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ABSTRACT: Steady shear flow rheological properties are investigated for concentrated solutions of an- 
ionically polymerized star-branched polyisoprenes. Star polymers under these conditions are already known 
to have enhanced viscosities and first normal stress differences (N1) compared to linear polymers of similar 
radius of gyration at the same concentration. This enhancement is often attributed to the suppression of 
the reptation relaxation mechanism. The new result demonstrated here is that the second normal stress 
difference (N2) is also enhanced in magnitude for star polymers with long and entangled branches. In fact, 
N2 shows more enhancement than N1, giving a normal stress ratio -N2/N1 which is larger for entangled star 
polymer solutions than for entangled linear polymer solutions. Polymer concentration has also been varied, 
from the highly entangled regime to the semidilute concentration regime. For both star polymers and linear 
polymers, the normal stress ratio decreases as the concentration is lowered, a result in accordance with 
theoretical expectations. 

Introduction 
Long polymer branches are expected to have a dramatic 

effect on the diffusional and rheological properties of 
polymer molecules in concentrated solutions or me1ts.Q 
Linear polymer molecules are believed to relax primarily 
by "reptation" or diffusion along the polymer b a ~ k b o n e . ~ ~ ~  
This relaxation mode should be unavailable to polymer 
molecules with long branches. Therefore branched poly- 
mers are expected to have relaxation times which are 
enhanced in magnitude, relative to the values observed 
for linear polymers of similar size (Le. radius of gy ra t i~n ) .~*~  

Experimental support for these ideas has already been 
obtained from diffusion7-l2 and rheological s t u d i e ~ ~ 3 - ~ ~  of 
star polymers containing " f "  branches of equal length 
emanating from a single branch point. The steady shear 
flow rheological results for star polymer solutions can be 
summarized as follows. Attention has primarily been 
focused on three steady shear flow properties: the viscosity 
(qo), the first normal stress difference coefficient (@:I, and 
recoverable shear compliance (8 = 0!/2702). The first 
two of these properties can be related by molecular theory 
to the longest relaxation time of the polymer solution, 
whereas 2 is related to the width of the relaxation time 
s p e ~ t r u m . ~ ~  At  low concentrations where the RouseHam 
theory applies,24 star polymers exhibit values for 70, 
qy, and 4 which are comparable to values observed for 
linear polymers with the same radius of gyration.'J5 At  
the same value of the molecular weight, star polymers 
exhibit much lower values for these properties. By 
contrast, 70, 0:, and 8 values are much larger for star 
polymers than for linear polymers at  high concentra- 
tions.6J3J5J9 This result supports the idea that the rep- 
tation relaxation mode is important at  high concentrations 
for linear polymers, and suppressed for star  polymer^.^,^ 
Thus at high concentrations in the enhancement regime, 
the presence of long polymer branches both increases the 
average relaxation time and the width of the relaxation 
time s p e c t r ~ m . ~ 8 * ~ ~  

The principal goal of this study is to make the first 
measurements of the second normal stress difference 
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coefficient .It: in the same concentration regime. A 
polymerlsolvent system has been chosen (polyisoprene/ 
tetradecane) for which very careful results have already 
been published for the enhancement of 70, @, and 
4.15 Part of the impetus for the study comes from a recent 
theoretical analysisz6 which predicts the value of \ki/@ 
for star polymers, based on a modified tube model with 
polymer relaxation attributed to arm retraction6 Thus 
the results presented within this paper provide an addi- 
tional test on molecular models for stress relaxation in 
entangled polymeric liquids. 

The value of 9: is also important in its own right, due 
to its influence on the susceptibility of polymeric liquids 
to flow instabilities driven by e l a s t i ~ i t y . ~ ~  For example, 
the value of 9; may govern an instability observed at  the 
aidliquid interface in cone-and-plate rheometers known 
as "edge If the value of @ is enhanced in 
magnitude by the presence of long polymer branches, then 
star polymers should be unusually susceptible to the edge 
fracture instability. 

