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Abstract." We have developed a modular rheo-optical apparatus to study the flow 
properties of liquid crystals. Its main components are shearing device, strong 
magnetic field, and optical microscope. We performed experiments on well 
defined initial morphologies with uniform molecular alignment. The monodo- 
mains were achieved with strong magnetic fields (4.7T). Time-resolved con- 
oscopy is the primary optical technique in our investigation. We propose a simple 
relation between the distribution of alignment angles over the sample thickness 
and the conoscopically measured angle, to quantitatively measure the alignment 
angle in shear flow. 

We followed the relaxation of a shear-induced splay deformation in small 
molecule model systems (N-(p-methoxybenzylidene)-p-butylaniline (MBBA), 
pentyl-cyano-biphenyl (5 CB) and a commercially available mixture OMI4244). 

We define a rotational director diffusivity D R = Ks (K s splay elastic constant, 
r/s 

r/s splay viscosity) from the relaxation process and devised a model, based on 
the diffusion equation to determine their values. 

The director alignment behavior of the small molecule liquid crystals 
(SMLC's) in shear flow is well described by the two-dimensional Leslie-Ericksen 
model. The effect of director elasticity can clearly be seen in our experiments, 
resulting in a decrease of the steady state alignment angle at smaller Ericksen 
numbers. 

We found that there is no strain rate dependence of the director vorticity from 
0.002/s to 2/s for poly-(y-benzyl-D/L-glutamate) (PBG). We determined 
az/Ct 3 = -44 for a 20% solution of 280000 molecular weight PBG in m-cresol 
at 20 °C. The conoscopic interference pattern vanished after 8 strain units from 
an initially planar alignment and shearing could be reversed up to 10 strain units 
to completely recover the initial monodomain. 

Key words: Liquid crystal - monodomain - conoscopy - Leslie angle - flow 
alignment - director diffusion 

1. Introduction 

A number of studies in recent years have been 
aimed at a better understanding of the complex bal- 
ance between external fields (shear-, magnetic-, elec- 
tric field) and molecular orientation of  polymeric liq- 
uid crystals. Conventional rheological techniques for 
the characterization of  the flow behavior have been 
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Dedicated to Prof. H. Janeschitz-Kriegl at the occasion 
of his 70th birthday. 

complemented with optical measurements, namely 
small angle light scattering, polarized light micro- 
scopy, birefringence measurements, and conoscopy. 

Conoscopy has been successfully used by Cladis 
(1972) and Pieranski and Guyon (1973, 1974) to study 
alignment behavior of  small molecule liquid crystals. 
More recently Berry and Srinivasarao (1991) applied 
this technique to monodomains of poly(benzo- 
bisthiazole) (PBT). Liquid crystalline materials may 
be characterized with respect to their flow aligning 
behavior. They found that the material is non flow 
aligning in shear flow. In general, most polymeric 
nematogens exhibit non flow aligning behavior. How- 
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ever, recently it has been shown for a semiflexible 
thermotropic LCP by Srinivasarao et al. (1992) that 
flow alignment may strongly depend on temperature. 
They found that the director is flow aligning when 
close to the nematic-isotropic transition and non flow 
aligning when close to the smectic-nematic transition. 
They interpreted their findings in terms of a sign 
change of one of the Leslie viscosity coefficients. 

Burghardt and co-workers (1991, 1993a, b) cor- 
related birefringence measurements with the degree of 
molecular orientation for textured solutions of 
poly(benzyl glutamate). They found a correlation be- 
tween the transition zone of a low plateau and high 
plateau birefringence and the first normal stress dif- 
ference for steady state shear. 

Yang and Shine (1993) studied the stress response 
of uniformly aligned poly(hexyl isocyanate) and inter- 
preted their experimental findings in the framework 
of the TIF (transversely isotropic fluid) model by 
Ericksen (1960). They were able to determine some of 
the Leslie viscosity coefficients. 

