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The rheological properties of nematic solutions of rodlike polymers are dis-
cussed, giving comparisons between theoretical results and certain experiments.
Most of the theoretical treatments are based on application of the Leslie-
Ericksen constitutive equation. The experimental data considered include distor-
tion in a magnetic field and flow in shearing deformation over a range of shear
rate, including rheo-optical observations. In general, it appears that the
available theory does not describe a number of the features observed.
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1. INTRODUCTION

The properties of nematic solutions of rodlike chains pose interesting and
difficult problems owing to the long coherence length for orientational
correlation among the chain axes, and the resulling extreme anisotropy of
the mechanical, optical, and electrical properties of well-aligned materials.
By comparison with small-molecule counterparts, nematic solutions of
rodlike chains exhibit higher viscosities, along with pronounced viscoelastic
behavior.? The focus here is to discuss a limited range of topics having
to do with the viscoelastic properties. In the next section certain theoretical
considerations are reviewed pertaining to special features of nematic fluids,
including their texture (or defect structure) and their anisotropic visco-
elastic properties. That is followed by a section on experimental observa-
tions, discussed in the perspective of theoretical expectations. In the former
case, some of the discussion is specific to solutions of rodlike chains, but
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much of the discussion applies to nematic fluids in general. The experimen-
tal observations are limited to the properties of nematic solutions of rodlike
chains. Finally, a few concluding remarks are given.

2. THEORETICAL CONSIDERATIONS

2.1. Texture

The nematic phase is characterized by an orientation tensor 8 with
components!"¥

Sa/:'—‘ <uau/f>—6a/l/3 (i}

where u is a unit vector along the axis of a rodlike chain, 8 is the unit ten-
sor, and the angular brackets denote an ensemble average. At equilibrium,
S may be expressed in terms of the director n, which is a unit vector along
the symmetry axis. In general, the nematic phase may be characterized by
an order parameter S given by!'¥

S=[3(u-n)?> 1172 (2)

It is presumed that S is everywhere the same when averaged over small
volume elements, using n appropriate for each clement, even though §
computed using a globally averaged director might be small or zero for a
defect-filled sample.

Nematic solutions of rodlike polymers may be prepared in a fully
aligned (monodomain) form, with n everywhere the same.*® Such
preparations are not, however, common. Even though nematic solutions of
rodlike polymers are fluids, they may be very viscous, leading to very slow
attainment of the equilibrium alignment. In the later stages of the approach
to equilibrium, the nematic fluid may exhibit texture in the form of
slow, smooth changes in n, along with a few discontinuous changes in n
comprising line or point defects (disclinations).’® Disclinations have been
reported for nematic solutions of rodlike polymers.® ®* The disclinations
contribute an excess free energy that may be analyzed through an elastic
free energy density W, expressed for nematics as'®

2W=Kg(divn)’ + K,(n-curl n)’> + Kp(n x curl n)? (3)

where K, K;, and K5 are the Frank elastic constants for splay, twist, and
bend distortions of the director field, respectively. Of course, defects are not
found in fully aligned monodomains. Moreover, a constraint due to some
agent extraneous to the sample must be present to support defects in a
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well-annealed nematic fluid. For example, adsorption of the solute on the
surfaces bounding a planar slab, with different orientations to the adsorbed
layer in different domains on the surface, can give rise to a twisted nematic
along the normal between the surfaces. The twist would develop to match
the alignments at opposite surfaces, and could leave trapped disclinations
at either surface.'” Similarly, a line disclination could extend between
pieces of debris on the surface, even though the director is otherwise
uniform at the surface and throughout the bulk of the nematic. The effect
of such defects has been studied by minimization of the total distortion free
energy, computed as the integral of W over the sample volume.*'*'" Of
course, estimates of the Frank elastic constants are necessary for such
computations. Molecular theories express the elastic constants for rodlike
chains of length L and diameter 4 in the form"'?

