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The macroscopic properties of nematic liquid crystals relevant to device performance 
are discussed from both continuum and molecular points of view. Key concepts and 
points of difficulty are emphasized, and some areas in greatest need of further work 
are identified. 

1. DEFINITIONS AND MOTIVATION 

The macroscopic properties of liquid crystals are those properties 
which can be described in terms of continuum theory. However, since 
their origin can only be understood in molecular terms they form a 
bridge between the device physics of LCDs and the materials science 
of liquid crystals. Thus the operation of an LCD can be described by 
specifying the spatial and time dependence of the director n(r, t) and 
the fluid velocity v(r, t). Both of these are continuum variables. The 
time-independent “statics” of LCDs involves consideration of the 
equilibrium director configurations n(r) and their optical properties. 
These depend on macroscopic properties such as the electric per- 
mittivity, refractive indices, absorption coefficients, and orientational 
elastic constants. The time-dependent “dynamics” depends in addi- 
tion on macroscopic properties such as conductivity and viscosity. 
Since these are all continuum quantities, in order to understand liquid 
crystal devices it is not necessary to consider explicitly the molecules 

tPlenary Lecture presented at the 10th International Liquid Crystal Conference, 
York, July 15th-21st, 1984. 
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2 M. G .  CLARK 

of which the liquid crystal is composed. However, as will be empha- 
sized below, the macroscopic properties are determined by the mo- 
lecular and fluid structure of the liquid. Thus in order to understand 
liquid crystal materials it is essential to consider molecular theories. 

Understanding and measurements of macroscopic properties are 
needed both to enable device physicists to model and predict device 
performance, and to stimulate predictive theories relating macro- 
scopic properties to molecular and fluid structure, thus offering a less 
empirical approach to the molecular engineering of liquid crystal 
materials. In this paper these matters are reviewed mainly in the 
context ,of nematics, but with some reference to the properties of 
smectic A materials. 

1.1. The director 

This quantity is most simply and unambiguously defined in continuum 
terms. A nematic liquid has local uniaxial symmetry: the director n(r, 
t )  is a unit vector parallel to this symmetry axis. Since the phase is 
centrosymmetric n and -n  are equivalent. 

The definition of the director in molecular terms encounters rather 
greater difficulties. Often it is said that the director is the average 
preferred direction (unsigned since n is equivalent to -n) of the 
molecules. This average must be taken over a sample of fluid suffi- 
ciently large for the average to be independent of the size and shape 
of the sample; since the largest linear dimension of nematic molecules 
is typically a few nm a sample size of say (0.1 ~ m ) ~  should be more 
than sufficient. The minimum sample size presumably sets one lower 
limit on the applicability of continuum theory. A more serious dif- 
ficulty, as we shall see, is that of defining precisely what is meant by 
the preferred direction of a molecule. 

One point which is clarified by discussion of the direction in mo- 
lecular terms is that the director and the “molecular orientation” are 
different things. A consequence of thermal motions is that, to put it 
simply, the molecules are jumbled but the director is not-or at least 
(see Sec. 4.3) not very much. 

1.2. Molecular order parameters 

The extent to which the molecules are jumbled is quantified by the 
molecular order parameters. Cartesian axes (X’, Y ,  2’) fixed in a 
particular molecule are related to the laboratory frame (X, Y, Z), in 
which we take Z parallel to n, by Euler angles’ (+, 8, JI) as illustrated 
in Figure 1. The single-molecule orientational distribution function 
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MACROSCOPIC PROPERTIES 3 
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FIGURE 1 Definitions of axes and angles used in the text. 

f(+, 8, $) describes the statistical distribution of molecular orienta- 
tions due to thermal motion. It is constrained by the symmetry of the 
nematic phase to be independent of 4. Thus it can be expanded in 
terms of the modified spherical harmonics' C,,,,(8, JI) to give 
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4 M. G .  CLARK 

where 

S, = If(e, s)c,*(e, +)sinedew (1.2) 

are the molecular order parameters. The nematic phase being uniaxial 
and centrosymmetric, 1 and m must be even and S, real. The second 
of these conditions means that for m # 0 it is convenient to use the 
real parameters 

Thus the lowest order non-vanishing SIm belong to 1 = 2:  

m = 0 (t(3cos28 - 1)) = S “order parameter” (1.5) 

Iml = 2 ( fflsin28 COB+) = D “biaxiality parameter” (1.6) 

Many of the properties of greatest device interest depend only on 
these two order parameters, and there has consequently been rela- 
tively little discussion in the literature of higher order SIm. Indeed, 
as reflected by its appellation as “the order parameter,” most workers 
have considered only the Sz0 parameter S. However, it is becoming 
increasingly clear that D, which measures asymmetry in the single- 
molecular distribution function, is non-zero in typical nematics* and 
may become quite large for plate-like molecules (anthraquinone dyes) 
in nematic ~ o l u t i o n . ~  Note that there is no consensus in the literature 
on the normalization of D, with at least two alternative numerical 
pre-factors in use instead of the 4 f l  used in Eq. (1.6). Observe also 
that we have neglected the complication of molecular flexibility .4-5 

We remark in passing that the “optical order parameter” 

where A,,, A ,  are absorbances for light polarized parallel and per- 
pendicular to the nematic director, is simply a rearrangement of the 
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MACROSCOPIC PROPERTIES 5 

macroscopic parameters A,,, A ,  and is therefore itself a macroscopic 
parameter, not a molecular order parameter. 

1.3. Other phases 

The symmetry of the nematic phase may be modified in various ways 
to give other liquid crystal phases. We consider only the most familiar; 
the cholesteric and smectic A phases. 

In the cholesteric phase the modification, although stemming from 
molecular chirality, is essentially at a continuum level with the di- 
rector adopting a helical configuration with pitch of order pm, i.e. 
of length scale at which continuum theories are applicable. As far as 
can be determined, in thermotropic liquid crystals the material re- 
mains locally uniaxial and nematic-like. Thus, with the obvious ex- 
ception of properties relating directly to the helical twist or molecular 
chirality, the macroscopic properties are much the same as those of 
a nematic. 

In the case of a smectic A,  a mass density wave 

with complex order parameter 

is superposed parallel to n on the nematic order. The modification 
here is at a molecular level with the wavelength of the density wave 
2 d q ,  being of the order of one or two molecular lengths.' Reflecting 
this, certain of the macroscopic properties of nematics are strongly 
influenced by the juxtaposition of a real or incipient smectic A phase. 
This we discuss in greater detail below, with the motivation that such 
effects can be employed in the molecular engineering of nematic 
properties. 