Experimental Section 
Polymer Synthesis and Characterization. Recent progress 

in scientific rheology can be attributed in no small part to the 
study of model polymers prepared by living polymerization.29 
Polyisoprene (PIP) has played a major role in this advance, 
because of its low entanglement molecular weightz3 and its 
suitability for anionic polymerization. Graessley and co-workers15 
have published rheological results for model polyisoprenes, linear 
and star, over a wide concentration range including the en- 
hancement regime. In order to use the empirical correlations for 
vo and 4 developed in ref 15, polyisoprenes studied here were 
chosen to be as similar as possible to those investigated earlier 
by Graessley et al. Table I lists the characteristics of these 
polymers. In the first step, branches for the two star polymers 
("6A" and "10A" in Table I) were prepared by "living" anionic 
polymerization techniques using sec-butyllithium as initiator and 
benzene as solvent.29 Small aliquots of both branch materials 
("arms") were removed from the reactors, terminated with 
methanol, and analyzed by gel permeation chromatography 
(GPC). These experiments were performed in tetrahydrofuran 
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Table I 
Polymer Characteristics 

OOlV- 

LL 4.63 1.04 4.63 2 2.721 0.35 4.72 
LH 10.0 1.16 10.0 2 4.538 0.35 9.42 
6A 5.90 1.04 17.6 5.97 4.26 0.48 17.5 
10A 6.40 1.04 32.0 10.0 4.22 0.69 

Weight average molecular weight measured by light scattering. 
Measured by GPC. Measured in toluene at 34.0 "C. Huggins 

coefficient. e Calculated from Mark-Houwink-Sakurada equations 
in ref 31. f [TI = 2.80 in cyclohexane at 25.0 "C. [VI = 4.46 in cy- 
clohexane at 25.0 "C. 

I \  

Sample 10A Sample 6A 

Figure 1. GPC chromatograms for 10-arm and 6-arm star 
polymers prior to rheological measurements. 

using a Waters Associates unit having two "Linear Ultrastyra- 
gel" columns in series and a differential refractometer (Model 
410) as detector. Calibration was achieved using linear PIP 
standards purchased from Polymer Laboratories. GPC results 
indicated molecular weights of about 3.0 X lo5 for both arms, 
with very narrow and symmetrical molecular weight distributions 
(Table I, column 3). The microstructure of the polyisoprene was 
examined by NMR and found to conform to that expected for 
polymers produced by butyllithium-initiated polymerization in 
benzene (70% cis 1,4; 23% trans 1,4; 7% 3,4 component). 

The 6-arm PIP star was produced by adding living polymer 
in stoichiometric excess to 1,2-bis(trichlorosilyl)ethane (Petrarch 
Systems Inc., Bristol, PA). The linking agent used for producing 
the 10-Prm star was commercial divinylbenzene (mixed isomers) 
from Aldrich. After linking was complete, the residual arm was 
removed by solvent-nonsolvent fractionation (toluene-metha- 
nol). GPC results confirmed removal of detectable arm material 
(Figure 1). 

Molecular weights of arm and star PIPS were determined by 
light scattering measurements in cyclohexane at 25 OC. These 
measurements employed either a Chromatix KMX-6 low-angle 
laser light scattering photometer or a Sofica unit modified to 
incorporate a He-Ne laser. The specific refractive index incre- 
ment (dn/dc) for PIP at  633 nm under the experimental conditions 
was measured as 0.105 mL/g using a Chromatix KMX-16 
differential refractometer. Results from these measurements 
are reported in Table I. The branching frequency f in column 
5 of Table I was estimated by taking the ratio of the star polymer 
molecular weight and the branch molecular weight (both taken 
from light scattering). The nearness of the measured f value for 
the 6-arm star to the value expected on the basis of the 
functionality of the linking agent is gratifying. For the 10-arm 
star, some variation in number of arms is present due to the 
mechanism of the divinylbenzene linking reaction. Even so, the 
GPC chromatogram for this material (Figure 1) suggests a narrow 
polydispersity. 

In order to compare rheological properties of star and linear 
polymers, two linear polyisoprenes of narrow distribution were 
also investigated ("LL" and "LH" in Table I). The smaller linear 
polymer was synthesized in our laboratory, whereas the larger 
linear polymer was purchased commercially.30 Though this latter 
polymer is advertised as "monodisperse", GPC and 4 mea- 
surements clearly indicate a slightly broader molecular weight 
distribution for this sample. The ideal linear polymer for the 
purposes of this paper would have the same rheological properties 
as a star polymer at  lower concentrations, where the effect of 
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branching is slight. As discussed in the Results, this ideal linear 
polymer would have a molecular weight ML - 8.6 X 105, thereby 
giving the same intrinsic viscosity value in toluene as the star 
polymer. Thus linear polymer LL is smaller than ideal, and linear 
polymer LH is somewhat larger than ideal. 

