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The rheological properties of nematic solutions of rodlike polymers are discussed.
Comparisons are made with the behavior of isotropic solution of rodlike polymers as
well as that of small molecule nematogens. Evaluation of the Frank elastic constants
and the Leslie-Ericksen viscosity coefficients by light scattering methods is discussed,
along with theoretical prediction of the latter of rodlike systems. The nature of shear
deformation over a wide range of shear rates is discussed in terms of possible flow
instabilities revealed by rheological and rheo-optical observations.

1. INTRODUCTION

It has fong been known that solutions of nematogenic polymers ex-
hibit peculiar flow behavior with increasing concentration ¢ of the
polymer as ¢ is increased beyond the value cy; required to form a
nematic phase.! For example, although a limiting viscosity m, is found
under steady-state shear at small shear rate for ¢ < cyy, for ¢ > ¢y
the apparent viscosity seems to increase without limit as the defor-
mation rate is reduced, being essentially a constant ), over a range
of rates that are neither too slow nor too fast.?~® Whereas 7, increases
with ¢ < ¢y, m, decreases with increasing ¢ somewhat in excess of
cnps see below.!=7 The linear and nonlinear viscoelastic behavior of
isotropic solutions of rodlike nematogenic polymers (¢ < cyy) is rea-
sonably well characterized by experiment and understood theoreti-
cally.®? For a usefully wide range of deformation rates the behavior
can be fitted by a single-integral constitutive equation, see below. By
contrast, the viscoelastic behavior of nematic solutions of rodlike
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polymers with ¢ > ¢y is neither completely characterized experi-
mentally nor treated theoretically.

The situation with nematogenic polymers stands in contrast to stud-
ies on the flow behavior of smali molecule nematogens. With the
latter, viscoelastic behavior is absent, and rheological behavior is
understood in terms of the “Leslie-Ericksen” constitutive equation
for the (viscous) stress tensor ¢t*), which gives® !*

o™ = o,(nn:A)nn + a,nN + o3Nn
+ oA + asnn A + ad cnn (1)
where the «; are material constants (it is usually assumed that

o = o, + a3 + as),'? nis the unit vector called the director, oriented
along the axis of uniaxial symmetry of the nematic phase, and

n X (h— (3= a)N—{(a, +a34-n) =0 (1b)

il 1
- S+ w) (19)
d

N:ﬁ—%(x—x"%n (1d)

with k the velocity gradient tensor and n X h the torque per unit
volume resulting from an external field or spatial inhomogeneity of
the director. The latter are analyzed through an elastic free energy
density W expressed as'®-1?

2W = K(div n)®> + Ky(n - curl n)> + Kg(n x curl n)>  (2)

where the Frank elastic constants K, K, and Ky for splay, twist and
bend distortions, respectively, are material dependent. A number of
flow situations have been analyzed with these relations, including
stable flow in the presence or absence of an external field, and flow
instabilities that develop under a variety of conditions.!0-12.14-16

In the following we will discuss the rheological behavior of nematic
solutions of rodlike polymers, both in comparison with counterpart
isotropic solutions with ¢ < ¢y, and where appropriate with the
behavior of small molecule nematogens.
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2. RHEOLOGICAL BEHAVIOR OF ISOTROPIC SOLUTIONS OF
RODLIKE POLYMERS

For the deformation rates of interest in this study the single-integral
equation

ou() = Sum? | [0 W] Py, lexp(—wm)du (3)

provides a satisfactory representation of the shear stress o(¢) = o,(t)
and the first normal stress difference v\V(r) = o,(t) for isotropic
solutions of rodlike polymers.® Here, Ay(t, u) = v(t) — v(t — u),
with y(s) the strain at time s, F(Ay) a function known with reasonable
accuracy,®? and v, and 7; constants appearing in the expression for
the (linear) shear modulus G(¢):

G(O) = = mr, 'exp(— 1) @

where the v, are so normalized that m, = Z 7, Moreover, the bi-
refringence Anj;(¢) observed for light propagated perpendicular to
the flow plane for flow between parallel plates may be expressed as

Anyy(1) = C vV(r) &)

where C' is a stress-optic constant.®’
A theoretical treatment® leading to a result similar to Eq. (3) for
a certain distribution of relaxation times and a specific F(Avy) ex-

presses the stress tensor o,4(¢) as a function of the (traceless) ori-
entation tensor S5, where

Sap = (uug) — 3,4/3 (6)

with u a unit vector along the axis of the rodlike chain and the brackets
indicating an ensemble average. Both linear and nonlinear behavior
are computed from the effects of flow on S, which is zero for the
isotropic fluid at equilibrium. The nonlinear behavior represented in
Eq. (3) reflects a decreasing tendency for orientation with increasing
deformation rate, as compared with the rate of change of S, in the
linear behavior in slow flow.

