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ABSTRACT Flow birefringence is used to study the degree of molecular orientation in transient shear flows 
of liquid crystalline solutions of poly(benzy1 glutamate) (PBG). Experiments are confiied to the low shear 
rate regime in which it is known that such solutions exhibit director tumbling. Our optical results exhibit 
characteristics common to PBG solutions, including oscillatory responses that scale with shear strain and 
relaxation processes that scale inversely with the previously applied shear rate. The measured degree of 
orientation is compared with the transient predictions of the linear Larson and Doi tumbling polydomain 
model [Larson, R. G.; Doi, M. J. Rheol. 1991,35,539], which is known to qualitatively reproduce transient 
streas behavior well. Our results reveal some ~hortcomings of the model regarding its predictions of molecular 
orientation. Our ma& startling observation is a significant increase in molecular orientation upon cessation 
of shear flow. This increase in orientation provides a straightforward explanation for the gradual decrease 
in dynamic moduli that is observed following cessation of shear flow. This result is in direct contradiction 
with conclusions drawn by Asada and co-workers on similar PBG solutions [Aaada, T.; On&, S.; Yanm, 
H. Polym. &ng. Sci. 1984,24,355]. We attribute this discrepancy to ambiguity in birefringence measurements 
resulting from multiple retardation orders; we have employed a spectrographic birefringence technique that 
eliminates this source of uncertainty. This work is an extension of an accompanying paper on steady-state 
flow behavior. 

1. Introduction 
Polymer liquid crystal (PLC) solutions of rodlike 

polymers exhibit a wide range of unusual rheological 
behavior. In steady shear flows at  high deformation rates, 
nonlinear viscoelastic interactions between shear flow and 
the molecular orientation probability distribution function 
give rise to complex normal stress behavior, most notably 
regimes in which the first normal stress difference is 
negative’” and the second normal stress difference is 
pitive.318 In addition to these remarkable nonlinear 
effects, PLC Solutions also exhibit peculiar rheological 
behavior in the linear, low shear rate regime. Among the 
unusual observations are damped oscillatory responses in 
streas and structure that scale with shear strain in transient 
flows,7?+12 large shear strain recoveries with magnitudes 
that are independent of the previously applied shear 
rate,’2J3 streas relaxation that persists much longer than 
the molecular relaxation time,’4 and gradual evolution of 
dynamic moduli following cessation of shear flow.5*7J1J3J4 
The relaxation processes are noteworthy in that they can 
occur over time scales as long as hours and that these long 
time scale relaxation phenomena follow a scaling law in 
which the characteristic relaxation time is inversely 
proportional to the previously applied shear ratee13 

Much of the unusual rheological behavior seen in PLC 
solutions at low shear rates has been attributed, at least 
to some extent, to the phenomenon of director tumbling. 
In tumbling nematics, there is no preferred molecular 
orientation induced by a shear flow field, but rather 
hydrodynamic torques act to rotate the director (a unit 
vector, n, denoting the average molecular orientation 
direction). In the absence of other torques, such as those 
associated with applied fields or spatial variations in the 
diredor field n(r), the tumbling motion of the director is 
equivalent to the well-known Jeffery orbits of suspension 
mechanics that describe the rotation of ellipsoidal particles 
in shear flow. Under these conditions, the director would 
rotate indefinitely, accompanied by oscillations in the 
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mechanical stresses. To date, director tumbling has been 
confi ied experimentally in two systems, by following 
the initial rotation of the director upon application of slow 
shear flow to initially homogeneous monodomains (defect- 
free samples).12J6 Tumbling provides an immediate 
explanation for the observed stress oscillations in traneient 
flows. Moreover, the scaling of these oscillations with shear 
strain is a direct consequence of the linearity of the viscous 
response of nematics at low ahear rates. 

Unlike flow experiments on monodomains that have 
been used to confirm director tumbling, rheological studiea 
invariably employ samples that are initially textured, with 
a high defect density that disrupts the orientation of the 
polymer liquid crystal over length scales on the order of 
1-10 Nm (such a structure is often referred to as a 
polydomain). The presence of texture introduces two 
significant complications in the low shear rate behavior of 
PLC’s. First, the director field suffers considerable spatial 
distortions simply owing to the presence of the defects, 
evenin the absence of flow. Elastic effects aseociated with 
director field distortion (Frank elasticity9 wil l  therefore 
necessarily play a role in the dynamic behavior of textured 
PLC’s. In shear flow of textured nematics, the director 
field is unable to respond to hydrodynamic torques by 
indefinite rotation in a tumbling orbit due to the additional 
constraints placed on the director field by the presence of 
defects and/or boundary-imposed orientations. In such 
a situation, as the director locally rotatea in response to 
hydrodynamic torques, distortions in the director field 
would be introduced, generating elastic torques that 
eventually balance hydrodynamic torques and lead to a 
steady state.” Burghardt and Fuller have performed 
calculations using the linear Leslie-Ericksen model in a 
highly idealized geometry to study the characteristic 
features of this torque balance and the aesociatedtraneient 
rheological behavior.18 These calculations show qualitative 
agreement with many of the experimental obeervations 
discussed above. In particular, the mechanism of die- 
sipating stored distortional elasticity through relaxation 
phenomena are revealed through these model Calculations. 
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The second complication aeaociated with the presence 
of texture in PLC solutions ueed for rheological studies is 
that the measured mechanical response includes contri- 
butions from a distribution of domain orientations. Since 
the Leslie-Ericksen calculations of Burghardt and Fuller 
were based on an idealized monodomain geometry, the 
detailedresults of their calculations bear little resemblance 
to typical experimental observations on textured PLC 
solutions.ls Larson and Doi recently developed a model 
that addresses this issue by formally averaging the linear 
Leslie-Ericksen continuum theory over a domain orien- 
tational probability distribution This approach 
rests on a hypothesis that the characteristic length scales 
associated with the macroecopic flow fields and the texture 
are sufficiently separated that this averaging process may 
be carried out at a "me8oBcopic" length scale: large enough 
to include a large number of "domains", yet small compared 
to the macroscopic flow dimensions. While this model 
incorporates the essential physics of PLC rheology at low 
shear rates (director tumbling and distortional elasticity), 
the averaging process necessitates the introduction of 
phenomenological forms for terms involving distortional 
elasticity. Even using the simplest possible choices for 
these terms, however, the model makes predictions of 
damped stress oscillations in transient flows and con- 
strained recoil that are in excellent agreement with 
experiment.lg The Larson and Doi model also explicitly 
incorporates tezture refinement, the hypothesis that the 
length scale associated with the texture decreases (or 
equivalently, the defect density increases) as the shear 
rate increases within the linear regime. 

