kii and kn are given in Figure 5.23 and in Figure 

5.24 as a function of dye concentration for both dyes. At a given temperature, k22 and kn 
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increase with the addition of azo and anthraquinone dyes and they appear to be 

approaching saturation values at 3% concentration, the highest concentration 

investigated. However, the rise in the values of elastic constants with dye percentage is 

not observed on a shifted temperature scale as illustrated in Figure 5.9 and Figure 5.14 

since both k22 and ki i are proportional to the squared order parameter S ,̂ which is 

directly related to Tni-T. The dependence of k22 and ku on dye concentration is similar 

for both dyes, which indicates that none of the dye molecules show preferential ordering 

within the host. The elastic constants are less affected by the addition of the guest dye 

than are the corresponding viscosity coefficients.^ 

At T = 34.5 °C, the increase in yi, k22 and kn appears more pronounced due to a sharp 

drop in the visco-elastic parameters of 5CB due to pretransitional effects in the vicinity 

of the nematic-to-isotropic transition. 

(2 

o o 

0.08 

0.06 

0 4 4 -

0.02 

0% 1% 2% 

Dye concentration 

Temperature (°C) 

• 26.6 • 26.6 

• 30.6 0 30.6 

A 34.5 A 34.5 

3% 

Figure 5.22: Rotational viscosity coefficients (± 2%) versus dye concentration for the azo 

(open symbols) and for the anthraquinone (filled symbols) doped mixtures at several 

temperatures. 
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[] 
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Figure 5.23; Twist elastic constant (± 3%) against dye content at different temperatures 

(same caption as Figure 5.22). 

•o 

0% 

o • 

Temperature (°C) 

• 26.6 • 26.6 

* 3 & 6 o 3 & 6 

A 34.5 A 34.5 

3% 1% 2% 

Dye concentration 

Figure 5.24; Splay elastic constant (± 5%) as a function of dye concentration at different 

temperatures (same caption as Figure 5.22). 

5.6.3 Discussion and comparison with other DGH systems 

The influence of dye solute on the nematic-to-isotropic transition temperature is 

determined not only by the size, shape and concentration of dye molecules but also by 

the intermolecular interactions between the guest and host molecules.First of all, the 

pure azo and anthraquinone dyes investigated in this work are expected to have very high 
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melting points; for instance, the pure anthraquinone dye, sketched in Figure 5.10, is 

reported to exhibit a melting point of 158 °C.̂ ^ Thus the addition of a few percent of this 

dye will increase the value ofT^i of the host material. 

In the case of the azo dye, the complementary structure of the elongated dye molecule 

with respect to the host nematic enhances the effects of the shape anisotropy of the host, 

leading to an increase in the nematic-to-isotropic transition temperature and elastic 

constants. It has been shown that highly anisotropic guest molecules can stabilise the 

nematic phase leading to an increase in the nematic-to-isotropic transition temperature 

Tni and in the order parameter on the host.̂ ^ A DGH system composed of a 5% 

photochromic mesogenic azo-benzene dye in 5CB was investigated and it was found 

that:^^ 

• A small elevation of Tni occurred in the dye-doped mixture. 

• The splay visco-elastic properties (derived from Raman scattering measurements) 

were not altered by the addition of dye. 

These results agree well with our findings, although we do not know whether the azo dye 

used in our study has itself a nematic phase with a high clearing point. 

The anthraquinone dye studied here exhibits the same physical properties as the azo dye. 

This behaviour is in contradiction with the results reported by other workers on similar 

systems. For DGH mixtures consisting of more bulky dyes in a nematic host (for instance 

photochromic fulgide^^ or anthraquinone '̂̂  dyes, the host used being E7 in both cases), 

the addition of a few percent of guest dye has been observed to lower the nematic-to-

isotropic transition temperature and to reduce significantly the splay elastic constant kn 

of the host liquid crystal. 

5.7 Bend visco-elastic constants for the anthraquinone dye-doped series 

Although this work on DGH systems has been focused on the measurements of the twist 

and splay elastic constants and the corresponding viscosities, the bend elastic constant kgs 

is also an important physical parameter. In this thesis, the measurements of bend elastic 

constant k̂ ^ and viscosity coefficient ribend are only performed for the pure 5CB and for 

the anthraquinone-doped mixtures. 
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Bend elastic constant 

k33 can be derived from the magnetic field threshold value Be (refer to Chapter 2, 

Equation 2.35) using the following expression: 

Be = -
^ d 

u 
(5.14) 

The experimental determination of the bend elastic constant via the Freedericksz 

transition method was explained thoroughly in Chapter 3, Section 3.4. 

Figure 5.25 compares the values of kg] for 5CB reported in this work and in the 

literature.̂ ^"^^ Chen et al. determined k]] by studying the angular dependence of the 

linewidth measured in DLS experiments. While Gu et al. and Bradshaw et al. directly 

derived the bend elastic constant from magnetic Freedericksz transition measurements, 

using a similar technique to ours.^ '̂̂ ^ The technique used by Durbin et al. is based on the 

optical Freedericksz transition (OFT); the LC molecules, initially aligned 

homeotropically, tend to reorient parallel to the polarisation of the input laser beam 

above a threshold intensity Ith given by:̂ ^ 

I 
k 33 
2 2 n. - n . 

(&15) 

where c is the velocity of light in vacuum, Ug and n̂  are the extraordinary and ordinary 

refractive indices of the nematic LC and d is the layer thickness. For a 250 pm thick 

sample of 5CB, Ith =155 W/cm^. The value ofk]] can be deduced from Equation (5.15). 

The next sub-section discusses how the effects of OFT are enhanced in DGH systems. 

The values of k33, measured in this thesis to an accuracy of about 3%, agree rather well 

with the data quoted by Gu et al.;^^ they are respectively about 15% and 30% lower than 

the values measured by Bradshaw et al.^'' and Chen et al.^^ 
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• Chen et al. 

X Gu et al. 

o Brads haw et al. 

• Durbin et al. 

12 10 0 8 6 4 2 

Twi-T r q 

Figure 5.25: Bend elastic constant versus Tni -T measured for 5CB by different groups 

using various methods. 

The bend elastic constant is presented as a function of shifted temperature in Figure 5.26 

for the anthraquinone doped mixtures. The addition of dye causes a 10% decrease of k33 

with saturation between 2 and 3% dye concentration. This reduction in kgs results from 

the disruption of the host nematic by the anthraquinone dye molecules with respect to the 

bend distortion. 
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° X t 

• X 

O ^ A 
O • X 
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O • 

A5CB 

X 1% anthra 

D 2% anthra 

o 3% anthra 

o X 

14 12 
I I I I I f I I T" -1—I—I 1—I—I—t—r-

10 0 

TNi-TCC) 

Figure 5.26; Bend elastic constant for the pure 5CB and for the anthraquinone doped 

mixtures as a function of T^i-T. 
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Bend viscosity coefficient riĥ nH 

The first condition to isolate the bend mode is the use of planar cells. As described in 

Chapter 2, Section 2.7.2, the best scattering geometry (mode 2) requires: 

• A scattering angle 0,̂ ^ = cos ' (n^ / -%o) for which qi = 0 

• Vertical input and horizontal scattered light polarisations. 

For 5CB, 9 = 43-35° for T = 24.6-34.5 ° C. However such high scattering angles are not 

achievable with our current spectrometer. Thus, a different scattering geometry (mode 1) 

has been used: 

• A scattering angle 8]ab of about 12° 

• Horizontal input and scattered light polarisations. 

In this configuration, the intensity correlation function is described more accurately by a 

double exponential function with two adjustable parameters for the decay linewidth: the 

first component Fbend is associated with the pure bend mode fluctuations while the second 

component represents a slower mode (less than 5 Hz). Therefore, it is easy to distinguish 

between these two dynamic modes. The value of Fbend determined from a single 

exponential fit is underestimated. Another fitting program, called SDFIT^^, was required 

to determine the linewidth caused by the bend fluctuations. The quality of the resulting 

fit can be assessed by plotting the residuals. 

The bend visco-elastic ratio kss/tibend. measured for 5CB to an accuracy of ± 5% in this 

work, is given in Figure 5.27 on an expanded scale against shifted temperature. Data 

from Hirataka et al?^, Sefton'^ and Birtwistle^^ included on the same graph for 

comparison, were obtained from linewidth measurements using the scattering geometry 

based on mode 2 in DLS experiments. The values of kss/ribend obtained in this thesis with 

the mode 1 scattering geometry are systematically 20% lower than the data reported by 

other groups even after correcting for the double exponential. 
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Figure 5.27: Bend visco-elastic ratio determined for 5CB by various workers using DLS. 

Figure 5.28 compares the bend viscosity ribend determined in this thesis for 5CB to the 

values reported by other groups. Our values (given with an accuracy of ± 6%) are in 

excellent agreement with the data from Gu et except at lower temperatures: this 

group also used magnetic Freedericksz transition for the measurement of k33 and they 

deduced rjbend ± 2% from the bend visco-elastic ra t io .Skarp et al. measured directly the 

Miesowicz and the Leslie coefficients via flow viscometry^' and these results were used 

to calculate the bend viscosity using the relation defined in Chapter 2, Equation 2.77: 

ilbad = 7, --<%2 /?!, - (5-1(9 

No uncertainties are quoted with the data from reference 31. Even if the errors on r|bend 

were 10% (included in Figure 5.28), the data from Skarp et al. are more disperse than our 

values and show a different thermal behaviour. 
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Figure 5.28: Bend viscosity coefficient versus shifted temperature for 5CB measured by 

different techniques. 

The measurements of ribend could not be performed on 50 jam thick planar samples 

containing 1-3% anthraquinone dye since at all dye concentrations, the optical 

Freedericksz transition (OFT) causes the apparition of self-diffraction rings similar to the 

diffraction pattern observed in homeotropic nematic liquid crystals above a certain light 

intensity threshold It was demonstrated that the presence of a dichroic dye can 

drastically reduce the value ofI& compared to the case of the pure nematic host; this 

effect may be explained by the existence of a strong dye-induced optical torque caused 

by the interaction between the excited dye molecules and the mesogenic host 

molecules.The photoinduced-reorientation of the dye molecules can occur in planar or 

homeotropic aligned samples, depending on the sign and value of the optical torque, 

which itself is related to the molecular structure and the concentration of dye. From 

Equation (5.15), the threshold intensity is inversely proportional to the squared sample 

thickness d. Therefore, measurements of the bend viscosity have to be carried out on 

thinner samples of about 6 p,m contained in the Lucid cells (described in detail in Chapter 

3, Section 3.2.3). Table 5.7 shows for 5CB, the dependence of the bend visco-elastic ratio 

kss/ribend and of the viscosity coefficient ribend on cell thickness. By comparing Table 5.7 

to Figure 5.27 and Figure 5.28, it can be seen that both values of kss/ribend and Tjbend 

obtained for the thinner sample are farther from the literature data. Though no diffraction 

rings were observed using the Lucid cells filled with anthraquinone DGH materials, the 

absolute values of rjbend are not as good as those obtained with thicker cells and will be 
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used solely for comparative studies. Hall et al. studied numerically the influence of cell 

thickness on the accuracy of elastic constants ratios measured in static light scattering 

experiments.̂ "^ They reported larger experimental uncertainty for thinner cells of 

thickness of about lym. and for external scattering angles either less than 10° or 

comprised between 20° and 60°. 

