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ABSTRACT: Wedescribe results of an experimental investigation into the orientation state of liquid crystalline
solutions of poly(benzyl glutamate) under shear flow and how the microscopic structure relates to the
macroscopic mechanical rheclogical behavior. The technique of flow birefringence was used to study the
degree of molecular orientation. A spectrographic flow birefringence apparatus is described that eliminates
ambiguities associated with multiple orders of retardation in birefringence measurements. The birefringence
observed in textured solutions under shear flow is always less than that measured in quiescent, defect-free
monodomains of the solutions. At low shear rates, the birefringence is roughly constant and in the range
of 53-63% of that observed in a monodomain; there is no evidence of a low-orientation, “piled polydomain”
structure. Athighshearrates, the birefringence is again roughly constant and around 90% of the monodomain
value. The transition between low- and high-orientation states as a function of shear rate is closely correlated
with changes in sign of the first normal stress difference of these solutions, leading us to identify it as a
manifestation of a transition between regimes of director tumbling at low shear rates and flow alignment at
high shear rates. These observations are compared qualitatively and quantatively with predictions of the
nonlinear Doi molecular model for textureless samples [Larson, R. G. Macromolecules 1990, 23, 3983] and
the linear Larson and Doi tumbling polydomain model for textured samples [Larson, R. G.; Doi, M. J. Rheol.

1991, 35, 539]. An accompanying paper considers transient flow phenomena at low shear rates.

1. Introduction

The technological importance of liquid crystalline
polymer solutions stems from the ability to spin ultrahigh-
modulus polymer fibers from lyotropic solutions of rodlike
polymers. As a consequence, the rheological behavior of
polymer liquid crystals (PLC’s) has been the subject of
intensive investigation over the past 15 years. Since the
practical utility of these materials arises from the high
molecular orientation induced during fiber spinning
operations, the relationship between deformation history
and the resulting molecular orientation state in the solution
is of central interest. The structural complexity of liquid
crystalline polymer solutions introduces severe compli-
cations into these efforts. Since PLC’s are anisotropic at
rest, flow fields may affect orientation merely by rotating
the average direction of molecular orientation (denoted
by the unit vector n, the “director”). On the other hand,
since the relaxation of the constituent macromolecules is
sufficiently slow, flow fields may also perturb the degree
of molecular orientation at a microscopic level, giving rise
tononlinear viscoelastic behavior. Finally, PL.C’s generally
exhibit a defect-ridden textured structure (often refered
toas a “polydomain”), disrupting the molecular orientation
over a lengthscale on the order of microns. The rheological
implications of texture are not yet fully understood;
however, elastic effects associated with spatial inhomo-
geneity of the director field (distortional or Frank elas-
ticity) are believed to play a central role in the relaxation
behavior observed in PLC solutions at low shear rates.

Recent work uniformly suggests that the relationship
between shear flow and molecular orientation is very
complicated. In the limit of low shear rates, it has been
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shown experimentally in two systems that shear flow
induces tumbling of the liquid crystal director.!? Tum-
bling may be predicted by the linear continuum theory of
Leslie and Ericksen, provided certain values of the
phenomenological Leslie coefficients are chosen. In the
absence of either distortional or nonlinear viscoelastic
effects, the tumbling orbits executed by the director are
equivalent to Jeffery orbits of suspension hydrodynamics.
However, in a textured PLC environment it is expected
that tumbling would introduce severe distortions in the
director field, where the resulting Frank elastic torques
on the director would frustrate indefinite tumbling, and
the excess elastic energy associated with flow-induced
distortions would provide the driving force for relaxation
processes such as elastic recoil and stress relaxation.
Burghardt and Fuller argued that the balance between
viscous and elastic torques is determined by the texture
length scale, a, and characterized by a local Ericksen
number, Er = aya¥ K, where « is a characteristic viscosity,
K is an elastic constant, and v is the shear rate.
Comparisons of a range of transient flow behavior with
idealized Leslie-Ericksen model calculations suggest that
the texture length scale is refined in response to increase
shear rate, as a means of limiting flow-induced distortional
energy so that the texture-based Ericksen number is
constant, resulting in a scaling a ~ 4~1/2. Similar scaling
laws had been previously proposed from a variety of
dimensional arguments.é® Direct evidence of texture
refinement is provided by microscopic visualization®2 ag
well as the wavelength dependence of anisotropic light
scattering.! Inaddition, thisrelationship predicts ascaling
law for processes associated with director field relaxation
that has been intensively studied by Moldenaers and
Mewis!3 and Larson and Mead.? Recently, Larson and
Doi have developed a more sophisticated model for the
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linear regime, in which the Leslie-Ericksen model is
averaged over a distribution of domain orientations.!*
Their model incorporates the various scaling arguments
discussed above and provides excellent qualitative pre-
diction of transient phenomena.

The nonlinear viscoelastic behavior of PLC solutions
also reflects a complex relationship between shear flow
and molecular orientation. Understanding of the nonlinear
regime has been significantly advanced by series of
publications by Marrucci and Maffettone!'” and Larson!8
that have examined the Doi molecular model!® without
resort to mathematical decoupling approximations. The
major successes of the Doi model, in the absence of
decoupling, are (i) the correct prediction of director
tumbling in the linear limit, and (ii) the correct prediction
of a region of negative first normal stress difference at
intermediate shear rates in the nonlinear regime, observed
experimentally in a number of systems. Recent experi-
ments on the second normal stress difference of sheared
PLC solutions demonstrate that Doi model predictions
are also qualitatively correct for this material function.?
The predicted normal stress behavior reflects a complex
interaction between shear flow and the degree of molecular
orientation, associated with a transition from tumbling to
steady, flow-aligning behavior as the shear rate is
increased.15-18

In this work, we study the molecular orientation in a
model PLC solution under shear flow using the technique
of flow birefringence. While birefringence isideally suited
as a measure of polymer orientation, several features of
PLC’s make its application somewhat challenging. The
major complications are that (i) PLC’s are anisotropic in
the absence of flow, making it difficult to interpret flow-
induced changes in the birefringence, and (ii) the bire-
fringence of PLC’s is very large, introducing the well-known
problem of multiple orders in phase retardation. Despite
these difficulties, flow birefringence has been used in the
past to study PLC rheology, most notably by Asada and
co-workers.2!-23 We feel, however, that new opportunities
exist for this type of study. Therecent theoretical progress
in explaining unusual macroscopic features of PLC rhe-
ology in terms of microscopic structure provides a much
richer context for the interpretation of birefringence
results. Furthermore, we introduce two significant in-
novations in flow birefringence measurements as applied
to liquid crystalline polymers. First, we utilize a spec-
trographic technique that eliminates the problem of
multiple orders in highly anistropic materials, allowing
for unambiguous measurement of birefringence. Second,
by measuring the birefringence of uniformly oriented
monodomains of our solutions in the absence of flow, we
are able to quantitatively determine the effect of shear
flow on the degree of orientation in textured solutions and
to quantitatively test specific predictions of the models
discussed above. Since the normal stress behavior ob-
served in PLC solutions is believed to reflect complex
interactions between flow and molecular orientation, we
have also studied the steady-state rheological bekavior of
several of the test solutions in detail. Prior to the
presentation of our experimental results, we explore how
birefringence relates to the various structural features of
sheared PLC solutions and discuss theoretical predictions
of what we might expect to observe. In this paper we
concentrate solely on steady-state behavior; an accom-
ganyixzx‘g paper discusses molecular orientation in transient

ows.
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2. Birefringence in PLC Solutions

The maximum birefringence that can be achieved in a
polymer liquid crystal solution, Any, is associated with a
perfect orientation of all molecules along a single direction.
Provided Ang is not too large, it is expected to be roughly
proportional to the concentration of rodlike polymer in
the solution. Nematic liquid crystals are imperfectly
ordered, however, and the degree of molecular orientation
is usually expressed by a scalar order parameter, S*9, such
that the second moment of the rod orientation probability
distribution function is given by?®

{uu) = f\&(u)uu du = S*nn (0))]

Here y(u) du represents the probability of finding a rod
oriented along the direction of unit vector u, and n is the
director, characterizing the average direction of molecular
orientation in the uniaxial, spatially homogeneous nematic.
Sed varies between 0 for an isotropic medium to 1 for the
case of perfect orientation. Provided that the optical
anisotropy is not toolarge, it follows that the birefringence
of a uniformly oriented PLC monodomain is

An, 4 = S*An, (2)

We describe measurements of this quantity in section 5.