Larson et al. (1993) recently characterized textured 
solutions of poly(benzyl glutamate) using polarized 
optical microscopy. He interpreted his experimental 
findings in the framework of the Ericksen number 
and Deborah number and observed that PBG be- 
comes flow aligning at high Ericksen numbers, which 
has been predicted by molecular theory (Larson et al. 
1990, 1992). 

A molecular theory was first suggested by Hess 
(1975a, b, 1976) and has been further developed by 
Kuzuu and Doi (1983, 1984), Marrucci (1982, 1985) 
and Larson (1990) to describe the flow behavior. It is 
capable of predicting a region with negative first nor- 
mal stress difference which has been observed earlier 
for solutions of poly(benzyl glutamate) by Kiss and 
Porter (1978, 1980). 

A continuum theory for flow behavior of meso- 
phases has been developed by Ericksen and Leslie 
(1960, 1962, 1966). It requires six viscosity coeffi- 
cients, five of which are independent due to Parodi's 
(1970) relation, and three elastic constants to describe 
flow of a uniaxial liquid crystal. However, the theory 
is tailored to describe the rheological behavior of uni- 
formly aligned nematogens, so called "monodo- 
mains", and, hence, does not account for formation 
and evolution of defects and texture. 

This study intends to quantify the shear effects on 
initially uniform alignment LC fluids, and to measure 
the dominant material parameter. For that purpose, 
we built a shearing device integrated in an optical mi- 
croscope and observed the effect of shear on uniform- 
ly aligned nematic liquid crystals, both small molecule 

and polymeric LC's. Monodomains serve as well de- 
fined initial condition for our flow experiments. 
Time-resolved conoscopic measurements give the tilt 
and twist motion of the director as a function of im- 
posed strain and our findings are interpreted in the 
framework of director diffusion and the Leslie- 
Ericksen theory. 

2. Experimental methods 

2.1 Rheo-optical apparatus 

Shearing device. The shearing device for simultaneous 
optical and rheological measurements is integrated in 
an optical microscope (Zeiss Universal Stand) which 
can be operated in conoscopic and orthoscopic mode. 
A schematic of the device is given in Fig. I. The shear- 
ing unit is mounted on a base plate which is attached 
to the microscope stage. It can be easily detached and 
placed on an optical tray inside the bore of a super- 
conducting magnet. All parts are exclusively manu- 
factured from brass or stainless steel and allow the 
device to be operated in strong magnetic fields. 

The lower plate is driven by an inchworm motor 
(Burleigh Inc.) with respect to a stationary upper 
plate. The linear piezo motor allows speeds in the 
range from below 0.1 ~tm/s up to 2 mm/s. Total dis- 
placement is measured by an optical encoder. A dove 
tail sled provides very precise and smooth motion of 
the moving plate. 

The sample is confined between two rectangular 
glass slides, 25 mmx 75 mm, which are mounted in 
the shearing device. Spacers (Kapton sheet, glass) be- 
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Fig. 1. Schematic of the shearing device integrated in an 
optical microscope 
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tween the glass plates, available with different thick- 
nesses, control the distance. We used cell thicknesses 
between 50 ~tm and 750 gm. 

Optical microscope. Conoscopy is the primary optical 
technique used in this study. It is a unique property of 
the conoscopic technique to distinguish between twist 
and tilt. Translation of the interference pattern 
reveals tilt of the optic axis and rotation indicates 
twist. Cladis (1972) demonstrated how conoscopic op- 
tics may be used to quantitatively measure twist of the 
optic axis. She observed the relaxation of a magnetic 
field induced twist deformation using conoscopy. 

