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ABSTRACT: The nowNewtonian viscosity of polymer melts and solutions under conditions of no entanglement coupling 
has been investigated. The characteristic shear rate for a given degree of viscosity loss has been found to be proportional to the 
first power of the concentration and the inverse first power of the molecular weight, in agreement with the Rouse terminal-re- 
laxation time. It was shown that either the Takemura or Pao-Rouse theories can be used to predict the onset and course of 
nowNewtonian behavior of monodisperse polymers to within better than a factor of 2. Measurements made under high pres- 
sures have been successfully corrected to those obtaining under ambient pressure conditions. Anomalous die swells were 
shown to be the result of a small concentration of high molecular weight material in an otherwise monodisperse low molecular 
weight sample. 

number of theories have been p r o p o ~ e d ~ - ~  to  describe A the flow of isolated polymer molecules in a continuous 
medium using the pearl-necklace model. Although several 
of t h e ~ e ~ - ~  predict non-Newtonian flow, Zimm5 showed that a 
correct formulation of this model, with scalar preaveraged 
(or vanishing) hydrodynamic interactions, must give a gradi- 
ent-independent viscosity. More recently, Fixmane showed 
that non-Newtonian Viscosity is obtained if the hydrodynamic 
interactions are not prematurely averaged. 

All of the theories m e n t i ~ n e d ~ - ~  predict that the reduced 
viscosity (g - gs>/(qo - as) for different samples should be a 
universal function of the product of shear rate times a char- 
acteristic relaxation time’ T R .  

T R  = 6(70 - gII)M/a2cRT (1) 

Still other theories6+10 based on different models present 
[q]/[ql0 as a function of a reduced shear rate P .  

PIY = [71?7.MIRT (2) 

Here g and 70 are the viscosity a t  finite concentration at  a 
finite shear rate i. and zero shear rate, respectively, and [q] 
and [glO are analogous quantities for the intrinsic viscosity. 
Other parameters are solvent viscosity g., polymer molecular 
weight M, concentration (g/cma) c,  gas constant R ,  and ab- 
solute temperature T.  From the definition of intrinsic vis- 
cosity, it is evident that eq 1 and 2 are equivalent reduction 
factors in the limit of low concentration. Recent experi- 
mental work1l8l2 has shown that all theories extant are in- 
adequate for describing the non-Newtonian behavior of the 
intrinsic viscosity. 

The present work is concerned with the moderately con- 
centrated to  the undiluted state for polymer molecules. 
Buechez has argued that a macromolecule under these condi- 
tions should act as a free-draining molecule and that theories 
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derived for the extremely dilute case should hold here also 
(so long as entanglement coupling is absent). For the un- 
diluted polymer, qs is zero and c = p ,  the density of the melt, 
in eq 1 for the Rouse terminal relaxation time. Although, 
as mentioned above, the theories leading to a non-Newtonian 
viscosity have been criticized on physical grounds and are 
recognized here as being incorrect, they will be used for com- 
parison with the experimental results. The justification for 
this is that no correct theory is available and that the form of 
the viscosity functions does tend to  reproduce the “kinetic 
stiffness” expected of real polymer chains. Of particular 
interest is the possibility of the use of a single parameter TR for 
correlation of all the reduced viscosity data. Although pre- 
dicted by the (incorrect) theories and suggested earlier by 
Peterlin, a no experimental verification has been published. 
In the case of the non-Newtonian intrinsic viscosity a single 
parameter is not sufficient. 11x12 

Opposed to these theories was evidence that non-Newtonian 
flow only occurred with high molecular weight, entangled 
polymers. Extrapolations of viscosity data as a function of 
molecular weight measured at  constant shear rate or con- 
stant shear stress yielded a family of apparently straight lines 
which intersected at  a molecular weight approximately equal 
to the break in the log qo - log M c u ~ v e . ~ ~ - l ~  It was thus 
argued that entanglement coupling was a prerequisite for 
non-Newtonian flow to  occur. Subsequent analyses17,18 
showed that the straight lines were in reality curves which ap- 
proached the log go - log M line asymptotically but did not 
resolve the question of the reality of nonlinear Bow in poly- 
mers having no entanglements. The present study was de- 
signed to test this latter point. 