The material specific parameters v, and 7, may be determined by
measurement of G(t) or equivalently, may be computed from meas-
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urements of the linear recoverable compliance Ry(¢) and the viscosity
M, through use of the relation'®

J(:[Ro(”) +oume '|G(r — u)du =t (M

Use of m; and 7, so obtained and an expression for F(Avy) then permits
calculation of o(¢) and An (1) for a variety of strain histories. Ex-
amples of experimental and calculated steady-state behavior obtained
at shear rate x for the viscosity m, = o/k in the reduced form m,/n,
and the birefringence in the reduced form An y/Ry(xm,)? are given in
Figure 1. The reduced shear rate 7ok is used in Figure 1, where
Te = Rymek, with Ry = Ry(=) the linear recoverable compliance; 7.
represents an weighted average over the 7;.'® The data shown in Figure
1 where obtained with isotropic solutions of the rodlike polymer®

> 5
o4 <
s N

PBT

Similar behavior is observed with other rodlike chains or helicodal
chains, e.g., the rodlike chains?3:%-19

H
PBA
Ne 0,
KO oyt
O
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or the helicodal chain®#

PBG

The theoretical estimate for G(¢) is essentially given by Eq. (4)
with one term, with 1, = 7..? By contrast, experimental G(¢) require
the use of several terms, with 7; spanning several decades.® The the-
oretical treatment gives

Ny = T]sKNAzM[ﬂ](CL/ML)3(1 - BC/CNI)72 (8)

where c is the polymer concentration (wt/vol), L is the contour length
of a rod with molecular weight M and intrinsic viscosity [n], M, =
M/L, n, is the solvent viscosity, and B and K are constants. The
experimental data shown in Figure 2 have been fitted by Eq. (8) with
B = 1and K of order 10~ 4.8 The estimate for B is similar to theoretical
expectations, but the experimental K is much smaller than the original
theoretical estimate.® The latter discrepancy is attributed to an er-
roneously large theoretical estimate of the disengagement time re-
quired for a rod to undergo an angular reorientation.?!-*2

3. TEXTURE AND MONODOMAIN FORMATION IN NEMATIC
SOLUTIONS OF RODLIKE POLYMERS

The term texture refers to the global nature of the director field n.
As discussed in the following the observed texture is often far from
equilibrium. For typical solutions of PBT and PPTA, the isotropic
and nematic phases coexist for a narrow range of concentration for
¢ > ¢y, With the istropic phase disappearing at roughly 1.1 ¢y;.%¥
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FIGURE 1 The viscosity m, (upper) and flow birefringence An (lower) for as a
function of the shear rate k for isotropic solution of the rodlike polymer PBT; , and
R, are the limiting values of the viscosity and the recoverable compliance, respectively,
for small k. The symbols designate different temperatures as discussed in Reference
8, and the curves are computed with Eq. (3) as discussed in the same reference (After
Reference 8).

Since cyy increases with increasing temperature for the specified sys-
tems; it is possible to quench a solution between two plates from a
temperature for which ¢ < ¢y, to a temperature for which the same
concentration, ¢ > 1.1 ¢y, resulting in a nematic phase. In such a
case a mottled texture develops initially, owing to the variation of n
with position. This texture is sometimes described as a domain struc-
ture, implying the existence of regions in which n is nearly uniform,
with n different in adjacent regions.>® Any such regions might be
separated by less ordered (perhaps isotropic) boundary layers. A
mottled texture scatters light strongly, and when viewed with white
light between crossed polars, it exhibits multicolored regions of vary-
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FIGURE 2 The dependence of the viscosity on concentration and chain length for
solutions of the rodlike polymer PBT and PPTA; the viscosity is m, or 7, (as discussed
in the text) for BeL, /M, o* less than unity (isotropic solutions) or greater than unity
(nematic solutions, respectively, a* = CyLy/M, and B and «f are constants. The
curve is computed according to Eq. (8). The symbols designate different polymers as
discussed in Reference 7. (From Reference 7).

ing transmission. Both of these features are consistent with a domain
structure, but could also reflect extensive, but more-or-less contin-
uous spatial variation of n throughout the fluid. Such a texture is not
at equilibrium, but transforms slowly to a smooth equilibrium texture,
characterized by much suppressed light scattering, and slow to neg-
ligible spatial variations of n. The latter may be fixed by the orien-
tation of adsorbed chains at confining surfaces, see below.

In general, the nematic phase may be characterized by the order
parameter S given by®*2

S=0 {(u-n* - 12 )
such that at equilibrium, the orientation tensor becomes

Sap = S(ngng — 3,5/3) (10)
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where u is a unit vector along the rodlike axis, and the angular
brackets indicate an ensemble average; S is expected to be inde-
pendent of position.®'* Under appropriate conditions, the transmis-
sion T} for polarized light propagated through a sample, measured
with an analyzer set at angle B to the polarizer, may be used to
determine S, through the dependence of T on the retardation 3**:

Ty = K [cos’B — sin?(8/2)sin[2(y — B)]sin2y] (11)

where v is angle between the polarizer and the direction of maximum
refractive index in the plane perpendicular to the light beam, the
retardation is given by

® = 2wdAnin (12)

with An the birefringence for light with wavelength A for a sample
with thickness d, and K, < 1 accounts for attenuation due to scattering
or absorption, the latter being dependent on v if the sample is di-
chroic. Thus, T, calculated with 8 = *==/2 is given by (in the absence
of absorption or scattering)

T, = = sin*(8/2)(1 — cosdy) (13)

b =

Data shown in Figure 1 were obtained by the use of Eq. 13. Of
course, the transmssion Ty with 3 = O or mis givenby 1 — T, . In
a nematic fluid with a uniaxial alignment measurement of 7', and 7
under conditions with y = 7/4 and »n in the plane perpendicular to
the light beam permits evaluation of 8 (mod ). Consequently, if the
absolute value of § is determined, then § may be computed given the
refractive indices ny and n, along and perpendicular to the rodlike
axis, since An = (n, — n,)S. Variations of n with position vitiates
determination of § from measurements of T, and T;. For example,
with the mottled texture, T, and T, are about equal and do not vary
with rotation of the sample between the polars if the sample is rea-
sonably thick (e.g., > 100 pm). A similar texture, develops if the
nematic solution is rapidly agitated.