Next, we imagine that the PL.C is sheared in such a way
that the structure remains spatially homogeneous but allow
for flow to perturb the microscopic orientation state of
the PLC. Under these circumstances, we generalize eq 2
to

An = Sén, 3

where S now reflects the degree of molecular orientation
under flow. (Note that Sin eq 3 also reflects the geometry
in which the birefringence is measured. For instance, in
our experiments we measure optical anisotropy in the flow-
vorticity (1-3) plane; hence S is properly thought of as
representing the quantity S1;-S33, the anisotropy in the
appropriate components of the molecular order parameter
tensor.)

Finally, we account for the additional disruption in the
average degree of molecular orientation associated with
the presence of a “polydomain” texture. Larson and Doi
introduce the concept of a mesoscopic order parameter,
S, reflecting the degree of domain orientation averaged
over a probability distribution function of domain ori-
entations, y(n), where n is the director orientation within
any given domain.!* We finally write a qualitative
expression for the birefringence of a sheared, textured,
PLC solution:

An = 5(Sény) @

reflecting imperfect orientation at both the molecular (S)
and mesoscopic (S) levels. Our use of two order parameters
reflecting the two levels of disordering in textured PLC's
follows the spirit of the discussion by Picken and co-
workers, who studied the orientation state of sheared
polyaramid solutions using X-ray scattering.!?
Equation 4 is conceptual in nature; we use it here as a
basis of thinking about what we may expect to observe in
various flow regimes. At low shear rates, it is reasonable
to expect that the degree of molecular orientation at a
microscopic level is unperturbed by the flow (see, however,
the discussion in section 7.1). We would thus replace S
with S¢ in eq 4 and attribute any reduction in flow
birefringence from Anpng to the effects of the distribution
of domain orientations, under the generally destructive
influence of director tumbling. On the other hand, at high
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shear rates, the Doi model predicts a regime of flow
alignment;!518 that is, the flow would tend to promote the
same orientation in each “domain”. Under these circom-
stances, we would anticipate that the mesoscopic order
parameter S ~ 1 and that the measured birefringence
would primarily reflect flow-induced changes in the
microscopic orientation state of the material, S.

The preceding discussion tacitly assumes that the bulk
optical properties of a textured PLC under shear may be
represented as a simple birefringent medium. This outlook
naturally obscures some delicate issues related to the
propagation of polarized light through media with varying
optical orientation. This issue has been lucidly discussed
by Amundson and co-workers in the context of “textured”
block copolymers.?® They note that along any particular
light path, a change of polarization will occur as a result
of the composite effect of all the “domains” through which
the light has passed. Provided the number of domains is
large and the effect of a single domain is small, it is
reasonable to associate this polarization change with an
effective average birefringence related to the average
orientation as discussed above. Amundson et al. note
however that the resulting light beam contains contribu-
tions from a large number of light paths.?® Variations in
effective birefringence from one path to another mean
that no single polarization state characterizes the light
beam. In the studies on textured block copolymers, this
prevented a true extinction condition when the average
birefringence was measured using a compensation tech-
nique.2?® If the domain size is small, a given light path will
sample many domains, and there would be relatively little
variation in effective birefringence from one path to
another and consequently little “mixing” in the polarization
state. Conversely, if relatively few domains are sampled,
there will be substantial variations from one light path to
another and a large mixing of polarizations. Our light
path of 1 mm should allow a large number of domains to
be sampled (=100), so that we are confident that our
measurements provide a good quantitative description of
average orientation. However, under conditions where
larger scale structures are present, we may expect sub-
stantial interference from this polarization mixing. These
effects appear to play an important role in measurements
taken following flow cessation (see accompanying paper?4).

3. Predictions of Molecular Alignment

3.1. Nonlinear Doi Model for Textureless Samples.
Our discussion of the Doi model predictions is based on
the calculations of Larson.!® While the work of Marrucci
and Maffettone shows virtually identical qualitative
features,'518 it is less well suited to the present purposes,
in that their restriction of molecular orientations to two
dimensions makes predictions of anisotropy in the 1-3
plane less well founded (similar considerations apply to
polydomain systems, where Marrucci and Maffettone have
developed a two-dimensional model!” that is analogous to
the Larson and Doi model discussed in section 3.2). Key
Doi model predictions for the purpose of our discussion
are (i) a series of transitions from director tumbling in the
linear regime, through a wagging. (frustrated tumbling)
regime, to a regime of steady flow alignment as the shear
rate is increased, and (ii) associated predictions of Ny that
show transitions from positive to negative and back again
to positive values as the shear rate increases. The
molecular origin of negative N, values was identified by
Marrucci and Maffettone as a flow-induced decrease in
the degree of molecular orientation.!®

Representative results from ref 18 (courtesy of Dr.
Larson) are reproduced in Figure 1, showing results of
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Figure 1. Predictions of dimensionless magnitude of the first
normal stress difference |N;| and anisotropy in microscopic order
parameter tensor S;; - S3; vs dimensionless shear rate for the Doi
molecular model (calculations of Larson, ref 18). Regimes of
positive and negative N are indicated, as well as tumbling (T),
wagging (W), and steady-state (S.S.) regimes. Open symbols
represent time averages.

normal stress and order parameter calculations for a
strength of the Onsager nematic potential, U = 10.67 (the
lowest value for which a wholly nematic phase is stable).
The change from positive to negative N; occurs near the
transition from tumbling to wagging, while the transition
from wagging to steady-state flow alignment occurs near
the most negative N; values. Note that the tumbling and
wagging regimes, the opensymbols represent time averages
over the periodic response. The squares show the ani-
sotropy in the order parameter tensor relevant to our
experimental studies, S;; - S3;. For a monodomain
oriented along the 1l-axis in the absence of flow, this
quantity would take on the value $*2 = 0,792 for potential
strength U = 10.67.1% In the low shear rate tumbling
regime, the predicted anisotropy is roughly 80% of this
value and independent of shear rate. This represents the
reduction in time-averaged molecular orientation associ-
ated with the rotation of the director through the tumbling
orbit. This rather large orientation reflects the nature of
Jeffery orbits,4!¢ which tend to accumulate near the flow
direction and then flip rapidly through the remainder of
the orbit. An 80% reduction relative to a static mon-
odomain may be taken to be a first estimate of the
disruptive influence of tumbling on orientation at low shear
rates; the polydomain model of Larson and Doi discussed
in the next subsection develops a more explicit picture of
the orientation state in the linear regime.