Careful intrinsic viscosity results have already been published 
for linear and 6-arm star polyisoprenes prepared by living po- 
lymerization in ref 31. Consequently, it was possible to further 
characterize our model polymers via the viscosity average mo- 
lecular weight (Table I, column 8). Significant shear thinning 
was observed for the star polymer solutions in Ubbelohde capillary 
viscometers, even of small radii ( r  = 0.23 mm). Therefore a 
Cannon four-bulb capillary viscometer was used to extrapolate 
measured intrinsic viscosities to the zero shear rate limit (column 
6, Table I). Note that the 10-arm star polymer has a slightly 
lower intrinsic viscosity than the 6-arm star, even though the 
branch size is virtually identical. A similar result has been 
reported previously in ref 32. 

Though polyisoprene star polymers have the experimental 
advantages described above, they are also susceptible to oxidative 
degradation at  the branch points and at the sites of the double 
bonds. Consequently, special precautions were taken in preparing 
the polymer solutions, as described below. Furthermore, GPC 
measurements were performed on samples both before and after 
rheological measurements. Degradation is also immediately 
apparent by the dramatic increase it causes in the measured 
value of 4, Rheological results are presented here only for 
solutions without significant degradation. 

Solution Preparation. Solutions were prepared with the 
same solvent (tetradecane (TD), bp = 253 "C) and with the same 
technique as described in ref 15. The enhancement results in ref 
15 for the viscosity were also used as a guide in choosing the 
range of concentrations investigated. The highest polymer 
concentration ( ~ 2 4 %  ) was chosen to give significant viscosity 
enhancement and yet not be too difficult to load into the rhe- 
ometer. The lowest concentration (-3%) was determined by 
the sensitivity limits of the Nz measurement technique. The 
highest concentration solution was prepared and studied first 
rheologically. The same sample was then successively diluted 
and studied rheologically over a total length of time of approx- 
imately 4 weeks. GPC measurements were then performed to 
test for possible polymer degradation. Rheological measurements 
were also repeated at the lowest concentration using a fresh 
sample. Following the approach of ref 15, a volatile solvent (pen- 
tane) was used to speed up the dissolution process. First, PIP 
was completely dissolved in the pentane, and then measured 
amounts of TD were added to the solution and mixed together 
slowly. In order to avoid PIP degradation, small amounts of 
antioxidants (2,6-di-tert-butyl-4-methylphenol, Aldrich Chemical 
Co.) were added to both TD and pentane. The antioxidant 
concentration was 400 ppm, which is similar to the value reported 
in ref 15. After complete mixing, pentane was removed from the 
solution in the following way. While keeping the bottle cap loose, 
the bottle containing the solution was rotated for 5 days at  room 
temperature and in the dark. Most of the volatile component 
was removed by vaporization during this period. The small 
remaining amount of pentane was stripped off under vacuum for 
6 h. At no time was the solution temperature allowed to exceed 
26 "C, and the solutions were kept in the dark as much as possible. 
The polymer concentration was calculated by using the densities 
of the pure components, neglecting volume changes on mixing. 
Without the use of antioxidants, it was found that as much as 
50% of the stars were decomposed into linear polymers, mostly 
arms. Thus the use of antioxidants is essential for PIP solutions. 