Experimental Section 
For this study a series of nonentangled “monodisperse” poly- 

styrenes was used. The criterion of entanglement for the melts was 
that the molecular weight should be below M,, the break point in 
the plot of log q o  os. log M ,  since M,  is the lowest molecular weight 
for an effect of entanglements to be seen on the Newtonian vis- 
cosity. For the moderately concentrated solutions, Fox and 
Allen10 have shown that the break point in a plot of log TJO against 
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log M for solutions of constant polymer volume fraction occurs 
at &M = Ma, independent of volume fraction. The solutions in 
this study have @ z M  < M,  and hence should be free from entangle- 
ment effects. 

Although the solutions show no entanglement coupling effects, 
there is considerable interpenetration of the polymer coils as cal- 
culated by Simha and coworkers. They showedzo that if there is 
no contraction of the coil with increasing concentration and hexag- 
onal close packing is assumed, interpenetration will occur for con- 
centrations greater than l.O8/[q]. All of the present solutions ex- 
ceeded this criterion by at least a factor of 5. Thus, the local en- 
vironment of a polymer segment is composed of both solvent and 
polymer segments of neighboring coils. 

Anionically polymerized polystyrenes were obtained from two 
sources. One series (S103, S109, S108) was generously furnished 
by the late Dr. H. McCormick of the Dow Chemical Co. The 
others were purchased from Pressure Chemical Co., Pittsburgh, 
Pa., and are designated by their lot number. The Dow samples 
have been previously characterizedz1 with respect to molecular 
weight, and the weight-average values are given in Table I. The 
values for ( M ) ,  for the Pressure Chemical Co. samples in Table1 are 
those furnished by the producer and determined at the Mellon 
Institute. 

A portion of sample 3a was fractionated using benzene as solvent 
and methyl ethyl ketone as nonsolvent. The center cuts comprising 
about one-third of the total sample were used to make up the 
sample designated as 3a(F). The fraction had a viscosity-average 
molecular weight2I of 4.08 X lo5. 

Aroclors 1248, 1254, and 1260 were kindly furnished by Mr. R. W. 
Ehrhardt of Monsanto Chemical Co. Di-2-ethylhexyl phthalate 
has been previously used22 as a viscous e solvent for polystyrene at 
12". More recent informationz3 published after the present 
measurements were taken indicates that the 8 temperature is 22". 
Solutions were made up by slowly stirring weighed mixtures of 
polymer and solvent at 100" until solution was complete. Densities 
of the Aroclors were measured pycnometrically; that of DOP was 
taken from Birnboim.14 Concentration c in grams of polymer per 
cubic centimeter of solution was calculated from the densities of 
polymer and solvent assuming additivity of volumes. 

The viscosity of the undiluted polymers of molecular weights 
10,500 and 19,800 was measured in a nitrogen gas driven capillary 
rheometer at 127 and 136", respectively. Three dies having length- 
to-diameter ratios of 19.49, 6.68, and 3.80 and radii of 0.0215 in. 
were used. Die-swell data were obtained by measuring the extru- 
date diameter to 0.0001 in. with a micrometer. The measurement 
was taken 0.25 in. from the end so that sagging due to gravity did 
not influence the results. Subsequent annealing of the extrudates 
above Tg did not increase the amount of die swell. The rheological 
properties of the solutions were studied using a Weissenberg rheo- 
goniometer (cone and plate viscometer). Some creep and creep 
recovery measurements were performed on the low molecular 
weight undiluted polymers using a modification of the rheogoni- 
ometer described elsewhere. *I 

Gel permeation chromatography measurements were carried out 
on sample 2% by Dr. Jack Q. Cazes and Mr. Russ Dobbins. A 
Waters analytical GPC unit which had been calibrated with ani- 
onically polymerized polystyrenes was operated at 40" using tetra- 
hydrofuran as solvent. 