The sample is illuminated with monochromatic 
polarized light by means of a high numerical aperture 
condenser (0.6 - 0.75) and the highly converging light 
beam probes the sample simultaneously at a wide 
range of angles. The angle of the light cone can be as 
large as 75 ° (in air). The beam is focused in the plane 
of the sample and the virtual image appears in the 
back focal surface of the objective. Phase retardation 
between the ordinary and extraordinary rays results in 
the conoscopic interference pattern which can be re- 
lated to the direction of the optic axis in a uniaxial 
crystal. Directions in the crystal are projected onto 
corresponding points in the conoscopic image. Inser- 
tion of a Amici-Bertrand lens in the microscope tube 
transforms the real image into the conoscopic image. 
This makes visible the virtual image appearing in the 
back focal plane of the objective. Details of the for- 
mation of conoscopic images can be found in text- 
books (Wahlstrom, 1960). A schematic in Fig. 2 
shows how the conoscopic image is formed. It is ad- 
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Fig. 2. Basic elements necessary for formation of a cono- 
scopic image 

vantageous in conoscopy that the material is probed 
simultaneously at a wide range of angles. This allows 
one to determine the direction of the uniaxial indica- 
trix, which is not possible with a beam having a single 
direction. 

The interference figure for a homeotropically and a 
planar aligned nematic liquid crystal are depicted in 
Fig. 3. The angle of the optic axis is 90 ° and 0 °, re- 
spectively. Tilt and twist motion of the optic axis can 
be seen as rotation and translation of the interference 
pattern. The relation between the tilt angle and the 
translation is given by: 

r 
- - N A  = n sin (0) (1) 
R 

(r is the off center distance, R is the radius of the con- 
oscopic image, NA the numerical aperture and n is an 
average refractive index of the sample, 0 is the tilt 
angle). Equation (1) is valid for a homogeneous tilt 
angle and may be approximated with 

l 

0 = _1 ~ O(t,y)dy (2) 
l0 

for a sample with distributed director angle. We use 
this equation for the analysis of the splay relaxation 
as described later. Equation (2) is considered valid for 
small deviations from uniform alignment. 

The microscope stage micrometer allows to adjust 
the distance between specimen and objective. Inter- 
ference patterns are recorded with a CCD camera and 
stored in a personal computer for subsequent image 
processing. The position of the fringe maxima has to 
be determined in order to accurately measure the 
amount of translation of the symmetry center. We 
utilize methods of digital image analysis (DIA) for 
this task. 

2.2 Materials 

Our studies have been focused on rodlike liquid 
crystals, solutions of poly (7-benzylglutamate) (PBG) 
in m-cresol and small molecule liquid crystals 
(SMLC), namely N-(p-methoxybenzylidene)-p-butyl- 
aniline (MBBA), pentyl-cyano-biphenyl (5 CB) and a 
commercially available mixture, OMI4244. The 
SMLC's serve as model rigid rod systems and for 
comparison with lyotropic PBG. 

PBG is a synthetic polypeptide and very well char- 
acterized (Block, 1983). We prepared racemic mix- 
tures of PBG with molecular weight (Mw) of 298 000 



476 Rheologica Acta, Vol. 33, No. 6 (1994) 
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Fig. 3. Conoscopic interference 
pattern for planar and homeo- 
tropic alignment 

(D-form) and 259000 (L-form). PBG dissolved in m- 
cresol conforms in an a-helix which is stabilized by 
linear hydrogen bonding and optimization of substi- 
tuent packing. The chemical structure is given by: 

-[-HNCHRCO-]_n , 

with R = CH2CH2COaC6H. 
Axial ratios and rotary diffusion coefficients have 

been estimated by several researchers (Yang, 1958, 
1959; Byerley, 1968). They concluded that PBLG re- 
mains rigid over all achievable shear rates. The exis- 
tence of a well defined order in the solution state is 
important for correlating experimental results with 
theoretically predicted macromolecular behavior. 

We prepared two solutions with 13% and 20°70 (by 
weight) of polymer. Solutions were stirred for 72 h 
and examined optically. Both solutions appeared 
homogeneously liquid crystalline, however, the 13% 
solution showed a tendency to phase separate after a 
few days at room temperature without stirring. This 
could not be observed for the 20% solution, which 
was stable over many days. 

Other inflexible macromolecules have been studied 
in the past. Among those are poly(isocyanates). 

