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We present coarse-grained molecular dynamics simulations of poly�ethylene-alt-propylene� �PEP�
melts, ranging in chain length from about Ne �the entanglement length� to N=6Ne. The
coarse-grained parameters, potential of mean force and bare friction, were determined from fully
atomistic molecular dynamics simulations carried out on a PEP cell containing 12 chains of
80 monomers each and subjected to periodic boundary conditions. These atomistic simulations were
previously validated by means of extensive neutron scattering measurements. Uncrossability
constrains were also introduced in the coarse-grained model to prevent unphysical bond crossing.
The coarse-grained simulations were carried out at 492 K and focus on chain dynamics. The results
obtained were analyzed in terms of Rouse coordinates and Rouse correlators. We observe deviations
from Rouse behavior for all chain lengths investigated, even when the chain stiffness is incorporated
in the Rouse model. These deviations become more important as the chain length increases. The
general scenario emerging from the results obtained is that the deviations from Rouse-like behavior
are due to correlations among the forces acting upon a chain bead, which seem to be related with
the constraint of uncrossability among the chains. As consequence, nonexponentiality of the Rouse
correlators and mode- and time-dependent friction are observed. It seems that, in the molecular
weight explored, these effects still give not raise to reptation behavior but to a crossover regime
between Rouse and reptation. On the other hand, the results obtained are in qualitative agreement
with those expected from the so-called generalized Rouse models, based on memory function
formalisms. © 2010 American Institute of Physics. �doi:10.1063/1.3280067�

I. INTRODUCTION

The combination of atomistic molecular dynamics �MD�
simulations with neutron scattering experiments provides a
very useful tool for investigating the structure and dynamics
of polymer melts at local and intermolecular scales, i.e.,
where these systems display universal features of glass-
forming liquids �see Refs. 1–4 as recent representative refer-
ences�. At larger scales, polymers reveal unique dynamic
processes, which are controlled by chain connectivity and
molecular weight. These processes ultimately determine the
rheological properties of polymer melts.

Due to both, the size of the macromolecular coils and the
large relaxation times involved, conventional atomistic MD
simulations of large-scale dynamics of long chain polymers
are practically impossible with current day computer capa-
bilities. Such simulations have been performed only for me-
dium length chains where large-scale dynamics and rheologi-
cal properties seem to be well described in terms of the
simple Rouse model.5–9 In order to simulate dynamical and
rheological behavior of long chains, one has to resort to
coarse-grained models. Many different coarse-grained mod-

els have been reported in the literature,10 being perhaps the
most popular one that of bead-spring type, where the poly-
mer chain is represented as a sequence of beads connected by
springs.11–14 Moreover, over the past years, many works have
also considered different mapping procedures trying to
bridge the gap between atomistic and coarse-grained descrip-
tions of polymer melts �see e.g., Refs. 15–20�. In these works
several atoms or chemically identifiable groups are lumped
together into one coarse particle. A model is then assumed to
describe the interactions of the coarse-grained chains and the
parameters in this model are adjusted until the coarse struc-
ture of the system is the same in both models, i.e., in the
atomistic and the coarse model. Fitting is usually done by the
iterated Boltzmann inversion.15 For static and thermody-
namic properties this method works well.21 Since the coarse
model is much smoother than the original atomistic model,
its dynamics is usually much faster than that of the original
model. This is advantageous in case one is only interested in
static and thermodynamic properties, but a disadvantage in
case one wants to study dynamic properties. In the latter case
it is often sufficient to simply scale the unit of time in order
to obtain the correct diffusion coefficient.21,22 A nice aspect
of the method is that it takes into account the chemical nature
of the polymer.a�Electronic mail: r.perezaparicio@ehu.es.
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The method of coarse-graining just described works well
as long as the number of atoms lumped together in one
coarse particle is not too large, and the coarse potential is
sufficiently repulsive at short distances to prevent bond
crossings. As soon as larger numbers of atoms are taken
together to define one coarse particle two aspects must be
taken into account, as emphasized in the work of Briels et
al.23–25 First, a simple rescaling of the unit of time will not be
sufficient to obtain correct dynamical properties. In general it
will be necessary to introduce friction forces and correspond-
ing random forces.23 Second, the coarse potentials will be
very soft and in particular will not be able to prevent bond
crossings. In order to make sure that indeed bonds do not
cross special measures must be taken. In the dissipative par-
ticle dynamics �DPD� method �Ref. 26� this is done by arti-
ficially making the coarse potentials sufficiently repulsive to
make bond crossings improbable, although not completely
impossible. A disadvantage of this method is that it intro-
duces long range correlations, which are unrealistic by them-
selves, but also make the dynamics untrustworthy. Moreover
only the slightest probability for bonds to cross will severely
affect the long time dynamics of the chains.

