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ABSTRACT: The mechanism of constraint release for an entangled linear chain of polystyrene diffusing
by reptation is emphasized, dissolving large N chains in a matrix of shorter N, chains of the same species.
Dynamic shear measurements allow us to define an average relaxation time 7(IN,N,} for the relaxation of the
large chains, from which we derive another average relaxation time 7,,,4(N,IN,) for the tube modification induced
by constraint release. We find that, according to the Klein and Graessley theories, the tube could be considered
as a Rouse chain (7,,4(V,N,) = N¥¥01) but constraint release is not directly connected to the reptation of
the N, chains (7,5,9(V,V,)>3*01), The process of constraint release included in the diffusion of chains in a
binary blend at various component concentrations allows us to specify the idea of “cell” in the Graessley theory
and to describe reasonably the variations of the limiting parameters 7, and J.° with blend composition.

Introduction

The viscoelastic properties of entangled molecules are
well described, for the slowest relaxation processes, by
assuming they relax by diffusion along their own contours
among topological obstacles. This process, called reptation,
was introduced by de Gennes! and developed by Doi and
Edwards.? The topological constraints, due to the fact that
the molecules cannot pass through each other, confine each
chain inside a tubelike region. The center line of such a
tube is called the primitive path or the primitive chain,
playing a role similar to the Rouse chain. The primitive
chain is a freely jointed chain with N steps of length a
corresponding to the breadth of the tube and corre-
sponding to a correlation length £, The real chain is
wriggling around the primitive chain but this wriggling
motion occurs rapidly! and its magnitude is small, less than
a. Thus, the large-scale motion of a real chain is a sliding
motion along the primitive path through the network of
other entangled chains. For monodisperse linear polymer
melts, the diffusion coefficient Dg of the center of mass
is proportional to N2 and the characteristic relaxation time
74 to N°® as was first predicted by de Gennes.

The constitutive equations derived by Doi and Edwards,
using the model of the primitive chain and applied to
different rheometrical flows, agree qualitatively well with
experiments (except for the first normal stress in the
transient shear flow): in particular, the plateau modulus
G\° and the steady-state compliance J,° are independent
of chain length. But other predictions are slightly incon-
sistent with experiment: the theoretical value of the
product Gy%J.%, which is constant for linear monodisperse
polymers, is smaller than the experimental value by a
factor of about 2.5, the viscosity varies more rapidly with
chain length than predicted (n, « M? for the theory and
no <« M?* for experiments), and the theoretical effect of
molecular weight distribution on steady-state viscosity and
compliance is much stronger than the observed depen-
dence for high molecular weight components.

These differences mean that other mechanisms may also
play a role in the whole motion of the molecules. Klein®
proposes a self-consistent model for the renewal of tube
configuration, considering that the neighboring chains
forming the tube reptate too inside their own tube. Each
tube constraint is renewed with a characteristic time g
@ N7y « N° (N = M/M,), M, being the average weight
between entanglements. For the highest molecular weight,
TR > Tyeps 80 reptation should be the dominating mecha-
nism. Graessley* suggests that other transverse motions
could occur. For example, a chain could “leak” from its
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tube anywhere along its length by projecting loops out
through the surroundings, altering the tube length. Some
experimental results suggest that the reptation is probably
only one of the mechanisms operating in nonnetwork
systems. Thus, the relaxation time of long unattached
chains in a network is longer than in the corresponding
monodisperse system,>” the longest relaxation times of
unattached star molecules in a network are very much
larger than those in the homologous melt,’ and, unlike the
behavior of linear chains, the ratio of relaxation times
appears to increase rapidly with arm length for star
molecules.

Recently, Graessley® developed a model that predicts the
effects of two sorts of motions: disengagement by fluctu-
ations in path length and constraint release. The first,
called “tube leakage”, consists of a variation of the tube
length from fluctuations in the path and surplus segment
population of an unattached chain. This mechanism
should be negligible for very long linear molecules. The
second process is the effect of the motion in the sur-
roundings on the relaxation of each chain. The neighbors
exert the topologic constraints constituting the tube but
these constraints have finite lifetimes. Every such con-
straint is released when the neighboring chain abandons
the particular step along its own primitive path which
provides the constraint. A local displacement of the path
can then occur. Thus, this effect is strongly connected to
the length of chains forming the matrix. The surroundings
would be represented by a regular lattice of independently
reptating chains. A chain with N path steps occupies N
cells of the lattice. Each cell is bounded by z, strands of
neighboring chains, occupying their own set of primitive
path steps. These bars disappear and form again contin-
ually. Their lifetimes correspond to the lifetimes of
primitive path steps which are at random locations along
the neighboring chains. Graessley postulated that such
a jump will not alter the path length, the local jump dis-
tance is the path step length a, and the average time be-
tween jumps is 27, where 7, is the mean waiting time for
release of a constraint. The average number of constraints
per cell involving such a jump is z (z < z;) and then, the
mean waiting time is

1y = J; “IF@OF dt = A2)r )

where

1
8 2 — exp(-n?t/ry)
7l'2 n odd n2

F(t) =
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Table I
Molecular and Rheological Properties of Linear Polystyrenes at 160 °C