Table 1. Materials and suppliers 

MBBA 5 CB OM14244 PBG 

Supplied by Aldrich BDH Roche SIGMA 
(England) 

Aharoni (1979) and co-workers carried out intensive 
studies on the characterization of poly(isocyanates) in 
solution. However, structural conformations are less 
well defined as compared to poly(a-amino acids) such 
as PBG. 

2.3 Formation of uniform alignment 

Surface alignment. The samples we studied were 
aligned uniformly. We obtained spontaneous planar 
alignment for the small molecule liquid crystals by 
coating the surfaces, which confine the sample, with 
a thin layer of poly vinyl alcohol and subsequent buf- 
fing. Samples were examined with polarized optical 
microscopy and conoscopy. The alignment was al- 
ways along the buffing direction, independent of the 
cell filling procedure, and it was found to be in- 
definitely stable. Strong anchoring is critical for 
stable alignment. 

For PBG we used a strong magnetic field to achieve 
uniform alignment. PBG monodomains have been 
prepared by Taratuta et al. (1985) and later by Hong- 
ladarom et al. (1993). A layer of silicon monoxide is 
vapor deposited at an oblique angle on a glass sub- 
strate. Subsequent plasma polymerization of ethylene 
produces a thin film of polyethylene. The resulting 
surface topology shows regular grooving along one 
axis. 

For our experiments we use a simpler procedure. 
Before inserting the lyotropic poly(benzylglutamate), 
the surfaces are coated with a thin (< 100 nm) and 
transparent polyimide film. The film was cured at 
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Fig. 4. Conoscopic interference pattern for different align- 
ment angles. Pattern is shifted when optic axis is tilted 

280 °C to enhance its chemical and mechanical stabili- 
ty and buffed subsequently. 

Alignment in strong magnetic fields (lyotropic PBG). 
Two coated and buffed glass slides separated by 
750 ~tm thick spacers were mounted in the flow cell. 
The sample, confined between the two slides, covers 

about 4 cm 2 of area and exhibits multi domain tex- 
ture. The device is then placed inside the bore of a 
4 .7T  superconducting magnet (Laboratory of  Dr. 
Sam Patz, Harvard Medical School). To follow the 
alignment process in situ, we mounted the shearing 
unit on an optical tray. The tray assembly carried all 
necessary components to project the conoscopic im- 
age of  our sample on a screen inside the magnet bore. 
A schematic of the experimental configuration is 
given in Fig. 5. A laser is mounted on the tray with its 
beam going horizontally along the axis of the magnet 
bore. A mirror underneath the shearing unit reflects 
the beam vertically which then passes through polar- 
izer and converging lense. The light cone leaving the 
sample passes through an analyzer and is projected on 
the screen above the shearing unit. 

The appearance of  an interference pattern on the 
screen indicates that uniform alignment is achieved. 
We can change the position where the beam is probing 
the sample to see if the alignment is homogeneous 
over the sample area. Once the sample is homo- 
geneously aligned, the flow cell can be taken out and 
placed on the stage of the microscope for rheo-optical 
testing. 

3. Results and data analysis 

3.1 Transient shear flow of small molecule liquid 
crystal (SMLC) 

We studied the director response for a shear start 
up situation for the SMLC's listed in Table 1 and 
lyotropic PBG. A schematic of 2-D shear flow situa- 
tion and the coordinates used is given in Fig. 6. All 
samples had planar orientation before starting the ex- 
periment. It has been shown previously that MBBA 
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Fig. 5. Schematic of shearing device 
operated in strong magnetic field with in 
situ conoscopy. Conoscopic pattern is pro- 
jected on screen inside magnet bore 
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Fig. 6. Two-dimensional shear flow situation and definition 
of coordinates used in the analysis 
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and 5 CB are flow aligning (G/~hwiller 1971). We mea- 
sured the transient director angle from initial planar 
alignment for a range of shear rates and Fig. 5 shows 
our experimental findings for MBBA. The ratio r/R, 
as defined in Eq. (1), is plotted on the y-axis and has 
been directly measured from the conoscopic images as 
a function of  strain. For all shear rates we find that 
the director rotates opposite to the shear vorticity and 
assumes a constant value. This steady state value 
depends on the shear rate, being lowest for low shear 
rates. However, further increase in shear rate did not 
alter the angle once the maximum angle was reached. 
This angle is usually referred to as Leslie angle, 00, 
and given by 

i f - - -  

t an  00 = a j a~  . (3) 

