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Measurements in a Homogeneous 
Electr ic Field? 
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Department of Chemistry, Kent State University, Kent, Ohio 

Received December 13, 1965 

Abstract-Two methods are described for the determination of the degree 
of orientation in thin films of nematic liquid crystals. Both methods are 
based on the measurement of infrared absorption intensities in the presence 
of a homogeneous d.c. electric field. I n  the fist method the infrared dichroic 
ratio is determined by applying the electric field perpendicular to the direc- 
tion of propagation of the polarized radiation. In  the second method the 
electric field is applied parallel to the direction of propagation and does not 
require polarized radiation. An expression is derived for the dependence 
of the dichroic ratio on the magnitude of the applied field using a simple 
model of a domain acting as a rigid dipole. 

These methods were applied to the liquid crystal p-methoxybenzylidene- 
p'-cyanoaniline. The degree of orientation was determined over the tem- 
perature range of the liquid crystal. The maximum degree of orientation was 
found to be 0.33 at 106OC. 

Introduction 
Various methods have been introduced in the past for the study of 
the degree of molecular orientation in nematic liquid crystals 
influenced by external electric or magnetic fields. These include 
the determination of dielectric and diamagnetic anisotropyl? and 
the determination the second moments of n.m.r.  band^.^.^ In  this 
paper we propose a method which involves the measurement of 
infrared dichroic ratios in a homogeneous d.c. electric field. Dichroic 

t Work supported in part by N.I.H. Grant GM 10789-05 and Army 
Contract DA-44-009-AMC-I074(T). 
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226 Ibf OLECULAR CRYSTALS 

measurements on nematic liquid crystals have been reported 
before5 where orientation was attained by rubbing the surface of a 
sodium chloride crystal. In this procedure one has no control over 
the extent of orientation of domains. Also one would expect that 
the strong forces due to the charge induced on the surface of the 
sodium chloride would have a complicated effect on the degree of 
orientation. 

Theory 

In considering a theory of the relationship between the dichroic 
ratio and the electric field strength we adopt the view that a thin 
film of a nematic liquid crystal is made up of clusters of molecules 
or domains. The tendency toward parallel ordering of the molecules 
in the nematic phase leads one to associate a macroscopic dipole 
moment 9 with each domain. The existence of domains in thin 
films has been demonstrated most recently by Williams6 and 
K a p ~ s t i n . ~  We will assume that the domain responds to an applied 
field by exerting a torque on f;. The domain is assumed to respond 
to the torque by rotating as a rigid unit. This model is due origin- 
ally to Kasta and its limitations were pointed out long ago by 
E”renkel.Q Most of Frenkel’s objections refer however t o  transient 
conditions with ax. fields where the response of the system is 
limited by viscous forces. 

A measure of the degree of orientation which characterizes the 
nematic structure is concerned with the tendency of the molecules 
to align along a preferred axis within a given domain. Hence we will 
introduce two orientation angles as shown in Fig. 1. The angle 6 will 

describe the direction of the 2 axis with respect to the applied field. 
The angle u will designate the angle between the vibrational 

transition moment % of the molecule and 9. The latter serves as a 
structure parameter with which to characterize the degree of order 
in the nematic phase. The general theory of the relation between 
diclzroic measurements and molecular order in non-crystalline 
materials has been treated in detail by Fraser.lo. ‘‘3 l2 We shall 
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THIN FILMS O F  N E M A T I C  LIQUID C R Y S T A L S  227 

consider only the case in which the vibrational transition moment 

lies along the long axis of the molecule. Hence Hi also describes 
the direction of the long axis. The angles 9 and 4‘ are taken about 

the % and 3 axes, respectively. We shall assume a uniform dis- 
tribution of domain and molecular orientation about these axes. 
The dichroic ratio, R, is defined as 