Tos Jeoa 7,
sample M, P P cm?/dyn A s
F04 35000 1.06 3.02 X 10* 4.00 x 107 1.2 X 1072 1.48 x 1072
F10 100000 1.06 5.75 X 108 1.26 X 1078 7.24 X 107! 575 x 107!
F11 110000 1.05 7.94 X 105 1.25 x 1078 1.00 X 10° 7.58 x 107!
F20 200000 1.06 6.03 x 108 1.38 X 1078 8.32 x 10° 5.01 X 10°
F39 390000 1.10 4.36 % 107 1.58 x 1078 6.92 X 10! 4.00 x 10!
F90 900 000 1.12 6.92 x 108 2.09 X 1078 1.44 x 10° 1.00 x 10°
F120 1200000 1.2
F270 2700 000 1.2 1.59 X 100¢ 3.16 X 10 5.01 % 104 4 X 104
F380 3800000 1.3

¢These values have been extrapolated from measurements between 210 and 250 °C.

is the fraction of all initial steps still occupied at time ¢,

and
1f = ¥
A = -] —
AG) z( 12)
Graessley demonstrates that the constraint release

contribution to the diffusion of the center of gravity of a
linear chain is

D¢ = a®/(12N+,)

If constraint release were the only process for conforma-
tional rearrangement, the initial path motions would be
the same as the chain motions of the N-element Rouse
model. Thus, the longest relaxation time for constraint
release would be

(R?) 2

q = = —A(2z)N? 2
. 6r2Dg  w? (&)N"rq @

Assuming that no correlation occurs in the effects of
simultaneous reptation and constraint release, Graessley
derived an expression for the steady-state viscosity like 7,
= G\%%,, where 7, is an average relaxation time of the
terminal region. For a monodisperse linear polymer,
Graessley obtains

N 2 N2\
;= 8 T 5 11 i j

72N iodd j=1 I\ Ta 7’1,

with

71j
P 1 2 ———
>\J 4 gin (2(N 1) )

and Klein® postulates that

T T4 Tr1

which is a form similar to the above equation for i = 1 and
A= A

’ For the two authors, 7,;/74 = N? indicates that, for a
monodisperse linear polymer, reptation is the outstanding
process. But, the waiting time 7, depends on the nature
of the surroundings. If the diffusing species occupies N
steps in a matrix of linear chains with N, steps, then

To(IN,N) = 74(Ny) (3a)
and

7,1(N,Ng) « N3N? (3b)
If Ny «< N, 7,,(N,N))/74(N) « N3/N and the constraint

release will contribute to the diffusion of the N chain in
a matrix of shorter N, chains.

Daoud and de Gennes® consider also a “tube renewal”
process for one long chain in a monodisperse melt of
shorter chains of same species and they show that the
diffusion constant D,.,(N) for the test chain should be

Dyen(N) = N7INS®

which leads to a corresponding relaxation time 7,.,(IN) «
L?/D,(N) « N*N2 like eq 3.

These authors postulate that both reptation and tube
renewal must break down when the N chain becomes ex-
tremely long, the test coil moving like a hydrodynamic
sphere in a continuous medium.

In this paper, we discuss the effect of constraint release
on the terminal relaxation of large linear chains included
in a matrix of shorter linear chains of the same chemical
nature (polystyrene). In part I, we describe the experi-
mental method used to determine an average relaxation
time of the large chains, using periodic shear flow. In part
I1, we give results showing the influence of the matrix (N,
chains) and of the individual N chain on the variations of
the average time of constraint release for the large chain.
Then we emphasize the effect of the large chain concen-
tration in the surroundings on the average relaxation time
of the two components of the binary blends. We will derive
from that study an equation for the zero-shear viscosity
7o and the steady-state compliance J,° for binary blends
of monodisperse linear polymer melts, including the effects
of constraint release.

I. Experimental Section

1. Samples. We have used fractions of linear polystyrene
manufactured by Pressure Chemical Co. Their main features are
listed in Table I. The samples, fractions and binary blends, were
prepared in the following way. They were dissolved in benzene
at a concentration of about 0.03 g cm™ with a very small amount
of antioxidant (Dionol at 0.1% by weight) and freeze-dried in
liquid nitrogen under a vacuum of about 2-3 mm of mercury for
3040 h at room temperature. The samples were then vacuum-
molded at about 200-230 °C as small disks with a diameter of
2 ¢m and a thickness of 2 mm.

2. Experimental Technique. The dynamic shear measure-
ments were performed with an Instron 3250 rheometer. The
sample is sheared between cone and plate. The radius of the plate
is 1 cm, the angle of the cone being 7.5°. The frequency of the
upper cone oscillation may be varied between 107 and 1072 Hz,
the oscillation amplitude decreasing with frequency so the shear
strain is lower than 0.02. Data for the entrance signal is provided
by a Hewlett-Packard 9845B computer to a Schlumberger fre-
quency analyzer—generator, which generates the signal driving
the motor.

