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AbstractCholesteric systems are being used for display devices because they 
form several textures each having different optical properties. These textures 
are : Grandjean (highly reflective) ; focal conic (highly scattering) ; and 
homeotropic (practically transparent). In  earlier papers, we have shown that 
shear induced transitions between these textures can be produced. These 
transitions are accompanied by color changes in the Grandjean texture and 
normal forces generated during shear. These effects can be explained in terms 
of the response of a correlated helical structure in the cholesteric mesophase 
to external stimuli. The shear induced transition associated with normal force 
generation is between the focal conic and homeotropic texture. In an effort to 
understand the responses of the cholesteric system to multiple stimuli, studies 
have been extended to include electric field effects. 

This work reports on the effects of an electric field on the dynamic focal 
conic t o  homeotropic transition examined as a function of a transverse 
electric field applied under constant shearing conditions. It is shown that the 
field decreases the amount of shear required to produce the transition. Cal- 
culations based on the helical correlation model show that helical distortion 
must take place during field application. It is postulated that these dis- 
tortions facilitate the focal conic to homeotropic transition. Application of 
the model allows calculation of an average molecular interaction dipole 
operable in the transition region. 

1. Introduction 

Recently we reported(ls2) shear induced texture changes in choles- 
teric liquid crystalline materials. These changes were associated 
with rheological changes from non-Newtonian to Newtonian ; and 
from Newtonian to non-Newtonian behavior with increasing shear. 
The regions of distinct rheological behavior observed with increasing 

?Presented in part a t  the Fourth International Liquid Crptal  Conference, 
Kent State University, August 21-25, 1972. 
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90 MOLECULAR CRYSTALS A N D  LIQUID CRYSTALS 

DYNAMIC 

GRAND J E A N  CONIC HOMEOTROPIC 
FOCAL DYNAMIC 

Y- 
Figure 1. 
based on the correlated helix model of Ref. 3. 

Schematic representation of the shear induced texture changes, 

shear were found to be associated with the Grandjean, focal conic and 
homeotropic textures respectively. The sheared mesophase in the 
Newtonian region has been shown(3) to be comprised of a layered 
structure. The layers consist of perturbed and unperturbed Grand- 
jean texture, and a highly scattering layer (called dynamic focal 
conic), believed to be comprised of helical correlations of molecules in 
which the helical axes are parallel to the shearing plane. One 
striking aspect of the studies was the observance of the shear 
induced focal conic to homeotropic transition accompanied by the 
appearance of appreciable normal forces. A n  interpretation of the 
data leads to a picture of the homeotropic mesophase as consisting of 
helical fragments (correlations of molecules in a helical array), whose 
lengths are less than the characteristic pitch length (Po)  of the 
unsheared material.c2) The behavior according to the correlated 
helix model is illustrated schematically in Fig. 1. The dynamic 
homeotropic texture appears to involve tumbling of correlated rod- 
like molecular aggregates giving rise to the observed normal stresses. 

The relation of normal stresses produced by the hydrodynamic 
interaction of rotating rod segments has been discussed by Kotaka. (*) 
The primary normal stress difference, Pl1-PZ2 ,  can be written 
in terms of the helical rod length, L (for sufficiently large aspect 
ratio), and the shear rate p as : 
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S H E A R  I N D U C E D  T E X T U R E  C H A N G E S  91 

where K contains the rod density and Newtonian viscosity terms in 
addition to numerical constants, and b is a characteristic spacing 
along the rod taken as 5 A to correspond to the approximate molecu- 
lar separation distance along the helical rod of length L. Calcula- 
tions by iteration show that the dominant factor governing L is the 
shear rate at  which normal stresses are observed (Fig. 2). L 
decreases with increasing shear rate from about 400 8 to about 200 8 
and appears to approach a limiting value of less than 100 8, if results 
are extrapolated to  the high shear rate region. This is what would be 
expected as the rod segments, which are clusters of molecules, 
continue t o  be broken up by the increasing shear field. These values 
are less than 10% of the characteristic pitch values exhibited by the 
original cholesteric mixtures in the absence of shear. It has been 
reported that the static homeotropic texture which is thermally 
produced (and is unstable) is a medium of low ani~otropy.(~) Sizes of 
molecular aggregates calculated from the normal stresses@) and from 