1.4. Phenomenology 

The macroscopic properties determine the strengths of physical ef- 
fects occurring in liquid crystals. Such effects may be electro-optic, 
thermo-optic, magneto-optic, etc. As summarized in Figure 2, an 
effect must be simultaneously considered as a candidate for device 
application, as a probe of device physics, and (most importantly for 
the present paper) as a method for measurement of one or more of 
the macroscopic properties which determine its strength. 
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6 M. G .  CLARK 

Device Probe of 
application device physics 

PHYSICAL EFFECT 

(electro-optic, thermo-optic, 
magne t w o  p t ic , e tc . ) 

Y 
Method for measurement 
of macroscopic property 

FIGURE 2 The implications of a physical effect. 

Measurement of the macroscopic properties of liquid crystal ma- 
terials is essential both for molecular engineering of their properties 
and as a data base for device modelling. Table I summarizes some 
of the features desired in methods for routine measurement of mac- 
roscopic properties. Many of the features are almost self-evident. 
Applicability to small samples is an important feature since newly 
synthesized organic materials are rarely available in large quantities. 
It is highly desirable that measurement methods should be applicable 
over the full range of relevant macroscopic parameters, and essential 
that a sound and accurate quantitative theoretical description of the 
experiment be available if unsuspected systematic errors are to be 
avoided. 
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MACROSCOPIC PROPERTIES 7 

TABLE I 

Some features desired in methods for routine measurement of macroscopic 
properties 

Rapid, accurate, precise 
Small sample (<0.1 g) 

Readily automated 
Low capital cost 

Unrestricted applicability 
Good theory 

2. ANISOTROPIC PROPERTY TENSORS 

Many of the most important macroscopic properties can be classified 
as property tensors since they describe multi-linear relationships be- 
tween tensor influences and effects. For example the permittivity 
tensor describes the dipole moment density (polarization) induced in 
a material by application of an electric field E. The linear relationship 
between polarization and field is a familiar one: 

or in Cartesian component notation 

P; = &(Zjj  - Sjj)Ej (2 .2 )  

The permittivity tensor is an example of a Cartesian second-rank (two 
indices) property tensor. In the axially-symmetric nematic phase such 
tensors may be specified by principal axes parallel and perpendicular 
to the director n, and corresponding principal values for a tensor T 
of T,, and T, .  Thus, in arbitrary axes 

The linear combinations of TI and T, used on the right-hand side of 
Eq. (2 .3 )  are usefully identified as separate quantities of physical 
interest: 

4(7‘, + 2TJ = “spherical mean” (2 .5 )  

TII - T ,  = AT “anisotropy” (2.6) 
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8 M. G .  CLARK 

In general the relationship between macroscopic property tensors and 
molecular property tensors is a complex one, but for a few properties, 
e.g. magnetic susceptibility, the macroscopic tensor may usefully be 
approximated as a thermally-averaged sum of the molecular tensor. 
The relationship is then a simple linear one involving the molecular 
order parameters, Sec. 1.2,  and is most elegantly written in spherical 
tensor notation:’ 

where tkp is the corresponding molecular tensor and, as noted in Sec. 
1.2, the order parameters S, have k ,  p even and are real. 

3. PERMllTlVlTY 

3.1. “Statlc” E 

The simplest viable theory of nematic permittivities is that of Maier 
and Meier,’ which gives 

where (see Figure 1)  p, and p, are the components of the molecular 
electric dipole moment longitudinal and transverse to the “long axis” 
Z‘ of the molecule, 

p, = pcosp pt = psinp (3 .3 )  

- 
a and A a  are the spherical mean and anisotropy of the molecular 
polarisability [cf. Eqs. (2.5) and (2.6)], the quantities 

h = 3Z/(2Z + 1 )  (3.4) 
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MACROSCOPIC PROPERTIES 9 

are internal field factors, and N is the number density of molecules. 
In Eqs. (3.1) and (3.2) Q is expressed as a sum of contributions from 
molecular polarizability and molecular dipole. As emphasized in Sec. 
2 it is convenient to consider AE and ii separately as they reflect 
physically distinct aspects. 

The anisotropy AE is of particular importance in determining the 
response of the nematic in electric field induced electro-optic effects. 
There are requirements for both positive and negative A€ materials. 
From Eqs. (3.1) and (3.2): 

The contribution from anisotropy of the molecular polarizability is 
quite small compared with that potentially available from the mo- 
lecular dipole. Thus the molecular engineering of AE is concentrated 
on the dipolar contribution. From Eq. (3.7) it is clear that p,, is 50% 
less efficient at generating negative AE than p r  is at generating positive 
AE. Thus in Table I1 we compare data taken from the literature8 on 
positive and negative materials with similar dipole moments (roughly 
15 x 10-"' C m). Neglecting variations in the polarizability contri- 
bution, and in the number density N and internal field factors, the 
quantity The at a fixed reduced temperature (T/T, where T, is the 
absolute N to I transition temperature) is a rough measure of the 
dipolar contribution to A€. 

The needs of the twisted nematic LCD have stimulated the de- 
velopment of materials with positive A€. From Eq. (3.7) the desired 
conditions are p/ large and p, - 0. These are met by use of polar 
terminal substituents, of which the CN group has been the dominant 

TABLE I1 

Comparison of positive and negative A t  nematics with similar dipole moments" 
(roughly 15 x 1O-"'C m) 

lO-'TAc 
(0.9 5 T, ) 

5.85 

c H o 0 c I = c H 00 c H - 1.65 
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10 M. G .  CLARK 

example. Table I11 lists examples of the main families that have been 
developed. Also shown are values for the molecular electric dipole 
moment p and the quantity TAc at 0.95Tc.9 If the dipole moment is 
parallel to the “long axis” (p = 0) and if, as assumed in Maier-Meier 
theory, the only significant intermolecular correlation is the long 
range nematic order, then TAc and p should be correlated, with TAE 
roughly proportional to p2. The figures in the rightmost column of 
Table 111, which have been corrected for variations in number density 
but not for the polarizability contribution, indicate clearly that the 
situation is more complex. Whether or not the “long axis” makes a 
significantly non-zero angle with the molecular dipole in any of the 
materials listed in Table 111 is a matter for debate, but, as discussed 
below, there is clear evidence of local intermolecular correlations 
significantly modifying macroscopic properties in some materials. 

TABLE 111 

Examples of the main families of positive A€ nematics9 

10 ~ TAr 
P 1 0 - ~ T A €  

C m (0.96 T<) Np’  

16.0 4.09 -4 

13.8 3.36 4.76 

13.6 3SO* 5.45 

12.0 1.49 2.96 

23.0 4.88’ 2.50 

22.0 7.38 3.16 

’ mixture of propyl/pentyl/heptyl homologues 
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MACROSCOPIC PROPERTIES 1 1  

Before turning to this question, the situation concerning materials 
with negative AE must be considered. This is altogether less satisfac- 
tory. The requirement for pl - 0 and p, large implies polar lateral 
substituents which have tended to create problems such as difficult 
syntheses, chemical instability, and high viscosity. Table IV lists a 
few of the structures which have been considered, together with lim- 
ited representative data. 1 0 ~ 1 1 ~ 1 2  The bicyclohexyl-P-carbonitriles12 (IV 
in Table IV) and related compounds should be highlighted as perhaps 
the most promising and ingenious approach. 

