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Longest Relaxation Times of Linear Polymers in Concentration
Regions between the Critical Concentrations for Zero-Shear
Viscosity and for Steady-State Compliance
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ABSTRACT: The longest relaxation times r,, of linear polymers in concentration regions between the
critical concentrations for the zero-shear viscosity n° and for the steady-state compliance J,, that is, in a
semidilute region for 4° and in a dilute (not entangled) region for J_, were studied by measuring the stress
relaxation after cessation of steady shear flow. It is concluded that the weight-average relaxation time 7,
(= 9°J,) is well represented by 7, and the magnitudes of the contribution of the terminal relaxation pro-
cesses to n° are the same in semidilute solutions for 5°, whether the entanglements are effective to J, or

not.

Introduction

The longest relaxation time 7, which is a measure of
the time required to free a whole molecule from the
restraints imposed, is one of the central problems in the
study of viscoelastic properties of polymer chains in entan-
gled regions.”? Hence, 7, or, more in detail, the termi-
nal relaxation spectra®® as well as other viscoelastic param-
eters such as the zero-shear viscosity 7° and the steady-
state compliance J,58 have been extensively studied. In
concentrated solutions and melts where polymer chains
are highly entangled with each other, the terminal relax-
ation processes can be well separated from the faster pro-
cesses owing to the high entanglement densities. In the
highly entangled regions, the viscoelastic properties at
the terminal relaxation process, so far published, can be
summarized as follows?

7° « MP4C® (1a)
J, « M°C? (1b)
T & M34ch2 (1c)

where M and C are the molecular weight and the con-
centration of the polymer, respectively, and b is the expo-
nent specifying the concentration dependence of zero-
shear viscosity. As shown in these equations the weight-
average relaxation time 7, defined as the product of »°
and J, can be well represented by r,,.1** Moreover, these
relaxation times are found to be related to the charac-
teristic time specifying the onset of non-Newtonian vis-
cosity.!®

The entanglements decrease with decreasing concen-
tration, and the effects of entanglements on viscoelastic
properties disappear at certain critical concentrations,
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which are different in different properties.>® As shown
in the molecular weight—concentration diagrams for »°
and J, of linear polymers in good solvents in previous
papers,”® the critical concentrations from dilute to semi-
dilute regions for #° and from dilute (not entangled) to
entangled regions for J,, denoted by C.” and C./, respec-
tively, are given by

(CHT'M = 1.5, x 10* (2a)
(CHM =14x%10° (2b)

These relationships can be also read as the correspond-
ing critical molecular weight-concentration relation-
ships. If we compare the critical concentrations or the
critical molecular weights for »° with those of J,, the lat-
ter is 4-6 times higher than the former.”®

In the concentration region between the two critical
concentrations, i.e., in semidilute solutions for »° and in
dilute solutions for J,, 7, is proportional to M** instead
of to M>4, since #° is proportional to M®* while J, is still
proportional to M in this region. Moreover, the concen-
tration dependence of 7, is also different above and below
C.7, according to the change in the concentration depen-
dence of J, (C"% to C!). We already reported that the
characteristic time for the onset of non-Newtonian vis-
cosity is proportional to 7, also in this weakly entangled
region, where the entanglements are effective to 5° but
not to J,.° However, it has not been studied whether 7.,
is represented by 7, or not in this region. The purpose
of this work is, therefore, to study the relationships between
7., and 7, in the region.

Experimental Section

Samples used here were linear polystyrenes with narrow molec-
ular weight distributions purchased from Tosoh Corp. Molec-
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Table I
Molecular Characteristics of Samples
sample code 10*M,, M,/M,
F-40 35.5 1.02
F-80 71.0 1.05
F-128 126 1.05
F-380 384 1.04

ular characteristics of the samples are listed in Table L.

A good solvent for polystyrene used here is benzyl n-butyl
phthalate (BBP) purchased from Tokyo Kasei Co. Ltd. Its puri-
fication method and physical properties were reported pre-
viously.1®

Weighed amounts of sample and solvent were mixed at about
50 °C and gently stirred several times per day for about 1 month
until the solutions became uniform. Polymer concentrations
were converted to gram per deciliter assuming the additivity of
the specific volumes of sample and solvent.

Primary normal force difference and shear stress under steady
shear flow and shear stress relaxation after cessation of steady
shear flow were observed with a Weissenberg rheogoniometer
Type R-17 of Sangamo Controles Ltd., equipped with a gaps-
ervo system. A cone-and-plate geometry with a 4° angle and a
5-cm diameter was used. Measurements were carried out at
50.0 + 0.1 °C. The stress relaxation after cessation of steady
shear flow was continuously recorded on an electromagnetic
recorder. The reliability of measurements with the Weissen-
berg rheogoniometer Type R-17 was confirmed as reported
previously,11-18

Results

Steady shear viscosity and compliance were calcu-
lated from the shear stress and primary normal stress
difference observed under steady shear flow. The zero-
shear viscosity 7° and the steady-state compliance J, were
determined by extrapolating these observed data to the
zero-shear rate as described previously.® The #° and J,
data obtained here and also the 7, data calculated from
n° and J, are listed in Table II.