Log f (sec-1) 

Figure 2. The shear rate dependence of helical fragment length L, in the 
homeotropic texture, calculated from the measured normal stress differences 
using Eq. (1). The error bars show the extent of variation with composition, 
as cited in Ref. 2. 
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92 MOLECULAR C R Y S T A L S  A N D  LIQUID C R Y S T A L S  

light scattering(5) appear to be in reasonable agreement, however. 
One might expect that other external stimuli would affect the focal 

conic to homeotropic transition during shear. We now report the 
effect of electric field on the shear induced dynamic focal conic to 
homeotropic transition. 

2. Experimental 

The liquid crystal samples used were melt blended mixtures of 
cholesteryl-oleyl-carbonate (COC) (Eastman Kodak) and cholesteryl 
chloride (CCL) (Sigma Chemical Corporation). Both components 
were used without further purification but did exhibit melting points 
and mesophase-isotropic transitions within 2 "C of those reported in 
the literature. Care was taken during melt mixing so as not to over- 
heat the samples and cause thermal decomposition. The composi- 
tions provided a broad temperature range of cholesteric mesophase 
including room temperature. Two compositions have been studied ; 
14 and 28 w t  yo CCL in COC. The pitch bands of the two materials 
were measured as -3600A and 6500A respectively. Neither of 
these samples exhibit significant temperature sensitivity of the pitch 
band. Similar systems have been studied optically in this labora- 
tory.@,7) 

The Weissenberg Rheogoniometer, Model R18, was used for this 
study. In order that the shear induced transition could be observed, 
the cone and plate assembly was replaced with a pair of parallel glass 
plates. These plates were attached concentrically to the flat platens 
of the Weissenberg and held in place by adhesive. The glass plates 
were coated with a continuous thin layer of tin oxide. The device 
enabled continuous sample observation and application of a dc 
electric field during the application of shear. Care was taken to 
insure that the plates were not grounded and a potential was applied 
to the sample with a Kepoo Model D.W.91 power supply using a 
sliding contact on the upper surface of the rotating plates (see Fig. 3). 
The experiments were conducted in short time duration to minimize 
the effect of viscous heating during the application of shear. (2) 

3. Theory 

The sheared cholesteric mesophase is proposed to consist of a central 
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S H E A R  INDUCED T E X T U R E  C H A N G E S  93 

TO RHEOMETER TORQUE ARM 

ROTATING GLASS 

-c 
loop 
GAP 

t 

STATIONARY 
GLASS PLATEN 

Figure 3. Glass platen configuration for the Weissenberg Rheogoniometer. 

dynamic focal conic region interposed between layers of perturbed 
Grandjean texture.c3) The central layer is considered to be composed 
of time averaged helical correlations of molecules with the helical 
axes parallel to the shear field. The surrounding layers consist of 
tilted and untilted cholesteric helices normal to  the surfaces. 
Consider now, a vector model of the dipole moment, p, of a single 
cholesteric molecule. The molecule is considered to be an ellipsoid 
with the three principal axes as shown in Fig. 5.  

I n  the helical conformation p z  corresponds to the helical axis. A 
question arises as to  the relative orientation of pz of the individual 
mofecules: do they align parallel or anti-parallel in the helix con- 
formation? If alignment were parallel the individual correlated 
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94 M O L E C U L A R  CRYSTALS AND L I Q U I D  C R Y S T A L S  

Figure 4. 
homeotropie (outer area) transition. Note the sharp boundary. 

Photograph showing the shear induced focal-conic (inner area) to 

A 

E 

Figure 5. Schematic representing molecular dipole-field interactions. 
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S H E A R  I N D U C E D  T E X T U R E  C H A N G E S  95 

helices would have very large dipoles equal to npa where n is the 
number of molecules correlated in a helix. There appears to be no 
experimental evidence for this. With an electric field (E) applied 
between the two electrodes (Fig. 3), the interaction energy of a 
cholesteric molecule in the electric field will be 

E n =  - 8 '  E = - p H  * E -  p s *  E - p L *  E (2) 
Consider now the effect of a transverse electric field on the dynamic 
focal conic texture. 