Results 

Melts. The theories being all predict the de- 
crease in viscosity to  occur at a reduced shear rate +7R of 

(20) S. G. Weissberg, R .  Simha, and S. J. Rothman, J .  Res.  Nut. 
Bur. Stand., 47, 298 (1951); R. Simha and J. L. Zakin, J .  Chem. Phys., 
33, 1791 (1960). 

(21) L. A.  Papazian, Polymer (Lomforz), 10,399 (1969). 
(22) J. E. Frederick, N. W. Tschoegl, and J. D. Ferry, J.  Phys. Chem., 

(23) G. C. Berry, J. Chem. Phys., 46, 1338 (1967). 
(24) M. H. Birnboim, Ph.D. Thesis, University of Wisconsin, 1961. 
(25) R. A. Stratton and A.  F. Butcher, J .  Polym. Sci., Part A-2, 9 ,  

68, 1974 (1964). 

1703 (1971). 

I 

I 

5 3  

I , I I 
-0 5 0 0 5  I O  1 5  

IO( 7 8 "  I I C - 1  

Figure 1. Logarithmic plot of viscosity against shear rate for 
sample 2a at 136" using capillaries with the indicated length to 
diameter ratios. 

TABLE I 
RHEOLOGICAL AND ROUSE THEORY PARAMETERS 

(Mw) 
X Sol- Temp, c, Log Log Log 

Sample lo-' vent "C g/cm3 70 i.* TR 

3a 39.4 4@ 25 0.0569 2.02 1.60 -1.73 
48 25 0.0708 2.26 1.39 -1.59 
48 25 0.0836 2.54 1.19 -1.38 
546 25 0.0604 3.40 0.25 -0.38 
6@ 35 0.0628 4.90 -1.12 1.09 
DOPd 12 0.0647 1.92 1.80 -1.97 

3a(F) 40.8 48 25 0.0944 2.48 1.28 -1.50 
S103 11.7 48 31 0,1144 1.99 2.29 -2.62 

DOP 12 0.1150 1.83 2.37 -2.78 
S109 17.9 48 31 0.1144 2.14 2.13 -2.29 

DOP 12 0.1150 2.03 2.19 -2.19 
S108 24.2 48 25 0.1240 2.82 1.25 -1.50 

48 10 0.1252 4.18 -0.11 -0.11 
48 25 0.0840 2.19 1.75 -1.97 

7a 5.05 48 25 0.524 6.54 -1.10 0.91 
48 40 0.521 5.00 0.44 -0.65 

2a 1.98 None 136 1.007 5.38 0.96 -1.07 
8a 1.05 None 127 1.011 5.44 1.25 -1.27 

a Aroclor 1248. Aroclor 1254. Aroclor 1260. Di-Zethyl- 
hexyl phthalate. 

about unity. To attain such magnitudes with low molecular 
weight polyiners without employing very high shear rates, it  
is necessary to increase the viscosity. This can be simply 
done by lowering the temperature and working in the present 
case of T - T, - 40". In this region, certain phenomena 
occur which are negligible under the usual high-temperature 
conditions of viscosity measurement. Figure 1 presents 
double logarithmic plots of viscosity against shear rate for 
sample 2a using a short die and a long die. At  low shear 
rates the viscosity increases dramatically, while a t  higher 
shear rates two factors affecting the magnitude of the viscosity 
in opposite senses seem to be  at work. Such an effect has 
been noted previously by Ballman. 26 Penwell and Porter27 

(26) R .  L. Ballman, Nuture (London), 202,288 (1964). 
(27) R. C. Penwell and R.  S. Porter, J .  Appl.  Polym. Sci., 13, 2427 

(1969). 
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Figure 2. Logarithmic plot of viscosity against pressure for sample 
2a at 136" using a capillary with L/D = 19.49. Theoretical curve 
is eq 10. 

+ 0 
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Figure 3. Logarithmic plot of viscosity against pressure for sample 
2a at 136" using a capillary with LID = 3.80. Theoretical curve is 
eq 10. 

have shown that such viscosity increases do not occur in cone 
and plate measurements and that the significant parameter is 
the pressure used in the capillary rheometer. 

