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ABSTRACT: The effect of molecular weight on the rheological behavior of a thermotropic liquid-crystalline
polymer was investigated. For the study, an aromatic polyester, poly[(phenylsulfonyl)-p-phenylene 1,10-
decamethylenebis(4-oxybenzoate)] (PSHQ10) having different molecular weights was synthesized. The
PSHQ10s synthesized were found to have (a) a weight-average molecular weight (Ms), as determined by gel
permeation chromatography, ranging from 33 000 to 45000 relative to polystyrene standards, and a
polydispersity index of about 2, and (b) a melting point ranging from 100 to 115 °C and a nematic-to-isotropic
transition temperature ranging from 161 yo 176 °C, depending upon the molecular weight. Using a cone-
and-plate rheometer, the steady and oscillatory shear flow properties of the PSHQ10s were measured in both
the isotropic and nematic regions. We found that (a) no = M®5 and negligible Ny in the isotropic region, and
(b) 1o « M®and N, « M®7in the nematic region, where M is the molecular weight, n is the zero-shear viscosity,
and N, is the first normal stress difference. We found further that preshearing has a profound influence
on both the steady and oscillatory shear properties of PSHQ10. Also investigated were the transient start-up
shear flow, stress relaxation, and structural recovery after cessation of steady shear flow. Structural recovery
was determined by monitoring the variations of dynamic storage and loss moduli, during application of
small-amplitude oscillatory deformations to the specimens. The following observations were made: (1) the
maximum overshoot in both shear stress and the first normal stress difference increased with increasing
molecular weight; (2) the rate of stress relaxation after cessation of shear flow was slower with increasing
molecular weight; and (3) the extent of structural recovery after cessation of shear flow was greater for

increasing molecular weight.

Introduction

Inrecent years, the rheological behavior of thermotropic
liquid-crystalline polymers (TLCPs) has attracted much
attention from rheologists.!-1® However, very little ex-
perimental study has been reported on the effect of
molecular weight on the rheological behavior of TLCPs,
while the dependence of shear viscosity on molecular
weight for some lyotropic liquid-crystalline polymers
(LLCPs) has been reported.l” Over a decade ago, Doi!8
developed a molecular theory which predicts that the
molecular weight has a much greater influence on the
rheological properties of rigid-rod-like macromolecules
than on the rheological properties of flexible homopoly-
mers. Note that for entangled flexible homopolymers the
zero-shear viscosity (1) varies with the 3.4th power of
molecular weight, and the first normal stress difference
(Ny) varies with the 6-7th power of molecular weight.1%20

Inour previous studies,?-?4 using an aromatic polyester,
poly[(phenylsulfonyl)-p-phenylene 1,10-decamethylene-
bis(4-oxybenzoate)] (PSHQ10)

PSHQ10

with the repeat unit structure which had a weight-average
molecular weight of about 45 000 relative to polystyrene
standards, we investigated (a) the effect of thermal history
on its rheological behavior, (b) transient start-up shear
flow, (c) steady shear flow behavior, and (d) oscillatory
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Table I. Summary of the Molecular Weight and Intrinsic
Viscosity of the PSHQ10s Synthesized in This Study

sample code M, x 108 My/M, [n) (dL/g)
A 53.4 1.89 0.616
B 49.5 2.03 0.560
C 45.2 2.11 0.500
D 38.9 2.48 0.432
E 37.6 2.43 0.409
F 35.0 2.09 0.387

shear flow behavior. This polymer, having a melting point
of 115 °C and a nematic-to-isotropic transition temperature
(Tnp of 175 °C, enabled us to investigate its rheological
behavior in both the isotropic and nematic states, without
being concerned about the possibility of having thermal
degradation at about 350 °C.

As part of our ongoing research effort on enhancing our
understanding of the rheology of TLCPs, very recently we
synthesized PSHQ10 having several different molecular
weights and then investigated the effect of molecular
weight on its rheological behavior. In the present paper,
we shall report the highlights of our findings, namely, the
effect of the molecular weight of PSHQ10 on (1) transient
start-up shear flow behavior in the nematic region, (2)
steady and oscillatory shear flow behavior in both the
isotropic and nematic regions, (3) stress relaxation upon
cessation of steady shear flow, and (4) structural recovery
after cessation of steady shear flow.

Experimental Section

Materials and Molecular Characteristics. Six PSHQ10s
having different molecular weights were synthesized using the
procedures described in previous papers.42 The readers are
referred to the original papers for the details of the method of
synthesis. The weight-average molecular weight (My) of the
PSHQ10s synthesized was determined via gel permeation chro-
matography using polystyrene standards, and Table I givessample
codes and a summary of M, for the six PSHQ10s synthesized in
this study.

