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ABSTRACT: The storage (G) and loss (G’’) shear moduli of solutions of four polystyrenes with narrow-distribution weight-
average molecular weights (M) from 19,800 to 860,000 have been measured over a frequency range from 0.02 to 634 Hz. The
solvents were two Aroclors (chlorinated diphenyls) with a viscosity range from 2 to 7000 P over a temperature range from
—51t0 25°. The Birnboim transducer, with several modifications including a computerized data acquisition and processing
system and provision for Segel-Pochettino geometry, made possible the extrapolation of data to infinite dilution and also
measurements at sufficiently high solvent viscosities and frequencies so that the dynamic viscosity approached a limiting value.
For M = 860,000, the zero-concentration limits of G'/c and (G’’ — wn:)/c in Aroclor 1248 (where w is radian frequency, 1,
solvent viscosity, and ¢ concentration in grams per cubic centimeter) were determined as a function of frequency. The results
fit the Peterlin modification of the bead-spring theory which takes into account internal viscosity and a finite number of sub-
molecules; P/N (monomer units per submolecule) was 11.6, ¢/f (ratio of internal to external friction) was 1.5, and #* (reduced
hydrodynamic interaction parameter) was 0.30. One solution of each of the four molecular weights, with concentration chosen
to give a relative viscosity between 5 and 8, was studied over a wide enough range of frequencies and temperatures to encom-
pass the transition of dynamic viscosity n’ from its steady-flow value 7 to its high-frequency limiting value n,’. The limiting
inherent viscosity (1.’ — 7s)/nsc was about 20 cm3/g with apparently little dependence on concentration and molecular weight
in this range. The shapes of the frequency dependence could be described very well by the Peterlin theory quoted with about
the same value of P/N, ¢/f from 1.5 to 2.5, and 4* decreasing from 0.3 to 0.1 with increasing molecular weight; these parame-
ters agreed very well with those obtained by Thurston and Schrag from dynamic birefringence data. At these finite concentra-
tions, the fit with the Peterlin theory requires that the molecular weight be treated as an adjustable parameter, but it turns out
not far from the correct value except for the sample with lowest molecular weight. The success of temperature superposition
shows that ¢/fis independent of temperature and therefore of solvent viscosity over wide ranges; it is also nearly the same in
two different solvents with a 30-fold viscosity difference. Thus the ““internal viscosity” is proportional to solvent viscosity.
The limiting high-frequency value of the storage modulus is proportional to volume fraction of polymer without regard to
molecular weight, and their ratio is about 4.6 X 10% dyn/cm2, The steady-state compliances calculated from the limiting be-
havior at low frequencies, where internal viscosity plays no role, are intermediate between the predictions of the Rouse and
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Zimm theories except for M = 19,800, whose steady-state compliance is abnormally low.

Extensive studies of dynamic viscoelastic properties of
polystyrenes and other polymers, dissolved in high-
viscosity solvents at quite low concentrations, have been re-
ported previously from this laboratory.’=% Although in con-
junction with molecular theory they have provided consider-
able insight into the origin of viscoelasticity, they have had
two significant limitations. First, it has not been possible to
make precise measurements at concentrations low enough to
extrapolate to infinite dilution, for quantitative comparisons
with molecular theory in which intermolecular interactions
are not taken into account. Second, within the frequency
range of the original Birnboim transducer® (0.01-400 Hz) and
the range of then usable solvent viscosities, behavior reflecting
motions of short macromolecular segments could not be ex-
plored; the frequency dependence of the storage and loss shear
moduli corresponded to the predictions of the bead-spring
theories of viscoelasticity in which internal molecular struc-
ture is ignored and dissipation of energy occurs only through
frictional resistance of the solvent regarded as a continuum.
Deviations from such behavior must occur at sufficiently high
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frequencies and/or high solvent viscosities;”~1 they have been
rather loosely referred to as effects of incomplete flexibility,
internal stiffness, or internal viscosity.

