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Abstract—The dynamical behavior of polymers with molecular weight distribution is analyzed from the
standpoint of reptation and tube renewal. In a binary blend where the entanglements between longer chains

are prominent, the shorter chain relaxes only by reptation, whereas the longer chain shows more complex

behavior, i.e., reptation in the original tube, short-range tube renewal causing the tube enlargement. and

thereafter reptation again in the expanded tube. Dynamic moduli data from literature are used for determin-

ing the compositional dependence of the relaxation times. Also on the basis of the relaxation mechanism con-
sidered here, the critical composition due to the onset of entanglements between different longer chains is
proposed as a function of their component molecular weight ratio.

INTRODUCTION

It is now widely recognized that the polymer chain
dynamics in concentrated solutions and melts is domi-
nated by reptation [1,2], the snake-like motion of a
polymer through a fixed tube-like region formed by
surrounding chains. The chain can move freely along
its tube, but cannot escape laterally. For nearly mono-
disperse linear polymers, the reptation model appa-
rently agrees well with self-diffusion data [3,4].

In a real polymer with a broad molecular weight
distribution(MWD), however, the assumption of the
fixed-obstacles which is useful in monodisperse sys-
tern is no more valid. That is, the tube expansion will
occur by constraint release. For an example of a poly-
disperse polymer system, a bimodally distributed sys-
tern, a blend of shorter(1-) and longer(2-) chains, is
the most simple but critical case for accounting the
polydispersity effect on chain dynamics and their rela-
xation. The shorter chain relaxes only by reptation just
like monodisperse state irrespective of its composition.
But the behavior of the longer chain is affected by
some factors such as a blend ratio(R = M,/M,)and its
volume fraction. That is to say, if the difference of re-
spective molecular weights is small, My/M, —1, the
fixed-tube assumption will be valid. As the R in-
creases, the constraint release accompanying the tube
enlargement accelerates the crawling motion of the
long chain. Ultimately, in the extreme case, R— <o,
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the shorter polymers constraining the 2-chain act as
solvent-like chains.

In addition to the dependence of chain dynamics
on the blend ratio, the composition dependence is
very important. In the limiting dilute region of
2-chains, ¢, - 0 (where the ¢, means the volume
fraction of 2-chains), various theories for the dynamics
of a longer chain isolated in short chain matrix have
been presented by several authors [5,6], and support-
ed by various experiments [7-11]. At a finite concen-
tration allowing entanglements among the different
longer chains, however, the relaxation behavior shows
somiewhat different mode from the dilute-concentra-
tion behavior: after the l-chains surrounding on a
2-chain diffuse out by reptation, the local tube renewal
can take place between two 2-2 entanglement cou-
plings.

So as to study the polymer chain dynamics, there
are two experimental ways, i.e., the diffusion coeffi-
cient from the tracer diffusion experiments [7-9] and
the relaxation time from the dynamic shear measure-
ments in linear viscoelastic region [10,11]. In general,
the diffusion coefficient is measured by labeling and en-
bedding a polymer chain as a test chain in unlabeled
chain matrix. But the measurement of the diffusion
coefficient of the 2-chain in a concentrated region is
rather complicated so far. The individual contribution
of each component to the chain relaxation behavior
can be observed rather directly in the dynamic moduli
G'(w) and G“(w), where G, G" are respectively the
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storage and the loss modulus and w is a frequency. At a
high frequency region all chains participate in the en-
tanglement network. At a low frequency region only
the 2-chain exhibits the viscoelastic response and the
l1-chain acts as a solvent-like molecule.

In. this paper, we will propose a tube renewal the-
ory in the bimodally distributed polymers. From this
madel we will discuss the effect of a constraint release
on the relaxation behavior of higher molecular weight
chain and on the rheological properties of the binary
blends from literature data.