K= (kT/d) k,(S, p/L, &d, Lg/Lc) (4)

with i=T, S, or B, and where the k, are dimensionless functions of the
indicated variables; here g is the persistence length of the rodlike contour,
to account for deviation from a strict rod conformation,*® and & ~' is the
Debye screening length for electrostatic interactions in a medium with
Bjerrum length L, for rods with charges spaced a distance L. along the
rod axis. It is often assumed that the k, are equal, thereby affording a
substantial simplification.”® Unfortunately, this does not appear to be a
reliable approximation for rodlike chains. For example, calculations based
on the Onsager model for impenetrable cylinders''* give numerical results
that can be expressed as

kyfks=1/3 (5)
1 —8/3
k ok ¢~ 1.755
ks e (6)
ks~ 0.092B,v(4S— 1) (7)

Here, B,=mnL?d/4 is the second virial coefficient (vol/molecule) and v is
the solute concentration (molecules/vol).!") As discussed below, S depends
on B,v for hard rods. The factor 1 —.5 in Eq. (6) causes K to diverge
as S approaches unity. The effects of chain flexibility (small g/L) and
electrostatic interactions alter these expressions.!'>'> )

As emphasized above, disclinations are observed in samples close to
equilibrium. Under circumstances far from equilibrium the texture may be
more complex and less well described. For example, a solution may be
isotropic above some temperature Ty, but nematic below Ty, permitting
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the formation of a highly nonequilibrium state by a rapid quench from
above Ty to well below Ty,. The situation immediately following the
quench is akin to quenching a crystalline material from the melt to below
its melting temperature. Thus, on quenching the nematogenic isotropic
solution, multiple domains develop, each with order parameter S, but with
no correlation of the alignment of the different domains. Such a sample is
extremely turbid, unlike the fully aligned monodomain, and so far removed
from equilibrium that the defect structure is ill defined, and does not
exhibit the disclinations discussed above. (Wall defects that might be envi-
sioned are not stable.”®'® As discussed in the next section, similar textures
far from equilibrium may develop in flow.

2.2. Viscoelastic Properties

In general, the linear viscoelastic theory of anisotropic fluids requires
the use of a fourth-order tensor to express the stress tensor o(t) in the
history of the strain tensor y(¢) for an anisotropic fluid with a uniform
director field.®™ As will be seen below, nematic solutions of rodlike
polymers may be anisotropic at rest, requiring the use of such a theory to
describe their behavior. Thus, in component form, the deviatoric stress is
given by

‘ 0y.,(6
s~ | Guuti—0) 2282 gy (8)

— o0

where dvy,,/0t is the symmetric part of the velocity gradient tensor. A
linearized form of a molecular model based on the evolution equation for
the probability that a rodlike chain has orientation u at time ¢ has been
used to estimate G ;,(¢) for a nematic fluid in recently small deformations
with the result®!

+nnnen;) exp(—1t/4,)

+nnn,n, (48 — 1)(1 + 28) exp( —t/4,)] (9)
where v is again the number concentration of polymer, U = 3v/vy,, with vy,
the value of v required to make the isotropic state unstable relative to the

ordered state, A, ' =6D US, and 4,/4,= (45— 1)/3, with D, the average
rotational diffusion constant. For the model used, vy, = 16/ndL?=4/B,,

45 =1+3(1—8/3U)"”? {10}
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for U>8/3, and D, is expressed in terms of the rotational diffusion
constant Dy, at infinite dilution!-*2);

Dg=PDgo(vL?)~* (1-5%)"? (11)

with § a constant. The linear steady-state shear viscosity n derived using
Egs. (8) and (9) is equal to that obtained in earlier, more direct calcula-
tions of # using the same model-??;

_ o (1= 8) (14 S) (1+25)(1 +35)2)
1= (1+5/2)2

where #'S€ = (kT/6B)(vL*)*/Dg,. One feature of this result is that 5
decreases with increasing polymer concentration for nematic solutions near
the phase boundary (v a little larger than vy,). The model also predicts that
the first-normal stress difference v¢!’ is proportional to the absolute value
|| of the shear rate, such that v!'/|x| may be expressed as a normal
viscosity #,, with!:??)

