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Synopsis 
The molecular weight distribution of a series of polyisobutylenes was determined using 

osmotic pressure measurements, gel permeation chromatography, and intrinsic viscosity. 
All of the polymers except for one, a blend of the highest and lowest molecular weight 
constituents, had similar moderate molecular weight distributions. The “extended 
chain length” method of calibrating the gel permeation chromatograph for polyisobutyl- 
enes was found to be effective. Steady state and transient shear stresses and normal 
stresses were measured on 5% decalin solutions of these polymers. The zero shear vis- 
cosity increased with the 3.3 power of molecular weight, and the zero shear normal stress 
coefficient (all - az2)/r2 varied with the 7.5 power. Relative elastic memory as mea- 
sured by (UII - U Z ~ ) / U I Z  or stress relaxation increased with increasing molecular weight 
(and at constant number- or weight-average molecular weight) with breadth of dis- 
tribution. Stress overshoot also correlated with this tendency. 

INTRODUCTION 

One of the most important and indeed interesting problems of the poly- 
mer industry is the relationship of molecular weight distributions of poly- 
mers and their processing and performance behavior. The resolution of 
this problem generally breaks down to first finding an appropriate method of 
evaluating the molecular weight distribution and secondly to relating this to 
rheological properties. Experimental studies of the relationship of rheo- 
logical properties to molecular structure not only have use for this problem 
but also for evaluating molecular theories of polymeric materials and for 
appropriate framing constitutive equations for such media. 

The gel permeation chromatograph,2 which allows measurement of molec- 
ular weight distributions from a simple chromatographic experiment, is cer- 
tainly the major development in polymer characterization methods during 
the last decade. Indeed, it has been widely used in industry for character- 
ization and contr01.~ Difficulties arise when polymers other than those used 
to calibrate the instrument are studied. Various methods of converting 
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elution volume to molecular weight have been proposed in the literature, 
notably the Moore-Hendrickson method, which presumes elution volume is 
a unique function of the extended chain length.2 A second method, due to 
Benoit and ~o-workers,~ takes elution volume to be a unique function of the 
radius of gyration and utilizes the Einstein-Kuhn-Flory theory of dilute 
solution viscosity and the experimental intrinsic viscosity-molecular weight 
relationship to carry out the conversion. As polymer molecules take the 
form of random coils in dilute solution, one would expect the approach of 
the latter authors to be the better one. Indeed, our group has utilized this 
idea in explaining the characteristics of chromatographic columns packed 
with porous ads or bent^.^ The Moore-Hendrickson approach is a cruder 
one, which becomes equivalent to that of Benoit et al. when the polymer- 
solvent interaction of the two systems are identical. 

The rheological properties of polymer fluids are particularly well under- 
stood for two types of motions: (1) the region of small deformations in 
which the stress may be represented as a linear integral of the strain history 
and (2) long duration laminar shearing motions for which the stress matrix 
may be expressed6v7 as follows: 

p o o p l r 2  pr o 
- - o  p p 2 r 2  o (1) 

411 412 413 

412 422 

iu13 423 z:d - I 0 0 d 
where 1 represents the direction of flow, 2 represents the direction of shear, 
ull are the stress components, p is the pressure, I' is the shear rate, p is the 
non-Newtonian shear viscosity, and 81 and p2 are normal stress coefficients. 
The effect of molecular weight distribution on rheological properties of con- 
centrated polymer systems has long been investigated, and the influence in 
particular of molecular weight on viscosity and linear viscoelastic properties 
of narrow molecular weight distribution polymers has been well cali- 
brated.8f9 In recent years, attention has been given to the variation of nor- 
mal stresses with absolute molecular weight.lO-" Most of the recent re- 
search has been with extremely narrow-distribution alkyllithium polysty- 
renes. The problem of the effect of molecular heterogeneity on rheological 
properties has also received attention, though admittedly most of the 
effort has been devoted to linear viscoelastic characteristics. l2-I4 

This paper contains a study of (1) measurements of the molecular weight 
distribution of a series of polyisobutylenes using a Waters Associates gel 
permeation chromatograph (GPC), osmometry, and intrinsic viscosity and 
(2) the measurement of rheological properties of solutions of these polymers 
using a Weissenberg rheogoniometer. In particular, we will look at the 
nonlinear properties such as normal stresses, stress overshoot, and stress 
relaxation following rapid flows. The rheological properties of the polymer 
solutions are compared to the molecular weight distributions. 