Recently Padding and Briels24,25 have developed a
model, including friction and random forces, but also pre-
venting bond crossings without introducing the above men-
tioned negative side effects. In this model, the so-called “en-
tanglement” points are introduced every time when a bond
crossing is imminent. The potential energy in the two partak-
ing bonds is taken to depend on the corresponding path
lengths. Path length is defined as the length of the path going
from one coarse particle via the entanglement point to its
partner in the bond. The positions of the entanglement points
are updated such that the energies in the bonds are minimal,
which amounts to ensuring force equilibrium at the entangle-
ment points. The positions of the coarse particles, also called
blobs in this model, are updated according to Langevin dy-
namics. Just like in the cases mentioned above, the param-
eters in the model are adjusted until the coarse structure is
the same in the coarse model and in the underlying atomistic
model �see below�. In particular this means that also in this
model the chemical nature of the polymer is taken into
account.

In this work, we apply this type of bottom up approach
to construct a coarse-grained model of poly�ethylene-alt-
propylene� �PEP� melts starting from fully atomistic simula-
tions properly validated by extensive neutron scattering mea-
surements. The molecular weight of the atomistic simulated
chains was Mw=5600 g /mol �80 monomers�. By means of
the above described method, we extended the coarse-grained
simulation to systems with different molecular weights until
Mw=21 000 g /mol, well above the entanglement mass of
PEP �Me�492 K��3360 g /mol Ref. 27�. The results ob-
tained from the coarse-grained simulations are analyzed in
terms of Rouse coordinates and Rouse correlators.

This paper is organized as follows. In Sec. II we describe
the simulation methods, including the fully atomistic MD
simulations and the coarse-grained model �technical details
and construction of the force field�. The simulated systems

are described in Sec. III. Section IV gives the results ana-
lyzed in terms of the Rouse model. Finally, we present the
discussion in Sec. V and the summary and conclusions in
Sec. VI.

II. SIMULATION METHODS

A. Fully atomistic molecular dynamics simulations

The fully atomistic MD simulations were carried out by
using the DISCOVER module from Accelrys with the
condensed-phase optimized molecular potentials for atomis-
tic simulation studies (COMPASS) force field. The
COMPASS force field has been parametrized and validated
using condensed-phase properties in addition to various ab
initio and empirical data for molecules. Therefore, this force
field enables accurate and simultaneous prediction of struc-
tural, conformational, vibrational, and thermophysical prop-
erties that exist for a broad range of isolated molecules and
in condensed phases, and under a wide range of conditions of
temperature and pressure.28–34 The model cubic cell was
built by means of the Amorphous Cell Protocol, originally
proposed by Theodorou and Suter.35

We started from 12 different well equilibrated chains of
80 monomers each �14 424 atoms in total� and we con-
structed a cubic cell with periodic boundary conditions at
413 K and an initial density set to 0.79 g /cm3, which is the
experimental value at that temperature27 �Table I�. Standard
minimization procedures �Polak–Ribière conjugate gradients
method� were applied to the constructed cell in order to
minimize the so-obtained energy structure. Furthermore, a
NVT dynamics �constant number of atoms, volume, and tem-
perature� of 1 ns was run to equilibrate the amorphous cell at
413 K. The equilibrium density of the cell was achieved by
running NPT dynamics �constant number of atoms, pressure,
and temperature in the cell� at fixed atmospheric pressure
�P=0.0001 GPa�. After three runs of 1 ns we reached a den-
sity of 0.7948 g /cm3 �close to the experimental value� that
leads to a cell dimension of 5.2014 nm of side. Once the
equilibrium density was obtained, the production simulation
runs were carried out in the NVT ensemble at 413 K. As
integration method, we have used the velocity-Verlet algo-
rithm with a time step of 1 fs. For temperature control in-
stead of a real temperature-bath coupling �i.e., Nosé–Hoover
thermostat� we have followed a velocity scaling procedure
but with a wide temperature window of 10 K, where greater
temperature fluctuations are allowed but the trajectory is dis-
turbed less. In fact, we have checked in a similar polymeric
system that by following this simple procedure we obtain
similar results to those obtained with a NVE ensemble �con-

TABLE I. Details of the simulated cells.

