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good. A very high number of equidistant meridional
streaks are observed, together with broad equatorial and
smeared out (hkl) reflections. The most prominent
equatorial reflections have d spacings of 3.56 and 5.93 &,
which are interpreted in terms of the perpendicular and
center-to-center separatlon of adjacent molecules.

The repeat unit length in c-bisthiazole is 12.35 A, as
measured by the C(14) to C(21) separation. Although
polymer possessing this heteroatom disposition has not
been prepared to date, the crystallographic analysis of the
c-bisthiazole model compound implies that individual
chains of such material, if synthesized, would adopt an
all-planar conformation. Intramolecular steric effects
appear to be minimal, and the relative orientation of ring
moieties within a particular chain seems to be dominated
by resonance and lattice energy terms.

Supplementary Material Available: Thermal parameters
and structure factor tables for 2,6-diphenylbenzo[1,2-d:4,5-d]-
bisthiazole and 2,6-diphenylbenzo[1,2-d:5,4-d ]bisthiazole (51
pages). Ordering information is given on any current masthead
page.
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Rheological Properties of Rodlike Polymers in Solution. 1.
Linear and Nonlinear Steady-State Behavior
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ABSTRACT: Steady-state rheological properties are reported for solutions of three mesogenic rodlike polymers.
Concentrations ¢ range from 0.02 to 0.15 g/mL, depending on the chain length L of the polymer studied, with
all solutions being isotropic. The data include the viscosity », and recoverable compliance R, determined
as a function of shear rate «, using a cone-and-plate rheometer, and their limiting values ny and Ry, respectively,
at small x. Rheooptical studies are also reported, giving the birefringence An,; as a function of x, The dependence
of no and R, on concentration and chain length is compared with theoretical predictions. The rapid increase
of 1o/ M[n] with increasing cL predicted theoretically is observed (with M the molecular weight and [#] the
intrinsic viscosity). Behavior attributed to intermolecular association is described for some of the solutions.
The nonlinear rheological and rheooptical data show that 5,/n, R,/ Ry, and An,z/c can be expressed as superposed
functions of the reduced strain rate 7.k over the range of ¢, M, and temperature studied, where 7, is equal
to noRy. The dependence of 7,/n, on 7.« found for the solutions of rodlike polymers is similar to that observed
for flexible chains; a theoretical model for rodlike chains gives qualitatively similar behavior.

Rheological properties of three polymers with rodlike
conformations will be described in a series of papers. The
first two of this series will deal with certain steady-state
rheological properties of isotropic solutions and optically
anisotropic solutions. Later papers will concern transient
rheological properties of these same materials. The
polymers used in this study include poly(p-phenylene-
2,6-benzobisthiazole) and poly(p-phenylene-2,6-benzobis-
oxazole) with the repeating units

RCatCR Ogtoty

PBT

and poly(p-phenyleneterephthalamide) with repeating unit
H
. \ -
(@O
b % "

PPTA

Both PBT and PBO have rodlike conformations, charac-
terized by a persistence length p that is comparable with
or larger than the contour length L, and for the PPTA
molecules studied here the ratio p/L is of order unity.
Thus, all three polymers can be expected to exhibit the
properties of rodlike molecules. Indeed, all three will form
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nematic liquid crystalline solutions under appropriate
conditions. Calculations of Flory et al.! predict that the
volume fraction ¢ of polymer required for thermodynamic
stability of the nematic state for an athermal solution is
approximately given by

¢, = Ad/L (1)

where A depends on the polydispersity (e.g., for large L/d,
A is 8 for a monodisperse polymer and 1 for polymer with
a most-probable distribution) and L and d are the length
and diameter, respectively, of the rodlike chain.

The properties to be considered here include the limiting
values at low shear rate of the viscosity n,, the linear
steady-state recoverable compliance R, (often denoted J.°),
and the intrinsic birefringence An.. In addition to these
parameters, we will also be interested in the following
functions, involving ratios of steady-state properties at rate
of strain « divided by an appropriate limiting value:

/M0 = Q(7c4) (2)
R./Ry = P(r) (3)
An/An, = M(1.x) (4)

Here, 7, is the ratio ¢/« of the shear stress ¢ to the shear
rate k measured in steady-state flow, R, is the ratio yg/ 7«
of the ultimate recoverable strain g following cessation
of steady-state flow to the stress imposed during the flow,
and An is the difference in the principal components of
the refractive index ellipsoid of the solution; An increases
from 0 to An., as 7« increases from zero. The characteristic
time 7, is given by

¢ = 1ok 5)

With the systems studied in this part, it is possible to
determine each of the limiting parameters 7, and Ry, so
that the functions @ and P in eq 2 and 3 are well-defined.
For solutions with ¢ about equal to or larger than ¢, this
is not always possible.

Although we will not report data on the first normal
stress difference NV, it will be convenient to refer to the
function

S, = NW/2(nx)* (6)
and its limiting values S; at small « and to define the ratio
S./Sy = N(r) (7)

Of course, for simple fluids,? S; = B;. On the other hand,
there is no reason to believe that P and N are equal for
all 7.«; see below.