Figure la shows double-logarithmic plots of nsp°/M3'4
against C, where 7,,° = (° — 1,) /9, and 7, is the solvent
viscosity. It is apparent that all data are on a straight
line drawn with a slope of 5. Therefore, the molecular
weight and concentration dependence of 7,,° can be
expressed as

nspo « M3.405 (3)

in the concentration region in this experiment. The con-
centration dependence of 7,,° is slightly higher than that
in good solvents reported in previous papers (C*%).8° This
discrepancy may be due to the difference in the solvent
power, and BBP used here may be a slightly poorer sol-
vent for polystyrene. The difference in the concentra-
tion dependences, however, will not affect the following
discussion, since the relationship between 7, and 7, is
concerned here.
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Double logarithmic plots of J.C against C are also shown
in Figure 1b. Since J, is found to be almost indepen-
dent of solvent power, the data in this work can be directly
compared with that in good solvents reported pre-
viously.® The solid line denotes the J, data in good sol-
vents in entangled regions, while the dotted lines denote
those data for the different molecular weight samples in
dilute solutions, which are estimated by using the criti-
cal concentrations evaluated from eq 2b and assuming
that J, « M/C, except for the value of the F-128 samgale
directly obtained from experiments in previous work.® It
is apparent from this figure that the J,C data measured
here are almost constant for each sample and agree with
the corresponding dotted lines, though they somewhat
scatter. Moreover, if we calculate the reduced steady-
state compliance J,g defined as (J,CRT/M){n°?/(n° -
)%, where R is the gas constant and T is the absolute
temperature, the J,z data in this work are almost inde-
pendent of molecular weight and concentration and agree
well with the data in dilute solutions for J,.2¢#° Thus,
it is confirmed that the concentration and molecular weight
dependences of <J, in this work can be expressed as J, «
M/C, and hence the concentration region in this exper-
iment is the semidilute solution for #° but the dilute solu-
tion for JJ,. _

The transient viscosity 7*(t|y) may be defined by

(1) B Pyl /7 = f “rH(r)exp(-t/r)dInT  (4)

where Pm’(tl"y) is the shear stress at time t after cessa-
tion of steady shear flow, of which the rate of shear is «,
H(7) is the relaxation spectrum, and 7 is the relaxation
time. If v is low enough, »"(t]y) composes a single line
irrespective of v as reported previously.’*!® By assum-
ing a discrete distribution of relaxation times,5® "(t]y)
at the longest time end can be written as

7'(t]y) = 7,Gp eXp(-t/7y) 5

where 7., is the longest relaxation time and G, is the
corresponding relaxation strength. Figure 2 shows an
example of the time dependence of 5"(t|y) plotted in the
form of log #"(t|y) against ¢. From the slope of asymp-
totic line at the longest time end and the intercept of
the line at t = 0 in the figure, therefore, we can evaluate
T and the product of r,, and G,. The 7, and 7,G,
data thus obtained are listed in Table II.

Both 7, and G, can be also evaluated from the asymp-
totic line of log G(t) vs T, where G(t) is obtained by using
the relationship, G(t) = -dn*(t|y)/dt.® The values thus
evaluated are in good agreement with those from »*. This
fact indicates the consistency of the experimental data
in the range of long times.

Discussion

In Figure 3 7, data are plotted against the correspond-
iIng 7., data. Since the J, value for F-380 at C = 3.76 g/

Table I
Viscoelastic Properties of Polystyrenes in n-Butyl Benzyl Phthalate in Semidilute Region
sample code 10%C, grem™ 7°, Pass 10%J,, Pa 10%7, s 10%7,,, s TGy Pacs TG/ 1°

F-40 23.80 90.6 1.38 1.25 3.62 57.9 0.64
26.86 211 1.32 2.79 7.36 171 0.81

F-80 16.31 127 3.95 5.02 10.6 82.6 0.65
18.04 177 3.82 6.76 15.7 120 0.68

21.64 280 3.73 104 19.0 200 0.71

F-128 9.83 37.6 15.9 5.98 12.2 19.9 0.53
11.01 74.2 11.2 8.31 16.7 57.9 0.78

11.85 102 10.8 11.0 19.9 744 0.73

F-380 2.93 6.95 149 10.4 16.2 3.48 0.50
3.75 18.3 149 (109)° 27.0 (20.0)¢ 37.0 9.51 0.52

2 The values in parentheses are calculated by using the average value of J,p.
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Figure 1. Concentration dependences of zero-shear viscosity
7° (a) and steady-state compliance J, (b) for polystyrenes in
BBP at 50 °C. The symbols 0, O, A, and ¢ denote the data of
F-40, F-80, F-128, and F-380, respectively.
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Figure 2. An example of the time dependence of transient
viscosity of polystyrene in BBP at 50 °C. The sample is F-128,
and the concentration is 9.83 g/dL.