Extrapolation of viscoelastic data to infinite dilution has
been achieved for low-viscosity solvents by Tanaka and Sak-
anishi!! with torsional piezoelectric crystal resonators, and
very recently in this laboratory!? with a multiple-lumped
resonator!® driven electromagnetically. However, these
cannot be used for high-viscosity solvents; the upper limit for
solution viscosity for the latter instrument is 2 P. Effects of
incomplete flexibility can be seen in measurements at extremely
high frequencies,™ ° but data are sparse because of the limited
number of frequencies available when piezoelectric resonators
are used.

Recent modifications!# 1% of the original Birnboim trans-
ducer apparatus,’ in particular the use of a computerized data
acquisition and processing system with a cross-correlation
calculation of phase differences and amplitudes in sinusoidal

(7) J. Lamb and A. J. Matheson, Proc. Roy. Soc., Ser. 4, 281, 207
(1964).

(8) J.D. Ferry, L. A, Holmes, J. Lamb, and A. J. Matheson, J. Phys.
Chem., 70, 1685 (1966).

(9) W, Philippoff, Trans. Soc. Rheol., 8, 117 (19§4).

(10) R. S. Moore, H. J. McSkimin, C. Gienewski, and P. Andreatch,
Ir., J. Chem. Phys., 47, 3 (1967); 50, 5088 (1969). o

(11) H. Tanaka, A. Sakanishi, M. Kaneko, and J. Furuichi, J. Polym.
Sci., Part C, No. 15, 317 (1966). .

(12) R. M. Johnson, J. L. Schrag, and J. D. Ferry, Polym: J., in press.

(13) 1. L. Schrag and R. M. Johnson, Rev. Sci. Instrung, in press,

(14) D. J. Massa, Ph.D. Thesis, University of_ Wisconsin, 1.970..

(15) D. J, Massa and J. L. Schrag, to be submitted for publication.



Vol. 4, No, 2, March-April 1971

deformations with greatly improved precision, have made it
possible to extrapolate data in high-viscosity solvents to in-
finite dilution and also to observe high-frequency behavior
(i.e., manifestation of incomplete flexibility) at audiofre-
quencies by use of solvent viscosities as high as 7000 P. Ex-
amples of such measurements are presented here.

Experimental Section

Materials. The polystyrenes with narrow molecular weight dis-
tribution, 2a, S-102, S-108, and 6a, have been described pre-
viously;? ¢ their weight-average molecular weights were 19,800,
82,000, 267,000, and 860,000 respectively, They were dried at 60°
in vacuo overnight before use. The solvents, Aroclors 1248 and
1254, have also been described elsewhere; 24 data on their densities
and viscosities at various temperatures are available.!* Solutions
were made up by weight, with moderate heating (65°) and very
gentle stirring. Solution densities and concentrations in grams
per cubic centimeter were calculated assuming additivity of volumes.

Method. The modified Birnboim transducer, equipped with data
acquisition and processing system, was used for measurements over
a frequency range from 0.02 to 633.6 Hz. The most important
modifications, aside from the computerization with its greatly im-
proved precision, were the adoption of open-ended (Segel-Pochet-
tino) geometry instead of annular pumping geometry for solutions
of very high viscosity and the reduction of the volume below the
oscillating rod when annular pumping geometry was used. 1415
Open-ended geometry was used for all solutions with viscosities
greater than 500 P; otherwise, annular pumping geometry with
either medium or wide annular gaps depending on the viscosity.
Measurements were made at selected frequencies equally spaced
on a logarithmic scale, five to a decade, and calculated as the storage
and loss shear moduli, G’ and G’’, in dynes per square centimeter.