(12)

g =50 3501 —8)2 (14 8)2 (14 25)"”

" 1+8/2 (13)

The model leading to Eqgs. (12) and (13) has also been used to compute the
Leslie-Ericksen viscosities a, appearing in the celebrated constitutive equa-
tion of Ericksen and Leslie,'® 2» which connects the deviatoric stress
tensor ¢ with the deformation rate tensor k. Thus, in component form in

Cartesian coordinates, the viscous component of the stress tensor is given
(1,25 g
by .22)

(I,jzalnk A,(I,nl,n,-n/-+Otzn,-N,-+Ot3N,n_,-

tog Ayt asnApn,+agdyngn; (14a)

where the Einstein summation convention is employed, the «, are material
constants (it generally being assumed that®® oy =a, + o5 + a5), and

nx[h—(a;—a,) N—(a;+05) 4-n]=0 (14b)
1 +
=§(K+K ) (14¢)
dn 1
N=d—l:—§(|c—|c+)-n (14d)

with nxh the torque per unit volume arising from an external field or

822/62/5-6-11
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spatial inhomogeneity of the director."*** The Leslie-Ericksen viscosities
are found to adopt the form!'4?2®

a,=n"%(1-S8%)? H,(S) (15)

In fact, the same basic model has been treated with varying approxima-
tions to obtain differing estimates of H,(S).*"** A major difference is in
the estimate of «,/a;, which is positive in the treatment ieading to
Eq. (12),”" and negative in an alternative treatment.’®® In fact, since a
uniform shear deformation obtains only if a,/a, >0,"*?*) this difference is
rather striking. If uniform flow does obtain, then in the absence of other
constraints, n adopts an orientation with n in the shear plane, but at angle
6, = arctan(a,/o,)"? to the flow direction; 8, is called the Leslie angle.***
A more complicated, and less well understood inhomogeneous flow is
expected if a,/a; <0.%%) The effect of orientation imposed by the bounding
surfaces on the flow has been studied within the frame of Eq. (14) for fluids
with a,/a; > 0.4

Of course, the splay, bend, and twist distortions discussed above have
associated viscosities that may be expressed as combinations of the a,,,**"

Nr=03—0, (16)
Ns=MNp—203/(0s + ag + 0tg) (17)
Ne="Nr— 205/ (s +0ts — t3) (18)

These viscosities are of particular interest, since static and dynamic light
scattering can be used to determine the ratios /K, /Ky, and n4/Ks,
as well as ratios of the Frank elastic constants.>*"

The (molecular) model leading to Eq. (12) has also been used to study
the nonlinear dependence of the viscosity on shear rate x.*' The result
gives the nonlinear viscosity #, in the form

M =10Q(K/Dg, S) (19)

where 7, is the limiting value of 5, for small x and § is the order parameter
at equilibrium. In fact, flow is found to increase the order parameter with
increasing x/D g, with the effect occurring for smaller x/D, the smalier is
S. In a different approach, certain nonlinear terms in the continuum theory
for the Ericksen anisotropic fluid have been retained to explore transient
behavior.* It appears, however, that this treatment results in certain non-
physical behavior.

The preceding has presumed the uniform flow predicted with the
Ericksen—Leslie constitutive equation with positive o,/a;. In practice, as
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discussed below, almost all experimental rheological studies on nematic
solutions have been carried out starting with solutions far from the equi-
librium texture. Consequently, there have been some attempts to model
nematic fluids with a “domain” structure. Domains are sometimes con-
sidered to be regions of equilibrium order parameter, each domain with a
characteristic orientation of the local director, but with no correlation
among the alignment of the director among domains, giving an overall zero
parameter.®® 37 In some cases, it is assumed that domains are bounded by
disclination fields, and that these are the essential feature affecting the
rheology in slow flows.”**® We will return to the discussion of domain
structure below.