Cell thickness 
kss/Tlbend ± 5 % 

(x 10'̂ ° m^s-') 

Tibend — 6 % 

(xlO^Pt.s) 

45.0 î m 4.5 1 . 8 

6.0 pm 3.7 2 . 0 

Table 5.7: Bend visco-elastic ratio and viscosity coefficient measured for 5CB using cells 

of different thicknesses at T = 24.6 °C. 

The values of Tibend measured for pure 5CB and the three concentrations of anthraquinone 

dye are presented in Figure 5.29. At the same shifted temperature, the bend viscosity 

decreases slightly with increasing dye concentration: rjbend is slightly lower for both 

mixtures containing 2% and 3% dye than it is for the pure host. This is related to the fact 

that the addition of 2 or 3% of dye causes the same decrease in the bend elastic constant. 

While the values of kss/ribend are unaffected by the dye concentration since they change 

by less than 5% for the host and for all anthraquinone DGH samples and thus they can be 

considered within experimental errors. 

In Table 5.8, the splay, twist and bend visco-elastic data are summarised for 5CB at two 

different temperatures. The measured elastic constants and the viscosity coefficients 

verify respectively the following relationships: 

3̂3 ^ 1̂1 ^ 2̂2 

Y, nspby 05.17) 
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Figure 5.29: Bend viscosity coefficient (± 6%) measured for pure 5CB and for all 

anthraquinone samples against Tni-T. 

T = 24.6 °C T = 32.6 °C 

kn ±5%(10-^^N) 5.6 3.4 

k22±3%(10-'^N) 3.4 2.2 

k33±3%(10-'^N) 7.5 4.0 

k33/k22 ± 6% 2.2 1.8 

k33/kn ± 7% 1.3 1.2 

Yi (10-^Pa.s) + 2% 7.2 3.5 

Tlbend (10'^ Pa.s) ± 6% 1.7 1.0 

Table 5.8: Splay, twist and bend elastic constants and viscosity coefficients for 5CB at 

two temperatures. 
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5.8 Summary 

For the first time, electric field dynamic light scattering has been used to determine the 

twist and splay elastic constants k22 and kn and the rotational viscosity coefficient y, of 

nematic systems doped with azo or anthraquinone dyes. On a shifted temperature scale, 

the addition of either dye has no influence on any visco-elastic parameters kn, k22 and yi 

of the liquid crystal host 5CB. Nevertheless, at a given temperature, the presence of azo 

or anthraquinone dye causes an elevation of all visco-elastic constants, this effect being 

more pronounced for the viscosity coefficients. 

Measurements of the bend visco-elastic ratios using DLS have been performed on 5CB 

and on the anthraquinone-doped systems; these experiments are difficult since, in the 

scattering geometry employed in this work, molecular reorientation occurs in thick 

samples due to the strong interaction between the optical laser field and the dye 

molecules. At the same shifted temperature, the bend elastic constant kas and the bend 

viscosity ribend, are both found to decrease with increasing concentration of anthraquinone 

dye. 

The main effect of each guest dye is to induce an augmentation of the nematic-to-

isotropic transition temperature. The results obtained in this thesis for the anthraquinone 

dye are very similar to the data measured in the azo case, though the molecular structures 

of these dichroic molecules are very different. The elongated azo dye molecules increase 

the stability of the nematic phase range due to their shape compatibility with the rod-like 

mesogenic molecules of the host. However, the bulkier anthraquinone guest molecules 

would be expected to disturb further the liquid crystal matrix, resulting in reduction of 

the clearing point and of the elastic constants of the host liquid crystal. 

Since none of the dyes has a strong dipole moment, the dielectric permittivities of the 

dye-doped mixtures are found to be identical to the values measured for the pure host. 

The birefringence and the orientational order parameter, determined for the azo-doped 

mixtures, are independent of dye concentration. Although the refractive indices could not 

be measured for the samples containing anthraquinone dye, we can assume that these 

results are also applicable in this case. 
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For 5CB and the azo-doped mixtures, the splay and twist elastic constants are found to 

scale as the squared order parameter, as predicted by Saupe and Nehring. The rotational 

viscosity yi can be described as a function of temperature T and of order parameter S; 

this experimental fitting procedure depends on the temperature range considered. 

Different theoretical and phenomenological models have been reported in the literature. 

The absorption order parameter Sxcorr and dichroic ratio D of the anthraquinone dye are 

slightly lower than the values measured in the azo case. For the azo dye investigated, the 

angle p is likely to be zero and thus, the order parameters of dye absorption Sxcorr and of 

the dye So are equal/ For the anthraquinone dye, the value of p is probably small but non 

zero. 

To achieve good contrast between the on and off states at room temperature, a practical 

device based on the DGH effect requires:^' 

• a dye order parameter Sxcorr of at least 0.73 

® a dichroic ratio D higher than 6 

• a host order parameter Slc of about 0.65. 

The values of Sxcorr and D of our system of anthraquinone and azo dyes in 5CB are 

insufficient for display applications. These conditions are fulfilled by similar azo dyes 

dissolved in host mixtures with a wider nematic temperature range and with higher 

values of Slc but not by the anthraquinone dyes, as reported in Table 5.6 (a) and (b). 

For mixtures containing azo or anthraquinone dyes, the ratio of Sxcoit/Slc is greater than 

one and increases with temperature and consequently both dyes are less influenced by 

thermal fluctuations than the host LC molecules. 

In conclusion, our results are encouraging for the use of DGH mixtures in devices since 

the performance of displays will not be significantly altered by the presence of a few 

percent by weight of dye. Longer dyes of the type studied in this work are more 

advantageous for display applications since they are more resistant to thermal 

fluctuations and enhance the stability of the nematic phase range of the host liquid 

crystal. 
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CHAPTER 6: INVESTIGATION OF NEMATIC MATERIALS 

WHICH EXHIBIT A CHANGE OF SIGN IN As 

6.1 Introduction 

Previous chapters discussed the physical properties measured for a wide variety of 

systems consisting of low molar mass mesogens over the whole nematic phase range. 

The main focus of these studies was the influence of mixture composition or of guest 

molecules (mesogenic or dichroic) on the visco-elastic parameters determined by 

dynamic light scattering and Freedericksz transition techniques. 

In this chapter, a new approach has been followed: through material engineering, novel 

types of LC materials have been synthesised in-house for different display applications 

and their structure-property relationships have been established. These compounds are 

more complex molecules, with the dielectric anisotropy As playing a major role in their 

electro-optic performance. The two classes of nematic liquid crystals investigated are 

materials with low dielectric crossover frequency (improperly called "dual-frequency" 

materials) and bimesogens or dimers, with high flexoelectric coefficients and low 

dielectric anisotropy. 

In most nematics, the dispersion associated with the parallel component of dielectric 

constant en occurs at frequencies fc above 100 kHz at ambient temperature:' below fc, the 

dielectric anisotropy is positive and above fc, it becomes negative. By contrast, some 

nematic liquid crystals (e.g. phenylbenzoates) are characterised by low crossover 

frequencies, with values typically ranging from 2 kHz to 20 kHz.'' ^ Such materials are 

of interest since the use of dual-frequency addressing schemes can improve device 

performance, especially response times and multiplexability in TN displays.'' ̂  

In short pitch chiral nematic liquid crystals (i.e. with pitch <1 pm), the flexoelectric 

effect consists of a fast and linear coupling with an applied electric field that causes an 

in-plane rotation of the optic axis, provided the sample is initially in a uniformly lying 
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helix configuration.'^ One difficulty to overcome is the unwinding of the helix due to 

dielectric coupling that becomes dominant at higher f ie lds .The use of symmetrical 

dimers can drastically reduce the molecular dielectric anisotropy^ and thus much higher 

rotation angles of the optic axis can be achieved.^ Depending on the combination of 

shape and dipole moment, the dimers can also be characterised by high flexoelectric 

coefficients. New bimesogenic compounds have recently been synthesised^ that exhibit 

switching angles of 90° in a bipolar field of amplitude 9 V.|Lim'\ 

To begin with, alignment issues will be discussed in Section 6.2: the materials studied in 

this chapter do not align homeotropically although the "dual-frequency" materials did 

initially. Therefore, the dielectric measurements will be performed on chiral-doped 

samples. In Section 6.3, the nematic host mixture used with the "dual-frequency" 

material will be characterised and the crossover frequency will be determined for a wide 

range of concentrations. Finally in the last part of the chapter, the dielectric anisotropy 

and visco-elastic ratio will be measured for the novel bimesogens that show improved 

flexoelectric properties. 

6.2 Alignment issues and dielectric constant measurements 

6.2.1 Surfactants as homeotropic alignment layers 

Bimesogens 

The dimers consist of two polar mesogenic units linked by a flexible carbon chain, as 

illustrated in Figure 6.20. The non-chiral bimesogenic molecules tend to align 

spontaneously parallel to the substrate and only planar alignment can be achieved in 

these systems. Several surface treatment agents were tried to promote homeotropic 

alignment:^' ̂  

• 0.25% wt/wt lecithin in chloroform 

• 1 g/100 ml cetyltrimethylammonium bromide (CTAB) in methanol. 

• 1% g/1 chloro-dimethyl-octadecylsilane in tetrahydrofuran (THF) 

These three agents are surfactant molecules that comprise a polar head group and an 

aliphatic chain: they interact respectively with the glass substrate via their polar groups 

and with the bimesogens via their carbon tails.^ Only the silane-based surfactant becomes 
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chemically bonded to the substrate^ and thereby offers higher anchoring strength. The 

main drawback with this material is that it reacts readily with air and water. ̂  The use of 

lecithin and CTAB has been discussed in Chapter 3, Section 3.2.1. No homeotropic 

alignment of the bimesogens could be obtained with any of these surfactants. A possible 

explanation is that steric interactions between the spacer chain of the bimesogen and the 

carbon chain of the surfactant act to promote planar alignment. 

We also used cells constructed of clean glass without any alignment layer since the polar 

end groups of the bimesogens might directly make contact with the glass substrate and 

adopt a homeotropic orientation. However, this attempt did not work and instead, planar 

orientation of the sample was achieved. 

