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Dielectric relaxation spectroscopy was used to investigate the effect of 

structure on the ability of LCPs to reorient in an electric field. These 

measurements also provided information regarding the anisotropic 

dielectric permittivity of the LCPs; this determines the electric field 

strength needed to produce an aligned film. The tendency of these LCPs to 

mesogenic as opposed to polymeric behaviour has also been investigated. 

The mechanism of electrical conduction in high and low field conditions 

has been studied, as well as the relative magnitude of the conductivity of 

several LCPs. The conductivity determines the threshold field for 

dielectric breakdown and influences the design of practical devices. The 

electric field strengths required to produce well aligned films of these 

LCPs were ten to twenty times larger than are generally needed for 

conventional liquid crystals and a tendency to breakdown had been detected 

in initial samples. Since there was little discussion of the electrical 

conductivity of LCPs in the literature, a systematic study of this 

property was considered to be particularly useful. 

The main advantages of LCPs over low molar mass liquid crystal as optical 

storage media are their mechanical flexibility and film forming 

properties. The bulk viscosity of a typical LCP has been studied to aid 

the development of effective manufacturing techniques. A preliminary 

optical investigation of the stability of aligned samples of LCP with 

respect to temperature and time was also undertaken. 
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2.1 liquid Crystals 

2.1.1 A General Introduction 

Matter is usually considered to exist in three phases: solid (amorphous 

and crystalline), liquid and gas. The liquid crystalline phase is a 

fourth phase which exists between the solid crystalline phase and the 

isotropic liquid phase. Materials which can exhibit liquid crystalline 

phases are often called mesomorphic. 

In the nineteenth century organic materia 1 s were observed which had no 

sharp transition temperature between the solid phase and the isotropic 

liquid phase, even after extensive purification procedures had been 

carried out. In 1888, Reinitzer observed two distinct melting points for 

a derivative of cholesterol and subsequently Lehmann (1890) suggested the 

name "liquid crystal" because of the crystal-like molecular structure of 

these fluids. Several thousand compounds have now been identified which 

exhibit mesophases and an essential requirement in all cases is that the 

constituent molecules have a highly anisotropic shape. The influence of 

molecular structure on liquid crystalline properties has been discussed by 

Gray (1966), (1983). Generally the molecules have fairly rigid rod-like 

structures, but disc shaped molecules can form discotic mesophases. 

In moving from the solid phase to a mesophase, a crystal loses its 

translational order while retaining its orientational order. The degree 

of order remaining determines the characteristics of the mesophase. 

According to the classification system proposed by Friedel (1922), three 

main types of mesophase may be distinguished; these are 

cholesteric and smectic. They are described in more 

called nematic, 

detail in the 
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following sections. If the trans it ions between the so 1 i d phase, one or 

more mesophases and the isotropic phase occur over a range of 

temperatures, the liquid crystal is described as thermotropic. If the 

mesophase is formed from amphiphilic molecules in an isotropic solution by 

increasing their concentration in a suitable solvent, then it is described 

as lyotropic. In this work only thermotropic liquid crystals composed of 

rod-like molecules have been studied. 

The mesophase characteristics are usually best determined by X-ray 

diffraction (de Vries, 1985) but considerable information can also be 

obtained by observing the appearance of a thin film of the liquid crystal 

using a polarising microscope. This appearance is generally termed the 

'texture' of the liquid crystal. Each type of mesophase has a distinctive 

texture, which can also indicate the uniformity of molecular orientation 

over the sample. This uniformity is prerequisite in ;nany of the 

applications of liquid crystals (for example, displays, shutters and 

optical storage devices). The boundary between areas of different 

orientation is characterised by disclinations (Demus and Richter, 1978). 