Whereas the anisotropy AE is proportional to S, the mean permit- 
tivity Z is essentially free from order parameter effects, and thus is a 
sensitive test of local molecular correlations. From Maier-Meier the- 
ory one gets 

TABLE IV 

Some examdes of negative Ae nematics"l."." 

4°C 0.97T, 

20°C 0.88Tc 
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12 M. G .  CLARK 

which predicts a continuous temperature variation of Z through the 
nematic to isotropic transition, with dddT negative. Such a variation 
is seen in some materials, e.g. 4,4’-dialkylphenylbenzoates R . C,H4 
- COO - C6H4 - R’, whereas in CN-terminated materials such as the 
alkyl cyanobiphenyls C shows a discontinuity at T, and a strong pre- 
transitional effect, both associated with the “antiparallel” local mo- 
lecular correlations which occur in these materials. These effects are 
graphically illustrated by adding 4-n-propyl-4’-n-heptylphenylben- 
zoate (Me37) to 1-(4’-cyanopheny1)4-n-propylbicyclo(2,2,2)octane 
(3BCO).13 As shown in Figure 3, both the discontinuity and the 
pretransitional effect disappear as the antiparallel correlations of 
nearest-neighbour 3BC0 molecules are broken up by addition of the 
ester. 

3.2. Molecular engineering vs fluid engineering 

The process of optimising the macroscopic properties of a liquid 
crystal material for a particular application is an example of what is 
loosely termed “molecular engineering.” In reality both the molecular 
structure, i.e. the atoms present and the chemical bonds between 
them, and the fluid strucure, i.e. the packing and thermal motions 
of the molecules, must be engineered. As summarized in Table V 
the evidence, of which Sec. 3.1 cites examples, is clearly that the 
macroscopic property c may be strongly influenced by the fluid struc- 
ture. For example, anti-parallel nearest-neighbour correlations are 
to a lesser or greater extent a significant feature in all the nematic 
fluids listed in Table 111. 

Another important corollary of this line of reasoning is that the 
macroscopic properties of a neat nematic liquid may be a poor guide 
to the contribution which molecules of that liquid would make to the 
macroscopic properties of a mixture. In the case of static permittivity 
one could argue from Table V that the molecular properties p and, 
perhaps, p may be better guides to the dopant behaviour than the 
macroscopic property c of the neat liquid. 

3.3. Dielectric relaxation 

The “static” permittivity describes the polarization induced in the 
material by an external electric field whose frequency of alternation 
is sufficiently low for the perturbations induced in the molecular 
dipole distribution function by the field to follow in-phase with re- 
versals of the field. With increasing frequency of alternations of the 
field the perturbation of the molecular dipole distribution function 
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14 M. G .  CLARK 

TABLE V 

Influence of molecular and fluid structure on the dielectric properties of a nematic 
fluid 

Influence of 
Property molecular structure fluid structure 

)L strong slight if any 
P = tan-’(CL/)L.,) strong may be significant 

E strong may be strong 

will increasingly fail to follow the applied field, leading to a decrease 
in the corresponding component of the permittivity and the phenom- 
enon of dielectric loss. In an anisotropic material such as a liquid 
crystal, one or more such losses may be seen at different frequencies 
in the parallel and perpendicular components of Q .  The phenomenon 
is described quantitatively by generalizing the permittivity tensor to 
become a tensor function of frequency 0 / 2 ~  with both real and im- 
aginary parts: 

Q(0) = c ‘ ( 0 )  - id’(0) (3.9) 

The prototypic form for the frequency dependence due to a relaxation 
with frequency fR is the Debye form: 

E’ = E x  + (E, - E$(l + WV) (3.10) 

E” = (E, - Ex)WT/(l + W2T2) (3.11) 

where 

and all subscripts indicative of direction (11 or I to n) have been 
omitted for simplicity. The significance of esr E,, and wR is clear from 
Figure 4 which shows both the real part E’ and the loss E” plotted 
against Ino, together with a plot of the AC conductivity u = WE”. 

An alternative presentation is the Cole-Cole plot in which E” is plotted 
against E’ with 0 as a parameter (Figure 5 ) .  In this case Eqs. (3.10) 
and (3.11) give a semicircle centered on the x-axis. Experimental loss 
data is often fitted to the Fuoss-Kirkwood equation 

cosh -I(E:~~/E”) = aln)oT1 (3.13) 
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w=1 / r=wR lnw 

1.5 

FIGURE 4 Representation of dielectric relaxation data as plots of real (e') and 
imaginary (e") permittivity against frequency. Also shown is the plot of ACconductivity 
0 = WEt.  
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16 M. G .  CLARK 

E“ 

E S  E’ 
FIGURE 5 Representation of dielectric relaxation data as a Cole-Cole plot. 

where the empirical parameter a normally lies between zero and 
unity, a = 1 corresponding to the Debye form Eqs. (3.10), (3.11). 
Note that the decrement in the real part E: - r: is given by 

€; - r: = 2r;,,/a (3.14) 

Since in general a molecule may have dipole components longitudinal 
and transverse to its “long axis,” and with S < 1 each of these 
components may have non-zero projections both parallel and per- 
pendicular to n, one might predict four relaxations, two in each of 
rII and E,, with angular frequencies 0 6 ,  o:, w:, 0;. 

Figure 6 shows the rotational diffusion modes involved in these 
relaxations. From Figure 6 one would predict that of; should be low 
because diffusion is hindered by the nematic pseudopotential, and 
that w: = oh since the same diffusional mode is involved. In agree- 
ment with this an anomalously low frequency relaxation in ell together 
with a higher frequency relaxation at the same frequency in both E,, 

and E, are found experimentally in materials e.g. mono ester^,'^ where 
the electric dipole clearly has both longitudinal and transverse com- 
ponents. Measurements of the magnitudes of the dielectric relaxations 
provides an interesting route to estimates of the order parameter S, 
the dipole moment k, and the angle p between the molecular dipole 
and its “long axis.”14 

The very simple theoretical view implicit in Figure 6 is quantita- 
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MACROSCOPIC PROPERTIES 17 

1 - n 
c1 1 

ICI 

FIGURE h 
liquids. The molecular "long axis" is denoted by I .  