Dual-frequency materials 

Schematically, the structure of the compound investigated is a calamitic mesogenic core 

terminated by a carbon chain at both ends and we call it 5PFP5. This abbreviation is 

directly related to the structure of the material, which will be presented in Section 6.3.1, 

Figure 6.3. 

Some difficulties were also encountered to induce homeotropic alignment in the low 

crossover frequency material 5PFP5. The surfactant solutions described previously were 

used except for the silane-based surfactant. The Lucid cells were filled with 5PFP5 by 

capillary interactions at different temperatures: 

(a) lecithin-treated cell, filled at 85°C 

(b) lecithin-treated cell, filled at 170°C 

(c) CTAB-treated cell, filled at 170°C 

The clearing point of the LC material is 164°C but the lecithin starts to decompose above 

~90°C. Care was taken to ensure that cell (b) was left for only a few seconds on the hot 

plate until filled. After filling, all cells were placed onto a Mettler heating stage to be 

inspected by polarising microscopy. On heating from room temperature, all cells exhibit 

good homeotropic alignment at the melting point (~56.3°C) and this texture is 

maintained up to 65-70°C, depending on the cell. Then, upon further increase of the 

temperature, there is a spontaneous transition from homeotropic to planar orientation in 

all three cells. The homeotropic alignment is irreversibly lost at higher temperatures. 

164 



Chapter 6; Investigation of nematic materials which exhibit a change of sign in As 

6.2.2 Measurement of dielectric constants 

Since the nematic compounds, considered in this chapter, do not align homeotropically, it 

was not possible to measure directly the dielectric constant sn as was done previously on 

nematic liquid crystals. Instead, both dielectric constants can be determined in chiral 

nematic materials on a single cell using two different configurations. 

Principle 

In chiral nematics as with achiral nematics, sn and Si are defined as the static dielectric 

components parallel and perpendicular to the director. The corresponding dielectric 

anisotropy is given by As = s,, - Sj^. Because of the helical structure of the material, two 

specific orientations, shown in Figures 6.1 (a) and (b), are required for the measurement 

of the dielectric constants: 

• In the standing helix configuration (SH), also known as Grandjean texture, Si is 

measured. 

• In the uniformly lying helix configuration (ULH), the average dielectric constant 

is determined from:'® 

. (6.1) 

Thus, S|| can be obtained using the following formula: 

G|| = — G . (6«2) 

Example photomicrographs of both textures'' are presented in Figure 6.1. In the SH 

orientation, the light propagates parallel to the helix axis which is normal to the 

substrates. The reflected wavelength depends on the pitch of the helix and on the 

birefringence of the sample. The ULH configuration corresponds to a monodomain 

texture of negative birefringence with its optic axis lying uniaxially in the plane of the 

cell." 

The experimental set-up is based on a capacitance technique and has been detailed in 

Chapter 3, Section 3.6. The only difference is that a small polarising microscope has 

been added to the sample holder to check the quality of the texture during the 

measurements. 
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(a) 

(b) 

I'l I'M ||H|| 

I'l I'l I'l 

I'M I'l I'l 

Figure 6.1: Geometries employed for the measurement of dielectric constants in chiral 

nematic samples. The corresponding optical textures are also shown (courtesy of Dr. B. 

Musgrave)'^ 

(a) Standing helix 

(b) Uniformly lying helix. 

Experimental 

The chiral sample was obtained by doping the original nematic mixture with a low 

concentration of suitable chiral molecules. The two non-polar chiral additives used in this 

work, BDH-1305 and BDH-1281, were supplied by Merck Ltd (UK). These two chiral 

dopants do not have mesomorphic behaviour and their melting points are 89 °C and 

120 °C for BDH-1305 and BDH-1281 respectively. They exhibit high helical twisting 

power, of 57 ptm'̂  for BDH-1305 and of 72 p.m"̂  for BDH-1281 (these values were 

measured in the host mixture E63)'^. Therefore, only small amount 1-6% by weight, of 

either chiral dopant is required to produce a chiral nematic with short to medium pitch. 

At these low concentrations, the non-polar chiral additives are not expected to strongly 

influence the dielectric properties of the host material. Typically, the pitch of the chiral-

induced systems ranges from about 0.35 to 2 pm. 

In most chiral samples studied in this thesis, it was possible to achieve good uniformly 

lying helix texture by applying an external orienting voltage accompanied by weak 

mechanical shearing during cooling of the sample from the isotropic phase^®' ^ (̂the rate 
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used was 1 °C.min"'). Depending on the type of materials, cells with different boundary 

conditions were utilized since the storage of the ULH aligned texture depends on the 

interactions between the alignment layers and the nematogenic molecules/ We also have 

to take into account that 5 V is the maximum rms voltage available with the Wayne-Kerr 

bridge used to carry out dielectric constant measurements. For As>0, it is necessary to 

switch between the probe voltage of 0.25 V at 10 kHz and the orienting voltage of 5 V at 

500 Hz to maintain the ULH texture. For As<0, only the probe voltage remains. In the 

case of the so-called dual frequency material 5PFP5, the frequency of the aligning 

voltage was reduced to 100 Hz to ensure that at all temperatures, As remains positive. 

The experimental conditions required for the ULH alignment are summarised in Table 

6.1 for the chiral-doped samples 5CB + 6% BDH-1305, 5PFP5 + 3% BDH-1281 and 

bimesogens +1.5% BDH-1281. If the alignment degraded during the measurement, the 

material was heated back into the isotropic phase and then cooled down again to the 

desired temperature following the same procedure as described above to ensure a good 

ULH orientation. 

The Grandjean or SH texture forms spontaneously in cells treated to promote planar 

alignment in the absence of orienting voltage or when the chiral sample is subjected to 

strong mechanical shearing. 

Host nematic % Chiral dopant Type of aligning layer Orienting field 

5CB 6% BDH-1305 homeo tropic 5V, 500 Hz 

5PFP5 3% BDH-1281 none 5V, 100 Hz 

Bimesogens 1.5% BDH-1281 planar (AP) 5V, 500 Hz 

Table 6.1: Conditions for the formation of ULH orientation in the liquid crystalline 

samples investigated. 

Test measurement 

We measured the dielectric constants sn and Si for a well-known achiral mesogen 5CB 

and for the same compound doped with 6% BDH-1305. The dielectric data, presented in 

Figure 6.2, show that the dielectric anisotropy was found to be about 10% lower in the 

chiral nematic mixture that in the pure host at Tni-T = 3 °C. The two data sets seem to 

converge as the temperature decreases, though no measurements could be carried out at 
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lower temperatures due to the low clearing point of the chiral mixture (Tx*i = 27.8 °C). 

The dielectric anisotropy Ae, measured for a material containing a few percent of non-

polar chiral molecules, can be extrapolated within 10% uncertainty for the pure nematic 

compound at the same shifted temperature far from the clearing point. This accuracy is 

sufficient to measure qualitatively the variations of dielectric constants with temperature 

or with frequency or for comparison between different samples. The underlying 

assumption is that at low concentrations of a non-polar chiral additive (between 1-6% 

depending on its helical twisting power), the chiral-induced nematic will have the same 

dielectric properties than the nematic host liquid crystal. The uncertainty on this 

measurement stems mainly from the quality of the uniformly lying helix texture required 

to determine the average dielectric constant. 
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Figure 6.2; Dielectric constants (± 0.5%) versus shifted temperature for pure 5CB and for 

5CB doped with 6% BDH-1305. 
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6.3 Nematic "dual frequency" mixtures 

6.3.1 Materials and transition temperatures 

The low crossover frequency material 4-n-pentylphenyl 2-fluoro-4-(4-n-

pentylbenzoyloxy) benzoate, abbreviated as 5PFP5, was synthesised in-house by Dr. S. 

Perkins and was used without further purification. Its molecular structure is given in 

Figure 6.3. The original benzoate compound it is based upon, contains a chlorine atom 

instead of a fluorine one/' 

Figure 6.3: Chemical structure of 5PFP5. 

5PFP5 is used at different concentrations in a nematic host mixture, MDA-00-984, 

supplied by Merck Ltd (UK). The host exhibits a wide nematic phase range, low negative 

dielectric anisotropy and low viscosity. Moreover, good planar and homeotropic 

alignment can be readily achieved with this host mixture. 

Four concentrations by weight of 5PFP5 in MDA-00-984 were prepared: 5%, 10.6%, 

17.3% and finally 49.5%. The nematic-to-isotropic phase transition temperatures of 

achiral and chiral samples investigated were measured by optical microscopy and are 

shown in Table 6.2. The melting and clearing points Tcr-n and Tn-i, determined by DSC 

for the nematic mixtures, are also included in the same table and the corresponding phase 

diagram is plotted in Figure 6.4. The values measured by optical microscopy are 

consistent with DSC data. The nematic host MDA-00-984 and the mixtures containing 

up to 20% 5PFP5 crystallise well below 0 °C. The sample with 50% 5PFP5 can be 

investigated at ambient temperature since it crystallises at about 15 °C while the pure 

ester 5PFP5 is only nematic above ~53°C. 

In the following, the shifted temperatures are based on the clearing points taken from 

optical microscopy measurements. 
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Optical microscopy DSC 

TN.i(m°C) TN..I (in °C) Tcr-x (in °C) TN.i(in°C) 
MDA-00-984 59 < - 4 0 ^ : 58/1 

5%t5PFP5 6L8 < - 2 0 ^ : 60.4 
10XM4 5PFP5 67.6 < - 2 0 ^ : 64.2 
17394 5PFP5 76.5 7&6 < - 2 0 ^ : 72 
49^94 5PFP5 108J 103.7 15^ 10&8 
pure 5PFP5 164 159J8 52.6 163J 

Table 6.2: Melting and clearing points determined by DSC and by optical microscopy for 

the nematic and chiral-doped mixtures. 
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Phase diagram of the nematic 5PFP5/MDA-00-984 mixtures (data measured 

6.3.2 Characterisation of the host 

Dielectric and optical anisotropics 

The dielectric constants sn and Sx of MDA-00-984 (measured at 1 kHz) and the 

associated dielectric anisotropy As are plotted against Tni-T in Figures 6.5 (a) and (b) 

respectively. At all temperatures, Si is slightly greater than S||. As a result, As is weakly 

negative and is comprised between -0.8 and -0.3 across a 35 °C temperature range. 
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Figure 6.5: (a) Dielectric constants sn and s i (± 0.5%) 

(b) Corresponding dielectric anisotropy of the mixture MDA-00-984. 

The refractive indices and the optical anisotropy of MDA-00-984 (measured at 632.8 

nm) are given in Figure 6.6 (a) and (b). This host is a medium birefringence mixture with 

an average optical anisotropy An-0.125. 
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Figure 6.6: (a) Refractive indices ng and % (± 0.0002) 

(b) Associated birefringence for MDA-00-984. 