The onset of nonlinear effects is first associated with a
perturbation in the scalar order parameter, S, as the
director rotates through its orbit. Sharp reductions in §
during part of the orbit ultimately account for the onset
of negative N (see for instance Figure 5 of ref 18). While
S11 — S3s does show a barely perceptible decrease at
intermediate shear rates, the sharp reduction in molecular
orientation is not apparent in this projection of the
microscopic order parameter tensor. Eventually, an
increase in Sy; — S33 is predicted as the shear rate increases
through wagging and into the steady flow alignment
regime. An interesting feature of the high shear rate
behavioris that even at extremely high deformation rates,
the molecular anisotropy is less than that which would be
observed in a monodomain in the absence of any flow
field. (Comparison with Figure 9 of ref 18 shows that this
is not an artifact of the particular projection of the order
parameter tensor discussed here; at high shear rates the
average molecular orientation angle is very close to the
flow direction.)
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3.2, Linear Larson-Doi Polydomain Model. One
challenge of modeling textured PLC solutions is that the
mechanical response reflects a distribution of director
orientations. Larson and Doi recently proposed a model
for the rheology of textured PLC solutions in the linear,
tumbling regime that averages the response of the material
over a distribution of domain orientations.!* The struc-
tural response of the material is expressed as a pair of
evolution equations for a mesoscopic order parameter
tensor, 8 reflecting the average domain orientation state
(the degree of molecular orientation is assumed to be
unperturbed within a given domain), and I, a scaled
variable proportional to the defect density in the material
(lgoes as 1/a?, where a is the average texture length scale):

S8=u"8 480+
A[%;D + D8 +8.D-28:DS + 1/,5)] -8 (5)

d, -
) tl Il -1 ©)
In these expressions, D is the rate of deformation tensor,
IIp is its second invariant, w is the vorticity tensor, X is
the “tumbling parameter” (given as a function of con-
centration by the linearized Doi model analysis of Kuzuu
and Doi?"), and ¢ is an elasticity parameter. All but the
final term on the right-hand side of eq 5 account for the
hydrodynamic torques promoting tumbling, averaged over
the domain distribution, the final term phenomenologically
accounts for distortional elastic torques and is seen to be
proportional to the defect density. Equation 6 is written
such that, at steady state, the defect density is directly
proportional to the shear rate, thus incorporating the
hypothesis of texture refinement. As a consequence, the
relative magnitudes of the hydrodynamic and elastic terms
in eq 5 do not depend on shear rate at steady state; this
torque balance is solely determined by the parameter ¢,
which is thus analogous to one over the saturation Ericksen
number hypothesized by Burghardt and Fuller® and which
determines the magnitude of strain recovery in recoil
calculations and the persistence of oscillatory responses
in transient flows (see the accompanying paper for a more
detailed discussion of transient behavior?4).

Asaresult of the scaling behavior implicit in the model’s
construction, its steady-state predictions for the meso-
scopic order parameter components (and hence degree of
orientation) are independent of shear rate; only the texture
length scale changes with shear rate according to (6).
Larson and Doi did not present the steady-state predictions
of their model; these results are easily obtained by setting
the time derivatives in eq 5§ and 6 to zero (a cubic equation
results for 5,5, from which the remaining mesoscopic order
parameter components may be determined). Figure 2a
shows the predicted anisotropy S;; - 833 relevant to our
studies, while Figure 2b shows the average domain
orientation angle in the shear plane, x, defined as

28
X = tan"[ — M
11 22
These predictions are shown over the range of dimen-
sionless concentration and elasticity parameter that result
in good qualitative predictions of transient phenomena.!4
If all domains were oriented along the flow direction, S,
- 833 would equal 1; the model therefore predicts that the
birefringence observed under flow in the linear regime
should be in the range of 80~90% of that observed in a
monodomain in the absence of flow. Figure 2b shows that
the domains are on average oriented very close to the flow
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Figure 2. Larson and Doi model predictions of steady-state
orientation in polydomain PLC’s over a range of dimensionless
concentration and elasticity parameter ¢. (a) Anisotropy in the
mesoscopic order parameter tensor 8y; - Sz3. (b) Average domain
orientation angle, x.

direction. When the director is oriented along the flow
direction, hydrodynamic torques are minimized; conse-
quently, the steady-state domain orientation distribution
function favors this configuration, resulting in this high
degree of orientation (similar considerations account for
the accumulation of unperturbed tumbling orbits along
the flow direction; see section 3.1). However, the detailed
steady-state structure depicted in Figure 2 also reflects
the structure of eq 5 and in particular the phenomeno-
logical form of the elastic terms. In this paper, by
combining birefringence measurements under flow with
monodomain experiments, we are able to make quanti-
tative tests of these predictions.

4. Experimental Section

4.1. Optical Analysis. For our birefringence mea-
surements, we adapt the crossed and parallel polarizer
arrangement used by Asada and co-workers.2l2* The
birefringent sample is placed between a polarizer and
analyzer whose optical axes are either crossed or parallel
to one another and at an orientation of £45° with respect
to the laboratory frame. The sample with birefringence
An is assumed to be oriented with its principal axes at an
angle . Analysis of this optical system yields the following
expressions for the light intensity transmitted between
crossed (L) and parallel (|) polarizers:

I 7’
I* = 2 sin’(xAnd/M) cos"(260) ®
Iy o
I =Ze™[1 - sin*(xAnd/ ) cos’(20)] &

In these expressions, the term e 2" accounts for attenuation
of light caused by scattering fror the PLC texture, I, is
the intensity of incident light with wavelength A, and d is
the sample thickness. The two experiments give com-
plementary information, in that the sum I+ + [I' is
independent of the anisotropic optical properties of the
sample; normalizing the observed intensities with this sum
removes the incident light intensity and any light atten-
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uation from the analysis. We consequently presentresults
in the normalized form:

N-J- - —_.Il__- ’ = i

I+ t+p
Equations 8 and 9 highlight the difficulties associated with
crossed polarizer arrangements. The measured intensity
depends on both the birefringence and optical orientation
angle. This difficulty is often circumvented using more
sophisticated polarization modulation techniques.?? More
important to the study of highly birefringent materials
such as liquid crystals, the birefringence always appears
asthe argument of a sinusoidal function, so that data taken
at a single wavelength cannot be uniquely inverted if the
birefringence is large.

It has long been appreciated that the multiple-order
difficulty may be circumvented through the use of
polychromatic illumination, since according to eqs 8 and
9, different wavelengths will be extinguished at different
valuesof An. This givesrise to the well-known interference
colors exploited qualitatively in polarized microscopy of
crystals.? More recently, Abetz and Fuller described a
two-color polarization modulated flow birefringence ap-
paratus that in particular resolves difficulties in orientation
angle measurement as the retardation passes through
multiple orders.3¢ In this work, we avoid difficulties with
multiple orders by measuring intensity as a function of
wavelength through the visible spectrum. (A similar
arrangement suitable for microscopic observation has
recently been described by Boschmans.!) Equations 8
and 9 are then evaluated as functions of wavelength, where
the birefringence determines the frequency with which
maxima and minima are observed. The birefringence may
be evaluated by fitting observed spectra to these equations.
There is an additional wavelength dependence unac-
counted for in these equations due to wavelength dispersion
of the birefringence; this is discussed in detail in sections
4.3 and 5. Finally, we note that for highly birefringent
materials, the determination of orientation angle is de-
coupled from the birefringence measurement, in that the
latter is based on the wavelength dependence of trans-
mitted light, allowing the former to be determined
photometrically by absolute intensities. An illustration
of this feature is provided in Figure 4.

The preceding analysis has neglected certain optical
characteristics of sheared PLC solutions. For instance,
all methods for birefringence measurement are also
sensitive to linear dichroism. It is known that anisotropic
light scattering from sheared PLC’s gives rise to a
conservative dichroism.!¥2 When dichroism is included
in the analysis, I1 becomes for the special case of § = 0°

(10)

1o IO 20’ ”"
I+ = 7° [cosh §” ~ cos(2rAnd/N)] an

where the extinction 8 = 2xrAn”’d/X is defined in terms
of the dichroism An”’. Burghardt and Fuller observed a
dichroism on the order of 103 in PBG solutions under
shear.! Using values of d =1 mm and A = 500 nm relevant
to our study, we find cosh & = 1.008, which may be
approximated as 1 within the accuracy of our measure-
ments, yielding eq 8. More significant are the compli-
cations associated with polarization mixing alluded to in
section 2. The light intensity transmitted between the
polarizers will include contributions from a variety of light
paths, each with its own characteristic spectrum. Thus
there will be no true extinction at any wavelength, resulting
inareduction in the amplitude of the oscillations expected
in NL and Nl. We quantify these effects through an
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Figure 3. Schematic diagram of spectrographic birefringence
experiment, showing light source (LS), polarizer (P), flow cell
(FC), analyzer (A), spectrograph (S), diode array (DA), array
controller (AC), motor (M), indexer (I), and computer (CPU).

amplitude A, taken as the peak-to-peak variation in
normalized intensity as a function of wavelength according
toeqs 8-10. According to thisdefinition, A = 1 forasample
behaving as an ideal retarder, while when A = 0, polar-
ization mixing is so severe that there is no discernible
difference between the measured spectra I1(\) and JI(M).