© 1993 American Chemical Society
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Figure 1. Plots of [7] versus M, for PSHQ10, where THF was
used as solvent in the measurements of molecular weight via
GPC at 25 °C.

We also measured the intrinsic viscosity [5] of each polymer
sample dissolved in trichlorobenzene at 70 °C. Plots of log [n]
versus log M, for the six PSHQ10s synthesized are given in Figure
1. Usingthe datagiven in Figure 1 we obtain the Mark-Houwink
relationship, [7] = KMe¢, where K = 3.7 X 10 and a = 1.1 for
a pair of PSHQ10 and trichlorobenzene at 70 °C. Owing to the
polydisperse nature of the PSHQ10 samples, in the Mark-
Houwink equation we employed the weight-average molecular
weight (M), which is much closer to the viscosity-average
molecular weight (M,), than the number-average molecular weight
(M,). In view of the fact that the value of the exponent a in the
Mark-Houwink equation is known to lie between 0.5 and 0.8,
depending on the solvating power of the medium, for flexible
polymer chains, the value of a = 1.1 for PSHQ10, which is a
semiflexible polymer, seems to be reasonable. We hasten topoint
out, however, that we are well aware of the fact that the
hydrodynamic volume of PSHQ10 is not the same as flexible
homopolymers.

Sample Preparation. Specimens for rheological and DSC
measurements were prepared by first dissolving PSHQ10 in
dichloromethane in the presence of an antioxidant (Irganox 1010;
Ciba-Geigy Group) and then slowly evaporating the solvent at
room temperature for a week. The cast films with a thickness
of 1 mm were further dried in a vacuum oven at room temperature
for at least 3 weeks and at 90 °C for 48 h. Right before the
rheological measurements, the specimen was further dried at
120 °C for 2 h to remove any residual solvent and moisture.

Differential Scanning Calorimetry. Thethermal transition
of PSHQ10 was determined using differential scanning calo-
rimetry (DSC) with a heating rate of 20 °C/min. Figure 2 gives
DSC traces for six PSHQ10 samples having different molecular
weights during the first heating cycle after the polymers were
annealed at 190 °C for 5 min. It can be seen in Figure 2 that both
the melting point and nematic-to-isotropic transition temperature
(T'n1) increase with increasing molecular weight. Earlier, asimilar
observation was reported for other types of TLCPs 2630

Rheological Measurement. A Model R16 Weissenberg
rheogoniometer (Sangamo Control, Inc.) in the cone-and-plate
(25-nm-diameter plate and 4° cone angle) configuration was used
to measure in the steady shear mode the shear viscosity (1) and
first normal stress difference (N;) as functions of shear rate (y)
and in the oscillatory mode the dynamic storage modulus (G’)
and dynamic loss modulus (G”’) as functions of angular frequency
(w) in both the isotropic and nematic regions. The absolute
values of complex viscosity were calculated using |n*| = [(G'(w)/
w)? + (G”(w)/w)?]V/2, Data acquisition was accomplished with
the aid of a microcomputer interfaced with the rheometer. All
experiments were conducted in the presence of nitrogen in order
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Figure 2. DSC traces for as-cast PSHQ10 samples (see Table
I for sample code), which were annealed for 5 min at 190 °C,
showing the glass transition temperature, melting point, and
nematic-to-isotropic transition temperature.

topreclude oxidative degradation of the specimen. Temperature
control was satisfactory to within £1 °C.

In order to be able to obtain reproducible initial conditions in
the nematic region, we employed the following temperature
protocols. First, anas-cast PSHQ10specimen was placed between
the cone and plate after the fixture was heated to 190 °C, which
isatleast 15 °C above the Tnjof PSHQ10. After the temperature
was equilibrated at 190 °C which took about 5 min upon placement
of a specimen, steady shear flow at rates ranging from 0.0085 to
1.07 s~ was applied to the specimen for 5 min at each shear rate
by which time the shear stress had attained a constant value. We
then cooled the specimen very slowly to a predetermined
temperature in the nematic state (i.e., 130, 140, 150, or 160 °C).
After temperature equilibration at the desired level in the nematic
state, we applied a sudden shear flow to the specimen and then
the growths of shear stress o*(t,y) and first normal stress
difference N1*(t,7) were recorded on a chart recorder until both
leveled off. After asteadystate was attained, the flow wasstopped
and then “structural recovery” was monitored from measurements
of the dynamic moduli (G’ and G”) by applying small-amplitude
oscillatory deformations to the specimen.