In eq 2, 3, and 7, @, P, and N have been written as
explicit functions of the reduced shear rate r.x. Experi-
mental studies on solutions of flexible-chain polymers?® and
theoretical studies* have shown that 7.« is a useful and
natural variable to use in expressing the dependence of @,
P, and N on «. For example, for many materials, the
functions so defined are independent of temperature. In
addition, it has been found that for a given solute, @ and
P are often nearly independent of ¢ over a wide range. Of
course, deviation from this behavior must be expected for
large 7.«, in the so-called “upper Newtonian” range, for
which, for example, & exhibits a plateau value that de-
pends on ¢. For flexible-chain polymers, @ is unity for
small 7.« and crosses over to a decreasing function of 7«
for 7« in the range of unity. Similarly, P is unity for small
1, but the behavior for large 7. is less easily summarized.
Typically, with increasing «, P decreases from its limiting
value for very small 7 for polymers with a broad distri-
bution of molecular weight but may depend only weakly
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on 7 for polymers with a narrow molecular weight dis-
tribution.

The function M depends on the distribution of molec-
ular orientations with the flow direction, and the usual
relations are based on an assumed coincidence of the
principal directions of the stress and refractive index el-
lipsoids; this approximation is termed the stress-optical
law. Thus, for shear flow, the difference Ap of the two
principal stresses in the flow plane is related to the shear
stress 7« and the first normal stress difference N, by the
expressions (see, for example, ref 5, section 1.2)

Ap sin 25’ = 29k (8
cot 2x’ = S« 9

where x’ is the angle between the flow direction and a
principal stress axis in the flow plane (chosen so that x’
< w/4). The stress-optical law assumes that

An/Ap =C (10a)
X =x (10b)

where ¥ is the extinction angle locating the cross of isocline
(i.e., the locus of minimum intensity in the flow plane)
defining the angle in the flow plane between the flow di-
rection and a principal axis of the refractive index ellipsoid
(x £ 7/4). Coleman and co-workers® have demonstrated
that these relations are expected to apply for simple fluids
in the limit of what are termed “slow flows”, for which the
limiting relations at small =« obtain:

An = 2Cnex /sin 2x (1D
cot 2X = So‘r]oK (12)

They also find that the stress-optical law cannot be gen-
erally assumed for larger 7.x. Nonetheless, experience has
frequently shown that eq 11 and 12 can be used with
constant C even for 7.x large enough that @ < 1, if modified
by substitution of 5, and S, by 5, and S,, respectively (e.g.,
examples cited in section 1.4 of ref 5). Equations 11 and
12 so modified give An implicitly as a function of 7, using
eq 2 and 3; see below.

Calculations with molecular models can be used to il-
lustrate the relatioships among the functions defined
above. For example, for dilute suspensions of dumbbell
particles, Bird and co-workers’ give relations for small 7
(for 5o much greater than the solvent viscosity) that can
be put in the forms of eq 2—4 with

Q1) = 1 - 1.428(7.4)% + 5.3151(r k) - ... (13)
P(r) = 1 - 1.179(7 )% + ... 14)
N(7x) =1 - 0.159(7x)% + ... (15)

Consequently, with this model P and N are not expected
to be equal (unless 7.x = 0). Approximate closed expres-
sions for § and N calculated for rodlike chains by Doi and
Edwards® will be discussed below. For this calculation, the
coefficients ~1.43 and —0.16 in eq 13 and 15 are replaced
by —-1.34 and +0.93, respectively.

Experimental Section

As in cone-and-plate rheometer used to determine the
steady-state viscosity and recoverable compliance as functions
of shear rate has been described in detail elsewhere.® The in-
strument employs an inert cone and plate, a wire-suspended cone
mounted coaxially with a drag-cup torque transducer, and a plate
that may be rotated at precisely controlled angular velocity Q.
The drag-cup transducer generates the restoring torque M re-
quired to hold the cone stationary in steady-state flow. In recovery
measurements, both M and Q are set equal to zero, and the
rotational angle ¢y of the cone in recovery is determined. The
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Figure 1. Schematic drawing of the cone—plate assembly: P, plate
attached to a spindle that can be rotated at angular velocity Q;
C, cone attached to drag-cup tranducer and suspended by wire
supports; F, fluid; B, base plate; T, trough for sealant oil; O, sealant
oil; G, glass cylinder dipping into sealant oil; P}, support for G.
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Figure 2. Schematic drawing of flow birefringence apparatus
showing its principal parts as indicated.

viscosity and the shear rate are calculated with the ususal relations
for cone-and-plate deformation with torque M and angular velocity
Q of the plate relative to the cone!®

W= o/k (16)
o= 3M/2xr? 17
k=Q/0 (18)

Here 8 is the angle between the cone and plate and r is the radius
of the cone. The recoverable compliance is calculated from the
ultimate recoverable strain v determined by the ultimate angular
recovery o following cessation of steady-state flow under shear
stress

R, =yg/c (19)
Yr = ¢r/© (20)

As in previous experiments,® a positive pressure of dry nitrogen
is maintained in the rheometer to inhibit contamination of the
solution by moisture, but, in addition, the cone-plate assembly
is surrounded by a glass ring dipped into an oil-filled trough to
seal the test solution; see Figure 1. Mineral oil, dried by contact
with sulfuric acid is used in the trough. The presence of the oil
did not add significantly to the measured torque M and had no
effect on ¢p.

