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ABSTRACT: Zero-shear viscosities of poly(a-methylstyrenes) in good and 8 solvents were measured with 
a capillary viscometer and a Weissenberg rheogoniometer. It was confirmed that the viscosities in good solvents 
are higher than those in 8 solvents in dilute solutions whereas the opposite is true in concentrated solutions. 
I t  is proposed that the reversal is due to the effect of solvent on the interaction strength of entanglement 
coupling. The strength of entanglement coupling is discussed in terms of the network-rupture model. 

The rheological properties of polymer solutions or melt 
in the linear region of deformation can be expressed by 
two parameters,lI2 for example, the zero-shear viscosity qo 
and the steady-state compliance J,. The former is a 
measure of energy dissipation and the latter is a measure 
of energy storage. A number of experimental studies have 
accumulated on the effect of solvent on and 
recently a few papers have been published on the solvent 
effect on steady-state compliance.11aJ2 Together these 
clearly show the following. In dilute or moderately con- 
centrated solution (the so-called Rouse region), (a) the 
specific viscosity in a poor solvent is lower than that in a 
good solvent and (b) the steady-state compliance in a poor 
solvent is higher than that in a good solvent. On the other 
hand, in concentrated solution (the so-called network re- 
gion), (c) the specific viscosity in a poor solvent is higher 
than that in a good solvent (or identical in both solventsllb) 
and (d) the steady-state compliance in both good and poor 
solvents coincide with each other. I t  is clear both exper- 
imentally and theoretically that fact a is due to the poly- 
mer's larger radius of gyration in a good solvent than in 
a poor solvent. A t  present, however, facts b-d have not 
fully been explained. 

If a quasi-network is formed in concentrated solutions, 
the steady-state compliance may be determined by the 
molecular weight for adjacent entanglement coupling, i.e., 
by the density of entanglement coupling only. Fact d, 
therefore, means that the density of entanglement coupling 
is independent of the nature of solvent. On the other hand, 
it is generally believed that the viscosity is determined by 
two factors, namely, the radius of gyration of polymer 
molecule and the density of entanglement coupling.'n2 
However, these two factors are not enough to explain fact 
c, if there is no difference in the densities of entanglement 
coupling in good and poor solvents. Moreover, it was 
reported13-16 that the radius of gyration of polymer in a 
good solvent is comparable to that in a 8 solvent (i.e., poor 
solvent) in concentrated solutions. To explain fact c, 
therefore, we predict that  there must be a difference be- 
tween the strength of entanglement coupling in a good 
solvent and that in a poor solvent. 

The purpose of this  work is to confirm facts b-d ex- 
perimentally and to  present an idea concerning the 
strength of entanglement coupling to explain the solvent 
effect on viscosity. The idea can be supported by the 
so-called stress overshoot experiments if we employ the 
network-rupture model17 in transient stress phenomena. 

Experimental Section 
Samples. Poly(a-methylstyrenes) having narrow molecular 

weight distributions used in this work were prepared by an anionic 
polymerization method.18 Low and high molecular weight tails 
were removed by fractional precipitation from benzene solution 
with addition of methanol. These samples are the same as used 
in previous works.llaJ9 The molecular weights of samples used 

Table I 
Samples 

sample no. 10-6Mw sample no. 10-,MW 
~ 1 9 A  1.6, a-004 0.33, 
a-20 1.1, a-002 0.14, 
or-005 0.44, 

Table I1 
Solvents 

0 point, 
solvent T , " C  qs, cP d ,  g/mL "C 

toluene 30 0.522 0.8565 a 
a-chloro- 

naphthalene 50 1.65 1.168 a 
trans-decalin 30 1.76 0.8627 9.5 
n-butyl benzyl 

phthalate 50 15.5 1.096 46 
CJ Good solvent. 

are listed in Table I. These values were determined by light 
scattering or osmometry in a previous work.20 

Solvents. Toluene and a-chloronaphthalene were used as good 
solvents. First grade toluene and special grade a-chloro- 
naphthalene of Katayama Chemical Co. were purified by the 
procedure described in previous papers.11av20 

trans-Decalin and n-butylbenzyl phthalate were used as 8 
solvents. The former, purified by a procedure described in a 
previous paper,20 had a gas chromatographic purity greater than 
99.8%. The 8 temperature of trans-decalin is 9.5 Purifi- 
cation of n-butylbenzyl phthalate was carried out by distillation 
under mmHg at about 160 "C. The 0 temperature of n- 
butylbenzyl phthalate was determined by the Schultz-Flory 
method,*l as shown in Figure 1. In Figure 1, T, is the critical 
precipitation temperature. The 8 temperature of n-butylbenzyl 
phthlate is about 46 "C. 