Because of the long equilibrium times to form a smooth texture,
the majority of rheological measurements on nematic solutions of
rodlike chains have been made on samples with a mottled texture.
However, if allowed to stand for an extended period (typically 50 hr,
or more), the mottled texture is replaced by a mostly smooth texture,
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with a field of disclinations near either bounding surface.? The light
scattering from the smooth texture is orders of magnitude less than
that from the mottled texture; T, and 7| are not in general equal,
and vary from place on the sample, and with rotation of the sample
between the polars. A monodomain with uniform alignment of n may
be created with nematic solutions of PBT by careful extrusion of the
solution between the plates so that the molecules present at the ad-
vancing front are strongly oriented in an extensional flow.?* These
oriented chains are then adsorbed with preferential alignment in the
flow direction. Consequently, on cessation of flow the fluoresence
emitted by light absorbed close to the surface (e.g., a transmission
length A/p of about 300 nm for an absorbance A of 0.5, with p the
absorption coefficient) is strongly anisotropic even when sampled
over a large surface area. By contrast, for samples prepared in the
absence of an orienting flow the fluorescence is anisotropic only over
a small surface area (e.g., ~10~%m?), and is essentially isotropic
over macroscopic dimensions. Although the sample is turbid imme-
diately after cessation of flow (see below), an essentially defect free
monodomain aligned in the flow direction results after a long an-
nealing time (e.g, ca. 50 hr). For such a sample both 7, and T,
depend markedly on the angle ¢ between the polarizer and the flow
direction. Thus 7', is zero for ¢ = 0 or 90 deg., and maximum for
U = 45 deg. In addition, the sample is dichroic, textureless, and does
not scatter light strongly. Similar monodomain samples have been
reported for nematic solutions of other rodlike polymers.? The mon-
odomain alignment may be driven by the preferential alignment of
the adsorbed layer and/or the global preferential alignment of n along
the flow direction in flow, albeit with large fluctuations from that
alignment induced by unstable flow, see below.

4. RHEOLOGICAL PROPERTIES OF NEMATIC SOLUTIONS OF
RODLIKE POLYMERS

Light scattering

Elastic and quasi-elastic light scattering measurements on monodo-
main samples provide information on the a, and the Frank elastic
constants defined above. Thus, the scattering provides the ratios
KJKy, Kg/Ky, ng/Ky, mg/K+ and m,/K4, and under favorable con-
ditions may also be analyzed to give an absolute value of K,.1>.26:27.28
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Here, mg, mp and v, may be expressed in terms of the «; by the
relations

Nr = &3 — O (‘14)
Ns = M7 — (e — M7)74m, (15)
Mg =Mr — (M + 717‘)2/4("1cb + le) (16)
where 1, = M, — M, = — @ — a3, with 1, and 7, the Miesowicz

viscosities? for shear flow with n parallel to the velocity gradient and
the flow direction, respectively:

21]0 - Q4 + O — 0O (17)

20, = ay + oz + oo (18)

Evidently, m; > mg > mp since m,, > 0. Results obtained with
nematic solutions of PBT and PBG are given in Table [.25-2¢
Theoretical calculations of the o, for rodlike chains give results of the
form

Q; = T]tI)SO(I — §?)?ALS) (19)

where S is the order parameter at equilibrium, n{’© is calculated from
Eq. (8) with B = 0, and the A(S) are functions of §.”*"-3! The results
for the A(S) obtained with two approximate treatments based on the
Leslie-Ericksen constitutive equation are given in Table I1.%*!-* These
theories give § as a function of X = c/ey;:

48 = 1 + 3[1 — 8/(9X)]'>; Ref. 30 (20a)

S=1-aX?—-aX*—-aX"5 Ref. 31 (20b)

where numerical estimates of the g, are available (e.g., a, = 0.147).
With either treatment, the viscosities may be expressed in terms of
n$° and S, e.g.,

nr = OnPOH(S) (21a)

The entries in Table II give
HAS) = 35%(1 — $%)¥(2 + S); Ref. 30 (21b)

H.(S) = 5521 — S?)/(55 — 2); Ref. 31 21c)
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TABLE 1

Experimental Frank elastic constants and Leslic viscosity coefficients

N/ Ky
Polymer KJK; Kp/K, ndnr Me/Mr (Pa-s-pN~—1)
PBT® 15.8 7.3 0.86 0.14 191
PBG® 11.3 13.1 0.99 0.006 9.6

20.041 weight fraction PBT ([n] = 1800 ml/g); K is estimated to be 2.4 pN.?*
©0.13 weight fraction PBG; K, = 0.36 pN.*®

With one of these treatments,? ng and m; are both zero for all S.
Values of ng/m, np/Mmsand a,/m, obtained with the other treatment,?!
given by the expressions

ngnr =1 — 35/(80S + 1085 — 21) (22)
nginy = 1 + 3548 — 1)%/3(40S* — 768% — 9652 + 208 + 7) (23)
anp = — (55 ~ 2)(4S — 1)/9 (24)

are shown in Figure 3. Although this treatment gives ny/n; > mg/nr,
as observed for the PBT solution, the experimental data are not fitted
by the theory for any single value of S.