Rheometry. Shear flow rheological properties to be inves- 
tigated are defined as follows: 
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where is the shear rate and the stress tensor components T,, are 
as defined in ref 33. A zero subscript or superscript on any of 
these properties denotes the zero-shear-rate limit. The mea- 
surements of 7, N1, and Nz were performed at 25 "C using a 
Weissenberg R-17 rheogoniometer with cone-and-plate fixtures 
of diameter 74 mm. This rheometer has been modified to allow 
accurate Nz measurementa by the placement of miniature pressure 
transducers at various radial locations along the rheometer plate.% 
The pressure transducers can be used to measure the radial de- 
pendence of nzz, the normal component of the total stress tensor 
in the velocity gradient direction. Typical results obtained for 
polyisoprene solutions are shown in Figure 2. Figure 2 is a 
semilogarithmic plot against radial coordinate of -&z - Po, where 
PO is atmospheric pressure. The stress profile in Figure 2 is linear, 
as expected from a rigorous radial momentum balance given in 
standard rheometry textbooks.33 According to this same deri- 
vation, the slope of the stress profile is given by -N1 - 2Nz. Since 
N1 can be independently measured using a normal force spring 
attached to the rheometer plate, the value of Nz can be calculated 
from the slope of the measured stress profile. This instrument 
has already been successfully used to measure Nz for a number 
of different p0lymers,~"~7 and additional experimental details 
are given in refs 34 and 35. The rheometer temperature was 
controlled within 0.2 O C  with a water bath, and measurements 
were performed using two different cone angles (0.035 and 0.065 
radians, respectively). At higher shear rates the shallow cone 
was used in order to minimize centrifugal forces on the sample. 

Results 
A. Locating the Enhancement Regime Using Vis- 

cosity and Recoverable Compliance Data. We chose 
our polymer/solvent system in order to take advantage of 
the published rheological results for polyisoprene mole- 
cules (linear and star) presented in ref 15. In this section 
we demonstrate that our linear polymer results for the 
viscosity and the compliance are in good agreement with 
the empirical correlations for these quantities presented 
in ref 15. By comparing star polymer values for these 
properties with linear polymer values, we locate the 
concentration regime within which star polymers and linear 
polymers relax by different mechanisms. In the next 
section, new results are presented for the second normal 
stress difference in this concentration regime. 

Figure 3 compares the zero-shear-rate viscosities of the 
two star polymers in solution, as measured over a wide 
concentration range encompassing the Rouse regime and 
the enhancement regime. In the enhancement regime, 
the viscosity is predicted to depend exponentially on the 
number of entanglements per arm.6 Light-scattering 
measurements (Table I) suggest that the arm length is 
9 % greater for star polymer 10A than for star polymer 6A, 
and yet the viscosity ratio is close to 1 in Figure 3. 
Therefore the arm length must be virtually identical for 
the two star polymers, a conclusion which is consistent 
with GPC measurements made on the arm material. 
Therefore in figures to follow both star polymers will be 
assumed to have the same arm length, Ma = 300 000. 

In the Rouse regime, solution viscosities are predicted 
to depend on the star polymer radius of gyration (R,),24 
a prediction which implies a dependence on branch 
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Figure 3. Viscosity ratio between 10-arm and 6-arm star poly- 
isoprenes as a function of polymer concentration in tetradecane. 
functionality f ,  since R, increases withfat constant branch 
length.38 However, no dependence on f can be discerned 
in Figure 3 a t  any concentration. Alternatively, a close 
connection between the solution viscosity and the polymer 
intrinsic viscosity has already been pointed out,l both for 
linear polymers and for star polymers with less than three 
entanglements per branch. By hypothesis, solutions 
constructed from star polymers and from linear polymers 
with the same intrinsic viscosity value exhibit similar shear 
viscosities, provided that the solution is not highly 
entangled. The intrinsic viscosity relation for linear poly- 
isoprenes in toluene is given b y 1  

= 1.72 x 10-5~274 (6) 
Here SI units are used and ML is the molecular weight of 
linear polyisoprenes. From ref 15, an empirical relation 
is available for the shear viscosity of linear polyisoprenes 
in tetradecane: 

qo = KlC5M: for CM > pMc (7) 
Here K1 is 8.6 X when SI units are used. p is the 
polymer density, and M ,  is the critical molecular weight 
at which the melt viscosity starts to show entangled 
behavior (=lo OOO for polyisoprene39). Combination of 
eq 6 and eq 7 yields an empirical correlation which should 
be valid for linear polyisoprenes at  any concentration and 
for star polyisoprenes with less than three entanglements 
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Figure 4. Viscosity enhancement factor (r) vs number of 
entanglements per span (Ne)  for linear and star polyisoprenes, 
indicated by different symbols: LL (O), LH (O) ,  6A (e), and 10A 
(.I 

per branch 

'lo = K2C5['l]4.73 (8) 
Here K2 is 2.96 X for SI units and [SI is the intrinsic 
viscosity in toluene, linear or star. Equation 8 will likely 
fail for functionalities greater than those studied here, 
because the intrinsic viscosity begins to decrease with f at 
constant Ma for f greater than about 18.32 The viscosity 
enhancement factor, r, is defined as the ratio of the 
measured solution viscosity to that predicted by eq 8. 
Figure 4 investigates the dependence of I' on Ne, the 
average number of entanglements on the span of a polymer. 
For both linear and star polyisoprenes, Ne has been 
calculated from6 