T
�K�

�exp

�g /cm3�
�MDS

�g /cm3�
Cell dimension

�nm�

492 ¯ 0.7447 5.3155
413 0.79 0.7948 5.2014
350 ¯ 0.8266 5.1338
300 0.856 0.8549 5.0766
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stant total energy instead of temperature�, which has the
proper Newtonian dynamics. First of all, an additional 1 ns
equilibrium run was carried out without recording the trajec-
tories of the atoms. The system so obtained was used as a
starting point for collecting data during successive MD runs
of 1, 2, and 100 ns. Data were collected every 0.01, 0.05, and
0.5 ps, respectively. Finally, a further run of 1 ns was ex-
ecuted in order to check the possible appearance of aging
process but nearly indistinguishable results were obtained
from the consecutive simulation runs, confirming equilibra-
tion of the sample.

After the 413 K simulations, the cell was used to gener-
ate corresponding cells at other temperatures, namely, 492,
350, and 300 K. In order to do this, NPT simulation runs of
some nanoseconds �depending on the temperature� were used
to readapt the system to each new temperature, allowing the
size of the system to rearrange itself in order to accommo-
date to the new density at each temperature. In this way, we
got the values displayed in Table I for the cell sizes and
densities. Subsequent NVT runs of 1 ns were performed for
equilibration at each temperature before collecting data for
analysis, in the same way as above described for 413 K.

The results from these fully atomistic simulations have
been carefully validated by comparison with experimental
results from neutron scattering in the similar dynamic range
on PEP samples. The static and dynamic structure factors
both coherent and incoherent were calculated from the
atomic trajectories obtained during the simulation runs, and
directly compared with neutron scattering measurements car-
ried out on both protonated and deuterated PEP samples, in
particular, diffraction with polarization analysis and neutron
spin echo measurements. A good agreement was found. The
results from this comparison are beyond the aim of this paper
and are reported elsewhere.36

Although in this paper we will only focus on the results
corresponding to the high temperature 492 K, Fig. 1 shows
as an example the mean square displacement �r2�t�� of hy-
drogen atoms at different temperatures. At 492 K and for
times longer than about 2 ps, �r2�t��� t0.5, which is the ex-
pected behavior for Rouse-like dynamics. Moreover, the
figure shows that, at this temperature, there is an almost

direct crossover from the microscopic regime towards the
Rouse-like behavior. Only at lower temperatures a decaging
range ��-relaxation� becomes evident before the �r2�t��
� t0.5 regime.

B. Coarse-grained simulations

The details of a polymer are not important in the study
of the large scale dynamics, thus we can described the poly-
mer chain in terms of groups of monomers, from now called
blobs. The position R of each blob is defined as the center of
mass position of the � monomers, which together constitute
the blob,

R =
1

M
	
i=1

�

miri, �1�

where ri is the position, mi is the mass of monomer i, and M
is the total mass of the blob. The value of � may be chosen
arbitrarily because the interaction model is not fixed a priori,
but derived without any adjustable parameters from atomistic
simulations of the sample. However clearly, the number of
monomers per blob is not completely arbitrary. It should not
be so large that the size of the blob exceeds the typical di-
ameter of the tube in the reptation picture. On the other hand,
it must be as large as possible to allow for a large integration
step and furthermore, it must be large enough to be able to
treat the complementary 3��−1� coordinates per blob of the
microscopic constituents as bath variables, i.e., to take their
effects into account through friction and random forces,
which perturb the time evolution of the blob positions. If the
random forces decorrelate much faster than the blob mo-
menta, they may be represented by delta functions �Markov
approximation� and the equations of motion are of the sim-
plest Langevin type,

M
d2Ri

dt2 = − �i� − �
dRi

dt
+ Fi

R, �2�

where � is the potential of mean force of the blob system and
� is the blob friction coefficient. The friction on each blob is
chosen to be isotropic and independent of the positions of the
other blobs, in which case the friction is a scalar quantity. It
is also related to the random force FR through the fluctuation
dissipation theorem,

�Fi
R�t� · F j

R�0�� = 6kBT��ij��t� , �3�

where kB is Boltzmann’s constant and T is the temperature.
The free energy �, which is the potential of mean force,

is defined as

��Rn� = − kBT ln Pn�Rn� . �4�

Here Pn is the n-blob distribution function, which is deter-
mined from the atomistic simulations of the microscopic sys-
tem by averaging over the bath variables. The occurrence of
� in the Langevin equation guarantees that the blob distribu-
tions in the coarse-grained and microscopic systems are the
same. In order to calculate the distribution function we have
to assume that it can be factorized into independent non-
bonded, bonded, and angular parts according to

FIG. 1. Mean square displacement of the fully atomistic systems at the
different simulated temperatures.
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Pn�Rn� = 

i�j

Pnb�Ri,j�

i

Pb�Ri,i+1�

i

P���i� , �5�

where Ri,j =Ri−R j, Ri,j = �Ri,j�, and �i is the angle between
two consecutive bonds. Thus, the potential of mean force is
approximated as a sum of nonbonded, bonded, and angular
energies,

��Rn� = 	
i�j

	nb�Ri,j� + 	
i

	b�Ri,i+1� + 	
i

	���i� . �6�

This supposition seems to be rather crude but it does not
have a big impact on the long time dynamics of the simu-
lated polymer, where the properties are dominated not so
much by the details of the interactions but by the fact that
chains cannot cross each other.