Flow birefringence measurements were made with a parallel-
plate apparatus, shown schematically in Figure 2. The lower plate
is rotated with angular velocity @, while the upper plate is sta-
tionary. In this arrangement, the shear rate varies linearly with
the distance from the center of rotation and inversely with the
separation h of the plates!®®

k= (r/h)Q (21)
A light beam was directed perpendicular to the plane of the plate
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(the so-called 1-3 plane, where 1 is the flow direction and 2 is
the direction of gradient)® for measurement. Optical measure-
ments were performed with an analyzer placed with its trans-
mission axis at angle 8 to that of a polarizer placed in the incident
beam. Since the birefringence under study is relatively large, it
was sufficient to use schlieren-grade glass windows for the plates
and polaroid polarizers. The birefringence An,; was determined
by one of two methods. In one method, a polarized beam from
a He-Ne laser is transmitted through an area of diameter d =
1.5 mm with its center located at radial position r and azimuthal
angle « measured from the transmission axis of the analyzer. With
v the angle between the axis of the polarizer and the unique axis
(n11)1 <1)2f the refractive index ellipsoid, the transmission T is given
byl

T = Y% sin® (/2)(1 - cos 47) (22)
for 8 = /2, where 6 is the retardation
b= 27rhAn13/)\ (23)

(8 in radians) with A the wavelength of the incident light in a
vacuum.

According to eq 22, T is zero when vy is mn/2, m =0, 1, 2, or
3. For birefringence in the 1-38 plane, one expects!® an extinction
isocline (T = 0) for azimuthal angles a = mw/2, m =0, 1, 2, or
3, as is observed with the solutions under study, so that cos 4
= cos 4o. When ¢ is equal to 2x, T is zero for all «, so that an
extinction circle is observed. To determine 6 for 6 not equal to
2m, v is set to w/4, and the transmission is monitored by the
responses G, and G, of a photodiode placed above the analyzer,
with 8 = x/2 for the sample in flow and 8 = n/2 - ¢ for the
quiescent fluid, respectively, to give

sin? (3/2) = (G./G,) sin? ¢ (24)

from which § may be determined. In another method sometimes
used to determined §, a quarter-wave plate is placed between the
fluid and the analyzer, oriented with its slow direction parallel
to the transmission axis of the polarizer. Under these conditions,
the transmission is given by

T=
cos? 8 + Y, sin 28 sin 2y - Y% cos 28 sin? (6/2)(1 - cos 4v)
(25)
With 6 - 28 = 7, eq 25 exhibits twofold symmetry
Tsoper =
Y, + Y, cos 8(1 — sin® 2v) — Y[sin? & sin 26 + cos? & sin? 2v]
(26)

Consequently, adjustment of 3 to an angle that results in a twofold
symmetric pattern with extinction for v = /4 and 3 /4 provides
a means to determine 4.

With the photometric method to determine 4, the coordinates
r and o are set by translation of the incident beam by a mirror
mounted on an x~y stage. A circular diaphragm centered at the
r, a position above the fluid serves to reduce stray light contri-
bution to G. The laser is mounted so that the plane of polarization
forms a dihedral angle of 45° with the plane of the positioning
mirror. The polarization of the incident beam is adjusted by a
half-wave plate placed between the mirror and the sample. The
light beam is modulated at 400 Hz by a mechanical chopper, and
the output from the transducer is monitored with a Hewlett-
Packard Model 501 wave analyzer tuned to the modulation fre-
quency. This procedure eliminates contributions from room light.
The angles 8 and ¢ are adjusted to within 0.5°, which is satisfactory
for our purpose.

When the quarter-wave plate is used to determine §, the sample
is illuminated with a collimated beam from a zirconium arc lamp.
The angle 8 is reproducible to within 0.2° for this measurement.
Comparisons of é determined by the two methods used here agreed
within 0.05 rad.