Visco-elastic properties 

Figures 6.7 (a) and (b) illustrate respectively the bend elastic constant k33 and the twist 

and splay visco-elastic ratios kaa/yi and kn/rispiay as a function of shifted temperature for 

MDA-00-984. These data are also quoted in Table 6.3 and the values measured for 5CB 

at a similar Tni-T have been included for comparison (see Chapter 4, Section 4.3.2 and 

Chapter 5, Section 5.7). k]] is increased by about 30% in the case of the MDA mixture 

compared to 5CB. Both kzi/yi and kn/rispiay are twice greater for the MDA-00-984 

mixture than for 5CB. This is caused by a combination of higher elastic constants and 

lower viscosity coefficients of the neutral components that are used for MDA-00-984. 
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Figure 6.7; Visco-elastic data for the host mixture MDA-00-984 against Tni-T 

(a) Bend elastic constant (± 3%) 

(b) Twist (± 1.5%) and splay (± 3%) visco-elastic (VE) ratios. 

Material 

5CB 

Twist VE ratio Splay VE ratio Bend elastic 
TN]-T(W ( I Q - i ' m V ) constant (10"'^ N) 

lOJ 
1L6 

4.7 7.5 
7.8 

MDA-00-984 9 
12.9 

l&l 17.1 
11.4 

Table 6.3: Visco-elastic data measured for 5CB and for MDA-00-984. 

Since the dielectric anisotropy of this mixture is negative, it is not possible to apply a 

damping field in the present homeotropic geometry to obtain separately the twist and 

splay viscosity coefficients and elastic constants. 

633 Dual frequency mixtures 

.13 

Theory for dielectric relaxation 

A molecular dipole can reorient itself via two possible rotations:' 

• about the short molecular axis 

• about the long molecular axis. 

These two mechanisms correspond respectively to the relaxation of the parallel 

component sn and perpendicular component Si of dielectric permittivity. These 

reorientation processes are characterised respectively by the time constants xn and xi, 

with xii > Xj_, since the first mode is significantly hindered in the nematic phase. 

For single relaxation process, the frequency dependence of the parallel and perpendicular 

dielectric component can be expressed as follow:'' 
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8; (m) = G; (co) + , with i= II, X, (6.3) 
l + 0)%j 

where m=2%f, Sj (0) = S; (co = 0) and e, (oo) = Sj (co = oo) are the static and high 

frequency values, Xj = l/cO; (i = II, _L) is the relaxation time associated with each mode. 

Some materials exhibit relaxation frequencies below 100 kHz for S||. Since the dielectric 

dispersion of e± generally occurs at frequencies higher than 100 kHz, the value of si can 

be assumed constant at low frequencies^ i.e. and Equation (6.3) can be 

rewritten for sn as: 

G| | (0)-G,^) 
. 2 
'II 

T|| = I/cOq and coo is defined such that: 

G„(0))== G,|(oo) t -4- , (6.4) 
l + WTu 

(6.5) 

S||(0) - S||(co) is the dispersion step and from the Maier and Meier theory, it can be 

shown that 

S,|(0)- G||(oo) (6.6) 

where p,|| is the longitudinal component of the permanent dipole moment.' 

The dispersion of the dielectric anisotropy can be derived from Equation (6.4): 

As(0) - As 
A£(CO) = AS + . (6.7) 

14-

At low frequencies co < coc, As(0) > 0 while at high frequencies co>cOc, AS(QO) < 0. 

At CO = coo, A£(cOo ) = '^^(Q)^^g(oo) ^ (6.8) 

The relationship between the relaxation frequency fo and the crossover frequency fc is 

given by: 

Therefore, if the dielectric anisotropics As (0) and AE(co) are of same magnitude but of 

opposite sign, fc = fo. 
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The temperature dependence of the crossover and relaxation frequencies can be described 

by an Arrhenius law:^' 

f̂  oc fQ oc exp(-E/kgT) , (6.10) 

where E is an activation energy. 

Basic device principle using dual-frequency addressing 

The "dual-frequency" LC material is initially in a twisted nematic (TN) geometry i.e. the 

molecules are aligned at 90° to each other on the upper and on the lower substrates. The 

LC molecules reorient to lie parallel to the field above a threshold voltage Vth, lCVh = 0) 

applied at low frequency f < fg. If another signal of high frequency f > fc and of amplitude 

Vh is superimposed, the threshold voltage for the Freedericksz transition becomes 

V H , L ( V H ) : ' 

v,;,. l (v„) = , (0) + |Ae(®)/ A8{0)| , (6.11) 

where As(0) and As(oo) are respectively the low and high frequency dielectric anisotropy. 

Since As(oo) < 0, the presence of Vh will stabilise the initial twisted orientation of the 

liquid crystal and thus, will shift the threshold voltage VTH, L to higher values. 

Furthermore, the steepness of the electro-optical transmission curve also increases with 

Vth, allowing improved multiplexability capability, compared to TN displays using 

standard nematic materials.^' ̂  

Fast turn off response times can be achieved by applying only high frequency voltage Vh 

(f > fc). In this case, the dielectric anisotropy is negative and above a threshold value 

Vth, H, the LC molecules realign parallel to the plane of the cell.'' ^ 

Results and discussion 

The measurements of dielectric constants were carried out at different frequencies up to 

300 kHz, the maximum frequency of our capacitance bridge. As expected, the values of 

the perpendicular component Si are independent of frequency in this frequency range for 

all mixtures investigated. 

The dielectric constants sn and Sx were measured on homeotropic and planar samples, 

using the method outlined in Chapter 3 Section 3.6, for the host MDA-00-984 and the 

two lowest concentrations of 5PFP5. The dielectric anisotropy As is plotted in Figure 6.8 
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versus shifted temperature. The addition of 5PFP5 causes an increase in As of the host 

mixture, which becomes less negative and tends towards zero. However, As does not 

change sign as a function of frequency for any of these mixtures. 
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Figure 6.8: Dielectric anisotropy (+ 1%) for the pure host, 5% and 10.6% 5PFP5 

containing mixtures. 

For concentration of 5PFP5 greater than 10%, no homeotropic alignment could be 

achieved and the dielectric measurements were performed on chiral-doped samples 

following the method explained in Section 6.2.2. The dielectric behaviour of the mixture 

with 17.3% 5PFP5 doped with 3% BDH-1281 is similar to the host mixture as shown in 

Figure 6.9 at different frequencies. The negative As increases with temperature. The 

dependence of As on frequency indicates that it is slightly positive or zero at low 

frequencies and it becomes negative at higher frequencies. From Figure 6.9, the 

crossover frequency seems to be around or below 10 kHz. To confirm that this mixture 

exhibits "dual-frequency' behaviour, an achiral mixture of analogous composition, 

18.5% 5PFP5 in MDA-OO-984, was also prepared and investigated in electro-optical 

experiments.^® The data for this mixture are extracted from reference 16: the 

transmission, measured at a voltage of amplitude 20 V peak-to-peak is plotted in Figure 

6.10 as a function of frequency; since this voltage is above the threshold value for the 

Freedericksz transition, the sample is homeotropic for f < fg and it becomes planar for f > 

fc. From this diagram, fc can be determined and it is found to increase with temperature. 
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Figure 6.9: Dielectric anisotropy (± 1%) against frequency at several temperatures for the 

17.3% 5PFP5 in MDA-00-984 (+3% chiral additive BDH-1281). 
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Figure 6.10: Transmission data versus frequency obtained at 20 Vpp for 18.5% 5PFP5 in 

MDA-00-984 at different temperatures (reproduced with permission of 16). 

The dielectric anisotropy As of 5PFP5 doped with 3% BDH-1281 is presented in 

Figure 6.11 against Tni-T for frequencies ranging from 10 kHz to 300 kHz. The 

dispersion of As is given in Figure 6.12 at different temperatures for the same mixture. 
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Figure 6.11: Dielectric anisotropy against Tni-T measured at several frequencies for 

5PFP5(+3% BDH-1281). 
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Figure 6.12: Dielectric anisotropy as a function of frequency at different temperatures for 

5PFP5 doped with 3% BDH-1281 (the solid lines are here to guide the eye). 

The data from Figure 6.12 can be analysed using Equation (6.7) and this fitting procedure 

yields three parameters As (0), As (oo) and x=l/fo. The value of fc can be determined from 

Equation (6.9) and the results are plotted in Figure 6.13 on a logarithmic scale as a 

function of the inverse temperature for the two chiral-doped samples, 5PFP5 and 49.5% 

5PFP5, and for the nematic mixture with 18.5% 5PFP5. This graph also shows that in 

both instances, fc scales as: 
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^ % expf-E/kgT), (&12) 

with activation energies E increasing from 0.48 eV, 0.71 eV to 0.98 eV for pure 5PFP5 

and the mixtures containing 49.5% and 18.5% 5PFP5 respectively. Clearly, the lower the 

concentration of 5PFP5, the higher the activation energy. 
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Figure 6.13: Linear fit of the crossover frequency fg versus 1/T for 5PFP5, 49.5% 5PFP5 

and 18.5% in MDA-00-984. 

The values of crossover frequencies are summarised in Table 6.4 and Figure 6.14 for 

5PFP5, 49.5% and 18.5% 5PFP5 in the host mixture. At comparable shifted 

temperatures, fc decreases when the concentration of 5PFP5 is reduced. 

5PFP5 49.5% 5PFP5 18JM4 5PFP5 
TnrT(°C) fî CkHz) Tm-T(°C) TM-T(°C) f;(kHz) 

8&8 43 73J 8 4&5 15 

7&8 75 63J 20 3&5 44 

6&8 122 53J 45 2&5 132 

5&8 183 43J 93 16.5 405 

49^ 254 33J 185 6.5 1120 

s&a 338 23J 367 

1&8 513 
9.8 545 

Table 6.4: Values of crossover frequency for 5PFP5, 49.5% 5PFP5 and 18.5% 5PFP5 as 

a function of shifted temperature. 
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Figure 6.14: Crossover frequency (in kHz) versus Tni-T for different concentrations of 

5PFP5. 