An important consequence of averaging out the bath
variables is that the resulting bonded and nonbonded inter-
actions become softer and broaden their range. Conse-
quently, unphysical bond crossing could be probable. For this
reason, Padding and Briels developed an algorithm, called
Twentanglement, that explicitly introduces the uncrossability
constraint into this type of mesoscopic simulations in order
to detect and prevent unphysical bond crossing.24 This algo-
rithm makes the bonds as slippery elastic bands between the
bonded particles. As soon as two of these elastic bands make
contact a so-called “entanglement” point X is created, and as
the blobs continue to move, the entanglement point shifts,
such that it will push both bonds back to their respective
sides. This is accomplished by defining the attractive part of
the potential 	att between bonded blobs i and i+1 to be a
function of the path length Li,i+1 of the bond, going from one
blob �i� to the next �i+1� via the “intermediate entangle-
ment,”

Li,i+1 = �Ri − X� + �X − Ri+1� , �7�

	att�Li,i+1� = c3�Li,i+1�
, �8�

where c3 and 
 are fitting parameters.
The entanglement position X is determined by the re-

quirement that there is always an equilibrium of forces at the
entanglement. In a sense, the original bonds are replaced by
slippery elastic bands, which go via the entanglements. The
finite extensibility of the bands prevents entangled chains
from crossing each other. The expression for the path length
given here is only valid in case of just one entanglement
between two pairs of bonded blobs, but the algorithm allows
for any number of entanglements between pairs of bonded
blobs. To this end, the path length concept has been trivially
modified. The replacement of blob distances by path lengths
in the bonded part of the potential energy changes the struc-
tural properties of the model. However, the mesoscopic dis-
tribution functions obtained by this method are hardly differ-
ent from the ones obtained from the microscopic simulation.

We have to emphasize that in this code “entanglements”
are defined as the objects that prevent the crossing of chains
and not in the usual sense of long-lasting obstacles, slowing
down the chain movement. Thereby, we can expect “en-
tanglement effects” of this type even in simulation of rather
short chains.

C. Determining the potential of mean force

The potential of mean force �Eq. �4�� was determined
from the fully atomistic simulations at 492 K out of the
spatial distribution of blobs. Following the considerations
explained in the previous section, the level of coarse graining
was chosen to be ten monomers as a blob, which is one-half
of the reported entanglement length.27 Thus, from the atom-
istic simulations �described in Sec. II A�, we calculate the
center of mass every ten monomers producing a system of 12
chains of eight blobs per chain. Now the relevant parameter
is the center of mass of each blob, and the rest of the coor-
dinates per blob are treated as bath variables. Thereby, we
calculate the distribution functions of blobs and afterwards,
by means of Eq. �4� we obtain the potential of mean force,
which is finally fitted by analytical functions. The nonbonded
interaction is described by a single repulsive Gaussian pair
potential and the bonded interaction by a repulsive term, de-
scribed by two Gaussians, and an attractive term, described
by a power law. The angular potential was described as a
function of the cosine of the angle between three blobs,

	nb�R� = c0e−�R/b0�2
, �9�

	b�R� = c1e−�R/b1�2
+ c2e−�R/b2�2

+ c3�R�
, �10�

	���� = c4�1 + cos ���. �11�

Fitting the parameters c0 to c4, b0 to b2, 
, and � �Table II�
we construct the potential of mean force and we run mesos-
copic simulations with the uncrossability algorithm above
described in a cell of 100 chains of eight blobs �size-cell
conditions explained below� with the same density and tem-
perature of the microscopic system. Then, we calculate the
distribution functions from those mesoscopic simulations
and we compare them with the microscopic ones. We slightly
change the parameters of the potentials and repeat the simu-
lations until we reach an overlapping between both distribu-
tion functions �Fig. 2�.

D. Determining the bare friction coefficient

So far, we have fixed the potential of mean force and we
can describe the dynamics of blob chains in terms of the
Langevin equation �Eq. �2��. Nevertheless, only the struc-
tural properties are matched and the system has been coarse

TABLE II. Parameters for the potentials of mean force obtained from fits of
the distribution functions, as explained in the text.