TABLE 1I

Theoretical Leslie-Ericksen coefficients for rodlike polymers

Parameters® Reference 30 Reference 31°

a,/k -8 —rs?

ay/k =851 +28)/(2 +8) ~(S2)[3(r — 1) + 21 + 29)[3(r — 1) +
2+ 8] = —-S(4S - D/5S - 2)

ay’k -5 -85C2+8 —G2)B¢r-1)+201-93r-1)
+ 2+ 8] =81 - 8§55 - 2)

a/k 1 - 873 (7 ~ 58 ~ 2r$3)/35 = (1 — S)[1 — (2/35)
(1 — ST + 45))/3

ask S S5 + 2r8)7 = S[1 - 221 - $)(3 — 49)]

agk 0 =28(1 = r8$)7 = 251 - $)(3 + 45)21

ASe 1-1-38573 r—(1-83=~-1-51-25)3

r — 1 —4(1 - 8)73

ik = k'miF°(1 — $%)% ni°° given by Eq. 8 with B = O and k' is 6 or 10 in references
30 and 31, respectively. Since a, + a3 = o, — @, only five of the o, are independent.

®Based on asymptotic behavior for «, given in reference 31 and approximate relations
for N\ and r.**

°N = M./nr, see Egs. 26, 28.

(From reference 32)
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FIGURE 3 Vartious viscosity ratios as functions of the order parameter S, computed
using Egs. 22-24.
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Flow induced by an external field

Distortion of the director alignment in an external field is frequently
used to determine the Frank elastic constants with small molecule
nematogens.'? For example, a twist distortion might be created by
application of a magnetic field H perpendicular to » and in the plane
parallel to the boundary planes to which # is parallel. In this case, a
distortion is expected if the field strength magnitude exceeds the
critical value H, = (w/d)(K./|Ax|)?, where d is the separation be-
tween the plates and Ay is the difference x; — x, of the principle
diamagnetic susceptibilities per unit volume, with x, and x, the com-
ponents along and perpendicular to n, respectively.!? The creation
of the distortion may require flow, and with polymer solutions this
may be slow enough to permit the visualization of intermediate di-
rector field alignments, providing information on the «,. Analysis of
such a flow is based on the use of Eq. 1a for the stress and the force
balance

dgp + 9,0, =0 (25)

along with the balance of torques expressed by Eq. 1b, making use
of Eq. (2) to express the torque per unit volume n X h resulting
from the elastic distortions.** Bands parallel to H with alternating
large and small transmission 7, viewed with angle ¢ between the
polarizer and the analyzer of 45 deg. for solutions of PBG have a
characteristic spacing L dependent on H/H, and are attributed to
coupling between director rotation and shear flow.** A linearized
analysis based on the assumption that the director remains every-
where parallel to the bounding surfaces gives a relation between
H/H and L that depends on K,;/K, ng/ms, and mJm,, where m, =
ay/2 is the viscosity with n perpendicular to both the flow direction
and the velocity gradient.**-* In studies on aligned nematic solutions
of PBT in the same geometry, the optical observations differ signif-
icantly:* when viewed with light polarized along the original director
alignment (no analyzer), a series of alternating dark and bright bands
aligned along H is found in focal planes [ above and below the sample
plane of symmetry, with the bright image the plane at / above the
dark image in the plane at — / and vice versa. No pattern is observed
in intermediate focal planes, or with light polarized in the perpen-
dicular direction. This optical etfect is similar to that reported for an
electric field applied perpendicular to the sample plane,* and in
certain cases with a temperature gradient between the two bounding
planes. ' It is attributed to a circulatory flow in which the closed flow
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lines are in the plane orthogonal to H. The flow induces tilt of the
director out of the original plane of symmetry, by an amount that is
maximal in the center of a flow cell, where the tangential velocities
are least, and minimal at the cell boundaries, where the velocities
are largest.* The cells form cylinders with axes along H. The sepa-
ration L’ of the bright images decreases with increasing H, and /™!
is linear in (H/H)? over the range studied. Although a theoretical
analysis of this effect is unavailable, it can be expected to include the
parameter K¢/K; and mg/n, in the dependence of / on H.

Although apparently unexamined with polymeric nematogens, it
should be possible to induce distortion of the director field and the
associated coupled flow through interaction of light beam with the
medium. Such effects observed in small molecule nematogens with
laser beams of moderate intensity {ca. 10> watt/cm?) have been an-
alyzed with a suitable variation of Eq. 25.%7

Behavior in slow flow

A typical flow curve is shown in Figure 4—the data shown are for a
nematic solution of PBT,” but similar behavior is observed with PPTA,
PBG and other nematic polymer solutions.**-¢:" The parameter v,
used in Figure 4 is the viscosity in the “plateau region” for which the
viscosity is about independent of the shear rate k. Flow in this region
is designated slow flow in the following. As seen in Figure 4, the
recoverable compliance R, after steady flow at shear rate k tends to
a limiting value R,, as with isotropic solutions, but v, increases above
M, with decreasing k, and does not appear to reach a limiting value
with decreasing k. Flow in the region of small k with R, = R,, but
. increasing with decreasing k is designated anomalous slow flow in
the following. For m,Ryk > 1, m, decreases below m, with increasing
K, a region designated fast flow in the following. Anomalously slow
flows and fast flows are discussed separately in subsequent sections.