The densities, the viscosities, and the 8 temperatures of the 
solvents used in this work are listed in Table 11. 

Measurements. Zero-shear viscosities of toluene and trans- 
decalin solutions of poly(a-methylstyrenes) were measured a t  30 
"C with an accuracy of h0.1 "C by a capillary viscometer with 
a continuously variable pressure head designed by Maron, Krieger, 
and Sisko.n Four capillaries having different diameters were used. 
The method of measurement and the dimensions of the other parts 
were nearly identical with those described by Maron et al." The 
viscosity 7 was calculated by eq 1, where h is the height of the 

mercury manometer from its equilibrium position, t is time, and 
B is the apparatus constant. In this measurement, d(1og h) /dt  
was constant, confirming the Newtonian flow. 

The measurement of the primary normal stress difference and 
shear stress of a-chloronaphthalene and n-butylbenzyl phthalate 
solutions of poly(a-methylstyrenes) was carried out with a Type 
R-17 Weissenberg rheogoniometer manufactured by Sangamo 
Controls Ltd. and equipped with a gap-servo system. The details 
and reliability of the Type R-17 Weissenberg rheogoniometer in 
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Figure 1. Determination of the 8 temperature for poly(a- 
methylstyrene) in n-butylbenzyl phthalate. Molecular weights 
of the samples, from left to right, are 1.24 M O B ,  0.506 X lo6, and 
0.340 X lo6. 

the present experimental range were confirmed by the method 
reported in previous papers.23," The cone and plate had a 5-cm 
and 4" angle. The experiments with the rheogoniometer were 
carried out at 50 "C with an accuracy of hO.1 "C. The values of 
shear stress were continuously recorded on an electromagnetic 
recorder. The viscosity coefficient q ( y )  and the primary normal 
stress difference coefficient G12(j/) are calculated as P12/9 and (PI1 
- P2z)/?2, respectively, where PI2 is the shear stress, Pll - P22 is 
the primary normal stress difference, measured with the Weis- 
senberg rheogoniometer, and i. is the shear rate. The zero-shear 
viscosity qo and zero-shear primary normal stress difference 
coefficient $12' were determined by extrapolation to zero-shear 
rate. The steady-state compliance J,  can be determined by ex- 
trapolating the apparent steady-state compliance J,  calculated 
from eq 2 to zero-shear rate. 

Solutions of about 10-40 g/dL were first prepared by mixing 
weighed amounts of polymer and the solvent at 50 "C. To ac- 
celerate the dissolution of polymer, a considerable amount of 
cyclohexane was added to the mixture. The mixtures were gently 
stirred three times a day by hand until the solution became 
uniform. Cyclohexane was removed by evaporation in a vacuum 
oven at 50 "C. Dilution was carried out by weight. Polymer 
concentrations were converted to g/dL, assuming the additivity 
of specific volumes of polymer and solvent. In measurements with 
n-butylbenzyl phthalate solutions, both the solution and the 
cone-plate were held at a temperature about 5-10 "C higher than 
the experimental temperature and then gradually lowered to the 
experimental temperature. Experiments were stated 20 min after 
the experimental temperature was attained. When measurements 
were done repeatedly with a sample solution, the solution was 
kept at rest at least for 30 min before measurement, and it was 
confirmed that the zero-shear viscosity of the solution observed 
agreed with the initial value. 

Results 
(A) Polymer Concentration Dependence of vo and 

J ,  in Good and 8 Solvents. T h e  observed values of 
zero-shear specific viscosity 7,: of poly(a-methylstyrenes) 
bo th  in toluene (good solvent) a n d  in trans-decalin (6 
solvent, Te = 9.5 "C) a re  double-logarithmically plotted 
against polymer concentration C (g/dL) in Figure 2, where 
q,: is defined by q,: = (qo - u,71,o)/q,O and us is the  volume 
fraction of solvent. I n  this  figure, i t  is clear t h a t  fact c 
described in the  introduction holds for ordinary solvents 
such as toluene and trans-decalin. Numerical data for qo 
of poly(a-methylstyrenes) in toluene and trans-decalin are 
listed in Table  111. 