Parameter Value Units

c0 �nonbonded� 1.222 kJ mol−1

b0 0.95 nm
c1 �bonded� 1.02 kJ mol−1

b1 0.70 nm
c2 3.395 kJ mol−1

b2 0.25 nm
c3 0.0265 kJ mol−1 nm−



 3.75
c4 �angular� 0.397 kJ mol−1

� 1.18
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grained to a much higher level. Thus, the interactions have
become very soft and we have to adjust the blob friction
coefficient � in order to obtain correct dynamic properties.
As a consequence, besides acting as a thermostat, the friction
coefficient has acquired the meaning of a “physical” friction.
In this work, the blob friction coefficient was chosen such
that the mean square displacement of the center of mass of
the chains matched the long time behavior of that obtained
from the atomistic simulations �Fig. 3�. The value deduced
for the friction frequency was � /M =36.0 ps−1. Notice that
this is the bare friction coefficient, which goes into the
Langevin equation and is not necessarily related to the dif-
fusion coefficient D of the chains by �=kBT�ND�−1 with N
=8 like it would have been for a melt of Rouse chains. Fig-
ure 3 shows that with this value of the friction frequency, the
mesoscopic coarse-grained simulations are only realistic for
times longer than about 3 ns.

III. SIMULATED SYSTEMS

Once everything is fixed in the coarse-grained model, we
constructed the initial configurations with chains of 5, 8, 14,
20, and 30 blobs randomly distributed in the simulation
boxes with the microscopic density �0.7447 g /cm3 at 492 K,
Table I�. The details of the simulated systems are given in
Table III. The number of chains in each system was chosen
such that the length of the simulation box was at least as long
as the root mean square end-to-end distance of a polymer
chain in order to avoid interactions of a chain with its peri-
odic images.24,25,37

From the initial configurations we obtained well equili-
brated systems running 50 ns without the uncrossability al-
gorithm. This run was long enough to relax the systems due

to the softness of the interactions by allowing all bonds to
cross each other. Afterwards another run of 50 ns with un-
crossability conditions was done to reach an equilibrium
value of the number of “entanglements” for all systems.
From this point we started collecting data. In these simula-
tions the integration of the Langevin equation �Eq. �2�� was
made using the algorithm of Allen,38 and a time step of
0.5 ps was chosen, being small enough to accurately inte-
grate the equations of motions. The entanglement mass of
PEP at 492 K was estimated to be Me�3360 g /mol from
the experimental values published in Ref. 27. As can be seen
in Table III, the average mean square end-to-end distance
and the average mean square radius of gyration of the longest
chains approximately obey random walk statistics, i.e.,
�Ree

2 � / �Rg
2�=6.

IV. RESULTS

Nowadays it is generally accepted that in some time re-
gimes, the dynamics of polymer melts of medium length
chains can be well approximated by the simple Rouse
model.39,40 It is thereby interesting to describe our results in
terms of the so-called Rouse modes �normal coordinates� and
Rouse correlations �autocorrelation functions of the Rouse
modes�. The Rouse modes are defined as

Xp�t� =
1

N
	
i=1

N

Ri�t�cos� p

N
i −

1

2
�� , �12�

where N is the number of beads in the chain, p is the mode
number �p=0,1 ,2 ,3 , . . . ,N−1�, and Ri is the position of
bead i. The zeroth mode gives the position of the center of
mass of the chain and the others are associated with internal
motions of the chain with a “wavelength” of the order of
N / p. Within the Rouse model, each of the modes �p�0�
relaxes independently and exponentially,

�Xp�t� · Xp�0�� = �Xp
2�0��exp�− t/�p� , �13�

with

FIG. 2. Distribution functions and partial potentials of mean force. �a�
shows the distribution functions from microscopic simulations �symbols� of
nonbonded �circles� and bonded �squares� center of mass of ten monomer
units. �b� presents the angular distribution �symbols� of the same system.
Taking minus kBT times the logarithm of the distribution functions, partial
potentials of mean force are obtained as explained in the text: in �c�,
nonbonded �solid line� and bonded �dashed line� potentials and in �d�, an-
gular potential �solid line�. Mesoscopic simulations with these potentials and
the uncrossability constraint yield the distributions given by the lines in �a�
and �b�.

FIG. 3. Mean square displacements of entangled mesoscopic chains �lines�
compared with the results of atomistic MD simulations �symbols�. Blob
mean square displacements are indicated by empty squares, chain center of
mass mean square displacements by empty circles. The full squares corre-
spond to the hydrogen motions of the microscopic system and the vertical
line indicates the realistic limit of the coarse-grained simulations.
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�p
−1 = 4W sin2 p

2N
� , �14�

where W is a characteristic frequency, the Rouse frequency,
given by

W =
3kBT

�b2 . �15�

b is the so-called statistical segment �the “size” of the bead�
and � is a constant friction coefficient. On the other hand, the
amplitudes �Xp

2�0�� are given by

�Xp
2�0�� =

b2

8N
sin−2p

2N
� . �16�

It is noteworthy that since the Rouse model does not contain
an inherent length scale, the parameters N and b2 are some-
what arbitrary as long as the physical values of b2 /� and
�Ree

2 � are kept constant. Thereby it is easy to show from the
above equations that b2 /� does not depend on the level of
coarse graining of the chain.