The anisotropic nature of liquid crystals plays an important role in 

determining their physical characteristics. The optical, electrical, 

magnetic and viscoelastic properties are different when measured parallel 

and perpendicular to the long molecular axis. Several texts are available 

which review the physical behaviour of liquid crystals (see, for example, 

de Gennes (1974), Chandrasekhar (1977), Gray (1979), de Jeu (1980)). The 
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FIGURE 2.1 
The nematic liquid crystal structure 

Molecular long axis 

FIGURE 2. 2 
Molecular orientation (8,¢) with reference to laboratory axes (x,y,z) 
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molecules are distributed equally in the "up" and the "down" states (n is 

equivalent to -n). An example of a nematic liquid crystal is 

4-cyano-4-pentylbiphenyl (supplied commercially by BDH Chemicals Ltd as 

Kl5): 

K 24 N 35.3 I 

where K,N and I indicate the crystalline, nematic and isotropic phases, 

respectively, and the figures between these symbols are the phase 

transition temperatures in degrees Celsius. 

2.1.3 Cholesteric Liquid Crystals 

The cholesteric mesophase is a special case of the nematic phase and 

arises when the molecules possess a chiral centre. The system may be 

envisaged as being composed of parallel planes, in each of which there is 

a nematic arrangement of the molecules. The director of each sheet is 

turned through a small angle with respect to adjacent ones. The constant 

progressive rotation through several sheets results in a helical 

arrangement (see Figure 2.3). The pitch of the helix depends on the 

nature of the molecule and external forces and is defined as the distance 

over which the director rotates through an angle of 2n. Cholesteric 

structures may also be formed by adding optically active compounds to 

nematics, in which case the pitch is determined by the amount of additive. 
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FIGURE 2.3 
The cholesteric liquid crystal structure 

FIGURE 2.4 
The smectic liquid crystal structure 
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An example of cholesteric 1 i quid crystal is D 

(or L)-4-methoxybenzylidene-4- (2-rnethylbutyl)aniline: 

K 21 Ch 24 I 

2.1.4 Smectic Liquid Crystals 

Smectic phases are generally the most ordered liquid crystal phases. As 

well as exhibiting orientational order of the long molecular axes, they 

exhibit translational ordering such that the centres of the molecules tend 

to align to form layers, see Figure 2.4. There is always a degree of 

correlation between the layers, but in most cases it is extremely small. 

Smectic subgroups are distinguished according to the tilt, twist and long 

range translational ordering of the molecules. They are termed SA,Ss, 

Sc ..• SK. Smectic A (SA) and Smectic C (Sc) liquid crystals are the least 

ordered as there is no regular arrangement of the molecular positions 

within the layers. The director is parallel to the layer normal in the SA 

phase and tilted in the Sc phase. The other subgroups exhibit some degree 

of crystalline ordering within the layers and so are much less fluid than 

the SA and Sc phases. Each smect i c phase has a characteristic opt i ca 1 

texture. 
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they retain the good film - forming properties and mechanical advantages 

of polymers. Many hundreds of liquid crystal polymers (LCPs) have now 

been synthesised and their properties are summarised in the following 

reviews: Blumstein (1978); Ciferri, Krigbaum, Meyer (1982); Finkelmann, 

Rehage (1984); Shibaev, Plate (1984); McArdle (1989). 

A polymer can be made to exhibit liquid crystalline behaviour in either 

(or both) of two ways. If mesogenic monomer units are tied together in a 

"head-to-tail" arrangement such as to retain the structure of the 

individual units, then a main chain liquid crystal polymer is produced. 

If the mesogenic monomer units are tied together in a "head-to-head" 

arrangement, then a side chain liquid crystal polymer is produced. It is 

important in both types of structure that fl exi bl e elements are present 

between the mesogenic moieties in order to allow reorientation. This 

classificadon of liquid crystal polymers is summarised in Table 2.1. 

Liquid crystal polymers exhibit the same mesophase behaviour as lmmLCs, 

that is they exhibit smectic, nematic and cholesteric phases. The 

positional and orientational long range order of lmmLCs are related to 

those of a single molecule, whereas for LCPs they can be related to either 

the monomer unit or to the macromolecule. A schematic illustration of the 

chain structure and organisation in nematic and smectic A phases of a side 

chain liquid crystal polymer is shown in Figure 2.5. 
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Smecilc 

FIGURE 2.5 
Schematic illustration of the chain structure and organisation in 
different phases of a liquid crystalline side chain polymer (from Attard 
et al (1986a)) 
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2.3 Liquid Crystal Polymers used in this Study 

The LCPs used in this work were all thermotropic side chain polymers 

produced by an additi.on reaction of a reactive monomer to a polymer 

backbone in the presence of an appropriate platinum catalyst. In all 

cases the backbone was a siloxane macromolecule. A wide variety of 

mesogenic side groups were available for substitution onto the backbone. 

