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ABSTRACT: Control of the shear history of some thermoplastics allows for modification of processing
properties without changes in molecular weight distribution. Similar effects can be achieved by recovering
polymers from solution under controlled conditions. In this study narrow molecular weight distribution
polystyrenes were precipitated from chloroform solutions and dried. Residual solvent was present only in
trace quantities, and there was no change in molecular weight distribution for any sample. Large variations
were observed in the,mean molecular weight between entanglements and in the zero-shear viscosity. The
steady-state compliance was not affected by sample history. Trends predicted by reptation scaling laws were
indeed observed, but the data for all the samples did not fit a unique curve. The data could be resolved into
a single plot by using a modification of the theory of Kavassalis and Noolandi. It is concluded that the prior
treatment of the polymer altered the entanglement spacing as well as the nature of the entanglements. This
appears to be the first test of modern reptation theories in which both the molecular weights and entanglement

spacings of the polymers could be varied.

Introduction

Experiments in which the polymer molecular weight
was varied (by choice of sample) and in which the mean
entanglement spacings of the samples could also be varied
would provide a unique test of current reptation model
theories, which predict the dependence of zero-shear
viscosity on entanglement spacing and molecular weight.
We report the results of such experiments here.

The average molecular weight between chain entangle-
ments, M,, has been estimated for a number of species of
narrow dispersity polymer melts.! The quantity is often
calculated by use of eq 1,'3 where Gy is the plateau
modulus, p is the density of the material at temperature
T, and R is the ideal gas constant:

M, = pRT/Gy (1)

The plateau modulus here is the value of shear modulus
associated with the rubbery plateauregion of the modulus-
time spectrum, where the decay of the modulus is
temporarily inhibited by the entanglement network of the
sample. It is observed in stress relaxation experiments
when the time scale of the experiment is short enough and
when the polymer molecular weight is high enough to allow
formation of an entanglement network.

Viscosity data, as a function of molecular weight, are
another manifestation of an entanglement network, for
narrow fractions of various polymers. These data show a
change in slope of the bilogarithmic viscosity-molecular
weight curve, from approximately 1 to 3.4, at some
characteristic molecular weight, M. M_is approximately
related to M, by a factor of 2.1-3 For narrow fractions, the
physical manifestations of an entanglement network do
not appear at molecular weights less than this value.

The most probable condition of a macromolecule will
be that in which it is entangled with its neighbors.*
Conditions that allow diffusion of polymer segments for
a sufficient period of time will ultimately result in the
attainment of the most probable state. One could refer
to this condition as the “equilibrium” entanglement state.
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This is the regime in which most of the measurements on
narrow fractions have apparently been carried out.
Studies!3 of undiluted polymer fractions of various
species show that, for sufficiently high molecular weights,
the plateau modulus is a species-dependent property that
is independent of polymer chain length. Although the
entanglement spacing, of polymers with sufficiently large
molecular weights, may be only species-dependent in the
equilibrium entanglement condition, there is a substantial
body of literature that indicates that this is not the case
for samples that have not been allowed to equilibrate.
Phenomenological studies*1® of melt elasticity and vis-
cosity imply that the entanglement spacing, and therefore
the plateau modulus, is also history dependent. Large
variations in elasticity and / or viscosity are observed when
samples are sheared or annealed or when they are
precipitated out of dilute or concentrated solutions.
This result is of particular significance when character-
izing commercial polymers because these materials will
seldom be found in the “equilibrium” condition as a result
of their various methods of production and processing. In
this case, the properties of a polymer could conceivably
be altered whenever a polymer is mechanically processed.
Shearing the polymer to reduce elasticity and viscosity
has been used to their advantage by industrial processors
of thermoplastics to enhance the processability of polymer
melts. Use of mechanical shearing to accomplish these
ends has become known as “shear modification” or “shear
refining”. Examples of commercial applications of the
technique include the reduction of haze in polyethylene
films, improvements in high-speed processing, increases
in the processing rates at which the onset of processing
defects occur, and alleviation of weld line problems.*
Solution modification, i.e., precipitation of the polymer
out of dilute or concentrated solutions, is a convenient
way to study the effects of sample history in the laboratory.
It is the technique employed in this study and has
previously been observed*12-15 to induce phenomenological
changes that parailel those in shear modification processes.
The present work focuses on property changes that result
from solution modification of polystyrenes. It is likely
that property changes that result from the abrupt pre-
cipitation of polymers out of solutions of various concen-
trations result from the “trapping” of the macromolecules
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of these samples in a nonequilibrium entanglement
condition. Measurements of the entanglement spacings
of such samples, along with the corresponding physical
properties, should lead to an understanding of how these
properties are affected by changes in the average entan-
glement spacing.

Physical properties measured in this work, besides the
plateau modulus, include the glass transition temperature
of the polymer, the zero-shear viscosity, and the steady-
state compliance. These properties have been extensively
studied! for polystyrenes in the equilibrium entanglement
condition.

Specifically, the glass transition temperature of poly-
styrene becomes independent of molecular weight above
a molecular weight of approximately 50 000 for narrow
distribution polystyrenes. The limiting value of the glass
transition temperature for polystyrene, after correcting
for heating rate, has been reported to be 100 °C by several
investigators.! Previous studies of solution modification
of polystyrene have demonstrated that the glass transition
temperature of this polymer is influenced, however, by its
previous solution history.!213

Above the critical molecular weight, M., the zero-shear
viscosity for well-annealed polystyrenes, at equal friction
coefficient, is proportional to the 3.4 power of molecular
weight. Someinvestigators!6-2 have extended this relation
to broad molecular weight distribution samples by cor-
relating the viscosity with the weight-average molecular
weight, M,. The initial choice of this average was
somewhat arbitrary,'® and some workers have even ques-
tioned as to whether any particular molecular weight
average should be uniquely correlate with melt viscosity.!”
Significant departures from the 3.4 power law are often
hard to detect because viscosity-molecular weight data
are usually presented by using bilogarithmic plots. Some
data have appeared!? that suggest a curved rather than a
straight-line relationship for polydisperse polystyrenes.
Nevertheless, the dependence of zero-shear viscosity on
molecular weight appears to be reasonably represented
by a 3.4-3.7 power law for molecular weights greater than
about 40 000.

Limiting behavior is also observed’,221,2226-2% jn the
steady-state compliance of well-annealed narrow distribu-
tion polystyrenes when the molecular weight is greater
than the critical molecular weight, M./, which is approx-
imately related to M, by a factor of 6 or 7.12 It has been
postulated that this limiting behavior is also a manifes-
tation of the entanglement network of the sample. The
sensitivity of this parameter to polydispersity is also well-
known.?