From the blob trajectories obtained in the simulations,
we have calculated the Rouse modes and the Rouse correla-
tors. Figure 4 shows as an example the normalized Rouse
correlators for the system B8.

In order to check the exponentiality of the Rouse corr-
elators, we have fitted the correlation functions by means of
the well-known stretched exponential function �Kohlrausch–
Williams–Watts function�,

�Xp�t� · Xp�0��/�Xp
2�0�� = exp��− t/�p

KWW��p� , �17�

where the relaxation time �p
KWW and the stretching parameter

�p—measuring the deviations from an exponential decay—
depend on mode number p and, in principle, on chain length
as well. The values of �p obtained for all simulated systems
are shown in Fig. 5�a� as a function of the scaling variable
N / p. Only for long wavelengths N / p �low p-values� the
stretching parameter has values close to one, confirming an
almost exponential behavior. For N / p�10 �p decreases,
reaching a minimum value between N / p�2 and N / p�3
and then increases again. Although this trend is the same for
all chain lengths, Fig. 5�a� shows that the absolute values of
�p depend on N—at least for N�14—being smaller as N
increases. A similar behavior was found in the case of
coarse-grained simulations of polyethylene melts by follow-
ing the same methodology as here.25 However, in that case
the N-dependence of �p was not so evident. Nonexponential
relaxation of Rouse modes has also been reported for other
systems and different simulation methods as well, for ex-
ample, simulations of polymers on a lattice with uncrossabil-
ity constraints,41 atomistic MD simulations of polyethylene
and polybutadiene �see e.g., Refs. 6 and 42�, and more re-
cently poly�ethylene oxide�.8 These type of deviations have
also been reported from theoretical treatments as well �see
e.g., Refs. 43 and 44�. Figure 5�b� shows the relaxation times
of the Rouse modes for all simulated systems and also as a
function of N / p. As �p changes for the different modes, we
have represented the average relaxation times ��p�, which
takes into account the shape of the relaxation function, and
that for a stretched exponential is given by

��p� =
�p

KWW

�p
��1/�p� , �18�

where � is the Gamma function.
First of all, it is noteworthy that, according to Fig. 3, the

coarse-grained simulations are not realistic at times shorter
than about 3 ns. Therefore, values of ��p� lower that this limit
should not be taken into account. Figure 5�b� shows that
��p��3 ns defines a corresponding N / p-value below which
magnitudes other than ��p�, deduced by fitting the Rouse
correlators, should not be considered either. Obviously, the
limitation in time scale also translates to the other magni-
tudes deduced by fitting the Rouse correlators.

In the framework of the Rouse model �Eqs. �13� and
�14�� ��p� values corresponding to different chains should

TABLE III. Simulated systems �number of blobs per chain B?�, number of chains nchain, length L of the
simulation box, simulated time t, molecular weight of the chains, average mean square radius of gyration,
average mean square end-to-end distance, and the ratio between both.

System nchain

L
�nm�

t
�
s�

Mw

�g/mol�
�Rg

2�
�nm2�

�Ree
2 �

�nm2� �Ree
2 � / �Rg

2�

B5 150 10.54 100 3500 3.94 21.79 5.53
B8 100 10.77 75 5600 6.84 39.75 5.81
B14 100 12.98 25 9800 12.79 76.29 5.96
B20 80 13.57 18 14 000 18.54 109.82 5.92
B30 80 15.53 8 21 000 28.04 168.20 5.99

FIG. 4. Normalized Rouse correlators for the system B8.
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collapse onto one curve when they are represented in terms
of the scaling variable N / p. This scaling is almost fulfilled
although some deviations can be envisaged, in particular for
N�14. Moreover, although in the long N / p range, ��p�
nicely follows the Rouse behavior �solid line in the plot�, for
N / p�5 ��p� shows strong deviations, being faster than the
Rouse prediction. Interestingly, this is also the range where
�p-values show stronger deviations from exponentiality.
From ��p� we have calculated an effective Rouse frequency,