THEORY

1. Review of reptation theory

The primary factor controlling the overall mole-
cular motion of polymer in an undiluted system is the
effect of entanglements, i.e., chains cannot pass through
each other. Because of the restricted transverse
motion to the chain contour due to those topological
constraints, the reptation theory assumes that each
polymer chain is confined in a fixed virtual tube, the
envelope of all the obstacles which directly surround
it, and can move only along the tube-like region by
Brownian motion. The diameter of tube, a, a measure
of the span of transverse excursions, is an intrinsic
property of the polymer and is governed by the entan-
glement spacing M,. The tube diameter is assumed to
be independent of the molecular weight (MW) and the
tube length, L, directly proportional to MW. Each
chain and the path of its associated tube have random
walk conformations with the same mean square end-
to-end distance, << R>%:

N=L/a= <R>*/a’=M/M. (1)
where N is the number of primitive steps and is equal
to the number of entanglement points per chain, and
M means the MW of the polymer. The MW between
entanglements, M,, is proportional to the mean square
diameter of tube, a’.

According to this tube model, the longest relaxa-
tion ime T/ when all memory of the original confor-
mation is lost for the chain is given by

LM

Ts=K M,
where K is only temperature-dependent coefficient.

The primitive path at time t will consist of the in-
itial steps survived and the new steps disengaged from
its initial tube. The fraction having original (ube con-
formation up to time t, F(t; T ).is given by

S

Fit;Toi=2 -—Z8I)7exp (—tp*/T$) (3)

podd T

which was first obtained by de Gennes [1].

In a real polymer melt or an entangled solution
some surrounding constraints can also diffuse out
through reptation. Such a constraint release effect is
quite important in a polydisperse system. This point is
described in the following section.

2. Dynamics of binary blends

Let us consider a binary blend composed of two
monodisperse cornponents with respective molecular
weights M; and My(M,>M,;>M,). In their pure states,
the longest relaxation times of each chain are desig-
nated as T, and T , respectively. T, and T, repre-
sent the terminal relaxation time of each chain in blen-
ded states. Our primary interest is the interpretation of
the intermolecular interactions between 1- and 2-
chains by introducing the constraint release mech-
anism. It is also assumned that each pure component re-
laxes only by reptation and does not experience the
constraint release. While the lower MW one {1-chain}
disengages by only reptation and thus the terminal
relaxation time Ty, is unchanged from its pure state,
the motion of higher MW one (2-chain) probably de-
pends on the composition as well as the component
molecular weight ratio. Fig. 1 illustrates the entangled
states of binary mixtures consisted of shorter (indi-
cated by thin lines) and longer (indicated by thick
lines) chains. In dilute region where the 2-chain is iso-
lated in the 1-chain matrix, the relaxation of 2-chain is
dominated by tube renewal after the release of 1-
chains constraining the 2-chain. In concentrated re-
gion where the entanglements among different 2-
chains are prominent, the dynamics of 2-chain is quite
different from that in the dilute region. Here we put
emphasis more on the concentrated region than the
dilute region.

Fig. 2 shows schematic illustrations for the re/axa-
tion process of a 2-chain in blended state. Up to a time
the characteristic relaxation time of 1-

of order T,
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(a) dilute region

(b) concentrated region

Fig. L. Schematic illustration of long-long chains in-
teractions.
{a) At the dilute region a long chain is isolated in
short chain matrix. (b) At concentrated region a lung
chain entangles other chains.
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(b) =Ty

Fig. 2. The relaxation process of the long chain.
(a) The 2-chain disengages the original tube of dia-
meter a by reptation at t<T,. (b) At t = T, the short
constraints begin to evaporate (denoted as open !ri-
angles) and cause tube enlargement. (c) After the
completion of local tube renewal, the 2-chain disen-
gages the expanded tube with reptation time Tg.

chains upon the 2-chain, the tube conformation is fix-
ed, i.e., the 2-chain relaxes by only reptation in the
tube of diameter a. For time larger than T (=Ty)
[5,6], the 2-chain renews its conformation not only by
its own reptation but also by the local constraint re-
lease. But the reptation effect is negligible during the
tube renewal process.

The tube renewal takes place by Rouse-like motion
of local tube segment between the 2-2 entanglements.
Thus the effective entanglement spacing during tube
renewal is given by [2]

M., t)=M.(t/T.)""* 4)

for time larger than T,. When the tube renewal is
completed, the 1-chains begin to act as a somewhat
solvent-like molecule and thus the effective entangle-
ment spacing M,, can be deduced from the effects of
polymer concentration in monomeric solvent mole-
cule on the average molecular weight between entan-
glements, ¢*M, = constant, where c is the polymer
concentration in solution [12}:

M., =M,¢;¢ (5)

where the index d means the degree of departure from
the pure solvent-like dependence as a function of the
blend ratio and changes from a at M;/M, =0 to zero
at M,/M, = 1:

d=a (1-M,/M,;) (6)
where a varies slightly with the polymer species (a=
1~1.25) [10]. It has been confirmed that the depend-
ence of d on the blend ratio is well covered by the

above equation without requiring the higher-order ap-
proximation [12]. Simultaneously, the effective mean
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square of tube diameter a,” becomes larger than its
original value because the 1-chains constraining the
2-chain diffuse out:

a,’=a’-¢,* (7)
Since the M|, is comparable to eq.(4) when the tube

renewal is completed, the tube renewal time is given
as

To=Te/¢:* (8)

After the tube conformation reaches a reequilib-
rium state accompanying the tube enlargement, the
2-chain disengages by reptation again in the tube ex-
panded with relaxation time T ;, which is equivalent to
the pure disengagement time of a chain in an original
tube of diameter a," and entanglement spacing M.,,’
and number of primitive steps N," = N, ¢,7 [12]:

M.~
sz:M—/eTZz:¢szdaz (9)
ez

On the other hands, as the composition of 2-chain
decreases ultimately to a critical composition ¢, ow-
ing to the onset of entanglements between long
chains, the longest relaxation time T, probably appro-
aches the local tube renewal time T, Thus from egs.

(8) and (9), the critical composition in the binary blend
is

go= M, /M, ) a0

because T, is nearly equal to T, [5,6]. When ¢,>
#. it is apparent that the 2-chain always finishes its
terminal relaxation after the completion of the local
tube renewal process.

For time larger than T, which is the characteristic
lifetime of tube constraints formed by 2-chains and
nearly equal to T, the constraints begin to Rouse-like
random jump [5], and the equivalent entanglement
spacing during this long-range tube renewal step in-
creases from M,,’ to its own molecular weight M, =
N,M, at about T,,= N,T,,. After the long-range tube
renewal time T, ,, all polymer chains including not on-
ly 1-component but also 2-component polymers act as
a pure viscous liquid.

The time evolution of the effective entanglement
spacing M,,(t) on the 2-chain is shown in Fig. 3.

3. Rheological properties

In previous section, the relaxation process of each
component chain accurring by reptation and [ocal
tube renewal has been visualized as pure reptational
disengagement of an equivalent chain whose configu-
rational parameters are time-dependent in relation
with the dynamics of surrounding tube constraints.
The terminal relaxation times of each component
chain are expressed in terms of those at respective
pure states, blend ratio and composition.
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Fig. 3. Log-log plot for the time evolution of effective
entanglement spacing on the 2-chain.

Following the single chain approximation of Doi
and Edwards that every molecule contributes inde-
pendently to stress, we can write the shear relaxation
modulus G(t), which is conveniently characlerizing the
rheological properties, from the knowledge of the
parameters of equivalent chains (12]:

G (t)=§G; ) {11
where

G () =G (b e F (6 Tul)) 02

M. t)

with

M., &)=M. for all times ({13

M, for t<T,,
M, &)= (M /T for T, <t<T,

M., =M.;* for t>T, (14

In eq. (12), M/ M{t)-F(t; T ;) means the fraction of the
configurational memory of the equivalent tube surviv-
ed up to time t. The configurational relaxation function
of respective components are shown in Figs. 4(a) and
(b). The G,° represents the plateau modulus which is

independent of malecular weight. The T, is given as
time dependent value, M./ M,{t)- Tg:

Fig. 4(c) shows a typical shape for the relaxation
modulus curves of binary blends. Up to a time order
T, the relaxation modulus is equal to the plateau
modulus owing to the participation of each component
to viscoelastic response or entanglement network. On
the time scale t>T,,, the G(t) shows a wedge type relax-
ation mode because of the Rouse-like tube renewal of
shorter constraints on the 2-chain. After tube reor-
ganization, i.e., for time larger than T, the stress is
contributed only by 2-chains since the short chains be-
have as solvent-like molecule.

From the shear relaxation modulus function, the
terminal viscoelastic properties such as zero-shear
viscosity and recoverable compliance can be obtained
from the linear viscoelastic theory [13].