4.2. Optical Train. A schematic illustration of the
optical apparatus used in this work is shown in Figure 3.
While light from a halogen source (Volpi Intralux 5000)
is supplied to.the optical train by a fiber optic guide, and
then collimated with a lens. The light passes through a
polarizer oriented at 45° with respect to the flow direction,
the flow cell, and then through an analyzer which may be
oriented either perpendicular or parallel to the polarizer.
The flow cell consists of two parallel optical windows,
separated by a gap of roughly 1 mm. Rotation of the lower
plate is controlled by a computerized microstepping motor
(Compumotor 4000 Indexer). Lightis collected into a fiber
optic cable and imaged onto the entrance slit of a grating
spectrograph (Oriel MultiSpec), where the spectrum is
projected onto a photodiode array (Reticon T series).
Trigger and clock pulses from the diode array control
circuit allow coordination of data acquisition so that one
intensity value per pixel is collected for storage and
subsequent analysis. Collection of an entire spectrum
requires 20 ms; spectra are collected with both crossed
and parallel polarizers for each birefringence measurement
according to eqs 8-10.

An aperture above the flow cell and the entrance
aperture of the fiber optic light collector define the light
path through the flow cell. The measuring beam is
displaced away from the axis of rotation, so that the flow
field is locally simple shear, with the light propagating
along the shear (2) axis. Thus, optical anisotropy in the
flow—vorticity (1-3) plane is measured. It is difficult to
glue windows into the flow cell in such a way that they are
exactly parallel. In practice, there is roughly a 5%
variation in the optical path length d (and hence alsoshear
rate) as a function of the rotation of the flow cell. This
is the major source of uncertainty in our measurements
of birefringence (fitting spectra according to eqs 8~10 to
determine the product of birefringence and path length,
And, is precise to the third significant digit). To minimize
the effects of this uncertainty, all steady-state spectra are
recorded at the same angular position of the flow cell.

4.3. Demonstration of Optical Technique. To test
the apparatus and demonstrate the application of the
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Figure4. Optical datafor known sample (multiple-order quartz
quarter-wave plate). (a) Intensity transmitted between crossed
polarizers vs wavelength; 6 = 0°, raw data. (b) Data for crossed
and parallel polarizers normalized according to eq 10; 6 = 0°. (c)
Normalized transmitted spectra for 6 = 20°.

spectrographic birefringence technique, measurements
were made using a multiple-order quartz waveplate of
known, large birefringence in place of the flow cell. Figure
4ashows the raw spectrum collected for crossed polarizers
when the waveplate is placed with its optical axis along
the flow direction (8 = 0°). The intensity is an oscillatory
function of wavelength, as suggested by eqs 8and 9. The
shape of the envelope reflects the spectrum of the incident
light, the polarizers’ transmission spectrum, and the diode
array’s spectral response. At short wavelengths, the light
source emission spectrum weakens, while the cutoff at
long wavelength is a consequence of a filter in the light
source that protects the fiber optic guide from thermal
damage. By normalizing the data according to eq 10, this
wavelength dependence is removed. Figure 4b shows
normalized experimental intensity spectra transmitted
between crossed and parallel polarizers (dotted lines) along
with the expected spectra based on the known optical
properties (solid lines). A restricted wavelength range is
presented for the sake of clarity. The experimental
normalized spectra are seen to have an amplitude A slightly
less than 1. This is due to a slight baseline offset in the
photodiode array and does not reflect polarization mixing,
which will be seen in Figures 6 and 7 to be significantly
larger in sheared PLC solutions at low shear rates. This
small baseline offset is seen to have no effect on the
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excellent agreement in the wavelength dependence of the

normalized spectra (from which birefringence values are

celxtracted), 80 we do not attempt any corrections to our
ata.

Asnoted in section 4.1, this technique is independently
sensitive to optical orientation angle. As an example,
Figure 4c shows experimental and calculated spectra for
the waveplate when it is rotated to an angle 6 = 20° with
respect to the “flow” direction. The result of nonzero ¢ is
a breaking of symmetry with respect to the normalized
value of 0.5 in the spectra. In the current work, the
symmetry imposed by the shear flow field dictates that 6
= 0°, as will be observed in subsequent sections.

The agreement between experiment and calculation in
Figure 4 is only possible when the wavelength dispersion
of the birefringence is properly taken into account. In
this paper, we report birefringence values at the wavelength
of 633 nm. The wavelength dependence of birefringence
is approximated by the cubic relationship

An(\) = An(633)[1 + ax + bx® + cx’] 12

where x = (A - 633)/633 is a scaled wavelength and A is
the wavelength of light in nanometers. For the case of the
quartz waveplate, the following values were obtained by
fitting tabulated data in the visible range:3? a = -0.0677,
b = 0.0713, ¢ = -0.4606, and An(633) = 0.0090634. This
dispersion relationship was used along with egs 8~10 to
calculate the solid curves in Figure 4b,c.

4.4, Materials. Inthis work we havestudied the model
lyotropic PLC system of poly(y-benzyl glutamate) (PBG)
inm-cresol. Two concentrations of two molecular weights
have been studied. Our high molecular weight sample
consists of a closely matched racemic mixture combining
equal weights of PBLG (Sigma lot 60h5512) and PBDG
(Sigma lot 110h5531). We have measured the intrinsic
viscosity of the racemic mixture to be .96 dL/g in m-cresol
at 29 °C, corresponding to a viscosity-average molecular
weight of 301 000, in good agreement with the values
supplied by the manufacturer (310k for the PBLG and
298k for the PBDG). Inaddition, we havestudied solutions
of the single optical isomer, PBLG of lower molecular
weight (Sigma lot 69f5501). We measured an intrinsic
viscosity of 3.89 dL/g for this sample, corresponding to a
viscosity-average molecular weight of 236 000. While
PBLG solutions are cholesteric at rest, it is reported that
they are transformed to nematics under shear flow due to
the fragile cholesteric texture.’* To the best of our
knowledge, in all rheological investigations of poly(benzyl
glutamate), there has heen no distinction between the
behavior of single optical isomers and racemic mixtures.
However, use of a racemic mixture (which forms a simple
nematic phase) is advantageous in the context of this work,
inthat oriented monodomains may be formed (see below).
Solvent m-cresol (99%) was also purchased from Sigma;
all materials were used as received. Two solution con-
centrations were studied, 13.5% and 20% PBG by weight,
corresponding to 0.143 and 0.214 g/mL, respectively.
Solutions were formed by weighing appropriate amounts
of polymer and solvent into small bottles, sealing, and
agitating periodically until homogeneous solutions were
achieved (1-2 weeks). The PBG model system has been
the object of extensive rheological and rheooptical studies.
In particular, we note that the nematic solutions used here
are quite similar to a solution for which director tumbling
at low shear rates has been directly confirmed.!

4.5. Monodomain Formation. Toform nematic PBG
solution monodomains, we adapt a procedure described
by Taratuta et al.33 The sample is sandwiched between
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two glass slides which have been coated with a hydrophobic
hydrocarbon layer deposited from an ethylene plasma. It
is hypothesized that this coating inhibits the otherwise
observed tendency of PBG to adopt an end-on configu-
ration at a glass surface, allowing for a parallel alignment.
Uniform alignment is then induced by annealing the
sample in a high-field (4.7 T) NMR magnet for a period
of 24-48 h. All monodomains were checked for uniform
orientation and an absence of texture in a polarizing optical
microscope. Thesample thickness is controlled by Teflon
spacers and measured with a micrometer.