Rotational diffusion modes leading to dielectric relaxation in nematic 

tively justifiable if the longitudinal component Dy' of the molecular 
rotational diffusion tensor is very much greater than its transverse 
component. More generally, a more rigorous diffusion model based 
on the work of Nordio ef ~ 1 . ' ~  appears acceptable. Application of 
such a model readily explains the experimental fact that the low 
frequency relaxation in ell is invariably a good fit to the Debye form 
[Eqs. ( 3 .  lo), (3.1 l)]. At first sight it is surprising to find a relaxation 
in an anisotropic liquid that is a much better fit to the Debye model 
than the relaxations in isotropic liquids which it was originally de- 
veloped to describe! 
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18 M. G .  CLARK 

3.4. Dual frequency materials 

In some materials the lowest frequency relaxation in E,; may be ar- 
ranged so as to cause a reversal in the sign of AE at audio frequencies. 
A range of possible device applications based on “dual frequency 
addressing” with frequencies above and below the cross-over fre- 
quency fo (at which AE changes sign) may be envisaged.I6 Figure 7 
defines the relevant dielectric parameters of such a dual-frequency 
material. Whereas the cross-over frequency fo is of device signifi- 
cance, the relaxation frequency fR is of greater molecular significance. 
Since this relaxation obeys the Debye form, 

The problems faced in the molecular engineering OffR may be brought 
into focus by use of the rather simple approach of Maier and Saupe,” 
who write 

f R  = fD/g (3.16) 

F RE aU E N CY 
FIGURE 7 Definitions of dielectric parameters of a dual frequency material. 
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MACROSCOPIC PROPERTIES 

where fD is a Debye-like relaxation frequency 

fD a exp( - B / k B T )  

and 

g (kBT/q)exp(q/kBT) 

with 

19 

(3.17) 

(3.18) 

q = AST, (3.19) 

where S is the order parameter and T, the absolute clearing temper- 
ature. Thus 

fR = [CSTJTjexp( - (AST, + B ) / k B q  

i.e. fR has the form 

(3.20) 

(3.21) 

a form which appears to be justifiable even in the more sophisticated 
diffusion-model approach of Nordio et al. A clear consequence of 
Eq. (3.21) is that neither constant absolute temperature T nor con- 
stant reduced temperature T/T, is on its own a basis for comparison 
of the relaxation frequencies of different compounds. 

The behaviour of the low frequency relaxation in mixtures is of 
both practical and theoretical interest. Mixtures of chemically similar 
compounds show a single relaxation and can apparently be regarded 
as a single-pseudocomponent fluid. Mixtures of chemically different 
components show distinct low frequency relaxations associated with 
each type of component. This has been demonstrated for mixtures 
of diesters with monoesters,lg diesters with azoxy c o m p ~ u n d s , ' ~  and 
cyanoterphenyls with cyanobiphenyls.20 In each case the mixtures 
show two distinct relaxations, clearly identifiable with the two types 
of compound present in the mixture (Figure 8). This observation 
forms the basis of a method for engineering practical mixtures for 
dual-frequency addressing. 14.*l One component (which may itself be 
a mixture) provides the low frequency relaxation, while the other 
(which has its lowest ell relaxation at higher frequencies) is used to 
modify other macroscopic properties, particularly the viscosity, to 
desirable values. Since the practical applications call for both large 
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\ \  

M O N O E S T E R .  ’ \ 
/’ 

/ 
4 

I I I 

10kHz 100kHz 1 MHr 10MHz 
FIGURE 8 Mixtures of chemically dissimilar components show distinct low frequency 
relaxations associated with each type of component. The figure shows loss curves, 
E”(w). for the lowest frequency relaxation in ell of a diester/monoester 

be, and even larger lAeH1, there is a need for better negative A q  low 
viscosity, materials for use in this second component. 

Note, finally, that an obvious corollary of these observations is that 
the relaxation frequency does not usually correlate well with viscosity 
in mixtures. 

4. SOME POINTS OF DIFFICULTY 

In the previous sections we have discussed the macroscopic properties 
of liquid crystals making use of the simplest applicable theoretical 
concepts. Before proceeding further, it seems appropriate to draw 
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MACROSCOPIC PROPERTIES 21 

attention to some points of difficulty embedded within these (and 
indeed more sophisticated) concepts; points which are by no means 
fully resolved. 

4.1. Internal field effects 

As stated in Sec. 2, a property tensor measures the response of the 
system to an external field. If the tensor is to be defined as an intensive 
material property (and therefore independent of the size and shape 
of the sample) the field must be the local internal field at the point 
in the material being considered. This will not in general be equal to 
the "vacuum field" set up by the external sources of the field, since 
it will also contain contributions generated by the response of other 
parts of the material to the applied field. 

Since E % 1 for condensed matter the permittivity is a prototypic 
example of this effect. Traditionally these corrections, associated with 
the names of Lorentz and others, have been calculated by considering 
small cavities cut into the continuum of material.** This procedure, 
unsatisfying even for isotropic materials, becomes even less desirable 
in an anisotropic fluid. In recent years the work of several authors 
has yielded a more satisfying approach, which has been applied to 
nematics by Madden and c o - w o r k e r ~ . ~ ~ . * ~  Here we outline briefly, 
and rather formally, only the most salient features. 

The polarization in the material can be written in either of two 
ways: 

where 

is an intensive material property, but since E, the internal field, 
depends on the thermodynamic state of the sample, x is not directly 
calculable from linear response theory. However, since E", the vac- 
uum field, is a true perturbation, x" is directly calculable from linear 
response theory. The symbol * is used in Eq. (4.1) to denote con- 
volution type integrals; the equations become simple multiplications 
if Fourier transformed with respect to time and space. The relation- 
ship between E and EO is 

E(r, t )  = Eo(r, t) + I d3r'T(r - r') - P(r', t) (4.3) 
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22 M. G. CLARK 

where the second-rank tensor 

T(r - r’) = (4mO)-’[3(r - r’)(r 

- r’)/lr - r’lS - Ulr - r’I3] (4.4) 

gives the field at r due to the polarization P(r’, t) at r‘. Hence Eqs. 
(4.3), (4.4) and (4.1) give the desired quantity x in terms of the 
quantity xo which can be calculated from linear response theory. This 
approach provides a more satisfying theory of internal field effects 
in the case of the permittivity tensor, and establishes a strategy which 
appears applicable to other internal field problems. 

4.2. Definition of the “long axis” 

Embedded in all of our discussion of the molecular origin of mac- 
roscopic properties, and indeed in more sophisticated treatments, is 
the concept of a preferred molecular frame. In the case of the “static” 
permittivity tensor the existence of both positive and negative AE 
shows clearly that the molecular electric dipole need not be parallel 
to this “long axis.” Similarly the optical order parameter [Eq. (1.7)J 
may be written in molecular terms, taking D = 0, as 

where p is now the angle between the transition moment and the 
long axis. Since one may measure distinct Sop for distinct absorption 
transitions with moments that are known to be n~n-parallel,~ one is 
again obliged to introduce a preferred molecular frame, to which 
each of the transition moments is referred with its value of p. 