Results

Data for Extrapolation to Infinite Dilution. The sample with
molecular weight 860,000 was measured in Aroclor 1248 at
15.01° at concentrations (c¢) of 0.002, 0.004, 0.006, and 0.008
g/cm?, and at each of 19 frequencies the ratios G'/cand (G’ —
wn,)/c were plotted against ¢ to extrapolate to zero c, giving
the intercepts [G’] and [G’’], respectively—the intrinsic storage
and loss shear moduli. Here 7, is the solvent viscosity, mea-
sured in the instrument under identical conditions (or with a
small temperature correction if temperatures did not match
exactly); high accuracy is essential since the difference G'’ —
wns becomes small at low ¢. Examples of extrapolation at
selected frequencies are shown in Figure 1. Both components
extrapolate linearly over this range, though at somewhat
higher concentrations G’ is expected!? to show more curva-
ture than G’' — wy,. Since the slopes cannot be determined
as accurately as with the multiple-lumped resonator,’®* no
attempt has been made to analyze their interrelations. 1%

The extrapolated values {G'] and [G''] are plotted logarith-
mically against frequency in Figure 2. The frequency depen-
dence is intermediate between the predictions of the Zimm?1¢
and Rouse!” theories; its description by a modified molecular
theory is discussed below.

Data Revealing High-Frequency Effects. To obtain data
corresponding to motions of short macromolecular segments,
one solution each of the three lower molecular weights was
made in Aroclor 1254 and one of the highest molecular
weight in Aroclor 1248, at concentrations ranging from 0.015
to 0.076 g/cm3, chosen so that each solution had a relative
(zero frequency) viscosity in the range from 5 to 8; the pro-
duct c[nl, where [4] is intrinsic viscosity, ranged from 1.2 to
2.8, giving a gauge of the degree of molecular overlapping.

(16) B. H. Zimm, J. Chem. Phys., 24, 269 (1956).
(17) P. E. Rouse, Jr,, ibid., 21, 1272 (1953),
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Polystyrene M=8600, 150°C., in Aroclor 1248
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Figure 1. Extrapolati of G’/c and (G"" — wni)fc to infinite dilu-
tion, for M = 860,0(in Aroclor 1248 at 15.0°, at three selected
frequencies as indicat Note that each line has a different ordinate
scale.

The concentrationee given in Table I together with other
derived data whicwill be discussed below. Each solution
was measured at ° and at two other lower temperatures
at least (one at ths), and the data were reduced to 25.0° by
the method of reded variables. For the two lower molecular
weights, the shiftctor ar was calculated from the tempera-
ture dependence @ — 7,32 for the others, it was determined
from empirical sits on the logarithmic frequency scale. At
lowest temperatus, because of the enormous temperature
dependence of Aclor viscosities, the solution viscosities were
very high (up t30,000 P) and of course open-ended geom-
etry was used.

Logarithmic pts of G’ and G’" — wn. against frequency
are shown in Fures 3-6. The high precision of the data is
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Figure 2. «trapolated [G'] and [G''] from Figure 1 and data at
other frequicies, plotted logarithmically against radian frequency.
Curves dran from the Peterlin theory with P/N = 11.6, ¢/f = 1.5,
and A* = 0.

(18) 1. I Ferry, “Viscoelastic Properties of Polymers,” 2nd ed,
Wiley, NewYork, N. Y., 1970.
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TABLE 1

PARAMETERS AT Low AND HIGH FREQUCIES REDUCED TO 25.0°
Sample 2a S-10.  S-108 6a
M, X 10°® 19.8 82 267 860
¢, g/lem3 0.0757 0.05% 0.0274 0.0152
cnl 1.2 1.9 2.1 2.8
7, P 358 455 4402 19.8
Nss P 70 70 70 2,57
Ne's P ~200 146 102 3.28
(1" — n)ec ~24 21 17 18
Log J.° —5.96 —4.87 —4.15 -3.19
S’'/S? 0.16 0.29 0.26 0.37
N 18 68 122 716
P/IN 10.6 11.6 11.6 11.6
olf 2.5 1.5 1.55 2.0
o/f, birefringence? 2.0 2.0 2.0¢ 2.0¢
h* 0.40 0.30 0.20 0.09
h*, birefringence? 0.3 0.3 0.2 0.14
Log M../M —0.36 0.03  0.09 0.18
Log 71, sec —-3.15 —1.90 1.13 —1.54
Log G’ 5.52 5.32 5.05 4.74
Log (Gx'/v) 6.66 6.63 1,63 6.58

o Estimated from data of ref 3. ¢ G. B. Thurin and J. L. Schrag,
J. Polym. Sci., Part A4-2, 6, 1331 (1968). ¢ M = 239,000.
4 For M = 968,000.