If the helical axis of the mesophase is always aligned parallel to the 
electrode surfaces, then 

- p Z ' E =  - I~,IIEIcosB= - Ip , l lEIco~90"=0 
and only pL and p, ,  can interact with the field. The dipolar inter- 
action now becomes 

E n =  - Ip,IIE[cosO - ) ~ , ) ) E ) c o s ~ '  (3) 
where B and 8' are the angles that any given set of pL and p,, make 
with the applied field. Because of the helical correlation, each 
molecule will have a slightly different angular displacement from the 
one preceding it in the helix and thus, the energy of interaction 
must be averaged over all values of 8. The individual dipole 
orientations can be any value from 0" to 360". It is seen from Eq. (3) 
that, if the helix is not distorted, averaging the two dipoles (aII and 
pl) over the 360" orientations of the helix will produce an average 
zero total interaction energy. At low fields where p E is much less 
than the molecular correlation energy E, of the helix, the applied 
potential should have little or no effect on the focal conic to homeo- 
tropic transition. At intermediate (p E - E,)  and high fields 
( p * E >Be) dipole alignment of the molecules with the applied field 
will occur. In  the intermediate case this may result in a distorted 
helix, while in the high field case a cholesteric to nematic transition 
has been shown to proceed from Grandjean through focal conic 
texture with increasing field.@) It is, thus, apparent that field 
distortion of the helical correlations causing a net dipole alignment 
with the applied field might first take place and that field dipole 
interactions can be expected to affect the rheologically induced 
transitions. 

It is apparent from Fig. 4 that a critical shear (Yc)  is needed for the 
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96 MOLECULAR C R Y S T A L S  A N D  LIQUID C R Y S T A L S  

shear induced transition. In the absence of an applied electric field 
this critical shear rate has been shown@) to be about 1.1 x lQ3sec-1. 
The same value of yo has been observed from shearing between the 
tin oxide surxace, as had been previously observed from glass 
surfaces.(2) Application of an electric field shifts the transition 
boundary toward the rotation axis of the platens. With the field on, 
the applied shear rate could be lowered well below lO3sec-l and the 
focal conic-homeotropic boundary was still observed. Thus, 
application of the field decreases the stability of the sheared choles- 
teric state permitting the shear induced transition to take place at  a 
lower shear rate, y,,.  The change in energy of the liquid crystal state 
(caused by the field application) (EE) ,  can be equated to the changes 
in shear energy required to produce the transition. 

Thus, 

(4) 
R 2  w w w EE = JRlq- dr = q , ( R , - R , )  = ? , R 2 - C  

where 7) is the Newtonian macroscopic viscosity@) of the dynamic 
focal conic state, w is the angular speed of the platens, 1 the sample 
thickness, and R the measured radius at the transition boundary. (1 
and 2 denoting before and after field application.) The term 
involving R,, is a constant for a given angular speed, therefore Eq. (3) 
can be written : 

(5) 
w 

r l y R z = E ~ + C  

EE involves induced dipole-field or dipole-field interactions and is the 
difference in interaction energy of the dipoles in the dynamic focal 
conic state and the homeotropic state. Since the homeotropic state 
is considered to have random orientations (a condition which should 
result to a first approximation in zero interaction energy) the field 
interactions in the dynamic focal conic state need only be considered. 
Usually dipole -field interactions are larger,@) and EE would be 
expected to arise from dipole-field interactions in the helices. The 
energy balance can be written in terms of the orientation function 
F(0, 4) of the distorted system as: 

where n is number density of dipoles, and F(8, 4) the angular 
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SHEAR I N D U C E D  TEXTURE CHANGES 97 

distribution of dipoles. For a one component system n and I p I are 
constant. For a constant DC field, Eq. (6) can be written: 

where ( p )  represents the distribution averaged dipole interacting 
with the applied electric field ; ( ( p )  = I p I (F(8 ,+)) ) .  F(B,+) would 
be expected to encompass Boltzmann averaging of all orientations of 
the dipole in the helices under shearing conditions. Since we have 
no way of ascertaining the helical configuration during shearing, the 
integral containing the distribution function is not evaluated and is 
written as (F(0 ,  +)), indicating the integration and averaging of the 
dipole orientation over the angles 8 and +.(lo) 

For a two component system, two dipoles p1 and p2 are operative. 
However, since the two component system exhibits a single pitch,@) 
F (  8, +) would describe the orientation of either moment (a continuous 
function over the helix) and Eq. (6) should be written : 

Eq. (5) is then: 

where (ji) is the averaged interaction dipole adjusted for composi- 
tion. A plot of yce  vs. I E I might be expected to produce insight into 
the changes in Boltzmann’s averaged orientation function with field. 
If the plot is linear, an average interaction dipole can be calculated. 