The question of whether the same preferred molecular frame is 
applicable to all macroscopic properties is one of great importance. 
If it is, then a unique set of molecular order parameters S, D, . . . 
(Sec. 1.2) is applicable to all macroscopic properties. Conversely, if 
a unique preferred molecular frame cannot be defined than neither 
are the order parameters The question therefore has an 
experimental test: do different macroscopic properties yield the same 
values for the molecular order parameters? Unfortunately, the esti- 
mation of molecular order parameters from measured macroscopic 
properties is not straightforward, and most if not all of the values in 
the literature are liable to errors and uncertainties of magnitude sim- 
ilar to the differences one might be seeking. However Tough and 
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MACROSCOPIC PROPERTIES 23 

BradshawZ6 have shown that when well-conditioned estimation pro- 
cedures are used, order parameters from refractive index and mag- 
netic susceptibility measurements are in good agreement. 

Any preferred frame of the molecule is a property of the fluid, not 
the molecule alone, and must therefore be determined experimen- 
tally. One natural candidate, appropriate to the macroscopic prop- 
erties and measurement timescales of interest in device physics, is 
the principal axis frame of the rotational diffusion tensor.I4 The “long 
axis” is then the axis about which rotational diffusion is most rapid. 
This leads to the physically correct (but semantically unsatisfactory) 
conclusion that the “long axis” in a discotic nematic is perpendicular 
to the plane of the 

4.3. Director fluctuations 

The thermal fluctuations of the molecular orientation in nematics are 
of two kinds. The first are rapid, short wavelength, essentially one- 
molecule, fluctuations. Thermal averaging of these leads to the mo- 
lecular orientational distribution function f(0,  I)) introduced in Sec. 
1.2. The second are slow, long wavelength, cooperative many-mol- 
ecule fluctuations. They may be pictured as fluctuations in the prin- 
cipal axes of f(0,  I)). They lead to characteristic light scattering by 
nematics. The separation of the thermal fluctuations into one-mol- 
ecule and cooperative types is loosely analogous to the separation of 
electronic excitations into one-electron and plasmon modes in solids. 
In the case of molecular fluctuations in nematics it is not rigorously 
proven that the separation can be clearly and unambiguously made, 
but it is generally supposed that this is so, and that the cooperative 
fluctuations can therefore be treated as thermal fluctuations of the 
director n and thus are calculable from continuum nematodynamics 
(see Sec. 5 ) .  

Experimental measurements of macroscopic properties average, to 
a greater or lesser degree, over both types of fluctuation. A theoretical 
framework for describing this may be conveniently illustrated by tak- 
ing as an example the permittivity tensor. We write [cf. Eq. (2.4)] 

where q(o), E,(w) are calculated using a clamped director and av- 
eraging over the one-molecule fluctuations only. The appearance of 
both o and f as independent variables in Eq. (4.6) arises from the 
separation of fluctuation types discussed above. The value of ei, ob- 
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24 M. G. CLARK 

served in any experiment is obtained by appropriately averaging eij(w; 
r, t) over director fluctuations by use of continuum theory. In prin- 
ciple, therefore, the experimental value obtained for a macroscopic 
property depends on the spatial wavelengths 2nlk sampled by the 
measurement. These are different for different experiments, for ex- 
ample: 

light scattering 2 d k  = A(2sin&)-' - 1 to 10 pm 

Freedericksz transition 2 d k  S 2d - 10 to 100 p m  

However, it is not obvious that this effect could ever be quantitatively 
large. 

A second point, obvious from Eq. (4.6), is that director fluctuations 
couple 11 and I components of the clamped-director tensor. For ex- 
ample, taking the z-axis as the average direction of the director: 

= €,l(o)(l - 6) + €I(w)6 (4.8) 

where 

because of director fluctuations. This effect must clearly be borne in 
mind during the interpretation of data on macroscopic properties.28 
The extent to which different theories purporting to calculate mac- 
roscopic properties take into account director fluctuations is also a 
matter for debate.29 

5. PARAMETERS OF CONTINUUM NEMATODYNAMICS 

In previous sections we have discussed property tensors, taking as an 
example the permittivity tensor. Another classical category of mac- 
roscopic property is that of the coupling coefficients describing re- 
active or dissipative processes. The anisotropy of nematic fluids leads 
to much richer structure in these properties than for an isotropic 
fluid. 
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MACROSCOPIC PROPERTIES 25 

5.1. Notation 

The additional complexity of the continuum mechanics of anisotropic 
media makes an efficient tensor notation essential. The notation widely 
used in continuum mechanics for Cartesian tensors is a little different 
to those used in some other fields: 

vector a has components a; 

derivatives da,ldx,, d2ajdx,axk, etc 
are written a;.;k, etc 

2nd rank tensor B has components B ,  
derivatives B,.,, Bi,,kl, etc 

and so on. 

5.2. Curvature elasticity 

We consider first the statics of a nematic liquid. As is well known, 
if Fd is the elastic free energy associated with distortion of n(r) from 
the state of uniform alignment n(r) = n,, 

where the free energy density f d  is given by 

= i{K,,(divn)2 + K,,(n * curln)2 

+ K,,(n x curln)2 + K,,div[(n . grad)n - ndivn]} (5.3) 

where K , , ,  K22,  and Kj3 are respectively the splay, twist, and bend 
elastic constants (a fact remembered by the mnemonic STaB), and 
the convention of summation over repeated indices is assumed. By 
the divergence theorem the term containing K24 contributes only to 
surface energies and is therefore not needed in the case of disclination- 
free material with strong-anchoring boundary conditions. 
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26 M. G .  CLARK 

5.3. Extension to smectic A phase 

If it is assumed that when a smectic A is distorted the number of 
“layers” lying between two points A and B is constant, then 

(5.4) 

where t, is the wavelength of the mass density wave (Sec. 1.3). Hence 
if the integral is taken round a closed curve C bounding a surface S 

implying that curln must vanish and that Kz2 and K33 must diverge 
in the SA phase. Hence 

fd = $Kl1(divn)* + compressibility terms (5.6) 

If we consider a “layer” with principal radii of curvature R1 and R2 

%ll(divn)2 = 4Kll(Rl-1 + R2-1)2 (5.7) 

= O i f  R1 = R2 = m o r R 1  = -R, (5.8) 

demonstrating that the term containing KI1 vanishes both for flat 
“layers” and for saddle-shaped “layers” with equal but opposite radii 
of curvature. 

This simple calculation30 emphasizes the ease with which SA phases 
can distort from uniform alignment with flat “layers” and constant 
n. The development of such distortions (“textures”) on passing from 
an aligned nematic into the smectic phase may cause spurious changes 
in the apparent values of macroscopic properties. 