(9) 
Here denotes the polymer volume fraction and Me the 
entanglement molecular weight (=5000 for molten poly- 
isoprene39). For both linear polymers, I' is close to 1 for 
all values of Ne in Figure 4. This is a reflection of the good 
agreement which exists between shear viscosities reported 
here and published correlations such as eq 7. At low 
concentrations, both star polymers exhibit viscosity en- 
hancement factors close to one in Figure 4. However, once 
Ne exceeds about 8, l7 begins to increase sharply for the 
star polymers. Therefore, on the evidence of the viscosity, 
the reptation relaxation mode becomes unavailable to star 
polymers when the concentration is high enough to create 
about 10 or more entanglements per span. 

The recoverable shear compliance 4 can also be used 
to locate the enhancement regime for star polymers. 
However, one must first ensure that the value of ?Erl used 
to calculate 4 (eq 4) has been accurately extrapolated to 
zero shear rate. As is ~ e l l - k n o w n , ~ ~  91 is more difficult 
tomeasure a t  low shear rates than 7. Figure 5 investigates 
the shear rate dependence of the viscosity and Je (defined 
as \k1/2q2) for star polymer 6A at a typical concentration. 
Both quantities are believed to be near their zero-shear- 
rate limits in Figure 5, because the dimensionless Weis- 
senberg number Wi defined as 4qoi is exceedingly small 
(Wi = 0.03 at the lowest shear rate). Furthermore the 
extrapolated value of Je for linear polymers is in good 
agreement with an empirical correlation for 8 from ref 
15, as shown below. At  most concentrations, Je exhibits 

Ne = 2Ma/Me = 3.84 X 10-4r#J'.21Ma 

I 
. I  1 I O  

i. 01s) 
Figure 5. Viscosity 9 (0) and recoverable shear compliance Je 
(A) vs shear rate for 6-arm star polymer 6A at 0.118 g/mL. In 
order to  compare the shear rate dependence in the same figure, 
the measured viscosity has been divided by 50 and the measured 
shear recoverable compliance multiplied by 5000. 

0 '  ' ' ' 
I 

0 I O  2 0  

Ne 
Figure 6. Product of zero shear recoverable compliance (4 
and plateau modulus (Gk) vs number of entanglements per span 
(Ne) .  The symbols have the same meaning as in Figure 4. The 
dashed line gives the results measured for linear polyisoprenes 
in ref 15 (XG;  = 2.4). The solid line is drawn with the slope of 
0.9. 

a relative minimum when plotted against shear rate. This 
relative minimum is not apparent in Figure 5 because the 
occurrence of the edge fracture instability28 prevented 
measurements at  higher shear rates. Concentrated star 
polymer solutions are believed to be highly susceptible to 
edge fracture, as discussed in the final section of this paper. 

Examination of the dependence of 4 on Ne reveals a 
striking difference between the behavior of entangled linear 
polymers and entangled star polymers. At  constant 
concentration, 4 is expected to be independent of Ne for 
linear polymers and a linear increasing function of Ne for 
star polymersa6 The difference is best revealed in a plot 
against Ne of the product XG;, where G; is the plateau 
modulus of polyisoprene polymers, linear or star6 

(10) 
The product 8G; is independent of Ne, within experi- 
mental scatter, for linear polymer LL, as shown in Figure 
6. Moreover, the constant fully entangled value of 
8G'; (e2.4) is close to that previously reported in ref 15. 