dL is much higher than the J, value calculated from an
average value of J g (0.28,) owing to experimental errors
in determining J, as seen in Table I, the 7, value evalu-
ated by using the J, value calculated from the average
J g value is employed in place of the experimental 7 in
this case. In this figure we can observe a good propor-
tionality between 7., and 7. The proportionality factor
is about 2. To confirm that the both relaxation times
have the same functional form, moreover, all the r, data
are plotted against C in the form of 7,,/M** according
to the molecular weight and concentration dependence
of 7, in Figure 4. The straight lines are drawn with a
slope of 4. Apparently, the molecular weight and con-
centration dependences of 7 and 7, are the same. Thus,
we can conclude that 7, is well represented by 7, even
in this region.

Finally, we will discuss the relative contribution of the
longest relaxation process to the zero-shear viscosity,
7mGm/n°, in this region, in comparison with those in the
highly entangled regions and theoretical values. Figure
5 shows double-logarithmic plots of 7,G,/7° vs CM in
the entangled regions for #° over a wide range of en-
tanglement density. Data of poly(a-methylstyrenes) in
melts* and data of polystyrene-diethyl phthalate solu-
tions in a highly entangled region (CM > 1.4 X 10%)° are
also shown in this figure. It is clear from this figure that
most of the data are around 0.6, and there is no distinct
difference between the data before and after the critical
CM value for J,. Thus, the magnitude of contribution
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Figure 3. Relationship between 7 and 7. The calculated 7,
value is employed for F-380 at C = 3.75 g/ dL. The symbols are
the same as in Figure 1.
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Figure 4. Molecular weight and concentration dependences
of 7, and 7. The symbols are the same as in Figure 1.
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Figure 5. Double logarithmic plots of r,G,../7° against CM,,.
The symbols ® and ¢ denote the data of poly(a-methylsty-
renes) in melts* and polystyrenes in diethyl phthalate,’ respec-
tively. The other symbols are the same as in Figure 1.

of 7.,,G,, to 7° does not significantly change with the entan-
glement density.

The theoretical 7,,G,,/1° values of Zimm,'? Rouse,! 16
and Doi-Edwards!” are 0.42, 0.62, and 0.99, respectively,
and the experimental values are close to the theoretical
value of Rouse. On the other hand, the theoretical 7,/
7o, values of Zimm, Rouse, and Doi~Edwards are 2.05,
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1.52, and 1.01, respectively, and the experimental values
are close to the theoretical value of Zimm. Considering
the experimental errors in these viscoelastic parameters,
we cannot discuss the difference between Zimm-like and
Rouse-like behavior. Moreover, our experimental con-
centration range may not be appropriate to compare the
observed data with these theories. However, it is to be
noted that the longest relaxation process in this concen-
tration region is not so much isolated from others as in
the case of Doi-Edwards theory.

In summary, we can conclude that the weight-average
relaxation time 7, of linear polymers in semidilute solu-
tions for n° can be well represented by the longest relax-
ation time 7, whether the entanglements are effective
to J, or not.
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ABSTRACT: The pressure dependence of the mutual diffusion coefficient of selected polystyrene-in-tol-
uene solutions is determined by dynamic light scattering. Decreases in the observed diffusivity with pres-
sure can be explained by changes in the polymer concentration (due to solution compression) and decreases
in the solvent fluidity (due to lowering of the system free volume). Quantitative correlations of diffusivity
are established for different polymer concentrations and molecular weights, and the results are compared

with theoretical predictions.

Introduction

Polymer diffusion at elevated pressures is relevant to
many industrial processes, including polymerization reac-
tion engineering and enhanced oil recovery. Further-
more, determination of the mobility of macromolecules
at high pressures is important to the understanding of
the molecular processes governing polymer rheology and
related dynamic processes. Quantitative measurements
of polymer diffusion coefficients at different pressures,
for example, help to establish the relative importance of
system free volume (and thus fluidity) and entangle-
ment effects influence (dictated primarily by polymer con-
centration and molecular weight). In this work, we deter-
mine polymer mutual diffusion coefficients in binary solu-
tions at elevated hydrostatic pressures by dynamic light
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scattering, in order to isolate these two possible factors
affecting macromolecular mobility.

In a binary solution the mutual diffusion coefficient is
defined as the proportionality constant between the com-
ponent flux and the negative of the component concen-
tration gradient:!

Ji = —DVCl- (1)

where J; is the component flux (in mass of component i
per unit area per unit time) in the volume-fixed frame
of reference and V¢, is the concentration gradient (in mass
of component | per unit volume per unit length). Con-
ventionally, component 1 is the solvent and component
2 is the solute. In this paper for simplicity, we delete
the subscript and use ¢ to represent the polymer concen-
tration.

Diffusion is in fact driven by free energy gradients from
the theory of irreversible thermodynamics and the fact
that the chemical potential of polymer solutions can be
expressed in terms of the osmotic pressure, 7. One obtains
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