4. Results and Discusion 

Figures 6 and 7 contain plots of yce versus applied electric field 
(volts/mjcron) for two mixtures of COC/CCL. As seen in Fig. 6 two 
regions are observed in the plot; a low field region in which the 
transition is not affected to any great extent by electric field, and a 
higher field region in which yo. is a linear function of I E [. Both field 
regions were only observed in the sample containing 28% CCL. 
However, it is apparent from the single measured point a t  low field in 
the 14% CCL sample (Fig. 7) that this mixture would exhibit 
similar behavior. We also note that the effects observed as a function 

MOLCALC D 
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98 MOLECULAR CRYSTALS A N D  LIQUID CRYSTALS 

I2O0; 

0) 
ln 
Y '* 800 
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500  

0 
0 
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-1 
8 0 .  

0 

2 8 C C L / 7 2 C O C  

-\\ 14.3 RPM 
X 11.36RPM 

9.0 RPM 
A 14.3RPM 
0 14.3 RPM (BOTH DIRECTIONS) - 

I v 

3001 I I I I I 
0 I 2 3 4 5 6 7 8  9 

E ( VOI t s  /pm 1 
Figure 6. 
homeotropic transition in a 28% CCL mixture in COC. 

Critical shear rate (fee) vs. applied field 1 E I for the focal-conic to 

of electric field occur, for the most part, below 8 Vlp. For the 
mixtures used in these experiments this is far below the threshold 
voltage of the cholesteric-nematic phase transition. A nearly 
compensated mixture of CCL/COC (50/50) [Po > 2 . 0 ~ 1  has been 
studied and exhibited a threshold voltage of 8 Vlp. As the threshold 
voltage has already been shown to be proportional to the inverse 
pitch,@) the threshold voltage for the mixtures used in this study 
would be expected to be much higher than 8 V / p ,  therefore the 
transition observed would not be due to the field induced cholesteric- 
nematic phase transitions. 

Movement of the transition boundary with a change in field was 
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I 
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4) 

3 500 

4 OC 
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11.36 RPM 

Figure 7. Critical shear rate (pee) vs. applied field I E I for the focal-conic to 
homeotropic transition in a 14% CCL mixture in COC. 

found to be time dependent and not instantaneous. Upon applica- 
tion of a sufficient field to  perturb the boundary, an area of turbu- 
lence and transformation occurred in the region that would eventually 
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100 MOLECULAR C R Y S T A L S  A N D  LIQUID C R Y S T A L S  

TABLE 1 Slope of jce vs. I E 1 in high field linear portions for 
CCL/COC mixturesa 

Sample Experimental run Slopeb pc 

14y0 CCL/86% COC 1 79 0.087 
28% CCL/72% COC 1 140 0.167 
28% CCL/72% COC 2 137 0.164 
28% CCL/72yo COC 3 135 0.161 
28% CCL/72% COC 4 124 0.148 
28% CCL/72% COC 5 155 0.185 

a All samples were measured at 100, thickness. 
b Standard least squares analysis. (see-l volt-'p) 
c Calculated using a density of 1 gm/cc. (em-cm x 101s) 

transform and after a period of approximately 5 to 10 sec the new 
transition boundary would form and stabilize. Upon removal of the 
field the reverse would happen although more rapidly. Fig. 6 shows 
variation in ycc with various experimental runs and platen rotation 
velocities. The high field linear regions of the figure show some day 
to day variation but their slopes are very similar. This data is seen 
in Table 1 in which the slope of the various f c e  - I E I curves (in the 
high field linear region) are presented. ( p )  from Eq. (9) using 
qo = 40 poise (the measured value of the focal conic viscosity)(Z) is 
shown in the table. 