The value of 6 is used to calculate the birefringence An,3 with
eq 23. According to Philippoff,'? the observed birefringence An,g
is related to the difference An of the principal components of the
refractive index ellipsoid through the equation

An = (Anla - Anga)/COS 2)( = Anlg (27)
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Figure 3. Representative plots for the viscosity », and recoverable
compliance R, as functions of shear rate x. Data are for PBT-53
in methanesulfonic acid; ¢ = 0.0379 g/mL.
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Figure 4, Reduced plots of 7,/ and R,/R, as functions of 7«
for solutions of PBT-62. Symbols @, O, ®, and @ are for data
at 80, 60, 40, and 20 °C, respectively, with pips indicating con-
centration as Q, O, and O for 0.015, 0.0252, and 0.030 weight
fraction, respectively. The solid curve in #,/nq v8. 7.« represents
data for polyisobutylene in cetane, shown for comparison.

where the birefringence Any in the 2-3 plane is usually very small,
and An,, is the birefringence in the 1-2 plane. The strong ab-
sorption of light by the solutions under study prohibits direct
measurement of An,,, for example, by Couette flow, which is the
more usual method to study birefringence.’ Relatively few ex-
amples of birefringence measurements in the 1-3 plane exist.!4

Materials. All polymers were used without fractionation, owing
to the tendency for increased interchain association with frac-
tionated samples. The polymers were obtained from several
sources: the PBO polymers from Dr. F. E. Arnold, Materials
Branch, Air Force Materials Laboratory; the PBT polymers from
Dr. J. F. Wolfe, SRI International; and the PPTA from Dr. C.
Strazielle, Centre de Recherches sur les Macromolecules, Stras-
bourg, France (see ref 15); a sample of Kevlar 49 was made
available by Dr. J. R. Schaefgen, E. I. du Pont de Nemours and
Company.

The polymers have been characterized by light scattering and
viscosity measurements!®!€ on dilute solutions, with the results
given in Table L

Solutions were prepared by addition of the appropriate
quantities of dry polymer and distilled solvent to a 35-mL tube
containing a Teflon-coated magnetic stirring bar. The tube was
sealed and suspended between the poles of a magnet. The tube
was immersed in oil held in a copper vessel that also fitted between
the poles of the magnet. Slow stirring action was achieved by
rotating the sample tube with the stirring bar held fixed by the
magnet. The oil bath was raised to 60 °C to facilitate mixing.

Results

Although it is possible to form nematic solutions with
each of the polymers used in this study, the present in-
vestigation is confined to solutions which are optically
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Table I

Characterization of Polymers Used in This Study
[ﬂ],a Lw,b
polymer no. dL/g M, nm
PBT 62 26.5 37000 168
53 14.0 26 000 118
43 9.5 21 000 96
20 6.0 16 200 74
38-B 5.1 15000 68
PBO 2 2.68 12500 68
PPTA 6 7.4 47 000 250
2 2.7 16 000 85

% The low shear rate limiting value determined in
methanesulfonic acid at 25 °C. ? L, calculated as M,, /
M;. M is 220 nm™! for PBT, 183 nm~! for PBO, and
189 nm™! for PPTA,

e sl bdeisainl siaul el

0.1 ol 1l
107* 10 10"

Te &

Figure 5. Reduced plots of n,/n, and R,/R, as functions of 7.«
for solutions of PPTA-6. Symbols O, ®, @, ©, ®, and @ are for
data at 60, 40, 24, 20, 10, and 0 °C, respectively, with pips in-
dicating concentrations as O and @ for 0.053 and 0.060 weight
fractions, respectively. Solid curve in #,/7, vs. 7.« as in Figure
4. Dashed curves represent the theory of Doi and Edwards for
17,/7)0 and S‘/So V8. TeK.
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Figure 6. Reduced plots of n,/n, and R, /R, as functions of 7.«
for solutions of PBT-53 with 0.0255 weight fractions at (®) 60,
(®) 40, (©) 30, (®) 23, and () 12.5 °C. Solid curve in 5,/7, vs.
1 a8 in Figure 4. Dashed curve represents calculation of Cohen.

isotropic at rest. Some typical data for 5, and R, vs. « are
shown in Figure 3. The data are reduced to plots of /7
and R,/R, vs. noRyx to give the results shown in Figures
4-6, using the parameters 7, and R, given in Table II. For
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Table 11
Rheological Parameters for
Rodlike Polymer Solutions (7= 20 °C)

pOIY' <, Ro’b
mer no. solvent? g/mL N, P em?/dyn
PBT 62 MSA + CSA 0.0222 0.42x10* (11)x10°*
62 MSA + CSA 0.0373 45 10
62 MSA + CSA 0.0444 79 12
53 MSA + CSA 0.0428 0.56 8
43 MSA + CSA 0.0489 0.082 4.5
53 MSA 0.0377 2.2 18
53 MSA 0.0379 2.8 22
53 MSA 0.0408 12 16
53 MSA 0.0435 8.0 19
53 MSA 0.0444 14 14
43 MSA 0.0454 0.26 18
38-B MSA 0.0446 0.027 25
20 MSA 0.0476 5.7°¢ 18
PBO 2 MSA 0.061 0.0085
MSA 0.075 0.026
MSA 0.090 0.055
MSA 0.105 0.13
PPTA 6 MSA 0.0340 0.103 1.2
MSA 0.0474 0.209 0.7
MSA 0.0518 0.279 0.7
MSA 0.0740 0.873 0.5
MSA 0.0784 0.923 0.4
MSA 0.1006 4.58 0.5
MSA 0.123 12.5 0.5
MSA 0.151 61.2 (0.5)

2 MSA 0.0944 0.0070

¢ MSA and CSA are methanesulfonic acid and chloro-
sulfonic acid, respectively. MSA + CSA is a mixture with
3% CSA in 97% MSA. Y Values in parentheses are
obtained as 7,n,7!, where 7, is estimated from the depen-
dence of n, on «, as described in the text. ¢ Values deter-
mined for a 1-year-old solution (see text).