The effect of pressure on the viscosity of liquids has long 
been studied.28 A decrease in free volume occasioned by 
pressure has often been used as an explanation of this phe- 
nomenon. In the vicinity of T,, where the fractional free 
volume is small, the effect can be large and has been treated29 
in a manner analogous to the WLF equation. Without re- 
gard to  the mechanism of the phenomenon, the flow through 
a capillary of a fluid with pressure-dependent viscosity has 
recently been treated by Duvdevani and Klein. 30 They con- 
sider a particular kind of fluid with viscosity given by 

(3) 

where q(+, P )  is the viscosity at pressure P and shear rate 
+, ?(+, 0) is the viscosity at zero (effectively ambient) pres- 
sure, and b is the pressure coefficient. Equation 3 has been 
found to  hold for polystyrene by Maxwell and Jung.81 For 
the case of isothermal, incompressible, laminar, Newtonian 

(28) P. W. Bridgemen, "The Physics of High Pressure," G. Bell and 

(29) J. D. Ferry and R. A. Stratton, Kolloid-2. 2. Polym., 171, 107 

(30) I. Duvdevani and I. Klein, SPEJ., 23,41 (1967). 
(31) B. Maxwell and A. Jung, Mod. Plastics, 35, 174 (1957). 

Sons, Ltd., London, 1952. 

(1960). 

Figure 4. Logarithmic plot of viscosity corrected for pressure 
effects and nonparabolic velocity profile against shear rate for 
samples with the indicated molecular weights. 

flow in a capillary with the pressure equal to  zero at the exit, 
Duvdevani and Klein find at the exit 

PR/2L+ = q(+, O)f(bP) (4) 

( 5 )  f(bP) = [bP exp(bP)l/[exp(bP) - 11 
where R and L are the radius and length of the capillary. 

The incompressibility assumption is valid because the 
change in volume at the pressures used was less32 than 1 %. 
The left-hand side of eq 4 is the experimentally measured 
quantity and is just the viscosity calculated using Poiseuille's 
law. For a Newtonian fluid q(+, 0) is a constant and the left- 
hand side and f(bP) should have the same shape. Accord- 
ingly, f(bP) was plotted logarithmically against bP as shown 
by the smooth curve in Figure 2. The experimental data for 
the long capillary plotted logarithmically as PRI2L.j against 
P were then matched to  the theoretical curve by horizontal 
and vertical shifts. The cross denotes the position of f(bP) = 
1 and bP = 1 on the theoretical curve. From its position, 
the zero shear rate viscosity and b can be determined. The 
experimental points fit the theoretical curve up to  the highest 
pressure used, 2150 psi. In contrast, the data obtained using 
the short capillary and shown in Figure 3 deviate markedly 
beginning about 400 psi. These data scattered more than 
those in Figure 2 at the low pressures and thus were matched 
to the theoretical curve by using the value of b determined 
with the long capillary. Data for both capillaries were taken 
using the same range of pressures. Deviations from New- 
tonian behavior occur only above a certain shear rate, as 
seen in Figure 1, which is beyond the range of the long capil- 
lary. 

Measurements were made on sample 8a with similar re- 
sults. The values of b for samples Sa and 2a were 10.7 X 
lo-$ and 9.2 X bar-', respectively. The viscosity data 
were corrected for the pressure effect by multiplying PR/2L+ 
by l/f(bP) to obtain q(+, 0). The Weissenberg correction for 
nonparabolic velocity profile was then applied to  obtain a 
corrected, pressure-independent viscosity hereafter denoted 
q(+). On the basis of previous work, l8  end corrections were 
assumed negligible (but see below). The corrected data are 
plotted logarithmically in Figure 4 as viscosity against shear 
rate. A sizable deviation from Newtonian behavior is to be 
noted. Also shown for comparison are data taken pre- 
viously180n S l l l  at 183'. 