Results and Discussion

Molecular Weight Dependence of Steady Shear
Viscosity of PSHQ10 in the Isotropic Region. In the
present study both the steady and oscillatory shear flow
properties of PSHQ10 in the isotropic state (at 190 °C)
were measured. Figure 3 gives plots of log n versus log ¥,
and plots of log |n*| versus low w, for five PSHQ10 samples,
A-E. We observe in Figure 3 that the Cox~Merz rule?!
holds for the PSHQ10 samples, which is a manifestation
that these samples are indeed in the isotropic state. It
should be mentioned that negligible values for N; were
detected for these samples.

Figure 4 gives logarithmic plots of zero-shear viscosity
(no) versus My, for the five PSHQ10 samples, from which we
obtain via regression analysis the following relationship:32

Ny = MBS (1)

We hasten to add that, in view of the fact that in this
study variations of molecular weight were rather small



Macromolecules, Vol. 26, No. 24, 1993

0G0 DO @g

“ ‘.l TTTTT

T TTTTH

Y VvVVYVYY VY VYV vy
e o0 o0 0 00 4
bl vl oot el
1072 g™ i® 10 2x10
Y or w(s™h

Figure 3. Plots of log n versus log 4 (open dotted symbols), and
log |n*] versus log w (filled symbols), for PSHQ10 samples in the
isotropic region at 190 °C: (0,@) sample A; (4,4) sample B;
(2,8) sample C; (¥,v) sample D; (®,8) sample E.
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Figure 4. Plots of log 7o in the isotropic region at 190 °C versus
M, for PSHQ10 samples.

(35 00053 000), the 6.5th power of molecular weight given
in eq 1 must be regarded as an approximation. Notice in
Figure 3 that the 7, increased by an order of magnitude
asthe molecular weight increased only by 45%. According
to eq 1, the no would be increased by 90 times if the
molecular weight is doubled and by 1260 times if the
molecular weight is tripled. For such viscous liquids, it
would be very difficult to measure their viscosities, and
thus there is a practical limitation to the extent of variation
of molecular weight that one can make from the point of
rheological measurement.

It should be mentioned that earlier Doi!83334 predicted
the relationship n¢ « ME for the isotropic phase of rigid-
rod-like macromolecules. Inview of the fact that PSHQ10
is a semiflexible macromolecule having decamethylene
units as a flexible spacer in the main chain, we can conclude
that, within experimental uncertainties, the experimental
results for the dependence of no on M presented above are
in reasonable agreement with the Doi theory.

Figure 5 gives plots of log G’ versus log w, and plots of
log G” versus log w, for five PSHQ10 samples at 190 °C.
It can be seen in Figure 5 that the frequency dependencies
of G’ and G” are very similar to those usually observed for
flexible homopolymers in the molten state; namely, in the
terminal region, G’ =« «2? and G” = w. Notice in Figure 5
that the values of G’ and G increase with increasing
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Figure 5. (a) Plots of log G’ versus log w (open dotted symbols)
and (b) plots of log G” versus log w (filled symbols) in the isotropic
region at 190 °C for PSHQ10 samples: (©,®) sample A; (4,4)
sample B; (Z,m) sample C; (¥,¥) sample D; (©,8) sample E.

molecular weight of PSHQ10, consistent with the obser-
vations made for flexible homopolymers.1®

Figure 6 gives plots of log G’ versus log G” for five
PSHQ10samples, which were prepared with the data given
in Figure 5. It is of interest to observe in Figure 6 that
the dependence of molecular weight is not discernible in
such plots, having a slope of 2 in the terminal region. Using
a molecular viscoelasticity theory for entangled flexible
homopolymers, Han and Jhon3% have shown that plots of
log G’ versus log G” in the terminalregion areindependent
of molecular weight, and indeed such a prediction was
proven to be valid by experimental results. Therefore, we
can conclude from Figure 6 that the five PSHQ10 samples
investigated here have molecular weights greater than the
entanglement molecular weight, although we recognize
the fact that in the strict sense the Han—Jhon theory is
valid only for flexible macromolecules. It can be easily
shown that, using the Rouse model, log G’ versus log G
plots for unentangled flexible homopolymers would show
molecular weight dependency.3