EXPERIMENTAL 
Materials 

A series of polyisobutylenes (Enjay Vistanex LMMH, L100, L120) and a 
noncommercial high molecular weight sample made by Esso Research 
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and Engineering were investigated; this polymer is designated HMW. 
A 50:50 wt-% blend of Vistanex LMMH and the HMW polymer was 
prepared. 

Characterization 
The number-average molecular weights of the samples were determined 

with a Hallikainen Instruments Model 1361 automatic osmometer, and 
viscosity-average molecular weights were obtained from intrinsic viscosity 
measurements in benzene at 30°C. The molecular weight in the latter case 
was obtained from15 

tv] = 6.1 x 1 0 - 4 ~ y 6  (2) 

Refractive index-elution volume curves were obtained for these samples on 
a Model 200 Waters Associates gel permeation chromatograph. The mea- 
surements were carried out with a tetrahydrofuran solvent a t  25°C. A 
major problem was how to interpret these curves as molecular weight dis- 
tributions. 

Rheological Properties 

Solutions, 5%, of each of the polymers in decalin were prepared. The 
torque T and total thrust F were measured as a function of angular velocity 
s2 in a Model R16 Weissenberg rheogoniometer at 25°C. A cone with an 
angle # of 1.467" was used. The shear rate, shear stress, and principal 
normal stress differences were computed from the expressions6J 

and 

RESULTS 

Characterization 
Values of the number-average and viscosity-average molecular weights of 

the polyisobutylene samples determined by osmometry and intrinsic vis- 
cosity are summarized in Table I. No narrow molecular weight polyiso- 
butylene standards were available, and we were left to our devices to de- 
velop a calibration method for the gel permeation chromatograph. Three 
such procedures were considered. First, our column was calibrated with 
narrow distribution polystyrenes. The best procedure would be to take 
elution volume to be a unique function of radius of gyration and proceed by 
the method of Benoit et aL4 However, we have neither been able to mea- 
sure the [v] of the fractions exiting the chromatograph or obtain an [q]-M 
relationship for the polyisobutylene-THF system. (Intrinsic viscosity- 
molecular weight relationships for polyisobutylene and polystyrene in THF 
at 35°C are, however, available.16) A second alternative is to follow 



T
A

B
L

E
 I 

M
ol

ec
ul

ar
 W

ei
gh

ts
 of

 P
ol

yi
so

bu
ty

le
ne

 S
am

pl
es

 

G
el

 p
er

m
ea

tio
n 

ch
ro

m
at

og
ra

ph
. 

E
C

L
 

E
C

L
 

E
C

L
 

E
S 

ES
 

Sa
m

pl
e 

M
, 

x 
10

-3
 

M
, 
x 

10
-3

 
M

, 
x 

10
-3

 
M

~ 
x 

10
-3

 
M

,/
M

, 
M

, 
x 

10
-3

 
M,
 x

 1
0-

3 
~ 

~~
~ 

L
M

M
H

 
24

-2
7 

32
.7

 
16

.5
 

34
 

2.
06

 
7.

99
 

11
.2

 
Ll

O
O

 
32

0 
71

7 
33

0 
80

0 
2

.4
 

65
.5

 
10

0 
L

12
0 

33
0 

81
9 

34
0 

85
0 

2.
5 

65
.6

 
11

0 
H

M
W

 
11

00
 

16
02

 
10

00
 

22
00

 
2.

2 
14

4 
26

3 
L

M
M

H
-H

M
W

 
97

7 
31

.2
 

11
20

 
36

 
15

.7
 

65
.1

 

a 
E

C
L

, B
as

ed
 o

n 
ex

te
nd

ed
 ch

ai
n 

le
ng

th
; 

E
S,

 b
as

ed
 o

n 
E

nj
ay

-S
ta

ud
in

ge
r m

ol
ec

ul
ar

 w
ei

gh
ts

. 