apparent, and the superposition of data fra different tem-
peratures is excellent. For the highest olecular weight
(Figure 3), the frequency dependence reve: the customary
slopes of 2 and 1 for G’ and G’’, respective in the terminal
(low frequency) zone, followed at higher fjuencies by the
“power-law” region in which both have a spe of approxi-
mately two-thirds (as specified by the Zimm eory). At still
higher frequencies, G’/ reverts to a slope of o (i.e., constant
dynamic viscosity ' = G’//w) and G’ apars to be ap-
proaching a limiting value. (Measurementsf G’/ can be
carried to frequencies about a decade higher tn those of G’,
because the latter are affected by an inertial 'm which cuts
precision at high frequencies.¢) Thisis the bevior seen ear-
lier in very high-frequency measurements in scents of lower
viscosity;*1? the present data afford a more dailed descrip-
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Figure 3. G’ and G'’ — wy, plotted logarithmically gainst fre-

quency reduced to 25°, from data at three different temgratures as
indicated, for M = 860,000, ¢ = 0.015 g/cm?. Subscrij p denotes
multiplication by Topo/Tp where p’s are solution densitit and sub-
script O refers to 298°K. Curves drawn from Peterlin teory with
parameters listed in Table I.
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POLYSTYRENE S-108 IN
6L AROCLOR 1254, 25.0° C.
M = 267,000, c¢=0.0274q./cc.
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Figure4. G’and G'' — wy, for M = 267,000, reduced and plotted
as in Figure 3, from data at three different temperatures as indicated.

tion because of the continuous frequency range available.
The high-frequency regime would be called the glassy zone in
an undiluted polymer; here, it might be termed a zone of con-
figurational immobility. At lower molecular weights, the
pattern is similar, but with diminishing molecular weight the
power-law region shrinks and for M = 19,800 it is essen-
tially absent; the terminal zone is adjacent to the immobility
zone and G’’ undergoes only a slight inflection between two
segments of unit slope. A related feature is that G'’ — wns is
everywhere much larger than G’; their ratio is never less than
4, as contrasted with the values of 1.73 and 1.0 predicted in the
power-law region for Zimm and Rouse behavior, respectively.

Whereas a limiting high-frequency value G’ cannot be
measured directly, it can be derived in principle from the mea-
surements of n’ (or G’’) by an integration analogous to the
Kronig-Kramers relations!® as follows
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Figure 5. G’ and G'' — wn, for M = 82,000, reduced and plotted

as in Figure 3, from data at three different temperatures as indicated.

(19) We are indebted to Dr. K. Osaki for verifying this equation.
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Figure 6, G'and G'’ — wn, for M = 19,800, reduced and plotted
as in Figure 3, from data at four different temperatures as indicated.
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where 7.’ is the limiting value of »” at high frequencies (see
below). In practice, very high precision is required for 4’ in
the vicinity of 5.’ to evaluate the integral. For M =
860,000, planimetric integration of the appropriate graph pro-
vided log G..” = 4.66 = 0.10. For the other samples, the
7’ data were not sufficiently precise.

In Figure 7, n° — 7, is plotted against log w for all four solu-
tions. In each case, a finite limiting high-frequency value is
approached, rather well defined except for the lowest molecular
weight; otherwise, of course, G’/ — wy, would go through a
maximum and vanish at high frequencies in Figures 3-6.
Values of 5.’ are included in Table I and are substantially
higher than #,. This behavior contrasts sharply, of course,
with the predictions of the Rouse—~Zimm theories in which the
assumption of complete flexibility leads to 7..” = 7..

Discussion

Limiting Low-Frequency Behavior. Besides the steady-flow
viscosity %, the important parameter characterizing linear
viscoelastic behavior at low frequencies is the steady-state
compliance

J.b = Iirr}) [G'/(wn)?]