The Leslie angle is defined as the angle for which 
there is no hydrodynamic torque on the director in 
simple shear flow of an infinitely thick sample. A 
sample of  finite thickness will have a gradient in direc- 
tor angle in y-direction. The angle is largest in the 
sample midplane and decreases to zero at the bound- 
aries in case of  initial planar alignment. Director 
angle profiles for simple shear flow situations have 
been calculated by Currie (1977) based upon the Les- 
lie Ericksen equations. The profile at small Ericksen 
numbers can be described by a parabolic shape. How- 
ever, at large Ericksen numbers the gradient will be 
confined in a thin boundary layer, while the bulk 
alignment angle is uniform. 

To describe the shear start up situation we use the 
Leslie-Ericksen theory for two dimensions as devel- 
oped by Carlsson et al. (1984, 1986). The basic equa- 
tions used in our analysis are given in the appendix. 
The theory assumes that the director is confined in the 
shear plane. We could check the validity of this 
assumption with conoscopy. Note that the transient 
alignment angle is not a function of shear rate. The 
only parameter in this equation is the equilibrium 
angle, 00, which we have measured for our samples 

Table 2. Equilibrium alignment angle for small molecule 
liquid crystals 

Material MBBA OM14244 5 CB 

Leslie Angle 9.2 ° 9.6 ° 22 ° 

(see Table 2). Figure 6 shows a comparison between 
the experimental observations and calculations based 
on Eq. (A9) (see Appendix). The experimental data is 
well represented by the theory in the limit of high 
shear rates in which case the equilibrium angle is very 
close to the Leslie angle. However, Eq. (A9) does not 
describe the transient director alignment behavior at 
low Ericksen numbers because the terms due to direc- 
tor elasticity have been neglected in its derivation. 
Equilibrium angles lower than the Leslie angle are due 
to an elastic torque exerted from the sample bound- 
aries. 

Equilibrium alignment angle. Flow aligning materials 
may exhibit a stable angle in shear flow if it is not 
frustrated by instabilities. We determined the Leslie 
angle by slowly increasing the shear rate up to the 
point where the conoscopic image does not change 
any more over at least 20 strain units. We found the 
Leslie angle for MBBA to be 9.2 ° at 25°C. This 
agrees with measurements from Wahl and Fischer 
(1973) and G~hwiller (1971) who measured 00 = 8.2 ° 
and 7.1 °, respectively. 

However, Meiboom and Hewitt (1973) used dielec- 
tric measurement and found higher values. Figure 7 
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Fig. 7. Result of time-resolved conoscop~c measurement for 
shear start up of MBBA. Sample thickness is 150 ~tm; 22 °C 
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shows the angle as a function of strain at different 
shear rates for MBBA. Further increase of the shear 
rate did not alter the angle. We observed a rotation of 
the conoscopic image indicating a homogeneous tilt 
out of shear plane at higher shear rates. There has 
been extensive work done on the characterization of 
homogeneous instabilities by Dubois-Violette et al. 
(1977). 

Splay relaxation o f  SMLC.  The shear-induced direc- 
tor tilt relaxes after cessation of flow, which we ob- 
served conoscopically to determine a characteristic 
relaxation time. Again, boundary conditions are criti- 
cal for this experiment, since the equilibrium align- 
ment in the absence of external fields is defined by the 
anchoring conditions. Interestingly, we found that 
after filling the shear cell, uniform planar alignment 
is formed faster than homeotropic alignment and is 
also more stable to small perturbations. 

