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In an ordered, directional medium, such as liquid crystals or biological membranes, it is often
desirable to determine both the degree of ordering (i.e., order parameters) and the directions in
space which most aptly characterize it. Here, a method is presented for determining these
quantities relative to a laboratory frame. It consists in measuring changes in the light absorbed by
a pleochroic dye dissolved in dilute quantity in a directionally ordered medium (e.g., nematic
liquid crystal or lipid bilayer) as functions of polarization and angles of incidence. The results of
testing this method on a model system of dilute mixtures of dyes in a room temperature nematic
liquid crystal are presented. In principle, only six such measurements are necessary to make these
determinations; however, some redundancy is desirable to obtain sufficiently accurate results. We
show that an accuracy of 5% or better can be obtained from nine measurements. A detailed

discussion of the errors that can be expected is given.

PACS numbers: 61.30.Eb, 61.30.Gd, 87.15.By, 78.20.Dj

I. INTRODUCTION

There are many systems consisting of large molecules.

whose spatial orientation is not random. Examples of these
are liquid crystals, whose molecules in most cases are long
and rodlike and which orient themselves regularly more or
less parallel to their neighbors. Other examples are mem-
branes in which the molecules are long chains oriented per-
pendicular to the membrane surface; this is the case both for
biological membranes and for soaps and detergents. One
point of interest to those who study such systems is to define
and determine the degree of order of such a system and the
direction or directions in space which most aptly character-
ize it.

Order parameters for many such systems have been de-
fined and are in general use. For example, for nematic liquid
crystals, the conventional order parameter is the average val-
ue of [(3/2) cos® @ — 1], where @ is the angle between any
given molecular axis, and the most probable direction for
that axis. However, we shall see that this parameter alone is
insufficient to characterize the distribution of molecular
axes. There are several methods already established for de-
termining these given quantities. These involve, among oth-
ers, the use of x rays, magnetic and dielectric susceptibility,
nuclear magnetic resonance, and the optical properties of the
substance, such as birefringence and dichroism.'~> Some-
times these methods may be inconvenient for a variety of
reasons or the substance may lack the property to be used.

The method which we describe in this article is the fol-
lowing. A dye is chosen to have an optical absorption polar-
ized parallel to its long or rotation axis and is dissolved in the
liquid crystal in low concentrations (typically <0.2 wt. %).

* Present address: Department of Chemistry, Georgia State University, At-
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The absorption coefficient is determined for light passing
through the specimen in a variety of directions and polariza-
tions. From these measurements, a set of parameters can be
deduced which characterize the spatial orientation of the
dye molecules. If it is assumed that the dye molecules are
oriented parallel to the host molecules, then these para-
meters also characterize the host. There may be instances,
however, such as in lipid bilayers, when the dye’s orientation
does not coincide with that of the host, or there may be no
simple way of determining the orientation of the director.
There are many advantages to this method which need not
be enumerated here, but will be obvious to anyone intending
to use it.

Our account is organized in the following way: In Secs.
II and III the theory of the method is developed with parti-
cular emphasis on what can and cannot be determined. We
show how to choose the measurements so that all the avail-
able information can be deduced and unnecessary measure-
ments can be avoided. An analysis of the errors of the de-
duced parameters is presented in Sec. I'V.

In Sec. V, an experiment is described in which several
dyes were dissolved in a nematic liquid crystal mixture,
whose order parameter and principal directions were also
determined by other methods. Calculations of the results of
these experiments are discussed in Secs. VI and VII.

Il. THEORY OF THE METHOD

In order to describe measurements of absorption, we
must have a coordinate system, and the one which we use is
shown in Fig. 1. (x,p,z) is a set of right-handed cartesian axes
Jfixed in the specimen. The direction of the emerging beam of
light is the direction k, which is described by the convention-
al polar angles (6, ), as also shown in Fig. 1. We shall consid-
er the absorption of plane polarized light, and so we need
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FIG. 1. The coordinate system used to describe the experimental measure-
ments.

another coordinate to define the direction of the electric vec-
tor. We therefore define a “reference direction” which is
perpendicular to k, which lies in the plane containing k and
the z axis (which is the sample normal in our experiment),
and which points in the direction of increasing 6. The elec-
tric vector E is also perpendicular to k and its direction is
defined by the angle 3, which is measured from the reference
direction to E in an anticlockwise direction as seen by an
observer looking towards the light source.