Values calculated from the data of Figures 3-6 are included in
Table I. They agree quite well with values previously re-
ported for these samples in earlier studies®* which focused
attention on low-frequency behavior only—except for M =
19,800, whose J.° is somewhat higher than cited before.4 The
earlier values for this low molecular weight are in error be-
cause of slight yielding of the apparatus, before its reconstruc-
tion, when annular pumping geometry was used with very
high-impedance solutions. !+

A related parameter is the dimensionless ratio we have de-
noted by §’/52 (others?°:2! call it J.r), which is

(20) N. W. Tschoegl, J. Chem. Phys., 44, 2331 (1966).
(21) H. Janeschitz-Kriegl, Advan. Polym. Sci., 6, 170 (1969).
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Figure 7. Reduced contribution of polymer to dynamic viscosity,
(n' — ns)plar, plotted against log war, for the solutions of Figures
3-6.
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w—0
This number is 0.206 for the Zimm theory and 0.400 for
Rouse; the values for our solutions (Table I) are intermediate,
as previously observed,? ¢ except that for M = 19,800, which is
abnormally low. This abnormal behavior is less marked
(0.16) than previously reported¢ for a similar solution (0.07),
the latter being subject to error as explained above, but itis a
distinct deviation from the bead-spring theories. In the
framework of the Peterlin theory,2?=%4 it is primarily asso-
ciated with the low value of N (see below).

Limiting High-Frequency Behavior. The dependence of
7.’ on ¢ and M cannot be examined here because both vari-
ables changed in the present series; it will be discussed in a
later communication.?® However, it has been noted that the
concentration dependence of the ratio (G'' — wns)/c, and
hence of (3’ — 7s)/c, diminishes progressively with increasing
frequency,? and (5.’ — 7s)/c appears to be independent of ¢
up to substantial concentrations. In fact, the high-frequency
inherent viscosity, (n.” — 7s)/ns¢, is quite similar for all four
solutions despite the wide molecular weight range, being about
20 cm3/g (Table I). It may be tentatively concluded that
(1.’ — ms)/nsc varies little with either concentration or mo-
lecular weight.

Application of the Peterlin Theory with Finite Number of
Submolecules. The existence of a nonzero 7.’ — 7. can be
deduced from a modification of the bead-spring theories
which assumes an additional energy dissipation from the
motion of one bead relative to another as well as from the
motions of beads relative to the solvent.?? This extra dis-
sipation is referred to as a manifestation of “internal vis-
cosity.” As developed by Peterlin?® 24 for intermediate de-
grees of hydrodynamic interaction and a finite number of sub-
molecules per macromolecule, the shape of the frequency de-
pendence of both dynamic mechanical properties and dy-

(22) A. Peterlin, J, Polym. Sci., Part A-2, 5, 179 (1967).

(23) A. Peterlin and C. Reinhold, Trans. Soc. Rheol., 11, 15 (1967).
(24) G. B. Thurston and A. Peterlin, J. Chem. Phys., 46, 4881 (1967).
(25) K. Osaki, J. L. Schrag, and J. D. Ferry, in preparation.
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namic birefringence can be described with three parameters:
N, the number of submolecules per molecule; ¢/f, a ratio
which gauges the relative magnitudes of frictional forces from
internal deformations of the macromolecule and the motions
of beads (submolecules) relative to the solvent; and 4*, a mea-
sure of the strength of the hydrodynamic interaction between
beads. Despite some arbitrary features of this treatment, it
has described with remarkable success intrinsic viscosity and
dynamic birefringence data for solutions of polystyrenes in
Aroclor over a very wide range of molecular weights. 26

In applying the Peterlin theory to the data of Figures 3-6,
the values of N were taken from the analysis of dynamic bire-
fringence data by Thurston and Schrag?® which included two
of the same polystyrene samples and two closely similar to
the others, since the fit of birefringence to theory is primarily
sensitive to N. In the latter analysis, N was found to be close
to directly proportional to the degree of polymerization P with
a ratio P/N of about 11. Curves for G’ and G'' — wy, were
then calculated by computer (Varian 620i) for various values
of ¢/f and A* and the best ones selected for fit as drawn in
Figures 3-6. (In this calculation, the eigenvalues of Pyun
and Fixman were used; details are presented elsewhere.!4)
The agreement with experiment is clearly extremely good, and
the values of the parameters listed in Table I are quite close to
those derived from the birefringence measurements.