Control of Initial Conditions for PSHQI0 in the
Nematic Region. In the measurement of the rheological
properties of a TLCP in the nematic region, it is of utmost
importance for one to be able to control initial conditions,
so that measurements can be reproducible. It was shown
earlier that, unless extraordinary precautions are taken,
the rheological properties of a TLCP may change during
the measurements.?137 Inour previous paper?! we showed
that the rheological behavior of PSHQ10 in the nematic
region was very sensitive to thermal history and that
thermal treatment in the isotropic state under steady shear
flow was a very effective way to control initial conditions
(thus we were able to obtain reproducible data) for
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Figure 6. Plots of log G’ versus log G” in the isotropic region
at 190 °C for PSHQ10 samples: (@) sample A; (4) sample B; (@)
sample C; (¥) sample D; (®) sample E.

PSHQ10 in the nematic region. In the present study we
employed a specific temperature protocol, as described in
the Experimental Section, to control initial conditions for
the five PSHQ10 samples in the nematic region. That is,
before proceeding to the application of a sudden shear
flow to the specimen in the nematic region, we confirmed
that values of ln*|, which were obtained by applying smail-
amplitude oscillatory deformations at w = 0.15 rad/s,
remained more or less constant for about 50 h, indicating
that the initial morphology established would vary little
during subsequent shear flow experiments.

Figure 7 gives plots of log G’ versus log w, and plots of
log G” versus log w, for five PSHQ10 samples at 140 °C.
Of particular note is the dependence of G’ on w in the
nematic region, which is much weaker than that in the
isotropic region, while the dependence of G’ on w appears
to be about the same in both the nematic and isotropic
regions (compare Figure 7 with Figure 5). This points out
the fact that the elastic property of PSHQ10 is much more
sensitive to the applied angular frequency than is the
viscous property.

Using the data displayed in Figure 7, we prepared plots
of log G’ versus log G” for the PSHQ10s in the nematic
state at 140 °C (opensymbols), and they are given in Figure
8. Also given in Figure 8 are, for comparison, plots of log
G’ versus log G for the five PSHQ10 samples in the
isotropic state at 190 °C (filled symbols). The following
observations are worth noting in Figure 8. (1) Plots of log
G’ veruss log G’ in the nematic region (open symbols) are
seen to lie on a single correlation, independent of molecular
weight. Recall that for entangled polymers log G’ versus
log G” plots are expected to be independent of molecular
weight. This certainly suggests that the morphological
states of the five samples are virtually identical at the
measurement temperature (140 °C), in spite of the fact
that each sample was first thermally treated separately in
the isotropic region at 190 °C and then cooled slowly down
to the nematic region at 140 °C. This attests to the fact
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Figure 7. (a) Plots of log G’ versus log w (open dotted symbols)
and (b) plots of log G’ versus log w (filled symbols) in the nematic
region at 140 °C for PSHQ10 samples before being subjected to
steady shear flow: (©,®)sample A; (A,A) sample B; (&,8) sample
C; (¥,v) sample D.; (®,0) sample E.

that the initial conditions for the samples were well
controlled by the temperature protocols employed in this
study. (2) Inthe terminal region, the slope of log G’ versus
log G” plots is much less than 2 in the nematic region
(open symbols), while it is very close to 2 in the isotropic
region (filled symbols). Similar observations were made
earlier by Han and co-workers,®4 who investigated the
dynamic viscoelastic properties of block copolymers in
the ordered and disordered states. Thus, the results in
Figure 8 lead us to conclude that log G’ versus log G plots
are very sensitive to the morphological state of PSHQ10
(also other TLCPs as well). It should be mentioned that
in a previous paper?? we showed that log G’ versus log G”
plots for PSHQ10 in the nematic state vary with tem-
perature, while such plots are independent of temperature
for PSHQ10 in the isotropic region.

Effect of Molecular Weight on the Start-Up Shear
Flowof PSHQ10in the Nematic Region. Havingshown
how we controlled initial conditions, let us now examine
how the molecular weight affected the transient start-up
shear flow of PSHQ10. Figure 9 gives plots of shear stress
growth o¢*(¢,7) versus ¢, and Figure 10 gives plots of the
first normal stress difference growth N,*(¢,¥) versus ¢,
for five PSHQ10 samples at 140 °C for a shear rate of
0.536 s°1, where 4 isshear rate and ¢ is time. The following
observations are worth noting in Figures 9 and 10. (1)
The maximum overshoot in ¢*(t,¥) increases with in-
creasing molecular weight of PSHQ10, and that multiple
overshoots of ¢*(¢,4) appear as the molecular weight of
PSHQ10 becomes greater than a certain critical value. (2)
The appearance of multiple overshoots in N1*(¢,7) is very
pronounced with increasing molecular weight of PSHQ10,
and that the value of 4 at which the first overshoot of
Ny*(t,4) occurs increases with increasing molecular weight
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Figure 8. Plots of log G’ versus log G” for PSHQ10 samples. (a)
At140°C: (®)sample A; (&) sample B; (@) sample C; (¥) sample
D; (@) sample E. (b) At 190 °C (@) sample A; (A) sample B; (W)
sample C; (v) D; (@) sample E.