The exit signal, corresponding to the torque applied to the lower
plane, is returned to the analyzer, which compares the two signals,
amplitude, and phase. The amplitude ratio and the phase angle
are transmitted to the computer (Figure 1). Thus, it calculates
the dynamic storage modulus G/(w), the loss modulus G"(w), the
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Figure 1. Block diagram of the experimental setup.

dynamic viscosity 7’(w) = G"(w)/w and its imaginary part 5" (w)
= G'(w)/w, and the storage compliance J(w) = G"(w)/|G*(w)]%
The experiment is entirely automated in the whole frequency
range. The sample temperature may be selected from room
temperature to about 300 °C with a stability of 0.1 °C. The
accuracy is better than 5% for the dynamic data.
Measurements were made between 160 and 250 °C for all
samples, fractions and blends. For the very long chains (M >
900000), we changed the sample at each temperature and, after
each experiment, we checked again the data at the lowest fre-
quencies, in order to make sure that the sample had not degraded.
This check was made also by measuring molecular weights after
the experiments by gel permeation chromatography but this was
inefficient for the blends containing only 2% of long chains.
We have constructed the master curves for G (w) and G"(w)
for each sample, using a horizontal shift factor ar = nTopo/ 0T,
for the terminal region and the onset of the transition region.16
A vertical shift factor is not required for the terminal region
because the steady-state compliance oJ,° seems independent of
the temperature for 1.2 < T/T, < 2.1 Thus, the average relaxation
times are shifted, at different temperatures, by the same shift
factor ar, which is, within experimental uncertainties, the same
for all the fractions and blends studied. The reason for this is
that, for high molecular weight polymers, the free-volume fraction
and so the mobility of the chains are practically independent of
the molecular weight. For our experimental results, we have
obtained log ay = (704/T - 48.6) — 6.32 with a reference tem-
perature T, = 160 °C.
3. Determination of Terminal Average Relaxation Times.
Formally, one can calculate the relaxation time distribution
function H(w) using Fuoss and Kirkwood formulas'?

H(f - l) = 211 GHwet)
w g
if one knows an analytical formula for the complex shear modulus
G*(w). Generally, this is not the case and thus, approximation
methods!315 are used. But, we have demonstrated® that they
provide rough results for monodisperse polymers. In particular,
the longest time is underestimated and the overshoot of the
spectrum in the terminal region is smoothed.

For high molecular weight fractions, Marin!7 has given an
analytical expression for the complex compliance:

Jp Jy
1+ (jor)'?

JH@) = S+ F ——
Jwny 1+ (}w‘rp)l""

with a retardation time distribution of Cole and Cole!® for the
two retardation domains. J,* defines a terminal region associated
with the whole motions of the chains.

The retardation time 7, « M** is similar to the disengagement
time 74, and « is related to the breadth of the relaxation time
distribution, which is in turn a function of the breadth of the
molecular weight distribution. J;* is independent to the length
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Figure 2. Retardational complex compliance for sample F39 at
several temperatures: experimental data from ref 17 and full line
from the analytical expression of J*(w) in the text.!”

0.4)11”:10%.:
+ +
L-=T=x + .
+ ~s + +
0.2 ,+’ AN * . W +
; a \\ ++ W +
K \ b
A -
T T T T
0 0.5 1 1.5 N'1108p.
v 1 (10- 2
1.0 J g (10-4 cm2/dyne)
et
- 4
059 4 S
# b \
+ A\
+ \
0 a T T — T
0 1.0 2.0

J’ (104 cmZ/dyne)
Figure 3. Dynamic properties in the terminal region for the blend
F11-F270 with ¢ (weight fraction of the F270 sample) = 0.02 at
160 °C. From the master curves of G'(w) and G"(w), we deduce
(a) the complex viscosity n*(w) and (b) the retardational com-
pliance J*(w) — 1/jwny.

and characterizes the motions of chain portions corresponding
to the lengths between entanglements. Figure 2 shows the good
agreement between the experiment and the given analytical ex-
pression. Thus, one can calculate the retardation spectrum

L(T = }') = :I:lImJ*(we*j')
@ T

and deduce the relaxation spectrum H(7). This method is suc-
cessful for monodisperse linear polymers. But, in the case of
blends containing 2% of long chains, it is not possible to separate
the various retardation domains, as shown in Figure 3b. Thus,
it is difficult to derive an analytical expression for J*(w) showing
the various contributions and, in particular, that of the long chains
in a matrix of shorter chains. We cannot derive then the terminal
relaxation times of the long chains in those blends with that
method.

We can also determine the average relaxation times 7, and 7,,
which may be expressed as functions of the relaxation time
distribution moments by'®

o
f tH(r)dIn 7

-

Tn = 10/ G’

= T—
_[ H(x)dIn r
and

feo

f PH@dIn7
N . < no°

f H@ dIn
The ratio 7,/7, = Gn%/ " is a measure of the breadth of the
relaxation spectrum and practically the same value Gy%J.” ~ 3.0
+ 0.5 is found for different species of narrow-distribution poly-
mers.2
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Figure 4. Reduced complex viscosity curves for several nar-
row-distribution samples: F04, F10, F11, F20, F39, and F90.

Experimentally, the parameters 7, and J.? are obtained by the
standard formulas!®

70 = lim (G"/w)
w0

and
JL = (1/7,9 lim (G'/«?)
w0

So, we can calculate 7,. But, this relaxation time includes all
the terminal relaxation mechanisms, for both the matrix and the
isolated N chains. As we need only an average terminal relazation
time for the N chains, 7, does not fit.

It is often difficult to get the plateau modulus Gy°. According
to Ferry’s equation®

9 (e
0=_ "
Gy TL G"w) dInw

with only the terminal region contribution. It has been shown?*
that Gy° « G, G,” being the maximum of the terminal loss
modulus. But, this maximum is obtained only when the terminal
and transition relaxations are well separated. For blends con-
taining 2% of long chains, the terminal relaxation region of the
long chains overlaps the terminal relaxation region of the matrix
and the maximum of G’ is not observed in the low-frequency
region, as shown in Figure 9. Thus, it is not possible to use the
relaxation time 7.