4- 

(1) R = ,  E n  

a 

where E, is the absorption coefficient measured with the electric 
vector of the polarized radiation directed along zT as shown in 
Fig. 1. Similarly is measured along E,. The absorption coefficient 
in turn is proportional t o  the square of the scalar product of the 
electric vector and the transition moment summed over all mole- 
cules within a given domain and over all domains. That is 

i 

We now replace the sum by an integral over the angular coordinates 
obtaining 

f 7 1 1 F(tc, o)[cos2 tc cos2 o + sin2 @sin2 0 sin’ 41 x 

7 j” j: JF(tc, 6)[cose,sin2Bsin2~+sin2tc(cos9+sin+cos6)2 

0 0 0 0  
sin tc sin 0 dcc do d+ d+’ R =  

0 0 0 0  

x sin CL sin 6 dtc dB d+ a+’ 
(3) 

where P(a, 0) is an angular distribution function 

We further assume that the distribution in tc is independent of that 
in 6 and write 

0) = 9 ( 4 f ( 4  (5) 
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228 M 0 L E CU L AR C R Y S T A L S  

This amounts to the assumption that the orientation of the domains 
is affected only by the applied electric field whereas the orientation 
of molecules within domain is affected only- by intermolecular 
forces within the domain. The distribution is a direct measure of 

Z 

I / 

+ 
X 

Figure 1. Coordinate system showing the direction of the dipole moment P,  
of the j th  domain and the vibrational transition mor 
molecule. 

nent & of the ith 

the molecular order. Since the physical data will not lead to  the 
determination of a unique g(a) we are reduced to assuming a certain 
distribution and to calculating R as a function of the orientation 
parameter. In  order to conform to the usual orientation parameter 
used for nematic liquid crystals we define 

g(a) = 6(ii-a) (6) 
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T H I N  FILMS OF NEMATIC L I Q U I D  CRYSTALS 229 

where the delta function in defines the average angle between the 
long axis of the molecule and the domain axis. With this assump- 
tion the expression for R reduces to 

( 7 )  
cos2 ~ ~ ( c o s ~  0) + + sin2 &(sin2 0) 

$ cos2 &(sin2 0 j + a sin2 &( 1 + cos2 0 j R(&,O) = 

j f ( e )  sin3 e do  

J f ( ~ )  sin o do 

jS(0) cos? o sin O ~ O  

j j ( 0 )  sin o do 

and <cos28) = 0 where (sin2@ = OZ 

0 0 

It is instructive to consider some limiting forms of Eq. (7) in 
the absence of any specific assumptions about f ( 0 ) .  As <sin20) 
approaches zero corresponding to perfect orientation of domains 
along 2, R reduces to 

R = 2c0t2& 

The degree of orientation S is defined by 

X = (1-$sin2&) 

When sin2& is equal to two-thirds corresponding to S = 0,  Eq. ( 7 )  
reduces to 

R(a,  0 )  = I (for all 0). 

We also wish to consider a second method for determining the 
degree of orientation which does not require the use of polarized 
radiation. This method involves application of the electric field 
parallel to the direction of propagation of the incoming radiation. 
The coordinate system is shown in Fig. 2 .  Again the z axis is chosen 
as the direction of the applied field. 2% and gv represent the 
electric vectors of unpolarized radiation propagating along the 
z axis. We define a “dichroic ratio ” R‘(&, 0) as follows: 

R’ = E ~ E ’  (8) 
where E is the absorption coefficient measured before and E’ that 
measured after switching on the electric field. Geometrical con- 
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230 M O L E C U L A R  CRYSTALS 

siderations similar to those shown previously lead to the following 
expression for R’ 

cos2 a(sin2 s) + 4 sin2 CL(I + cos2 8) 
cos2 s(sin2 0)’ + sin2 a(l+ cos2 e)’ R ’ ( E , ~ )  = 

X 

(9) 

Z E  
Figure 2. Coordinate system showing the direction of the applied field E 
parallel to the direction of propagation of the infrared radiation. 

where the prime in the denominator indicates the values obtained 
after the field is switched on. 