For all three SMLC's, we observed an exponential 
decrease in the alignment angle (Fig. 8). The director 
profile at high Ericksen numbers for flow aligning 
materials can be separated in two regions, a thin 
boundary layer with a gradient in alignment angle and 
the bulk with uniform angle (Leslie angle). In the 
following, we suggest a phenomenological approach 
to analyze the relaxation process upon cessation of 
flow. We introduce a normalized angular displace- 
ment defined as: 

O ( t , y ) -  O(t = O,y = l) 
0re 1 -- (4) 

0ma x - - O ( t  = O , y  = l )  

For monodomains with planar alignment we take 
O(t = 0,y = l) = 0wall = 0. The quantity Ore 1 is scaled 
between 0 and I and characterizes the state of splay 
relaxation with respect to the equilibrium alignment. 
If  the director is at a maximum angular displacement 
from its equilibrium position, 0re I will be equal to 1. 
However, 0re1 is zero in the quiescent state, when the 
bulk alignment is in equilibrium with its boundaries. 
The value of 0max will be chosen according to the ini- 
tial conditions of the experiment and is given by the 
director angle in the sample midplane 

0ma x = O(t = O,y = O) . 

Our approach to analyze the flow-induced splay 
relaxation is motivated from a phenomenological 
standpoint. We assume that the evolution of the 
angular displacement profile over the thickness of the 
sample is analogous to the evolution of a concentra- 
tion profile in a diffusion process, which can be de- 
scribed by Fick's second law: 

0 0  0 2 0  

Ot D R OY 2 . (5) 

The diffusivity for rotation of the director in the 
nematic phase may be viewed as a diffusion process 
controlled by a quantity which we call director dif- 
fusivity. It is given by the ratio of an appropriate 

elastic and viscous constant, DR - - - . -  Ks We will refer 
r/s 

to D R in the following as director diffusivity. The 
director profile 
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Fig. 8. Splay relaxation of three different small molecule li- 
quid crystals. Sample thickness is 150 ~tm; 22 °C 

o ( t , . :  4 
rr n=o2n+ i 

exp 

• cos [(2n+l)zrY-21 

- D ( 2 n  + 1)27C 2 ~] 

4l 2 ,j 

(6) 

is then given as a function of time and position. In 
order to relate the conoscopic measurements, which 
give an average alignment angle over the sample 
thickness, we integrate Eq. (6) according to Eq. (2): 

8 oo 1 

0 = - ~  Eo(2n+= y~exp  
- D R ( 2 n  + 1)2~r 2 t ] 

4l 2 J 
(7) 
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We assume that 0 from our model calculations can be 
approximated with the experimentally determined 
angle OcoN, and, hence, we can determine the direc- 
tor diffusion. The infinite series can be approximated 
by two asymptotic solutions for short times and for 
long times (Crank, 1956). The series can be truncated 
at long times for n > 0  and we have: 

In (OcoN) - DRrc2 t+cons t ,  with k - DRn2 
4l  e 4/2 

(8) 

Figure 8 shows the experimental results for the 
flow-induced splay relaxation for the small molecule 
liquid crystals, MBBA, 5 CB and OMI4244. We calcu- 
lated the corresponding alignment angle profile ac- 
cording to Eq. (6) at different times during the relaxa- 
tion process (Fig. 9). The director diffusion, 

DR = ¢~s, is calculated from the experimentally deter- 
r/s 

mined slope according to Eq. (8). Our results are in 
good agreement with previously reported values. A 
comparison is given in Table 3. We showed that the 

Table 3. Director diffusivities for SMLC 

MBBA 5 CB OM14244 

k (l/s) 0.0129 0.027 0.009 
l (ktm) 150 150 150 
D R (m2/s) 2.9.10 -tl 6.2.10 -11 2.1.10 -11 
D e (mZ/s) 3.5.10 -~1 7.47.10 -1l 5.7.10 -it 

Haller (1972), Gu et al. (estimate 
Gasparoux et al. from 
(1971) supplier) 

characteristic time constant l / k  increased by a factor 
of 4 when doubling the thickness, which follows the 
predicted scaling behavior. 

Brochard 0972) studied the effects of secondary 
flow upon the relaxation from different deformations 
and calculated a correction factor for the characteris- 
tic relaxation time. We estimated the correction term 
to be smaller than 1%. 

