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ABSTRACT: Flow properties such as complex moduli, complex moduli with super-
imposed steady shear and non-Newtonian viscosity were measured on moderately
concentrated solutions of polystyrene in chlorinated diphenyl. The range of molecular
weight M and of concentration ¢ was 5.6 x 105—2.5 x 10¢ and 1—4.5 g/d/, respectively.
The real part G’ and the imaginary part G’/ of the complex modulus of solutions with
various molecular weights and concentrations were superimposed to give single com-
posite curves, respectively, if G’M and G’’M were plotted against wyM, where o is the
angular frequency and 5 is the zero-shear viscocity. Thus the steady shear compliance
Je is proportional to M and is independent of ¢. The values of the real part G’ and
the imaginary part G’/ of the complex moduli with superimposed shear decreased when
the rate of superimposed shear » increased. They decreased more rapidly in the range
of low frequency than in the range of high frequency. The degree of decrease was
larger for the real part than for the imaginary part. This effect of the superimposed
steady shear on the complex moduli, together with the molecular weight and concen-
tration dependence of the complex moduli, were qualitatively interpreted by assuming

molecular aggregates in moderately concentrated polymer solutions.
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(vanishing h.d.i.) or “Zimm-like” (infinite h.
d.i.) bebavior for the purpose of classifying

Recent studies have revealed that dynamic
mechanical properties of polymers at infinite

dilution in @-solvent can be well interpreted by
the theory based on a spring-beads model."?
The hydrodynamic interaction (h. d.i.) between
polymer segments has been found extremely
strong. On the other hand, the dynamic me-
chanical properties of dilute polymer solutions
with finite concentrations seem to be described
by the spring-beads model theories with varying
degrees of hydrodynamic interaction.’”® The
hydrodynamic interaction seems to decrease as
concentration, molecular weight or solvent power
increases. However it seems unnatural to sup-
pose that the nature of hydrodynamic interaction
varies with concentration. This apparent varia-
tion may be due to interaction between polymer
chains.

Frederick et al. employed the term ‘‘Rouse-like”’
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different types of angular frequency dependence
of the complex moduli. In this sense of ter-
minology, the ‘‘Rouse-like”” behavior represents
the dependence illustrated by the heavy lines in
Figure 1. These lines approach the relation
G' = G — wygoc w'/? at high frequencies where
G’ and G’/ are the real and the imaginary parts
of the complex modulus, respectively, o is the
angular frequency and 7, is the viscosity of the
solvent. On the other hand, the ‘‘Zimm-like”
behavior represents the dependence illustrated
with thin lines in Figure 1, which approach the
relation 1.7G’ = G — w7, o< ©*/* at high fre-
quencies. In this paper, we also use these terms
“Rouse-like” and ‘‘Zimm-like’’ for the same
purpose, regardless of the physical appropriate-
ness of classifying the angular frequency de-
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Figure 1. The real part G’ and the imaginary part

G’ —wys of the complex modulus plotted against
the angular frequency o in double logarithmic
scale with arbitrary origin. Solid lines represent
G’ and broken lines G”’—awys. Thick lines are for
Rouse theory and thin lines for Zimm theory.

pendence of the complex modulus in terms of
the hydrodynamic interaction.

In this paper, we will report the results of
experiments designed to discover the origin of
the ‘‘Rouse-like” behavior which becomes evi-
dent in dilute polymer solutions as concentration
increases.

EXPERIMENTAL

Polystyrene samples were the same as used in
a previous study.® They were thermally poly-
merized at 115, 80, 60, and 40°C, respectively,
and were designated as T 115, T80, T60 and
T 40, respectively. Their molecular weights M
were 5.6 x 10°, 1.04 x 10°, 1.95 x 10°, and
2.51 x 10°, respectively as determined from the
intrinsic viscosity in benzene. The solvent,
Aroclor 1248 from Monsanto Chemical Company,
was a mixture of chlorinated diphenyl with
viscosity of 1.25 poise at 30°C. The polymer
solution was prepared by storing weighed
amounts of the polymer and the solvent at 50°C
and stirring occasionally with a spatula. The
complex modulus, the complex modulus with
superimposed steady shear and the steady shear
viscosity were measured with a coaxial cylinder
type rheometer. Details of measurement tech-
nique and apparatus were given in the previous
paper.® All experiments were performed at 30°C.
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RESULTS AND DISCUSSIONS