While it has been observed that monodomains prepared
in this way persist for extended periods of time,!% in the
present case we observe disruption in the uniform orien-
tation in a polarizing microscope, beginning several hours
following removal of the sample from the magnet. The
disruption generally begins at the boundaries with the
Teflon spacer but sometimes also results from surface
imperfections in the glass slides. We expect that the
eventual loss of uniform orientation indicates that a true
parallel boundary condition is not established at the
hydrophobic surface of our substrates (such a boundary
condition would act to maintain orientation despite
perturbations at the edges). However, for the purposes
of the present study, we only require that the monodomain
be stable long enough for accurate and reproducible
birefringence measurements. The monodomain birefrin-
gence values are extremely stable over the first several
hours following removal of the sample from the magnet.

4.6. Mechanical Rheometry. Steady-shear viscosity
and first and second normal stress difference measure-
ments on several of the samples were performed on a
modified R-17 Weissenberg rheogoniometer. This rhe-
ometer has been customized to measure the radial dis-
tribution of normal pressure in cone and plate flow, through
the incorporation of four miniature flush-mounted ca-
pacitive pressure transducers. A radial momentum bal-
ance on homogeneous shear flow in a cone and plate
geometry yields the following expression for the radial
distribution of normal stress:3¢

'(sz + Po) = _(N1 + 2N2) ln(r/R) "NZ (13)

Here Il is the component of the total stress tensor along
the shear gradient (2) direction, Py is the atmospheric
pressure, r is the radial position, and R is the radius of the
plate. The first and second normal stress differences are
defined according to usual convention as N; = II;; — Iy
and N, = Il - II33. A semilogarithmic plot of normal
stress against radial coordinate should yield a straight line,
withslope equal to-(N; + 2N5). Ny may beindependently
measured by total normal thrust measurements, allowing
determination of No. Extrapolation of the normal stress
totherimr = R provides an alternate means of determining
N,. Magda and co-workers have used this instrument
extensively to study normal stresses in a variety of polymer
solutions, including liquid crystalline poly(benzyl
glutamate) solutions.03738 Measurements were made
using 74-mm-diameter fixtures and the following cone
angles: 13.5% PBG(301k), 0.065rad; 13.5% PBLG(236k),
0.038 rad; 20% PBLG(236k), 0.038 rad. Inertial correc-
tions were applied to normal stress measurements at high
shear rates.®® The viscosity data were supplemented with
steady-shear viscosity measurements of both the 13.5%
and 20% PBG solutions using a Bohlin VOR rheometer,
employing a cone and plate geometry with a 2.5° cone
angie and 30-mm-diameter fixtures.

Figure 5 shows steady-state viscosity of the test solutions.
The steady-shear viscosity behavior is in line with reported
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Figure 5. Steady shear viscosity vs shear rate: 13.5% PBG-

(301k) (—);13.56% PBG(301k), VOR (#); 20% PBG(301k), VOR
(a); 13.5% PBLG(235k) (A); 20% PBLG(236k) (- - -).

Table I
Birefringence in Nematic PBG Monodomains*
An(633)
thickness (um) 13.5% PBG 20% PBG

146 0.00345 0.00570

146 0.00330 0.00565

277 0.00380 0.00615

858 0.00354 0.00603

av 0.0035 % 0.0002 0.0059 £ 0.0003

@ Dispersion coefficients: a = —0.11, b = 0.18, ¢ = -1.0.

data on similar systems. The Newtonian plateaus below
shear rates of around 1 s! are generally taken to be
indicative of a linear regime in which nonlinear viscoelastic
effects are negligible, while shear thinning at higher shear
rates is believed to reflect nonlinear effects on the
microscopic degree of molecular orientation. The “hes-
itation” in the viscosity curves in the shear-thinning region
appears to be closely associated with the unusual normal
stress behavior in these solutions and is predicted by
theory.?® At the relatively low polymer concentrations
used here, there is no strong indication of so-called “region
1” shear thinning at low deformation rates.#

5. Monodomain Birefringence

Monodomains of various thicknesses were prepared
according the procedure of section 4.5 and placed in the
optical train aligned with 8 = 0°. To determine the
birefringence, spectra were collected with crossed and
parallel polarizers, and curves of N. and N! were fitted
to eqs 8-10 along with the dispersion relationship (12),
using the birefringence as a fitting parameter. The
coefficients a, b, and ¢ in the dispersion relationship were
adjusted to optimize the agreement between calculation
and experiment. This procedure was complicated by
ambiguity in fitting the data. Specifically, for a given
monodomain thickness, there were multiple combinations
of dispersion coefficient sets (a, b, ¢) and birefringence
values An(633) that would fit the curves adequately. This
was particularly troublesome for thicker samples, where
many maxima are observed in plots of N1 and NI
wavelength. To determine the correct value of An(633),
a series of monodomains of various thicknesses were
prepared. As the thickness was reduced, the number of
“acceptable” dispersion relationships diminished, until
only a single parameter set could be found that consistently
fit all of the data; these parameters were the same for the
13.5 and 20% solutions.

Table I presents the birefringence observed for mon-
odomains of various thicknesses for the two solutions as
well as the dispersion coefficients determined by the above
procedure. The average values of 0.0032 (£0.0002) and
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Figure 6. Normalized transmitted intensity spectra between
crossed and parallel polarizers for sheared 13.5% PBG(301k)
solution at indicated shear rates. For each shear rate, ordinate
varies from 0 to 1 between gridlines,

0.0059 (£0.0003) for the two solutions are in reasonable
agreement with published data of DuPre and Lin for
similar solutions.#! In the absence of data on Ang, the
maximum birefringence attainable with perfect molecular
alignment, we cannot use these values to evaluate the
equilibrium order parameters according toeq 2. However,
we can check for self-consistency in our measurements.
Assuming that Any is proportional to polymer concen-
tration, eq 2 allows us to calculate the ratio

$*9(20%) _ 0.0059 0.143 _
S*(13.5%) 0.00350.214

indicating a slight increase in the degree of orientation
with increased concentration. This result is consistent
with previous measurements of the order parameter in
PBG solutions‘?but is in contrast to recent measurements
of birefringence in poly(p-phenylenebenzobisthiazole)
(PBT) solutions that suggest an order parameter that is
independent of concentration.*?

1.13

6. Steady-Shear Results

It is well known that PBG solutions must be sheared
through large strains to obtain reliable mechanical and
rheooptical data.* All of our steady-state data have been
obtained following application of shear strains of at least
200 strain units. Figure 6 presents spectra of transmitted
light between crossed and parallel polarizers, normalized
according to eq 10, for steady-shear flow of the textured
13.6% nematic PBG solution at a variety of shear rates.
Similar spectra are observed for the remaining solutions.
The spectra exhibit behavior in excellent qualitative
agreement with the predictions of eqs 8-10, showing an
oscillatory dependence on wavelength, with parallel and
perpendicularspectra exactly out of phase. Furthermore,
the spectra are observed to oscillate symmetrically about
the value 0.5, indicating that the observed optical ani-
sotropy is oriented along the flow direction (compare with
Figure 4b,c). As the shear rate is increased, all solutions
show an increasing number of oscillations, indicative of
an increasing birefringence.

In section 2 we discussed some of the complications in
interpreting  measured optical properties in textured
polymer liquid crystals. Equations 8-10 assume that the
optical properties of the sheared PL.C may be represented
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Figure 7. Amplitude of oscillations in normalized transmitted
intensity spectra vs shear rate for 13.5% PBG(301k) (*), 13.5%
PBLG(236k) (a), 20% PBG(301k) (X), and 20% PBLG(236k)
(®). Aisevaluated from data in the spectral range 600-650 nm.

as a pure retarder. We may immediately recognize from
Figure 6 that this description is inadequate in that the
oscillations in normalized intensity do not approach
extreme values of 0 and 1. Nevertheless, the strong
characteristic oscillatory dependence on wavelength may
only be explained by anisotropy in the retardation of light;
the optical properties of the sheared PLC are dominated
by birefringence. Since the optical volume is very large
compared to the texture length scale, we argue that the
detailed “domain” structure does not affect our measure-
ments and that instead the measured birefringence
provides a smoothed out, average measure of molecular
orientation in the spirit of the mesoscopic order parameter
introduced by Larson and Doi.'* In support of this, we
note that the transmitted spectra are extremely stable
with time, except for slight periodic fluctuations associated
with misalignment of the plates. On the other hand, one
expects that the orientation state at the texture length
scale would be quite unsteady as individual domains are
deformed by the shear flow (recent microscopic visual-
ization of sheared PBG solutions by Larson and Mead
support this outlook!!). The fact that our “macroscopic”
measure of orientation is extremely steady supports the
hypothesis that details in structure at the texture length
scale are smoothed out in our measurements.

