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ABSTRACT: The zero-shear viscosity t/ 0 of star-shaped polymers with different numbers of 
branches in good solvents were analyzed using the scaling theory of de Gennes. It was concluded 
that the semidilute region exists in the viscosity behavior of branched polymers if the molecular 
weight of branches are high enough. The scaling theory agrees with experimental data of the 
branched polymers if we recognize that the molecular weight dependence of zero-shear viscosity is 
higher for branched polymers than for linear polymers. 

KEY WORDS Star-Shaped Polymer I Comb-Shaped Polymer I Branched 
Polymer 1 Zero-Shear Viscosity I Semidilute Solution I Scaling Theory I 

The viscosity behavior of linear polymer 
solutions in a wide range of polymer con
centration is well understoodl.2 if we take into 
account the semidilute region proposed by de 
Gennes. 3 In semidilute solutions, a viscosity 
parameter defined by where 

= (1J0 -1]5)/1]., 1Js being the solvent viscosity, 
and [IJ] is the intrinsic viscosity, 1s given by 

CX: ( Cj C*)<a +I - 3v)/(3v -I) (I) 

or 

(2) 

where v is the excluded volume exponent de
fined as <s2 )cx:M2 v and C*=3M/4n<s2 ) 312 NA 
is the critical concentration at which polymer 
coils begin to overlap each other, <s2 ) is the 
radius of gyration, and NA is Avogadro's 
number. Moreover, it can be assumed for 
linear polymersl.2 that CjC* is proportional to 
C[1J]. Since [1J]cx:<s2 ) 312/M holds for branched 
polymers,4 CjC* for branched polymers may 
also be proportional to C[l]]. 

If the polymer concentration is lower than 
a critical value of CjC*, i.e., in dilute solu
tions, is given by 

=i+k(CjC*)+··· (3) 

where k=3k'C/Jj4nNA, k' and C/J are the 
Huggins' constant and the Flory coefficient 
concerning intrinsic viscosity, respectively. If 
the polymer concentration is higher than a 
critical concentration C**, i.e., in concen
trated solutions, cannot be expressed as a 
function of CjC* and increase with 
concentration with a power higher than in 
eq 2. 

Equations 1 and 2 were well supported by 
experiments1 •2 for linear polymers if the mo
lecular weights of polymers are high enough. 
As the polymer concentration is increased, 1J 0 

of linear polymer solutions crossovers from 
the dilute solution behavior to the concen
trated solution behavior via the semidilute 
solution. If the molecular weight is low, how
ever, the semidilute region is not observed 
and 1J0 of the polymer solution crossovers 
from the dilute solution behavior directly to 
the concentrated solution behavior. 

Although the radius of gyration of a 
branched polymer is much smaller than that 
of the corresponding linear polymer with 
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the same molecular weight and, hence, C* for 
branched polymers is much higher than that 
of linear polymers, the relationship (1) and 
(2) are expected to hold for branched poly
mer solutions if the molecular weights of 
branches are high enough. The aim of this 
work is to examine this speculation. 

EXPERIMENTAL 

Samples and Solvents 
The polymer samples used are three-armed, 

Star-shaped poly( a-methylstyrenes) (PaMS) 
(Sample code S-22) and highly branched 
comb-shaped polystyrenes (PS) (Sample code 
H-8, 1-6, J-2). The latter may also be regarded 
as star-shaped polymers since the molecular 
weight of the backbone is lower than that of 
branches. 5 These series of polymers were 
anionically prepared6 •7 and have narrow mo
lecular weight distributions in branches and 
backbone. However, the branched PS samples 
have distributions in number of branches per 
molecule, though they were carefully frac
tionated. Their GPC chromatograms obtained 
by a Toyo Soda high speed liquid chromato
graph HLC-802A with resolution columns 
GMHXL x 2 are shown in Figure I. 

