This article was downloaded by: [Tomsk State University of Control Systems
and Radio]

On: 17 February 2013, At: 05:52

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl15

Dielectric Relaxation in
Nematic Liquid Crystals

Gerhard Meier @ & Alfred Saupe °
% Institut fur Elektrowerkstoffe der Fraunhofer-
Gesellschaft, Freiburg 1, Br., Germany

b Physikalisches Institut der Universitat, Freiburg 1,
Br., Germany
Version of record first published: 21 Mar 2007.

To cite this article: Gerhard Meier & Alfred Saupe (1966): Dielectric Relaxation in
Nematic Liquid Crystals, Molecular Crystals, 1:4, 515-525

To link to this article: http://dx.doi.org/10.1080/15421406608083290

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages



http://www.tandfonline.com/loi/gmcl15
http://dx.doi.org/10.1080/15421406608083290
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Tomsk State University of Control Systems and Radio] at 05:52 17 February 2013

whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [Tomsk State University of Control Systems and Radio] at 05:52 17 February 2013

Molecular Crystals. 1966. Vol. 1, pp. 515-525
© Copyright 1966 Gordon and Breach Science Publishers
Printed in Great Britain

Dielectric Relaxation in Nematic
Liquid Crystals

GERHARD MEIER

Institut fiir Elektrowerkstoffe der Fraunhofer-Geselischaft, Freiburg i. Br., Germany
and
ALFRED SAUPE

Physikalisches Institut der Universitit, Freiburg i. Br., Germany

Received December 8, 1965

Abstract—In homogeneously ordered liquid crystals of the nematic type,
two principal dielectric constants can be measured: e; parallel and e
perpendicular to the symmetry axis of the liquid erystal. The two dielectric
constants may show a very different relaxation behaviour. With alkoxy
derivatives of azobenzene, only the normal Debye dispersion region at
microwave frequencies has been observed. With alkoxy derivatives of
azoxybenzene, e2 shows again only the normal Debye dispersion region at
microwave frequencies, but €; has an additional dispersion at very unusually
low frequencies in the radio region. This dispersion is due to the permanent
electric dipole moment of the azoxy group, more exactly to its component
parallel to the long molecular axis. The reorientation of this component in
direction 1 is hindered by a potential barrier due to intermolecular forces.
The corresponding relaxation time is increased by a factor g. Starting from
a modification of the Debye theory of dielectric relaxation, this retardation
factor may be used to calculate the height of the potential barrier. Numerical
values are in satisfactory agreement with other values, calculated from the
observed long range order.

In this paper we will give a review of our investigations on the
dielectric properties of liquid crystals of the nematic type. The
molecular structure of a nematic liquid crystal is fixed by only one
principle of order: the long axes of the molecules are in the average
parallel to a distinet direction. Because of the thermal motion, the
long axes of the molecules oscillate around the preferred direction.
From this principle of order there follows an anisotropy of all
physical properties and this anisotropy is that of a uniaxial crystal.

The preferred direction is equal to the optical axis of the liquid
34 515
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crystal. We denominate the preferred direction by the subscript 1
and any transverse direction by the subscript 2. The angle between
the molecular axis and the preferred direction is denominated by 6.
In a macroscopic sample the preferred direction may vary from one
domain to another. A uniform alignment can be established very
easily by a magnetic field of 1000-2000 G. With such magnetically
orientated layers two principal dielectric constants can be measured.
In the absence of a magnetic field, we observe values, that lie
between the two principal dielectric constants. They are not well
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Figure 1. 4,4’-di-n-octyloxy-azobenzene: dielectric constants and their
difference.

defined because they depend on the previous history of the sample.
With an increasing magnetic field the measured values become more
and more stable and constant. In the region of 1000 to 2000 G there
oceurs 3 saturation and a further increase of the magnetic field does
not change the values. We must emphasize that the only effect of
the magnetic field is to give a distinguished direction to the mole-
cular order. The principal dielectric constants are constants of
material and do not depend on the magnetic field. The preferred
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direction of the molecular order is equal to the direction of the
magnetic field, and therefore ¢, is measured, if E is parallel to H,
whereas ¢, is measured, if ¥ is perpendicular to H.

As an example we show the results of measurement with 4,4'-
di-n-octyloxy-azobenzene, as measured by Maier and Meier.! In
Fig. 1, the principal dielectric constants and their difference are
plotted vs. the temperature. e, is larger than ¢,. The difference is
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Figure 2. 4,4’-di-n-methyloxy-azoxybenzene (p-azoxyanisole): dielectric
constants and their difference.

small and amounts to only 19%,. At the transition point from the
liquid crystalline to the normally liquid state the anisotropy
vanishes discontinuously.

As another example we show the results with p-azoxyanisole in
Fig. 2 after measurements of Maier and Meier.? Here ¢, is larger
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thane;. The difference amounts to a few per cent. The frequency of
the electric field was 100 ke to 1 Mec.