Typical  plots  of log q(j) vs. log + for a-chloro- 
naphthalene solutions of sample a-19A are shown in Figure 
3A. Examples of lCllz and J ,  double-logarithmically plotted 
against + are shown in Figure 4. If the  data in Figure 3A 
are  replotted in the  form of reduced viscosity log q(+ ) /qo  
vs. log +qo/C2, all d a t a  form a single curve as shown in 
Figure 3B. T h e  plot in  Figure 3B has the  same meaning 
as t h e  plot of i.e., log q(+ ) /qo  vs. log s0J,+. In  

9 I '  + 
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Figure 2. Polymer concentration dependence of q,: in toluene 
(0) and in trans-decalin (0) at 30 "C. Samples, from top to 
bottom, are a-20, a-004, and a-002. 
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Figure 3. (A) Double-logarithmic plots of q(i.) vs. + for a-19A 
in a-chloronaphthalene at 50 "C. Concentrations (g/dL) are as 
shown in the figure. (B) Double-logarithmic plot of q(y ) /qo  vs. 
q o y / C 2  for the data in A. 
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Figure 4. Double-logarithmic plots of Gl2(y) (0) and J,.(O) vs. 
y for a-19A. Concentrations are the same as those in Figure 3. 

Figure 3B, moreover, t he  solid line shows the  calculated 
values of Graessley (eq 3),25 horizontally shifted t o  be su- 
perposed on the  curve. 

7(+)/7O = g(e)3'2h(0) (3) 

(4) 

(5) 
e = y r / 2  (6) 

g(0) = (2/?f)[cot-l 0 + 0 / ( l  + S2)] 

h(e) = (2 /d[cot - l  e + e ( i  - e2) / ( i  + e2)21 
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Table I11 
Zero-Shear Viscosity 

sample T,O 
no. solvent C C. a /dL n O. P 

a-20 toluene 30 8.75 7.43 X 10' 
6.05 1.48 X 10' 
5.98 1.64 X 10' 
3.46 3.15 X lo - '  
0.75 3.11 X lo- '  

a-004 toluene 30 18.3 3.30 X 10' 
15.1 1.46 X 10' 
12.6 7.84 X lo- '  
10.6 4.43 X lo- '  

8.87 2.79 X 10" 
6.13 1.14 X lo - '  
2.60 3.46 X lo - '  
0.88 1.33 X lo- '  

a-002 toluene 30 26.0 2.18 X 10' 
23.0 1.26 X 10' 
19.9 6.14 X lo - '  
18.1 4.44 X lo - '  
16.1 3.39 X lo - '  
14.3 2.38 X 10-1 
12.4 1.46 X lo - '  
10.7 1.30 X lo- '  

8.53 8.24 X lo- '  
6.05 4.66 X lo- '  
4.31 2.93 X lo- '  

a-20 trans-decalin 30 10.7 3.46 X 10' 
6.17 1.25 X 10 
3.47 8.73 X lo-' 
1.15 8.30 X l o - '  

a-004 trans-decalin 30 17.8 7.53 x 10 
14.1 1.52 X 1 0  
11.4 5.26 X 10' 
8.81 1.58 X 10' 
7.04 6.80 X lo - '  
5.23 2.64 X lo - '  
3.48 1.38 X lo - '  
1.73 5.42 X lo- '  
0.87 3.46 X lo- '  

a-002 trans-decalin 30 24.8 3.72 x 10 
20.9 1.29 X 1 0  
20.0 1.04 X 1 0  
17.1 4.30 X 10' 
13.5 1.39 X 10' 
10.6 5.57 X lo - '  

9.00 3.26 X l o - '  
7.04 2.19 X lo - '  
5.25 1.20 X lo- '  
3.50 6.65 X lo- '  

= 20.1 "C. 

The plots of log 7,: of poly(a-methylstyrenes) both in 
a-chloronaphthalene (good solvent) and in n-butylbenzyl 
phthalate (8 solvent, Te = 46 "C) vs. log C are shown in 
Figure 5. Some of the data in Figure 5 for sample a-005 
in a-chloronaphthalene have already been reported by 
Sakai et al.19 Previously reportedll values of q,pO for sample 
a-005 in a different 8 solvent, n-undecyl anisitate (To = 
33 "C,  q, = 10.7 cP), a t  40 "C are also plotted in Figure 
5. It, is clear that the agreement of a,,," in the two different 
8 solvents is satisfactory. In this figure, too, the crossing 
of the two curves in good and 8 solvents is observed a t  C 
N 3.4-4.2 g/dL. From Figures 2 and 5, it is certain that 
q,: in good solvents is higher a t  lower concentrations but 
lower at  higher concentrations than that in 8 solvents. 
These results are in accord with the results reported by 
several a u t h o r ~ . ~ - l l ~  