3.2 Transient shear f low of  a rodlike LCP 

We applied the same experimental techniques to 
lyotropic PBG as we did for the SMLC's. The mono- 
domains were prepared and checked for their stability 
and alignment quality prior to the experiments by in 
situ conoscopy. It is important to have a uniform 
planar alignment of the birefringence axis throughout 
the sample. 

The shearing unit is then placed on a specially de- 
signed microscope stage where we can record the con- 
oscopic images. Experiments have been carried out 
for initially planar alignment. The sample thickness 
was 750 ~tm in all our experiments with PBG. Unfor- 
tunately, we cannot calculate an Ericksen number 

ER= V2l V shear 21 thick- velocity, sample 
DR ' 

= Ks director diffusivity~ because the val- ness, De 
~s / 

ues for r/s and K s for the PBG/m-cresol  system are 
unknown. However, it is possible to use the values 
measured by Meyer et al. (1985) for the PBG/diox-  

angle 

1.2, 

1.1 

3_ l S  1 

0.9 
o. 8 lOs r/R O.S 

0 6 5 0 S  0.7 
i 0.6 

0 4 0.5 

0.4 

°17 o Yl 
0.2 

0.1 

- 0 
0 

Posi t ion Y/I 

Fig. 9. Distribution of alignment angle over sample thick- 
ness during relaxation of shear-induced splay deformation 
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Fig. 10. Displacement of conoscopic pattern for PBG dur- 
ing start-up of shear flow at constant rates. Sample 
thickness is 750 ~tm; 20 °C 
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ane/methylenechloride system as an approximation. 
Figure 10 shows the displacement of the conoscopic 
pattern (hyperbolas for planar optic axis) plotted vs. 
the shear strain for shear rates from 0.002/s to 2/s. 
This corresponds to Ericksen numbers from about 
103 to 106 . The displacement is given by the dimen- 
sionless ratio r/R introduced earlier. The conoscopic 
pattern is lost at about 7 -  8 strain units, which indi- 
cates that the director alignment over the sampled 
area is inhomogeneous and there is no effective bire- 
fringence axis. Interestingly, in all our monodomain 
experiments (director along shearing direction) we did 
not see a homogeneous rotation of the director out of 
the shear plane with conoscopy. 

In complementary orthoscopic observations we see 
the appearance of birefringence colors when the con- 
oscopic pattern disappears, indicating that the direc- 
tor is leaving the shear plane. The birefringence colors 
disappear upon flow reversal, and the initial monodo- 
main is recovered, as we saw previously with cono- 
scopic optics. 

More precisely, periodic bands perpendicular to the 
flow direction appear as an intermediate structure at 
about 7 strain units but very quickly disintegrate to 
form a chaotic texture at about 9 strain units. This 
agrees well with observations made by Srinivasarao 
and Berry (1991) on solutions of PBT. 

The experimental data shows no strain rate depen- 
dence of the alignment dynamics over three orders of 
magnitude, which is in agreement with predictions by 
the Ericksen TIF model (Eq. (A9), Appendix). The 
az/a ~ ratio is the governing parameter in this equa- 
tion and can be determined from our data. Ex- 
perimentally we find az/a3 to be -44  + 5. Figure 11 
shows the effect of different values of a2/a3 on the 
transient director anlge as calculated from Eq. (6b). 

Interestingly, the rate of rotation (director vorticity) 
for a2/a 3 = - ]  does not depend on the alignment 
angle. The director vorticity in homeotropic align- 
ment will become much larger than the director vor- 
ticity in planar alignment for [a2/a3]~> 1. The mini- 
mum vorticity occurs when the director has planar 
alignment and the maximum vorticity will occur for 
homeotropic alignment. This means that an initially 
slightly inhomogeneous planar alignment will either 
lead to premature or delayed tumbling. Hence, the 
onset of tumbling will randomize with increasing 
strain. 