It should be noted that some of the characteristic 
features of PLC rheology that have been described thus 
far are not always observed. While solutions of poly(benzy1 
glutamate) (PBG) and (hydroxypropy1)cellulose (HPC) 
have been shown to be quite similar to one another in 
their rheological behavior (see references cited above), 
much of this behavior is not observed in solutions of poly- 
(phenylenebenzobisthiazole)(PBT) that have been ex- 
tensively studied by Berry and co-workers.20 This is of 
particular interest in that tumbling at low shear rates has 
been confirmed in PBG and PBT s01utions,~2J5 and one 
would expect therefore that they would exhibit greater 
similarities in bulk rheological behavior. Oscillatory 
transients and large strain recovery have been observed 
in polyaramid solutions by Picken; however, the detailed 
behavior is quite different from PBG solutions.29 Here 
we focus on PBG solutions, where the rheological behavior 
appears to be well described by available models. 

In this paper we describe measurements of molecular 
orientation in transient flows of liquid crystalline poly- 
(benzyl glutamate) solutions, using the technique of flow 
birefringence. The preceding paper introduced a spec- 
trographic birefringence technique particularly well suited 
for studying materials with high optical anisotropy and 
described measurements of molecular alignment in steady 
shear The nonlinear regime was extensively studied 
to elucidate the connections between molecular orientation 
and unuaual normal stress phenomena at hgh shear rates. 
Here we focus on transient flow phenomena in the linear 
regime. The Larson and Doi tumbling polydomain model 
has proven to be effective at  describing bulk rheology at 
low shear rates. At  the same time, it makes specific 
predictions about the transient changes in molecular 
alignment that accompany the mechanical response. Our 
birefringence measurements provide a direct test of these 
predictions. We are ale0 interested in relating mechanical 
rheological observations to changes in the microscopic 
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structure in a more general sense. For instance, mea- 
surements of changes in molecular orientation following 
shear flow cessation provide insights into the origin of the 
observed evolution of dynamic moduli following shear flow. 

2. Transient Predictions of Orientation 
In this section we provide examples of calculations of 

stress and molecular orientation using the Larson and Doi 
polydomain model.'@ The primary structural variable in 
this model is the mesoscopic order parameter tensor, 8, 
defined as 

(1) 
where ( ... ) represents an average over a domain orientation 
probability function &n), and 6 is the unit tensor. 8 thus 
provides a measure of anisotropy in the domain Orientation 
distribution function. In our experiments, we interrogate 
shear flow with a polarized light beam that propagates 
along the shear gradient direction. Assigning coordinates 
as flow direction (11, gradient direction (2), and vorticity 
direction (31, our measured birefringence then reflecta 
structural anisotropy in the 1-3 plane. If all domains were 
oriented along the flow direction, eq 1 would predict 
anisotropy in the mesoscopic order parameter tensor ,311 
- S33 = 1, corresponding to perfect alignment. Experi- 
mentally, this situation would correspond to a uniformly 
oriented monodomain, with the maximum poesible bire- 
fringence obtainable in an unperturbed quiescent ample. 
In a textured sample under flow, ,311 - S33 wil l  be less than 
1, reflecting the disruption in orientation d a t e d  with 
a distribution of domain orientations. Assuming that the 
microscopic degree of orientation, characterized by a 
molecular order parameter, S, is unperturbed by the flow 
(that is, that the Weisaenberg number is small), the 
birefringence measured in textured PLC solutions under 
flow should be directly proportional to 311 - SSS. See the 
preceding paper for a more extensive diecueeion of the 
relationship between birefringence and the molecular 
orientation state in textured pLc'(1.2~ 

The principal components of the Lealie-Erickeen model 
are a torque balance that determines the director field 
and a constitutive relationship between the applied 
deformation, the director field, and the resulting me- 
chanical stresses (this relationship is linear in velocity 
gradient).16 Larson and Doi derived an evolution equation 
for the mesoscopic order parameter by multiplying the 
torque balance by n and averaging over $(n). The resulting 
equation involves the meeoecopic averages ( nh ) and (hn ) , 
where h is the "molecular field" that ariaea due to 
inhomogeneity in n(r).ls These terms consequently 
represent, in an average sense, the effecta of distortional 
elasticity. Larson and Doi introduced phenomenological 
forms for these terms, leading to the result 

9 = (nn) - 1/38 

All but the last term on the right-hand side of eq 2 represent 
the hydrodynamic torques, averaged over the domain 
distribution function. The tumbling parameter, A (as 
- as)/(as - a2) distinguishes tumbling (A > 1) from flow 
aligning (A < 1) behavior and is expressed in terms of the 
linear Leslie coefficients, ai. D is the rate of deformation 
tensor, while o is the vorticity tenaor. The final term in 
eq 2 represents the averaged effects of distortional 
elasticity and is taken to be proportional to the defect 
density 1 - Uta2, wherea is the characteristic texture length 
scale. The defect density is hypothesized to follow its 
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own evolution equation: 
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Where& is the eecond invariant of the rate of deformation 
tensor. This equation has the properties that (i) it predicts 
texture refinement at steady state, such that a varies as 
y-lI2, where 7 is the shear rate, and (ii) it predicts that 
defecta anneal away in the absence of flow (1 decreases 
monotonically when IID = 0). 