3. EXPERIMENTAL OBSERVATIONS

Experimental studies on nematic solutions of rodlike polymers are dif-
ficult, and suffer from several generic problems, including: (1) the limited
availability of suitable model systems for rodlike polymers, ie., chains for
which the persistence length g exceeds L, (2) the tendency for interchain
association in solutions of rodlike polymers, and the limited number of
available solvents (often strong acids), and (3) the difficulty of obtaining
{association-free) solutions of rodlike chains with a narrow distribution of
chain lengths. Rodlike molecules studied include chains with the structures
shown in Fig. 1. In most cases, the polymers studied have a molecular
weight distribution with M /M, no less than 1.5, and often larger. Of the
structures presented above, PBG has the shortest persistence length. On
the other hand, the first three may be dissolved only in strong acids (or
equivalently reactive reagents). Thus, the first three are protonated in
strong protic acids to form polyelectrolytes dissolved in solvents of varying
jonic strength (depending on the acid, etc.). Usually, the ionic strength is
high enough to substantially shield electrostatic interactions among the
rodlike macroions. Questions of interchain associations are vexing, and not
always appreciated. They may, for example, transform a nematic solution
into an isotropic onc under certain circumstances.*”

In many cases, the flow curves (ie., #, vs. k) of nematic polymer
solutions exhibit three regimes, as illustrated in Fig. 2. These are referred
to hereafter as anomalous slow flow (y,R,k<0.1), slow flow
(0.1 <npRyk < 10), and fast flow (5,Ryx>10). Here, n, is the (nearly
constant) viscosity observed in the slow flow regime, and R, is the limiting
value of the steady-state recoverable compliance observed at small k. These
regimes will be considered individually in the following. First, however, we
consider some experiments in which a magnetic field H is imposed on a
monodomain nematic fluid to reorient the director. Such experiments are
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Fig. 1. Schematic structures for some rodiike chains: poly(1.4-phenylene-2,6-benzo-

bisthiazole), PBT; poly(1,4-phenylencterphthalamide), PPTA; poly{p-benzamide), PBA; and
poly(y-benzylglutamate), PBG.
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Fig. 2. Bilogarithmic plots of #,/n, and R, /R, vs.  Ryx for nematic solutions of ¥B1; the
filled and unfilled circles represent data at two different temperatures and the pips denote
solutions of different concentration. The curves represent similar functions for isotropic
solutions, these reduced curves being independent of temperature. [ From ref. 2.}
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often used with small-molecule nematics to determine the Frank elastic
constants from the critical value H of the magnetic field strength required
to induce reorientation. Thus, a term Ay(n-H)? must be added to be rhs
of Eq.(3), where 4y is the anisotropic diamagnetic susceptibility of the
solution.®” With the addition of this term, the statics may be analyzed for
particular orientations of the unit normal s to the sample slab (thickness
b), the director n, and the magnetic field H, to obtain the K, in terms. of
the critical field strength H ., observed with each case®:

K;=(bH /) 4y (20)

(eg,s'n=n-H=0 and s- H=[H] to measure K, s*n=n-H=s-H=0
to measure K,, and s-H=n-H=0 and s-n=1 to measure Kz). With
small-molecule nematics, the response to the applied field is rapid, but
with nematic solutions of rodlike polymers the response is sluggish, and
transient features develop that provide insight to the reorientation
mechanism, as discussed in the next section.