Calculations with Eq. (1) in the absence of external fields (h = 0),
including any effects of surface alignment, predict that shearing flow
is stable provided a,o; > 0, with a well defined uniform alignment
of the director (constant n) in the plane of shear at angle 0, to the
flow direction.’ In general, if shear flow is stable, v, may be ex-
pressed in the form {for h = 0)"

M = M + (U2)A = Ay + (T + A7H2] (26)

where n, and n,, are defined above and A = m/m; > 1 for stable
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FIGURE 4 The viscosity m, and the recoverable compliance R, as functions of shear
rate « for nematic solutions of PBT; the symbols designate different temperatures and
concentration as discussed in Reference 7. The quantity 7, is a “plateau viscosity”
determined as discussed in the text. The solid curve show 7,/m, and R /R, versus n,Rk
for isotropic solutions of the same PBT polymer. (From Reference 7).

flow, and 26, = arccos A~! = 2arctan(as/a,)"?. As shown by Eq.
26, 1, tends to m,, as 8, tends to zero. Making use of Eq. 19 for rodlike
chains,

Mo = NCHg(S) (27)
where n/3© is defined above (see Eq. 19) and Hg,(S) is a function of

the equilibrium order parameter S, see below for discussion of H,(S).
For our purposes it is convenient to express Eq. 26 in the form

T = \fmgime) — 111+ 50— DL+ i)+ VA (28)

T
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where \ is given by

I\ =1+ (P - 4”2 (28b)

-1
r=2[3‘ﬁ-2m-@+@“$—@] (28¢)
Nr Nr Mr Nr Nr Nr

With the data for the PBT solution given in Table I, 8, = 22 deg.,
and nmy/my = 0.46 + 0.06(a,/m7), whereas for the PBG solution in
Table I, 6, = 5 deg.

Although comparison of Eq. 26 with observed viscosities is com-
promised by the analomous flow for very small k (see below), it is
universally found that v, observed in slow flow is less than v, (ex-
trapolated) for an isotropic solution of the same ¢ and L,'2#5% a3
shown in Figure 2 for solutions of PBT.# If it is assumed that q, =
Mo for the nematic solution, then for the PBT solution designated in
Table I, nymz = n,/m; = 0.21, so that a;/m7 < 0, in qualitative accord
with the behavior given in Figure 3. On the other hand, for the theory
giving «; in Figure 3, n,, < m, with the consequence that shear flow
is predicted to be unstable. By contrast, for the theoretical treatment
that gives g = mg = 0, n; < ., With n, given by Eq. 27 with

(1 — $)*(1 + S + 28)(1 + 352)
(1 + Sy

HSh(S) = (29)

Use of Eq. 20a for § in Eq. 29 gives v, as a decreasing function of
increasing ¢, in qualitative accord with experiment shown in Figure
2.

The first normal stress difference vV has been computed on the
basis of Eq. (1). For slow flow with 2 = 0 on materials a,0; > 0,
v is predicted to be proportional to the shear stress, or

v = m, x| (30)

where 7,, may be regarded as a normal viscosity.®*! By contrast, with
isotropic fluids, v o k2 for small . Making use of Eq. 19, n,
may be expressed in the form

N, = N6 CH,(S) (31a)

for rodlike chains. For the treatment leading to Eq. 29,

35(1 — S)"(1 + S)X(1 + 25)"”
(1 + S12)

H.(S) = (31b)
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where § may be computed with Eq. 20a. Except for S near the critical
value for mesophase formation, v, > g according to these results.
Data on v, and v(V/|k] for a solution of PBG?® given in Figure 5 show
1. and vV/k| that tend together with decreasing k. Definitive evi-
dence on the constancy of my/m, in slow flow is lacking, but it does
appear that v(" decreases with increasing S,° in qualitative accord
with Eq. 31.

The expression for v, and n,, given above requires slow flow under
the condition a,a; > 0. Application of Eq. 1 to elongational flow
gives a viscosity m in slow flow for any a;:*!

Making use of Eq. 19, for rodlike chains,
e = Mo HE(S) (33a)

Alternative expressions for H.(S) are available for the two sets of
A,(S) given in Table II:

HAS) = 3(1 — SP(1 + $P(1 + 29); Ref. 30 (33b)
HA(S) = (1 — S(1 + $)X9 + 245 + 328%)/3; Ref. 31 (33c)

where S is given by Eq. 20a or 20b in Egs. 33b or 33c, respectively.
In neither case does mgz = 37, as is the case for isotropic fluids;™® v
decreases with increasing S in both cases.

An approximate treatment has been given for unstable slow
shear flow (a,a; < 0), predicting periodic tumbling of n under such
circumstance.” According to this theory n tends to be in the flow
plane (6 = 0), but to alternate between alignments * &, out of the
shear plane as the director tumbles rapidly (6 # 0) between positive
and negative ¢,, with a tumbling frequency w; given by

2wy = {(lo‘z‘/%)l/z + (‘Xz/io‘zl)l/z} (35)

With the results in Table II for the theory with a,a; < 0, |a,)/a; =
(45 — /(1 ~ 8), and |a,)fas >> ai/ja,| unless S is very close to
its critical value (i.e., ¢ = cy;). Consequently, wp = 2k[(1 — S)/
4s — D]~

The recoverable compliance R, determined after flow steady-state
flow at shear rate k is shown in Figure 4 for a nematic solution of
PBT.” Values of R(r) shown in Figure 6 for isotropic and nematic
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FIGURES5 The shear viscosity 1, (circles) and the absolute value |v"/k| of the normal
viscosity v, (triangles) as functions of the shear rate k for a liquid crystalline solution
of PBG; v is positive for filled triangles and negative for unfilled triangles. (After
Reference 52).
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FIGURE 6 The recoverable compliance R,(f) divided by its limiting value R, =
Ro(%) versus the reduced time /7., for solutions of PBT, where 7. = m,R, for a
nematic solution; dashed and solid curves are for isotropic and nematic solutions,
respectively. (After Reference 7).
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solutions of PBT were determined from the recovery on cessation of
steady flow, with nyRok < 1 or m,Rok < 1 for isotropic and nematic
solutions, respectively.” As seen in Figure 6, the reduced plots of
R(t)/R, versus t/m,R, or t/myR, are similar. The origin of the visco-
elastic effects observed with the nematic solution is presently un-
known. It may involve flow induced nonuniformity in the director
field discussed below in the paragraphs on flow birefringence.