All materials were synthesised by the liquid Crystal Group at the 

University of Hull and their synthetic techniques have been described by 

Gray et a 1 ( 1986) and Nestor (1988). Most LCPs were subjected to a 

rigorous purification procedure involving repeated precipitation from 

dichloromethane as described by Nestor et al (1987). This procedure 

removes any unreacted alkene side-chain precursor which had been shown to 

have a plasticising effect on the LCP {Attard et al, 1987c). The LCPs 

which were not subjected to this procedure will be clearly indicated in 

the following Chapters. The LCPs were usually used without further 

chemical treatment. Again, it will be indicated when this was not the 

case. 

The structures and transition temperatures of the LCPs are summarised in 

Tables 2.2 to 2.5. The classifications of the LCPs as Methyl-Copolymers, 

Methyl-Homopolymers, Ethyl-Homopolymers and Cyano-Propyl-Copolymers, 

respectively, have been used for convenience. In all cases the transition 

temperatures were measured by differential scanning calorimetry (DSC) at 

the University of Hull using a scanning speed of l0°C min-1. The 

transition temperature descriptions have the following form: 
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General Structure 

i1 "' DP - 35 

Code m Phase Transitions (C) 

GN3/25 6 -<Q)-co2-@-- c N G 3 SA 116 (106,131) I 

GN3/29 5 -@--co2-\Q)-cN G 8 K 47 SA 124 (114,143) I 

GN3/40 8 =(Q>-co2)Qi=cN G 1 SA 80 (74,87) I 

Me 

TABLE 2.4 
Structures and Transition Temperatures of Ethyl-Homopolymers 



Code m 

GN3/36 6 

GN3/37 6 

GN3/39 8 

TABLE 2.5 

@l:b=21:19 
i!H·b= DP - 35 

Phase Transitions (C) 

G-13 K 26 (17,38) I 

G-16 I 

G-23 I 

Structures and Transition Temperatures of Cyano-Propyl Copolymers 
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G 

Glass Phase 

K 

Crystalline 
Phase 
(some LCPs) 

Mesophase Isotropic 
Phase 
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where Tg is the glass transition temperature, Tm is the melting transition 

temperature, Tc is the clearing temperature, T1 is the start of the 

biphasic region and T2 is the end of the biphasic region. The biphasic 

region is the temperature range over which the mesophase and the isotropic 

phase coexist. The clearing temperature is defined from the peak of the 

DSC trace. 

2.4 Applications of Side Chain Liquid Crystal Polymers 

A variety of technological applications have emerged in recent years for 

thermotropic side chain liquid crystal polymers. These materials are not 

direct replacements for lmmLCs, which have their major application as the 

active media in various types of display devices (Shanks, 1982). The high 

viscosities (and therefore long response times) of the LCPs prevent them 

competing in this market. However, LCPs may be used as electro-optical 

storage media, as selective optical filters and reflectors, and as dopants 

for monomeric liquid crystal displays to improve multiplexing capability 

and performance. Side chain LCPs are also being developed for use in 

non-linear optical devices (Molhmann et al, 1989). 

The electro-optical properties of LCPs are comparable to those of lmmLCs 

(see, for example, Tal'roze et al (1983), Finkelmann et al (1983), Haase 

(1989)). Their optical bistability has been discussed by Koide (1986) and 

Coles (1985). Electro-optical effects have not been observed below the 
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glass transition temperature (Tg) and this has resulted in the suggestion 

that LCPs could be used as storage media (Shibaev et al? 1983? 1985) with 

the information being written in the liquid crystalline phase and then 

frozen in as the temperature is lowered below 19. Coles and Simon (1984) 

noted that the viscosity of smectic LCPs was sufficiently high that 

information could be stored above the glass transition without corruption. 