(32) S. Matsuoka and B. Maxwell, J .  Polym. Sci., 32, 131 (1958). 
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Figure 5.  Plot of die swell ratio against logarithm of average residence time in capillary for samples with the indicated molecular weights: 
pip up, capillary length to diameter ratio 19.49; successive 45" clockwise rotations correspond to LID of 6.68, 3.80, 19.49, and 3.80; 
filled in circles, LID = 19.49. 

An anomalously large die swell was noted for these low 
molecular weight samples. The results are plotted in Figure 
5 as swell ratio DIDo against the logarithm of the average 
residence time ( t ) .  Here D is the extrudate diameter, DO is 
the die diameter, and the average transit time through the die 
is given by 

( t )  = 8L/Do+ (6)  

Data for dies with three different lengths superposed well when 
plotted in this manner. Die swell for a high molecular weight 
monodisperse sample also shown for comparison is small as 
was also the case for the Dow S series samples studied earlier.Is 

Solutions. The shapes of the viscosity-shear rate plots 
were virtually the same for all solutions. For purposes of 
comparison, it is of value to  choose one sample as a reference 
and match the data for other samples to  it. Because the 
shape of the flow curves of the three theories being utilized 
is virtually the same for the initial 20 z drop in viscosity, the 
shear rate $* at which a 15 z drop in viscosity was experienced 
was determined for each sample by noting where the corre- 
sponding point on the reference sample fell during the match- 
ing process. Employing a reference sample for determination 
of this characteristic shear rate has the advantage of using all 
the points of the flow curve for the fitting with concomitant 
increase in precision rather than stressing those around 15 z 
viscosity loss. The molecular weights, solvents, concentra- 
tions, zero shear rate viscosities, and characteristic shear rates 
y* are listed in Table I for the solutions and the undiluted 
polymers. The latter were also matched to the reference, 
sample 7a, at a concentration of 0.524 g/cm3 at 25'. Super- 
position of all the data including the melts was very good over 
the whole range of shear rates. 

Discussion 

Dependence on Concentration. According to  the several 
theories mentioned above, data for all samples should fall on 
a single curve when plotted as q(+)/qo against reduced shear 
rate $ 7 ~ .  This implies, using the expression in eq 1, that 

+* = A / T R  = Aa2cRT/6qoM (7) 

1 I 

:/ 

Figure 6.  Logarithmic plot of shear rate reduced for viscosity, 
molecular weight, and temperature against concentration for data 
in Table I. Line is drawn with theoretical slope of 1. 

where A is the theoretical value of +TR at q/qo = 0.85 and de- 
pends upon which theory is used. The contribution of the 
solvent viscosity to the relaxation time T R  has been dropped 
because it is negligible for the solutions under present study. 
To check the validity of the form of the relaxation time, 
y*qoM/RT was plotted logarithmically against c as shown in 
Figure 6 .  The straight line drawn with slope 1 appears to  be 
a reasonable fit to  the data. The characteristic relaxation 
time varies inversely as the first power of the concentration. 

Dependence on Molecular Weight. To determine the varia- 
tion of +* with molecular weight, the data were plotted ac- 
cording to  eq 7 as ?;*qo/cRT against M. The double logarith- 
mic plot is shown in Figure 7, where the straight line has been 
drawn with slope -1. This confirms the first power de- 
pendence on molecular weight of the characteristic relaxation 
time and disagrees with previous work'* on polystyrene 
samples with entanglement coupling. For the latter systems 
a molecular weight exponent of 0.75 was found. This implies 
a different mechanism for the non-Newtonian behavior in the 
two cases. 
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Figure 7. Logarithmic plot of shear rate reduced for viscosity, 
concentration, and temperature plotted against molecular weight 
for data in Table I. Line is drawn with theoretical slope of - 1 .  
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Figure 8. Logarithmic plot of reduced viscosity plotted against 
reduced shear rate showing predictions of three theories and experi- 
mental data on sample 7a (0.524 g/cma, 25” ) .  