Flow birefringence studies in slow steady-state flow (viscosity equal
to m,) suggest that the director field may not be as uniform as that
predicted in connection with Eq. (26). Flow birefringence experi-
ments have been attempted with a nematic solution of PBT prepared
by extrusion between parallel glass disks—the solution was injected
through a port in the center of the upper disk, and extruded radially
between the parallel plates.’> After being annealed for 10 hr., the
sample exhibited low scattering and 7, dependent on ¢ as expected
for preferential alignment in the radial direction, with a field of dis-
clinations near either bounding surface. Flow was performed by ro-
tation of the lower disk at angular velocity €2, with the upper plate
fixed. For the flow pattern expected with an isotropic fluid, the shear
rate k is given by {r/h in this geometry, where r is the distance from
the center and A the plate separation (300 pm in the arrangement
used). In this flow one solution to Eq. (1) allows stable flow with a
viscosity given by n, = a2 if Qr/h is small enough.!® The flow is
unstable toward perturbations of n, and various complicated flows
predicted with increasing Q'%'>'¢ have been observed with small
molecule nematogens.' In slow flow of a nematic PBT solution with
initial preferential alignment in the radial direction at rest, optical
effects indicating complex effects on the director field were observed
for the lowest ) used in steady shear (/A = 10~2s7!) and in slow
oscillatory motion, with frequency 102 s~ 1.3 Shortly after the onset
of steady shear (strain less than 2), defects with the appearance of
disclinations appeared—similar effects have been reported with other
polymeric nematogens.** With increased strain, turbid regions de-
veloped throughout the fluid, merging to encompass the entire sam-
ple. Under these conditions, T, = T|, with T, + T, <1, presumably
due to attentuation by scattering, i.e., K, < 1, see Eq. (11). Similar
behavior is observed in flow of nematic solutions of PBT through a
rectangular channel®® and with other nematic solutions in torsional
flow.>%* In such cases, the birefringence cannot be determined owing
to the strong scattering. Similar behavior is observed in slow flow for
a sample with a mottled texture at rest.”*>

The fluid appears grainy under conditions of slow flow with sup-
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pressed T, + 7T,,**’~%¢ motivating consideration of a flow in which
(deformable) domains, each with a nearly uniform » tumble past each
other, perhaps with n more-or-less random among the domains.**
This flow has been modeled for a fluid with a,a; < 0 (sece below),
assuming a dense field of disclinations corresponding to the bound-
aries between “domains.”*? [t seems unlikely that true disclinations
exist in either the mottled texture at rest, or the fluid in flow starting
from such a texture—both are too far from equilibrium in polymeric
fluids. Unstable flow may produce textural features that propagate
to produce a microstructure with relatively large spatial gradients in
n. The formation of more-or-less well defined domains, each com-
prising a nematic with a particular n, but all with the same § seems
unlikely—the gradient in n would be very large at the domain bound-
aries. The latter could exist, however, if the boundary between do-
mains comprised poorly ordered material, perhaps even isotropic, in
which case the high viscosity in the disordered phase could stabilize
the domain structure at rest or in a very slow flow. Another alternative
is that discrete domains do not exist, but rather that n is continuous,
with quasi-periodic tumbling of n along the flow direction, coupled
with substantial, quasi-periodic fluctuations of n out of the shear
plane, resulting in strong scattering and a grainy appearance.

As mentioned above, if a0, < 0, shear flow is predicted to cause
n to tumble between orientation + &, out of the shear plane in the
plane of flow (8 = 0). It has been suggested that the spatial extent
over which such tumbling is coherent will be of order (K/o)'2, where
K is a “characteristic” Frank elastic constant and o is the shear stress.?
For small o coherence of ¢, among these regions is not expected,
with the result that the scattering would be strong and the flow bi-
refringence weak.

On cessation of slow steady flow, T, + T increases gradually for
nematic solutions of PBT, with T, (& = =/4) exhibiting successive
minima and maxima with increasing time.?3 Similar results obtained
for nematic solutions of PBG are shown in Figure 7% (these data
were obtained following steady flow with n,R k = 1). The relaxation
toward a smooth texture (7, + 7| near unity) proceeds over a time
long compared with the relaxation time m,R,, €.g., t/m,R, is about
10* for the largest ¢ in Figure 6. This is much larger than the value
of t/m,R, for which the viscoelastic recovery is essentially complete
(see Figure 5). The small T, ( = 0) and large T', (4 = w/4) at longer
relaxation time is consistent with alignment of n along the former
flow direction. This may indicate a preferred alignment of n in the
flow direction in slow flow even though substantial deviations dis-
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FIGURE 7 The transmission of T, () between cross polars for a nematic solution
of PBG as a function of the time ¢ after cessation of steady flow; {s is w/4 or 0 for open
circles and filled circles, respectively. The dashed line shows the level of T, (w/4) in
steady flow. (After Reference 43).

cussed above lead to a strong scattering. In this case, n, may be about
equal to m, expressed by Eq. 26. It remains to be seen whether the
fluctuations in n are better considered as discrete domains or as more
continuous, and to definitively identify their source(s).