It is interesting to compare the activation energies E and crossover frequencies fc 

obtained for 5PFP5 with the data quoted in the literature on other "dual-frequency" 

phenylbenzoate mixtures. The value of E measured for the pure 5PFP5 is lower than for 

analogous compounds. For a similar ester with butyl end chains and no lateral 

substituent, E is found to be 0.75 eV and fc ranges from 100 kHz to 1 MHz at shifted 

temperatures of 99.1 °C and 65.4 °C respectively.^^ A mixture based on the original 

chlorine-substituted three ring ester compound (consisting of 50% pentyl and 50% octyl 

components), exhibits an activation energy of 0.83 eV and a crossover frequency of 2.5 

kHz at room temperature.^ Some commercial mixtures of phenylbenzoates, namely ZLI-

518, W1 and ZLI-612, also have E = 0.84 to 0.88 eV and the lowest value for fc, 

achieved at 25 °C, is about 10 kHz^ Schadt studied binary mixtures of pyridazines and 

four-ring esters with nitrile terminal groups and measured E = 0.96 eV and fg = 1.2 to 2.3 

kHz at 22 °C (or at = 52.5 to 60.2 °C).̂  In general, at the same shifted temperature, 

higher values of activation energies seem to be associated with lower values for 

The behaviour of the crossover frequency is more difficult to compare since it strongly 

depends on the temperature of the measurements. At the same shifted temperature, the 

values of fc for 5PFP5 tend to be higher than those measured in reference 2 and this may 

be explained by the presence of the fluorine atom. For our compound, fc remains in the 

kHz range even at the highest temperature in the nematic phase (i.e. at Tni-T « 10.5 °C). 
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The plot of the static dielectric anisotropy versus concentration of 5PFP5 is illustrated in 

Figure 6.15. At low concentrations of "dual-frequency" material, As is dominated by the 

behaviour of host MDA-00-984 and is weakly negative at 10 kHz; whereas at high 

concentrations, As is positive at 10 kHz and behaves characteristically as a "dual-

frequency" material, changing sign with frequency (although this is not shown in Figure 

6.15). The threshold concentration at which the system 5PFP5/MDA-00-984 will exhibit 

"dual-frequency" behaviour is probably between 15% and 20% 5PFP5. As increases with 

the quantity of 5PFP5 above 15%, as shown in Figure 6.15 at different Tni-T. 
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Figure 6.15: Dielectric anisotropy against 5PFP5 concentration measured at 10 kHz for 

three different shifted temperatures Tni-T. 

6.3.4 Summary 

In this section, we investigated mixtures of different concentrations of a "dual-

frequency" material, namely 4-n-pentylphenyl 2-fluoro-4-(4-n-pentylbenzoyloxy) 

benzoate, abbreviated as 5PFP5, dissolved in a nematic host mixture MDA-00-984. 

5PFP5 has the following phase sequence; 

Cr 52.6 °C N 163.7 °C I. 

The host MDA-00-984 is characterised by a clearing point of 59 °C, an average 

birefringence An of 0.125 and low and negative As varying from -0.8 to -0.3 for 

temperatures ranging from 25 °C to Tni- For this host mixture, the bend elastic constant 

kas was measured via the Freedericksz transition technique while the splay and twist 
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visco-elastic ratios were determined by dynamic light scattering. Further work is needed 

in order to derive the individual splay and twist viscosity coefficients and elastic 

constants for this mixture with negative dielectric anisotropy. For instance, ki i could be 

calculated at the same shifted temperature from the gradient of the retardation curve 

plotted versus magnetic field in Freedericksz transition experiments since this gradient is 

proportional to the ratio of bend-to-splay elastic constant kss/kn (refer to Chapter 3, 

Equation (3.17)). Knowing kn, the splay viscosity coefficient can be calculated from the 

visco-elastic ratio and by using the approximation that « y,, the twist elastic 

constant kii can finally be obtained. 

For 5PFP5 in MDA-00-984, two concentration regimes can be distinguished; 

• below 15% 5PFP5, the dielectric anisotropy is weakly negative at all frequencies 

and the mixture cannot be dual-frequency addressed. 

• above 15% 5PFP5, the dielectric anisotropy changes sign at the crossover 

frequency f^. Far from the clearing point, f̂  varies between 5 and 20 kHz for 

18.5% and 49.5% 5PFP5 in MDA-00-984. The crossover frequency is higher for 

pure 5PFP5 i.e. fc is about 40 kHz at temperatures just above the melting point. 

The activation energies associated with this relaxation process are between 0.5 

and 1 eV, decreasing with increasing concentration of the compound 5PFP5. 

The mixtures containing between 20% and 50% of 5PFP5 in MDA-00-984 are the most 

interesting for potential display applications since at these concentrations, these systems 

are likely to exhibit a room temperature nematic phase with Tni higher than 70 °C and 

their dielectric anisotropy will change sign at crossover frequencies in the kHz range.'® 

The bend-to-splay elastic constant ratio kgg/kn controls the gradient of the electro-optical 

curve. For conventional TN devices driven at low frequency, the steepness is increased 

for lower values of kss/kn while for STN displays, the steepness is optimised for higher 

values of k33/kn.'' Low viscosity coefficients are desirable to achieve fast response 

times. It would be interesting to measure the elastic constants and viscosities for different 

mixtures of 5PFP5 and MDA-00-984 in the "dual-frequency" concentration range. 
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6.4 Mixtures of bimesogens with enhanced flexoelectric properties 

6.4.1 Flexoelectric effect in chiral nematics 

In nematic liquid crystals, dipolar flexoelectric coupling may occur if the molecules 

possess a suitable combination of shape asymmetry and permanent dipole moment. In the 

absence of an electric field, the resulting nematic medium is non-polar. A splay or bend 

distortion may polarise macroscopically the medium and reciprocally, the application of 

an electric field may induce a deformation of the LC material'^' It is worth mentioning 

that fiexoelectricity also exists in non-polar LC materials via quadrupolar coupling that 

contributes to this effect. 

In nematic liquid crystals, the flexoelectric polarisation is given by:^^' 

Pfiexo = e,n(V • n) + e^n x (V x n) , (6.13) 

where Cg and ey are respectively the splay and bend flexoelectric coefficients. The 

flexoelectric effect is illustrated in Figure 6.16 and Figure 6.17 for splay and bend 

induced deformations. 

(a) (b) 

P.. 

Figure 6.16: Flexoelectrically-induced splay deformation in an LC medium consisting of 

wedge shape molecules exhibiting a permanent dipole moment parallel to the molecular 

long axis 

(a) in the absence of applied electric field, there is no resulting polarisation 

(b) in the presence of a field E, there is a macroscopic polarisation Pnexo 

182 



Chapter 6: Investigation of nematic materials which exhibit a change of sign in As 

Figure 6.17: Flexoelectrically-induced bend deformation in an LC medium consisting of 

bent shape molecules with a permanent transverse dipole moment 

(a) in the absence of applied electric field, there is no resulting polarisation 

(b) in the presence of a field E, there is a macroscopic polarisation Pflexo-

The flexoelectric switching effect can be observed in short pitch chiral nematic materials 

using a uniform lying helix configuration and can be considered linear with applied field 

E for small field amplitudes. In this geometry, the application of an electric field can 

induce an in-plane rotation of the optic axis,"̂  as pictured in Figure 6.18. The rotation 

angle cj) can be expressed 

tan(|) = , (6.14) 
Ink 

where Pq represents the pitch of the helix, k = (kj, + k33)/2 and e = (e, +eb)/2 are 

respectively the effective elastic constant and effective flexoelectric coefficient of the 

chiral nematic phase, kn and ê  are associated with the splay distortion while kaa and ey 

are related to the bend deformation. The response time x (x ~ 100 |a.s) characteristic of the 

flexoelectric switching is given by: ^ 

x = (6.15) 
471 k 

where y is the effective viscosity coefficient corresponding to the helix distortion, y is 

different from the well-known rotational viscosity coefficient yi but is expected to behave 

in the same way. 
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(a) (b) 

Optic axis, O.A. 
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Figure 6.18: Geometry used to study the flexoelectro-optical effect in chiral nematics 

(taken from reference 11). 

(a) without any electric field 

(b) in the presence of an electric field 

The optimisation of the flexoelectric effect requires short and temperature independent 

helical pitch, large flexoelectric coefficients, low viscosity coefficients and small 

dielectric anisotropy.The constraint on dielectric anisotropy arises because the 

dielectric coupling mechanism, quadratic in applied electric field amplitude, becomes 

predominant at higher fields and causes the helix to unwind. The critical field associated 

with helix unwinding is given by:̂ "* 

(6.16) " - 2 2 

where k22 is the twist elastic constant and As is the dielectric anisotropy of the material. 

The flexoelectric effect in short pitch chiral nematics is promising for display 

applications since this mode offers many advantages 

• in-plane switching 

• wide viewing angles 

• continuous grey scale capability 

• tilt angle independent of temperature 

• very fast response time (-100 p,8). 
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Improved flexoelectric behaviour can be obtained by using symmetric dimer molecules 

with low molecular dielectric anisotropy.^ A novel achiral bimesogenic mixture (doped 

with a suitable chiral agent) can display interesting flexoelectric properties such as 

rotation angles (j) of 45° for applied fields of about 9 

The flexoelectric coupling and its associated response time are influenced by the Frank 

splay and bend elastic constants as can be seen in Equations (6.14) and (6.15). The 

response time of this switching mechanism is proportional to the viscosity coefficient y. 

The dielectric coupling depends on the helical pitch, the twist elastic constant and the 

dielectric anisotropy. 

In this section, electro-optic experiments and dynamic light scattering studies were 

performed on the achiral mixture in order to understand the visco-elastic properties of 

these dimers. Dielectric anisotropy was also measured on the chiral-induced sample. 

6.4.2 Materials investigated 

Dimers 

Novel series of achiral symmetric bimesogens with various spacer lengths have recently 

been synthesised.^^ Their structure is sketched in Figure 6.19 and their generic formula is 

given by FFBOnOBFF where n is the number of carbon atoms in the spacer chain. 

n 2n 

F F 

Figure 6.19: Chemical structure of the novel bimesogenic liquid crystal investigated of 

generic formula FFBOnOBFF. 

If the spacer is assumed in its SiW-trans form, the two types of conformers, to be 

considered in a simple model are the linear and the bent dimers, illustrated in Figure 

6.20. In the nematic phase, the first class is predominant among even dimers while the 

second type is more important among odd dimers, although both types adopt a wide 

range of conformations due to the flexibility of their spacer.^^ A recent model, based on 

dielectric relaxation measurements, suggested the necessity to take into account that odd 

and even symmetric dimers also differ by the shapes of their linear and bent 
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confomiers.^^ As a result, dimeric systems usually exhibit strong odd-even effects in their 

macroscopic properties that reflect these changes in average molecular shape. The 

bimesogens with an even chain length have higher nematic-to-isotropic transition 

temperatures^^ and higher elastic constants^ than the adjacent homologues with an odd 

number of CH2 groups. 

(b) 

Figure 6.20: Schematic representation of 

(a) even dimer (linear) 

(b) odd dimer (bent). 

Dimers with spacer lengths n = 7 and n = 11, were available for this work. We have 

prepared and investigated a binary eutectic mixture made of: 

. 60% wt FFB070BFF 

# 40%wtFFB0110BFF. 

In the following, this nematic mixture will denoted B07/11. The same mixture, doped 

with 1.5% chiral additive BDH-1281, will be referred to as B07/11*. 

The nematic-to-isotropic transition temperature of each single compound is relatively 

low (Tni < 80 °C) compared to other dimers reported in the literature.^' For the 

eutectic mixture B07/11, the following transition temperatures were measured using 

differential scanning calorimetry (DSC): 

Cr -30.5 °C N 56.4 °C I. 