Although polarization mixing does not interfere with
the ability to extract birefringence values, it does provide
some insight into the structural response of the sheared
PLC solutions. Figure 7 shows the amplitude of the
oscillations in the spectra of transmitted light (defined in
section 4.1 as A) as a function of shear rate for the four
solutions we havestudied. Atlowshearrates, all solutions
show an increase in A (that is, a decrease in polarization
mixing) as the shear rate is increased. This observation
isin general agreement with data of Asada and co-workers,
who took it to be indicative of a refinement of the
polydomain texture toward a more uniformly oriented state
as the shear rate increased.?!:22 The two 13.5% solutions
exhibit less polarization mixing than the 20% solutions,
while at constant concentration less polarization mixing
is observed in the higher molecular weight solutions. At
higher shear rates the amplitude gets quite close to 1,
indicating that the optical properties of the sheared PL.C
are close to those of an ideal retarder. However, several
of the solutions exhibit a sharp drop in A over a narrow
shear rate range, particularly evident in the 13.5% PBG-
(301k) and 20% PBLG(236k) solutions. This temporary
reduction in A does not appear to be an artifact, as the raw
birefringence data are extremely reproducible, including
the amplitude of the oscillations. We will comment further
on Figure 7 in our discussion section.

At any particular shear rate, spectra such as those
observed in Figure 6 may be fit to eqs 8-10 in conjunction



780 Hongladarom et al.

(a) 0.004
.......................... oo
0.003 PBG Monodomain s oo sqatrte
0. o
* ‘X
An 0.002 1 ot d kﬂx; XX
0.001
0
0.01 0.1 1 10 100 1000
Shear Rate (1/s)
®) 0.006 e
PBG Monodomain _—¥
mo’o
0.005 ]
0’. xx“
An 0.004 ok
o'!;'x;ixx“x
0.003
0.002 -
0.01 0.1 1 10 100 1000

Shear Rate (1/s)

Figure 8. Steady-state birefringence vs shear rate: (a) 13.5%
solutions; (b) 20% solutions. Racemic PBG(301k) (¢), PBLG-
(236k) (*). Dashed lines give birefringence of PBG(301k)
monodomains.

Table II
Transition Shear Rates in Poly(benzyl glutamate)
Solutions
concn birefringence Ni(+to-)
sample (wt %) s s
PBLG(236k) 13.5 23 16
20 136 155~-195
PBG(301k) 13.5 6 7
20 32

with the dispersion relationship (12) to evaluate the
birefringence An at A = 633 nm. The dispersion coeffi-
cients determined for PBG monodomains provide an
excellent fit of the wavelength dependence of the spectra
for all of the textured solutions studied under shear.
Results are presented in Figure 8a for the two 13.5 wt %
solutions and in Figure 8b for the two 20 wt % solutions.
Note that these figures also show the birefringence of the
perfectly oriented PBG (MW = 301k) monodomains.
Naturally, the monodomain birefringence should properly
be compared only with the shear flow data on the high
molecular weight racemic sample.

The basic pattern of behavior is the same for all solutions
studied. Atlowshearrates,the birefringence is essentially
constant. For each concentration, the low shear rate
birefringence for the 236k PBLG solution is slightly below
that observed for the 301k PBG solution. As the shear
rate is increased, there is an abrupt increase in the
birefringence, whereupon the birefringence appears to
become essentially constant again at high shear rates. The
high shear rate plateau is most evident in the 13.5% PBG-
(301k) solution, and there are indications of itin the 13.5%
PBLG(236k) and 20% PBG(301k) solutions as well.
However, our flow cell could not access sufficiently high
shear rates to confirm a high shear rate plateau in the
20% PBLG(236k) solution. Figure 8 demonstrates that
the shear rate at which this transition occurs increases
with decreasing polymer molecular weight at both solution
concentrations. In addition, by comparing parts aand b
of Figure 8, it is clear that the transition shear rate increases
with increasing polymer concentration as well. We quan-
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Figure 9. (a) First normal stress difference vs shear rate. (b)
Second normal stress difference vs shear rate. 13.5% PBG(301k)
(a); 13.56% PBLG(236k) (a); 20% PBLG(236k) (#).

tify the transition shear rate as that for which the
birefringence is roughly halfway between the high and
low shear rate limits (0.0025 for the 13.5% solutions and
0.0046 for the 20 % solutions). These transitionshear rates
are summarized in Table II.

Focusing on the behavior of the high molecular weight
racemic PBG solutions at low shear rates, we observe that
the measured birefringences of the 13.5 and 20% solutions
arerespectively 53 and 63 % of those observed in quiescent,
perfectly oriented monodomains. At high shear rates the
birefringence is much higher, although still less than that
observed in the monodomain (roughly 90% of the mon-
odomain value).

Figure 9 shows the steady-state normal stress differences
of three of the solutions under consideration. The general
behavior pattern agrees with previous measurements of
normal stresses in poly(benzyl glutamate) solutions,2038
N, and N; are both oscillatory functions of shear rate. The
existence of a region of negative N; was first observed
some time ago by Kiss and Porter,* but a corresponding
region of positive N, was first observed only recently.? As
the polymer concentration is increased, the onset of
“interesting” normal stress behavior is shifted toward
higher shear rates, consistent with the predictions of the
Doi molecular model.2® Here, too, we note that the
transition from positive to negative first normal stress
difference (which corresponds roughly to the location of
the relative minimum in Nj) occurs at higher shear rate
for the 20% PBLG(236k) solution than the 13.56% PBLG-
(236k) solution. At a constant concentration of 13.5%,
the high molecular weight (301k) solution exhibits behavior
qualitatively similar to that of the lower molecular weight
solution (236k), except that the normal stress transitions
are shifted to lower shear rates. To characterize the trends
with polymer concentration and molecular weight, we have
summarized the shear rate at which N, first changes sign
for the three solutions studied in Table II.

Magda and co-workers have extensively discussed the
conditions under which reliable measurements of rheo-
logical properties may be obtained from cone and plate
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flow.2038 In particular, for eq 13 to be valid it is necessary
that the velocity field be macroscopically homogeneous,
so that N; and N; are constant. Semilogarithmic plots of
the radial distribution of normal stress will be linear if
this condition is met. All of the measurements taken here
satisfy this condition, in accord with previous experience.?
Athigh shear rates, measurements are limited by the onset
of an “edge fracture” instability that appears to be
associated with a critical magnitude of the second normal
stress difference.*® In our case, this limit was reached for
the two solutions of PBLG(236k). As a consequence of
edge fracture in the 74-mm-diameter fixtures, the tran-
sition shear rate could not be precisely located for the
20% solution, and thus a range of shear rates is reported
in Table II (normal thrust measurements with a 50-mm
cone and plate fixture with a 0.0163-rad cone angle indicate
a transition shear rate of 225 s!). Finally, for certain
regions of shear rates, the normal stresses show time-
dependent fluctuations.3¥4 Under these conditions, Fig-
ure 9 shows time-averaged values of the normal stress
differences. Asanexample,the13.5% PBG(301k)solution
exhibits fluctuating values of N; for shear rates in the
range 7.3 < y < 18.3 87, while steady values of N; are
obtained for v < 8.66 and v = 23.1 871,

7. Discussion

7.1. Linear Regime. It has been demonstrated that
solutions of racemic PBG exhibit director tumbling in the
linear limit.! The similarities in the rheological behavior
of solutions of racemic PBG and PBLG, particularly
regarding the “signature” phenomena believed to be
associated with tumbling (for example, oscillatory re-
sponses in stress and structure in transient flows, large
amounts of strain recovery at low shear rates, and the
occurrence of negative N1), lead us to adopt the hypothesis
that tumbling is a general phenomenon in all lyotropic
solutions of poly(benzyl glutamate) in m-cresol. In the
low shear rate limit, it is expected that director tumbling
will have a disruptive influence on the macroscopic
orientation state in the material, due to the tendency
toward director rotation rather than alignment. Com-
parison between the quiescent monodomain birefringence
and that measured in textured solutions under shear flow
provides a quantitative measure of the degree of disruption
induced by tumbling.