Behavior in anomalous siow flow

Although the anomalous flow behavior at small k is reminiscent of
effects observed in certain forms of yield (i.e., transition from solid
to fluid viscoelastic behavior),*” detailed studies on nematic solutions
of PBT and PPTA show them to be fluidlike under as low a shear
stress as could be used.” Moreover, in anamolous flow —dlnm, /dlnk
is not as large as unity, as would be the case if yield from solid to
fluid behavior occurred. An alternate explanation for anomalous be-
havior in very slow flows considers the effects of nonzero 4 owing to
the effects of adsorbed layers at the planes bounding the sample, and
their effect on the alignment angle 6. The magnitude of these effects
depends on the dimensionless Ericksen numbers E,!'*-'*1¢ given by

E; = (n/K)Vd = (n/K)d*x (36)

where ¢ may indicate splay, twist or bend, depending on the nature
of the surface alignment, and V is the relative velocity of surfaces
separated by distance d. It is convenient to express E; in the form
E; = k(n/K;)(n,Rox) where k = d?/v,R, depends on the apparatus
(d) and the sample (m,R,). Anomalous flow often develops for n,R«
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< Q.1. If the appropriate E; is large, then 6 = 68, everywhere except
perhaps very near the surfaces, and the viscosity calculated as the
stress divided by the nominal strain rate is equal to m, (provided
noRok < 1). If the appropriate E, is small, then 8 is controlled by the
alignment at the surface, and the viscosity is not given by m,. For
example, if the orientations 6, and 6, at the surfaces are in the plane
of the surfaces and along the flow directions, then the viscosity is
given by m, for very small E;. An approximate theory*® based on Egs.
1 and 2 for n everywhere in the plane of shear gives the nominal
viscosity

Ms = "](1{1 - E_1/2C(61’62’60aE)}H1 (37)

as a function of E for fluids with a,0, > 0; C is positive if 6, and 6,
cxceed 8,. For the PBT solution identified in Table I, anomalous
flow occurs with n,Eqx < 0.1 using an apparatus such that k = 10~%/
cm?. With the data in Table I, mp/K; > 4 Pa-spN ! so that £,'2 =
15 for m,Ryk = 0.1, showing that m; could exceed m, for m,Rk <
0.1 for this material.

Negative normal stress has been predicted on the basis of the Leslie-
Ericksen constitutive equation for tluids with a,a; > 0 (in slow flow),
as a consequence of an adsorbed layer at the bounding surfaces, with
orientation angles of the rods at the surface different from the ori-
entation angle 8, in stable flow.1° The behavior of vt is closely linked
to that for m; discussed above, and the sign of ¥V is controlled by
the orientation angle at the boundary and the Erickson number E,,
with negative values predicted at small £, for conditions with v; much
different than n,. This does not correspond to the region of fast flow
for which negative v'" are reported, e.g., see Figure 5. Neither does
the theory predict oscillation of the sign of v'" with increasing E,,
nor would the predicted director alignment produce the banded op-
tical effect noted below. Experimental situations appropriate to the
theory have probably not been studied for nematic polymer solutions.

It has been suggested* that the large viscosity of polymeric fluids
will make E; very large for most V of interest, since the Frank elastic
constants are not increased proportionately. The limiting form of Eq.
(1) for infinite E;, which corresponds to a theory for anisotropic fluids
due to Ericksen,*? has been used in numerical calculations of flow in
complex two dimensional geometries.*

Behavior in fast flow

As defined alone, steady fast flow refers to shear rates such that
M,Rok > 1, and m, decreases below 7, with increasing k. For the data
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shown in Figure 4, R, also decreased with increasing k. The de-
pendence of n, and R, may be represented by Eq. 3 using values of
m; and 7, deduced from R(#) determined on cessation of steady slow
flow.” One effect of the dependence of 1, on k is to reduce the
maximum in m, at a given k, as a function of c at fixed L.74% A
nonlinear theory based on adaptation of Eq. (1) has been given for
materials with a,0i; > 0.5 In this generalization of the Leslie-Ericksen
theory, m, involves an order parameter S, dependent on k instead of
the equilibrium order parameter S appearing in slow flow, e.g., see
Eq. 27. As shown in Figure 7 curves of n,/n, versus Dk are para-
metric in S, where the effective rotational diffusion constant Dy of
the rodlike chains in the equilibrium nematic phase is given by

(38)

eRTT(1 — $2(1 + 28)(1 + 3512)
M, (1 + S12)

wor =

for the model that gives Eq. (29) for H,(S). As should be expected,
reduction of m, in nonlinear flow is largest for systems with smallest
S. Thus, the flow curves have different shapes on a bilogarithmic
plot, and cannot be superposed by multiplication of Dk by a function
of S. Similar behavior has been reported for nematic solutions of
PBT.” The theoretical result qualitatively reproduces the observed
suppression of the maximum in v, vs ¢ at fixed «.” It appears, how-
ever, that the uniform flow predicted by the treatment may not be
observed in practice, see below.

Although Eq. (3) appears to have some use in representing the
shear stress for nematic solutions, it does not reproduce an unusual
negative first-normal stress ditference first reported in studies on
nematic solutions of PBG.%%3! Results obtained for v, and v for
such a solution are shown in Figure 5.5 Negative values of v(!) are
observed with increasing «, and v is observed to oscillate between
negative and positive values with increasing k. In this range of k, T,
+ T, has increased toward values expected in the balance of scattering
losses, but T, (i = w/4) exhibits oscillations as a function of time 342
Flow with a negative normal stress for nematic solutions of PBG has
been associated with the appearance of alternating dark and bright
striations in the light transmitted between crossed polars with the
polarizer oriented at 45 deg. to the flow direction.>? This optical effect
implies a strong spatial coherence in n, with n executing more-or-less
periodic excursions around the flow direction, producing spatial ar-
rangements of n similar to those discussed above in the section on
magnetic field effects. Such tumbling behavior could correspond to
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the large fluctuations observed in T, with ¥ = 45 deg. in flow of
nematic solutions of PBT with 7Rk > 1.

