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Motivation—Ponmer liquids display a rich
and unusual viscoelastic response for time and
distance scales in which ordinary liquids are
Newtonian. The reason for their unusual
behavior is that the motion of a polymer chain is
subject to complicated topological constraints.
Unlike simple molecules, the motion of long
‘entangled’ chain polymers are limited by the
fact that they are connected to other monomers
and cannot cut through each other. While there
are experiments which probe the long time,
macroscopic properties of polymers, few can
study the molecular motion on the microscopic
scale as well as molecular dynamics
simulations.

Accomplishment—Twenty years ago, along
with Kurt Kremer, | presented the first
numerical evidence from computer simulations
that the reptation model of Edwards and de
Gennes correctly describes the dynamics of
entangled linear polymer melts. For chains
longer than what is known as the entanglement
length Ne, we were the first to show that the
monomers of a chain move predominantly along
their own contour as illustrated in Figure 1. The
distinctive signature of reptation dynamics,
which we observed was that on intermediate
time scales, the mean squared displacement of a
monomer increases with time as t¥*. Though
limited to chains of a few N, previous
simulations demonstrated the potential of
computer simulations to contribute to our
understanding of polymer dynamics but had not
seen any evidence for the reptation model. Our
early studies were quite limited in terms of the
number of chains and length of the simulation
run. However with present day computers
coupled with efficient parallel molecular
dynamics codes, it is now possible to follow the

equilibrium dynamics of chains of length 10-
20N, from the early Rouse regime to the long
time diffusive regime. Results of these new
simulations support the earlier results obtained
on chains of only a few Ne. Further evidence for
the tube models of polymer dynamics has been
obtained by identifying the primitive path mesh
that characterizes the microscopic topological
state of the computer-generated conformations
of the chains. In particular, the plateau moduli
derived on the basis of this analysis
quantitatively reproduce experimental data for a
wide spectrum of entangled polymer liquids
including semi-dilute theta solutions of
synthetic polymers, the corresponding dense
melts, and solutions of semi-flexible
(bio)polymers such as f-actin or suspensions of
rodlike viruses. In agreement with the reptation
model, the stress, end-to-end distance and
entanglement length of an entangled melt
subjected to uniaxial elongation, all relax on the
same time scale as shown in Figure 2.

Significance—There has been considerable
progress over the past twenty years in modeling
the dynamics of polymer melts and networks.
Numerical simulations have formed a natural
bridge between experiment and analytic theory.
The outlook for the future is bright as computers
continue to become faster and cheaper, allowing
us to access longer chains for longer times.
There remain a number of outstanding
challenges which numerical simulations are
posed to address. These include the viscoelastic
response of polymers at small strain and low
shear rates, the effect of polydispersity, and the
dynamics of branched and star polymers.
Advanced modeling of polymers has potential
impact for future Sandia needs in nuclear
weapons such as polymer degradation.
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Figure 2. Stress relaxation (squares) after rapid elongation of a polymer melt by 200 % (red), 300%
(green) and 400% (blue) for chain length (a) 350 and (b) 700. Also shown are the end-to-end
distance (pluses) and entanglement length (circles).
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