RHEOLOGICAL PROPERTIES OF POLYISOBUTYLENE 1185 

POLYSTYRENE CURVE 
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Fig. 1. Calibration curve for gel permeation chromatograph. 
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Fig. 2. Molecular weight distributions of polyisobutylenes. (0) LMMH; (0 )  L100;  
(0) HMW; (m) HMW + LMMH; (A) L120. 
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Moore and Hendrickson and presume that the molecules elute on the basis 
of the extended chain lengthz; then a polyisobutylene species at a specific 
elution value should have a molecular weight lower by a factor of 56/104. 
Finally, “Staudinger” molecular weights were made available by Enjay. 
These molecular weights were correlated with the peaks of the refractive in- 
dex-molecular weight curves. The results are tabulated in Table I. 
The two suggested polyisobutylene GPC calibrations are plotted in Figure 1 
together with the polystyrene calibration. 

As the extended chain length calibration molecular weights are in closer 
agreement with the computed osmotic pressure molecular weights and the 
method seems to  be the most reasonable of those carried out, we have uti- 
lized them in the remainder of the paper. A plot of GPC elution volume 
versus molecular weight for both polyisobutylene and polystyrene in a dif- 
ferent set of columns and at  a different temperature has been published by 
Iwama, Abe, and Homrna.l6 These authors find the experimental polyiso- 
butylene molecular weight to  be a slowly increasing fraction of the polysty- 
rene molecular weight as elu!ion volume decreases. Inspection of their data 
shows reasonably close agreement with the extended chain length method 
but not with the Enjay-Staudinger results. Figure 2 contains plots of dif- 
ferential molecular weight distributions of the polymers studied using the 
extended chain length molecular weights. 

Rheological Properties 

Figure 3 contains a plot of the non-Newtonian viscosity p as a function of 
shear rate, and Figure 4 is a plot of (a11 - U ~ ~ ) / U I ~  (or 01 - & ) I ’ / p  versus 
shear rate for these same solutions. (The reason for making a plot of such 
form will be apparent in the next section.) Normal stresses were not ob- 
served in thc LMMH solution. 

We have also investigated the transient behavior of these solutions, in 
particular, the stress responses to  a sudden motion or stoppage of one of the 
rheogoniometer platens. I n  Figure 5,  the shear stress response to  start-up 
from rest for the HRiIW solution is shown for several shear rates. A slow 
build-up of stress is seen at the lower shear rates and a stress overshoot at 
the higher shear rates. Figure 6 contrasts the transient stress for several 
polymer solutions a t  the same applied shear rate. The relatively high 
overshoot of the HMW and blend solutions is obvious. This was generally 
observed throughout the shear rates investigated. Figure 7 plots transient 
normal stress difference (all - azz) as a function of time. However, we are 
not as sure of these data, inasmuch as we have found the amplifier gain to  
have a significant effect. Figures 8 and 9 plot shear stress relaxation follow- 
ing sudden stoppage of flow. Figure 8 is a normalized plot for the HMW 
solution at  various values of shear rate. The rapid increase in rate of re- 
laxation with increasing initial shear rate is to  be noted. Figure 9 contrasts 
the different solutions at the same shear rate. The slow relaxation of the 
HMW and blend solutions relative to  the other materials is seen. 
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Fig. 3. Non-Newtonian viscosity of polyisobutyleiie soliitioiis (23°C):  (0) HMW; (,A) 
L120; (m) L100; (0) LMklII; (n) blend. 
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2.0 

1 .O 
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Fig. 4. Normal stress-shear stress ratio for polyisobutylene solutions: (0) HMW; (A) 
L120; (m) L100; (0 )  blend. 

DISCUSSION 

The general observations of rheological properties reported here are in 
agreement with those of earlier researchers. Non-Newtonian viscosity 
and normal stress measurements have long been carried out on polyiso- 
butylene-decalin solutions, 17*18 though not with the particular ends of this 
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2 T 

0 0.5 4.0 1.5 2.0 2.5 
TIME (sec) 

Fig. 5. Normalized shear stress growth at start-up of flow for the HMW polyiso- 
butylene solution. Shear rates: (0) 582 sec-l; (A) 58.2 sec-1; (0)  5.82 sec-1; (0)  
0.185 sec-1. 