The ( p )  calculated for all samples are approximately 0.15 debye. 
This value fits the description of the transition quite well. In  the 
dynamic focal conic texture the dipolar interaction energy was shown 
to be zero at  low fields. At  intermediate fields the helices probably 
distort, permitting a net dipolar interaction. Since the helical 
distortion could be quite complicated, there is no way of ascertaining 

The calculated values of ( p )  are reasonable. The linearity of the 
j e e v s .  I E I plots shows the molecular structure to be such that an 
almost constant dipolar interaction takes place with the applied field 
after a significant field has been attained. The constancy of the 
dipolar interaction indicates that after a threshold value of field has 
been attained 1 p 1 (F(6, d)) is constant and, therefore, F(O,+) is 
constant. This would imply that the cholesteric helix will only 
distort B finite amount before disruption of long range correlation 
occurs producing the dynamic homeotropic texture. The finite 

F(07 4). 
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S H E A R  I N D U C E D  T E X T U R E  CHANGES 101 

amount of energy expended to distort the helix must be equal to the 
disruption energy for the helix under the shearing conditions. There 
is no way a t  present of ascertaining whether this distortion persists in 
the homeotropic texture. 

It appears that  increasing the amount of CCL in the mixture 
results in an increase in p. This could mean that the dipole moment 
of CCL is larger than that of COC and thus increases the field 
interaction of the helix. 

The sheared state prior to transformation is known to be a layered 
structure. (3) Changing the effective sample thickness may involve 
increasing the field interaction with the helices stabilized by the 
platen surface. The proportion of immobilized surface to volume 
would increase and might possibly require the higher fields for the 
14% CCL sample. Surface interactions may also stabilize the 
transformed state and not permit total relaxation a t  the cessation of 
field application. 

The fields required in the mixed systems may be due to the larger 
pitch of the cholesteric mixture. COC forms a left-handed helix with 
Po - 3420& while CCL is right-handed with a pitch of 4880A. 
Mixtures have pitches larger than either pure component, and since 
the critical field E,, for cholesteric to nematic transitions is known 
to be an inverse function of pitch,(*) field disruption of the dynamic 
focal conic texture might also be more facile with a higher pitched 
material. 

I n  conclusion, we have shown that the shear induced dynamic 
focal conic t o  homeotropic texture can be changed by the application 
of an electric field. The effect is associated with distortion of the 
cholesteric helical structure permitting partial alignment of molecular 
dipole moments within the helix. It appears that a critically 
distorted structure which is dynamically unstable results and under- 
goes a transition t o  the homeotropic texture. Average interaction 
dipoles causing the transitions have been calculated and appear 
reasonable. 

R E F E R E N C E S  

1.  Pochan, J. M. and Erhardt, P. F., Phys. Rev. Letters 27,740 (1971). 
2. Erhardt, P. F., Pochan, J. M. and Richards, W.  C., J. Chem. Phys. 57, 

3. Pochan, J. M. andMarsh, D. G. ,  J.Chem. Phys. 51, 1193 (1972). 
3596 (1972). 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
37

 2
3 

Fe
br

ua
ry

 2
01

3 



102 MOLECULAR CRYSTALS A N D  LIQUID CRYSTALS 

4. Kotaka, T., J. Chent. Phys. 30,1566 (1959). 
5 .  Asada, T. and Stein, R. S.,FourthInternationalLiquidCrystal Conference, 

6. Adams, J., Haas, W. and Wysocki, J., Phys. Rev. Letters 22,92 (1  969). 
7. Adams, J., Haas. W. and Wysocki, J., J. Chem. Phys. 50,2458 (1969). 
8 .  Wysocki, J. J., Adams, J. F. and Olechna, D. J., Liqu;d Crystals and 

Ordered Fluids, J. F. Johnson and R. S. Porter, eds., Plenum Press, New 
York, New York, 1970, p. 419. 

9. Wollrab, J.  E., Rotational Spectra and Molecular Structure, Academic Press, 
New York, New York, 1967, p. 262. 

10. Davidson, N., Statistical Mechanics, McGraw-Hill Book Go., New York, 
New York, 1962. 

Kent State University, August 1972. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

7:
37

 2
3 

Fe
br

ua
ry

 2
01

3 