(i.e., the higher the molecular weight of PSHQ10, the longer
it takes for the maximum of the first overshoot of N1*(¢,¥)
to appear). Notice further in Figure 10 that there is only
a single overshoot of Ni*(t,%) occurring for molecular
weights below a certain critical value. (3) The time
required for N;*(t,¥) to reach steady state is much longer
than that for ¢*(t,¥). We hasten to point out, however,
that according to the results of our previous study,? the
number of overshoots appearing in N1*(t,¥) does not only
depend on applied shear rate.

Figure 11 describes the effect of temperature on
o*(t,7), and Figure 12 describes the effect of temperature
on N1*(t,%), for sample C at ¥ = 0.536 s-1 for 130, 140, and
150 °C. It can be seen in Figures 11 and 12 that while the
value of 4t at which a maximum in ¢*(¢,4) appears is
relatively insensitive to temperature, the value of the
maximum ¢*(t,¥) becomes greater as the temperature
decreases. These observations seem to suggest to us that,
as the temperature of PSHQ10 moves farther away from
the TNy, greater shear stresses are required to break up
polydomains, which existed in the specimen before being
subjected to a start-up shear flow. It is of interest to
observe in Figure 12 that the magnitude of the first
overshoot of N1*)t,7) increases with decreasing temper-
ature and that a much longer time is required for N;*(¢,%)
to reach steady state as the temperature decreases (i.e., as
the temperature of PSHQ10 moves farther away from the
Tny). From Figures 11 and 12 we can conclude that both
shear rate and temperature have profound influences on
the transient shear flow behavior of PSHQ10.

We observe from Figures 9-12 that the ratio of the
maximum peak to the equilibrium value of shear stress,
Gmax/ 0=, lies between 8 and 12, and the ratio of the
maximum peak to the equilibrium value of the first normal
stress difference, Nimar/ N, lies between 2.5 and 3.5,
depending upon the applied shear rate and measurement
temperature. Such unusually large values of overshoot in
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Figure 9. Plots of o*(t,%) versus 4t for PSHQ10 samples at 140
°C for 4 = 0.536 s~1: (O) sample A; (A) sample B; (O) sample C;
(V) sample D; () sample E.
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Figure 10. Plots of N;*(t,7) versus 4t for PSHQ10 samples at
140 °C for 4 = 0.536 s-1; (O) sample A; (A) sample B; (00) sample
C; (¥) sample D; (<) sample E.

both ¢*(t,¥) and N1*(,%) during transient shear flow are
characteristic of LCPs in general!3-15224145 and are
attributed to the presence of polydomains, which existed
in the PSHQ10specimen before being subjected to a start-
up shear flow. It is believed that such large stresses are
needed to break up the polydomains (i.e., piled domain
textures).

Effect of Molecular Weight on the Steady Shear
Flow Properties of PSHQ10 in the Nematic Region.
In investigating the effect of deformation history on the
steady shear flow properties of PSHQ10 in the nematic
region, we applied a series of shear flows to a specimen by
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Figure 11. Plots of ¢*(¢,7) versus ¥t for sample C at ¥ = 0.536
s-! for various temperatures: (0) 130 °C; (a) 140 °C; (O) 150 °C.
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Figure 12. Plots of N;* (t,%) versus ¥¢ for sample C at ¥ = 0.536
s-1 for various temperatures: (0) 130 °C; (a) 140 °C; (O) 150 °C.

increasing shear rate stepwise and at each shear rate we
waited until a steady state was attained. Figure 13a gives
plots of log 7 versus log 4 for five PSHQ10 samples at 140
°C in the first shear-rate sweep experiment. It can be
seen in Figure 13a that shear-thinning behavior is per-
sistent over the entire range of ¥ tested. However, as can
be seen in Figure 13b, when the same specimens were
subjected to a second shear-rate sweep experiment after
a 1-h rest period, they exhibit a Newtonian plateau region
(i.e., zero-shear viscosity no at low ¥ and shear-thinning
behavior as ¥ increases, as often observed in flexible
homopolymers. The following observations are worth
noting in Figure 13: (1) the steady shear viscosity of
PSHQ10 increases with increasing molecular weight and
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Figure 13. (a) Plots of log # versus log 7 in the first shear-rate
sweep experiment (open symbols) and (b) plots of log n versus
log ¥ in the second shear-rate sweep experiment (filled symbols)
for PSHQ10 samples at 140 °C: (©, @) sample A; (A,A) sample
B; (@,m) sample C; (¥,¥) sample D; (®,®) sample E.