5.4. Influence of the S, phase on nematic elastic constants 

The prediction that K22 and K33 diverge in the S, phase would lead 
one to suppose that interesting behaviour might be seen in the nematic 
phase if a smectic phase was approached by changing temperature 
or composition. The elastic constants of nematics have been exten- 
sively studied with the aim of engineering low K33/Kll desired for 
high multiplexability of TN LCDs. One of the more surprising results 
to emerge from such studies is that Kll may also diverge on ap- 
proaching an SA phase. This occurs, for example, on approaching the 
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MACROSCOPIC PROPERTIES 27 

“injected” S, phase observed near the centre of the composition 
range in mixtures of 4-n-alkyl-4’-cyanobiphenyls and 4-n-alkylphenyl- 
4‘-n-alkylben~oates.~~ The SA phase in such cases is of “monolayer” 
type i.e. the wavelength of the mass density wave is approximately 
equal to one molecular length. As the smectic A phase is approached 
by varying the composition, K,, diverges sooner but more weakly 
than K33. causing K 3 J K , ,  first to fall and then increase rapidly and 
diverge. At temperatures above that at which the smectic is encoun- 
tered, its effect is still manifest as a lowering of K3JKIl.  Divergence 
of K I I  does not appear to have been seen in the “bilayer” type of S, 
where the mass density wavelength is approximately twice the mo- 
lecular length (e.g. S, phases of cyanobiphenyl materials alone).32 

Grinstein and Pelcovit~’~ have argued that anharmonic terms needed 
in the free energy expression for the S, phase lead to weak divergence 
of K 1 , .  On their argument any difference between “monolayer” and 
“bilayer” smectics is presumably quantitative rather than qualitative. 
Their argument is focussed on the smectic phase, and predicts be- 
haviour in the nematic only by implication. We point out that the 
director fluctuations discussed in Sec. 4.3 imply that in the nematic 
phase 

where Kp, ,  K& are calculated with the director clamped, and 6 is the 
mixing coefficient arising from director fluctuations. It would be of 
interest to calculate 6 as the smectic phase is approached. Since 
K‘i3 will diverge and 6 must vanish, the term e 3 6  might either diverge 
or vanish according to the relative rates at which e3 and 116 diverge, 
thus causing K,, either to diverge or not, even though K p ,  did not 
diverge. Although superficially very different to the Grinstein-Pel- 
covits theory, such an approach might in  reality be equivalent, due 
fundamentally to the connection between fluctuations and the change 
in symmetry on passing from the nematic to the S, phase. 

5.5. Electrohydrostatics of a “Laminar” LCD 

The distortion of the director configuration in a thin liquid crystal 
film by application of an electric field is important not only because 
of its practical application in the TN LCD, but also because such 
Freedericksz-type transitions are of fundamental interest and the basis 
of methods for the measurement of macroscopic parameters such as 
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28 M. G .  CLARK 

elastic constants. The simplest type of device, and one of great prac- 
tical interest, is the “laminar” LCD in which the director tilt and 
twist angles a and p (Figure 9) are functions only of the coordinate 
z perpendicular to the plane of the cell. 

a = .(z) p = P(z) (5.10) 

The application of Maxwell’s equations to a laminar LCD in equilib- 
rium is straightforward in the case when the liquid crystal is highly 
resistive and conductivity can be neglected.34 Both divD and curlE 
vanish giving 

D, = constant (5.11) 

and 

Ex = Ey = 0 (5.12) 

Z 

Y 

FIGURE 9 Definition of director tilt and twist angles a and (3 respectively. 
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MACROSCOPIC PROPERTIES 29 

respectively. If the voltage across the cell is V, then 

V = lod E, dz = (DJE”) dz/E,, lod 
and its capacitance per unit area C is given by 

(5.13) 

(5.14) 

where 

E,, = E,, sin2a + E, cos*a (5.15) 

Evaluation of the integrals in Eqs. (5.13) and (5.14) requires an 
expression for da/dz from the detailed continuum statics of nematics. 

Non-zero conductivity of the liquid crystal, whether due to carriers 
or dielectric loss, can be described by use of the complex permittivity 
tensor [Eq. (3.9)]. In general, it is essential to consider the Fourier 
transform (with respect to time) of the voltage applied to the cell. 
For the component with frequency W / ~ I T ,  Eq. (5.11) becomes 

ioD,  + j ,  = constant (5.16) 

where j z  is the z component of the current density. It is convenient 
to define the integrals 

I’ = lop dz E:,/(E:,~ + E::) (5.17) 

I” = 1: dz E~’/(E:,~ + E::) (5.18) 

and the Q-factor 

Q = oCR 

The analogues of Eqs. (5.13) and (5.14) are then 

v = (D,I’ + w-’j,I’’)/€o 

(5.19) 

(5.20) 
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30 M. G .  CLARK 

Q = I’/I” (5.21) 

1/C = I’(1 + Q-2)/q, (5.22) 

R = I”(1 + Q2)/oeo (5.23) 

The case of non-zero conductivity has not, in the past, been ade- 
quately treated in the literature. However, a correct account,35 de- 
rived independently prior to this review, has appeared during the 
preparation of this written version. 

The application of Maxwell’s equations to a non-equilibrium lam- 
inar LCD would seem to merit investigation. Although present prac- 
tice in treating problems where the director is moving (and hence the 
nematic is flowing) may be quantitatively adequate, we offer the 
following quotation both as evidence that a rigorous treatment is 
desirable and as reason for not attempting one here: “The problem 
of formulating constitutive equations for moving and deforming ma- 
terial media is one of the most difficult and controversial in electro- 
magnetic 

5.6. Nematodynamics 

Given the inevitable complexity of the hydrodynamics of an aniso- 
tropic fluid with two hydrodynamic variables, v(r, t) and n(r, t ) ,  it is 
relevant to ask whether the dynamics of liquid crystals is a subject 
of unavoidable practical concern. The answer is yes, for a number of 
reasons: 

(a) Non-Newtonian “viscosity“ 

In conventional viscometric experiments the apparent viscosity coef- 
ficient may depend on shear rate, geometry of the apparatus, etc. 
These effects do not arise from changes in the molecular order pa- 
rameters (the kinetic energy per molecule associated with normal 
macroscopic flows is only a tiny fraction, or less, of the inter- 
molecular interaction energy per molecule). They arise from com- 
petition between the flow-induced orientation of n and that induced 
by the boundaries of the sample. 

(b) Turn-on and turn-off times of LCDs 

For example, the natural turn-off of a TN LCD is not even approx- 
imately a simple exponential decay. 
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MACROSCOPIC PROPERTIES 31 

(c) Coupling of fluid flow and director reorientation 

In general it is not possible to have one without the other, and under- 
standing of this coupling is therefore essential to an understanding 
of the device physics of LCDs. 

