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Long polymer chains can entangle with each other. In the dense liquid state,
entanglements strongly affect the physical properties. However, only some of the characteristics of
entanglements have thus far been elucidated. From past research, we know that stiff polymers can

entangle more easily than flexible polymers. We wanted to address a more difficult question: what
happens when we blend a stiff polymer with a flexible polymer?

Experimentally, it is difficult to definitively answer this question because it is almost impossible
to vary only the stiffness between two polymers. So, we used simulations and found that, in a
blend, stiff polymers become more entangled and flexible polymers become less entangled. More
interestingly, they had essentially the same tube diameter! Building on these results, we were able
to further extend the tube theory of polymers and take another step in linking the macroscopic
physical properties to the structure and dynamics of the polymer molecules.
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The physical properties of dense polymer
systems are strongly affected by entanglements.
However, several aspects of entanglements
remain poorly understood to this day. Past
research focused on understanding the nature of
entanglements in polymer melts has led to some
success. For instance, it is known that in the melt
state, stiff chains are more entangled than flexible
ones.

Going further, the nature of entanglements in
miscible blends is of great fundamental interest.
In spite of extensive experimental efforts, several
questions remain unanswered. For instance, can
blends be described by a single tube diameter?
How does the stiffness of a chain affect its tube
diameter in a blend? What is the mixing rule for
the tube diameter in blends?

Recently, Watanabe and coworkers have
proposed a mixing rule that can adequately
describe the results of their meticulous
experiments on Polyisoprene/Poly(p-tert butyl
styrene) blend. This mixing rule is qualitatively
different from the mixing rules proposed in the
past and its physical foundations are rather
unclear.
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Building on the foundation of understanding
achieved in the case of polymer melts, this
project seeks to understand the nature of
entanglements in polymer blends. For instance, a
comprehensive physical understanding the results
of Watanabe and coworkers can be thought of as
one major motivation for this work. We know
that Polyisoprene is a flexible polymer, while
Poly(p-tert butyl styrene) is comparatively stiffer.
Therefore, in this project we first seek to
understand entanglements in blends of stiff and

flexible polymers that are otherwise identical. As

a first step, we focus on the mixing rule for the

tube diameter in these blends.
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Our research strategy comprises two parts: (1)
observe

and (2)

simulations to directly

blends

Using
entanglements in the
Theoretically analyze the results based on the
current understanding of entanglements in
polymer melts.

The simulations consisted of two parts: (1)
prepare well equilibrated chain configurations
of stiff chain and flexible chain polymer melts,
and their blends at different compositions and,
(2) analyze the topological state of the
equilibrated configurations to directly probe
the topological state of the chains.
Theoretical analysis consisted of two parts: (1)
extend the various ansatz proposed for
polymer melts to describe polymer blends and,

(2) compare the resulting mixing rules to the

results of simulations.
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Figure 1: Mean-square end-to-end distance of the stiff and
flexible chains at varying blend compositions.

First, we investigated the statistical
properties of the chains in the blends. As
indicated in Fig. 1, we found that blending
had little effect on the chain statistics. This
result could be interpreted as suggesting that
the local environment of the stiff and
flexible chains in the blend were not

significantly different from their



environment in their corresponding melts.

Figure 2: Entanglement length of the stiff and flexible chains
at varying blend compositions.

From the topological analysis of the chain
configurations, the entanglement lengths of the
stiff and the flexible chains were determined.
In Fig. 2, data for two different blends are
shown for varying blend compositions.
Consistent with past results, we found that the
entanglement length of the flexible chain to be
significantly larger than that of the stiff chain —
stiff chains entangle more easily than flexible
chains. With increasing fraction of the second
component, the entanglement length of the

flexible chains decrease and the entanglement

length of the stiff chains decrease.

Figure 3: Tube diameter of the stiff and flexible chains at
varying blend compositions.

Using the statistics of the chains, the
entanglement lengths shown in Fig. 2 can be
converted to the tube diameter of the flexible and

the stiff chains. Such data is shown in Fig. 3.

Interestingly, we find that the tube diameter of

the flexible chains and the stiff chains,

LM 20/70 bl
dend

Yolume Fractio
Figure 4: Comparison of two di
tube diameter.

fferent mixing rules for the

measured independently, are essentially
identical! Based on experimental results, this
had been hypothesized in the literature.
However, to the best of our knowledge, this is
the first direct demonstration of the result.
Finally, we compared the tube diameters
presented in Fig. 3 to two different mixing
rules: (1) the extension of the Lin-
Kavassalis/Noolandi (L-K/N) ansatz for
polymer melts (2) the proposal of Chen and
Watanabe (CW). From Fig. 4, it is clear that
for both the blends, the L-K/N ansatz agrees
well with the data but the CW ansatz works
poorly. Therefore, for the flexible-stiff blends
studied here using simple molecular models in
simulations, the ansatz for polymer melts can
extended to adequately describe the mixing
rule for the tube diameter in the blend.
Investigations into the reason for the success
of the L-K/W mixing rule and, especially the
failure of the CW mixing rule are currently in
progress.
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