Figure 3a shows that, if we represent the imaginary part of the
complex viscosity 7”(w) vs. the dynamic viscosity »’(w) for the
blends, two terminal relaxation domains appear. The high-fre-
quency domain represents the relaxation of the matrix because
its amplitude is very similar to that of the N, homopolymer, and
Figures 8 and 9 show that the variations of G'and G” in that region
are very close to those of the N, homopolymers. Thus, the low-
frequency domain depicts the relaxation of the long N chain. In
Figure 3b, the curve representing the retardational compliance
J*(w) - (1/jwny) does not allow us to conclude whether the re-
laxational domain observed is characteristic either of the long
chain or the whole blend. So, we have chosen the first repre-
sentation (n*(w)) to determine an average relaxation time of the
long chain. For homopolymers, whatever the molecular weight
distribution, we have shown?? that the reciprocal of the frequency
at the maximum of n” represents an average relaxation time 7.
Figure 4 shows a master curve for the reduced complex viscosity
n*(w) = n*(w)/n, for narrow-distribution fractions of polystyrene.
The value of the angle 3 is related to the breadth of the relaxation
time distribution. Columns 6 and 7 of Table I show that 7 rep-
resents well an average terminal relaxation time because, for
monodisperse linear polystyrene samples with a constant en-
tanglement concentration (M/M, greater than about 6), the ratio
7,/7=15%x02andso 7, <7< 7,

Thus, we used this way of obtaining an average relaxation time
of long N chains included in a matrix of shorter N, chains, em-
ploying the low-frequency domain observed in the Cole—Cole plot
of complex viscosity. The accuracy of 7 is about 10%.

I1. Results and Discussion

1. Fractions. The variations of the limiting parameters
70, J0, and 7, for the fractions studied, follow the usual
law as a function of molecular weight M: 75, = 5.4 X
1071IAL32 (Figure 5), 7 = 5.25 X 10718M34 (Figure 6) for M
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Figure 5. Zero-shear viscosity as a function of molecular weight
at T = 160 °C for narrow-distribution samples: (+) data listed
in Table I; (®) data from ref 17; (O) data from ref 30.
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Figure 6. Average relaxation time as a function of molecular
weight at T = 160 °C for narrow-distribution samples. The
symbols have the same meaning as in Figure 5.
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Figure 7. Steady-state recoverable compliance as a function of
molecular weight for narrow-distribution samples. The symbols
have the same meaning as in Figures 5 and 6.

> M, ~ 2M,, and J,° « M® (Figure 7) for M > 6M,, but
J0 increases with polydispersity. It should be observed
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Figure 8. Master curves of storage modulus at 7' = 160 °C for
the blends listed in Table II (¢ = 0.02). The dashed lines represent
the behavior of fractions; from left to right: ¥270, F39, F20, F11,
and F04.

that sample F270 has been studied between 210 and 250
°C, and the values of 7y and 7 have been extrapolated at
160 °C using the shift factor ap.

The relaxation time 7 is a measure of the diffusion
motion of the chains in their own surroundings. The
mechanisms involved may be reptation, constraint release,
or tube fluctuation breakage. The latter will not be con-
sidered because this influence is negligible for chains®
sufficiently long. Thus, if we consider only reptation and
constraint release and assume that the two mechanisms
are uncorrelated, we have

141

7rep Tmod

4)

e A

with 7,,, similar to the tube disengagement time 74 and
Tmod 8 tube modification time such as an average time of
the tube motions in an N-element Rouse model (r,; would
be the longest relaxation time of the tube).

For a monodisperse linear polymer, following Graessley’s
model, 70d(IN)/Trep(IN) = N2, so the reptation would be
dominant for the high molecular weights.

2. Influence of the Matrix. In order to modify en-
tirely the surroundings of the N chain, it was “isolated”
in a matrix of shorter N, chains of the same species
{fractions of linear polystyrene). We have made blends
of sample F270 in matrices F04, F11, F20, and F39, so 7
< M/M, ~ N/N, < 77. The weight fraction of the N
sample is 2% for the four blends, corresponding to a
concentration of C =~ 0.02 g/mL. In a solution, a macro-
molecule exhibits the behavior of an individual chain until
the coils overlap or at least until there is an overlap of the
hydrodynamic spheres of individual molecules for C = C*
= M/N,R¢® where N, is Avogadro’s number and Rg
Stokes’ radius. For polystyrene in a good solvent C* o~
6 X 10% g/mL at M = 2700000 (sample F270) from
measurements using dynamic light scattering.?® Each N
chain in a melt of identical chains is Gaussian and ideal.
But, in a matrix of N, chains, the N chain stays ideal only
up M, =~ M'/2%* So, in our case, we can assume that all
the blends studied are ideal and the N chain conformation
is the same that in a ©-solvent with Cg* > C*. The real
values of C* and Cg* are difficult to determine because
they depend on the range of the interactions and thus on
the definition of the radius R. For static effects, a radius
of gyration Ry, is used; for dynamic effects, a hydrodynamic
radius Ry is used. So, we assume that, for the concen-
tration C = 0.02 g/g, the interactions N-N are negligible.
This assumption will be confirmed in part II-4 of this
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Figure 9. Master curves of loss modulus at 7' = 160 °C for the
blends listed in Table II (¢ = 0.02). The dashed lines have the
same meaning as in Figure 8.