G; = 4.35 x 105~2.21 
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Figure 7. Shear rate dependence of the normal stress ratio @. 
Shear rates have been shifted by a factor of 20 for star polymer 
10A (C = 0.170, m), 0.1 for star polymer 10A (C = 0.063, +) and 
linear polymer LH (C = 0.130, n), and 2 for linear polymer LH 

Results for the commercially purchased linear polymer, 
LH, are not shown in Figure 6 because of the larger 
polydispersity of this sample. By way of contrast, the 
product X G i  is much larger than 2.4 for concentrated 
star polymer solutions in Figure 6. For Ne > 8, X G i  shows 
the expected linear dependence on Ne, signifying entrance 
into the enhancement concentration regime where rep- 
tation is no longer possible. However, the slope of the line 
in Figure 6 is somewhat greater than would be inferred 
from the data of ref 15. The reason for this discrepancy 
is unclear; it may reflect differences in the extrapolation 
of Je to zero shear rate (Figure 5) .  

B. Second Normal Stress Difference Measure- 
ments within and below the Enhancement Regime. 
In the preceding section, the concentration regime within 
which star and linear polymers relax by different mech- 
anisms was identified using viscosity and compliance data. 
Here the behavior of the second normal stress difference 
coefficient (@) in the same concentration regime is 
investigated. 

The difficulty in measuring 3 1  at low dimensionless 
shear rates (Wi) has already been discussed. 3 2  is even 
more difficult to measure than \kl, and thus the estimation 
of *:might a t  first glance appear to be hopelessly difficult. 
Fortunately, this is not the case, because the ratio \k = 
-3z/31 is constant over the same shear rate range over 
which the individual stress coefficients are varying (Figure 
7). On the basis of the data in Figure 7, we assume that 
\k remains constant as the zero shear limit is approached. 
Therefore @ can be easily calculated from @, and this 
latter quantity has already been shown to be accurately 
estimated, by virtue of its use in the calculation of 4. 

According to molecular theory,4O \ko is close to zero 
(=0.03) for dilute polymer solutions, and this prediction 
has been verified experimentally for a single special type 
of dilute solution, the so-called YBoger At  the 
other extreme, the Doi-Edwards theory4 (with the inde- 
pendent alignment approximation) predicts 9 0  = 2/7 for 
a fully entangled melt or concentrated solution of linear 
polymer molecules. This latter prediction has been 
approximately confirmed for a low-density polyethylene 
melt,4l and concentrated polystyrene solutions.42 The data 
presented in Figure 8 probably come closer than anything 
previously published to bridging the concentration gap 

(c = 0.060, A). 

i 0.30 
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Figure 8. Normal stress ratio (eo) vs number of entanglements 
per span (Ne)  for linear and star polyisoprenes. The symbols 
have the same meaning as in Figure 4. 

between the dilute and fully entangled limits. Figure 8 
investigates the dependence of \k0 on the number of 
entanglements Ne, as measured for all four model poly- 
isoprenes. First consider the linear polymer with the lowest 
polydispersity, polymer LL. Using criteria based on the 
number of entanglements per chain (eq 9),39 polymer LL 
should exhibit entangled viscosity behavior for Ne > 2, 
and entangled compliance behavior for Ne > 7. In Figure 
8, q0 appears to reach its final fully entangled value when 
the concentration is high enough to create about 9 
entanglements per chain. The fully entangled value of 3 0  
is 0.205 f 0.005 for both linear polymers, a result which 
is less than the Doi-Edwards prediction, but in good 
agreement with recent results for polyisoprene melts.43 
Linear polymer LH appears to require about 15 entan- 
glements per chain to reach this fully entangled limit in 
Figure 8. The apparent discrepancy between the number 
of entanglements required for full entanglement of the 
two linear polymers may possibly be attributed to the larger 
polydispersity of polymer LH, purchased commercially. 