The observed values of steady-state compliance J ,  are 
double-logarithmically plotted against C in Figure 6. 
Some of the data in Figure 6 for sample a-005 in a-chlo- 
ronaphthalene have already been reported by Sakai et 

I 
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Figure 5. Polymer concentration dependence of vs of poly(a- 
methylstyrenes) in a-chloronaphthalene (0) and n-kutylbenzyl 
phthalate (0) at 50 "C. Samples are, from top to bottom, a-19A 
and a-005. 0 shows the data for a-005 in n-undecyl anisitate at 
40 O C . l l  

0.5 1 15 
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Figure 6. Polymer concentration dependence of J, of poly(a- 
methylstyrenes) in a-chloronaphthalene (0) and n-butylbenzyl 
phthalate (0) a t  50 O C :  (A) sample a-19A; (B) sample a-005. 

In the higher concentration region, no difference is ob- 
served between J, in good and 8 solvents, whereas in the 
moderately concentrated solution (the Rouse region), J, 
in the 0 solvent is higher than that in the good solvent. 
These results are in accord with previous conclusions.lla~12 
Numerical data of qo and J ,  for poly(&-methylstyrenes) in 
a-chloronaphthalene and n-butylbenzyl phthalate are 
listed in Table IV. 

(B) Determination of the Rupture Energy of an 
Entanglement Coupling. Examples of the shear stress 
developments after onset of steady shear flow are shown 
in Figure 7. The apparent viscosity coefficient ad(t lP)  is 
defined by qd(tl+) = P1$(tl+)/i., where P1t(tl+) is the shear 
stress development under a shear rate 4 in the polymer 
solution at  time t .  The experimental points in Figure 7 
simply denote the points selected for converting the con- 
tinuously recorded values into apparent viscosities. These 
curves have the same qualitative features as those reported 
previously." The uppermost curve shows the stress de- 
velopment in the linear region. The curves at  finite shear 
rates coincide with the uppermost curve at the initial state 
and deviate from the uppermost curve after certain times. 

If we employ the network-rupture model of Kajiura e t  
al., the work (Am to transform the entangled structure 



Vol. 13, No. 4, July-August 1980 Solvent Effects on Rheological Properties 865 

Table IV 
Steady-Flow Viscosity and Compliance at Zero-Shear Rate 

sample no. solvent T P ' C  C, g/dL ?lo, p J,, cm2/dyn 
2.11 x 104 3.17 x 10-5 a-19A a-chloronaphthalene 50 

CY-005 a-chloronaphthalene 

C Y - ~ S A  n-butylbenzyl phthalate 

CY-005 n-butylbenzyl phthalate 

50 

50 

50 

I I I I I I I 

0 1 2 3 4 5 6 
t / s  

Figure 7. Experimental shear stress development after onset 
of steady shear flow at various shear rates. The apparent shear 
viscosity coefficient vd(t) is related to the shear stress PI$@) by 
PIzd(t) = qd(t)i,. The sample is a-19A in a-chloronaphthalene at 
50 "C and the concentration is 22.1 g/dL. y shear rates: (6) 
0.0216; (03 0.0342; ( ) 0.0544; (0) 0.136; (b) 0.216; (0) 0.342; (0) 
0.544; (a) 0.861; (y71.36; 0) 1.71; @) 2.16; 0) 2.73 s-'. The 
zero-shear viscosity of this sample solution is 2.11 x IO4 P. Circles 
denote the points selected for converting the observed values into 
the apparent viscosity coefficient (see text). 

f rom t h a t  at the  equilibrium state  t o  t h a t  at the  s teady 
s ta te  with shear ra te  9 is given by l7 

where vd(tl?) is the  apparent viscosity a t  time t in the stress 
development under t h e  shear ra te  i., v ( m l ? )  and 1,5~~(mli . )  
a r e  t h e  viscosity a n d  primary normal  stress difference 
coefficient at the  s teady s ta te  under the  shear ra te  i., re- 
spectively, a n d  t ,  is a t ime af ter  t he  stresses reach the  
steady-state values. Since the  density of entanglement 
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Figure 8. Plots of AW/C2 vs. 1 - g(B) for poly(a-methylstyrenes) 
in a-chloronaphthalene (0) and n-butylbenzyl phthalate (0) at 
50 "C. 0 and 0 show the data for a-005 at 40.0 and 21.7 g/dL, 
respectively. b, 0: @and 9 show the data for a-19A at 22.1,20.1, 
18.3, and 16.7 g/dL, respectively. 4, r; e and 7 show the 
data for a-19A at 8.72,7.67,7.13,6.23, and 4.92 g/dL, respectively. 

coupling in concentrated solutions in which the  quasi- 
network structure is formed is proportional to  C2, AW/C2 
may be proportional to  the rupture energy of entanglement 
coupling per uni t  number  of entanglement coupling. 