Table I1
Relaxation Times of N Chains in N, Matrices at 160 °C
7 (Nst); ?mod(NyNs)a
N chain N, matrix s s

F270 Fo4 3.5 X 10! 3.5 x 10t
F270 F11 7.8 % 102 7.95 X 102
F270 F20 1.6 x 10° 1.7 X 102
F270 F39 1 x 10* 1.3 X 10*
F270 F270 4 X 10%¢ 1.2 x 1088

¢This value has been extrapolated from measurements between
210 and 250 °C. ®This value has been extrapolated from the
straight line in Figure 10.

paper, where the Figure 17 shows that the average tube
modification time 7,4 is practically independent of the
concentration for C < 0.02 g/g.

Figures 8 and 9 show the variations of storage modulus
G(w) and loss modulus G"(w) vs. the molecular weight M,
of the matrix. Two domains can be distinguished: the
high-frequency domain has been superposed, with the
dashed line representing the behavior of the matrix alone
(obtained from the homopolymer data), and so represents
the contribution of the matrix to the terminal relaxation
processes; the low-frequency domain is due to the presence
of the long chain. Starting from the master curves of G (w)
and G"(w), we have calculated #'(w) and 5”(w) and deduced
the average relaxation time 7(IN,N,) of an N chain in an
N, matrix. If we assume that the relaxation time measured
for the homopolymer is only a reptation time 7,,(V) (F270
is a sample with very long chains), we can dpeduce the
average time of tube modification 7,.4(N,N,) from a re-
lation similar to relation 4:

1 -1 1
7(N, N, s) 7'rep(l\f) 7_'mod(lv :N s)

The results obtained for the four blends studied are listed
in Table II. It shows that, in the shortest matrices, the
reptation of the N chain is a negligible process and, in the
largest matrices, the constraint release inducing a modi-
fication of the tube plays an important role in the relax-
ation of the N chain.

Figure 10 shows that the variation of 7,,,4(N,N,) with
molecular weight M, of the matrix follows the law

Fmod(V,N,) o« M 2301

which is not the law predicted by Klein and Graessley. If
constraint release is due to the motions of the chains of
the matrix, the average time of modification of the tube
is proportional to the relaxation time of the N, chains and
g0, formally, 7,,4(N,N,) = M4, using the experimental
exponent. The discrepancy could be related to the fact

(®)
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Figure 10. Average relaxation time for the tube modification
of the F270 sample at T = 180 °C as a function of molecular weight
of the matrix. (@) represents the relaxation time of the F270
fraction.

Figure 11. An N, chain of the matrix could have several contacts
with the N chain. Thus, constraint releases would be correlated
and the average time of constraint release would be faster than
if constraints were independent.

that the interactions between the N chain and the N,
chains of the matrix are connected. The motion of each
constraint materializing the tube is connected to some
neighbors and this correlation is all the more important
as the matrix is constituted of larger chains. One of the
processes of correlation could be the fact that one chain
of the matrix has several contacts, as entanglements, with
an N chain (Figure 11). The release of one constraint
makes easier the release of neighboring constraints relative
to the same N, chain. Experimentally, we establish that
?mod(N7Ns) x 7'rep(l\]s)/-l\rv

Figure 10 shows that, if we extend the straight line
representing the variations of 7,.4(N,IV)) vs. N,, we obtain
the value of 7,,4(N) for a monodisperse sample corre-
sponding to N = N,. In our case, we can calculate this
average time for the sample F270: 7,.,4(IN) =~ 108 s.
Comparing to the average reptation time for the same
sample (last line in Table II), we verify that, for large
chains in their own surroundings, the process of relaxation
observed in the terminal region is only the reptation.

3. Influence of the Test Chain. Modifying the length
of the N chain isolated in a given monodisperse matrix,
we can try the assumption that compares the tube with
a Rouse chain of N beads; thus, its relaxation time is
proportional to N2. We have used the F11 matrix in which
we have blended the samples F39, F90, F120, F270, and
F380 with a weight-concentration of 2%. Figure 12 shows
that two separate domains of relaxation are observed,
except for the sample F39, and thus we can determine

Macromolecules, Vol. 17, No. 8, 1984

v ianb .
Oé-fy’ 10%poses

’,+’—*‘\4\
. ~s
324 & N,
- a N
& iy
- T M T
C.5 1 (108 poises)
”/’m:)bp_‘
0,4 +
T -
- S~ +
» N
o244 N,
+ b \
i \\ gt **ﬁ,
I T T
0 2.3 . 141082
N 6s.
0.4
s -
A -
~ +
Ao /1’// RN + o .
Uiz S N + +
; C N + + +
/ A2
N A
I \» T T
S 0,5 1 1,5 N'110%p.)
?U’Moép»
0,84 Lottt
i + +
PO + *
0,4 hd + +
-~ + +
/’/ AN d gt
A
! T T T ,
0 . 2 3 1'110%p.

Figure 12, Complex viscosity at T = 160 °C deduced from the
master curves of G(w) and G"(w) for the blends listed in Table
III (¢ = 0.02). The N chain is, from top to bottom, (a) F39, (b)
F90, (c) F270, and (d) F380. The dashed arc of circle represents
the behavior of the F11 fraction.

a +
v, N\
e r \ 1
& +
= \
L -+ ]
v+
AR
L A
\ +‘+\
Q L i A, L A, e L L
7 "8 ny
7105 p.)

Figure 13. Low-frequency part of the curve of Figure 12a. The
arrow indicates the frequency that defines the average relaxation
time #(N,N,).