(2) preshearing has a pronounced effect on the steady
shear viscosity.

The dependence of zero-shear viscosity 7o on molecular
weight M of presheared PSHQ10 specimens (the data
points given in Figure 13) is given in Figure 14, from
which,using a regression analysis, we obtain the following
relationship:32

= M (2

As mentioned above, owing to the rather small variations
of molecular weight tested in this study, the 6th power of
molecular weight appearing in eq 2 must be regarded as
an approximation.

It should be mentioned that the Doi theory predicts!®

(1-941 + SH41 + 28)(1 + 1.58)
Mo * M®
(1 + 0.55)%

where S is the order parameter which is zero in the isotropic
phase and unity in the state of perfect alignment. Note
that for S = 0 eq 3 gives 7o < M®. Since the value of S is
expected to increase with increasing M at a given tem-
perature, no would not be directly proportional to M® in
the nematic region of TLCP. At present, however, we
have no information as to how S might vary with M. Note
further that in the derivation of eq 3 a mathematical
approximation (often referred to as a decoupling ap-
proximation) was made in treating the term D:(uuuu)
that appears in the system of equations, i.e., D:(uuuu)
~ D:{(uu)(uu) was used, where D is the rate-of-defor-
mation tensor and u is the unit vector. If a higher order
approximation is introduced to D:{uuuu), eq 3 would
have a different dependency onS. Nevertheless, it is very
encouraging to observe that, within experimental uncer-

E))
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Figure 14. Plots of log 7o in the nematic region at 140 °C versus
M, for PSHQ10 samples, where the values of n, were obtained
in the second shear-rate sweep experiment.
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Figure 15. Comparison of ¢*(t,¥) versus 4t plots in the first
shear-rate sweep experiment (open circles) with those in the
second shear-rate sweep experiment (filled circles) for sample C,
where the second shear-rate sweep experiment was conducted
after a 1-h rest time upon cessation of the first shear-rate sweep
experiments. The measurement temperature was 140 °C, and
the applied shear rate was 0.0085 s-1,

tainties, the experimental results for the dependence of
noon M, presented above for PSHQ10 in the nematic state,
are reasonably close to Doi’s prediction.

The significant decrease in the shear-rate dependence
of n by preshearing PSHQ10 samples, observed in Figure
13, can be explained by Figure 15, which shows a dramatic
difference in the transient shear stress (¢*(f,%) upon
startup of shear flow, where the open circles denote
o*(t,%) in the first shear-rate sweep experiment and the
filled circles denote o*(¢,4) in the second shear-rate sweep
experiment, both sheared at ¥ = 0.0085 s-1. It should be
mentioned that the second shear-rate sweep experiment
was performed after a 1-h rest period. The results
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Figure 16. Plots of log N; versus log ¥ for PSHQ10 samples at

140 °C in the second shear-rate sweep experiment: (©) sample
A; (&) sample B; (@) sample C; (¥) sample D.; (®) sample E.

presented in Figure 15 suggest that the polydomains, which
had existed in the specimen after being cooled from the
isotropic region, were broken up during the first shear-
rate sweep experiment and thus virtually no overshoot
was observed in the second shear-rate sweep experiment.

Figure 16 gives plots of log N; versus log 4, which were
obtained using the presheared PSHQ10 samples at 140
°C (i.e., after the first shear-rate sweep experiment). Note
in Figure 16 that N, increases with molecular weight. Using
regression analysis of the data given in Figure 16, we obtain
the relationship between N; and +:

N1 « ':l’n 4)

where n varies from 0.6 to 0.73 depending upon the samples
used and the average value of n is about 0.67, which is
rather small as compared to that for flexible homopolymers
(N7 « 42).1820 Also, applying a regression analysis to the
data given in Figure 16, we obtain the following relationship
between N; and M:

Ni«= M8 ®)
It should be mentioned that the Doi theory predicts!®4¢

N o A,YMGS(l - 951 + 28)%5(1 + 1.59)
! (1 +0.58)2

for rigid-rod-like macromolecules. It is of interest to
observe in eq 6 that N; = 4, which is reasonably close to
the experimental results given by eq 4. Note that,although
eq 6 contains a factor M8, it should be understood that Ny
will not be directly proportional to M® because, as
mentioned above, the order parameter S would depend
on the molecular weight M. At present we have no
information as to how S might vary with M. Moreover,
the dependence of N; on S will be different from that in
eq 6 if a higher order closure approximation for D(uuuu)
is used. Note that eq 6 was derived using the de-
coupling approximation for D(uuuu), i.e., D:(uuuu) =~
D:(uu)(uu). Note further than some of the physical
assumptions (e.g., initially, a spatially uniform distribution
of the directors; the macromolecules consist of rigid rods)
made in the Doi theory are not directly applicable to
PSHQ10, which is a semiflexible thermotropic polymer
melt, having initially a spatially nonuniform distribution
of theliquid-crystalline phase. Thus caution must be taken

(6)
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Figure 17. Decay of shear stress o-(t,) with time upon cessation
of steady shear flow at 4 = 0.27 s-! for PSHQ10 samples at 140
°C: (O) sample A; (A) sample B; (0) sample C; (¥) sample D;
(©) sample E.
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Figure 18. Decay of the first normal stress difference N;-(t,y)
with time upon cessation of steady shear flow at 4 = 0.27 s-! for
PSHQ10 samples at 140 °C: (O) sample A; (A) sample B; (O)
sample C; (v) sample D; (©) sample E.

when attempting to interpret the experimental results
presented above using the Doi theory. Nevertheless it is
very encouraging to observe that the Doi theory captures
the essential features observed in the present experimental
study.

Effect of Molecular Weight on the Stress Relax-
ation of PSHQI10. after Cessation of Steady Shear
Flow, The effect of molecular weight on the stress
relaxation of PSHQ10 after cessation of steady shear flow
can be observed in Figures 17 and 18, where shear stress
decay o—(t,%) and the first normal stress difference decay

Macromolecules, Vol. 26, No. 24, 1993

(71 /7,

A T O O SO O NN T S
0 20 40 60 80 100 (20 140 160

tg (min)

Figure 19. Plots of |n*|/n. versus rest time ¢y at 140 °C, where
7. denotes the steady shear viscosity just before cessation of
steady shear flow at ¥ = 0.27 s°1; (©) sample A; (A) sample B;
(&) sample C; (w) sample D; (©) sample E.

Ni=(t,¥), respectively, for five PSHQ10 samples at 140 °C
are given after cessation of a steady shear flow at 4 = 0.27
s-1, Thefollowing observations are worth noting in Figures
17 and 18: (1) the rate of decay of both o-(t,¥) and Ny-(¢t,
4) decreases with increasing molecular weight of the
specimen,; (2) the rate of decay of Ni~(¢,%) is much lower
than that of o~(¢,¥); (8) for certain samples (C-E) Ny goes
through negative values before reaching a positive valued
steady state. It would seem possible that we might have
observed negative values of Ny (¢,7) also for samples A and
Bif we had waited a longer period after cessation of steady
shear flow.

The unusually iong relaxation time required for PSHQ10
to attain steady-state values for shear stress and normal
stress difference, after cessation of steady shear flow, is
believed to be characteristic of TLCPs in general. We
hasten to point out that the rate of stress decay and the
relaxation time, after cessation of steady shear flow, would
depend on the applied shear rate and measurement
temperature, since they in turn control the morphological
state of the specimen.

Effect of Molecular Weight on the Structural
Recovery of PSHQI10 after Cessation of Steady Shear
Flow. As mentioned in the Experimental Section, in the
present study we monitored “structural recovery,” after
cessation of steady shear flow, in terms of |p*| of the
PSHQ10 specimens by applying small-amplitude oscil-
latory deformations (for a strain of 0.02 and an angular
frequency of 0.075 rad/s). The rationale behind this
approach lies in that such small-amplitude oscillatory
deformations would affect little the morphology of the
specimen under test.