According to  the theory of G r a e s ~ l e y , ~ ~  the fractional 
reduction of t he  entanglement density [l - g(8)] can be 
estimated from eq 4. Figure 8 shows the  relationship 
between A W/C2 and 1 - g(8). It can be observed in Figure 
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viscosity of polymer solutions can quantitatively be ex- 
plained by the theory of Grae~sley,~' in which only the 
decrease in the entanglement density with shear rate is 
taken into account. If we follow the theory of Graessley, 
the entanglement density a t  the final state with shear rate 
4 must be different from that a t  the initial state in Figure 
7. During the stress development, the entanglement 
density must be changed from the initial value to the 
steady value. In Figure 9A, the difference between the 
entanglement density at the initial state and at  the steady 
state in a stress development experiment (9 = 2.73 s-l) is 
exemplified by the horizontal solid line. The change in 
the entanglement density with time is also schematically 
shown by a dotted line in the figure. In correspondence 
to this change in the entanglement density, a change in 
the apparent shear viscosity with time may be observed 
as shown in Figure 9B.l' A broken line in Figure 9B is 
schematically drawn, assuming that it would be observed 
if the entanglement density were kept a t  constant 
[d+)/d? = 0) = 0.8161. 

The shear stress overshoot phenomena can be expressed 
by various theories besides the present network-rupture 
model, for example, by using the so-called rate-depen- 
dent-type or strain-dependent-type of constitutive equa- 
tions, without assuming the change in density of entan- 
glement coupling with shear rate.28 Since, in particular, 
the latter theory can explain the phenomena a t  least 
qualitatively, the present network-rupture model may be 
considered to be an assumption at  present. If we accept 
this, however, the strength of entanglement coupling can 
be estimated experimentally. That is, if the network- 
rupture model is acceptable and if the contribution of the 
other kind of energy dissipation during the transition of 
entangled structure is negligible compared with the energy 
dissipation due to entanglement coupling, the work to 
change the density of entanglement coupling from the 
equilibrium value to the steady-state value at  the shear 
rate 4 is given by the shaded area in Figure 9B. The area 
can be analytically calculated with eq 7 .  

Figure 8 clearly shows that, to disentangle an entan- 
glement coupling, more energy is required in a poor solvent 
than in a good solvent. That is, the strength of entan- 
glement coupling in a poor solvent is higher than that in 
a good solvent. Therefore, it may be concluded that the 
higher specific viscosity of polymer concentrated solution 
in a poor solvent than in a good solvent is caused by the 
higher strength of entanglement coupling in a poor solvent 
than in a good solvent. Measurements of entanglement 
rupture energy in the other polymer solutions in reference 
to the reversal phenomenon of 7,: have not been carried 
out. However, we know from our experience that the stress 
overshoot phenomena can be observed more easily in poor 
solvents than in good solvents. 

Finally, fact b, i.e., the fact that J ,  in a poor solvent in 
the Rouse region is higher than in a good solvent, is 
equivalent to the fact that the critical concentration C/ 
in the relation between J ,  and C is lower in a poor solvent 
than in a good solvent. That is, a quasi-network can be 
formed in a poor solvent more easily than in a good solvent. 
This is in agreement with the present model in discussing 
viscosity. 
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8 that the rupture energy of entanglement coupling be- 
comes higher as the fractional reduction of the entangle- 
ment density becomes larger and also that the value of 
AW/C2 is higher in a 8 solvent than in a good solvent. We 
point out that the value of AW/C2 is independent of mo- 
lecular weight in both solvents. 
Discussion 