The question, which of the two principal dielectric constants will
be larger than the other, depends on the amount and the direction
of the molecular permanent dipole moment. In the case of p-azoxy-
anisole, there is a strong dipole moment that makes a large angle
with the molecular long axis. Therefore ¢, is greater than e;.

Starting from a modification of the Onsager theory of dielectric
polarization, Maier and Meier?® succeeded in explaining these values.
The principal dielectric constants depend on the principal polariz-
abilities of the molecule, the permanent dipole moment and its
direction with respect to the long molecular axis, and the degree of
order of the liquid crystal. These calculations have shown that the
principal dielectric constants are defined only by these molecular
properties and the nematic ordering. At low frequencies the
dipoles must be regarded as reorientating freely as in the isotropic
phase. The average dipole or orientation polarization is essentially
as large as in the isotropic phase. Therefore we must assume that
there is no unusually strong dipole association.

Now we have to make some remarks to the effect of the electric
field on the molecular order. In their early investigations, Ornstein
and Kast* observed a relaxation range at frequencies of some
100 ke, that they tried to explain by a reorientation of swarms.
But we think, that this is not an actual relaxation process but
perhaps a phenomenon which is connected with the existence of
liquid flows that are easily observed at low frequencies. These
flows also may be the cause for the abnormal behaviour of macro-
scopic alignment at direct current or very low frequencies. At
higher frequencies these flows break off, and the liquids show a
normal behaviour of alignment, at least in all cases, that have been
investigated hitherto. That means that the liquid orientates
macroscopically in such a manner that the axis of largest dielectric
constant shows in the direction of the electric field.

We give two examples: the above-mentioned azo compound has a
principal dielectric constant e, that is larger than ;. At higher
frequencies and sufficiently strong electric fields, the preferred
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molecular orientation is in the direction of the field, if there are no
other orienting forces. With p-azoxyanisole, ¢; is smaller than e,.
Here the preferred direction is perpendicular to the electric field.
With the above referred dielectric measurements this orientation
was of no importance, since Maier and Meier employed very weak
electric fields and oriented by comparatively strong magnetic fields.

Now we must turn up to the question of the mechanism of the
dipole orientation. Regarding the molecular order of a nematic
liquid crystal, we can easily see, that a rotation of a molecule
around a transverse axis must be very much more hindered than
the other motions of rotation, par example a rotation around the
long molecular axis is essentially not hindered. Therefore a dipole
orientation, that can only be realized by a changement of the angle
0, must show a higher relaxation time.

We have to discuss this fact more exactly. Let us consider a mole-
cule like p-azoxyanisole. The permanent dipole moment may be
composed of two parts: one part ug that belongs to the end groups
of the molecule and can rotate in a more or less free manner, and
another part, that belongs to the central group of the molecule and
is fixed in the molecule. We denominate it by up. It is only pr
that is touched by the restriction of the 6§ orientation, since ug
can reorientate by the inner degree of freedom, even if the angle 6
is fixed. Now we divide uy into a longitudinal component pgy, in
the direction of the long molecular axis and a component pupr
in a transverse direction. The reorientation of the component
wyy, into the direction 1 is hindered because it is connected with a
rotation of the molecule about a transverse axis. The transverse
component can reorientate freely by rotation around the long axis,
and there is no hindrance at all for the dipole reorientation into the
direction 2.

Therefore we have to expect the principal dielectric constant e,
to have an ordinary dependence of frequency, whereas ¢; will have
an additional region of dispersion. In Fig. 3 we see the expected
values for p-azoxyanisole. €, is constant up to the microwave
region. There we have the normal Debye relaxation, and ¢, drops
down to the optical value. On the other hand, ¢; must have an
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additional and very unusual dispersion below the Debye region.
This dispersion is due to the intermolecular forces that cause also
the long range order of the nematic liquid crystal. Maier and Meier®
succeeded in finding the range, where the relaxation occurs. In
Fig. 4 we see the results of measurements with p-hexyloxy-azoxy-
benzene. The frequency range is from 100 ke to 4 Mc. In this
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Figure. 3 Expected dispersion of the dielectric constants of p-azoxyanisole.

range e is not dependent on the frequency but ¢; shows a pro-
nounced dispersion. The dispersion vanishes at the transition
point. In Fig. 5. we see the dielectric loss plotted against the
temperature. The frequency at maximum lossis extremely depend-
ent on the temperature.