Dynamic Mechanical Properties

Experimental results for complex moduli are
shown in Figures 2 and 3. In Figure 2, are
given the log-log plots of the real part G’ and
the imaginary part G'’ of complex moduli vs.
the angular frequency o for 39 solutions of
polystyrene of various molecular weights. Ob-
viously, the imaginary part G'’ is almost pro-
portional to @ for solutions of low molecular
weight polystyrenes, T 115 and T 80. For these
solutions, no information is obtained which is
useful for classifying the type of the dependence
of the complex modulus on the angular fre-
quency. However, for the solution of polystyrene
T 60 both the real part G’ and the imaginary
part G’ of the complex modulus are propor-
tional to '? and the relation G’ = G’ holds
good at high frequency so that this solution
behaves ‘‘Rouse-like”” in the sense stated in the
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Figure 2. The real part G’ and the imaginary part
G’’ of the complex modulus obtained for 3%
solutions in Aroclor of polystyrene with various
molecular weights. The molecular weights are
2.51 x 108, 1.95 x 106, 1.04 x 10¢ and 5.6 x 105,
respectively, from top to bottom.
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Figure 3. The real part G’ and the imaginary part
G’ of the complex modulus obtained for solutions
of polystyrene T 40 in Aroclor at various concen-
trations. The concentrations in g/d/ are 4.2, 2.8,
2.1, 1.4 and 1.05, respectively, from top to bottom.

introductory section. The solution of T 40 is
also very nearly ‘‘Rouse-like’’ except for two
features: an inflexion point is observed in the
plot of logG” vs. logw at high frequency
(w0 =10) and G’ > G" when o is larger than
10sec™. These two features are usually observed
in concentrated solutions in which entanglement
coupling is thought to exist. In Figure 3 are
shown log-log plots of G’ and G'’ vs. w obtained
for solutions of T 40 with various concentrations.
The angular frequency dependence of G’ and
G'’ for the 29 solution is “‘Rouse-like’’. But
o is not high enough to classify the behavior
of solutions of lower concentrations.

In order to see the effect of molecular weight
M and concentration ¢ more quantitatively, the
data in Figures 2 and 3 are replotted in a re-
duced scale in which single composite curves
for G’ and G’ are obtained for various combi-
nations of M and c¢. That is to say, G'(M/M,)*
X (co/)? and G"'(M]M,)*(c,/c)” are plotted against
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o) (MIMy)*(c,/c)’ for various M and c to
find two constants « and B which give the best
fit of the data for various combinations of M
and c¢. Here the quantities with the suffix zero
mean the corresponding quantities for the stand-
ard system. We examined only integral and

10° 10" 10° 10
wIM/7gMp (sec™)

Figure 4. The real part G’(M/My) and the imaginary
part G”’(M/Moy) of the reduced complex modulus
plotted against the reduced angular frequency
o(My/Muoy) for the data shown in Figure 2. The
suffix zero indicates that the quantities are those
for the sample T40. Different types of circles
represent different molecular weights of the poly-
mer: O, 2.51 x 106; (P, 1.95 x 106; @, 1.04 x 10s,
and @, 5.6 x 105.
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Figure 5. The real part G’ and the imaginary part
G’ of the complex modulus plotted against the
reduced angular frequency oy/7 for the data shown
in Figure 3, where 7 represents the viscosity of
3% solution. Different types of circles represent
different concentrations: (O, 4.2g/dl; (B, 2.8 g/dl;
©. 2.1g/dl; @, 1.4g/dl and @, 1.05 g/dl.
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half integral numbers for o and 8 because the
data are not precise enough to allow for their
more precise determination. Then it is not
difficult to find the best values of « and § to
be a« = 1 and 8 =0 for the data given in Figures
2 and 3. The reduced plot of the data in Figure
2 with a =1 is shown in Figure 4 and that
of the data in Figure 3 with 8 =0 in Figure 5,
in which the 3% solution of T 40 is selected as
the standard system. It is obvious from Figure
4 that the data for solutions with various mo-
lecular weights and with the same concentration
can be superimposed on a single composite
curve with @« = 1. This result means that the
shape of the relaxation spectrum is the same for
various molecular weights if the concentration
be kept constant. The behavior of the 3%
solutions may well be classified as ‘‘Rouse-like’’.
For solutions of T 40 of various concentrations,
the reduction is not so good. This probably
indicates that the shape of the relaxation spec-
trum varies with varying concentration.