This paper is the first in a series of articles dealing with
the properties of solution-modified polystyrenes. In this
study, properties of narrow molecular weight distribution
polystyrenes that have been subjected to solution treat-
ment are examined. Property changes in these samples
will not be complicated by the added variable of poly-
dispersity.

Future publications will deal with solution treatment
induced property changes in blends of polystyrene narrow
fractions and property changes in broad distribution
commercial polystyrenes.

Experimental Section

Five narrow-dispersity (My/M, < 1.2) polystyrene standards
were selected for study. Molecular weights are listed in Table
I. All species have molecular weights greater than the critical
molecular weight for entanglement coupling, M, = 40 000, for
polystyrene.!
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Table I
Molecular Weight, Residual Solvent Content, and Glass
Transition Temperatures of Solution-Modified Polystyrene

Standards

residual glass

precipitation chloroform, transition

sample conen, g/L mol wt wt % temp, °C
09000 90 000 0 97.1
09005 5 90 000 0.0015 100.1
09010 10 90 000 0.0017 102.0
09020 20 90 000 0.0028 101.8
09050 50 90 000 0.0023 102.6
20700 208 000 0 99.3
20705 5 208 000 0.0028 101.8
20710 10 207 000 0.0024 102.1
20720 20 208 000 0.0006 100.6
20750 50 208 000 0.0012 101.9
49800 498 000 0 101.3
49805 5 498 000 0.0002 102.6
49810 10 498 000 0.0001 101.1
49820 20 498 000 0.0001 103.6
49850 50 498 000 NQs 101.0
60000 600 000 0 101.3
60005 5 600 000 0.0001 101.7
60010 10 600 000 0.0002 100.9
60020 20 600 000 0.0002 102.4
60050 50 600 000 0.0018 101.0
90000 900 000 0 100.8
90005 5 900 000 0.0002 102.6
90010 10 900 000 0.0002 102.6
90020 20 900 000 0.0003 102.8
90050 50 900 000 0.0003 102.4

& NQ = residual solvent was detectable but not quantifiable.

Chloroform solutions of concentrations 5, 10, 20, and 50 g/L
were prepared for each of the different molecular weight samples.
The polymer was precipitated from these solutions by the abrupt
addition of ethanol while stirring. The ethanol/chloroform
volume ratio was 2:1. The stirrer speed was approximately
constant for a given concentration. Agitation was continued until
the precipitated polymer coagulated, leaving a clear solvent
mixture. The polymer was then recovered by suction filtration
and dried in a vacuum oven at 40 °C for a minimum of 6 weeks.

During the 6-week period the recovered samples were pul-
verized in a mechanical grinder, at liquid-nitrogen temperature,
to facilitate residual solvent removal and to produce samples
that were physically convenient to work with. The residual
solvent content of all of the samples was measured by gas
chromatography at 130 °C. Solutionsof 1.56% (w/w) polystyrene
in 1,2,4-trichlorobenzene were injected into columns (composition:
109% Carbowax 20M TPA on Chromosorb W, 80-100 mesh) fitted
with a glass-wool plug to prevent column fouling due to polymer.
The carrier gas was helium. The column eluent was detected by
flameionization. Size-exclusionchromatography (SEC), atroom
temperature, was used to measure molecular weight distributions,
before and after solution and mechanical treatment. The SEC
solvent was tetrahydrofuran. A UV detector recorded the elut-
ing species as measured at a wavelength of 254 nm.

The glass transition temperature of the dried polymers were
measured by differential scanning calorimetry (DSC). Apparent
glass temperatures were recorded at heating rates of 5, 10, 15,
and 20 °C/min and extrapolated to 1 °C/min values for all
samples. Glass transition values are believed to be valid to 0.5
°C.

A Rheometrics mechanical spectrometer, Model 605, was used
to collect dynamic mechanical and stress relaxation data with
parallel-plate geometry for all of the samples. Samples were
molded at temperatures up to 240 °C while jogging the top tool
to exclude air. In both types of test, the applied strain was 5%,
which is well within the linear viscoelastic response region for all
of the samples. Measurements were made under a nitrogen
atmosphere to minimize possible sample degradation. Dynamic
mechanical data were collected at frequencies between 102 and
1 rad/s for temperatures between 125 and 215 °C. Stress
relaxation data were collected at 170 °C. The step time, which
is the time required to achieve full imposition of the test strain,
was of the order of 1072 s,
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EMPIRICAL SHIFT FACTORS
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Figure 1. Empirical shift factors for all of the polystyrene narrow
fractions studied. The solid line is a nonlinear least-squares fit
of the WLF equation to the data.

Repeated experiments on already measured specimens pro-
duced duplicate results, indicating that no significant annealing
took place during the measurements.

Results and Discussion

Molecular Weight and Residual Solvent Analysis.
The SEC chromatograms (supplementary material avail-
able) for the solution-modified polystyrene standards and
the original polymer were the same. Solution treatment
has not altered the molecular weight distribution for any
of the standards.

Table I lists the samples and the results of the residual
solvent analysis by GC. Samples are coded according to
molecular weight and the solution concentration from
which the material was precipitated. The first three
numbers in each sample code represent the molecular
weight in thousands, and the last two numbers reflect the
solution concentration in grams per liter. Residual eth-
anol was detected, but the quantities were too small to be
quantifiable with our equipment. The weight percent
chloroform listed in Table I is also very small and is unlikely
to influence any physical properties.

Also listed in Table I are the glass transition tempera-
tures for the polymers, before and after solution treatment.
The “as-received” samples were not annealed, and some
of these display T values that differ from those normally
observed for polystyrene. The effect of residual solvent
on T should lead to a decrease!® in the glass transition
temperature. In all cases here the glass transition tem-
perature increased or remained the same as that for the
original polystyrene.

Mechanical Data Analysis

Master Curve Construction and Comparison. Fre-
quency shift factors were estimated empirically from both
the storage and loss modulus data for all samples. This
was done by using a computer to simultaneously plot
storage and loss modulus data, for different temperatures
and choosing values of the shift factor until good super-
position was obtained between data for both moduli at
different temperatures. The reference temperature was
125 °C. Modulus values were corrected for the temper-
ature dependence of density by using the standard
correction factor, b(T) = pyTo/pT, where p is the density
at temperature T and the subscripted values refer to the
reference condition. Densities were estimated from3! p =
~4.97 X 1074T + 1.075, which is independent of molecular
weight for the molecular weight range studied here.