Some of the effects observed optically have been obtained in cal-
culations based on Eq. (1) for materials with a,a; < 0 (unstable shear
flow). In this treatment, which is an extension of the calculation
leading to Eq. 35, it is suggested that the characteristic dimension
(K/a)"? of the regions of coherent tumbling decreases with increasing
flow rate, until it becomes small enough that neighboring regions
tend to correlate their tumbling motions.* This would lead to reduced
scattering and increased birefringence relative to the behavior in slow
flow, even though the birefringence would not be as large as expected
in fully aligned flow. Moreover, the essential alternation of n between
= ¢, would produce alternating bright and dark stripes normal to
the flow direction for light transmitted between crossed polars, and
would lead to negative v{".>* As mentioned above, such effects have
been observed for solutions of PBG.*? Similar effects could occur in
fast flow for a material with a,a; > 0 (as determined, say, by light
scattering methods) owing to the orientating effects of flow, which
may be expected to tilt n toward the flow direction, making the flow
unstable to perturbations. Further, it is suggested that viscoelastic
effects may influence the size of the regions with coherent tumbling
if T« >> 1, with 7 some relaxation time (e.g., m,R, or 6D,). Con-
sequently, nonlinear flow, with n, < 7, is expected if 7« >> 1.

On cessation of flow, alternating dark and bright stripes orthogonal
to the flow direction often appear for the sample between cross po-
lars™?-3¢—such optical features are not apparent in slow flow. [n some
cases alternating dark and bright bands normal to the flow direction
are observed in focal planes above and below the mid-plane of the
sample using polarized light (no analyzer), with light polarized along
the former flow direction,” similar to the optical effects discussed
above for flow induced in a magnetic field. The appearance of these
optical features soon after cessation of flow is consistent with a tum-
bling flow. With increased time, the stripes disappear, and 7, and
T, + T, increase slowly, the latter indicating decreased scattering
as flow induced inhomogeneities are removed. After several hours
(ca 50 hr), the texture is smooth, with low scattering, with the de-
pendence of T, on vy very similar to that obtained for an isotropic
fluid in flow, e.g., T, maximum for y = w/4 and minimum for y =
0, where v is taken as the angle { between the polarizer direction
and the flow lines.?> During relaxation, T, (y = w/4) is observed to
pass through several maxima and minima as a function of time, pre-
sumably as & changes through orders of w—similar effects have been
reported for nematic solutions of PBG, as shown in Figure 8.7:4344
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FIGURE 8 Theoretical prediction of m,/n, versus 6Dz as a function of the equilib-
rium order parameter S for nematic polymer solutions; Dy is the rotational diffusion
constant. (After Reference 50).

Although T',_ (y = 0) would be expected to be nil, as shown in Figure
8, it may be observed to increase during the relaxation showing that
n is not exactly along the flow direction. Similarly, the extrema in
T, (y = m/4) are not as sharply defined as would be expected with
good alignment of n along the flow lines. The T, (7y) exhibited after
long relaxation indicates that the flow induced a preferential align-
ment of n with a component in the flow direction, even though the
flow instability frustrated the attainment of this alignment during
flow.

5. FUTURE DIRECTIONS

A number of features emerge from the preceding review. Experi-
mental light scattering studies on monodomains of nematic solutions
have barely begun. Systematic light scattering studies on rodlike chains
as a function of ¢, L and T will go far toward establishing the use-
fulness of equilibrium theories expressing the Frank elastic constants
and Leslie-Ericksen viscosity coefficients in terms of the equilibrium
order parameter S. Moreover, the effects of chain flexibility inter-
molecular interactions side chain substituents, etc., have yet to be
studied experimentally, although some theoretical predictions are
available 3> Similarly, the use of external fields (e.g., magnetic,
electric, thermal, surface, etc.) to induce flow and reorient n has not
been explored extensively or systematically with nematic solutions of
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long chain polymecrs. Such studies provide a means to induce slow,
controlled deformation, and as with work on small molecule nema-
togens, may provide valuable insight to the nature of flow induced
inhomogeneities.

The effects of slow shearing flow on n remain ambigious. With the
lack of much information on the Leslic-Ericksen viscosity coefficients,
it is not certain whether slow shearing flow should be stable as a
general rule. It may be that in the slow flow regime (viscosity inde-
pendent of k, equal to m,) the flow is already fast enough to vitiate
use of Eq. 1, and that the orientation angle 8 is close enough to zero
that the flow is effectively unstable toward perturbations. In that case,
shear flow could result in tumbling of n,%* producing the optical be-
havior observed with several systems. Neither definitive experimental
assessment of such effects nor theoretical analysis of flow stability
are available. Similarly, viscoelastic behavior in the range of small k
remains to be explored systematically, cither experimentally or the-
oretically. Such studies should be done on monodomain samples, for
different director alignments. The role of surface alignment at very
small k discussed above requires as yet unperformed careful study—
if important, such effects may complicate analysis of viscoelastic
measurements.

The behavior in fast flow also requires additional study—shear
rates in this range are often encountered in processing, making this
region technologically as well as scientifically significant. A major
unanswered question concerns the nature of the director field in fast
shear flow. Conflicting evidence exists concerning its uniformity, but
in most cases, it appears that n is not uniformly aligned in fast shearing
flow. Systematic experiments (as a function of ¢, L, and T) are
needed, along with a theoretical stability analysis and a general model
to describe fast shear flow if n is not uniform. Such studies should
include relaxation behavior on cessation of flow.
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