In a similar manner the direction of the absorption axis
of a dye molecule can be defined by giving its spherical polar
coordinates (€ ‘,¢ ‘). This direction is not unique, and we can
defineadistributionp(@ ',¢ ') such thatp(6 ',¢ ')d12 is the prob-
ability that a given axis lies in a small solid angle df2 centered
on (8',¢ ‘). Like any well behaved function defined on the
|

1449 [————cos 4 4 ; sinzt?cos2¢]

surface of a sphere, p(6',¢ ') can be expanded in a series of
zonal harmonics, and the expansion coefficients are an alter-
native way of specifying the distribution of molecular axes. If
the absorption of the dye is due to an ordinary electric dipole
(El) transition, then its intensity is proportional to cos® ¥,
where ¥ is the angle between the electric vector E and the
dye’s transition moment vector, which we have taken to be
parallel to the dye’s long axis. (In general, the transition mo-
ment vector M, will make an angle £ with the dye’s long
axis.) Now it can be shown that the average value of cos® ¥,
(cos®? W) < f p(6',4 'Jcos® Wd(2, is a linear combination of
the second order expansion coefficients of p(8',4 ') (see Ap-
pendix) and we shall define these expansion coefficients (or

order parameters) as follows: .
Ag=(%coszt9'——%) g 1
A =(1V3cosf'sinf cosg’)
B} =(1/3cosf’'sinf sing"’) - (1)
A} =(1V/3sin* 8’ cos 24 ')
B3 ={1V3sin’sin2¢"') )

Thus, these are the only parameters which characterize the
distribution of the dye axis which can be found by this meth-
od, and the problem is to devise a scheme for deducing them
all as efficiently as possible. We note that 49 is the usual
orientational order parameter S, and 4 2 is well known in
other contexts as the asymmetry parameter.

The absorption of light is given by I = I, e ~““where I
and I, are the emergent and incident beam intensities, re-
spectively, /'the length of the light path in the specimen, and
« the absorption coefficient. The determination of «¢is a
straightforward matter of absorption spectroscopy and the
techniques for measuring the quantity need not concern us at
present. (We should note, however, that in addition to mea-
suring the ratio I /I, a number of corrections have to be
applied, some of which are standard, and others of which are
peculiar to this experiment.) It is ¥ which is proportional to
(cos® ¥), and a straightforward but tedious calculation (see
Appendix) gives that « is proportional to

+ V34 [ —sin 6 cos 6 cos ¢ (1 + cos 2¢) + sin 8 sing sin 2¢]

+ V3B, [ —sin 6 cos O sin ¢ (1 + cos 2) — sin 0 cos ¢ sin 2¢] +
\/3

+ (1 + cos? 6 )cos 2¢ cos 2¢ — 2 cos O sin 2¢ sin 24] + ———
— 2 cos & cos 2¢ sin 2¢] .

In Eq. (2), 49,45, B}, A3, and B? are the five un-
knowns and there is a sixth unknown which is the optical
thickness. We need six independent measurements to deter-
mine them. There is no unique choice of these measure-
ments. They may be chosen to suit the convenience or the
limitation of the experiment.

6128 J. Appl. Phys., Vol. 53, No. 9, September 1982

——B?

V3 A2 [ —sin® @ cos 2¢

[ —sin? @ sin 2¢ + (1 + cos? 8)sin 24 cos 2]
{2)

More than six measurements are redundant but useful
to reduce errors. More than three measurements at a given
light path are also redundant because in that case, Eq. (2)
reduces to the form 4 4 B cos 2¢ + C sin 2¢, which clearly
requires only three different values for # to determine 4, B,
and C.
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