Two factors determine the orientation of the domains. The first 
is the effect of the container which tends to align the domain axis 
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T H I N  F I L M S  O F  N E M A T I C  L I Q U I D  C R Y S T A L S  231 

parallel to the wall in the absence of the applied The 
second is the applied field which, in Method B, exerts a torque 
tending to orient the domain axis perpendicular t o  the wall. The 
distribution function f (0) should contain parameters describing 
both of these effects. We assume a very simple model from which 
to  calculate f (0 )  in terms of parameters describing the interaction 
with the field and the container wall. This is shown in Fig. 3. The 
z axis is the direction of the applied field and is perpendicular to  the 

n Contai-per surface 
Y 

- 
E 

Figure 3. Force, P, which tends to orient a rod-shaped domain parallel to 
the surface of the container. 

surface of the container (y axis). The potential energy of the domain 
in the presence of the field is assumed to have the form 

The first term is the usual electrostatic energy of a dipole in a 
uniform field, where P is the magnitude of the dipole moment and 
E the field strength. The second term is the energy of a restoring 

u = - - P E c o ~ e + p ~ ~ s ~ e  (10) 
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23 2 MOLECULAR CRYSTALS 

torque tending to orient the domains parallel to the surface. The 
empirical restoring force has a direction perpendicular to the wall 
and a magnitude given by 

P = bcose (11) 
where b is a force constant in dynes and p = ab/2, where a is the 
length of a rod-shaped domain. A thermal distribution of domains 
then leads to 

The above expression is to be used in conjunction with Eq. (9) to 
obtain R' as a function of E and T. When S is zero, R' reduces to 
unity for all values of 8. Also i fS  is unity, corresponding to perfect 
alignment of molecules, R' reduces to 

R' = (sin2 e)/(sin2 8)' 

Experimental 

The liquid crystalline compound chosen for these studies was 
p-methoxybenzylidene-p'-cyanoaniline hereafter referred to as 
MBC. The compound was prepared by the method of Gray13 and 
purified by several recrystallizations. The measured resistivity of 
the MBC in the liquid crystalline state was found to be approxi- 
mately 10' SZ-em. This compound was chosen because the direction 
of the transition moment of the CN stretching vibration is well 
defined and is directed along the long axis of the molecule. 

The dichroic ratios, R and R', were determined on a Perkin- 
Elmer Model 21 spectrophotometer employing a standard polarizer 
consisting of six AgCl plates mounted parallel at  Brewster's angle. 

Two different cells were employed for measurements with 
polarized (Method A) and ordinary (Method B) radiation. Cell A 
was constructed of two IRtran I1 plates with stainless steel elec- 
trodes fastened at the ends with epoxy cement. The separation of 
the electrodes was approximately 2 em. This large separation of 
electrodes required a high voltage output to create the necessary 
field strength. This was accomplished with the rectified and filtered 
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T H I N  FILMS O F  N E M A T I C  LIQUID C R Y S T A L S  233 

output from an r.f. H.V. oscillator with a maximum output of 
15 kV. Cell B was constructed from two 0.500 in. p-type silicon 
wafers with a resistivity of 5 Q-cm. I n  this case the cell windows 
themselves served as the electrodes. External electrical contact 
was made with stainless steel rings pressed against the wafer 
surfaces. In this study the electrode separation varied from 10 to 
120 microns. The low output voltage required for the silicon cell 
was supplied by conventional half-wave rectified 60 cycle current 
with an LC-L' type filter. Mylar spacers were used for both cells. 
Both cells were placed in a rotatable heating furnace designed to 
fit in the light path o f  the spectrophotometer. The furnace was 
heated by resistance coils imbedded in alundum, cast to fit the 
outline of the cell. 

Results and Discussion 

The region of interest in the infrared spectrum of MBC is shown 
in Fig. 4. The CN stretching band is shown at  4.45 p. A second 
weak band occurring a t  4.92 p was shown experimentally to  have 
approximately the same dichroic ratio as the CN band. This band 
has been assigned as the first overtone of the asymmetric stretching 
vibration of the methoxy group. The transition moment for this 
vibration would be expected also to be directed along the long axis 
of the molecule providing the methoxy group is allowed to assume 
any position about this axis. The dotted line in Fig. 4 represents 
the spectrum obtained with the field off and the solid line with the 
field on (Method B). For thick films, where the intensity o f  the CN 
band was too great for accurate intensity measurements, we used 
the 4.92 p band. 