However, this mixture crystallises slowly at room temperature. 

Dielectric Constant Measurements 

These measurements were performed on the chiral mixture B07/11*. The clearing point 

for this sample was measured to be 55.5 °C. 

Figure 6.21 and Figure 6.22 show respectively the static dielectric permittivties and the 

dielectric anisotropy As as a function of shifted temperature Tni-T for this sample. 
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Figure 6.21; Dielectric constants €\\ and (± 0.5%) versus shifted temperature for 

B07/11 * (data obtained at lOkHz with a 6p,m planar cell). 

• 
A 

4 

-T—I—t—I—r-

0 

I 
1 
o 

I 
Q 

0.4 

0.3 

0.2 

0.1 

-0.1 

- 0 2 

32 
-t—I—I—I—1—I— 

28 24 
—I—I—1—I—I—1—I—I—r-

20 16 12 8 0 -4 

TNi-TCC) 

Figure 6.22: Dielectric anisotropy As against shifted temperature for B07/11*. 

The dielectric constant in the isotropic phase Ciso is larger than both sn and Si in the 

nematic phase. As = s,, - Sĵ  decreases almost linearly with decreasing temperature and 

changes sign at T^i-T = 15.5 °C. Its values are rather low and vary between -0.2 and 0.3. 

For bimesogens with a flexible spacer, changes in the conformational distribution may 

explain the evolution of As against temperature.^'' Dielectric studies have been 

performed on CBOnOCB, with n=10^° and n=l 1̂ ,̂ which is a homologous series of 

symmetrical dimers, based on the cyanobiphenyl mesogenic core. The generic structure 
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of this compound is illustrated in Figure 6.23 and closely resembles the FFBOnOBFF 

dimer. For n=10, the static dielectric constant decreases when the dimer is cooled from 

the isotropic to the nematic phase, as observed for our sample. For n=ll , an increase of 

the static permittivity is first noticed at Tni and then its value decreases as the 

temperature is lowered. For both dimers, this can be understood as a random coil 

distribution adopted by the spacer in the isotropic phase, which allows a variety of 

possible orientations for the mesogenic terminal groups, resulting in higher values of 

permittivities, hi the nematic phase, the reduction in dielectric constant is due to the 

dimer exhibiting a more extended shape. CBOnOCB with n=10 and n=l 1 exhibit 

positive As ranging approximately from 1 to 1.7 and 1.5 to 2.3 respectively. 

For our bimesogens FFBOnOBFF, the energy ground state of the nematic phase is 

associated with the bent conformers. Thus, as the temperature is decreased well into the 

nematic phase, the population of bent conformers augment resulting in As < 0 at lower 

temperatures.^^ 

Figure 6.23; Structure of the a, a)-bis[(4-cyanobiphenyl)-4'-yloxy]alkanes dimers, 

referred to as CBOnOCB. 

Similar temperature dependence of the dielectric anisotropy was found in the commercial 

chiral mixture TM216;'° As is positive above 31 °C and becomes negative below this 

critical temperature. In TM216, -0.11 < As < 0.08 was measured in the temperature 

range T = 28 °C-39 °C. These values are of the same order of magnitude as those 

obtained for our sample B07/11 *. However, the rotation angles (j) that have been 

measured in TM216 are much lower and require much higher fields than our materials: in 

the former instance, 30° obtained with applied fields of 120 V.pm"^ whereas for our 

chiral-doped mixture^ B07/11*, (|) > 45° at E = 10 V.^m'^ 

The increase of As with temperature and the fact that it is positive near the chiral 

nematic-to-isotropic transition is an advantage for the flexoelectric effect. As explained 

in Section 6.2.2, the sample is aligned on cooling and a good lying helix texture 

alignment can be obtained just below the clearing point (when As > 0) by applying an 
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electric field. At lower temperatures, for which As « 0, large tilt angles can be measured 

at higher fields. Nevertheless, negative dielectric anisotropy is a drawback because the 

application of an electric field will cause a realignment of the helix in the Grandjean 

texture. 

6.4.3 Electro-optic experiments 

This method uses the dielectric coupling to an external electric field to induce a 

reorientation of the molecules. Experimentally, voltages up to 130 V rms were applied to 

a planar aligned cell of thickness 44.7 ^m filled with the achiral mixture B07/11 in the 

temperature range 35 °C-50 °C. For this sample, the crossover temperature was found to 

be 42.6 °C, which corresponds to 13.8 °C on a shifted temperature scale. These values 

agree quite well with the data obtained from dielectric experiments on the chiral-doped 

mixture B07/11*: As changes sign at about 40 °C i.e. at T n i - T = 15.5 °C. 

Even for As > 0, Freedericksz transition did not occur in B07/11; instead Williams 

domains started to appear at a certain threshold voltage Vth- Stationary Williams domains 

are electrohydrodynamic distortions arising from the coupling between a low frequency 

ac field and the anisotropy of electrical conductivity.'^ Though these effects are generally 

associated with materials of negative dielectric anisotropy, they can also occur in weakly 

positive nematics if the applied field is perpendicular to the initial director alignment.'^ 

Vth is almost independent of the frequency of applied field in the range 100 Hz-10 kHz 

investigated. The evolution of the Williams domains as a function of applied rms voltage 

can be seen in Figure 6.24. At higher fields, the domains disappear but no Freedericksz 

transition from planar to homeotropic orientation was observed. 

When As < 0, at similar frequencies, the effect of the field was to align the sample and to 

suppress any disclinations or defects present in the cell. No Williams domains are formed 

at maximum applied voltages of 130 V rms. 
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V=23.4V V=32.2V V=66.4V V=128.4V 

Figure 6.24: Williams domains observed between crossed polarisers (director initially at 

45°) with an ac square wave signal of 1 kHz at T = 45 °C at different voltages for 

B07/11. 

6.4.4 Dynamic Light Scattering: bend visco-elastic ratio 

DLS experiments were performed using a 10 p,m thick planar cell filled with the achiral 

bimesogen mixture B07/11. For pure bend fluctuations, the linewidth obtained with 

mode 1 or 2 is given by: 

1̂,2 ~ ^33lll /^bend' (6'17) 

where ribend is the bend viscosity coefficient and qn is the component of the scattering 

wavevector q parallel to the nematic director no. The scattering plane is defined as (no, 

q). The initial director orientation is planar and perpendicular to the incident beam. 

As discussed in Chapter 2, Section 2.7.2, there are two possible scattering geometries to 

determine the pure bend contributions to mode 1 or mode 2. Dimers are analogous to 

oligomeric or polymeric systems, which exhibit much higher viscosity coefficients than 

low-molar mass mesogens, resulting in lower visco-elastic ratios and linewidths. Since 

ri,2 oc sin̂ Giab, the linewidth also decreases with scattering angles. In mode 1, at 

8iab = 10°, the measured frequency broadening F, associated with pure bend fluctuations 

is found to be about 20 Hz at T = 34 °C for B07/11 (see Table 6.5). At such low 

linewidths, the mechanical and electrical noise becomes significant and distorts the 

scattered light correlation function, resulting in inaccurate evaluation of the linewidths 31 

Mode 2 geometry with VH polarisations was chosen for this measurement. In this case, 

the use of crossed polarisers offers the advantage that the noise factor and the 

experimental uncertainty on the visco-elastic ratios are reduced compared to a parallel 
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polariser configuration in mode 1, as reported in Table 6.5. In this case, the 

autocorrelation function decays as a single exponential and the bend mode can be 

isolated at a certain scattering angle 9lc that is dependent solely on the refractive indices 

Ug and no of the material: 

^ n ^ 
(6.18) e LC cos 

. ( 2 n , - n ^ ) 2\ l /2 

The measurement of refractive indices by Abbe refractometry requires homeotropic 

alignment of the liquid crystalline sample and could not be performed on the 

bimesogenic mixture B07/11, since only planar orientation could be achieved with this 

material. 6lc was deduced from the linewidth, measured by DLS, for a wide range of 

scattering angles 8,AY: at 6LC, the autocorrelation function should be a single exponential. 

The values for 9LC decrease with increasing temperature and are found to be between 

26°-29° for a temperature range of 28 °C-54 °C. For instance, at 6iab = 27.5°, the 

experimental linewidth Fbend for the pure bend mode is 148.1 Hz (refer to Table 6.5). 

Scattering geometry Noise factor Linewidth (Hz) 
Visco-elastic ratio 

(10"'̂  mV^) 
Mode 1 (E-E, 8^, = 10°) 0.054% 18.5 6.2 

Mode 2 (0-E, 8^, = 27.5°) 0.023% 148.1 7.1 

Table 6.5: Comparison of the noise factor, linewidth and visco-elastic ratio measured in 

the two scattering geometries available to study the pure bend fluctuations for the 

mixture B07/11 at T = 34 °C after averaging 25 runs of 40s each. 

For nematic liquid crystals with As < 0, it is possible in principle to deconvolute the bend 

visco-elastic ratio kss/ribend by applying an electric field E normal to the director planar 

orientation. In this configuration represented in Figure 6.25, E lies within the scattering 

plane defined by (Hq, @i). Since E is always normal to (Uo, §2), no quenching of the bend 

fluctuations will occur in mode 2. The electric field must be applied using mode 1 

geometry to observe a dampening of the director bend distortions. Martinand and Durand 

studied a material with negative dielectric anisotropy, namely MBBA, by dynamic light 

scattering in the presence of a stabilising ac electric field using mode 1 conditions.The 

authors were able to deduce values for the bend elastic constant and viscosity coefficient 

k33 and rjbend from the following equation: 
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K, 
+ 

(-Ae) Gj 
(6.19) 

llbend 

For B07/11, when As < 0, no damping of the scattered light intensity could be observed 

in mode 2 as expected. Using mode 1, the application of electric fields of up to 10 

are still insufficient to dampen the director fluctuations since the intrinsic dielectric 

anisotropy of the dimers is rather low. 

Input polarisation i 

LC cell 

director no 

electric field E 

output polarisation f 
scattering plane 

Figure 6.25: Mode 1 scattering geometry for the study of pure bend distortions in the 

presence of an electric field for material with Ae < 0. 

Figure 6.26 shows the ratio of bend elastic constant to viscosity coefficient kss/ribend on a 

logarithmic scale as a function of shifted temperature for B07/11. In this system, 

kss/ribend IS reduced by almost a factor ten on cooling the mixture to 30 °C below the N-I 

transition. The values of the bend visco-elastic ratio of this sample are decreased by 

about an order of magnitude compared to low molar mass mesogens; for instance, for 

5CB, kss/r/bend = 5.10"'° m^.s"' measured at Tni-T = 10 °C (see Chapter 5, Section 5.7). 
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Figure 6.26: Bend visco-elastic ratio KAS/ribend (± 5%) against TNI-T. 