T K

Figure 7. Reduced plots of n,/1, and R, /R, as functions of 7.
for a solution of Kevlar 49 in methanesulfonic acid with a 0.0628
weight fraction at (O) 40, (J) 20, and () 10.5 °C. Values of 7,
are 3800, 10800, and 17 000, respectively, at these temperatures,
and values of 7, are 0.220, 0.702, and 1.105, respectively. The solid
curve in 7,/n9 vs. 7 as in Figure 4.

comparison purposes, reduced data observed with solutions
of Kevlar 49 are shown in Figure 7. It may be seen that
the data for both 5,/n, and R,/ R, at different temperatures
and concentrations superpose quite well. The reduced
curves for the different polymers are similar. Additional
data on other compositions corresponding to the entries
in Table II are quantitatively similar and are not shown.
The solid curve shown for 5,/n vs. neRox in Figures 4-7
corresponds to the reduced curve for a solution of the
flexible-chain polymer polyisobutylene in cetane,? illus-
trating the insensitivity of the reduced flow curve to details
of the molecular structure.

With two samples, Ry could not be determined with the
rheometer in use. In such cases, values of R, entered in
Table II were estimated by comparison of 1,/7, vs. g with
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Figure 8. Birefringence Anq as a function of the reduced shear
rate 7.« for a PBT solution with 0.0255 weight fraction: (O) 40;
(9) 23; (&) 10 °C.

the reduced curve for the same polymer at some other
concentration and/or temperature as noted in Table II.

Data for Any; vs. (r.£)? are shown in Figure 8 for a
PBT solution. According to eq 27, An,; is equal to An cos
2x + Angg, with the latter expected to be small. For small
7.« (or more precisely, for what Coleman and co-workers
have termed “slow flows”26), both An and cos 2x should
be proportional to 7.«

An = 2CRy ok + ..., (28)
cot 2x = 7k + ... (29)
Angg = An cos 2x = 2CRy 7 x)? + ... (30)

where the equality of R, and S; has been used. Although
Coleman and co-workers have noted that there is no fun-
damental reason for C to be independent of « except when
« is very small and suggest that such behavior does not
obtain with precision for “second-order fluids”, here it is
only necessary to note that plots of An;; vs. 7.« appear to
superpose reasonably well over the range of temperature
studied, as may be seen in Figure 8. It is evident from the
data in Figure 8 that the limiting behavior expected for
small 7.« is not reached for the 7.« range employed; see
below.

Discussion

Linear Viscoelastic Properties. The limiting viscosity
7o of the moderately concentrated isotropic solutions of
PBT, PBO, and PPTA increases markedly with increasing
polymer concentration, even though the solutions are far
removed from any glass transition. The latter is evident,
for example, since the ratio n,/7, of solution to solvent
viscosities is independent of temperature. The strong
dependence of 5, on concentration can be understood in
terms of a model described by Doi and Edwards® which
attributes the marked dependence of 7, on ¢ and L to the
effects of intermolecular interaction that act to suppress
the rotatory diffusion of the rodlike chains. The phase
transition to the ordered state is attributed to the same
kind of interaction for volume fractions ¢ > ¢, in the
thermodynamic model of Flory.! Doi and Edwards limit
their viscoelastic treatment to the concentration range ¢
< ¢, In particular, they limit their treatments to con-
centrations in the range

1/[7) In (L/d) < ¢ < 2/34,M < c, (31)

where c is the concentration in weight per unit volume (¢
= pe, with p the solute density) and A, is the second virial
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Figure 9. Ratio no/M,[n] of the zero shear rate viscosity ng to
M, [n] as a function of the product cL,, of polymer concentration
and contour length (all in cgs units) for (0) PBT-62, (0) PBT-53,
(Q) PBT-43, (0) PBT-20, (6) PBT-38-B, (0) PBO-2, (§) PPTA-6,
and (0) PPTA-2. Half-filled circles are for solutions in meth-
anesulfonic acid containing 3% chlorosulfonic acid; otherwise data
are for solutions in methanesulfonic acid. The dashed curves
represent eq 35 and 36 as described in text. The solid lines
represent the limit for this behavior with f(v/v*) in eq 36 equal
to unity; each line terminates at ¢*L,/B, corresponding to the
value of cL,, for which no/M,[n] is 2 maximum.

coefficient. According to Doi and Edwards, in the specified
range, 7, is given by the expression