Dimensional analysis of the Leslie-Ericksen model 
reveals that the relevant dimensionless group governing 
the response of the director is the Erickeen number, Er 
= aya2/K, repregenting the ratio of hydrodynamic to elastic 
torques (K is a characteristic elastic constant). This 
Ericksen number is written using the texture size as the 
length scale appropriate to a discussion of textured PLC's 
in relatively large gape. Dimensional considerations also 
reveal that the only characteristic time that can be formed 
from the material properties in the linear limit (where 
molecular relaxation times are no longer relevant) is t ,  = 
aa2IK. The texture refinement scaling a - y1I2 conse- 
quently epsures that the widely observed relaxation scaling 
law t ,  - 7-1 is obeyed.13 Texture refinement furthermore 
suggests that the local Ericksen number is independent 
of shear rate. Comparisons of experimental data with 
model calculations support this outlook, in that it correctly 
suggests that the magnitude of strain recovery and the 
number of oscillations in transient flows should be 
independent of shear rate.12 In the context of eq 2, the 
parameter Q determines the balance between elastic and 
hydrodynamic effects and is consequently analogous to 
the inverse of this hypothesized saturation Ericksen 
number.ls 

The final equation of the Larson and Doi model is a 
constitutive equation for the domain-averaged stress 
tens0r:lg 

= 2pD + 2plD:S(S + '/$) + 2/$2D + 
p2(&D + D-S) - 1/2(a2 + a3)t@ (4) 

In this expression, pi are combinations of the Leslie 
viscosities ai with dimensions of viscosity. We have 
eliminated a term that represents a direct contribution 
from distortional elastic stresses, 3, from the expression 
given by Larson and Doi.lg This term has no major 
influence on the shear stress behavior of the model; in 
fact, in the idealized shear flow geometry used by 
Burghardt and Fuller, the shear component of the dis- 
tortional stresses was identically zero.18 However, elastic- 
driven relaxation of the director profile is coupled with 
the viscous response of the nematic. Mechanical mani- 
festations of distortional elasticity such as recoil and stress 
relaxation are thus predided even in the absence of a direct 
contribution of Frank stresses.ls The final term of eq 4 
incorporates these effects phenomenologically. 

In the preceding paper, we have evaluated the steady- 
state predictions of the Larson and Doi model for molecular 
orientation in shear At steady state, the scaling 
properties of eqs 2 and 3 dictate that the mesoscopic order 
parameter tensor is constant and that only the texture 
length scale depends on shear rate. These predictions 
appear to be in excellent agreement with experimental 
resulte, although the degree of molecular alignment 
predicted by the model is somewhat larger than that 
observed experimentallye21 In transient flows in which 
the shear rate is changed, the predicted transient response 
involves a redistribution of domains, in conjunction with 
poeaible changes in texture length scale. However, the 
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Figure 2. Larson and Doi model predictions of normalized shear 
stress and & I -  8% plotted VB shear strain following r e v e d  in 
shear flow direction. 

components of the order parameter always return to the 
same steady-state value, unless shear flow is ceased. We 
illustrate several features of the model's behavior through 
a series of calculations of a variety of transient flows. For 
the sake of completeness, we include stress calculations 
using eq 4; however, it is not necessary to calculate stresses 
to solve for the orientation state, and we wil l  be rimarily 
interested in predictions of the quantity & I -  Q 93, which 
may be compared directly with our experimental results. 
Equations 2 and 3 are solved by Runge-Kutta integration; 
at each time step, the stress tensor may be calculated from 
eq 4. The Leslie coefficients, ai, are evaluated by the 
linearized Doi model analysis of Kuzuu and Doi as a 
function of dimensionless concentration, c / c * ? ~  For these 
calculations we use parameters t = 0.03 and c/c* = 1.122, 
which have been shown to provide reasonable predictions 
of oscillatory stresses and strain recovery.19 

Figure 1 shows the calculated response that accompanies 
a 5-fold step increase in shear rate. Normalized shear 
stress and anisotropy in the mesoscopic order parameter 
tensor are both seen to exhibit damped oscillations as they 
approach their steady-state values. This type of behavior 
has been extensively studied by Moldenaem and Mewis 
in transient The agreement between the Laraon 
and Doi model and experiment is excellent, except for the 
strain period of the ~scillations.~~ 

Figure 2 shows the calculated response upon reversal of 
the direction of shear flow. The predicted streae behavior 
is again in excellent qualitative agreement with experi- 
mental observations.lOJ1 Accompanying the damped 
oscillations in stress are similar oscillations in the quantity 
&I -&a, reflecting the transient redistribution of domains 
toward a new steady state. Upon application of the 
reversal, the average molecular orientation in the flow 
direction is predicted to initially decrease. This may be 
easily interpreted in terms of the steady-state predictions 
of the model. As shown in the preceding paper, at steady 
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removed, under the influence of the high innate defect 
density. There have been numerous experimental reports 
that flow-induced orientation is ultimately lost upon 
cessation of shear flow,23-% but to the beat of our knowledge 
only three cams where this process has been quantified in 
PLC solutions. Flow birefringence measurements of 
decaying orientation are reported for solutions of poly- 
(benzyl glutamate)27 and (hydroxypropyl)cellulow,B while, 
more recently, X-ray scattering has been used to study 
decaying orientation following shear flow of polyaramid 
solutions.29 In addition, Viola and Baird used X-ray 
scattering in thermotropic PLC's to demonstrate a rapid 
decay of molecular orientation following ceaation of 
extensional flow.3o In the Lareon and h i  model, the 
randomizing process is driven by distortional elasticity 
and consequently proportional to the defect density, which 
is seen to decrease rapidly in Figure 3. As a result, 811 - 
$13 is calculated to decay at increasingly slow rates, until 
itbecomesessentiallyconetant. T h e h n a n d D o i m o d e l  
has no structure capable of describing the widely studied 
phenomena of band formation following shear flow.683l-33 