We will characterize the relaxation process by a relaxation time
71. We denominate the corresponding relaxation time of the ordi-
nary Debye relaxation by 7,. 7, may for instance be experiment-
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ally determined by extrapolation from measurements in the iso-
tropic phase. Now we define the retardation factor g by the ratio
g=r71/7¢. This retardation factor is very strongly dependent on the
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Figure 4. 4,4’-di-n-hexyloxy-azoxybenzene: dielectric constants.

temperature. Its order is 100 to 1000. We have to emphasize that
these values are extremely high and that it is very unusual that a
radio frequency dispersion occurs with liquids. At first sight this
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is very surprising since the viscosities of the regarded liquid crystals
have normal values. Therefore we have the problem to make under-
standable this great retardation factor, that is we must find a
connection between 7; and the intermolecular forces.
We start from the Debye differential equation

of 1 2. of M

Fie 2rosin08_8{sma(_a_t__k7'f)} )
fis the distribution function and is dependent on 8 and the time ¢:

At
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Figure 5. 4,4’-di-n-hexyloxy-azoxybenzene: dielectric loss.

f=f(8,t). f describes at any time the distribution of the dipoles
among the various directions in space. We assume that there is a
permanent dipole moment, that is parallel to the long molecular
axis. The angle 6 =0 gives the direction of the applied electric field
(measurement of ;). The meaning of f will be obvious if we consider
the expression
dN = N,fsinfdé

dN is the number of dipoles per cubic centimetre whose directions
are included between 6 and 8+ df. N is the number of dipoles per
cubic centimetre. The function f is normalized such that

ffsin@dﬂ =1
0
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7018 the ordinary Debye relaxation time and M is the torque acting
on a dipole. The electric polarization P is given by

P =N,a = NopffcosﬁsianG
0

Let us now suppose that there is an electric field E, acting on the
dipoles and that this field is turned off at a time #,. In order to
simplify the calculations we assume that the distribution function f
always will have the form
_ a’(E 0> t)
f,t) -f0(1+ T eos@)

where f, is the undisturbed distribution of the nematic order.
With this assumption we obtain from (1) the following differential
equation

QI_) _ _l fo(m/2) (2)
at 70{|cos 8>

Here (|cosf|) is the expectation value of the absolute value of
cosf in the undisturbed distribution f,. The solution is

.P = PO e_“n (3)

The polarization P falls off with a decay rate that is given by the
relaxation time 7, =gr,, where

_ {|cos 8]>
fo(m[2)

We started from the assumption that the perturbation of the
distribution function f, always will have a form like the cosine
function. Now we have to discuss the significance of this assump-
tion. For this purpose we divide the dipoles contained in 1 cm?
into two ranges:

N, is the number of dipoles with direction from 0° to 90°

N, is the number of dipoles with direction from 90° to 180°
Our assumption means firstly that we neglect the influence of the
reorientation within the two ranges on

(4)

0
5 (= Ny)
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More detailed considerations show that this neglection is not
serious with respect to the value of the retardation factor. We
estimate that the error in g does not exceed 209,. Secondly, our
assumption means, that we put

ANKAG

This is not exactly true. We take into account only such variations,
that arise from the transition of a dipole from one range to another.
We neglect all variations of the polarization that are caused by
reorientations of the dipoles within the two ranges. However we
could show that this process involves only a small part of the whole
polarization. Therefore we think that our assumption in this point
is justified.

Now let us discuss the formula (4) for the retardation factor. In
the normal liquid phase, the distribution function f; is a constant.
Its value is  because of our normalization. The expectation value
of |cosf|is . Inaperfectly ordered liquid crystal, (|cosf|)> amounts
to 1 and in a real liquid crystal we can assume a typical value of 0.8.
Therefore we are able to calculate fo(w/2) without any further
assumption. We obtain f; (7/2) =0.8/g. Since g has values of 100
or 1000, we see that the density of population about an angle of
90° is reduced to a very little fraction of the correspondent value in
the isotropic phase.

Now we turn to the problem to correlate the retardation factor
to the potential given by the intermolecular forces. For this
purpose we assume the distribution function to have the following
form

fO(B) = (¢ —(a/kD)sin?6

¢ is a parameter that must be adapted to give the right value of g.
This function is one of the most simple possibilities to describe the
molecular ordering and is commonly used in the long range order
theories.®~® With this function we can also evaluate the expecta-
tion value of |cosf|. We obtain the following relation between the
retardation factor and the parameter ¢
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g = k_T(eqncT_ 1) = @eqlkif‘
q q
With p-azoxyanisole the experimental value is g=100 at 121°C.
From thisit follows g=0.22 V.
Now there is another way of calculating the value of q. The
intermolecular forces are the cause for the long range order, and
therefore there must be a relationship between g and the degree of

order. This degree of order S is defined by
S = 3(3cos?f-1)

The degree of order S can be evaluated experimentally, par example
by measurements of the diamagnetic susceptibility. With azoxy-
anisole § =0.56 at 121°C. If we assume again the same distribution
function as before, we can calculate the value of ¢. The result is
g=0.14 V.

In this evaluation we have taken into account the long range
order. But with respect to the dielectric relaxation the important
quantity is the short range order. It is evident that the long range
order must be smaller than the short range one. Therefore it is
understandable that we obtain a smaller value of ¢ if we start from
the long range order. We have to emphasize that it was our aim to
understand the existence of a low frequency dispersion region. In
this sense we think that the agreement between the two values may
be regarded as satisfactory.
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