N = VkT/].ODR (32)

where the number » of rods per unit volume is given by
v = cNa/M and the rotational diffusion constant Dy at
concentration v is given (in the range defined by eq 31) by

Dg! = (wL¥*(v/v*) /BDg° (33)

with 8 a constant about equal to unity, f(»/v*) a function
that is unity for » << v* and increases with increasing v,
where »* is about equal to p¢Na/M (see below), and Dg°
tlée diffusion constant at infinite dilution, proportional to
L

ET/Dg® « M[n]n, (34)

where [5] is the intrinsic viscosity and 7, is the viscosity
of the solvent. Equations 32-34 are conveniently combined
in the form

no/ns = KM[n](cL/Mp)*f(cL/Mrv*) (35)

with v* = ¢*L /M, where L and d are the (contour) length
and diameter of the (monodispersed) rodlike chain with
mass per unit length M; = M/L and K is a constant. The
factor M, appears in eq 35 since Dg/Dg° involves vL =
c¢N4/ My, whereas eq 35 is expressed in terms of the mass
per unit volume concentration ¢. According to eq 35,
10/ M[n] is expected to depend only on cL for a homologous
series, to the extent that v* is a constant. If c* is identified
with pe,, then v* is pAd/M; and should be constant.

Data for the viscosity are plotted vs. cLy in Figure 9.
(The weight-average chain length is used for convenience.)
The results show that the expected region of proportion-
ality of 7o/ M,[n] with (cL,) for ¢ « ¢* is only found with
the lowest concentrations of the PBT solutions used.
According to Doi,'7 a reasonable approximation to f(v/v*)
is given by the relation

f/v*) = (1 - By/v*)™2 (36)

where B is a little smaller than unity. With the use of eq
36, 1o/ M[n] exhibits a slow crossover from proportionality
with (cL)3 for ¢/c* less than about 0.5 to proportionality
with (cL)™ for larger ¢/c*, where m is greater than 3 and
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Table II1
Viscometric and Thermodynamic Parameters for
Solutions of Rodlike Polymers

c*/B, PP,
polymer no. solvent® g/mL g/mL
PBT 53 MSA 0.0488 0.0452
43 MSA 0.0600
38-B MSA 0.0846
PBT 62 MSA + CSA?  0.0452 0.047
53 MSA + CSA 0.0643
43 MSA + CSA 0.0790
PBO 2 MSA 0.180 0.178
PPTA &6 MSA 0.196
2 MSA 0.578

¢ MSA = methanesulfonic acid; CSA = chlorosulfonic
acid. ® 3% CSA by weight.

depends on B. The experimental data exhibit a fairly
sharp crossover, with m approaching a value of 10 or more,
which would require B to be nearly unity. )

Inspection of Figure 9 shows that the various sets of da
do not reduce to a single function of no/n,M[n] vs. cL,/ My,
as should be expected from eq 35 if v* is identical for all
solutions and My, is equal to mg/l, where mg and [ are the
mass and length, respectively, of a repeating unit. It may
be mentioned that data of Baird et al.!® on solutions of
PPTA in 100% sulfuric acid are similar to the results
reported here for PPTA in methanesulfonic acid. Both
sets of data give much smaller 7no/7.M.[n] at a given
cL,/M; than is observed for PBT or PBO.

The dependence of ny/n.My[n] on cLy, is closely corre-
lated with the concentration ¢, = p¢, for the onset of the
ordered anisotropic phase. Thus, the dashed lines in
Figure 9 represent eq 35 with eq 36 for f(v/v*), using the
parameters c*/B given in Table III. For each dashed
curve, c*L,,/B is a constant. The comparisons of c*/B with
¢, given in Table III indicate that Be./c* is nearly unity
or that B is close to unity, as suggested by Doi, if ¢* = c,.
Evidently, factors responsible for the disparity of the de-
pendence of /1My [n] on cL,, among the systems studied
are also acting to affect ¢.. For example, ¢, seems a little
smaller for a solution in pure methanesulfonic acid as
compared with a solution in the same solvent containing
3% chlorosulfonic acid.

Several factors could be responsible for the disparate
behavior just described, including (1) molecular weight
polydispersity, (2) partial flexibility of the chain, (3) in-
termolecular interactions (electrostatic etc.), and (4) in-
termolecular association. Although the samples are not
fractionated, available information!® indicates comparable
molecular weight distribution, so that large effects causing
differences on ¢, would be unexpected. Moreover, in some
cases, ¢, is different for a given polymer in different sol-
vents. Light scattering characterization in dilute solution
indicates that!5!®* PBT and PBO have the rodlike nature
expected and that PPTA has a persistence length p of
about 80 nm, so that L/p is about 4 for the PPTA polymers
studied. It is possible that this degree of flexibility ac-
counts for part, or all, of the decreased viscosity of PPTA
in comparison with PBT.