3.1. Fiow Induced by an External Magnetic Field

There have been a number of observations indicating that reorienta-
tions of the director in a fully aligned monodomain of rodlike chains in
solution under the influence of a magnetic ficld may require reorientation
coupled with flow.”** 2} Such conclusions are usually based on optical
observations. For example, in studies on nematic solutions of PBG with
the geometry used to measure K, bands are observed parallel to H in the
early stages of the reorientation, with alternating large and small transmis-
sion T, (' =0j for light transmitted between crossed polars. Here, ¢’ is
the angle between the polarizer and the original director ny."*” Such non-
uniform distortions are unexpected in the first order for H/H . only slightly
greater than unity according to the classical treatments.®*"#*4%) The bands
have a characteristic spacing 1/2 dependent on H/H.. No features are
reported for the transmission of polarized light without an analyzer for this
system. The behavior has been analyzed with an analytic expression
obtained*”’ with a linearized form of Eq. (14), valid for the early stages of
the distortion, as well as a numerical solution using the full expression in
Eq. (14).“°4% In both cases, it is assumed that the director remains
cverywhere parallel to the bounding surfaces, to obtain a relation between
A and H/H that depends on Kg/K, 4/ns, and n./n,. In the latter, n, is
the viscosity with n parallel to the velocity gradient, and #, is that with n
perpendicular to both the flow direction and the velocity gradient
2y, =a,+as—a, and 2n,=a, with the use of Eq. (14)]. The solution
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obtained has the reorientation coupled with planar circulatory flow pat-
terns to produce a sinusoidal distortion of the director field, the amplitude
of the distortion being zero at the boundaries and maximum in the plane
halfway between the surfaces.

A more complicated behavior has been reported for PBT solutions
under similar conditions.'” In the latter case, incident light polarized along
the original director produces alternating bright and dark bands parallel to
H focused in planes a distance 4 above and below the center plane of the
slab when the transmitted light is viewed without an analyzer {h may be
smaller or greater than half the slab thickness); bright bands in the upper
plane are above dark bands in the lower plane, and vice versa (see Fig. 3).
The patterns are not observed with light polarized along H. In this case, A
is initially independent of the field strength, by contrast to the behavior for
4 discussed above, which varies in a complex way with H/H,.“" The
separation of the two focal planes depends on both H and the time in the
field. Although A is about independent of the time in the field initially, after
some time, the interval suddenly decreases by half. These observations are
attributed to cylindrical lenses formed by tilting of the director out of the
plane of the slab as the reorientation proceeds, with the axes of the lenses
parallel to H and spaced at more or less common interval 4/2 along the
original director. Thus, the reorientation is coupled with a nonplanar
circulatory flow. The flow has been visualized by the motion of entrained
motes (dust) in the solution under the influence of a magnetic field. In an
analysis*>) of the periodic structures obtaining in the periodic in-plane
distortion observed with PBG solutions, it was shown that these tend to
periodic splay-bend inversion walls that are inherently unstable to out-of-

image planes

sample

Fig. 3. Schematic drawing illustrating the alternating bright and aark stripes imaged in
planes above and below the sample plane of symmetry for a nematic solution of PBT
subjected to a magnetic field as viewed with incident light polarized along m, (see text).
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plane distortions of the director if K, < (K + K)/2, so that the splay-bend
inversion walls convert to twist walls at long time in the magnetic field—
the latter would themselves be unstable to the development of disclination
lines.*'® The observations made with PBT solutions may represent a
transition of the in-plane splay—bend inversion walls to the predicted twist
walls.

The preceding has focused on the application of relatively strong
fields, leading to coupled reorientation and flow. It is of interest to consider
the situation with field strength greater than H., and applied to a
monodomain in the plane of the slab (s- H=s-n=0) at a small angle to
the undistorted director ny. In this case, one might expect to find a small,
uniform distortion, such that the angle ¢ between n and n, varied from zero
at the surfaces (no distortion) to a maximum at the midplane of the slab.
Thus, the angle ¢(z, 1) between the distorted and undistorted director at
height z above the base surface in a slab of thickness b at time ¢ foliowing
onset of the field may be evaluated by application of Egs. (3) and
(4).134447) For the conditions cited,