Weff, by assuming Eq. �14�. In this way the deviations from
Rouse scaling mentioned above are highlighted as can be
seen in Fig. 5�c�. On the other hand, within the Rouse model
the Rouse frequency should be constant. Figure 5�c� shows
that this is not the case. Weff strongly decreases with N / p
reflecting the ��p� behavior above discussed. Only for high
values of N / p, Weff tends towards a constant plateau, W0

eff.
However, although for the chains with low N value the pla-
teau is not well-defined, W0

eff seems to depend on N. In Fig.
5�c� we have also included for comparison the results ob-
tained for Weff in the case of simulations without the uncross-
ability algorithm. In this case, although Weff also depends on
N / p for N / p�8, the values corresponding to different chain
lengths collapse onto a single curve as expected from Rouse-
like behavior. Finally, Fig. 5�d� shows the amplitudes of the
Rouse correlators �Xp

2�0��. Again we observe strong devia-
tions from Rouse behavior �Eq. �16�� in the low N / p region.
In this range the amplitudes are massively suppressed indi-
cating significantly stronger restoring forces than those origi-
nated from the entropic potential. We note that the N / p re-
gion where these deviations occur is approximately the same
range of N / p where the deviations from Rouse behavior of
both ��p� and �p are more severe.

V. DISCUSSION

In Sec. IV we have mentioned that the more or less
constant values of the effective Rouse rate, W0

eff, for the high
N / p limit seem to depend on the chain length N. Although
with high uncertainties, we have estimated such a depen-
dence as W0

eff�N−0.4 �see Fig. 6�. A plateau in Weff depend-
ing on N is an ingredient of different models. For example,
the original reptation theory predicts that the relaxation time
of a Rouse mode p with N / p�Ne, the entanglement length,
is enhanced by a factor 3N /Ne compared to the Rouse
model.39,40 This implies that the plateau of Weff should de-
crease proportional to N−1. If contour lengths fluctuations are
included in the reptation theory, this dependence should be of
the order of N−1.5. However, in our case we found a clearly
weaker dependence, which rules reptation behavior out.

The N-dependence found by us is closer to what was
predicted by Schweizer44 in the framework of the so-called
renormalized Rouse theory. This approach is based on a non-
linear generalized Langevin equation and the memory func-

FIG. 5. Parameters from Rouse model analysis as a function of N / p. �a�
Stretching parameters and �b� average relaxation times from KWW analysis
of the Rouse correlators. �c� Rouse frequencies obtained from Eq. �14�:
empty symbols correspond to the simulations without uncrossability con-
straint. �d� Amplitudes of Rouse correlators. In all figures, shaded area rep-
resents the nonrealistic limit of the simulations, and the vertical dashed line
indicates the deviations from the Rouse model at N / p�5. The solid lines in
�b�, �c�, and �d� correspond to Rouse model fits and dashed lines in �b� and
�c� to ARS model fits.

FIG. 6. W0
eff �circles� and ��p=1� �squares� as a function of the number of

blobs per chain N.
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tion formalism. This equation involves a random force time
correlation function matrix, which is responsible for an extra
frictional contribution �relative to the standard Rouse de-
scription� which is both nonlocal in time and normal mode
dependent. In this framework, the effective Rouse rate for
the longest length scales �longest N / p values� of the order of
the radius of gyration results to be constant but depends on N
as �N−0.4 as in our results.

For small and intermediate values of N / p the effective
Rouse rate calculated by us shows a strong N / p-dependence
�see Fig. 5�c��, which cannot be explained in terms of the
Rouse model. However, we have to take into account that, in
the framework of the Rouse model, the Rouse frequency W
and thereby the mode relaxation times depend on both the
friction coefficient � and the restoring forces determined by
the square of the statistical segment length b2. According to
Eq. �16�, b2 can be independently determined from the am-
plitudes of the Rouse modes shown in Fig. 5�d�. The results
obtained are shown in Fig. 7. As expected for well equili-
brated chains, the same values of b2 are obtained for the
different chain lengths, when they are represented against the
scaling variable N / p. However, b2 is not constant as for an
ideal chain but depends on N / p. Our chains are not ideal,
mainly because of the angular potential which gives them
some stiffness. This stiffness will have the strongest effect on
the smallest length scales. Figure 7 shows that indeed for
N / p�7 a constant value of b2�5.8 nm2 is obtained. As can
be deduced from the values included in Table III,
b2��Ree� /N in particular for the high molecular weight
chains where Gaussian statistics is better fulfilled. However,
b��2.4 nm� results to be higher than the “bond length”—
average distance between blobs—of the system
��1.33 nm�.