The possible effects of intermolecular association cannot
be dismissed and might affect both 5 and ¢, in the manner
observed. For example, effects observed on [#] have been
interpreted in terms of association with the chains having
their axes in parallel array.!® For a small extent of such
association, the effects are to increase My and decrease »
by the same extent and to increase d, probably by a factor
somewhat smaller than the change in M;. For polydis-
persed rodlike chains, the effect on the average length
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Figure 10. Flow birefringence plotted as An,s/cH(r)? for ¢ =
0.0408 g/mL as a function of reduced shear rate r.x. Here H is
unity for unfilled circles, Q® for the half-filled circles, and PQ?
for the filled circles: (Q) 60; (O) 40 °C.

might not be very large. If these conditions obtain, then
the effects of association will appear as a horizontal shift
of the data in Figure 9 by an amount equal to the differ-
ence in logarithms of M for the dissociated and associated
chains. This analysis indicates that the degree of asso-
ciation is about 1.3 and 1.7 for PBT in methanesulfonic
acid containing 3% chlorosulfonic acid and for PBO in
methanesulfonic acid, respectively, using the behavior of
PBT in methanesulfonic acid as a base of comparison. If
the larger displacement for PPTA solutions is explained
in terms of association rather than deviation from a rodlike
conformation, then the degree of association increases from
2 to 7 with increasing polymer concentration. At the
present time, we cannot distinguish definitely between
these alternative interpretations.

Finally, we remark that in one case the viscosity of a
solution of PBT-20 in methanesulfonic acid (0.048 g/mL)
measured after being stored for 1 year was found to be
about 100-fold greater than expected. This behavior may
reflect the type of random association that has been ob-
served with other rodlike chains.®

The model of Doi and Edwards used to compute #q also
yields the Rouse-like result

So = 5/3vkT = 5M /3¢cRT 37
With the assumption that R, = S;, this relation gives
7. = noRy = (6Dg)™! (38)

for the time constant. Comparison of the experimental
R, with eq 37 is hampered by the unknown, and usually
large, effects of molecular weight dispersity on R;. With
PBT, the experimental R, are larger than calculated with
eq 37, an effect that might be attributed to molecular
weight heterogeneity. In addition, the dependence of Rq
on ¢ does not follow the inverse dependence on ¢ expected
with eq 37. The weak dependence of R, on ¢ is in accord
with previous observations!? on PBO solutions for which
R, exhibited a minimum with increasing ¢ for ¢ a little less
than c.. We are unaware of a theoretical treatment which
exhibits this behavior.

As remarked above, the data on An,; do not extend to
low enough 7.« to obtain linear behavior, and the limiting
value of An,s/ (7). This is evident in the bilogarithmic
plot of Anyg/c(rx)? vs. 7.« given in Figure 10. Quantita-
tively, similar results were obtained for the data shown in
the linear plot in Figure 8. It can be concluded that the
limiting value of Anys/c(7x)? for small 7.« is larger than
0.02 mL/g. It is of interest to compare this estimate with

Rheological Properties of Rodlike Polymers 945

the result expected for a dilute solution of rodlike mole-
cules, for which®

Tlcxxrg) An/c = (2/5)(An. /c)Tx (39)
=0
where An./c is given by
An./c = 38(dn/dc) (40)
with § and dn/dc the molecular anisotropy and refractive
index increment, respectively, of the polymer in solution.

The latter may be expressed in terms of the principal
refractive indices n; and n, through the parameters

n? - nt
dre: = 1+ (n?-n3L;/47n? (41
as
6=1(g-8)/@ +28) (42)
an/dc = (21 /3n) (g, + 282)0 (43)

Here n, is the solvent refractive index, 0 is the partial
specific volume of solute, and the form factor L; is given
by L, = 0 and L, = 2 for rods. Values of § and dn/dc are
0.6 and 0.55 mL/g, respectively, for PBT in methane-
sulfonic acid,'® and, apparently, n; # n, = n,. These data
give An./c equal to 1.0 mL/g for PBT in methanesulfonic
acid.

These results give the estimate 0.4 mL/g for the limiting
value of An,3/c(rx)? in comparison with the value 0.02
mL/g observed for the smallest 7.« used. The large dis-
crepancy may merely mean that the limiting behavior is
not reached until 7« is very small or may indicate that for
the moderately concentrated solutions studied here, An,,
is not as large as the dilute-solution limit given by eq 40
or that other effects, such as the polydispersity of molec-
ular weight of the samples used, act to reduce An,s. It may
be noted that the power law behavior for Ang/c(rx)? given
in Figure 10 extrapolates to Anys/c¢(7.x)? equal to 0.4 for
7 equal to 0.02. We will return to the nonlinear behavior
of An,z below.