¢z, ) ppult/ty) [(2/h) (21)

where 1, =n,b*/K,, and u tends to unity for large 1. The relaxation follow-
ing removal of the field after equilibrium is established is exponential“4*#4):

¢z, t') =P fz/b) exp(—n’t'[14) (22)

where ¢ is the elapsed time following removal of the field. A method based
on Eq. (22) utilizing nuclear resonance spectroscopy to follow u has been
used to evaluate 5,/K; for a nematic polyester.*”? Optical studies of the
twist distortion require the use of polarized confocal optics to reveal the
distortion. In this case, as illustrated in Fig. 4a, the interference figures
characteristic of the undistorted uniaxial nematic are observed to rotate by
an angle essentially equal to (1/2) arctan[ {sin 2¢ »/{cos 2¢ ) 1, where the
average is over the slab thickness.*** Such studies are underway for
nematic solutions of PBT—it appears that a uniform distortion results
under certain conditions (e.g., a small distortion angle).“®

3.2. Behavior in Slow Flow

The flow behavior in the regime 0.1 <#,Ryx < 10 illustrated in Fig. 2
is usually observed for nematic solutions of rodlike polymers. Moreover,
the viscosity 7, observed over this plateau is usually smaller than the
{extrapolated) viscosity for an isotropic composition with the same
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Fig. 4. Schematic drawing of interference figures obtained from a nematic solution of PRI
under various circumstances. In these figures, the optic axis of the microscope is marked by
a cross (+) and the original director is given by the dashed fine. The polarizer and analyzer
were crossed, and at about 45 deg to the original director (the latter angle is not critical, and
does not affect the appearance of the interference figures except for their intensity). (ajy The
effect of a magnetic field in the twist geometry. Left, original; right, after exposure to a field
(4.7T) for 30 min, with the field in the sample plane and at an angle of 25 deg to the original
director. (b} The effect of shear deformation along the axis of the original director. In this
deformation. the lower plate was moved at velocity 10 um/sec past the stationary upper plate,
with a spacing of 250 um between the two. From left to right the figures are before flow, and
after the lower plate was displaced by 175 and 350 um to the left, respectively. The interference
figure returned to its original position at a displacement intermediate to the two given.

polymer concentration. These observations are in qualitative accord with
the behavior discussed in connection with Eq.(12), etc, and appear to
suggest a uniform flow in steady shear in the specified range of k. Rheo-
optical studies show that this is not the case for the solutions studied in
Fig. 2,*® and probably it is not the case for most of the rodlike solutions
studied thus far.®? °") In most cases, the flow is initiated on a solution with
a director field far from equilibrium. For example, in such a case with a
PBT solution,®® during steady slow flow T, () = n/4) was found to be
very low on average (i being the angle between the polarizer and the flow
direction), and to fluctuate in time, as did the transmission of polarized
light measured without an analyzer. Moreover, in steady-state flow, the
sample was turbid, quite unlike a fully aligned monodomain of the same
solution at rest; the turbidity resulted in small transmission and low T, .
The mottled texture causing the turbidity is sometimes described as a
polydomain,®>37 in which the director is locally uniform in small
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domains, but with no correlation of n among the domains, as in the
“swarm model” of liquid crystals.**? The actual situation is likely less
compartmentalized, with the distortions continuous, but with a large
gradient. Nevertheless, it is certain that for the systems cited, steady flow
does not induce uniform alignment of the director under conditions of slow
steady flow for which an essentially constant viscosity (i.e., ) is measured
over a range of shear rate.