The logarithm of the empirical shift factors is plotted
against temperature in Figure 1. No discontinuity is
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Figure 2. Storage modulus master curves for the 90 000
molecular weight samples of identical molecular weight distri-
bution but different solution-precipitation histories.
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Figure 3. Storage modulus master curves for the 900 000
molecular weight samples of identical molecular weight distri-
bution but different solution-precipitation histories.

apparent in the log a;,~temperature plot. A nonlinear least-
squares algorithm was used to fit the data to the WLF
equation!32 and estimate the WLF parameters. The line
fitting of the data in the plot is described by eq 2. The

1 G_M (@)
BT T+ T-T,)

friction coefficients of the samples differ, since they have
different glass transition temperatures. The ratio of
friction coefficients for the same sample at different
temperatures appears not to vary significantly from sample
to sample, since a common value of a; fits the data.

Good time-temperature superposition of the data was
achieved, as can be seen from the presented master curves
(Figures 2-5; supplementary material available). Figures
2 and 3 are examples of storage modulus master curves,
and Figures 4 and 5 are examples of loss modulus master
curves focusing on the terminal peak in G”. The data in
each plot are for samples having identical molecular weight
distributions that have been recovered from solution at
the four concentrations mentioned above.

Solution treatment has resulted in differences in some
of the storage modulus curves and not in others. The
90 000 molecular weight sample exhibit the smallest
(almost imperceptible) change in elastic response as a result
of the solution treatment conditions used here (Figure 2).
With the other samples, some of the modulus curves for
different concentrations overlap and others show some
change in response (for example, Figure 3).
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Figure 4. Loss modulus master curves for the 90 000 molecular
weight samples of identical molecular weight distribution but
different solution-precipitation histories.
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Figure5. Loss modulus curves for the 900 000 molecular weight
samples of identical molecular weight distribution but different
solution-precipitation histories.

Differences between samples with different solution
histories are more apparent in the loss modulus plots. This
is partly because these plots are linear rather than
logarithmic along the modulus axis. The 20 and 50 g/L
curves diverge from the 5and 10g/L curves with increasing
frequency for the 90 000 molecular weight sample (Figure
4), in which differences are barely observable in storage
modulus plots. Solution treatment has produced differ-
ences in the loss modulus spectrum for all of the samples
studied (for example, Figure 5).

There does not appear to be any consistent pattern
between the relative values of storage or loss modulus and
the concentration of the solution from which the polymer
was precipitated. If entanglement spacings of the recov-
ered polymer were strictly a reflection of the degree of coil
overlap insolution, then polymers precipitated from higher
concentrations should exhibit the macroscopic manifes-
tations of a more entangled macromolecular matrix than
the corresponding lower concentration analogues. The
fact that no pattern is observed likely relates to the
conditions of precipitation. Stirring was necessary to
facilitate fast mixing of solvent and nonsolvents so that
precipitation would occur abruptly. The degree of overlap
of the polymer coils in solution will be influenced by the
speed of stirring and the shear stress field to which the
polymer is subjected in solution.

Shearing a polymer solution, of sufficient concentration,
has long been known?®3 to lead to a hysteresis in solution
physical properties attributable to temporary alteration
of the polymer solution network. Abrupt precipitation of
the polymer under these different conditions will not yield
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Figure 6. Loss modulus master peaks, for all of the samples
studied here, that have been normalized with regard to the peak
maximum and the frequency at which the maximum occurs.
Solution treatment has not altered the shape of the loss peak for
any of these samples.
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an entanglement network that reflects coil overlap in
quiescent solutions at the particular concentration. The
stirring speed was not rigorously controlled here and
variations in this parameter could also alter the relative
rankings of network modification.

In any event, our objective here was not primarily to
study the effects of concentration on polymer coil overlap
but to demonstrate that polystyrenes can exist in various
rheological states and to show that these different be-
haviors can be rationalized with the aid of modern
theoretical concepts.

It is apparent that solution treatment has altered the
loss modulus master curves in the magnitude of modulus
response and, in some cases, by a slight shift in the
frequency axis. The effect of solution treatment on the
shape of the loss peak is not easily discernable from the
master curves alone. The effect of solution treatment on
the shape of the loss peak in G”” can, however, be observed
by reducing the data in terms of the maximum in G” and
the frequency at which the maximum occurs.2 Figure 6
is a plot of G”B(T)/G"”B(T)maz Versus wa;/wa; mas for all
of the recovered polymers. Except for some displacement
of the 90 000 molecular weight samples, and the usually
observed?34 network dependent rise to the transition zone
onthe transition side of the loss peak, all of the loss spectra
can be seen to overlap within what can be considered
reasonable error in the selection of maximum values from
the measured data points rather than by curve fitting.
The largest error resulting from maxima determination
occurs with the 90 000 molecular weight samples because
no maximum is observed in these spectra and the location
of where the maxima would be expected in the absence of
transition zone interference is subject to guess. In view
of this evidence, we conclude that solution treatment has
not altered the shape of any of the loss peaks.

Estimation of Plateau Modulus. The plateau mod-
ulus is the value of modulus associated with the rubbery
plateau region of the stress relaxation modulus-time curve
or the dynamic storage modulus—frequency survey. How-
ever, direct measurement of the plateau modulus from
such data can be subjective because modulus values in
this region are often not constant as a function of time or
frequency and a sloped curve is observed. Other methods!
are therefore commonly used to estimate the plateau
modulus to try and remove some of this subjectivity. One
of the more common!-? of these methods involves the use
of the phenomenological theory of linear viscoelasticity to
obtain the plateau modulus from loss modulus data when
a well-defined loss peak is observed.
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Table I1
Results of Four-Parameter Power Law Fit

sample Al, X104 B1, X108 A2 B2

09005 46.0 0.060 1.68 0.744
09010 46.2 0.051 1.76 0.753
09020 31.6 0.160 1.58 0.711
09050 48.7 0.024 1.51 0.770
20805 16.0 0.136 1.33 0.716
20810 15.9 0.156 0.965 0.709
20820 134 0.191 1.59 0.712
20850 15.1 0.164 1.69 0.722
49805 6.98 0.179 2.21 0.688
49810 10.0 0.126 2.53 0.708
49820 9.30 0.133 2.53 0.699
49850 8.15 0.133 1.80 0.704
60005 5.99 0.177 2.50 0.694
60010 5.90 0.180 2.39 0.693
60020 5.11 0.195 2.25 0.697
60050 4.80 0.181 2.06 0.692
90005 6.11 0.155 2.92 0.697
90010 5.90 0.166 2.56 0.690
90020 4.89 0.173 3.02 0.697
90050 3.54 0.200 1.97 0.695

The plateau modulus, Gy, was estimated from the
terminal peak in G” by using eq 3, which involves
measuring the area under this peak!?®

Gy=2f" 6" dmne 3)

where w is the test frequency.