Table III
Relaxation Times of N Chains in an N, Matrix at 160 °C
7 (NN, Tmoa(IVLN,),
N chain N, matrix 8 s

F39 F11 2.0 X 10! 2.9 X 101¢
F90 F11 1.45 x 102 1.7 X 102
F120 F11 4.0 % 10? 4.2 x 102
F270 F11 7.8 x 10? 7.95 X 102
F380 F11 3.55 X 10° 3.65 x 10°

¢ This value has been obtained by using relations 5 and 6.

7(N,N,). For the four blends showing a well-defined low-
frequency domain, we may derive the tube modification
time 7,,4(N,N,) using eq 5, in which 7,,,(N) is the same
as the average relaxation time 7(IN) observed for the
monodisperse N samples. For the blend F11-F39, the size
of the low-frequency domain is much smaller than those
of the high-frequency domain and thus we do not observe
a maximum of " in the low-frequency part. Thus, we have
determined 7(N,N,) in this case as the reciprocal of the
frequency for ' = n; + (9, — 1,)/2. n, and », represent the
viscosities of the ends of the low-frequency domain. In
Figure 13, that frequency is located at the end of the arrow.
The results are listed in Table III, and Figure 14 shows
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Figure 14, Average relaxation time for the tube modification
of the N-chain samples at T = 160 °C as a function of molecular
weight. Matrix is the F11 fraction.

that the variations of 7 ,4(N,N,) vs. the molecular weight
of the long chain follow the law

mod(NLN,) « MLo201

Thus, it seems that one can really compare the tube to
a Rouse chain for which the terminal relaxation times
scales like M2

Using the results of the part above, we can write that,
for an N chain (molecular weight M) isolated in a matrix
of monodisperse N, chains (molecular weight M,), the
average time of tube modification is

TmodV,N,) = (L4 % 0.2) X 102IM19M 28 g

at T = 160 °C for polystyrene.
Thus, for a monodisperse sample

Tmod(N) = (14 % 0.2) X 1072M*2 g

and, using relation 4, in which the variations of 7(/N) are
the experimental data (Figure 6), we obtain the values of
7rep(IV) well depicted by the relation for M = 390 000:

Trep(N) = 2.3 X 10°17M33 g (6)

We can see that the process of constraint release does not
explain the discrepancy between the experimental coef-
R{calent (Trep « M%) and the theoretical exponent (Trep

)

This relation (6) has been used to deduce 7,,,4(N,N,) for
the blend F39-F11 (first line in Table III) because, for the
narrow-distribution sample F39, the diffusion mechanisms
include reptation and constraint release (for the F39 sam-
Ple, Freag = 40 8 and (Trep)catea = 66 8). Therefore, the ratio
Tmod (V) / Trep(IN) =~ 6 X 10°5M0# confirms that the process
of constraint release is negligible for narrow-distribution
samples of very long chains,

Our results are in agreement with measurements of
self-diffusion coefficients for large labeled chains. They
show that, if the matrix is made with chains larger than
the labeled chains, the diffusion coefficient is roughly the
same as that for labeled chains in their own surround-
ings.2526

But, for the blends studied in this part of our work, the
matrix is made with chains for which the process of con-
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Figure 15. Master curves of storage modulus at T = 160 °C for
blends F10-F270. The dashed lines represent the behavior of the
two components alone. Experimental points correspond, from
left to right, to ¢ = 0.31, 0.20, 0.10, 0.05, and 0.02.
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Figure 16. Master curves of loss modulus at T' = 160 °C for the
blends F10-F270. The curves have the same meaning as in Figure
15.

straint release influences their terminal relaxation (74
N/ -r,ep(Ns) =~ 2 for sample F11). Thus, for those N,
chains, interactions with much larger N chains increase
the tube modification time and also the relaxation time
observed for the matrix. In Figure 12, the dashed line
represents the behavior of the monodisperse F11 sample,
and that relaxation domain is affected by the presence of
large chains. This is demonstrated particularly for the
blend F11-F380. Its amplitude is increased and the av-
erage relaxation time also. This effect would be better seen
for blends in which the concentration of large chains in
the matrix is increased.

4. Influence of Concentration. We have assumed
that, for the concentrations used in the previous blends
(C = 0.02 g/g), the N chains were isolated in the matrix
and we have neglected the N-N interactions. In order to
demonstrate the effect of such interactions in the diffusion
processes and, in particular, in the tube modification, we
have made blends of samples F10 and F270, varying the
concentration of sample F270 between 0.02 and 0.31 g/g.
For the highest concentrations, it is impossible to reach
the terminal region (G’ « »? and G” « w) and thus to
determine the zero-shear parameters 5, and J.°.

Using the master curves of Figures 15 and 16, we have
calculated #'(w) and 7”(w) and determined an average time
(7(N,Ny)) for the low-frequency relaxation, using the usual
method. Thus, we have deduced an average time for the
tube modification for the N chain: (%,,4(N,N,)) using
relations 5 and 6. Results are reported in Table IV.