DiLisi et al. measured the splay, twist and bend visco-elastic constants of a series of 

achiral dimers based on the monomer unit labelled 5005 and containing n = 10 and n = 9 

where n is the number of carbon atoms in the space chain.^^' The structure of the even 

dimer is pictured in Figure 6.27. The degree of flexibility of the spacer linking the two 

monomers was shown to have a major influence on the visco-elastic parameters. Values 

of bend visco-elastic data are given in Table 6.6 for our bimesogenic mixture as well as 

for the monomer and both even and odd dimers examined by DiLisi et al. P' 

V " ^ 0 — \\ / 
o 

Figure 6.27: Molecular structure of the even dimer containing two monomer units 

5005. 33 

Materials TNi-T(°C) ksAbend (m^.s'*) k33 (xlO" ribend(Pa.s) 

5005 monomer 10 5.8x10^0 7 (1012 

5005 even dimer 10 11 0.1 

5005 odd dimer 10 3.9x10^^ 4.7 OJ^ 

B07/11 10.9 2.0x10^^ N/A N/A 

Table 6.6: Values of bend visco-elastic data extracted from published data for the 5005 

samples^^' and measured for the new bimesogens. 
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The bend visco-elastic ratio of our sample is of the same order of magnitude as for the 

5005 odd dimer. In the case of the odd dimer, the bend elastic constant 1:33 is just less 

than half that of the even dimer and less than that of the 5005 monomer; this may be 

explained by the fact that the odd dimer will tend to adopt a bent shape in the all-trans 

conformation/^' Theoretical models^^' also predicted a reduction in the bend elastic 

constant with respect to the monomer for odd dimers due to their bent conformation. The 

bend viscosity of the 5005 dimers is an order of magnitude greater than for the 5005 

monomer. By analogy with other dimeric or polymeric systems, k33/'nbend would be 

dominated by a larger increase in the bend viscosity coefficient than in the elastic 

constant for the mixture B07/11. 

The splay elastic constant k,, can be obtained from the threshold voltage V* in the splay 

Freedericksz transition configuration in the following way (see Chapter 2, Equation 

(2.40)): 

V? 
kii=—j-SqAS. (6.20) 

% 

For instance, the splay elastic constant k, 1 was measured for a homologous series of 

dimers CBOnOCB^, based on the cyanobiphenyl mesogenic core, sketched in Figure 

6.23. The dependence of kn on n shows a clear odd-even effect and for instance, its 

values are respectively 11.1 pN and 14.3 pN for n - 9 and n =1 0 at the same reduced 

temperature T /Tni = 0.943^ (this corresponds to T-Tni of 25.6 °C and 26.2 °C). 

In chiral systems, the response time for flexoelectrically controlled switching can be 

evaluated from Equation (6.15). A similar mixture of bimesogens, doped with 3% BDH-

1281 was investigated.^ The pitch of the mixture was Pq ~0.9 fxm. If we assume that the 

bend visco-elastic ratio in the achiral mixture has the same order of magnitude as the 

chiral-doped sample i.e. 

Tlbcnd Y 

and using Equation (6.15), the response time x is calculated to be about 1 ms at 

Tni-T = 10.9 °C. Considering the approximations made, this is in good agreement with 

the direct value measured by electro-optical experiments; at a shifted temperature of 

12°C, T was found to be between 2 and 4 ms depending on the electric field amplitude.^ 
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6.4.5 Summary 

In this section, results from dielectric, electro-optic and dynamic light scattering 

measurements are reported for a mixture of bimesogenic molecules. The dielectric 

anisotropy As, measured on the chiral-doped sample, changes sign with temperature and 

its values range between -0.2 and 0.3 over a 28 °C temperature range. For As weakly 

positive, no electric field Freedericksz transition could be induced but Williams domains 

are observed instead. The bend elastic constant to viscosity coefficient ratio increases 

from 3.2 X 10"'̂  to 3.1 x 10'" m^.s"' as the temperature increases by 26 °C. This 

significant augmentation may be attributed to a larger reduction in the bend viscosity 

coefficient than in the corresponding elastic constant at higher temperatures. Further 

work is necessary to determine directly the visco-elastic parameters of these novel 

dimers. 

6.5 Conclusion 

In this chapter, novel types of liquid crystalline compounds were investigated: 

• Materials with dual-frequency behaviour 

• Bimesogens with improved flexoelectric properties. 

The fiuorinated-substituted ester 5PFP5 has a crossover frequency fc as low as 40 kHz. 

The value of fc can be further reduced down to about 10 kHz by adding this compound to 

the host mixture MDA-00-984 at concentration above 15% to retain its "dual-frequency" 

property. At the same time, the resulting mixture has a better operating nematic phase 

range. In particular, mixtures containing between 20% and 50% 5PFP5 would be suitable 

for "dual-frequency" addressed devices since these offer low crossover frequency 

combined with room temperature operation. 

The novel bimesogenic materials present promising features for the flexoelectric effect in 

chiral nematics. The dielectric anisotropy of the mixture examined is low and exhibits a 

sign reversal with temperature. For practical applications, it would be more interesting to 

synthesise new dimers with good flexoelectric properties and with a low dielectric 

anisotropy that changes sign depending on the frequency of applied field. 

Although their molecular structure is completely different, the "dual-frequency" 

materials and the bimesogens present some similarities. In both cases, the physical 
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parameter to consider is the dielectric anisotropy As, which exhibits a sign reversal as a 

function of frequency or of temperature. As a result, As is found to be close to zero in 

some specific conditions and William domains may occur for weakly positive or negative 

values. These instabilities have also been observed in "dual-frequency" compounds, such 

as in the phenylbenzoates studied by De Jeu et al?^. However, in the first case, high 

values of As are required in order to decrease the threshold voltage and a display using 

dual-frequency addressing scheme should operate using both frequencies with positive 

and negative As. While, in the second example, the dielectric anisotropy should be 

minimised and only positive As regime can be used for the flexoelectro-optic effect in 

chiral nematics to ensure the helix stays in-plane. 
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C H A P T E R 7: C O N C L U S I O N AND F U T U R E W O R K 

7.1 Summary of the thesis 

In the course of this work, the visco-elastic behaviour of different nematic LC materials 

was investigated using two complementary techniques, dynamic light scattering (DLS) 

and Freedericksz transition (FT). The current investigation using these two methods has 

highlighted the following points: 

(a) The DLS apparatus has to be carefully aligned and calibrated prior to any 

experimental run. The use of heterodyne detection, while it is complicated to 

implement experimentally, is advantageous in terms of the calculation of the 

autocorrelation function and in order to suppress any static scattering signal due to 

impurities or glass flares. DLS in the presence of an external field can yield 

separately the viscosity coefficients and the elastic constants of splay and twist. 

The scattering geometry required to isolate either mode employs homeotropic cells 

and low scattering angles (for instance 6iab = 14°). 

(b) The DLS technique was applied to a wide variety of nematic systems including, for 

the first time, dye guest-host mixtures. The twist viscosities measured ranged from 

0.018 Pa.s for non-polar mixtures to 0.15-0.2 Pa.s for dimers' at similar shifted 

temperatures of 10 °C. The twist and splay elastic constants varied respectively 

from 3 to 4 pN and from 5 to 6.5 pN at TNI-T = 10 °C for most materials 

investigated in this thesis. 

(c) For materials with high or medium birefringence, the value of twist and splay 

viscosities and associated elastic constants can be measured within 5% accuracy by 

DLS experiments; while for nematic samples with low birefringence (An < 0.05), 

these visco-elastic parameters are determined with a relative uncertainty of about 
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(d) The field-induced Freedericksz transition can be used routinely to measure 

accurately all three elastic constants. In this work, only measurements of the bend 

elastic constant ksa have been carried out with this technique (to an accuracy of 

5%) since kn and k22 can be determined by DLS in the presence of an electric field. 

(e) The main limitation with the current DLS spectrometer is the restriction in 

scattering angles which prohibits the investigation of the pure bend mode at large 

angles. Preliminary measurements have been performed using two geometries 

based on mode 1 and mode 2, as described in Table 7.1. The bend visco-elastic 

ratios measured for 5CB using mode 1 are systematically 10 to 20% lower than 

values reported in the literature. This is due to the contributions from other modes 

to the measured linewidth. Therefore whenever possible, it is preferable to employ 

the mode 2 configuration with crossed polarisers and larger scattering angles. 

Mode 2 Mode 1 

VH polarisations 

8 ^ = c o s - : ( n / n ( 8 ^ ) ) 

HH polarisations 

scattering angles 9lc <15° 

Table 7.1: Configurations available for the study of the pure bend mode in planar cells. 

(f) In DLS experiments using the bend geometry, no electric field was applied to 

dampen the director fluctuations for Ae > 0 materials, since this method 

necessitates transverse electrodes, which were not available in the course of this 

work. The data for kgg from Freedericksz transition experiments were used in order 

to derive the bend viscosity from the visco-elastic ratio. 

(g) The optical Freedericksz transition occurs in thick planar cells (d « 40 pm) 

containing anthraquinone DGH samples when attempts are made to employ mode 1 

(with horizontal input polarisation) to measure the bend visco-elastic ratio. The 

phase difference produced by the reorientation of the LC molecules causes 

interference rings in the scattered optical signal, which results in a distorted 

autocorrelation function of the intensity and in inaccurate linewidth. This effect is 

suppressed in thin cells (d w 6 jam) of DGH mixtures but in this case, the values of 
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kss/ilbend for 5CB are further reduced compared to the values measured in thick 

samples. 

The main difficulty experienced with materials such as the b i m e s o g e n s or the phenyl 

benzoate 5PFP5 concerns the achievement of homeotropic alignment. Consequently, the 

measurements of dielectric constants have been carried out on chiral-doped samples in 

two geometries, the Grandjean texture or standing helix and the uniformly lying helix 

configuration. This method makes it possible to extrapolate to within 10% uncertainty, 

the value As for the achiral mixture. 

The results obtained with the nematic materials studied in this thesis are recapitulated 

below: 

(a) Mixtures of different chemical nature, based on cyanobiphenyls, phenylbenzoates 

and dicyclohexyls respectively, exhibit comparable twist and splay elastic 

constants at the same shifted temperature; this confirms that the ratio kzz/ki i is 

remarkably constant for most nematic LCs and has been found to vary from 0.55 to 

0.63 in this work. The birefringence, dielectric anisotropy and rotational viscosity, 

which characterise each mixture, are dependent on the chemical composition of the 

sample. 