Experimental Fit of Theories. Qualitatively, all three 
theories predict the general shape and position on the reduced 
shear rate axis to  within an order of magnitude of the non- 
Newtonian viscosity of these systems. This is shown in 
Figure 8, where the reduced viscosity q(^ j ) / to  is plotted 
logarithmically against the reduced shear rate for the three 
theories and the data points for the sample (7a, 0.524/cm3, 
25’) used as a reference above. The Bueche and the Take- 
mura curves were drawn using published values; a a ,  3 4  the latter 
is identical with the Rouse function for ~ ’ ( w ) .  The Pao 
theory with Rouse distribution of relaxation timesa5 was 
evaluated by computer. Several features are of interest in 
this plot. All the theories predict a limiting slope of - I/z, 
which is in agreement with the data presented here, although 
the latter do not extend a great distance into this terminal 
slope region. Such behavior is again at variance with 
previous results1* on entangled polymers, where a limiting 

(33) G. Holden, J .  Appl .  Polym. Sci., 9,2911 (1965). 
(34) S. E. Love11 and J. D. Ferry, “Numerical Evaluation of Normal 

Coordinate Theories for Viscoelastic Properties of Polymers,” supple- 
ment to J .  Phys. Chem., 65,2274 (1961). 

( 3 5 )  F. Rodriguez, “Principles of Polymer Systems,” McGraw-Hill, 
New York, N. Y., 1970, p 168. 
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Figure 9. Plot of reduced characteristic shear rate against loga- 
rithm of Rouse terminal relaxation time for data in Table I. Mag- 
nitude of i .*.~ predicted by two theories shown by dashed lines. 

slope of -0.82 was obtained, with the implication of a dif- 
ferent mechanism for the two sets of nonlinear phenomena. 
Bueche’s theory predicts non-Newtonian viscosities at reduced 
shear rates a factor of 4 or 5 smaller than experimentally ob- 
served. Because the other two theories predict results some- 
what closer to reality, they only will be considered further. 

A comparison of all the samples with the theories is shown 
in Figure 9. Here “ j r ~  is plotted linearly against the loga- 
rithm of the Rouse terminal relaxation time. The reduced 
shear rates for a 15% decrease in viscosity, Le., the quantity 
A ,  for the two theories considered are shown by dashed lines. 
The experimental points generally fall between the two the- 
oretical values, with perhaps some tendency to be nearer the 
Takemura value. Over a range of four decades of char- 
acteristic relaxation time, there is no trend. The results for 
the three solutions using 8 solvent conditions range from 
0.41 to  0.96 again with no trend. The fractionated sample 
3a(F) has a value of ” ~ T R  of 0.61 or about the average of all 
the data. The two melts and the solutions all fall in the same 
range. 

From these observations it appears that either the Take- 
mura or the Pao-Rouse theory may be used to  predict the 
magnitude of the non-Newtonian viscosity of nonentangled 
monodisperse polymer melts or moderately concentrated 
solutions to  within better than a factor of 2. The shape of 
the theoretical flow curves is qualitatively the same as that 
observed experimentally. 

Non-Newtonian Viscosity of Entangled us. Nonentangled 
Systems. As pointed out above, there are two distinguishing 
features in the flow behavior of polymers with and without 
entanglement coupling: (1) the dependence of the char- 
acteristic relaxation time on molecular weight and (2) the 
limiting high shear rate slope in a logarithmic plot of viscosity 
against shear rate. In another respect, the two kinds of 
systems are similar, viz., the region of reduced shear rate 
where non-Newtonian flow commences. 

Based on Bueche’s original theory,Z the Bueche-Harding as 
semiempirical approach has enjoyed a certain amount of 
success in correlating viscosity behavior with molecular 
weight. Bueche’s terminal relaxation time is retained, but a 
simple empirical form for the viscosity-shear rate relation is 
used. This concept has been applied to  a number of polymer 
systems without regard to the presence or absence of entangle- 
ment coupling. A great deal of controversy has gone on 
concerning the proper moment of the molecular weight distri- 