We observe that the birefringence observed in the linear
regime is in the range 53-63% of that seen in the
monodomain for the two racemic PBG solutions. This is
considerably below the predictions of around 80-90%
associated with descriptions of director tumbling (see
section 3). At the same time, these results indicate that
there is a significant degree of molecular orientation that
persists down to very low shear rates, in marked contrast
to behavior i isotropic polymers. It has been suggested
that at low shear rates, textured polymer liquid crystals
exhibit a “piled polydomain” structure,?! in which there
would be negligible net molecular orientation as a result
of the disruption induced by texture. This type of
structure has been hypothesized to be associated with
“region I” shear thinning at low shear rates.* Qur shear
viscosity data show no indication of region I behavior
(Figure 5), so it appears that this regime is not present
from either a structural or rheological point of view for
thesolutions under consideration. Region Ishear thinning
in PBG solutions is generally associated with higher
solution concentrations than we have investigated;!
further work is needed to elucidate possible connections
between region I shear thinning and structure under flow.
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While tumbling models overpredict the degree of
orientation, the fact that the birefringence is found to be
independent of shear rate in the linear regime is entirely
consistent with the Larson and Doi model (section 3.2).
According to this model, the texture length scale is refined
by increasing shear rate in the linear regime in such a way
that there is a rate-independent balance of hydrodynamic
torques (tumbling) and distortional elastic torques which
determines the steady-state domain orientation distri-
bution function. Thus, the birefringence should be
independent of shear rate. [Note that simple time
averaging of a linear tumbling orbit leads to the same
conclusion (section 3.1), since the orbit trajectory is
independent of shearrate.] Itisuseful torecallscattering-
induced dichroism data of Burghardt and Fuller (Figure
4 of ref 1) that indicate substantial changes in the texture
length scale on very similar PBG solutions within the shear
rate range for which Figure 8 indicates virtually no change
in the degree of molecular orientation. Similarly, Figure
7 shows large changes in the polarization mixing induced
by the texture within the lowshear rate plateau of constant
birefringence. Direct microscopic observation supports
the hypothesis of texture refinement in the linear re-
gime.10.11 Agthe texture length scale decreases, averaging
of the optical properties along a given light path will
become more effective. This will reduce variability from
one light path to another, resulting in less polarization
mixing. Inlightof these complementaryrhecoptical data,
the combined predictions of a constant degree of orien-
tation and texture refinement may be taken to be a major
success of the Larson~Doi model.

The interpretation of polarization mixing effects in terms
of texture refinement is consistent with the discussion of
Asada and co-workers.2122 While we are in substantial
agreement with their conclusions regarding texture re-
finement, we are led to a different physical picture of
textured PLC solutions at low shear rates. At low shear
rates, Asada and co-workers observed significant polar-
ization mixing along with an absence of oscillations as a
function of shear rate in the light intensity transmitted
between crossed and parallel polarizers (at a single
wavelength; see, for instance, Figure 8 of ref 21), from
which they concluded that there was very little net
orientation in the flow direction.21:22 These observations
formed the original basis of the piled polydomain hy-
pothesis. In contrast, Figures 6 and 8 clearly show a
substantial degree of molecular alignment at low shear
rates. The fact that the birefringence is essentially
constant explains the absence in oscillations in transmitted
(monochromatic) light as a function of shear rate. We
believe that this illustrates the advantages of the spec-
trographic technique employed here, in that our measured
birefringence values are quantitative and unambiguous.
Another, more profound illustration of this advantage is
presented in the accompanying paper in the context of
relaxation processes.?

Our data indicate that director tumbling in textured
PLC’s causes a greater reduction in the degree of orien-
tation than that predicted by tumbling models. Here we
discuss three possible explanations. One possibility is a
failure of the hypothesis that the microscopic degree of
orientation is unperturbed by the flow field at low shear
rates. Marrucci has suggested that the constant hydro-
dynamic torques promoting rotation of the director will
eventually introduce distortions in the director field so
severe as to approach the molecular length scale.4® Inthe
presence of such severe distortions, the Frank (small
curvature) theory of distortional elasticity will break down,
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Figure 10. Schematic diagram of microscopic domain structure
observed under flow by Larson and Mead.!!

and it is reasonable to expect perturbations to the scalar
order parameter S as well as the assumed uniaxial
symmetry.*® An analogous situation arises in the statics
of liquid crystals, where Greco and Marrucci have calcu-
lated a reduction in molecular orientation caused by the
high curvature imposed by a point disclination.*® From
eq 4 it is clear that any reduction in S due to distortional
elastic effects in addition to reductions in 8 associated
with tumbling would result in a lower than expected value
of the birefringence. While the potential for severe
distortions in the director field should be allowed, we do
not believe these effects have influenced our measure-
ments. Microscopic observations by Larson and Mead
indicate that the texture length scale is on the order of 10
pm in PBG solutions sheared at low shear rates,!! large
enough that distortions so severe as to perturb S do not
seem likely.

A second explanation for the discrepancy is that the
qualitative idea of a continuous distribution of domain
orientations may be too simplistic. Larson and Mead!!
have recently reported direct microscopic visualization of
the detailed texture structure in very thin PBG samples
under shear flow at low shear rates. Their observations
suggest the existence of two discrete populations of director
orientations, oriented at some angle, &8 (in the range of
35-45°) with respect to the flow direction, as shown in
Figure 10. Crudely speaking, within any given “domain”,
the orientation flips back and forth between these two
orientations as the director rotates in its tumbling orbit.
The distribution of domain orientations remains sym-
metric with respect to the flow direction, so that on average
the anisotropy is oriented along the flow direction,
consistent with the symmetry observed in Figure 6. Since
orbits which pass through the flow direction (and hence
make the largest contribution to orientation in the 1-3
plane) do not appear to be present, this picture provides
a natural explanation for a lower than expected macro-
scopic birefringence. These observationsalsosuggest that
considerably more structure needs to be built into poly-
domain models if they are to provide a qualitatively correct
picture of the actual distribution of domain orientation
distribution function under shear flow.

A final possibility regarding the lower than predicted
birefringence in the linear regime relates to the projection
of the refractive index tensor measured in our flow
geometry. Both of the tumbling predictions of birefrin-
gence reflect the accumulation of tumbling orbits near
the flow direction, resulting in an average domain orien-
tation angle close to the flow direction (see Figure 2b for
instance). If for some reason the average domain orien-
tation angle x was substantially larger than these models
predict, the birefringence measured in our geometry would
be lower than expected, without necessarily invoking a
lower average degree of domain orientation S. This
circumstance is rather unlikely insofar as hydrodynamic
torques on the director are minimized when the director
is oriented in the 1-3 plane. Regardless of the possible
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perturbations to the tumbling orbits induced by distor-
tional elasticity, it seems reasonable to expect that
orientations in this plane would still be favored.

Before leaving the linear regime, we point out that there
is a discrepancy between our observations on PBG
solutions and the observations of Picken and co-workers
on polyaramid solutions.!? Refering back to our (quali-
tative) eq 4 and assuming that S = S in the low shear
rate regime, the results in Figure 8 suggest that S ~ 0.53-
0.63 for our solutions. On the basis of X-ray scattering
data, Picken and co-workers conclude that S ~ 1 for all
shear rates; they see no particular disruption in orientation
associated with spatial variation of the director field (i.e.,
texture) in the low shear rate regime.!? Since tumbling of
liquid crystalline solutions of rodlike polymers at low shear
rates has thus far proven to be the rule!:2 and since some
of the features of polyaramid rheology are reminiscent of
tumbling (i.e., oscillatory responses in transient flows!?),
this discrepancy suggests at the least that the manifes-
tations of tumbling may vary significantly from one system
to another. At the other extreme, in thermotropic PLC’s,
Viola and Baird have shown by X-ray scattering that shear
flow induces very little average molecular orientation.’