The molecular characteristics of these sam
ples and of other branched samples dis
cussed in this work are listed in Table I. 
Sample S-26 is a three-armed, star-shaped 
PaMS, while CS series are four-armed, star
shaped PS. Although the mean numbers of 
branches of three comb-shaped samples are 
not exactly identical, they may be regarded as 
a series of samples differing only in length of 
branch, since the viscosity of highly branched 
polymers are insensitive to the number of 
branches per molecule. 6 

Two kinds of good solvent, a-chloronaph
thalene (a-CN) and toluene, were used for PS, 
while only toluene was used for PaMS. The 
purification methods and physical properties 
of these solvents were reported previously.8 •9 
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Figure 1. GPC chromatograms of samples H-8, 1-6, 
and J-2. Solvent, tetrahydrofuran + 5% tetramethylene
diamine. Polymer concentration, ca. 0.2 g dl- 1. 

Table I. Sample characteristics 

Molecular weight Sample _______ _ C*/gml- 1 
__li1L ---.f code dlg-1 X J0- 2 

S-22 0.90 3 1.4, 0.63, b 

S-26 3.60 3 4.22 0.281 b 

H-8c 1.4o 10., 1.29 
1-6c 2.44 13., 1.66 
J-2c 4.77 13.0 2.80 
CS-25 0.280 4 
CS-60 0.488 4 
CS-81 0.760 0.750 4 

• f is the number of branches per molecule. 
b Reported in ref 12. 
c The number average molecular weight of backbone is 

9.76 x 104 . 

Measurements 
The original solutions were prepared by 

mixing weighed amounts of polymer and sol
vent at about 50°C and were gently stirred a 
few times a day until they became uniform. 
The solutions with lower concentrations were 
prepared by diluting the original solutions by 
weight. Polymer concentrations were con
verted to g ml- 1 assuming the additivity of 
specific volumes of polymer and solvent. 

The zero-shear viscosity 1]0 of a-CN so
lutions of comb-shaped PS were measured by 
a W eissenberg rheogoniometer R -17 of 
Sangamo Controls Ltd., equipped with a gap
servo system at 50.0 ± 0.1 °C. The cone and 
plate with 5 em diameter and 4o angle were 
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Table II. Zero-shear viscosity 

Temp• Cx 102 1}0 

Sample Solvent 
gcm- 3 cP 

S-22 Toluene 30.0 7.02 4.64 X 101 

6.34 3.47 X 101 

5.02 2.07 X 101 

4.34 1.41 X 101 

3.46 8.51 X 10° 
2.59 5.26 X 10° 
1.72 2.94 X 10° 
1.12 1.71 X 10° 
0.859 1.43 X 10° 
0.601 1.09 X 10° 

H-8 a-CN 50.0 30.6 3.92 X 104 

24.5 1.14 X 103 

Toluene 30.0 18.3 5.66 X 102 

15.1 2.88 X 102 

12.2 1.40 X 102 

9.67 7.31 X 101 

7.67 4.26 X 101 

6.09 2.54 X 101 

4.84 1.65 X 101 

3.84 1.09 X 101 

3,05 7.36 X 10° 
2.42 5.26 X 10° 
1.93 3.81 X 10° 
1.53 2.82 X 10° 
1.22 2.14 X 10° 
0.962 1.65 X 10° 
0.767 1.34 X 10° 

used. The measurements in toluene solutions 
were carried out by a capillary viscometers of 
the Maron-Krieger-Sisko type or a modified 
Ubbelohde type at 30.ooc. The values of [17] in 
toluene are listed in Table I. 

RESULTS AND DISCUSSION 

The zero-shear viscosity 17° of comb-shaped 
PS in a-CN and in toluene and also 17° of three
armed, star-shaped PaMS, obtained in this 
work, are listed in Table II and plotted in 
Figure 2 in the form of log vs. log C. The 
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Temp• C X 102 1}0 

Sample Solvent 
oc gcm- 3 cP 

1-6 a-CN 50.0 30.6 1.32 X 105 

27.2 6.36 X 104 

23.1 1.82x 104 

19.9 9.21 X 103 

Toluene 30.0 19.6 2.17 X 103 

16.1 9.34 X 102 

9.80 1.66 X 102 

6.98 6.39x 101 

5.52 3.77x 101 

3.84 I. 78 X 101 

2.63 1.04 X 10' 
1.80 5.27 X 10° 
1.20 2.96 X 10° 
1.01 2.46 X 10° 
0.697 1.60 X 10° 
0.507 1.23 X 10° 
0.447 1.13 X 10° 
0.278 8.51 x 10- 1 