3. Experimental Section 
3.1. Materials. We have studied traneient behavior in four 

solutions of poly(benzylg1utamate). Two solutions use a racemic 
mixture of PBDG and PBLG, with viscosity-average molecular 
weight 301 OOO (denoted PBG(301k)), while two solutions use a 
sample of the single optical isomer PBLG, with viscoeity-average 
molecular weight 236 OOO (denoted PBLG(236k)). Solution 
concentrations of 13.5 and 20% by weight were used. These 
solutions are the same for which steadyetate birefringence and 
mechanical rheological properties were measured in the preceding 
paper.21 To summarizs briefly, the birefringence in all eolutions 
was roughly constant in the low shear rate, tumbling regime and 
showed a transition to a higher average orientation state as the 
shear rate increased. This transition was closely correlated with 
transitions in the normal stress behavior and was thus identified 
as a manifestation of the transition from tumbling behavior at 
low shear rates to flow alignment at high shear rates.21 In the 
present work, measurements are confiied to the low shear rate 
plateau region for all solutions, where it is expected that the 
dynamic behavior is dominated by director tumbling. 
3.2. Optical Experiments. We have devised a modification 

of the crmsed and parallel polarizer optical arrangement used by 
ABada and co-workerP.34 to measure flow birefringence in sheared 
PLC solutions; the reader is referred to the previous paper for 
a full discussion of the technique.21 To summarize briefly, the 
light intensity transmitted between either c d  (I ) or parallel 
(11) polarizere (oriented with optic axes at 4 6 O  with respect to the 
flow direction) is measured as a function of wavelength using a 
diode array spectrograph. Collection of both crowd and parallel 
spectra allows normalization of the data to remove any depen- 
dence on the intensity spectrum of the incident light, the 
transmhion spectra of the optical elements, the attenuation of 
light by the sample, and the spectral response of the diode array 
detedor. For a sample with birefringence An and thickness d 
oriented along the flow direction, the normalized spectra take 
the following form: 
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Figure 3, Lareon and Doi model predictions of normalized shear 
stress, &I- Sa, and defect density plotted va scaled time following 
cessation of shear flow. 

state the domains are predominantly oriented close to flow 
direction (see Figure 2 of ref 21). Upon reversal of the 
shear flow direction, the domains wil l  rotate in concert 
under the influence of tumbling toward their new steady- 
state orientation. When viewed from "above" (i.e., along 
the gradient direction), this wil l  result in a temporary 
decrease in orientation projected onto the 1-3 plane. 

Comparing Figures 1 and 2, the damped oscillations in 
&I - are much stronger for the flow reversal than for 
the step change in shear rate. This is reasonable, since a 
reversal involves a more severe perturbation to the 
orientation state, the domains must flip from one orien- 
tation to another. For the step change, the mesoscopic 
order parameter tensor upon resumption of steady state 
is exactly the same as that before the step change. 
Moldenaers and co-workers in fact have observed that 
structural oscillations are much more pronounced for 
reversals than for step changes.10 
Figure 3 shows the calculated response following ces- 

sation of shear flow. While Larson and Doi calculated 
recoil phenomena following removal of an applied shear 
 tress,'^ they did not perform relaxation calculations of 
the type shown here. These calculations reveal a finite 
stress relaxation phenomenon driven by distortional 
elasticity. This prediction is in qualitative agreement with 
the detailed Leslie-Ericksen model calculations by 
Burghardt and Fuller18 and with the observation of a slowly 
relaxing component of shear stress in PBG solutions by 
Moldenaere and Mewis.l4 In polymeric systems, it is 
expected that the predicted instantmeous drop from the 
steady-state shear streas to roughly 10% of this value would 
be modulated to some extent by molecular viscmlasticity; 
the observations of Moldenaere and Mewis bear this 0 ~ t . l ~  
In addition, due to the relaxation scaling implicit in the 
Larson and Doi model, this slowly relaxing component of 
the sheat streas should follow the inverse shear rate scaling 
law; again, this expectation is borne out by experimental4 
Figure 3 also shows the relaxation of the defect density, 
1. In the absence of flow, eq 3 provides that 1 will 
monotonically decrease. According to eq 4, the relaxation 
of ahear strees obeerved in Figure 3 is predominantly driven 
by the decreasing defect density. This is somewhat 
different from the interpretation of stress relaxation 
S~bytbeLeslig-ExickeencalculationeofBurghardt 
and M e r ,  where relaxation of director profile distortions 
at B constant texture length scale is responsible for stress 
relaxation.18 
The structure of eq 2, and in particular the final term 

reflecting dietortional elastic effects, is such that the 
meeoBcopic order parameter tensor tends to become 
isotropic in the absence of flow. This prediction reflects 
a widely held expectation that any flow-induced bias in 
domain orientation would tend to decay once the flow is 

(6) N' = - ZI = sin2(rAnd/h) 
zl + $1 

(6) 

where Zl and dl are the raw measured transmitted intemity 
spectra. For an ideal birefringent sample, the normalieedspectra 
oscillate out of phase between extremes of 0 and 1 as a function 
of wavelength. By fitting the wavelength dependence of thew 
oscillations, the birefringence may be extracted. To obtain 
acceptable fits of data using these equations, the additional 
wavelength dependence BBBociated with the dispersion in bire- 
fringence An(h) must be included; in this work we UBB the 
dispersion relationship determined in the preceding paper for 
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PBG This a l lmfor  an excellent fit of the wavelength 
dependence of the normalized spectra for all solutions studied. 
Reportad values of birefringence are for a wavelength of 633 nm. 

In textured PLC solutions under shear, variability in optical 
properties from one light path to another within the beam caws 
polarization mixing that reduces the amplitude of the oscillations 
in normalized spectra.21 We quantify these effects using a peak- 
to-peak amplitude A that ranges from 0 for the case where no 
dietinction is observed between the spectra I 1  and P to 1 for the 
case where the sample behaves according to eqs 5 and 6 as an 
ideal birefringent element. In reality, a small amount of baseline 
offset in the diode array signal prevents the condition A = 1 from 
occurring, even when an ideal retarder is used (see Figure 4 of 
ref 21). 