This method requires separation of the higher frequency
terminal response in G from the response in the transition
zone with which it is overlapping. Following Colby’s Ph.D.
dissertation,3 the assumption was invoked that G”” data
in the transition region and the transition side of the
terminal region could be described by the sum of two power
laws as follows.

G"(wa,) = Al(wa) ™! + A2(wa,)?* (4)
for 3(wa,)” ,, < wa, < 10%rad/s

dimensions m/t2l = (m/t2+ml)t"Ln + (m/tz'ml)t"B2

Data between 3 times the frequency at which the
maximum in G” occurs and 1 rad/s were fitted to the
above equation using a nonlinear least-squares routine.
The estimated parameters can be found in Table II.

It has been suggested! that the exponent describing the
transition response in G” (i.e., B2) should be independent
of molecular weight and polymer type. The B2 values in
Table II are indeed constant for the higher molecular
weight species studied (i.e., 600 000 molecular weight and
higher values). There is a slight increase in the value of
B2 with the lower molecular weight samples. Since the
region of terminal and translational overlap is better
defined for species of higher molecular weight, and because
of the limited transitional frequency range that we are
fitting, it is likely that our estimate of the transitional
exponent, B2, is being influenced by contributions from
the terminal region in the lower molecular weight samples.
We therefore average the values of B2 for molecular weights
600 000 and 900 000 and obtain a value for B2 of 0.694 for
polystyrene. This value is in good agreement with a value
of 0.67 reported for polybutadiene.3

Table III contains values of the power law coefficients
when the data is fit with eq 4 at a constant value of B2 =
0.694. The value of the preexponential coefficient, A2,
appears to be varying randomly with molecular weight. It
has been suggested elsewhere! that this parameter is
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Table I11
Results of Three-Parameter Power Law Curve Fit with

B2 = 0.694
sample Al, X104 B1, x10-% A2
09005 35.5 0.120 1.78
09010 32.5 0.136 1.89
09020 28.5 0.188 1.61
09050 32.8 0.120 1.66
20805 14.0 0.165 1.35
20810 14.7 0.172 0.976
20820 115 0.222 1.61
20850 11.8 0.210 1.71
49805 7.49 0.169 2.21
49810 8.95 0.139 2.53
49820 8.86 0.139 2.53
49850 7.61 0.141 1.80
60005 5.99 0.177 2.50
60010 5.90 0.180 2.39
60020 5.11 0.195 2.25
60050 4.80 0.181 2.06
90005 6.11 0.155 2.92
90010 5.90 0.166 2.56
90020 4.89 0.173 3.02
90050 3.54 0.200 1.97

Table IV

Results of Two-Parameter Power Law Curve Fit with
B2 = (.694 and Bl = 0.33

sample Al, X10™% A2, X10% sample Al, X104 A2, x10%

09005 18.0 2.00 49820 2.03 2.66
09010 18.8 2.07 19850 1.65 1.91
09020 19.7 1.72 60005 1.51 2.54
09050 18.1 1.85 60010 1.55 2.48
20805 6.77 1.46 60020 1.65 2.32
20810 7.95 1.08 60050 1.23 2.13
20820 7.47 1.68 90005 0.904 3.02
20850 7.17 1.79 90010 1.12 2.687
49805 2.64 2.27 90020 0.959 3.10
49810 1.83 2.67 90050 0.969 2.02

molecular weight independent. Variationsin A2 were not
averaged out in this treatment because the samples are
not in the “equilibrium entanglement condition”, and
comparison of the master curves reveals a shift in the
frequency location of the transition region for some of the
samples. This shift cannot be attributed to error in the
time-temperature superposition analysis because the data
in this region were collected at the reference temperature
and have not been WLF frequency shifted.

A comparison of the terminal power law exponent, B1,
with the coefficients of the four-parameter curve fit reveals
some change in Bl for samples lower than 600 000 in
molecular weight. It would seem that this parameter is
also being influenced by the molecular weight dependent
resolution of the terminal peak. It has been suggested3®
that the value of the exponent in this region should be
molecular weight independent, as well, and that a limiting
value of B1 should be observed for high molecular weights.
A recent study,?® with polybutadiene fractions, used
molecular weights high enough to observe limiting behavior
in Bl, and the limiting value observed was —0.33. This
has apparently been observed with other polymers as well.
The molecular weights used in this study are not large
enough to observe limiting behavior.

The limiting value of B1 = 0.33 was therefore assumed,
and a two-parameter curve fit with B2 = 0.694 was
performed. The values of A1 and A2 can be found in
Table IV. The value of Al is expected to be molecular
weight dependent (the height of the terminal peak is
molecular weight dependent). Figure 7 is a bilogarithmic
plot of A1 versus molecular weight. The line fitting of the
data was obtained by linear least squares and has a linear
least-squares correlation coefficient of -0.994. This leads
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Molecular Weight Dependence of Al
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Figure 7. Molecular weight dependence of the terminal coef-
ficient Al. The solid is a least-squares fit. The coefficient is
independent of solution treatment.
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perpendicular to the abscissa. The area under the data to the
right of the perpendicular line was determined by numerical
integration. The area under the data to the left of the line was
determined by planimetry.
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Figure 9. Power law curve fit to the data for sample 09005. In
this case the terminal power law curve does not intersect with
the data. The line perpendicular to the abscissa is at a frequency
of 3wa,;. The curve from 3wa, to the data is an interpolation done
by hand. The area under the terminal power law curve, to the
right of the perpendicular line, was determined by numerical
integration. The area to the left of the perpendicular line was
determined by planimetry.

tothe conclusion that the terminal zone, for wa; > 3wa;Pmax,
can be described by eq 5 for polystyrene at 125 °C. Our
resolution of the terminal peak is independent of prior
sample history.