In order to discuss these results, it is necessary to take
into account two types of interactions for an N chain: N-N
interactions with a ratio ¢, and N-N, interactions with a
ratio 1 — ¢, ¢ being the weight fraction of the N chains.
For each type of interaction, the mean waiting time for
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Table IV
Rheological Properties of F10-F270 Binary Blends at 160 °C

o, Je0$ (?mod(Nst) ) s <7_'(N51N) >y
¢ P cm?/dyn s s

0 5.75 X 105 1.26 X 107% 5.8 X 101
0.02 1.05x 108 1.78 X 10™* 6.4 X 102 6.0 x 10!
0.05 2.51 X 108 4,00 X 10 1.5 x 10° 6.5 x 107!
0.10 1.00 X 107 3.00 X 10 3.3 x 10° 8.2 x 10t
0.20 5.75 X 107 9.55 X 107 8.9 x 10° 9.6 x 107!
0.31 2.09 X 108 5.00 X 107 3.2 X 10 9.9 x 10!
1 1.59 X 101 3.16 X 107 1.2 X 108

constraint release is obtained by using the function F(¢),
which represents the initial fraction of steps still occupied
at time t for each neighboring chain. If we assume that
the equation of F(t) proposed by Graessley® may be used
with an average relaxation time, then for N-N interactions

2 At
Fult) = :—2 exp(—? EJ)V)) (7)

where z is the average number of suitable constraints per
cell, and, for the N-N, interactions

72 Ayt
Fy(t) = TRt GENA) (8)

Then we deduce a function F(¢t) which represents the
average fraction of initial steps still occupied by a chain
neighboring an N chain, whatever this length

F(t) = ¢Fpn(t) + (1 - ¢)Fy () 9)
which allows us to define an average waiting time for

constraint release for an N chain in the same way as
Graessley:?

NN = fIFOF d (10)

Using experimental results of parts II-2 and II-3, we
obtain an average relaxation time for modification of the
tube:

(Tmed(V,NY)) = MY (7(N,Ny))

(T(N,N,)) may be calculated with the expressions (7),
(8) (in which 7,(N) « M?% and 7,(N,) « M.2%), (9), and (10),
choosing a value for z.

We have tried several values of 2z, and Figure 17 shows
a good agreement between the experimental results and
the curve obtained for z = 3, corresponding to the ex-
pression

1 -
(?mod(N!Ns” = 7'modu\,r]\]s)qbs[é + 9(T¢) X

(i) o222 o)+ (52) ] o

with
a = (M,/M)>?
This relation can be simplified, if « < 1, in the form
M )28

(?mod(N’Ns) ) = 7'mod(z\lilvs)(ﬁs 1\7 +

(59) 1) ()]

This indicates that, according to Graessley’s model, there
are three suitable constraints per cell. If every constraint
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Figure 17. Average relaxation time for the tube modification
of the N chains in the blends F10-F270 as a function of weight
fraction ¢ at 160 °C. Full line corresponds to eq 12.

corresponds to an entanglement, the number N of steps
would be N = M/3M..

Figure 17 shows that (7,,,4(IV,N,)) for ¢ = 0.02 is very
close to the tube modification time for an N chain perfectly
isolated (¢ — 0). Thus, for the concentration used to show
the influence of the lengths of the matrix and the N chain
(¢ = 0.02), the N chain had a behavior of the individual
chain.

In the same way as the composition of the blend mod-
ifies the terminal relaxation times for the larger N chain,
the matrix of shorter N, chains exhibits an increase of its
relaxation times when the ratio of large chains increases.
Figure 15 and 16 show that the high-frequency region is
shifted toward low frequencies as ¢ increases. It seems that
the curves reach a maximal shift corresponding to a
maximal increase of the relaxation time when A log 7 ~
0.3.

If we consider that the average relaxation time for tube
modification of the N, chains follows the same law as the
N chain, then (for (M/M,)?*3 > 1)

o )23 1-6
<7_'m0d(Ns,N)> = 7'1:ﬂod(]vs)(l53[ (M—S') + 9(—¢—) +

of1-0\ [1-4)°
(52) +(52) ] o

Using this expression, we may calculate (7,.4(N,,N)) and
thus the relaxation time (7(IN,,N)) from the relation

(F(NGIN)) T = (Frep(N )+ (FroaNe,N))

with 7,,,(N,) =~ 1 s calculated for the monodisperse F10
sample.

The results presented in the last column of Table IV
show that, for a concentration of the N chain higher than
0.20, the relaxation time of the N, chains is similar to the
reptation time and so the maximum shift for that time is
log (74ep(INe)/7(IN,)) = 0.24, close to the experimental shift.

The effect of the concentration of large chains in the
blend appears in the breadth of the relaxation time dis-
tribution. We have indicated that, on the curves repre-
senting 1" as a function of »’, the angle g is a measure of
that breadth (Figure 4). In particular, 8 is zero for a unique
relaxation time. For the blends F10-F270, we have de-
termined the angle 8 of the low-frequency domain, and
Figure 18 shows the variations of the parameter 1 — tan
8, which is the dispersion parameter for a Cole-Cole dis-
tribution.’® For high concentrations of N chains, the
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Figure 18. Dispersion parameter of relaxation time distribution
for sample F270 in blends F10~F270 as a function of F270 weight
fraction.
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Figure 19. Zero-shear viscosity for blends F10-F270 as a function
of weight molecular weight at 7 = 160 °C. The full line corre-
sponds to eq 14.

dispersion parameter reaches the same value as for a
monodisperse sample and, when the concentration tends
to zero, it seems that the low-frequency relaxation exhibits
a unique relaxation time. For the lowest concentration
studied (¢ = 0.02), the N chain has been considered as
isolated—no N-N interactions—so the mean waiting time
7.(N,N,) is the same for all constraints, leading to a unique
relaxation time for the tube modification process. A small
polydispersity leads to a small dispersion of relaxation
times. When the N-N interactions become efficient, there
are correlated motions of the N chains and thus the re-
laxation times are distributed, independently of the mo-
lecular weight distribution. Then it seems that, even for
a sample strictly monodisperse, the correlated motions of
the chains, including reptation, constraint release, and
other mechanisms, induce a distribution of relaxation
times.