(36) F. Bueche and S.  W. Harding, J .  Polym. Sci., 32,  177 (1958). 
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Figure 10. 
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Logarithmic plot of reduced viscosity plotted against reduced shear rate for the data of Figure 5 with the same molecular 

bution to be used for the M in eq 1 for polydisperse materials. 
With the finding’s of the fractional exponent of M for en- 
tangled systems, the application of the Bueche-Harding ap- 
proach to these polymers is vitiated. Why then, the ap- 
parent success found in the literature? If the data of Figure 
4 are plotted on  reduced coordinates, the answer becomes 
obvious, as shown in Figure 10, where reduced viscosity is 
plotted against reduced shear rate. This procedure super- 
imposes the data for the low molecular weight samples very 
well, as would be expected from the findings above. The 
method fails for the entangled polymers.18 Although the 
non-Newtonian flow occurs in the same region of reduced 
shear rate, the shape of the curve is entirely different. How- 
ever, the very fact that the nonlinear deviation coincidentally 
takes place in the same range of reduced shear rates accounts 
for the success of the Bueche-Harding approach; molecular 
weights for entangled polymers in the usual range (1-5 X lo5) 
may be calculated using eq 1 without too much error. 

Die Swell. The large die swell, particularly for sample 2a, 
indicates a highly elastic material. However, on the basis of 
measurements by Plazek and O’Rourke 37 of the steady-state 
compliance Je0 of monodisperse polystyrenes of similar 
molecular weight, a rather inelastic polymer would be ex- 
pected with concomitant little or no die swell. Professor 
Plazek suggested38 that the explanation might lie in the con- 
tamination of the monodisperse sample with a very small 
amount of high molecular weight polymer. The addition of 
small amounts of high molecular weight material to a polymer 
of much lower molecular weight is well known to greatly 
enhance the latter’s elasticity. 

To  prove that the die swell was indeed due to an anoma- 
lously large elasticity and not to some phenomenon en- 
countered only in a capillary, creep recovery measurements 
were made in a cone and plate geometry. The steady-state 
compliance Jeo decreased monotonically from 5.7 X 10-5 to 
0.95 X lop5 cm2/dyn as the shear stress was increased in- 
crementally from 190 to 1.8 X lo4 dyn/cm2. For an un- 
contaminated sample, the steady-state compliance would be 
independent of shear stress and equal to about 2 X 10-7 
cm2/dyn.28 Thus, sample 2a is 50-300 times as elastic as 

(37) D. J. Plazek and V. M. O’Rourke, J .  Polym. Sci., Purt A - 2 ,  9, 

(38) D. J. Plazek, private communication. 
209 (1971). 

would be expected. The maximum in Figure 5 for this 
sample can now be rationalized. In general, the die swell, 
being a measure of the recoverable shear strain, should 
increase with increasing shear stress or, equivalently in the 
present case, with decreasing residence time. This expecta- 
tion is borne out by the results at long residence times. How- 
ever, at higher shear rates the residence time is too short for 
the polymer molecules to attain the maximum recoverable 
deformation and a smaller die swell is observed. A measure 
of the time required for maximum deformation is given by the 
product of viscosity and steady-state compliance which has 
the significance of an average relaxation time for the system. 
At a shear stress of 2 x lo4 dyn/cm2, 7Je0 is 2.2 sec. Since 
a period of several relaxation times is necessary to complete a 
process, the estimated time for maximum deformation is in 
good agreement with the position of the maximum on the 
residence time axis. The agreement may only be fortuitous, 
however, because the maximum in Figure 5 occurs at shear 
stresses around lo6 dyn/cm2, and it is not possible to measure 
J,O at this stress level nor to estimate it from the data at the 
lower stresses. An upper limit 9 X loF6 used in the calcula- 
tion above can only be placed on it. 

A test t o  determine whether the enhanced elasticity was 
due to a high molecular weight component was performed 
using gel permeation chromatography. On ordinary sensi- 
tivity, only a slight wiggle in the base line at  higher molecular 
weights was seen. Upon increasing the sensitivity by a factor 
of 8, a separate peak was observed at a molecular weight of 
7 X lo6. The concentration based on area under the peak 
was 0.3%;. This finding confirms the origin of the unex- 
pectedly large elasticity and emphasizes the role of very small 
amounts of high molecular weight polymer on the rheological 
behavior of polymer melts and solutions. 