G (w8, erminal = T-4 X 101 M 13,q, 038 (5)
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Table V
Rheological Parameters of Solution-Modified Polystyrene
Standards
Gy (125 °C), no (170 °C), & (170 °C), J,° (125 °C),
sample 10¢ dyn/cm? 10 P 108 dyns/cm 108 ¢cm2/dyn
09005 1.82 1.1 1.22 1.0
09010 1.78 1.1 1.51 1.0
09020 1.73 1.1 1.47 1.0
09050 1.71 1.1 1.61 1.0
20805 1.29 11 1.47 1.6
20810 1.33 12 1.52 1.6
20820 1.41 13 1.29 1.6
20850 1.42 14 1.49 1.6
49805 1.36 300 1.61 2.0
49810 1.29 310 1.36 2.0
49820 1.21 210 1.81 2.2
49850 1.06 310 1.35 2.2
60005 1.44 1200 1.46 14
60010 1.33 1000 1.33 1.6
60020 1.28 980 1.58 1.6
60050 1.18 810 1.35 1.6
90005 1.36 2200 1.61 1.6
90010 1.44 2100 1.61 1.5
90020 1.35 1900 1.65 1.6
90050 1.13 1700 1.58 1.6
Table VI

Molecular Parameters of Solution-Modified Polystyrene
Standards Calculated from Rheological Measurements

M, N+1 M, N+1
sample (170°C) (170°C) sample (170°C) (170 °C)
09005 20 000 5.8 49820 30 100 6.2
09010 20 500 6.1 49850 34 300 5.2
09020 21000 6.1 60005 25 300 4.4
09050 21 300 6.2 60010 27 500 4.5
20805 28 200 6.4 60020 28 400 4.7
20810 27 500 6.3 60050 30 900 4.7
20820 25 900 5.9 90005 26 800 5.2
20850 25 700 6.0 90010 25 400 5.3
49805 26 900 5.5 90020 27 100 54
49810 28 200 5.2 90050 32 200 5.5

Figures 8 and 9 are "/ master curves for molecular
weights 900 000 and 90 000, respectively. Also plotted are
the power law curves from the curve fitting described
above. The power law description shows reasonable
coincidence with the data, for the 900 000 molecular weight
sample. The terminal power law curve intersects with the
data and a reasonable estimation of the plateau modulus
can be obtained by integrating, from the point of inter-
section to high frequency, and adding the contribution from
the area of the remainder of the loss peak, which can be
determined by planimetry. The integration to high
frequency was done by calculating the value of the integral
for successive decades of frequency until the value of the
integral changed by less than 0.5% between successive
decades. This procedure was followed for samples having
molecular weights 900 000-498 000.

The 90 000 and 208 000 molecular weight master curves
were not intersected by the terminal power law curves (e.g.,
Figure 9). In these cases, the shape of the terminal
response in G” from 3wa; to intersection with the data was
interpolated by hand with due consideration for the shape
of the terminal peak. Although some subjective error will
be incurred with this procedure, the error should be
minimal because the shapes of the loss peaks have not been
altered by solution treatment.

Estimated plateau modulus values are listed in Table
V. The average molecular weight between chain entangle-
ments, M., can be calculated at 170 °C by using eq 1
because the plateau modulus is insensitive to temperature.?
The M, values can be found in Table VI. Plateau modulus
values for the 90 000 molecular weight samples are much



Macromolecules, Vol. 24, No. 1, 1991

DYNAMIC VISCOSITY DATA (170 C)
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Figure 10. Dynamic viscosity data from which the zero-shear
viscosity was estimated by using eq 7 for the 90 000 and 208 000
molecular weight samples.

larger than those for the other samples. This may be an
artifact of the estimation method mentioned above since
these samples have the least resolved loss peak. Values
of plateau modulus for the other samples vary as much
as 30%, with differences in solution-precipitation history.
Estimation of Zero-Shear Viscosity. The zero-
shear viscosity of the higher molecular weight samples
(498 000, 600 000, and 900 000 molecular weight) was
estimated by using eq 6, which involves measuring the area
under the stress relaxation modulus-time spectrum.!

=, G ®)

Stress relaxation experiments did not yield reliable
modulus-time data for molecular weights 90 000 and
208 000 at the test temperature (170 °C) because of the
fast response time of these polystyrenes under these
conditions. The zero-shear viscosity for these samples was
obtained from dynamic mechanical frequency sweeps at
170 °C by using eq 7.}

Ny = 1ifl0 7 (w) (7

Limiting behavior in the dynamic viscosity was observed
for these lower molecular weight polystyrenes (Figure 10).

The zero-shear viscosities can be found in Table V. The
viscosity values at constant molecular weight vary as much
as 50%, depending on sample history. These differences
are, however, not visually striking when a logarithmic plot
of zero-shear viscosity versus molecular weight is con-
structed (Figure 11). Linear least squares fits a line with
the expected slope of 3.4 to the data with a correlation
coefficient of 0.994.

Estimation of Steady-State Compliance. The
dynamic mechanical storage compliance, J’, was used to
estimate the steady-state compliance, J..°, according to eq
8,! which requires limiting behavior in J” at low frequencies.

J2° =lim ——————=lim J’ (8)
w—0 (G')2 + (G”)2 w—0

Some difficulty is encountered, particularly with higher
molecular weight samples, in ensuring that limiting
behavior has been reached at low frequencies. Figure 12
is a bilogarithmic plot of J' against G'25 for all of the
samples studied. In each case the storage compliance falls
into its low-frequency limit at relatively high values of G’
so that the limiting values of J’ are easily observable. The
estimated values of J,.° are listed in Table V.
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Figure 11. Dependence of zero-shear viscosity on molecular
weight for the solution-treated polystyrenes. The solid line was
obtained by least-squares fitting. It has the expected slope of
3.4.
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Figure 12. Limiting compliance behavior of solution-treated
polystyrene standards. The lower data set are for the 90 000
molecular weight samples. Data for the 498 000 molecular weight
samples reach limiting behavior at slightly larger compliance
values than the other higher molecular weight samples.

For narrow fractions in the equilibrium entanglement
condition, it has been established!:2 that the steady-
state compliance increases with molecular weight until a
critical molecular weight, M.’ = 6 or 7 M,, is reached.
Beyond the critical molecular weight, J.° becomes
molecular weight independent. This behavior has been
attributed to the entanglement network of the material.
It is also well-known3 that J,° is very sensitive to poly-
dispersity and particularly to the higher molecular weight
tail of the molecular weight distribution.

One might expect that variation of the entanglement
spacing of a sample, without changes to the molecular
weight distribution, should be reflected in some variation
in J.°. This is not observed here. The values of J,° for
samples of the same molecular weight show no variation
with sample history. The expected!? limiting behavior of
J,° at high molecular weights is observed (Figure 13). The
value of steady-state compliance for the 90 000 molecular
weight samples is less than that for the higher molecular
weight samples because a molecular weight of 90 000 is less
than M.. The values of compliance for the other samples
are approximately the same except for those of the 498 000
molecular weight samples, which appear to be slightly high.
Assuming that the steady-state compliances of these
samples also do not reflect variations in entanglement
spacings as with the other high molecular weight samples,
the slightly elevated compliance values may be due to the
presence of a small amount of higher molecular weight
material in the molecular weight distribution of
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Figure 13. Dependence of the steady-state compliance on
molecular weight. The usual limiting behavior of J,° asa function
of molecular weight is observed. This parameter appears to be
insensitive to sample history.

these samples. It has been previously® noted that J,° is
extremely sensitive to higher molecular species in the
molecular weight distribution that are not easily detected
by size-exclusion chromatography.