Strictly speaking, application of the theory here to data at
finite concentration (as in its application to dynamic bire-
fringence?®) is not quite appropriate since intermolecular inter-
actions are ignored in the theory. In fact, the agreement cited
is concerned with the shape of the frequency dependence only,
while one more adjustable parameter is needed to specify the
positions of the curves on the logarithmic axes. This amounts
to treating the molecular weight as an adjustable parameter,
M,.; it is specified by the position of the cross on each plot,
which corresponds to ¢cRT/M on the ordinate scale. Values
of log M../M are included in Table I; evidently, M., is a little
larger than the true molecular weight except for the sample
with M = 19,800, for which the concentration is the highest.
The position of the cross on the abscissa scale is —log r;, where
71 is the terminal relaxation time; these values are also given
in the table. (When M, is chosen, 7, is determined through
the measured viscosity 7.)

The data for Figure 2, at infinite dilution, can also be fit to
the Peterlin theory; although they do not extend to high
enough frequencies to reach limiting values, the characteristic
changes in curvature which herald this event are evident.
The curves drawn correspond to the same value for P/N as in
the finite-concentration plot for this molecular weight (Figure

(26) See Table I, footnote b,
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3) with ¢/f = 1.5 and A* = 0.3. In Figure 2, the fit with
theory is absolute, since the data have been extrapolated to in-
finite dilution; the curves are drawn for the true molecular
weight. It may be noted that the experimental values of G’
at the lowest frequencies are a little high, but this is to be ex-
pected from some degree of molecular weight distribution.

When regarded in the framework of the Peterlin theory, a
remarkable feature of the data in Figures 3-6 is the fact that
measurements at different temperatures superpose with the
identical shape of frequency dependence, even at high fre-
quencies where the internal viscosity has a dominant effect,
despite the enormous temperature dependence of solvent vis-
cosity. In other words, the ratio ¢/f appears to be indepen-
dent of solvent viscosity. Moreover, it is about the same for
sample 6a as for the others despite a 30-fold difference in sol-
vent viscosity. In the usual concept of internal viscosity, the
coefficient ¢ is supposed to be a property of the macromole-
cule and is not expected to depend on the solvent, whereas the
friction coefficient f is of course proportional to solvent vis-
cosity and changes with temperature accordingly. It must
be concluded that ¢ also is proportional to solvent viscosity.

The molecular origin of this internal viscosity has remained
obscure, though the concept goes back 25 years to the as-
sumption of Kuhn?? that a force is required to move the ends
of a random coil relative to each other, proportional to their
relative velocity. In view of the preceding paragraph, the sol-
vent must play a crucial role; the effect cannot be understood
in terms of an isolated macromolecule. Perhaps the extra
energy is dissipated by deformation of a sheath of solvent
molecules in the immediate vicinity of the macromolecule, as
distinguished from the energy dissipated in long-range con-
figurational motions in which the solvent plays the role of a
structureless continuum as postulated in the bead-spring
models.

The limiting high-frequency values of G’ obtained by the
Peterlin theory fit are of interest in representing a limiting
elasticity in the configuration—immobile zone; they are in-
cluded in Table I. For M = 860,000, the value agrees quite
well with that calculated from eq 1. Also listed are the
logarithms of the ratio G.’/v,, where v, is volume fraction
of polymer. It is essentially constant, corresponding to a
modulus of 4.6 X 10% dyn/cm?, but the significance of this
figure is not clear at present.

Acknowledgments. This work was supported in part by
grants from the National Institutes of Health and the National
Science Foundation. A National Science Foundation Pre-
doctoral Fellowship is gratefully acknowledged by D. J. M.

(27) W. Kuhn and H. Kuhn, Helv. Chim, Acta, 28, 1533 (1945); 29,
71, 609, 830 (1946).