Nonlinear Viscoelastic Properties. The data in
Figures 4-7 exhibit the reduced plots for the nonlinear
behavior observed for isotropic solutions of the polymers
studied. The satisfactory reduction of the data in terms
of the parameter 7« is one noteworthy result. The theory
of Doi and Edwards® gives results that can be expressed
in the form

Qlrex) = [1 + A,,(‘I'RK)Z]'O'525 (44)
N(TCK) = []_ + aq(TRK)2]1'050/[1 + A!(TRK)2]0.874 (45)

with 7 equal to (6Dg)?, A, = 2.556, and A, = 2.009 (for
monodisperse solute). With eq 38, g = 7., permitting the
direct comparison of experiment and theory shown in
Figure 5. The result shows that eq 44 decreases more
rapidly with increasing 7.« than does the experimental
data. A revised calculation with the Doi-Edwards model
due to Cohen®! provides a closer fit to the experimental
results, as shown in Figure 6. The revised calculation,
which retains terms dropped in the original version, de-
creases more slowly with increasing 7., in accord with
experiment.

We are unaware of any calculation of P for moderately
concentrated solutions of rodlike chains. The theoretical
results of Doi and Edwards for monodispersed rodlike
chains give N that increases with increasing .k, the in-
crease becoming noticeable for 7.« greater than about unity.
For coiled polymers, the functions P and N are similar, at
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least for 7« not much larger than 10. By contrast, P given
in Figures 4-7 is far different from the calculated N, with
P decreasing with increasing 7.« for 7.k greater than about
0.01. It is possible that much of this difference can be
ascribed to the effects of molecular weight dispersity, which
is known to cause similar behavior for coiled polymers.

In the nonlinear response range, as mentioned above,
eq 11 and 12 are often rewritten with 7, and S, replaced
by 7, and S,, respectively, to approximate the effects of
nonlinear behavior in the birefringence. These substitu-
tions give

An13 o 2CR0_1NQ2(TCK)2 (46)
with
C’ = C(cot 2x) /S« 47

It appears that C’is sometimes independent of «, even for
« greater than 7,1, Since neither x nor N was determined
in this study, we have examined a variation of these re-
lations given by

An13 = QC’RO_IPQZ(TCK)Z (48)

where
C”"=CN/P (49)

is expected to equal C as P = N and C’ = C. Although N
and P need not be equivalent for large 7.x, they should
approach each other for small 7., so that C”"and C should
be equal, at least for small 7. The bilogarithmic plot of
Anys/cPQ%(7x)? shown in Figure 10 reveals that 2C"(Ryc)™
tends to a constant for 7.k greater than about unity. For
smaller 7k, 2C"(R,c)! increases with decreasing 7. in the
range studied—presumably 2C"(R,c)™! reaches a limiting
value 2C(Rc)! for still smaller 7.x. Quantitatively similar
results obtain for the data shown in the linear plot in
Figure 8. In the preceding, it was estimated that An,s/
¢(r.x)? would reach the limiting value expected by analogy
with dilute-solution behavior for 7.« about 0.02. This is
also the range required for P to reach its limiting value of
unity (Q is essentially unity for 7.« smaller than unity).

Since normal stress data are not available, we do not
know whether deviation of C” from C is related to failure
of eq 46 or 47 or to deviation of N from P. Most experi-
ments designed to evaluate C” have been confined to the
range 7.« > 1, owing to the difficulty of measuring small
normal forces. In that range, C” measured here is nearly
constant but smaller than its value for 7.« < 1. 1t is pre-
sumed that C’ ought to be independent of 7., as is re-
ported for flexible-chain polymers. If so, then the de-
pendence of C” on 7.« indicates (1) that in the range 7«
greater than about unity, é In P/d In (1) and d In N/
8 In (7.x) are equal so that C”is independent of 7 but (2)
that the function N reaches its limiting value (unity) at
smaller 7. than does P for the rodlike polymers studied.
It is possible that both of these effects might be attributed
to molecular weight polydispersity.

Conclusions

The rheological and rheooptical properties described
above for the three rodlike polymers show both striking
differences and similarities in comparison with behavior
of flexible coil polymers. In the concentration range
studied, no/M[n] depends markedly on cL,, with the
quantity 8 In (no/M[n])/9 In cL,, increasing rapidly as ¢
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approaches the concentration ¢, required for stability of
an ordered phase of the rodlike polymer. As ¢ nears c,,
the overall dependence of 5, on chain length becomes es-
pecially severe. These effects can be understood qualita-
tively with a model introduced by Doi and Edwards.

The time constant 7, = noR, also depends markedly on
cL,, through its proportionality with .. Nonetheless, when
expressed in terms of the reduced shear rate 7., the
functions 7,/n, and R,/ R, are similar to the corresponding
behavior observed with flexible-chain polymers over the
range studied (107 < 7« < 10%. The rheooptical behavior
exhibits the expected increase in the birefringence with
increasing 7., reflecting orientation of the rodlike mole-
cules in the flow field. The birefringence is nonlinear even
for 7.« as low as 0.1, a range for which 7,/7, is essentially
unity, whereas R, /R, may still exhibit nonlinear behavior.
Quantitative estimations of the extent of orientation from
the birefringence is hampered by dependence of the
modified stress-optical coefficient C” on 7.« for small 7.
Nonetheless, it is clear that orientation is appreciable and
still increasing for 7.« in the range 10.
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