The dichroic ratio was determined as a function of the applied 
field strength by both Methods A and B described previously. I n  
both cases the dichroic ratio increased with increasing field up to a 
saturation value. We will consider, however, only the somewhat 
more accurate results obtained by Method €3 since in this case we 
did not need to use a polarizer and we were able to control the low 
voltages more accurately. 
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234 M O L E C U L A R  CRYSTALS 

As mentioned previously R' approaches a limiting value for high 
fields of the order of 5 kV/cm. This may be seen in Fig. 5 where R' 
approaches 1.72 for a 120 y film at 106°C. We assume that this 

I I I I  

5 
4.45 4.92 

3 4 

Wavelength (I.) 

Figure 4. Infrared spectrum of a 120 p film of MBC from 3 to 6 p. The 
dotted line represents the spectrum obtained after switching on the field. 

limiting value corresponds to  essentially complete orientation of 
the domains along the z axis. Under these conditions {sin't?) 
approaches zero. In  order to compare the experimental values of 
R' with those predicted from Eq. (9) it is necessary to  compute the 
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236 MOLECULAR CRYSTALS 

integral (sin2 6) as a function of A = PE/kT and B =PIE T. This was 
done by numerical integration on an IBM 1620 computer. Figure 6 
shows the variation of (sin2 6) over a range of values of A from zero 
to 100andBfrom Oto 20. Since (sin2@ approacheszeroforA = 100 
we have assumed that PEIkT = 100 a t  a field strength of 5 kV/cm 
and temperature of 106" C .  Under these conditions P is found to be 
3.14 x 105D. The value of B was obtained by determining the best 

I0  20 10 40 5060708090100 
A 

Figure 6. The relation between <sin2 8) and A = PE/kT for several values 
of B. 

fit of Eq. (9) to the experimental points in Fig. 5. The best fit was 
obtained for B = 20. Curves are also shown for B = 10 and 40 in the 
same figure. Under these conditions p is found t o  be 1.43 x lo-'' 
ergs. For B = 20, (sin2B) approaches 0.95 when E approaches zero. 
This corresponds to almost complete orientation of the domains 
parallel to the surface in the absence of an applied field. The limit- 
ing value of R' in Fig. 5 yields S = 0.33 at 106" C. The S value deter- 
mined by Method A under the same conditions was 0.30. 

The degree of orientation obtained by Method B is shown as a 
function of temperature over the liquid crystal range of MBC in 
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T H I N  F I L M S  O F  N E M A T I C  L I Q U I D  C R Y S T A L S  237 

Fig. 7.  Approximately the same X values were obtained for films 
varying in thickness from 20 to 120 p. 

One further observation concerning Method B is of note. It was 
found that the infrared radiation was scattered appreciably by the 

5 o.201 

0 

0 

102 104 106 108 110 112 114 116 

T "C 
Figure 7. The degree of orientation (8) of MBC over the temperature range 
of the liquid crystal. 

sample when the field was turned on. The phenomenon was con- 
firmed as a scattering effect by the fact that it occurred at all 
wavelengths and the magnitude decreased approximately as 
( l / X 4 ) .  This effect is shown in Fig. 8. The scattering increases up to 
approximately 1.5 kV/cm and then begins to decrease. This 
observation is in accord with the optical effects observed on thin 
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238 MOLECULAR C R Y S T A L S  

films of para-azoxyanisol by Williamss and is consistent with the 
assumption of domain formation in these films. 

The degree of orientation obtained for MBC is somewhat lower 
than that obtained by others on para-azoxyanisol by different 
m e t h ~ d s . ~  We have no good explanation for the lower degree of 
orientation of this liquid crystal. Any theory of order in the 
nematic structure must consider in detail the nature of the inter- 

I I I I I I 4 
0 1  2 3 4 5 6 7 8 9  

V (kV / cm .) 

Figure 8. Change in background intensity due to  scattering measured at 
2.7 p. 

molecular forces. It should be borne in mind, however, that most 
of the experimental work on orientation deals with thin films and 
no theory of liquid crystal struckure has adequately taken account 
of the very important effect of the surface of the container on 
molecular orientation in these fiIms. 
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