(b) Four dopants, 5PCP, 50PCP, 5CB and 50CB, dissolved in ZLI-4792 (13% mol 

concentration) were investigated to examine the influence of the presence of guest 

molecules on the twist visco-elastic properties of the nematic host mixture. The two 

non-mesogenic additives 5PCP and 50PCP cause a greater depression of the 

nematic-isotropic transition temperature than 5CB and 50CB, which both possess a 

nematic phase. This study shows the importance of the temperature scale used to 

interpret the results. For the twist elastic constant, the shifted temperature scale is 

more appropriate since k22 varies as the squared order parameter S ;̂ in this case, kiz 

is slightly decreased upon the addition of 5(0)CB and this effect is more 

pronounced for 5(0)PCP, causing a 20% reduction. For the twist viscosity, when 

plotted versus temperature, y\ is reduced by up to 30% upon the addition of 5PCP; 

whereas on a relative temperature scale, the presence of 5(0)CB and 5(0)PCP 

produce a sharp rise in yi of about 45% and 180% respectively. 
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(c) Measurements of visco-elastic properties were performed for two series of dye 

guest-host mixtures, containing 1% to 3% non-polar azo and anthraquinone dyes in 

5CB. The addition of either dye results in an increase in clearing point of the host 

material while the dielectric anisotropy, birefringence and order parameter remain 

unchanged. The presence of azo or anthraquinone dye does not affect the splay and 

twist elastic constants or viscosity coefficients of the host material on a shifted 

temperature scale, while a small increase is observed at the same standard 

temperature. By contrast, the bend elastic constant and associated viscosity are 

reduced by about 10% for the sample containing 3% anthraquinone dye, compared 

with pure 5CB. The dye order parameter Sxcorr is strongly related to SLC> the 

orientational order parameter of the host, and is found to be similar for both types 

of dyes; Sxcorr - 0.566 and 0.536 for the azo and anthraquinone doped mixtures at 

Tni-T = 8.8 °C. Both dyes also show damped thermal fluctuations relative to the 

LC host molecules. 

(d) Mixtures of different concentrations of the "dual-frequency" material 5PFP5 in a 

nematic host mixture MDA-00-984 have been investigated. The host is 

characterised by values of As between -0.8 and -0.3 and an average birefringence 

of 0.125. The phenyl benzoate compound 5PFP5 has a nematic phase from 52.6 °C 

to 164.7 °C. Mixtures containing 15% or more of 5PFP5 possess "dual-frequency" 

behaviour with cross-over frequencies less than 20 kHz at temperatures far below 

Tni; the activation energies range from 0.5 and 1 eV depending on the 

concentration. 

(e) The dielectric anisotropy and bend visco-elastic ratio have been measured 

respectively for the chiral-doped and on the achiral mixture of difluorobiphenyl 

bimesogens B07/11. As changes sign as a function of temperature and varies from 

approximately -0.2 to 0.3. The visco-elastic ratio kas/ribend is reduced by an order of 

magnitude when the temperature is decreased by 30 °C into the nematic phase. 

This may be attributed to a greater augmentation of the viscosity compared to the 

elastic constant upon cooling of the sample. No Freedericksz transition from planar 

to homeotropic could be induced by applying electric fields up to 130 V rms in the 

frequency range 100 Hz-10 kHz and instead Williams domains are formed. 
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Several phenomenological models have been developed to account for the temperature 

dependence of visco-elastic parameters in nematic liquid crystals; this thesis emphasises 

that these models should be used cautiously since they are influenced by the temperature 

range considered and also by the method used to derive the order parameter (for instance 

Haller's extrapolation technique). 

In the next section, we will explain how the apparatus will be modified towards greater 

flexibility, simplified alignment procedure and complete automation; we will also show 

the recent progress in the synthesis/characterisation of novel bimesogens and in the 

investigation of the flexoelectric effect in DGH systems. 

7.2 Future developments 

7.2.1 Modification of the light scattering apparatus 

As highlighted in the course of this work, the current DLS experiment is particularly 

suitable for measurements of the splay and twist visco-elastic constants at low scattering 

angles for materials with positive dielectric anisotropy. However, the range of available 

collection angles are limited to -13° to +40° due to the design of sample holder 

employed; in particular, this prohibits measurements of the bend visco-elastic 

coefficients at larger angles using planar cells. 

There are several advantages in optimising the current DLS apparatus for the scattering 

geometries based on planar-aligned LC samples. First, they generally scatter light more 

significantly than homeotropic oriented materials and consequently shorter integration 

times are needed. As discussed in Chapter 2, the splay and bend modes can be isolated 

using planar cells and crossed polarisers at larger scattering angles, dependent on the 

refractive indices of the LC material; this configuration eliminates stray signal and yields 

more accurate results. 

Another reason is that the dimers only align in a planar configuration and consequently 

very few visco-elastic parameters can be determined by dynamic light scattering or 

Freedericksz transition. The application of a damping electric field to separate the visco-

elastic ratios is difficult because most of the difluorobiphenyl dimers investigated have 

low and positive dielectric anisotropy As; the situation is further complicated if As 
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changes sign as a function of temperature, as was observed for the B07/11 mixture. 

Static light scattering may be employed as a complementary tool in order to measure the 

three elastic constants for the novel bimesogens in specific geometries. The main 

drawback of this method is that it requires absolute values of scattered light intensity^ 

and multiple scattering problems may occur. It was shown that this technique combined 

with DLS allows the determination of the three elastic constants and of five of the 

independent Leslie viscosity coefficients for 5CB.^ 

The DLS spectrometer is currently being rebuilt as a multi-purpose light scattering 

apparatus, which will enable static and dynamic measurements, heterodyne and 

homodyne detection, low and large collection angles/ In addition, the new rig should 

also be adaptable enough to perform other experiments, such as two colour DLS and 

diffusive wave spectroscopy. Two colour DLS is a particular type of cross-correlation 

using two lasers of different wavelengths to study the same spatial Fourier component in 

weakly turbid materials;^ this technique removes the errors in the detection process due 

to non-linearities and multiple scattering, which occur in thick samples of nematic LCs. 

Diffusive wave spectroscopy can be applied in highly scattering media to calculate the 

diffusion constants and transport mean free path.^ 

The novel features of the light scattering spectrometer are: 

• two input and two detection arms for cross-correlation experiments; 

• use of optical fibres to simplify the alignment procedure. 

The new design of the apparatus is shown in Figure 7.1. The sample holder, illustrated in 

Figure 7.2, will be modified to satisfy the requirement for low and large scattering 

angles/ It can also be used in conjunction with optical fibres and includes an inner 

sample chamber, which can accommodate different types of cells (e. g. capillaries). Both 

types of cell holders contain index matching fluid which is in direct contact with the 

chamber's brass wall and thus can be heated via nichrome wires. 

In the future, the bulky correlator Malvern K7025 will be replaced by a correlator card 

which can be fitted inside the PC and full automation of the data collection and analysis 

process will be implemented. 
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Sample chamber 
(including cell holder) Detectors (PMTs) 

Laser sources (of same wavelength) 

Figure 7.1: New proposed design for the light scattering spectrometer. 

Sample chamber (with 
temperature control) 

Entrance for incoming 
laser light 

Figure 7.2: New sample holder. 

7.2.2 Bimesogens for the flexoelectric effect 

Further investigation is necessary to fully characterise the achiral bimesogens based on 

the molecular template FFBOnOBFF and to design new dimers with improved 

flexoelectric properties. 

On-going work is focused on the measurement of the splay elastic constant kn for these 

systems in order to estimate the average flexoelectric coefficient e from the following 

expression: 

ePnE 
tan(j) = 

Ink 
(7.1) 
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Although this equation describes the flexoelectric effect in chiral nematics, the average of 

splay and bend elastic constant k is assumed to be the same as for the achiral mixture. 

The technique used is the electric field Freedericksz transition, which also requires 

accurate measurements of the dielectric anisotropy As. 

The conformational changes and distribution occurring in our dimers are still not well 

understood. The order parameter S of the cyanobiphenyl bimesogens CBOnOCB has 

been estimated to be between 0.52 and 0.66 for temperatures ranging from 10 °C to 63 

°C below Tni.̂  This demonstrates the high degree of orientational order in the nematic 

phase that can be achieved with these dimers. However, the Maier and Nehring's 

prediction that the elastic constants scale as is not valid any longer for the 

bimesogens.^ This shows the need to develop new theories that take into account the 

specific properties of these materials; for instance in their model, Terentjev and Petschek 

introduced a stiffness parameter to describe the degree of flexibility of the spacer and 

also an angle between the two mesogenic units forming the dimer.® They predicted that 

the ratio k^^/k,, »1/3 for a rigid odd or even spacer independent of temperature, which 

agrees with experimental findings. In addition, for a flexible spacer, their theory confirms 

that for an odd spacer dimer, the bend elastic constant should be significantly reduced for 

an angle of at least 20° between the two mesogens. 

New achiral and asymmetrical dimers, combining the difluorobiphenyl moiety with the 

cyanobiphenyl mesogenic unit, have been synthesised with n = 9 and n = 10 methylene 

groups in their spacers;their generic structure is given in Figure 7.3. These materials 

exhibit the highest values of flexo-elastic ratios reported so far; e/k are respectively 1.25 

and 0.6 C.N'\m'^ for n = 9 and n = 10 for the chiral-doped mixtures. Furthermore, 

smaller pitch and thus higher critical field for the helix unwinding result in larger rotation 

angles for the odd dimer compared to the even one for a given concentration of chiral 

additive; for instance, the maximum angle achieved at T N * I - T = 20 °C is 21° for n = 9 and 

12° for n = 10. 

F 

Figure 7.3: Molecular structure of the asymmetric bimesogens. 
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7.2.3 Bimesogenic dye-doped systems 

The flexoelectric effect in dye guest-host chiral nematic mixtures is currently being 

investigated. The host dimer used (denoted B07/9) is based on a mixture of n = 7 and n = 

9 spacer of the same difluorobiphenyl bimesogens described in Chapter 6. Two types of 

bimesogenic dyes have been synthesised and their molecular structures are sketched 

respectively in Figure 7.4 (a) and (b). They both contain a cyanobiphenyl unit connected 

via a flexible alkyl spacer to either a nitrostilbene group or a highly miscible perylene 

dye moiety; the former is a dichroic non-fluorescent dye while the latter is a fluorescent 

monotropic dye.'' High concentrations (between 15% and 50%) of either dye have been 

dissolved in the host B07/9, although phase separation occurs over time. The rotation 

angles (|) are found to vary linearly with applied electric field with gradients slightly 

different from the value obtained for the host dimers. This may be explained by 

variations in the helical pitch of the dye-doped mixtures and changes in the elastic 

constants (compared with the pure host). The values for (|) are comparable to the ones 

achieved with the bimesogenic host i.e. (|) = 22.5° for an applied field of about 10 V.p-m 

At the same temperature, the response times are slightly increased upon the addition of 

either dye. 

-1 

(a) 

(b) 

Figure 7.4: Core structures of (a) the nitrostilbene dye (b) the perylene dye. 
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