3 

0 
0 0.4 0.2 0.3 0.4 

TIME (sec) 

Fig. 6. Normalized shear stress growth for polyisobutylene solutions at 582 sec-l: (0) 
HMW; (A) L120; (0) LMMH; (0) blend (HMW + LMMH). 

paper. The transient responses shown in Figures 5 through 9 are of the 
same type published by Bird and his studentsl9 on the variation of shear 
stress on startup and stoppage of flow. For startup experiments at low 
shear rates, there is a slow build-up of shear stress as predicted by linear 
viscoelasticity. At higher shear rates, there is overshoot, with the magni- 
tude of the maximum increasing and the time required to achieve the magni- 
tude decreasing as shear rate increases. Undershoot following overshoot 
appears at the highest shear rates. As first indicated by BogUem (see also 
Bogue and White' and Bird and asso~iates'~), such characteristics may be 
explained within the framework of the theory of nonlinear viscoelasticity. 
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Fig. 7. Normalized normal stress growth for the HMW polyisobutylene solution. 
Shear rates: (0) 582 sec-1; (A) 58.2 sec-1; (0) 5.82 sec-1. Normalized normal stress 
differencegrowth ~t const. mol. wt. 
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Fig. 8. Normalized shear stress relaxation in the HMW polyisobutylene solution 
following a steady flow. Shear rates: (0) 582 sec-*; (A) 58.2 sec-l; (0) 5.80 sec-l; 
(0) 0.185 sec-l. 

The curves of Figure 8 showing the more rapid decay of shear stresses at 
higher shear rates indicate the probable deformation rate dependence of the 
maximum relaxation time (and indeed the entire spectrum), which was 
impressed on the authors in recent discussions with Profs. M. Yamamoto, 
D. C. Bogue, and T. Kotaka. 

The main purpose of this paper is to look at  the effect of molecular weight 
and molecular weight distribution on rheological properties. In Figure 4, 
(ull - u z z ) / u ~  is plotted versus shear rate for several polymer solutions. 
This dimensionless stress ratio is more or less equivalent to  the Weissenberg 
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Fig. 9. Normalized shear stress relaxation in polyisobutylene solutions following a 
steady flow, with r = 68.2 Eec-1: (0) HMW; (A) L120; (0) LMMH; (a) blend. 
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Fig. 10. Molecular weight dependence of the zero shear viscosity for polyisobutylene 
solutions. 

n ~ r n b e r ‘ J * ~ ~ * 2 ~  xc,,r, where Xclr is the characteristic material relaxation time 
and measures the relative “elasticity” of the polymer solutions. It is read- 
ily apparent that the HMW and blend solutions possess a much higher de- 
gree of memory than the LlOO or L120, which are lower molecular weight 
(than the HMW) and narrower in distribution than the blend. This is re- 
inforced by the rates of stress relaxation shown in Figure 9. It, is of interest 
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Fig. 11. Zero shear rate normal stress coefficient (@lo - @20) as a frinction of weight.- 
average molecular weight. 

to  contrast these data with recent results for polyethylene and polystyrene 
melts.z3 The values of the stress ratio for the polymer solutions are lower 
than those of the melts at the same shear rate. 

Figure 10 plots zero shear viscosity qo versus weight-average molecular 
weight for the HMW, L120, L100, LMRIIH, and the blend. If we omit the 
low molecular weight LRIIRIIH point, a slope of 3.3 is obtained in agreement 
with the literature? The blend data fall in line using a weight-average 
molecular weight. Such a correlation would not be possible using number- 
average molecular weights, as is apparent from Table I. This is in agree- 
ment with the results of earlier authors.12 The LAIINIH sample probably 
lies below the so-called entanglement transition.*sl2 Figure 11 plots the 
zero shear rate normal stress coefficient difference (PI0 - 020) versus weight- 
average molecular weight. This is reasonable 
if one considers that, in terms of the second order fluid,1~7~z1~z4 