The sample is sheared in a rotating parallel-plate flow cell 
consisting of two optical windows separated by a gap of 
approximately 1 mm. The light beam is displaced away from the 
axis of rotation and consequently interrogates a shear flow that 
is locally homogeneous, while the polarization vector is sensitive 
to optical anisotropy in the flow-vorticity plane. The lower plate 
is rotated by a computerized microstepping motor of high 
precision and reproducibility. Transient experiments are con- 
ducted twice in order to obtain spectra for both parallel and 
crossed polarizers. The experimental protocols are such that 
the flow cell always completes an integral number of revolutions 
in any given flow period, thus, corresponding crossed and parallel 
spectra are collected at  exactly the same flow cell position. This 
is necessary due to a slight (=5 7% ) variation in sample thickness 
as a function of flow cell rotation due to imperfect cementing of 
the windows (see Figure 4). In a typical experiment, the sample 
is presheared for over 200 strain units and then subjected to 
some transient change (step up in shear rate, flow reversal, or 
flow cessation). This change is coordinated with the initiation 
of computerized data acquisition to collect spectra during the 
transient response. The entire experiment is then repeated to 
obtain the complementary spectra. For long time scale relaxation 
measurements, it becomes possible to manually collect both 
crossed and parallel spectra fast enough to resolve gradual changes 
in birefringence without repeating the whole experiment. For 
shorter time scale relaxation experiments, the automated data 
acquisition procedure described above is employed. All spectra 
are stored into computer memory in real time and subsequently 
written to disk fides. These files may be accessed later for analysis 
to determine how the birefringence changes with time during the 
transient experiments. Recording a single spectrum by the diode 
array requires around 20 me; this provides more than adequate 
temporal resolution for the work presented here. We note in 
addition that this approach allows measurements of transient 
orientation changes much more quickly than the manual com- 
pensation technique used by Onogi and co-workers28 and the 
X-ray scattering measurements of Picken and co-workers.29 

3.3. Mechanical Experiments. Extensive steady-state 
rheological measurements on these solutions are presented in a 
preceding paper.21 In this work, we have carried out a limited 
number of shear stress and dynamic modulus measurements in 
transient shear flows in order to make comparisons between the 
transient structural and mechanical responses of the PLC 
solutions. We have followed well-established protocols intro- 
duced by Moldenaers and Mewis:$ and our resulta are entirely 
consistent with previous mechanical observations on liquid 
crystalline poly(benzy1 glutamate) solutions. These experiments 
were performed using a Bohlii VOR rheometer using a torsion 
bar transducer designed for low-torque, fluids applications. The 
experiments were carried out using a cone and plate fixture with 
30-mm diameter and 2 . 5 O  cone angle. 

4. Results and Discussion 
4.1. Flow R e v e d r .  Figure4ashows the birefringence 

as a function of shear strain following a reversal in flow 
direction for the 20% PBG(3Olk) solution at a shear rate 
of 1 8-l. Strong damped oecillatione are observed initially 
with a period of roughly 26 strain unite, which is in the 
range that has been aseociated with director tumbling.l2 
Thew give way to a periodically oscillating birefringence 

(d) 
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with a period of around 75 strain unite. This latter period 
corresponds exactly to one rotation of the flow cell; theee 
persistent oscillations are thus identified with a slight 
variation in sample thicknees as a function of the rotation 
of the flow cell. The amplitude of the oecillatione would 
correspond to a 5 % variation in sample thicknesa Nab 
urally, this also corresponds to a periodic variation in shear 
rate of 5% as well; however, these data are taken in a 
regime in which the steady-state birefringence ia mentially 
independent of shear so that thie should not affect 
our results. To make sure the initial transient damped 
oecillationearenot undulyinfluenced bythissuperimpoeed 
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variation in sample thickness, the long-term data may be 
used to generate a periodic correction factor to the sample 
thickness used to extract the birefringence, which is then 
applied to the entire range of the data. The results of this 
correction process are shown in Figure 4b. This procedure 
suppresses the long-time oscillations associated with the 
thicknm variation; the basic features of the initial damped 
oscillations are unaffected. 

Figure 4c shows the results of similar experiments 
conducted at  several shear ram,  drawn so as to make the 
initial transient more clear. Not surprisingly, the oscil- 
latory response scales with shear strain, and the number 
of oscillations is independent of the previously applied 
shear rate; both of these observations are in line with 
previous observation of oscillatory behavior in both stress 
and structure in PBG solutions.*12 The presence of 
millations is a natural consequence of director tumbling, 
while the dampening of the oscillations is most likely 
associated with distortional elastic effects, as described 
by the Larson and Doi model, for instance.lg However, 
while the general behavior is in agreement with the 
expectations of this model, we observe that the degree of 
orientation initially increases upon reversal of the flow 
direction, while the Larson and Doi model predicts a 
decrease in orientation (see Figure 2). As discussed in 
section 2, thii prediction of the Larson and Doi model is 
closely linked to its steady-state prediction of a distribution 
of domain orientations accumulated close to the flow 
direction. In the preceding paper, it was shown that this 
picture overpredicts the steady- state degree of anisotropy. 
Recent micmcopicvis&tion of texture in sheared PBG 
solutions by Larson and Mead suggests a more structured 
domain orientation distribution function, with domains 
predominantly nabaligned with the flow directi0n.3~ It is 
likely that the discrepancy between Figures 2 and 4 is 
simply another indication that additional structure needs 
to be built into the Larson and Doi model in order for it 
to provide a more accurate representation of the orien- 
tation state in textured PLC’s under shear. The fact that 
the mechanical behavior calculatad in Figure 2 agrees with 
experiment suggests that stress predictions do not provide 
the most rigorous test of the model. 