The presence of the large die swell brings into question the 
assumption that end corrections to the shear stress are neg- 
ligible for sample 2a. The end correction is another mani- 
festation of a material’s ela~ticity,~g and if not accounted for 
can cause the viscosity to appear larger than reality. The 
inability to measure the steady-state compliance at the shear 
stresses used with the capillary rheometer obviates the possi- 
bility of calculating the magnitude of the end correction by 

(39) W. Philippoff and F. H. Gaskins, Trans. Soc. Rheol., 2, 263 
( 195 8). 
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ABSTRACT : A mathematical function is proposed for the description of preferential interactions of macromolecules with the 
components of mixed solvents. The function is highly flexible, permitting sufficient scope to encompass many of the forms of 
interaction previously reported experimentally. Based on this model, an analytical procedure is developed for determining 
the molecular weight of a polymer and the nature of its interaction with the solvent by means of sedimentation equilibrium 
studies. Whereas prior applications of the analytical ultracentrifuge to this problem required the assumption of constant 
preferential interactions, this approach is not so constrained but nevertheless can recognize this effect when it occurs. Although 
the method has not yet been studied for heterogeneous systems, it is designed to include this possibility as well, 

n the first paper of this series,2 a n  analytical procedure I was presented which had the ability to determine the mo- 
lecular weights of several independent macromolecular com- 
ponents in simple solvent systems. Such systems are, how- 
ever, of very limited use in the real world and, accordingly, 
it is necessary to establish the potential for a good analytical 
system to be able to operate on realistic solvent systems. The 
complexity of reality arises in several different ways, of which 
one, preferential interactions, will be considered in detail 
in this paper. This phenomenon is a result of the differential 
binding by a macromolecule of the components of a multi- 
component solvent. 

The concept of preferential interactions must be distin- 
guished from the more readily appreciated phenomenon of 
specific binding. The particular type of binding involved is 
not of direct consequence, nor is the actual magnitude of the 
binding. What is of concern is the extent to which the 
composition of the solvent in the immediate environment of 
the macromolecule is different from the bulk solvent. There, 
in fact, may be no specific binding as such, but rather a less 
clear form of intermediate range interaction. Nevertheless, 
the phenomenon is of great significance. 

It has been demonstrated that whenever multicomponent 
solvents are employed in experiments intended to determine 
molecular weights by sedimentation techniques, these inter- 
actions must be allowed f ~ r . ~ ! ~  Several have 
also demonstrated the contribution of this phenomenon to 
light scattering. Thus, it is clear that when determining 
molecular weights this effect is important. It has also been 
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that studies of preferential interactions may be 
significant toward the understanding of the interplay between 
solvent composition and protein structure. 

There are general treatments of the concept of preferential 
interactions, 3, 4,* as well as specific experimental considerations 
of how to estimate their sign and magn i t~de .~$739-~~  For 
several reasons, generally recognized by their initial pro- 
ponents, those methods based primarily on the techniques 
of sedimentation velocity and sedimentation equilibrium are 
only valid for limited systems in which the samples are homo- 
geneous and the preferential interactions do  not depend on 
the concentration of the cosolute. These techniques really 
should not be applied when the system under study might 
not be described within these con~traints . ’~ In this paper a 
procedure is presented which, through the use of a generalized 
computational algorithm, correlates the measured buoyant 
weights, the solution densities, and the solvent composition to  
provide estimates for both the molecular weights of the 
macromolecular components and the preferential interactions 
between these components and the cosolute as a function of 
the cosolute concentration. In  this initial treatment only 
solutions of one macromolecular component in two-com- 
ponent solvents will be considered. 

Theory 
Most of the published considerations of preferential inter- 

actions have been based on the general principles of solution 
thermodynamics. As such, they have been very useful in 
the development of experimental approaches to the measure- 
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constrained. 