7.2. Nonlinear Regime. The remarkable rheological
behavior of liquid crystalline polymer solutions in the
nonlinear regime observed experimentally and qualita-
tively predicted by the Doi molecular model is believed
to result from complex interactions between shear flow
and the probability distribution function describing the
orientation state of the constituent macromolecules. Our
measurements of flow birefringence and normal stresses
in sheared solutions of poly(benzyl glutamate) provide
insights into the microscopic origins of unusual normal
stress phenomena in the nonlinear regime.

Although the origin of the onset of negative first normal
stress differences is believed to be a sharp reduction in the
microscopic order parameter as the director executes a
tumbling orbit, the Doi model calculations shown in Figure
1 indicate that the particular projection of the order
parameter tensor probed by our birefringence experiments
would not be expected to reveal any obvious decrease in
orientation along the flow direction. Indeed, Figure 8
shows a monotonic increase in birefringence with shear
rate. However, unlike the predictions in Figure 1 which
show a gradual increase in orientation as the shear rate
increases in the nonlinear regime, Figure 8 reveals an
abrupt increase in orientation within a narrow shear rate
range. (Again, there is a discrepancy between this
observation and the results of Picken and co-workers, who
observe no dramatic change in molecular orientation in
polyaramid solutions using X-ray scattering.!?) We at-
tribute this increase to a transition from tumbling at low
shear rates to (eventually) steady flow alignment at high
shear rates. This hypothesis is primarily supported by
comparison between the birefringence data in Figure 8
and the normal stress data in Figure 9. According to the
Doi model, the region of negative N, is expected to be
correlated with the transition region from tumbling to
flow alignment. Table II, which summarizes characteristic
shear rates of transitions in the birefringence and normal
stresses, shows that these transition shear rates are close
to one another. Moreover, variations in concentration or
molecular weight that result in systematic shifts of the
transition shear rates are seen to affect both the bire-
fringence transition and normal stress transition to a
comparable extent. This demonstrates that these tran-
sitions share a common origin. Since Doi model calcu-
lations indicate that the characteristic normal stress
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behavior reflects the transition from tumbling to flow
alignment and since such a transition might be expected
to result in an increase in orientation (the predictions in
Figure 1 notwithstanding), it is logical to reach the
conclusion that the increase in birefringence in Figure 8
directly reflects this transition. Using light scattering,
Ernst and co-workers have observed a pronounced struc-
tural transition to a high orientation state at a shear rate
between 1.81 and 9.06 71, in a PBG solution very similar
to our 20% 301k sample.’2 This is somewhat lower than
the value of 32871 in Table II, but in prior work on solutions
of (hydroxypropyl)cellulose, Ernst and Navard were also
able to associate structural transitions measured by light
scattering with normal stress transitions.5?

Figure 1 indicates that there should be no abrupt change
in molecular orientation accompanying the transitions
from tumbling to wagging to flow alignment. However,
our results in the linear, tumbling regime show that simple
averaging over tumbling orbits (the procedure used in
Figure 1) substantially overpredicts the degree of orien-
tation. Asdiscussed above, the additional disruption may
reflect a more structured distribution of domains in the
tumbling regime, where individual domains are predom-
inantly found to be misaligned significantly with the flow
direction.!! As the shear rate increases through the
wagging regime, nonlinear effects are predicted to result
in increasingly strong attractions of the director toward
the shear plane.®* Ultimately, in the steady-flow regime,
nonlinear effects should strongly promote a homogeneous
molecular orientation state within the shear plane. We
believe, therefore, that above the transition to a highly
oriented state, the predictions of Figure 1 should be
relevant. Indeed, the observed birefringence of roughly
90% that of a quiescent monodomain is in reasonable
agreement with Doi model predictions. An additional
decrease in orientation induced by tumbling, not accounted
for in Figure 1, suppresses the birefringence in the low
shear rate regime, thus revealing the transition observed
in Figure 8.

The dependence of the transition shear rates on con-
centration has been shown to be in excellent agreement
with Doi model predictions in the context of studying
normal stress behavior.?? Here we additionally observe
an effect of polymer molecular weight at constant con-
centration. As the molecular weight increases, the rota-
tional diffusivity of the rodlike molecules will decrease,
increasing the characteristic relaxation time of the solution,
7. Since the onset of the characteristic nonlinear behavior
should occur at roughly the same Weissenberg number
(Wi = v.7), an increase in 7 should shift the transition
from tumbling to flow alignment to lower shear rates,*
consistent with the observations in Figures 8 and 9.

In section 6 is was noted that over a certain narrow
range of shear rates the normal stress signals exhibit time-
dependent fluctuations. Magda and co-workers?0:38 have
suggested that these fluctuations might correspond to the
wagging regime predicted by the Doi model.18-18 In our
birefringence experiments we see no strong evidence of
any time-dependent behavior in the corresponding shear
rate range, although the slight misalignment of the two
plates would tend to obscure any fluctuations in bire-
fringence on the order of 5% or less of the steady value.
If, as Magda and co-workers suggest, the fluctuations
reflect some sort of “coherent” wagging within the mac-
roscopically homogeneous cone and plate flow,2 it is
plausible that there would be little evidence of them in
the macroscopically inhomogeneous parallel plate flow
used in the optical experiments. However, it is interesting
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to note that the narrow “spike” observed in the polarization
mixing behavior for the 13.5% PBG(301k) solution (Figure
7) occurs in a similar shear rate range, 4 < ¥ < 20s! as
the time-dependent fluctuations in normal stress mea-
surements of the same solution, 7.3 < v < 18.3s".. This
shear rate range does correspond roughly to the range in
which wagging would be expected, based on comparisons
between Figure 1 and Figure 9. It is possible that the
wagging regime introduces some additional perturbation
in the texture that results in a temporary increase in
polarization mixing, until the steady flow alignment regime
is reached. This outlook is in agreement with the
observation of substantial fluctuations in scattering-
induced dichroism associated with texture by Moldenaers
and co-workers in a shear rate range in which normal force
oscillations were observed.32 Furthermore, recent micro-
scopic observations show a striking striped texture that
appears within the expected wagging shear rate range.5

8. Conclusions

We have described a new flow birefringence apparatus
that allows for unambiguous measurements of birefrin-
gence in materials of high optical anisotropy. This
instrument was used to study the degree of molecular
orientation of textured, liquid crystalline solutions of poly-
(benzyl glutamate) under shear flow. At low shear rates,
the birefringence is constant, in the range of 53—63% of
that measured in quiescent monodomains, although po-
larization mixing effects and previous rheooptical studies
suggest substantial changes in the texture length scale in
this shear rate range. No evidence of “region I” behavior
was observed, either structurally or rheologically. The
birefringence plateau at low shear rates is consistent with
the known occurrence of director tumbling in these
materials; however, tumbling models overpredict the
degree of orientation in the low shear rate regime. We
tentatively attribute this discrepancy to a more structured
distribution of domain orientations in the low shear rate
regime, as observed microscopically by Larson and Mead,!!
in which individual domains are misaligned with the flow
direction.

A transition is observed in molecular orientation as the
shear rate is increased, to a high shear rate regime where
the birefringence is roughly 90% of that observed in a
quiescent monodomain. This degree of orientation is
consistent with Doi model predictions in the nonlinear
steady-flow alignment regime. This transition is closely
coupled to the change in sign of the first normal stress
difference and is consequently taken to be a manifestation
of a transition from tumbling to flow alignment. The
dependence of this transition on concentration and
molecular weight is consistent with Doi model predictions.
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