Figure 4d shows the behavior of the amplitude of the 
oscillations in the normalized spectra associated with the 
birefringence data in Figure 4c. The variation in the 
average degree of polarization mixing with shear rate is in 
line with the steady- state data presented in the preceding 
paper.21 The redistribution of the degree of orientation 
that follows the flow reversal is associatad with a temporary 
increase in the degree of polarizationmixing (i.e., adecreaw 
in A). As the texture adapts to the new flow direction, its 
detailed structure changes in such a way so as to reduce 
A; however, it is difficult to make a hypothesis as to what 
sort of structural rearrangements might yield this result. 
The polarization mixing observed during relaxation is even 
more severe (section 4.3). 

We close thii section by showing birefringence data for 
the 13.5% PBG(30lk) solution following flow reversal in 
Figure 5. In all respects, the behavior is similar to that 
seen in Figure 4c. In particular, we observe that in this 
solution as well there is a clear increase in orientation 
immediately following the reversal. Qualitatively similar 
behavior is also seen in the 13.5% and 20% PBLG(236k) 
solutions, which is to be expected in light of the previously 
observed similarity between samples made of single 
isomers and racemic mixtures.I2 

4.2. Step Changes. Figure 6 shows birefringence as a 
function of shear strain following step increases in shear 
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Figure 5. Birefringence vs shear strain following flow reversale 
at 0.2 (- - -) and 1 s-l (-) for 13.6% PBG(30lk) solution. 

I 
I 1 

1 I 
I 

0.001 

0 25 50 75 100 

Strain 

Figure 6. Birefringence w shear strain following step up in 
shear rate from 0.2 to 1 s-l (- - -) and from 0.4 to 1 8-1 (+) for 
13.5% PBG(3Olk) solution. 

rate. Again, a damped oscillatary pattern which scales 
with shear strain is observed. The resulta here are more 
consistent with the Predictions of the Larson and Doi 
model (as shown in Figure 1) than the revereal experiments 
In particular, the birefringence exhibits an initial increase 
following the step change, in agreement with the model 
predictions. Detailed comparison between Figures 1 and 
6 reveals subtle differences in that the first maximum in 
birefringence appears to occur somewhat later in the 
experiment than would be anticipated from the model 
calculations. Comparison of Figures 5 and 6 indiah that 
oscillations in birefringence following reversale are much 
larger than those observed following step changes in 
unidirectional shear rate. This observation is coneistent 
with the Larson and Doi predictions of Figurea 1 and 2 
and is expected, since a flow r e v e d  impoees a need for 
more substantial structural rearrangements of the domain 
orientation dietributio? function. Furthermore, the ep- 
pearance of stronger oscdlations for reversale is coneistent 
with the previous experimental work of Moldenaere and 
ceworkers, who studied transient changes in texture by 
conservative linear dichroism.1° 

4.3. Relaxation Behavior. Figure 7 presents ’raw” 
transmitted intensity spectra (although in normalized 
form) observed at intervals following cessation of shear 
flow for three of the solutions we have studied. In all 
cases, the previously applied shear rate was in the range 
of the low shear rate plateau in steady-state birefringence 
discussed in the preceding paper. In anticipation of the 
widely observed inverse shear rate relaxation scaling law 
that accompanied relaxation processes in PBG eol~tions,’~ 
we consistently repqrt time following flow ceaaation in 
dimensionless form, yt,  where t - h e  has been scaled by the 
previously applied ahear rate y. 

In each case, the initial behavior upon flow “ation is 
similar. An increasing number of oacillatione obeerved in 
the normalized spectra is invariably seen. According to 
eqs 5 and 6, this must be associated with an increase in 
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Figure 7. Normalized transmitted intensity spectra taken at 
indicated scaled time following cessation of shear flow: (a) 13.5 % 
PBG(3Olk) solution, y = 0.2 E-'; (b) 20% PBG(30lk) solution, 
y 0.4 s-l, (c) 20% PBLG(236k) solution, y = 0.4 s-l. For each 
pair of spectra, ordinate varies from 0 to 1 between gridlines. 

birefringence, and consequently an increase in the degree 
of molecular orientation in the flow direction. During the 
initial stages of the relaxation process, the amplitude of 
the oecillations decreases and reaches a minimum at 
dimensionlees times near 100. After this, the amplitude 
increases, indicating that the optical properties of the 
textured PLC more closely approximate those of an ideal 
retarder. In the case of the racemic PBG Solutions, the 
optical properties become very nearly ideal and stay that 
way for quite an extended period of time. Eventually, 
however, we again obaerve increased polarization mixing. 
In Figure 7b, the final spectra (dimensionless time = 
307 OOO) exhibit a slight decrease in the amplitude of the 
oscillations, but also a small displacement of the curves 
relative to one another. Ae shown in the preceding paper, 
this correeponds to a slight rotation of the optical axis 
away from the flow direction.21 It is not surprising that 
after this extended length of time following flow cessation 
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Figure 8. Relaxation following cessation of shear flow of PBG- 
(301k) solutions. (a) Birefringence vs scaled time (symbols refer 
to previous shear rate: 0.2 (e), 0.4 (-1, and 1 8-l (A)). (b) 
Magnitude of complex modulus, IC+l vs scaled time (2 Hz). 

(roughly 3.6 days in this case) the original orientation 
direction induced by flow has been "forgotten". The PBLG 
solutions tend to show a return of polarization mixing 
sooner than the racemic PBG samples. In particular, 
Figure 7c show that polarization mixingalmost completely 
degrades the spectra at a dimensionless time as "short" as 
10 200. 