Relatively few experiments have been carried out with nematic solu-
tions of rodlike chains in which flow is initiated on a monodomain.
However, it is clear that in torsional flow of PBT solutions between parallel
plates in the slow-flow shear-rate regime cited above, with the initial direc-
tor along the radius, it was found“*’ that the original (nearly) textureless
solution became turbid after deformation by a few strain units, and
remained turbid even after extensive strain in steady flow. Similar results
have been observed with PBT solutions well oriented in a magnetic field
prior to shear between two parallel plates along the axis normal to the
director (the magnetic field being removed during shear)*®'—defect texture
developed after only a few tenths of a strain unit. Remarkably, defect
texture develops within one strain unit for the PBT solution studied if the
flow axis and the original director are misaligned by as little as 4 deg. By
contrast, no defect texture was observed after 10-20 units of shear strain if
the shear was along the initial director. Nevertheless, as shown in Fig. 4b,
conoscopic microscopy reveals that the director tilts in the shear plane in
the latter flow. In this distortion the interference figure is observed to shift
along an axis defined by the direction of the tilt of the principal optic axis,
ic., the offset center of symmetry of the interference figures is along the
normal to the tilted director. Thus, for small strain, the observed distortion
is consistent with the tilt expected for «,/¢, > 0. With increasing strain, the
tilt reverses, becoming zero and then negative with increasing strain before
the interference figures observed in conoscopy deteriorate. The original
interference figures are recovered as the solution relaxes following cessation
of flow. This behavior could indicate that a;/a, changes sign with increas-
ing § as S increases in flow, as expected with the treatment leading to
Eg. (19). Related behavior has been observed with a small-molecule
nematogen.> *> Alternatively, the unexpected transient behavior observed
may reflect different relaxation times for the various anisotropic contribu-
tions to the stress. Experiments to verify this behavior and elucidate its
dependence on the concentration and length of the rodlike chain are in
progress.

Although estimates of #,/n, and #/n; have been given for the PBT
system® and a rather extensive study of these variables has been made for
PBG,® the sign of a,/a; is not known for either material—a reported
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value'® for PBT on the basis of measurements of 5,/n, and ng/n, is
fallacious owing to the double-valued nature of the square root.””’ Thus,
it is not certain whether the optical behavior in steady flow might not be
caused by nonuniform flow expected if a,/0; <0.

3.3. Behavior in Anomalous Slow Flow

As shown in Fig. 2, the stady-state viscosity increases with decreasing
shear rate for very low x (e.g., #,Rok <0.1 in Fig. 2). This behavior is
similar to effects observed in certain forms of yield from solid to fluid
behavior. Nevertheless, studies on nematic solutions of PBT and PPTA
show no yield behavior for the range of shear stress involved in anomalous
flow.”® Polydomain models have been evoked to rationalize the observed
behavior, under the assumption that domains are defined by some kind of
three-dimensional array of line disclinations. The domain size is calculated
to be a function of the shear rate by a balance of viscous and elastic con-
tributions, leading to a viscosity in slow flow that depends on the Frank
elastic constants, and decreases with increasing shear rate."”** As dis-
cussed above, a disclination texture develops slowly starting with a mottled
nematic solution of rodlike polymers far from equilibrium. For this reason,
it may be questionable whether the polydomain texture assumed in the
preceding computation exists in practice.

An alternative origin for the behavior in anomalous slow flow, still
related to elastic constraints, is that the effects of the alignment at the
surface produce a stagnant boundary layer, with thickness 4 dependent on
the deformation velocity. Consequently, the torque and angular velocity
measured in torsional deformation are not easily converted to a meaningful
steady-state viscosity. Effects of this sort have been examined in detail for
a number of geometries, in which the director field is initially uniform, but
at some angle other than the Leslie angle 8, expected in steady shear flow
(for a,/a; > 0).® The results, calculated in the frame of the Leslie~Ericksen
constitutive equation, give a steady-state viscosity n; (for a,/e,>0) that
depends implicitly on §:

’15'——’70{1—E41/2C(013927835E)}ﬂl {23)

where 1, is the viscosity calculated for uniform slow flow with =0, 8, and
6, are the alignment angles at the two surfaces in plane shear flow, and E
is the appropriate Ericksen number E,=(y,/K,) Vh for splay, twist, or
bend distortions, with V the relative velocity of surfaces separated by dis-
tance h. As seen in Eq. (23), ns;xn, if E is large, since then the viscous
stress overwhelms the elastic one. In the discussion given earlier, n is
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predicted to be smaller than 54 or y,, and K, diverges as 1 —S. Conse-
quently, £ is the smallest of the three Ericksen numbers, and surface
effects involving E 5 could reasonably result inn enhanced #;. For the case
of interest here, the alignment at the adsorbed surface layer is expected to
be planar, but not uniform. Nevertheless, the propagation of the director
alignment away from the surface can be expected to create a stagnant
boundary layer of thickness that will decrease with increasing shear rate,
consistent with the behavior seen in Fig. 2 for 5, Ryx < 0.1. The suggestion
has not yet been given a definitive evaluation.

3.4. Behavior in Fast Flow

With npRyk > 10, the steady-state viscosity y, decreases with increas-
ing «, consistent with Eq. (19), in which the order parameter increases with
increasing k. Nevertheless, rheo-optical experiments do not confirm the
predicted uniform, well-aligned director field.*®4%>®) Thus, with the PBT
solutions studied in Fig. 2, both the flow birefringence T, (Y =45) and
transmission of polarized light {(with no analyzer) fluctuated during steady
fast flow, on a time scale smaller than x~'.® The length scale of
the inferred fluctuations appears to decrease with increasing x, as
demonstrated by decreased apparent turbidity at larger k. On cessation of
flow T,(y=45) tends to oscillate as the solution relaxes.’***’ Such
behavior is, however, not easily interpreted, and future observations should
include conoscopy during relaxation on cessation of steady flow.

103: T T TV TTTCY T T T T
E 3
® L i
@
g 102k =
« F 3
& C 4
5 b 4
<,
T 10k
= F E
100 Aot 4 133i] Loodaaraxal Loy i el I T
107 100 10* 102 103
x (sec™t)

Fig. 5. The shear viscosity n, (circles) and the absolute value |v¢!//x| of the normal viscosity
n, (triangles) as functions of the shear rate x for a liquid crystalline solution of PBG; vV is
positive for filled triangles and negative for unfilled trianges. [From ref. 2.]
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Other unusual behavior observed with nematic solutions of rodlike
chains include oscillations in the shear stress on the initiation of flow at
constant rate, and a first-normal stress difference v''’ that oscillates
between positive and negative values with increasing shear rate in steady
flow. The latter is illustrated in Fig. 5 for data on a nematic solution of
PBG'". Remarkably, the absolute value |v'")/k| of the normal viscosity
tends to #, for the maximum |v"Y/k|. As mentioned above, a normal
viscosity 5, = v"//|x| is predicted with the Leslie- Ericksen constitutive rela-
tion [e.g., see Eq.(13)]. Although negative v'"’ have been predicted in
homogeneous slow flow due to the effects of surface alignment,'®’
oscillatory behavior is not predicted and the observed negative v'"’ in fast
flow probably has a different origin. Oscillatory behavior on the initiation
of fast flow at constant rate has been reported for both the shear stress and
T . (Y = 45).%*) Typically, oscillations in the shear stress persist for strain
ki less than about 100, and depend on the prior strain history. As
mentioned above, higher frequency oscillations in the flow birefringence
persist even when the stress is steady. The oscillatory hehavior, so far
unexplained, may be caused by the onset of tumbling of the director, even-
tually leading to a complex, nonuniform flow.

4. CONCLUSION

Some of the salient features observed in the flow behavior of nematic
solutions of rodlike chains have been discussed in contrast with theoretical
predictions based on a constitutive equation devised for low-molecular-
weight nematogens. Although yet incomplete, studies on the deformation of
well-aligned monodomains appear to reveal discrepancies between the
observed and predicted behaviors. Furthermore, it scems unlikely that the
flow behavior of the more commonly studied defect-filled textures can be
described by the available theory.
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