(d) (E1ectro)hydrodynamic instabilities 

The motion of the director may do something unexpectedly different, 
and perhaps advantageous or detrimental to device performance, 
above some threshold in the drive level. 

The additional macroscopic parameters required to describe the 
dynamics of nematics may be presented in a number of forms, all of 
which may be related to the a coefficients appearing in the Leslie- 
Ericksen  equation^.^' These equations introduce dynamical contri- 
butions to the stress tensor f i j  and to the intrinsic body force on the 
director gi, which are the most general allowed by symmetry subject 
to the constraints of linearity in fluid velocity and rate of director 

(5.24) 

(5.25) 

(5.26) 

(5.27) 

(5.28) 

(5.29) 

(5.30) 

and, as usual, repeated indices imply summation. O n  a point of se- 
mantics, note that although the theory is linear in the sense of being 
linear in shear rates it is highly non-linear in the sense of leading to 
non-linear equations of motion. 

appearing in Eqs. (5.24) Of the six coupling coefficients alr . . ., 
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32 M. G .  CLARK 

and (5.25), only 5 are independent since the Onsager reciprocal re- 
lationships imply the Parodi relation3* 

a6 - a5 = c4j + a2 = yz (5.31) 

The 5 independent quantities can be formulated as 4 dissipative 
coefficients and one reactive coefficient. The dissipative coefficients 
may be visualized by imagining the director to be clamped (e.g. by 
an infinite external field) relative to various flow patterns. Figure 10 
shows the three configurations associated with the early work of 
M i e s o ~ i c z ~ ~  and corresponding to the linear combinations 

ql = $(-a2 + a4 + as) (5.32) 

q 2  = +(a3 + a4 + ag) (5.33) 

q 3  = k 4  (5.34) 

Note that other labellings of the Miesowicz q coefficients are also 
to be found in the literature, including different assignments of the 
subscripts 1, 2, 3. The fourth dissipative coefficient a,, also written 
qlz, is perhaps most usefully visualized by considering the effective 
viscosity qeff in the plane of shear (associated with fzx) for a director 
clamped in a direction (8, +) relative to uniform shear due to a velocity 
field (0, 0, v , (x) )  as shown in Figure 11: 

qeff = qlsin28 cos2+ + q2cos28 + q3sin28 sin2+ 

+ q , 2 ~ ~ ~ z e  sin28 cos2+ (5.35) 

From Eq. (5.35) it is evident that -qI2(=al) vanishes from the 
expression for qeff for the three Miesowicz configurations but not, in 
general, for intermediate configurations. 

The fifth coefficient may be taken as 

A = -y2/y1 = (1 + a3/a2)/(l - a3/a2) (5.36) 

and is reactive in character, describing the coupling between flow 
and director orientation. 
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In 

n 7 
h. 

FIGURE 10 The three Miesowicz configurations; the diagrams show the relative 
orientations of the velocity shear and the clamped director n. 
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34 M. G .  CLARK 

FIGURE 1 1  Uniform shear configuration considered in the text. 

5.7. Solutions of the Leslie-Ericksen equations 

It is helpful to consider briefly some basic points concerning the 
solutions of the Leslie-Ericksen equations. 

(a) Scaling 

The Leslie-Ericksen equations are invariant under the tranformation 

r' = cr t' = c2t (5.37) 

where c is a scaling factor. This has been verified experimentally, 
and illustrates clearly the overdamped (diffusive) nature of nema- 
todynamics. 
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(b) Neglect of inertial term 

The analogy with diffusive motion is even stronger in a liquid crystal 
device since the term pv, where p is the density of the fluid, can 
usually be neglected. For an LCD with cell spacing d the time taken 
for v to adjust to a change in n is of order pd2/q which s for 
d - 10 km, whereas the time scale characteristic of director motions 
is s. 

(c)  Special solutions in uniform shear 

Two special solutions, in which the director is stationary despite the 
presence of flow, are worthy of note. Referring to Figure 11, first, 
if 4 = 0 the viscous torque on the director is 

I‘visc(+ = 0) = v:(a2sin28 - o13cos2B) (5.38) 

where v: = dv,/du is the shear. From Eq. (5.28) this torque vanishes 
for a “flow alignment angle” O,, given by 

eo = tan-’(a3/a2)1’2 if ((~3/(~2) > 0 (5.39) 

The sign of O0 is such that hn,n,v: > 0. When (a3/a2) < 0 the flow 
alignment angle O,, is imaginary. Second, if 8 = d 2 ,  4 = d 2  i.e. n 
= (0, 1, 0) the viscous torque again vanishes, although this solution 
is unstable above some finite shear. 

(d) Numerical solution 

Since for a parallel aligned cell the Leslie-Ericksen equations yield 
two coupled partial differential equations, while for a twisted cell 
they yield four, their solution by numerical techniques is an attractive 
approach to  obtaining reasonable generality, which has been ad- 
vanced particularly by the work of Berreman.“ An early success of 
this approach was the demonstration of how the coupling of flow to 
director orientation led to fluid “backflow” and director “kickback” 
 effect^.^' 

5.8. Measurement of viscous coefficients 

Space does not permit even a cursory survey of the various methods 
which have been proposed for measuring the viscous coefficients. 
Much interesting experimental work has been done in this area, and 
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36 M. G .  CLARK 

various of the viscous coefficients have now been determined for a 
number of nematic materials. However, in the opinion of the present 
author at least, none of the methods fully satisfies the criteria set out 
in Table I. Light scattering, perhaps the most attractive on grounds 
of sample size and computer control, has a problem that an applied 
electric field (needed if coefficients other than y1 are to be extracted 
with high accuracy) leads to unexpected effects in the splay-bend 
mode, thus involving additional macroscopic  parameter^.^^ It is also 
demanding with respect to sample preparation, since stray light scat- 
tered by e.g., alignment defects, must be avoided. Shear wave re- 
flectance is also economical with respect to sample size, but measures 
only a4 and the rather awkward combination 

The third combination which appears in the theory 

is equal to qB even without recourse to the Parodi relation Eq. (5.31). 
The technique is experimentally demanding with respect to temper- 
ature control. 

The various viscometric methods which have been developed de- 
pend on measuring the effective viscosity with the director “clamped” 
with an external field. From Eq. (5.35) four independent configu- 
rations are required to get ql,  qz, q3, and q12. If a3/a2 > 0 measure- 
ment of €lo completes the set of coefficients. Both these and the related 
experiments of torsional shear flow (Wahl and FischeP3) and torque 
induced by a rotating magnetic field (Zvetkow44) suffer in varying 
degrees from some or all of the problems that: 

(i) the theory usually used assumes an ideal situation not fully 
satisfied in practice, e.g., aligning field not infinite, wall and/or edge 
effects non-negligible, etc; 

(ii) the behaviour of materials with ( Y ~ / o L ~  < 0 is not fully understood; 
(iii) a large sample is required. 
In addition the two last-mentioned experiments measure only, for 

the torsional shear flow, az and a3 (at best) and, for the rotating 
magnetic field, yl. 