It appears that any variation in J,° resulting from an
alteration of the entanglement spacing in the samples is
either nonexistent or too small to be detected with these
measurements.

Entanglement and Viscosity

Reptation. Changes in zero-shear viscosity should be
related to changes in entanglement spacings because
entanglements will act as constraints to the motions of
macromolecules inflow. Many models have been proposed
to predict the relationship between viscosity and entangle-
ment molecular weight. One of the more effective recent
models is based on reptation theory.34 According to
this theory the zero-shear viscosity should scale as the
cube of molecular weight divided by the square of the
average molecular weight between chain entanglements
(eq 9).

The present data provides a unique test of this prediction
because both M and M, weights are varied here, as opposed
to conventional data collected with the polymer in the
“equilibrium” entanglement state where the molecular
weight between chain entanglements appears to be con-
stant. It is convenient to remove the molecular weight
dependence of viscosity to check the scaling prediction in
terms of M,, and this can be accomplished by plotting log
(M3/79,) against log M,2. A straight line of slope 1 should
be observed to satisfy the above relationship.

There is, however, another factor, that is normally a
constant for standards in the “equilibrium” entanglement
condition that should be accounted for here. Untreated
standards will exhibit a convergence of modulus data in
the transition region provided that molecular weights are
sufficiently high. Aspreviously pointed out, the transition
regions for these samples do not all overlap. The position
of the transition region is related to the monomericfriction
coefficient that is experienced in the polymer matrix, and
changes in this friction coefficient will result in propor-
tional variations of the viscosity. A proper test of the
scaling prediction in terms of M, must therefore use a
viscosity that is reduced not only in terms of the molecular
weight effect but also in terms of any variation in friction
coefficient.12
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Figure 14. Test of the reptation model scaling prediction for
the relationship between viscosity and the entanglement mo-
lecular weight. The molecular weight and friction coefficient
dependencies of viscosity have been accounted for. Reptation
behavior is depicted by a linear curve of slope 1 in this plot. The
data show four lines of unit slope rather than the unique curve
expected.

The change in friction coefficient for these samples, as
compared to the equilibrium value, can be estimated from
the observed change in the glass transition temperature.
This is done by first calculating the shift factor, aar,, due
to the change in T, using a modified form of the WLF!
equation:

€1 CoglTy, = T)
(Cr+ (T, ~T))Cr

log Gy, = (10)

T4, and Ty, are the glass transition temperatures before
and after solution-precipitation treatment, C,; = 13.7K
and Cy; = 50 K are the WLF parameters for polystyrene
when the glass transition temperature is the reference
temperature, and Cp = Cyg + T — Ty, where T is the
temperature of interest.

The monomeric friction coefficient of the treated
polymer is related to that of the untreated polymer by eq
11.Y [{o)mod is the monomeric friction coefficient for the

[{o]mod

aATl [ g-o] equil

(11)

solution modified polymer, and [ {,]equi = 1.21 X 108dyn-s/
cm is the monomeric friction coefficient for polystyrene
in the “equilibrium” entangled condition at 170 °C.1
[{olequi is independent of molecular weight since the
samples used here are of sufficiently large molecular
weight.

The monomeric friction coefficients estimated for the
treated samples can be found in Table V. All values are
larger than that for untreated samples, as expected,
because all of the glass temperatures are higher than that
of untreated polystyrene.

It is now possible to correct the viscosity data for the
difference in friction coefficient, and Figure 14 is a bilog-
arithmic plot of M3¢,/n, against M2 Rather than the
expected linear curve of slope 1, there are four linear curves,
allof slope 1. Although the basic reptation model predicts
the correct scaling relation for each polystyrene, there
appears to be some dependence of viscosity that is not
accounted for by the entanglement spacing alone.

Figure 14 suggests that, at a given value of M,, the value
of zero-shear viscosity is enhanced from one set of samples
to the next as one moves down the ordinate from one line
to the next. A particular entanglement spacing size
contributes more to the zero-shear viscosity of the samples
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with lower reduced viscosities than for those of higher
reduced viscosity.

It is important to remember that these differences are
a result of sample history. No variation in polymer
molecular weight has been observed as a result of solution-
precipitation treatment. The comparison of the shapes
of the loss spectra above indicates there has been no
alteration in the distribution of relaxation times in the
terminal region and this suggests that no change in the
mechanism of relaxation has occurred. It appears, from
the loss data, that only the magnitude of modulus response
hasbeen altered. Oneshould expect that, after accounting
for shifts in the transition zone and reducing the viscosity
accordingly, a unique viscosity-entanglement molecular
weight relationship would be observed. The fact that this
is not seen leads to the speculation that solution modifi-
cation has altered not only the magnitude of the entangle-
ment spacing but perhaps the nature of the entanglement
coupling itself.

Coordination Number Model. Recently, Kavassalis
and Noolandi*!-#3 have treated the entanglement problem
using a statistical mean-field approach to the topology of
polymer chains in the matrix. This model considers the
number of other chains surrounding a test chain in asphere
having diameter, D,, equal to the mean distance spanned
by an entangled segment of N, bonds with characteristic
ratio, C., and bond length, [ (eq 12).

D, =N} V4 (12)

Specifically, the number of nontail chains (those that
do not end with a tail in the sphere) is the only adjustable
parameter in the model, which otherwise offers exact
solutions. The average number of nontail chains (hereafter
referred to as chains) in the test sphere represent a way
of defining the nature of an entanglement coupling on a
statistical basis. The number of neighboring chains in
the test sphere, called the coordination number, can be
viewed as the average number of chains that constitute a
constraint to lateral motions of the test chain or the number
of chains that, on the average, make up an entanglement
coupling. _

In the long-chain limit, the coordination number, N, is
expressed by eq 13. Here, p is the polymer density, C. is

N+1=—2— N2 (13)

the characteristic ratio (the ratio of the end-to-end distance
of a polymer molecule to the end-to-end distance of the
random-walk model with the equivalent number of bonds),
lis the bond length, u, is the monomer mass per skeletal
bond, and N, is the number of monomer units between
chain entanglements. A survey of the literature data
collected on narrow fractions for many polymers suggests
that the coordination number is a constant for the
“equilibrium” entanglement condition.?