It may be easily seen that the dependence of
the steady shear compliance on M and ¢ is
M*/cf if the reduction is successfully performed
at low frequency. Thus for moderately con-
centrated solutions of polystyrene in chlorinated
diphenyl,

J, oc MY/c° . (1)

As is well known, the steady shear compliance
J, increases with increasing concentration in the
range of very low concentration, takes a maxi-
mum value and decreases in the range of high
concentration.” The relation 1 shows that the
range of concentration of the present study cor-
responds to the maximum of J, and lies between
“‘dilute’’ and ‘‘concentrated’’ regions.

Dynamic moduli with superimposed steady shear

In Figures 6 and 7 are shown the real part
G.' and the imaginary part G.”’ of the complex
modulus with superimposed steady shear obtained
for 29 and 39 solutions, respectively, of poly-
styrene T40 in chlorinated diphenyl. For the sake
of clarity of figures, the experimental points are
shown only for the case of 2% solution with
the superimposed shear rate £ = 1.2sec”’. For
the remaining cases, smoothed curves of log G,/
and log G,”’ are indicated as functions of log .
The effect of the superimposed steady shear is
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Figure 6. The real part G,/ and the imaginary
part G,”” of the complex modulus with superim-
posed steady shear obtained for 29 solution of
polystyrene T 40 in Aroclor. The rate « of super-
imposed steady shear in sec~! is 0, 0.49, 1.2, and
3.8, respectively, from left to right. Measured
values are shown with circles only for xr = 1.2.
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Figure 7. The real part G,/ and the imaginary
part G’ of the complex modulus with superim-
posed steady shear obtained for 3% solution of
polystyrene T 40 in Aroclor. The rate « of super-
imposed steady shear in sec-! is 0, 0.51, 1.5, and
4.5, respectively, from left to right.

to diminish magnitudes of both the real part
and the imaginary part of the complex modulus
in the whole range of w. The degree of the
effect of the superimposed shear is different for
the real part and for the imaginary part and
for different ranges of the angular frequency as
follows:

(i) The effect of the superimposed shear is
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larger for the real part of the complex modulus
than for the imaginary part.

(ii) The effect of the superimposed shear is
larger in the range of lower angular frequency.
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Figure 8. The real part G,/ and the imaginary
part G/’ of the complex modulus with superim-
posed steady shear plotted against the reduced
angular frequency wz./y. Solid lines represent G’
and the broken lines G,””. Thin lines correspond
to x =0 and thick lines to the finite value of the
rate of superimposed steady shear. (a) The result
for 295 solution of polystyrene T40 and r=1.5
sec™! for thick lines, (b) the result for 39 solution
of polystyrene T 40 and « = 1.2 sec~ for thick lines.

Thus in the range of the highest frequency the
imaginary part is practically independent of the
superimposed shear. The inflection point ob-
served on the curve of logG'' vs. logw in
Figure 7 becomes indistinct and disappears as
the rate of the superimposed steady shear is
increased. Moreover, in Figure 7, G’ is larger
than G’/ at high frequency. This is to be com-
pared with the fact that G, is smaller than G,”’
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even at high frequency if « is sufficiently high
(see also Figure 8). Thus the trace in 3% solu-
tion of T40 of the feature of concentrated
polymer solutions disappears with the superposi-
tion of the steady shear. At first sight the effect
of the increase in the rate of shear is similar to
the effect of decrease in the molecular weight
but precise observation reveals that this is not
the case.

In order to see the effect of the superimposed
shear on the shape of the curves, some of the
data in Figures 6 and 7 are replotted in Figures
8a and 8b, respectively: log G,’ and log G,' are
plotted against log(w./7), selected values of &
being 0 and 1.5sec™ in Figure 8a and 0 and
1.2 in Figure 8b. Here 7 is the zero-shear
viscosity and 7, is the steady shear viscosity at
the rate » of the superimposed shear. It may
be seen that the curves for » = 1.5 in Figure 8a
or for r = 1.2 in Figure 8b cannot be superposed
on the curves for r =0 by any parallel shift.
Thus the shape of the curves changes with
increasing rate of the superimposed shear. Ap-
parently the superimposed shear changes ‘‘Rouse-
like’’ curves into ‘‘Zimm-like’’ curves. It is also
to be noted that this change takes place at such

a low rate of shear as x = 1sec™ .