DISCUSSION

The reptation model can be rheologically tested
because the average relaxation time for a monodis-
perse linear polymer is proportional to the zero shear
viscosity 5, which has been measured accurately for a
number of polymer with different molecular weights.
The experimental results have shown the 3.4-power
law of the molecular weight, which is in discord with
the reptation model following the 3.0-power law. The
discrepancy of the relaxation time between theory and
experimental observations is mainly caused by the
thermal fluctuation of the primitive chain [14]. Be-
cause the contour length fluctuation is one of the intra-
molecular interactions, however, it does not influence
the constraint release which is one of the intermolec-
ular interactions. Since we are interested only in the
constraint release effects on the relaxation of 2-chain,
the contour length fluctuation can be put aside. Here
we demonstrate the ¢,and R-dependence on the relax-
ation time of 2-chain using literature data [10, 16-18].

In order to determine the characteristic relaxation
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Fig. 4. Orientational relaxation functions for each component in a blend (a, b) and shear relaxation modulus
of the blend (c). These are plotted logarithmically against time.
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time of each chain, the Cole-Cole plot, n” vs. 7", has
been used [10]. The reciprocal of the frequency at
maximum, 1/w?, is taken as the average relaxation
time in a nearly monodisperse polymer fraction. And
in a binary blend, the right and left maximum describe
the relaxation time of 2-component (1/w,) and 1-com-
ponent (1/w),), respectively.

Fig. 5 shows the variations of loglw, /w,) with
log @, in the concentrated region, where the wj /w,
defines the ratio of the relaxation times of 2-compo-
nent in blended state and in pure state. Triangles, rec-
tangles, and open circles denote the data for polysty-
rene binary mixtures with R=27(a), 5.5(¢), and
3.6(), respectively [10, 15, 16]. The relaxation time
of long chain increases with increasing ¢, because the
interactions among the 2-chains increase more and
more. As the blend ratio R increases, the slope in-
creases also. The variation of the slope with R is
similar to that of eq. (5). This means that T, increases
with decreasing R ultimately to its pure component
value T, at R—1. Thus the compositional depend-
ence of the terminal relaxation time of 2-chain is well
predicted by eq. (9).

On the other hand, the dependence of steady state
compliance J,° on the molecular weight distribution
has received much attention because of its importance
of polymer processing. The compliance of binary rmix-
ture is very sensitive to the tail of higher component.
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Fig. 5. The variation of longest relaxation time of
the long chain with its composition.
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Fig. 6. The compositional dependence of recover-
able compliance of binary blends.
Symbols denote the literature data by Montfort et al.
(0,2} [10,15], Zang et al.(a) [17], and Akovali{ ™)
[18].

The relationship between J ° and ¢, is shown in Fig. 6
for the polystyrene binary blends [10, 15, 17, 18]. As
the composition of 2-component increases in an 1-
chain matrix, the J,” increases rapidly and reaches the
maximum value, and thereafter it approaches the
compliance of pure state of 2-chains, (J3},, along the
power law, J.°=(J,),/ ¢2 (1<A8<2) [16]. The max-

0.4

el

Critical Composition
3

Blend Ratio (My/M;)
Fig. 7. The critical composition due to the onset of
entanglements between long chains.
The symbols and line represent the maximum
¢, s in compliance data and the ¢ in eq. (10), res-
pectively.
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imum composition decreases as the blend ratio R in-
creases. This behavior has not been explained theore-
ically until now. Choi et al. summarized the maximum
composition data on polystyrene and polybutadiene
reported by several authors [19]. Fig. 7 shows the com-
parison of the critical composition of eq. (10) and the
maximum composition. The theoretical value shifts to
smaller one with increasing R similarly to experimen-
tal data. From this figure, it is considered that the max-
imum composition represents the beginning of entan-
glement between 2-chains.

CONCLUSION

We have presented a tube renewal mechanism by
considering the Rouse-like motion of the long chain
after the release of shorter constraints and analyzed
the rheological properties in the light of tube model.

The terminal relaxation time of the longer compo-
nent increases with increasing its composition which
results in the increase of entanglemeni among long
chains. And it is concluded that the appearance of
maximum value in compliance data of binary mixture
is due to the onset of long-long chain entanglements.

Finaily, we have not tested the local tube renewal
time experimentally. It can be analyzed from the dy-
namic moduli data [10]. In the future work, we will
demonstrate the experimental method to elucidate the
local tube renewal process.
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