The zero-shear viscosity 7, and the steady-state com-
pliance J,0 vary with concentration. For the blends F10-
F270, the compliance J,° follows the usual variations: it
reaches rapidly a maximum value for a concentration of
about 5% but the viscosity 7, does not follow the usual
power law ny « M4 Figure 19 shows that the experi-
mental points are below the dashed line representing the
power law. This observation is unusual but, to our
knowledge, binary blends with components so different
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Figure 20. Steady-state recoverable compliance for blends
F10-F270 as a function of F270 weight fraction. The full line
corresponds to eq 15.

(M /M, = 27) have not been studied. OQur results can be
explained, at least qualitatively, as an effect of constraint
release.

Some blending laws have been given?? to represent the
behavior of binary blends of entangled molecules. These
quadratic laws define the relaxation time distribution
function H(r) for the blend as the sum of three terms: the
function H,(7) and H,(r) of each component and a coupling
term due to the interactions between the two components.
Using a molecular approach, Graessley?® deduces the
following expressions for the limiting parameters:

o = non{(9? + di¢(1 - ¢) + R(1 - ¢))
0 ¢® + dap(1 - ¢) + R%(1 - ¢)?
[¢2 + did(1 - ¢) + R(1 - ¢)*}?
where R = (M/M,)*% and d, and d, are parameters related
to the molecular structure of the polymer.
These expressions account only qualitatively for the
experimental results and lead to too high values.

Assuming that the tube modification represents an in-
terchain coupling, we suggest writing

mo = $XT(N,NYD) + (1 = ¢ (F(N,N)) (14)

Jeo = JeN

with

(FINND) ™ = (Frop(N)Y) + (Froa(N,N)) !

and
(FINGN)Y T = (Fop (N + (Fioa(NN)) T

The full line on Figure 19 shows that, for the low values
of concentration, relation 14 leads to values of viscosity
lower than those of the power law. But, for the high values
of concentration, there is a discrepancy between experi-
mental data and values from relation 14.

In the same way, we propose the following expression
for the steady-state compliance:

o FOWND?+ (- 9NN
* [eHFINNY) + (1 - 9)3(7(N,N)) 12

in which the average relaxation times of the two compo-
nents in the blend include the effects of interchain cou-
plings. The curve obtained from relation 10 is in good
agreement with experimental results, in particular for the
value of the maximum of J.%, which is a few hundred times
the compliance of each component (Figure 20).

In the two relations (14) and (15), the coefficient of
proportionality is adjusted to fit the curves and the ex-
perimental data for the two components alone.

(15)
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In summary, it seems that the mechanism of constraint
release plays an important role in the terminal viscoelastic
properties of binary blends that are a first example of a
polymer with a broad molecular weight distribution. But
the contribution of this process to the diffusion of any
chain in surroundings of chains with different lengths has
to be further studied.

Conclusion

Using a classical technique of mechanical analysis, dy-
namic shear measurements in the terminal region, and
using binary blends of monodisperse linear polystyrene
with very different molecular weights, we have demon-
strated the effects of constraint release in the diffusion
motion of entangled chains. We have shown that the
relaxation times typical of this mechanism follow partly
the scaling laws given by Klein® and Graessley® for an N
chain isolated in a matrix of N, chains. It seems that we
can consider the tube of the reptation models as a Rouse
chain with a characteristic time 7,,4(N,N;) « N? but the
mean waiting time for a constraint release is not directly
related to the reptation time of the N, chains and we have
observed that 7, « 7,,,(N,)/N,, perhaps due to the fact that
the topological constraints acting on an N chain are not
independent, so they have correlated motions.

For binary blends in which the surroundings of an N
chain is constituted with N chains and N, chains, we have
related the characteristic time of tube modification with
concentration. Thus, we have determined that a cell in
the Graessley model contains three constraints that can
release, involving a local modification of the primitive path.
This mechanism, combined with the reptation motion in
the quadratic blending laws, allowed us to describe rea-
sonably the variations of the steady-state compliance /.0
and qualitatively those of the zero-shear viscosity 7, In
order to improve the given model, it would be necessary
to take into account possible correlations between the two
motions of diffusion: diffusion of one chain along its own
contour and modification of the tube constituted by the
neighboring chains and perhaps other mechanisms like the
path291ength fluctuations considered by Graessley® and
Doi.

We have used polystyrene, for which monodisperse
samples are available on the market, but this polymer
shows two drawbacks: the terminal and plateau relaxa-
tions are not clearly separated and so the master curves
of G(w) do not exhibit a maximum which allows one to
define the plateau modulus Gy° and thus the average time
7. on the other hand, the critical molecular weight M,
above which one considers the entanglement effects is high
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(M, >~ 35000) and a good study with high molecular
weights is not possible for M/M_, > 100. We have shown
that the mechanism of constraint release plays the leading
part when the N chain is much larger than the matrix
(M/M, > 5 approximately) and so the number of M-M,
pairs is reduced. For these reasons, it seems that other
polymers are better for the study that we just made, and
they would allow a test of the results of the present work.
In particular, using matrices of short chains strongly en-
tangled, one could verify whether the experimental result
Tmod(V,Ng) « M23 is not due merely to the fact that the
matrix has not reached its asymptotic behavior.

Registry No. Polystyrene, 9003-53-6.
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