The birefringence exhibited by the solutions may be 
obtained by fitting normalized spectra such as those in 
Figure 7 to eqs 6 and 6. Even when the amplitude has 
been substantially reduced by polarization mixing, it is 
possible to expand the scale of the spectra and obtain 
excellent fits to the wavelength dependence of the observed 
oscillations. Results of such analyses for relaxation 
following shear flow at a variety of shear rates in the linear 
regime are presented in Figure 8a for the racemic PBG 
solutions (birefringence data for the PBLG solutions are 
nearly identical). As qualitatively suggested by the spectra 
in Figure 7, the birefringence is seen to increase substan- 
tially from its prior steady state to a much higher value. 
In all cases, the characteristic time scale for this increase 
is around 100 dimensionless units. Given the extensive 
reporta of relaxation time scaling in PBG solutions, it is 
not surprising to observe that results for experiments at 
different shear rates essentially superimpose when plotted 
vs scaled time. 

In light of previous reporta of decreasiw orientation 
following cessation of shear flow, these results are some- 
what Even more remarkable is the degree 
of orientation observed. In the preceding paper, the 
birefringences of uniformly oriented, defect-free mono- 
domains of the two racemic PBG solutions were measured 
to be 0.0036 & 0.0002 and 0.0059 f O.OOO3 for the 13.6% 
and2095 solutions,respectively.21 ComparisonwithFigure 
8a indicates that the birefringence ultimately achieved 
during flow relaxation in these solutions is equivalent to 
that seen in a monodomain, within experimental error. 
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Figure 9. Amplitude of oscillations in normalieed spectra vs 
scaled time following maation of ehear flow. Symbols the same 
as in Figure 8. A is evaluated from data in the spectral range 
600-650 nm. 

The polarization mixing apparent in Figure 7 is quan- 
tified by the amplitude A of the millations observed in 
the n o m a l i d  spectra. This quantity is plotted vs scaled 
time in Figure 9 for all four solutions studied. Thea graphs 
reveal a characteristic dip in amplitude that occurs in the 
dimendodew time range of 6Ck200. The initial value of 
A reflects the d m  of polarization mixing observed at 
steady state.2’ Again, the qualitative features of these 
dataehow the relaxation time scsling characteristic of PBG 
solutions. As noted above, the PBLG eolutiona show a 
final reemergence of polarizetion mhhg earlier than the 
PBG solutions of corresponding concentration. This is 
particularly evident in the 20% PBLG solution, where 
unlike the other solutions, a large recovery in A following 
the initial drop is not seen. It is known that PBLG 
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Figure 10. Intensity transmitted at X = 633 nm between c r d  
(A) and parallel (A) polark” vs scaled time following “ation 
of shear flow of 13.5% PBG(3Olk) solution at 0.2 8-1. 

solutions exhibit a cholesteric mesophase at rest that is 
easily transformed into a nematic under flow. The more 
rapid reemergence of significant polarization mixing during 
the relaxation of these solutions may result from a 
transition back into a cholesteric phase. The high degree 
of orientation revealed by the birefringence in Figure 8a 
is of course inconsistent with a fully cholesteric structure. 
However, once A becomes sufficiently small, it is no longer 
possible to extract any measure of birefringence, so that 
determination of possible subsequent reductions in degree 
of orientation becomes impossible. 

The eimultaneous monotonic increase in birefringence 
and more complex behavior pattern in A suggesta that to 
a significant degree the two variables reflect different 
structural features. It is clear that the birefringence 
reflects the average degree of molecular orientation, but 
the origin of behavior in Figure 9 is less clear. The 
formation of a larger scale, banded text~re3l-~ is consistent 
with our observations, since this would result insubstantial 
heterogeneity from one light path to another and a large 
amount of polarization mixing. The time scale over which 
the dip in A occurs is in line with published kinetica of 
band formation.33 To our knowledge, an increase in 
average molecular orientation accompanying band for- 
mation has not been reported. In addition, the large 
recovery of A in most cases (Figure 9) indica- that any 
banded texture that may be formed eventually gives way 
to a strongly homogeneous structure with high orientation. 
It is possible that direct microscopic visualization exper- 
imenta on thicker samples may provide greater insighta 
into the nature of these textural rearrangementa.m* 

Wehavenotedthat Asadaandco-workershadpmvioudy 
concluded that birefringence decreeeee in PBG solutions 
following cessation of shear We believe that their 
conclusion WBB arrived at erroneously, due to ambwtiea 
aseociated with multiple retardation orders in birefrin- 
gence meesurementa at a single wavelength. In Figure 10, 
weheverecaetdatefromoneorourre~~nexperiments 
into the form that would have been measured by Aaada 
and co-workers using the Bame crowd and parallel 
polariwa techniqua, but using only a single watmhgth 
of 633 nm (Figure 10 should be compared with Figure 3 
from ref 27). During relaxation, the i n t e d y  taMpppiated 
b e ~ ~ o r p a r a l l e l p o l a B i z e r e e r h i b i t s o a c ~  
aathesempbretardationchangea. Aaadaandco-worksre 
aasociatedtheeeowiUationewithadecreaaeinretsnl.tion, 
artdeubrequentfigurer,intheirpaperrhow~8~Plea 
of calculations beaed on thb asaumption.2’7 It ie clear f” 
eqs 5 and 6, however, that a similar pattern would be 
observed for an increaae in retardation, and in fact the full 
spectra in figure 7 unambiguously demonstrate the bim 
fringence does in fact increuse during relaxation, as 
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entiating between an increase or decrease in flow align- 
ment.28 HPC has a much stronger tendency to form a 
cholesteric phase in the absence of shear flow than PBLG 
optical experiments indicate the reformation of the 
cholesteric texture in HPC solutions occw relatively 
quickly.38 Significant differences in relaxation behavior 
between cholesteric HPC and nematic PBG are thus not 
necessarily surprising. On the other hand, Picken and 
co-workers have also quantified a decreasing degree of 
molecular orientation along the flow direction following 
flow cessation in nemcrtic polyaramid solutions using X-ray 
scattering.m 