Steady Shear Viscosity

Steady shear viscosities 7, at various rates ot
shear « are plotted against the molecular weight
M in Figure 9 and against the concentration c
g/dl in Figure 10. The zero-shear viscosity is
proportional to about 1.8-th power of M. Ata

Ny
f o
K2 /4 -
= g/c"o’o
920 %;‘)/e_o—v—
o—©
©
15 f/’/’
6.0 65
logM

Figure 9. The viscosity at fixed rate of shear 7.
for 3% solution of polystyrene in Aroclor plotted
against the molecular weight of the polymer. The
rate of shear r(sec!) is 0, 0.3, 1, 3, 10, 30, and
100, respectively, from top to bottom.
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Figure 10. The viscosity at fixed rate of shear 7
for solutions of polystyrene T 40 in Aroclor plotted
against the concentration. The rate of shear
x(sec™) is 0, 1, 10, 30, and 100, respectively, from
top to bottom.

fixed value of , the viscosity 7, remains pracit-
cally unchanged from 7 until the molecular
weight reaches a certain value. The non-New-
tonian effect appears abruptly above this value of
molecular weight. In the non-Newtonian region,
it is remarkable that the viscosity 7, is propor-
tional to a very low power of M, e.g., 0.5-th
power at M, 2 x 10° and &, 1 sec”’, and becomes
even independent of M at sufficiently high values
of M and £. Such a tendency has been found in
many concentrated and bulk polymer system,® !
but in the range of higher values of k. As for
the dependence on concentration, the zero-shear
viscosity is not proportional to a constant power
of ¢ but varies as ¢*—c® dependent on the range
of concentration. As the rate of shear is in-
creased, the curve of log 7, vs. log ¢ approaches
a straight line, and the slope of the line ap-
proaches unity. Thus the viscosity at a fixed
rate of shear seems to satisfy the relation
neoc M°™%% ¢ when « is high and M is not very
low.

Some speculations on the results

The variation of the shape of curves with
increasing concentration in Figure 3 may be ex-
plained by assuming that the longest time end
of the distribution function of relaxation times
becomes of box-type in high concentration
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regions. Appearance of the inflection point in
G"" supports this conjecture.”* With this as-
sumption the variation of the shape of curves
with increasing rate of shear in Figure 6 or 7
suggests the disappearance of the box-type
spectrum with increasing rate of shear. The
remarkable decrease in viscosity with increasing
rate of shear in Figure 9 is also attributed to
disappearance of the boxtype spectrum. This
interpretation is on the same line as that pre-
viously given for concentrated polystyrene solu-
tions.® However, it may be interesting here to
give another line of interpretation.

Theories in dilute polymer solutions predict
that Je[7/(y — s)]° is inversely proportional to
the number of polymer molecules in unit volume
of the solution, that is

7} 2
Je (— ) o Mjc
7 — 7

In the solutions treated here, we can always put
7 » 7 and so rewrite Eq. 1 in the form that

7] 2
Je< ) e M¥c
/E/

M* oc cM

(2)

(3)

with

(4)
This is equal to assuming that in moderately
concentrated polymer solutions each molecule is
elastically coupled with other molecules through
the so-called ‘‘entanglements’ and it behaves
like an aggregated quasi-particle in flow whose
“molecular weight”> is M*. Then, it may be
natural to assume that the effective molecular
weight M* is proportional to both the real
molecular weight M and the concentration of
partners c¢. In this interpretation, the shape of
the reduced curves of G’ and G’' shown in
Figures 4 and 5 suggests that the aggregates are
nearly ‘‘Rouse-like’” particles in contrast with
original molecules which are generally ‘‘Zimm-
like” particles. As the steady shear is super-
imposed and its rate is increased, the aggregates
may decompose towards the original molecules
as a result of breaking of entanglements. The
dynamic mechanical property thus changes from
the ‘‘Rouse-like” to ‘‘Zimme-like’” behavior with
increasing rate of shear as observed. This inter-
pretation is of course only a conjecture unless
its theoretical basis is given.
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