A slope of 7.5 is obtained. 

m 

sG(s)ds 

G(s)ds 
010 - PZO = 2 [lm sG(s)ds] = 2 [ i m  ] 70 = WeVo2 = kehr]O (4) 

0 

where G(s) is the linear viscoelastic relaxation modulus and J, is the shear 
compliance. For a box distribution of relaxation  time^,^ Xel becomes pro- 
portional t o  the maximum relaxation time A,. The product L q o  should be 
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proportional to the molecular weight to about the seventh power. We 
should note that the agreement of the blend data point in Figure 11 is some- 
what surprising. Higher normal stresses were expected. It is to be noted 
that J ,  may be computed from eq. (4). It seems to depend upon a power of 
molecular weight of the order 0.5-1.0. 

While the weight-average molecular weight in itself was found to corre- 
late with the low shear rate data, this was not the case for the high shear 
rate data. This is especially seen in Figures 4, 6, and 9. The blend ex- 
hibits a significantly higher Weissenberg number, overshoot, and stress re- 
laxation, despite the small difference in weight-average molecular weight. 
From Table I, we see how very bad will be any correlation based on number- 
average molecular weight. The M, for the blend is only 10% of that for 
the LlOO and L12Gand despite this, the memory is higher for the former. 

One of the interesting developments among researchers develophg molec- 
ular models of polymer flow has been the development of master curues to 
bring together viscosity, shear data at different temperatures, and molecular 
weights. Notable here is the work of B ~ e c h e ~ ~  and Graessley.26 Figure 12 
contains a master curve of the sort described by Graessley and Segal'" for 
all the polymer solutions investigated. With the exception of the blend, 
all of the data fall on the same curve, which is close to the "theoretical" 
curve. The data for the blend fall on a separate curve, as indicated by 
Graessley and Segal. 

Figures 3, 4, and 8 may be interpreted in terms of a perennial problem 
which harasses polymer processors. The blend polymer is a material that 
meets a single-point viscosity specification (say, that of LlOO or L120). 
The diff erenues in molecular weight distribution cause variations in rheolog- 

-7 -6 -5  -4 -3 -2 -4 0 4 2 3 
log ( ~ T ~ . M , / ~ R T )  

Fig. 12. Non-Newtonisnviscosit,y master curve. PIB, 5%, in decalin, 25OC: (0) HMW; 
(A) L120; (0) L100; (m) LMMH; (n j blend. 
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ical properties which are seen to be enormous and would certainly affect' 
processing. 3 

CONCLUSIONS 

1. The concept that elution volume is a unique function of extended 
chain length was found to work well in calibrating a gel permeation chro- 
matograph for polyisobutylene with polystyrene standards. This may well, 
however, be due to similer polymer-solvent interaction. 

2. The molecular weight distributions of a series of commercial and lab- 
orat>ory-prepared polyisobutylenes were evaluated. 

3. Transient and steady-state shear stress and normal stresses were eval- 
uated for these polymers in 5yo decalin solutions at  25°C. 

4. The zero shear viscosity was found to increase with the 3.3 power of 
the weight-average molecular weight. The zero shear normal stress coeffi- 
cient (all - a22)/r2 increases wit,h the 7.5 power of the weight-average 
molecular weight. 

5. Relative elastic memory as measured by (all - a22)/a12 or the inverse 
rate of stress relaxation following a steady shear flow increases with molecu- 
lar weight and with breadth of distribution at constant number- or 1:yeight- 
average molecular weight. 

Dr. W. Philippoff of Esso Research and Engineering kindly made a sample of very 
high molecular weight polyisobutylene available to us. Mr. I. Jen Chen was very help 
ful in advising us on operation problems with the Weissenberg Rheogoniometer. Dr. 
T. Homma of Japan Synthetic Rubber Company kindly corresponded with us on t,he 
calibration of gel permeation chromatographs, especially with regard to ref. 16. The 
authors thank Prof. M. Yamamoto for his helpful comments. 
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