4. Conclusions 

Conoscopy is a powerful tool for investigating the 
director dynamics in LC's and can be used to deter- 
mine important material parameters. We found that 
a shear-induced splay deformation relaxes with an ex- 
ponential time decay which is a measure of the direc- 
tor diffusion, DR, as a characteristic material param- 
eter. The splay relaxation process can be analyzed 
with the diffusion equation and director diffusivities 
can be determined from the slope of the decay. An 
analogous experiment for polymeric LC's would take 
place on a time scale of hours due to their much 
longer orientational relaxation. For flow aligning 
SMLC's we found that the average steady state align- 
ment angle is a function of shear rate and approaches 
a limiting value, the Leslie angle. 

We found PBG solutions in m-cresol behave non- 
flow aligning, known from the work of Burghardt 
and Fuller (/991). The rotation of the director follows 
the hydrodynamic vorticity and there is no stable 

20 

8O ~ 150 
/1oo 
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Fig. 11. Calculated director alignment angle for shear start 
up as a function of g2/a 3 based on two-dimensional Leslie- 
Ericksen model (see Appendix) 
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alignment angle. The director tilt angle for shear start 
up was found to increase proportionally with strain 
but is independent of  the shear rate (experiments with 

between 0.002/s and 2/s). 
The conoscopic image vanishes at a critical shear 

strain of about 7 - 8, indicating that the alignment has 
become inhomogeneous. Conoscopy shows that there 
is no out-of-plane motion of  the nematic director as 
long as the conoscopic image is still there. However, 
orthoscopic observations under crossed polaroids in- 
dicate that the nematic director is leaving the shear 
plane when the conoscopic pattern disappears. The 
initial monodomain can be recovered upon reversing 
the shear direction. The loss of the interference pat- 
tern seems also to coincide with a sudden increase in 
the rate of rotation of the director as predicted by the 
Leslie-Ericksen theory. Our observations indicate that 
tumbling might not be cooperative throughout the 
sample, instead, delayed or premature tumbling 
might lead to destruction of  the monodomain.  Inter- 
estingly, initial uniform alignment is recovered when 
reversing the shear direction below a total strain of  
10. Rotational diffusivities, DR, of PBG solutions are 
small and relaxation of  the shear induced splay defor- 
mation does not occur on the time scale of our shear 
experiments. 

Appendix  

The equation for the viscous shear stress reads as 
follows: 

r = g ( O ) ~ - +  (a 2 cos 2 0 - a  3 sin20) S0 , 
oy St 

where the viscous function g(O) is given by 

(A 1) 

g (0) = a 1 sin 2 0 COS 2 0-J-/~c q- (a2 + a3) sin2 0 . (A2) 

The director torque balance reads as: 

where the elastic function is given by: 

h(O) = K1 sin 20+K3 COS 2 0 and 
Oh 

h'(O) = - - .  
80 

(A4) 

When neglecting elasticity for the director torque bal- 
ance, the director vorticity becomes 

8 0 a 3 sin 2 O -  a 2 COS 2 0 . 
? • (A5) 

8 t U 3 -- g 2 

This equation can be rewritten as 

t~Eq 2 -  1 dq = tdt , (A6) 

with d = tan 00 and q --- tan 0. 
Upon integration of  Eq. (A 5), we have for flow- 

aligning materials: 

y - 
V - -  

1 a 2 -- a 3 a]a 2 In 
2 a 2 

~a~ tan 0+ 1 

aAf~a ~ tan 0 -  1 

, (A7)  

or equivalently: 

[ ( t ~ q +  1~  [1-o2/201- 

y=ln \ ~--~-T- 1) (A 8) 

Equation (A5) can be integrated for a 2 a 3 < 0, 

y = d  
l + t ~  2 

g 
arctan (fi tan O) (with fi = ~-a~2 I 

(A9) 

80 
(a 3 - a 2) ~ -  = (a 3 sin 2 0 - a 2 cos 2 0) 8v 

8y 

(00 V +h(0) 02-~02 + h'(O) 
oy \Sy /  

(A3) 

and describes non flow aligning materials. 
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