J-2 a-CN 50.0 20.0 1.32 X 105 

16.1 4.14x 104 

12.8 1.34 X 104 

10.4 5.14x 103 

Toluene 30.0 5.05 9.75 X 10' 
3.48 3.74 X 101 

2.57 1.95 X 101 

1.60 8.00 X 10° 
1.13 4.45 X 10° 

0.704 2.37x 10° 
0.549 1.95 X 10° 
0.374 1.36 X 10° 
0.195 9.16x10- 1 

zero-shear viscosity 17° of three-armed (S-22 
and S-26) and four-armed (CS-25, CS-60, and 
CS-81), star-shaped polymers in a-CN were 
previously reported by Kajiura et a/. 10 and 
Isono et a/.,5 respectively. To compare the 
viscosity data with the scaling theory (eq 1), 
informations concerning the exponent a in the 
relationship 17° ocM", the excluded volume ex
ponent v and the critical concentration C* are 
needed. 

The molecular weight dependence of 17° of 
branched polymers has not yet been fully 
studied. It was reported that the exponent a in 
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Figure 2. Polymer concentration dependence of zero
shear specific viscosity in good solvents (iX-CN and 
toleune). Symbols 6, o-, 9· and -o denote the data 
for J-2, I-6, H-8, and S-22, respectively. 

YJ 0 oc Ma relationship for star-shaped poly
butadienes at melt states11 •12 and star-shaped 
polyisoprenes in concentrated solutions13 in
creases with molecular weight. On the other 
hand, the value of a for four-armed, star
shaped PS at melt states14 and in concentrated 
solutions15 is 4.1-4.5 independent of molec
ular weight in the molecular weight ranges 
studied here. In the case of four-armed, star
shaped PS used in the present work as well as 
in the case of comb-shaped PS having a con
stant degree of branching, it was reported that 
the exponent a is 4.3 at melt states.6 •16 If the 
molecular weight of a branch is not high, the 
branched polymers cannot form entangle
ments fully in solution and, consequently, the 
exponent a may be found lower than 4.3.16 

Even in such cases, it was pointed out that the 
value of a approaches 4.3 as the molecular 
weight increases.16 In this paper, therefore, it is 
assumed that the exponent a for both comb
shaped and four-armed, star-shaped PS in 
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Figure 3. Double logarithmic plots of reduced vis
cosity vs. degree of coil overlapping C[11l for comb
shaped PS in good solvents (iX-CN and toluene). Symbols 
are the same as in Figure 2. The thin solid line denotes 
the calculated values of eq. (3) (k' = 0.6), while the thick 
solid line denotes the theoretical slope of eq I (a= 4.3, 
v = 0.595). The dotted and broken lines denote the 
corresponding data for linear PS in good solvents. 2 

solution is 4.3 if the molecules are fully en
tangled. The assumption seems to be reason
able since it is well known that the molecular 
weight dependence of YJ0 of linear flexible 
polymers in solution is the same as that at melt 
states if the polymers are fully entangled. 17 

However, the molecular weight dependence of 
YJ0 of three-armed, star-shaped PtXMS is not 
known. The exponent a for this sample may 
be inbetween 3.4 and 4.3. 

From previous works4 •18 using the same 
samples, we may safely assume that the ex
cluded volume exponent v for the present 
branched polymers in good solvents is equal to 
the value for linear polymers (v=0.595 for PS, 
0.585 for Since it is difficult to de
termine C* unambiguously for comb-shaped 
PS, which have distributions in the degree of 
branching, moreover, we use C[YJ] instead of 
CjC* as the degree of coil overlapping. 

The data of comb-shaped PS in Figure 2 are 
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Figure 4. Plots of log M4 ·3 vs. log C for four-armed 
star-shaped PS in cx-CN. 5 Symbols O, o-, and -o 
denote the data for CS-25, CS-60, and CS-81, re
spectively. The solid line denotes the slope calculated 
from eq 2 (a=4.3, v=0.595 ). 

replotted in the form of log vs. log C[17] in 
Figure 3. All data seem to compose a univer
sal line as predicted from eq I and 3. The thick 
and thin solid lines in Figure 3 show the calcu
lated values of eq I and 3, respectively, where
as the broken and dotted lines denote the 
corresponding data of linear PS in good sol
vents. In log C[17] > 1.4, of branched PS fit 
the thick solid line with a slope calculated 
from eq I, assuming a=4.3 and v=0.595 . 