Of the various viscous coefficients y1 is probably the most acces- 
sible, being relatively easily measured by either a Zvetkow-type ex- 
periment or by light scattering. 
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6. SOME ISSUES IN THE PHENOMENOLOGY OF NEMATIC 
VlSCOSlTY 

6.1. Temperature and order parameter dependence of viscous 
coeff lcients 

It is generally supposed on both theoretical and empirical grounds 
that the temperature dependence of the viscous coefficients is likely 
to be of the form 

However, the order parameter dependence of the coefficients A 
and E introduces a weak temperature dependence which is difficult 
to verify experimentally against the background of the strong exp[const./ 
r ]  dependence, particularly since the experimentally-accessible range 
of S is usually small. Little, if any, thought has been given to the 
implications of D f 0 for the theoretical forms of the viscous coef- 
ficients. 

6.2 Flow alignment-and lack of it 

The question of whether, and at what temperatures, a nematic ma- 
terial has imaginary flow alignment angle Oo is of practical importance 
both because some theories of experiments to measure viscous coef- 
ficients assume O0 is real, and because Oo being imaginary may intro- 
duce new hydrodynamic instabilities into device behaviour. 

To the best of our knowledge all nematics having smectic A phases 
show imaginary Oo over part or all of their nematic range, together 
with some materials not showing a smectic The existence 
of imaginary Oo has no obvious correlation with molecular polarity 
or the presence specifically of “bilayer” smectic-like local order due 
to a terminal CN sub~t i tuent?~  although the presence of some kind 
of smectic-like local order is presumably always the source of the 
phenomenon, even in those materials not showing a detectable smec- 
tic phase. All dual-frequency materials (Sec. 3.4) known to the author 
show imaginary Oo over at least part of their nematic range4’ (although 
imaginary O0 is not, of course, a sufficient condition for dual-frequency 
behaviour). 

6.3. Divergencies at S, phase 

If we imagine smectic A “layers” forming perpendicular to the di- 
rector in Figure ll ,  these “layers” will be disrupted by the flow unless 
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38 M. G. CLARK 

0 = d 2 .  From inspection of Eq. (5.39, this suggests that at least 
q2, and possibly qlz, may diverge on approaching an SA phase. A 
similar argument applied to an irrotational flow verifies that qlz should 
also diverge. Translated into a coefficients, the conclusion, confirmed 
both by more rigorous theory48 and by e ~ p e r i m e n t , ~ ~ , ~ ~  is that al ,  a3, 
and a6 [cf. Eq. (5.31)] diverge on approaching a smectic A phase. 
As with the elastic constants (Sec. 5.4), the influence of divergencies 
at the smectic phase is felt over a significant proportion of the nematic 
range, and knowledge of such divergencies can therefore be used to 
engineer the viscous properties of the nematic phase. 

There is some evidence that, as with the divergence of KI1 discussed 
in Sec. 5.4, the divergence of a3, at least, is weaker in some SA phases 
than others. Evidence of weak divergence in “bi1ayer”-type cyano- 
biphenyl materials and strong divergence in non-cyano materials has 
come from shear cell studies,45 and from NMR estimates% of y,. 

6.4. “Bulk” viscosity 

It is universal practice in the LC materials industry to characterise 
the viscosity of their products by a single number obtained by meas- 
uring in a conventional viscometer and treating the data as if the 
liquid were isotropic. There is no doubt that the result is a useful 
empirical number which correlates at least approximately with the 
response times of twisted nematic and other types of LC device. It 
is equally obvious that the number is ill-defined and its meaning is 
unclear. Somewhat surprisingly, the industry does not usually take 
into account that this bulk viscosity may be strongly dependent on 
shear rate or geometry (although such effects would be expected and, 
indeed, can be verified e~perimentally).~~ Equally, published data5* 
shows no qualitative distinction between materials with real e0 and 
those with imaginary e0. Both of these points suggest that the numbers 
usually reported may not be “flow aligned” viscosities, contrary to 
what has sometimes been stated or implied in the literature. 

To the extent that the published “bulk viscosity” really is as well- 
behaved a parameter as has been found or assumed, the work of 
Cladis and coworkers53 may be significant. These authors suggest that 
in some typical viscometric situations the liquid may in fact contain 
large numbers of disclinations. The hydrodynamics of a nematic con- 
taining a continuous density of disclinations may be worked out by 
use of gauge theory.54 A rough guide to the shear rates at which 
disclinations might begin to form is given by the (dimensionless) 
Ericksen number 
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MACROSCOPIC PROPERTIES 39 

Er = qd2v' /K 

where d is the thickness of the sheared sample, v' is the shear rate, 
and q and K are appropriate viscous and elastic coefficients. The 
literature on hydrodynamic instabilities would suggest that in constant 
shear disclinations begin to form when Er exceeds a number of order 
10. (In oscillatory shear the critical Er apparently increases with fre- 
quency; for example, a linear increase with frequency was found in 
shear cell studies at audio f r e q ~ e n c i e s . ) ~ ~  Clearly there is a need for 
the experiments used to measure bulk viscosity to be performed with 
apparatus in which shear rate and surface alignment can be controlled 
and, equally important, the sample can be observed visually during 
shear. 

The temperature dependence of the bulk viscosity can be fitted to  
the Vogel-Fulcher law 

where To is a temperature close to the glass transition temperature. 
This form of temperature dependence is associated with glass for- 
mation and, perhaps more significantly in the present context, with 
free volume  effect^.^^^^^ Clearly the fact that bulk viscosity data can 
be fitted to Eq. (6.3) raises questions concerning the temperature 
dependencies of the viscous coefficients; questions which are difficult 
to answer while the way in which individual a coefficients contribute 
to qbulk remains unknown and experimental data on the a coefficients 
is limited. 

7. CONCLUDING REMARKS 

In conclusion it may be helpful to summarise the following salient 
points: 

(i) Both continuum and molecular views of macroscopic properties 
have unresolved points of difficulty even for nematics. 

(ii) Molecular engineering of LCs is about optimising both molec- 
ular and fluid structure. 

(iii) There is a continuing need for calculations relating device 
behaviour to macroscopic properties. 

(iv) There is a continuing need for improved measurement tech- 
niques and more data. 
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40 M. G. CLARK 

Finally, in this age of information technology, we offer one further 
point for discussion: is there a need for an international computerized 
data base of LC macroscopic properties? 
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