Figure 7 as well as previous data"* clearly shows that 
the steady-state compliances J ,  in good and poor solvents 
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to the data in the l i terat~re,~-ll* the present data (Figures 
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vents in dilute solutions, whereas in concentrated solutions 
the opposite is true. Neither the difference in the radius 
of gyration nor that in the density of entanglement cou- 
pling can be the reason for the reversal of 7,; in concen- 
trated solutions. The radius of gyration in good solvents 
may decrease with concentration, but it is unlikely that 
the radius of gyration is smaller in good solvents than in 
poor solvents in concentrated solutions. The reversal of 
qsPo is generally found in the concentration range where 
both values of radius of gyration in good and poor solvents 
become almost identical.13-16 Our explanation for this 
phenomenon is that the strength of entanglement coupling 
is larger in a poor solvent than in a good solvent. This 
explanation seems to be reasonable if we consider the 
excluded-volume effect acting between segments in dilute 
solutions. A stronger apparent repulsive force must act 
between segments in good solvents than in poor solvents. 
If the solvent power decreases below the 8 point, the 
segments apparently attract each other so that the polymer 
solution may show phase separation in dilute solutions or 
may become like a gel in concentrated solutions. Williams 
et al.' explained this solvent effect in terms of the polymer 
aggregation in poor solvents. Vinogradov et d.lo explained 
it in terms of the difference of glass transition temperature 
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ABSTRACT: Both the rheooptical and rheological properties of a polymer liquid crystalline system may 
well be interpreted by supposing three typical structural models for the bulk structure of the system: (1) 
a piled polydomain, in which many small domains are piled randomly; (2) a dispersed polydomain, in which 
a large domain occupies the whole volume, but not without the presence of some smaller domains; (3) a 
monodomain continuous phase. The piled polydomain which is usually seen for a virgin sample is considered 
to be transformed finally into a monodomain continuous phase by a shear or other external field. The flow 
properties of concentrated solutions of racemic poly(y-benzyl glutamate) in m-cresol at  concentrations above 
the B point have been observed with a rheometer equipped with a quartz cone-plate and the transmitted 
light intensities (Zx, 111, ZE) of polarized light have been simultaneously measured as a function of shear rate. 

Studies'-* of the rheological behavior of polymer liquid 
crystals provide a great deal of technologically important 
information, particularly information about the ability to 
spin such materials into fibers, but rheological methods 
alone cannot give the full picture. Such materials form 
complicated and unstable superstructures and accompa- 
nying unusual textures. Therefore, new rheooptical tech- 
niques were developed in our laboratory for studying the 
relation between structure and rheological properties of 
various liquid crystals.s12 This paper is concerned with 
the rheooptical properties of solutions of poly(y-benzyl 
glutamate) in the liquid-crystal state. 
Experimental Section 

Measurements. A block diagram of one of the rheooptical 
instruments (apparatus 11) is shown in Figure 1. A cone and plate 
type rheometer equipped with a transparent cone and plate made 
of quartz is combined with the optical system. A monochromatic 
laser light beam (A = 6328 A) passes through a polarizer (P), quartz 
plate (E), sample (F), quartz cone (G), and analyzer (A). The 
transmitted light is finally detected by a photomultiplier tube 
(PMJ. Thus, the apparatus enables us to simultaneously measure 
rheological properties and transmission of polarized lights through 
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a sheared sample. The diameters of the cones and plates employed 
were kept constant (8 cm). Four cones of different cone angles 
(0.865, 1.01, 2.06, 3.85') were used. 

At room temperature (22 "C), the shear stress and transmitted 
light intensities (Zx, 111, ZE) were measured simultaneously as 
functions of shear rate (3 x 10-'-2 x 10' s-l), where IX, 111, and 
IE are fractional transmitted light intensities when crossed po- 
larizers (at IC. = 45' in Figure 2), parallel polarizers (at IC. = 4 5 9 ,  
and crossed polarizers a t  the extinction position (at IC. = 0') are 
used, respectively. The geometries are shown in Figure 2. 

Although it depended on concentration and shear rate whether 
or not the optical quantities varied with time at constant shear 
rate, all data presented here were taken a t  the steady state, and 
these were confirmed by observing for a much longer time than 
that required for recognizing the steady state of the stress: for 
example, 60 min a t  4 = 3.47 X lo-' s-', 30 min a t  4 = 6.9 X lo-' 
8, and 1 min a t  4 = 1.04 X 10' s-l. 

Materials. Poly(?-benzyl L-glutamate) of weight-average 
molecular weight 15 X lo4 and poly(?-benzyl D-glUtamate) of 
weight-average molecular weight 15 X lo4 were obtained fro-m 
Sigma Chemical Co. These weight-average molecular weights M ,  
were estimated from the intrinsic viscosity [q] of dilute solutions 
in dichloroacetic acid at 25 "C, using the relation proposed by 
Doty et  al.13 Equal amounts of both materials were dissolved in 
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