In the dilute region (C[17] < 10), of 
branched PS are higher than those of linear 
PS. The difference is caused by the higher 
value of Huggins' constant k' for branched 
PS than for linear PS (k' =0.35 for linear PS, 
while K' for branched PS). With increas
ing C[17], the data of branched PS become 
lower than those of linear PS but show high
er dependence on C[17]. 

The data of four-armed, star-shaped PS (CS 
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Figure 5. Plots of log vs.log (C/C*) for three-armed 
star-shaped PcxMS in good solvents (cx-CN10 and tol
uene). Symbols -o and o- denote the data for S-22 and 
S-26, respectively. The dotted and broken lines denote 
the data for linear PcxMS in good solvents.1 The solid line 
denote the slope calculated from eq I (a= 3. 7, v = 0.585). 

series) in oc-CN reported by Isono et a/. 5 

cannot be compared with eq 1 since the critical 
concentrations (C* or [17]) of these samples are 
not known. However, knowing the molecular 
weight dependence of 17°(a = 4.3) the data can 
be compared with eq 2 by plotting the data in 
the form of log M 4 ·3 vs. log C, as shown in 
Figure 4. In this kind of plot, the crossover 
between the dilute region and the semidilute 
region is not clear, particularly since the expe
rimental points in the dilute solution are sca
rce. Nevertheless, it can be pointed out that the 
data of log M 4 ·3 approaches a straight line 
with the slope of eq 2 (assuming a=4.3 and 
v = 0.595) as the concentration increases. 

If the polymer concentration becomes 
higher than C 0.3 g ml- 1 , M 4 ·3 again de
viates from the theoretical line. The deviation 
from the theoretical line occurs since the so
lution enter into the concentrated region where 
the excluded volume effect is screened and the 
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local frictional coefficient of segment may 
change with concentration, as reported for 
linear polymers. 1 Moreover, the data of 
the lowest molecular weight sample (CS-25) 
do not converge on the theoretical line but 
crossover from the dilute solution directly to 
the concentrated solution. The polymer 
molecules may not be fully entangled in this 
range of concentration because of low molec
ular weight of their branches. 

In Figure 5, the data of three-armed, star
shaped Po:MS S-22 in toluene and of S-22 and 
S-26 in o:-CN, as reported by Kajiura et a/., 10 

are plotted in the form of log vs.l.og(CjC*). 
It can be observed that all data compose a 
universal line as predicted from the scaling 
theory. Since the molecular weight dependence 
of 1]0 of these samples is not known, however, 
we cannot compare the data with eq I. The 
solid line in Figure 5 was drawn assuming 
a=3.7. The dotted and broken lines denote 
of linear Po:MS in dilute and semidilute re
gions, respectively. 1 The reason for the de
viation of experimental data from the solid line 
in higher concentration (three highest data of 
S-22, C>0.25gml- 1) is the same as in Figure 
4. 

Since the experimental points for branched 
polymers are not numerous enough, the 
crossover between the dilute and semidilute 
regions and also between the semidilute and 
concentrated regions are not clear as in the 
case of linear polymers reported previously.1.2 
However, it is clear that the features in Figs. 
3-5 are qualitatively the same as those for 
linear polymers. 

From these results, therefore, we conclude 
that the semidilute region exists in viscosity 
behavior of branched polymers if the mo
lecular weight of branches is high enough, 
and the scaling relationship (1) or (2) holds 
for star-shaped polymers if the number of 
branches is kept constant. That is, the experi
mental data of 1]0 R for branched polymers 
fit the theoretical lines (I) and (2) with a= 
4.3 or 3. 7 (higher than 3.4) in the semi dilute 
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solutions. This means that the zero-shear 
viscosity of star-shaped polymers increases 
more sharply than that of linear polymers 
not only with molecular weight but also with 
polymer concentration. Moreover, the zero
shear viscosity of branched polymers was 
sometimes found to be higher than that of 
corresponding linear polymers with the 
same molecular weightY - 13 •17 ·19 This 
enhancement of 1]0 due to branching may 
arise from the higher molecular weight depen
dence of 1]0 of brached polymers. 
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