For the two star polymers, 4 O  has a larger value at  every 
concentration than for either linear polymer, by an amount 
well in excess of the experimental uncertainty. However, 
linear and star polymer results in Figure 8 do appear to 
be converging on zero together at lower concentrations, in 
accordance with theoretical predictions.4 Additional 
evidence for branching enhancement of \k0 was obtained 
by viewing GPC chromatograms of star polymer solutions 
immediately after rheological measurement. Samples with 
a significant amount of degradation were invariably 
observed to exhibit q0 values substantially lower than the 
results shown in Figure 8, presumably due to the presence 
of linear polymer impurity. Results in Figure 8 for the 
6-arm star may also have been contaminated with a slight 
amount of degradation, particularly a t  lower concentra- 
tions (Le. the last concentrations studied chronologically). 
Figure 9 compares the molecular weight distribution of 
the 6-arm and 10-arm star polymers, both as measured 
after the final concentration studied. A small amount, ca. 
5 7% of linear polymer, and also ca. 3 5% of a higher molecular 
weight component is visible in the 6-arm polymer chro- 
matogram. This slight degradation is probably sufficiently 
large to account for the difference in 3 0  values measured 
for the two star polymers at lower concentrations. There- 
fore the high concentration limit of \k0 is more reliably 
calculated using 10-arm star data: \k0 = 0.30 f 0.01. Error 
bars shown in Figure 8 have been estimated from the 
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plate rheometer. This phenomenon initiates as an axi- 
symmetric indentation at  the aidpolymer interface and 
is believed to be controlled by the value of N2.2733 As 
shown at similar values of NI, star polyisoprene 
solutions fracture more readily than linear polyisoprene 
solutions, presumably because 9 O  = -N2/N1 is larger for 
stars. 

The modified tube model based on the arm retraction 
relaxation mode predicts that qo is independent of f,26 a 
prediction not supported by the experimental results in 
Figure 8. Perhaps polymer concentrations studied here 
were insufficiently high to ensure the dominance of the 
arm retraction relaxation mode over the constraint release 
relaxation mode.2 Recent resultsaJ1 for polybutadiene 
stars support the existence of a transition concentration 
regime, where reptation is impossible and relaxation occurs 
primarily by constraint release. This transition regime is 
reported to extend between Ne = 2 and Ne = 12." Ne was 
approximately 18 at the highest concentration studied 
here. 

Sample 1OA Sample 6 A  

Figure 9. GPC chromatograms for 10-arm and 6-arm star 
polymers after final rheological measurement. 

variance in \k values measured at different shear rates, 
and as such do not reflect uncertainty introduced by 
polymer degradation. Error bars are larger for the star 
polymer solutions because of their extremely long stress 
relaxation times at high concentrations. Experimental 
scatter makes it difficult to discern the number of 
entanglements required for full entanglement, but Ne = 
9 is a reasonable estimate for both star polymers. Thus 
three of the four polymers appear to require about 10 
entanglements over the polymer span before q0 reaches 
its fully entangled value. 

Discussion 
All three steady shear flow material functions (TO, 8, 

and \ki) have been measured for two model star polymers 
with equal branch lengths but different branch numbers 
cf = 6 vs f = 10). At lower solution concentrations where 
the RouseHam theory presumably applies, these material 
functions have values which are similar to the values 
observed for linear polymers with the same intrinsic 
viscosity value. The situation is quite different at con- 
centrations high enough to create about 10 or more 
entanglements across the span of a polymer. In this case, 
all three material functions are considerably larger for 
star polymers than for linear polymers. The enhancement 
of @ due to branching is the largest, because the 
enhancement of TO, p, and q0 all contribute to the 

The normal stress ratio q0 is an increasing function of 
polymer concentration or entanglement density, as ex- 
pected from molecular theory. For both of the star 
polymers and the best-characterized linear polymer, W 
reaches its asymptotic fully entangled value when the 
number of entanglements across the span of the polymer 
is about 10. However, the fully entangled value of W is 
larger for star polymers than for linear polymers (W = 
0.30 f 0.01 vs 0.21 f 0.01). This result was unexpected 
because the converse has been reported for polystyrene 
s t a r ~ . ~ ~ 4  The reason for this discrepancy is not clear. It 
may reflect differences between polystyrene and polyiso- 
prene, or it may reflect differences in the concentration 
regimes investigated. Solutions of linear polystyrenes as 
low in molecular weight as 37 000 were studied in ref 42, 
and yet 9 O  is reported to be independent of both 
concentration and molecular weight. This result is hard 
to understand in light of modern theories on polymer 
entanglement (M, = 35 OOO for molten polystyrene23). Also, 
the viscosity of star polystyrenes is reported to have a 
power law dependence on entanglement density (see Figure 
5 in ref 421, a result which is inconsistent with the 
exponential dependence on Ne predicted by theory.6 
Indirect evidence that Qo is larger for star polyisoprenes 
than for linear polyisoprenes comes from visual observation 
of the 'edge fracture" flow instability in the cone-and- 

enhancement of @: 8 = (2*0)(&4). 
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