Figure 19 gives plots of [n*|/n. versus rest time (tg) for
five PSHQ10specimens at 140 °C after cessation of steady
shear flow at ¥ = 0.27 s-1. In preparing Figure 19 the
steady shear viscosity (.) at ¥ = 0.27 s-! was used as a
reference for each specimen. It can be seen in Figure 19
that the rate of “structural recovery” increases with
increasing molecular weight PSHQ10, suggesting that the
morphological state at the end of the steady shear flow
applied was different for specimens having different
molecular weight. Quantitative analysis of the morpho-
logical state (i.e., domain textures) of a PSHQ10 specimen
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Figure 20. (a) Plots of log |n*| versus log w before being sub-
jected to steady shear flow (open dotted symbolg) and (b) plots
of log |n*| versus log w after being subjected to steady shear flow
for PSHQ10 samples at 140 °C followed by structural recovery
fora period of 3 h (filled symbols): (©,0)sample A; (4,4) sample
B; (@,m) sample C; (¥,¥) sample D; (©,®) sample E.

after being subjected to steady shear flow is beyond the
scope of the present study and will be dealt with in a future
investigation.

Effect of Molecular Weight on the Oscillatory
Shear Flow Properties of PSHQ10 after Being Sub-
jected to Steady Shear Flow. In this study we also
investigated the oscillatory shear flow properties of
PSHQ10, which had been subjected to steady shear flow
followed by structural recovery. Figure 20 gives plots of
log |n*| versus log w for five PSHQ10 samples at 140 °C
before being subjected to steady shear flow (Figure 20a)
and after being subjected to steady shear flow at ¥ = 0.27
s-! followed by a rest period of 3 h (Figure 20b). It can
be seen in Figure 20 that preshearing decreased consid-
erably the jn*| of the PSHQ10 specimens.

Using the data obtained for G’ and G” as a function of
wfor PSHQ10samples, which had been subjected to steady
shear flow and then put to rest for a period of 3 h, plots
of log G’ versus log G were prepared and they are given
in Figure 21. A comparison of Figure 21 with Figure 8
(open dotted symbols) reveals that the application of
steady shear flow has a profound influence on the shape
of the log G’ versus log G” plots, suggesting that the domain
textures of PSHQ10 samples were different after the
application of steady shear flow. Specifically, after a
PSHQ10 sample was subjected to steady shear flow, log
@’ versus log G” plots (see Figure 21) have a more or less
linear correlation, whereas there is a significant curvature
in the terminal region of log G’ versus log G” plots for the
samples before being subjected to steady shear flow (see
Figure 8). The difference observed in the shape of log G’
versus log G” plots between Figure 8 and Figure 21 is
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Figure 21. Plots of log G’ versus log G”” for PSHQ10 samples
at 140 °C after being subjected to steady shear flow at ¥ = 0.27
s~ followed by structural recovery for a period of 3 h: (©) sample
A; (A) sample B; (@) sample C; (¥) sample D; (®) sample E.

attributable to the differences that existed in the mor-
phological state (i.e., domain texture) of the samples. We
can thus conclude that plots of log G’ versus log G are

very sensitive to variations in the morphological state of
TLCPs.

Concluding Remarks

In this study we investigated the effects of molecular
weight on the rheological behavior of an aromatic ther-
moplastic polyester (PSHQ10) in both the isotropic and
nematic regions. The following conclusions can be drawn
from the present study: (1) We have found that the
dependence of shear viscosity on molecular weight is much
stronger for PSHQ10 than for flexible homopolymers,
which is in qualitative agreement with the Doi theory. (2)
When subjected to transient start-up shear flow, the higher
the molecular weight of PSHQ10, the greater the values
of stress overshoot, and after cessation of shear flow, the
higher the molecular weight of PSHQ10, the slower the
stress relaxation and also the greater the structural
recovery. (3) We found that when using a fresh specimen,
PSHQ10 did not exhibit Newtonian viscosity at low shear
rates, while presheared specimens did. In other words,
preshearing has a profound influence on the rheological
behavior of PSHQ10 in the nematic state. We infer from
this experimental observation that preshearing broke up
the polydomains that had existed in the fresh specimen
before being sheared.

The molecular weight dependence of the rheological
properties reported in this study must be tested further
by varying the molecular weight of PSHQ10 with a wider
range and, also, using other types of TLCP. Sinceitisa
well-established fact today that polydispersity greatly
influences the rheological properties of a polymer, it is
desirable to have monodisperse (or nearly monodisperse)
TLCPs to test rigorously the dependence of the rheological
properties of TLCP on molecular weight. Note, however,
that polyesters are produced by condensation polymer-
ization, which cannot yield monodisperse polymers. This
means that other polymerization methods must be used
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to produce monodisperse TLCPs, which is a challenge to
polymer chemists.
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