The data presented in this work are not for polystyrenes
in the equilibrium entanglement condition. Because of
our precipitation process, it is possible that chain topologies
have been introduced that do not conform to those in the
equilibrium situation. The collapse of a polymer chain
upon itself and some preservation of the end-to-end chain
distance that existed during precipitation are examples of
situations that are possible with these samples. We
therefore refer to any coordination numbers that we derive
from these data and the Kavassalis—Noolandi model as
“effective coordination numbers”.
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The coordination number model has been derived
strictly from considerations of chain topology in a static
system. Analysis of our dynamic data using this model
requires that we adopt models for dynamic behavior with
incorporation of the coordination number scheme into the
dynamic model.

A convenient dynamic model to use for this purpose is
the modified Rouse model#44 for molecular weights greater
than the critical molecular weight for chain entanglement.
The modified Rouse model gives eq 14 for the zero-shear
viscosity. N, is Avogadro’s number, 7 is the density, a is

(14)
36M,*

MoR

the root-mean-square end-to-end distance per square root
of the number of monomer units, M is the polymer
molecular weight, My is the monomer molecular weight,
{o is the monomeric friction coefficient, and @, is a
numerical factor dependent on the number of entangle-
ment loci per molecule. The reptation model scaling
prediction can be built into the modified Rouse model
equation by setting @, = M3/M.2.

One can also recast eq 14, using eq 13, so that viscosity
is expressed in terms of the coordination number rather
than the entanglement molecular weight, M..

If eq 13 holds for our nonequilibrium samples, then the
viscosities estimated using eqs 14 and 15 will be equal
because the volume of the test sphere (via eq 12) will be

dependent only on the entanglement molecular weight,
M..

7,r4p5c‘:'61121V0021M3g—o
66M04#m4(N+ 1)4

M0 coord — (15)

The application of the reptation model in the preceding
section suggests that some difference exists between
samples such that reduced viscosities do not follow a unique
relationship with the entanglement molecular weight. We
postulate that this additional viscosity dependence can
be accounted for by considering variations of the coor-
dination number, independently of M.

With the assumption that differences between the
viscosity predicted by the eq 14 and that predicted by eq
15 are due to differences in the coordination number, eq
16 can be formulated to express the ratio of these two
estimated viscosities in terms of M, and the coordination
number

M9 coord = KM&Z
R (N+1)*

(16)

where
7I'p4cm6ll2
64M02Mm4

Equation 16 was used to calculate the values of “effective
coordination numbers” for these samples. This was done
by substituting the experimentally observed values of zero-
shear viscosity for ng corg and estimating n.g using literature
constants for polystyrene (p = 0.991 g/cm3 at 170 °C, C.
=94, =1.54 X 1078 M, = 104, u = 52) and the values
of M, M., and {, for these samples. These values are listed
inTable VIfor the respective polystyrenes. Those samples
having a higher viscosity at a given value of M, can be seen
to have lower effective coordination number values.
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Figure 15. Test of a reptation scaling prediction expressed in
terms of effective coordination numbers that are allowed to vary
independently of the entanglement molecular weight for these
nonequilibrium samples. A line of slope 1 depicts reptation
dynamics. The data of Figure 13 reduces to a unique relationship
when effective coordination numbers are taken into account.

The diameter of the test sphere, given by eq 12, can be
expressed in terms of the coordination number by use of
eq 13. The smaller the coordination number, the smaller
will be the diameter, and therefore the volume, of the test
sphere. This condition is consistent with the idea that a
strand of molecular weight M, is confined to a smaller
volume. Since the volume is smaller, there will be fewer
adjacent chains in the test volume. Viscosity is relatively
higher than for other samples because the entanglement
strand has less room available for segmental motion needed
to slip its constraint.

We have chosen to generalize the Kavassalis—Noolandi
model by introducing an “effective” topological constant
for ease of computations. The model could have been
generalized by introducing an “effective” characteristic
ratio, for example. We chose not to do this because it is
likely that a number of physical quantities are being altered
by sample history and we have no measurements of these
quantities.

It is worthwhile to note that this description of an
alteration in the nature of the entanglement does not
invoke any gross topological deformities to describe the
nature of the couplings such as knots in the polymer chain.
If such changes had occurred, it would be expected that
changes in the dynamics of relaxation of the polymer chains
should lead to a change in the shape of the loss peak, and
this was not observed.

The reptation scaling prediction can be rewritten to
accommodate our effective coordination number. The
zero-shear viscosity scales as 1/M.?, which is equivalent
to 1/(N + 1)* in the equilibrium case. When both
parameters are treated as independent parameters for our
nonequilibrium samples, scaling prediction eq 17 can be
written

M,

T MAN+ 1) 1

Mo

As with the normally quoted analogue of this equation,
a log-log plot of M3/ no against M 2(N + 1)*should yield
a straight line of slope 1. Unlike Figure 14, all data points
should fall on the same line if our values of effective
coordination number account for the differences between
samples that produce different curves in Figure 14. Figure
15 is such a plot, and the data do fall roughly about the
line, determined by least squares, of slope 0.91. It is
interesting that the removal of points for which the
determination of M, was most suspect (the 90 000 mo-
lecular weight samples) leads to the line with a least-
squares correlation coefficient of 0.93 and having slope
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Figure 16. Same plot as Figure 14 except that the data for the
90 000 molecular weight samples, for which the estimation of M,
was the most uncertain, have been removed. The solid line was
determined by least-squares fitting and has a slope of 0.95, which
is close to the expected slope of unity for reptation dynamics.
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Figure 17. Sensitivity of the reduced viscosity to changes in the
effective coordination number. The number above each of the
curves corresponds to the change in effective coordination number
for that curve.

0.95 as depicted in Figure 16. This is very close to the
expected slope of unity. We conclude that the effective
coordination number scheme used here does adequately
account for variations in viscosity as a result of solution
modification.

It is desirable to know how sensitive the above scaling
relationship is to the value of the effective coordination
number. The sensitivity of the reduced viscosity, on a
logarithmic scale, to the values of effective coordination
number can be demonstrated by writing the scaling
relationship as an equality, as in eq 18, and differentiating
with respect to the coordination number. The constant
“C” is assumed to be independent of the coordination
number.