The technology required to address liquid crystals using lasers for 

optical storage applications is now well understood and has been reviewed 

by Dewey (1984). Various types of lmmLCs have been used, in particular 

the smect i c A cyan obi phenyl s. Refinements to the medi urn, the writing 

technique, the laser absorbing dyes and the cell construction continue to 

be reported. Research into alternative liquid crystalline media has also 

been described, in particular the use of chiral smectic C liquid crystals 

by Nesrullaev et al (1980) and (as mentioned above) a variety of systems 

using side chain liquid crystal polymers. Liquid crystal polymers appear 

to have several advantages in this application since their smectic phases 

are highly viscous and extend to high temperatures. There is hence a 

lower risk of the corruption of stored data due to mechanical stress and 

the films may be exposed to higher temperatures than is typical of devices 

made from existing low molar mass liquid crystals. 

The development of optical storage media and laser addressing techniques 

using a selection of the side chain polysiloxane LCPs shown in Table 2.2 

has been reported by McArdle et al (1987 a,b). Writing, reading, bulk and 

selective erasure and grey scale have all been demonstrated using a single 

scanning laser system. Information in the form of optically scattering 
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lines was written onto homeotropically aligned films of the LCP. Blue 

pleochroic dyes dissolved in the liquid crystal polymer were used to 

absorb light at the 632.8 nm Helium-Neon laser wavelength. The mechanism 

by which information is written and erased using a laser is summarised in 

Figure 2.6 and Figure 2.7 illustrates the storage of information on a film 

of GN3/14. As well as this thermo-optic writing on LCPs, erasable 

holographic optical storage has been described using films of LCP (see for 

example Eich et al (1986). 

The development of optical data storage systems is an important advance in 

information technology due to the ever increasing need for rapid and 

efficient data generation, retrieval, processing and storage. The density 

of information on an optical disk can be up to 108-1o10 bit cm-2, which is 

equivalent to about 1,200 magnetic floppy disks. The lifetime of optical 

disks is expected to be considerably longer than the 10 years currently 

provided by magnetic media. Recording media for optical storage have been 

compared by Clark (1985b) and by Barrett (1986). The systems which are 

commercially available are all based on media which are permanently 

changed by the writing laser, they are read-only systems. Erasable 

optical systems are being developed based on magneto-optic materials and 

materials undergoing a reversible phase change between amorphous and 

crystalline states: the lmmLC and LCP memory systems described above will 

be in competition with these erasable systems. 



FIGURE 2.6 
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ISOTROPIC 

PHASE 

The mechanism by which information is written on and erased from a film 
of lmmLC or LCP using an electric field and a laser 
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DRIVE AMPLIFIER 

rsv -+-----, 

FIGURE 2.7 
Part of a circuit diagram laser-written ·onto homeotropically aligned and 
dyed GN3/14. The upper part of the photograph shows the off-electrode 
region which is unaligned. 
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Permittivity 

{E') 

FIGURE 3.1 
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The predicted variation of permittivity with frequency for a simple 
dielectric 



27 

Dipolar polarisation was originally treated by Debye (1929). He 

considered polar molecules floating freely in a non-polar fluid with no 

restoring forces on them and subject to random thermal agitation. The 

frequency dependence of the complex permittivity due to a relaxation with 

frequency YR is then 

[3.3] 

[3.4] 

where 

VR [3.5] 

Figure 3.2 shows E' and E" plotted against ln (w), together with a plot of 

the AC conductivity a= wE". 

The behaviour of most dielectric materials departs to varying extents from 

this Debye response due to electrostatic interactions between molecules. 

Most systems are best described using a distribution of relaxation times 

rather than a single value. A variety of empirically derived descriptions 

of relaxation behaviour have been suggested, including those of Cole and 

Cole (1941), Fuoss and Kirkwood (1941), Davidson and Cole (1951), Williams 

and Watts (1970). These are discussed in detail by Daniel (1967) and 

Bottcher and Bordewijk (1978). 
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,, 
Emax 

0 

FIGURE 3.2 
Schematic plots of real (£') and imaginary (£'') permittivity and AC 
conductivity, a= w£'', against frequency 






































































































































































































































































































































































































