To our knowledge, this is the first report of such 
substantial increases in orientation during relaxation of 
a sheared, textured PLC solution. In many ways, this 
result is quite appealing. The lowest free energy state of 
nematic liquid crystals is in a uniformly oriented condition; 
textured samples with large spatial distortions in the 
director field are energetically unfavorable. In the pre- 
ceding paper we have shown that tumbling at low shear 
rates reduces the degree of orientation; why then should 
the liquid crystal not return to a more highly oriented 
condition when the flow is removed? Assuming orienta- 
tional defects (possibly in the form of line disclinations) 
are not removed by flow, which seems reasonable at least 
in the low shear rate tumbling regime, one would expect 
that they would assert themselves upon flow cewation by 
promoting an orientationally heterogeneous structure, such 
a~ is typically observed in micrographs of quiescent PLC's. 
Similarly, a uniformly oriented structure should in prin- 
ciple only result if care is taken to establish uniformly 
oriented boundary conditions. Having made no attempts 
to do so in the present situation, it is to be expected that 
the boundaries would also act to promote a heterogeneous 
structure. These arguments for and against formation of 
a highly oriented structure following shear flow should in 
principle be applicable to any textured solution of a 
nematic PLC. That our observations in PBG solutions 
are exactly opposite the behavior seen in polyaramid 
solutions by Picken and co-workerP is apparently yet 
another indication of the limits of our understanding of 
these rheologically complex materials. 

quantified in Figure 8. We feel that this clearly demon- 
strates the advantap  of the spectrographic technique 
we have employed to the study of liquid crystalline 
polymers, where orientational changes associated with 
applied flow may not be as straightforward as those in 
isoptropic polymeric systems. 

Our observation of an increasing degree of molecular 
orientation along the flow direction during shear flow 
relaxation provides a direct explanation for the origin of 
the long time scale reduction in dynamic moduli reported 
in poly(benzy1 glutamate) solutions by Moldenaers and 
Mewis6 and more recently by Larson and Mead.13 One 
normally would expect that preshearing would break down 
structure in complex materials and consequently that 
dynamic moduli would increase following flow cessation 
as structure is re-formed. In addition, a structural 
interpretation of these results is complicated by the fact 
that opposite behavior is observed in HPC solutions; 
moduli are observed to increase following cessation of 
f l 0 w . 7 ~ ~ ~  Figure 8 shows both optical and mechanical 
rheometric data on relaxation following shear flow of our 
13.5% PBG(30lk) solutions. The behavior pattern in the 
evolution of the amplitude of the complex modulus is in 
close accord with the prior studies mentioned above. 
Comparison of the time scales of the increase in orientation 
and the decrease in moduli indicates that this behavior is 
closely correlated. Larson and Mead have calculated the 
linear viscoelastic predictions of the Doi molecular model 
and demonstrated that the dynamic moduli are extremely 
sensitive to the molecular orientation direction.% This is 
expected, as the orientational dependence of viscosity in 
liquid crystals is one of their most characteristic prop- 
erties.l6 A large drop in bulk dynamic moduli would be 
expected to accompany a significant increase in the degree 
of molecular orientation along the flow direction, since 
the viscosity of liquid crystals is lowest in this configu- 
ration. 

Our measurements have been confined to the linear low 
shear rate regime. The evolution of dynamic moduli has 
also been studied for higher previous shear rates than we 
have employed. It is seen that at low shear rates, the 
initial values of the moduli are roughly insensitive to the 
previous shear rate, but as the nonlinear regime is entered, 
the initial moduli that are observed upon flow cessation 
are somewhat lower.5J3 In the preceding paper, we have 
shown that in the nonlinear regime, the sheared PBG 
solutions undergo a transition to a higher orientation 
state.*l It would consequently be expected that upon flow 
cessation, initial moduli would be lower due to the 
increased initial orientation, in agreement with the re- 
ported observations. These results suggest that the 
dynamic moduli in textured PBG solutions are predom- 
inantly determined by the average degree of orientation 
along the flow direction. Moldenaers has recentlyreported 
studies of oscillation superimposed on steady shear flow 
that, in conjunction with the steady flow orientation 
behavior reported in the preceding paper, generally support 
this c0nclusion.3~ 

Moldenaers and Mewis11 and Grizzutti and co-workers7 
have observed increasing dynamic moduli following flow 
cessation in HPC solutions. Based on the above argu- 
ments, it is tempting to suggest that this may reflect a 
decrease in molecular orientation along the flow direction 
during relaxation in this system. Indeed, Onogi and co- 
workers report flow birefringence measurements showing 
a decrease in orientation following shear flow in HPC 
solutions (it is unlikely that the compenaation technique 
utilized in their work would lead to ambiguity in differ- 

5. Conclusions 
We have studied the degree of molecular orientation in 

transient flows of liquid crystalline poly(benzylg1utamate) 
solutions at low shear rates, using the technique of flow 
birefringence. Damped oscillations whichscale with strain 
are observed in birefringence following step changes in 
the shear rate and reversal of the shear flow direction, as 
predicted by the Larson and Doi tumbling polydomain 
model.19 Stronger oscillations are observed in revereale 
than in step changes, in agreement with the model. 
However, we observe an initial increase in orientation along 
the flow direction following flow reversal, in contrast to 
the Larson and Doi model prediction of a decrease. We 
believe that this discrepancy is an indication that the 
steady-state domain orientation distribution predicted by 
the model does not capture the detailed structure of PBG 
solutions sheared at low shear rates.35 

We have quantitatively measured a pronounced increase 
in molecular orientation along the flow direction upon 
cessation of shear flow in all solutions studied. This 
increase in Orientation follows a well-established relaxation 
scaling law typical of PBG solutions.13 The spectrographic 
birefringence technique that was employed eliminates 
ambiguities associated with multiple retardation orders 
which we believe had previously led to the wrong conclusion 
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in a similar previous study.27 The birefringence ultimately 
approaches that observed in uniformly oriented mono- 
domains, within experimental error. This increase in 
orientation along the flow direction provides a direct 
explanation for previous observations of gradual reductions 
in dynamic moduli following cessation of shear flow in 
similar systems. The increase in birefringence is accom- 
panied by a substantial but temporary increase in the 
degree of polarization mixing, likely associated with the 
transient formation of banded textures. 
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