M _
In ( . {0) =ln (M} N+1H+C (18)
0

Figure 17 is a plot of the change in the increment of
reduced viscosity as a function of N + 1 for different
increments of coordination number. In the range of the
effective coordination numbers estimated here (i.e., 4-7),
variations of 0.5 in the effective coordination number result
in a change of approximately half a decade in reduced
viscosity. The reduced viscosity is evidently sensitive to
the value of the effective coordination number, and small
variations should be detectable even on bilogarithmic plots.
The success of the model used here cannot therefore be
due to the lack of sensitivity of the data to the measured
values of the effective coordination number.

Speculation on the Morphology of Solution-Mod-
ified Polystyrenes. The implications of this analysis
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are that solution modification can alter both the spacing
between chain entanglements and the nature of the
entanglement couplings. With the assumption that the
effective coordination numbers correlate with the diameter
of the test sphere, as in the equilibrium case, these data
suggest that solution modification can result in a change
in the average end-to-end distance of the polymer chain.
Other physical processes are presumed to achieve this as
well, such as the uniaxial stretching of polymer films or
the spinning of polymer monofilaments.

A recent study* used small-angle neutron scattering to
investigate the change in the macromolecular coil
dimensions of amorphous polystyrene that had been
oriented during solid-state coextrusion. Intensity contour
plots clearly demonstrated that theé spherical coil config-
uration of the macromolecules before extrusion had
assumed an ellipsoid shape after extrusion. The
longitudinal axis of the ellipsoid was oriented parallel to
the direction of extrusion, and the transverse axis of the
distorted coil was oriented perpendicular to the machine
direction. The exact measurement of the longitudinal axis
was not possible due to experimental difficulties and was
estimated by assuming constant volume.

It seems likely that such orientation of the macromo-
lecular coil would have an effect on the number of
entanglements in which a given molecule would participate.
It is also reasonable that oriented chains can pack into a
smaller volume than those assuming a randomized
“spaghetti” topology. Such packing should lead to a
decrease in the volume per unit of mass that the molecule
occupies. The number of surrounding chains that act as
an “effective constraint” to macromolecular motion would
presumably depend on the degree of orientation.

Studies*’*8 of iodine-tagged polystyrene in untagged
polystyrene using electron microscopy showed that the
segmental density distribution, across the polymer coil,
was neither Gaussian nor symmetrical for individual
molecules. Despite the casting of samples from dilute
solution, the shape of the individual polystyrene macro-
molecules was not spherical either. However, averaging
over many molecules in the sample, at several angles, a
Gaussian density distribution and spherical molecular
shape were obtained.

High-resolution, solid-state, 3C NMR also revealed some
local order*? in amorphous polystyrene glasses. The extent
and exact nature of the ordering were not known but the
authors speculated that some segmental orientation would
lead to increased efficiency in small-scale packing.

Others used!415 electron microscopy to investigate the
morphology of solution-modified amorphous polystyrenes.
These workers were able to detect some supermolecular
structure in polystyrenes that had been solution treated.

Previous studies#1213 of solution modification have
indicated that the physical properties of the polymer return
to their original values after annealing for a sufficient
period of time. Such annealing would allow diffusion of
polymer molecular segments, which would enable the
macromolecule to once again assume the random-coil
configuration that exists in the equilibrium case. Stretched
films or spun monofilaments exhibit these same character-
istics upon annealing as amorphous molecular segments
diffuse to the less oriented random-coil configuration.

It would seem plausible to suggest, then, that abrupt
precipitation of polystyrene from stirred solutions can
result in a similar distortion in the shape of the macro-
molecular coil. This distortion would occur during the
precipitation process in which the precipitating macro-
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molecule would retain an elongation imparted to it by the
shear field, generated by stirring, as it comes out of solution.

Confinement of macromolecular segments to a smaller
volume is also supported by the change in glass transition
temperatures of the samples in this study. If macromo-
lecular segments were packed into a smaller volume than
in the equilibrium case, a decrease in the available free
volume would result. With less room for segmental
motions associated with the glass transition to occur, an
increase in the glass transition temperature is expected
and has been observed here.

Thisstudy also demonstrates that rheological characteri-
zation of samples with a nonequilibrium entanglement
network requires measurement of both the elastic and
viscous responses of the material. For these samples,
viscosity cannot be predicted solely from a knowledge of
the microscopic elastic network spacings of the sample or,
conversely, the elastic properties are not accessible strictly
from a knowledge of viscosity. In the framework of the
coordination number model, such interrelations require a
fixed relation between the volume of the test sphere and
the magnitude of the entanglement spacing. The equi-
librium dependence will hold only when the polymer chain
adopts the random-coil configuration.

Conclusions

Solution modification of polystyrene alters the entangle-
ment spacing of the polymer as well as the nature of the
entanglement coupling. For polystyrene standards, the
dependence of zero-shear viscosity on molecular weight
raised to the 3.4 power will give reasonable order of
magnitude predictions in log-log representations.

Where more detailed accounting of polymer viscosity is
needed, the relationship between viscosity and the mag-
nitude of the entanglement spacing, as well as the nature
of the entanglement coupling, must be investigated.
Relationships between viscous and elastic response will
not hold if the nature of the entanglement coupling is not
taken into account. Rheological characterization of so-
lution-modified samples will therefore require measure-
ment of both the elastic response and the viscosity of the
material.

The steady-state compliance of solution-treated poly-
styrenes unexpectedly demonstrates the same behavior
as that observed for samples in equilibrium entanglement
conditions. This parameter is unaffected by the changes
in other material properties that are on the scale of those
observed here.

A simple reptation model scaling prediction does not
allow for variation in the nature of the entanglement
coupling and so does not produce a unique relationship
with all these samples. The coordination number model
of Kavassalis and Noolandi*? can be conveniently used to
produce a reptation scaling relationship between viscosity
and entanglement molecular weight if the nature of the
entanglement coupling described by the model is allowed
to become independent of the entanglement spacing. This
implies that solution precipitation is altering the spatial
dimensions of the polymer chains in the sample. This
speculation is further supported by an observed increase
in the glass transition temperature of these samples.
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treatment, in each case of which these treatments have not
resulted in a change to the polymer molecular weight distribution
(Figures 1-5), storage modulus master curves, at 125 °C, for
solution-treated polystyrene standards, in which each plot
contains data for samples of identical molecular weight distri-
bution but different solution-precipitation histories and the
storage modulus curves differ as a result of previous history
(Figures 6-8), and loss modulus master curves, at 125 °C, for
solution-treated polystyrene standards, in which each plot
contains data for samples of identical molecular weight distri-
bution but different solution-precipitation histories and differ-
ences resulting from sample history are more apparent in these
plots, partly because of the linear ordinate (Figures 9-11) (11
pages). Ordering information is given on any current masthead
page.
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