The effect of chain stiffness on Rouse behavior can be
addressed in terms of the so-called all rotational state �ARS�
model.45 This model assumes that the effective statistical
segment depends on N / p through a N / p-dependence of the
characteristic ratio C�N / p�, which only for the longest N / p
limit takes a constant value C�. This dependence leads to a
stiffness of the chain for low values of N / p �local scales� and
consequently the spring constant �3kBT /b2� increases. This is
just the qualitative behavior shown by b2 in Fig. 7. There-

fore, we can see whether the local stiffness is the only reason
for the deviations of ��p� and Weff for the Rouse behavior in
the low-N / p range. To do that—and in the spirit of the ARS
model—we have calculated ��p� and Weff by the Rouse
model �Eqs. �14� and �15�� but taking b2�N / p� as deduced
from the amplitudes �Fig. 7�. The value of the friction � is
fixed from the high N / p values of ��p� and Weff, where
Rouse-like behavior �Weff�constant� seems to apply. The
results obtained are shown for N=30 by dashed lines in Figs.
5�b� and 5�c�. Although the agreement is better than in the
case of pure Rouse, it is obvious that local stiffness cannot be
the only reason for the low-N / p behavior. Interestingly, a
Rouse model corrected for the chain stiffness in the same
way gives an almost perfect description of the Weff behavior
obtained from the simulations without the uncrossability al-
gorithm �see Fig. 5�c��. On the other hand, the N-dependence
of W0

eff, above described, cannot be easily explained in terms
of local stiffness either.

These results suggest to postulate a mode dependent fric-
tion as an additional mechanism. The values of a mode de-
pendent friction coefficient for the different chain lengths can
be calculated as

��N/p� =
3kBT

Weffb2 , �19�

where Weff and b2 depend on N / p �Figs. 5�c� and 7�. The
results obtained are shown in Fig. 8�a�. The effective friction
coefficient so obtained strongly increases at low values of
N / p reaching a constant plateau �0, which clearly depends on
N as it is shown in Fig. 9 �circles�. Obviously, the
N-dependence of �0 is similar to that found for W0

eff because
in the high N / p-range b2�constant. A N-dependence for the
friction coefficient calculated from both, the Rouse time ��1�
and the diffusion coefficient �i.e., at large scales N / p�, in
simulated polyethylene melts has also been reported �see Fig.
9 of Ref. 7�. It is worthy of remark that in that case the
simulation method was fully atomistic MD, i.e., the
N-dependence of the friction coefficient seems to be inde-
pendent of the simulation method. We have also estimated
the values of the chain-diffusion coefficient, D, from the
long-time limit of the mean square displacement of the chain
center of mass. From the results obtained we have deduced

FIG. 7. b2 as a function of the scaling variable N / p for the different
systems.

FIG. 8. �a� Effective friction � as a function of the scaling variable N / p and
�b� as a function of L= �Nb2 / p�1/2. Empty symbols in �a� are the simulations
without uncrossability conditions. In �b� the longest arrow corresponds to
the bmin-value and the colored arrows to the average radius of gyration of the
different chains.
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the corresponding friction coefficient values as �
=kBT�DN�−1. They are also included in Fig. 9 for compari-
son. They show the same trend within the higher uncertainty
involved in this calculation. However, a tendency to saturate
at N→� cannot be ruled out as in the case of the polyethyl-
ene results above mentioned.

Figure 8�a� also shows for comparison the results ob-
tained from simulations carried out without the uncrossabil-
ity algorithm. As expected from the corresponding results of
Weff described in Fig. 5�c�, the friction coefficient in this case
is almost constant indicating a Rouse-like behavior, which
could be expected from the structure of the Langevin equa-
tion �Eq. �2��. This almost constant value is rather close to
that deduced from the bare friction frequency �� /M
=36.0 ps−1� imposed in the Langevin equation to match the
time scale of the atomistic simulations �see Sec. II D�. Tak-
ing into account the blob mass �0.7 kg/mol� we deduced a
bare friction coefficient value of �=4.2�10−23 kg ps−1. On
the other hand, in Fig. 8�b� we have displayed the “length-
scale” dependence of the effective friction coefficient. The
x-axis of this figure represents the length scale associated to
the wavelength N / p and calculated as L= �Nb2 / p�1/2. This
length scale has been calculated by considering the b2�N / p�
shown in Fig. 7. The arrows also mark the values of the
radius of gyration �Rg� of the different systems simulated
�see Table III� and the minimum b-value �see Fig. 7� as well.
Interestingly, the effective friction for a given chain length N
is constant in both limits L�bmin and L� �Rg� and strongly
increases for intermediate length scales. Moreover, the val-
ues for L�bmin are for all chains rather similar to those
obtained from the simulations without the uncrossability al-
gorithm. Thereby it seems that the increase in the effective
friction at larger length scales is mainly due to additional
molecular �blob� interactions—other than those included in
the potential of mean force. These interactions are accounted
for in the model by means of the uncrossability algorithm.
Although these effects are even present in the case of short
chains, obviously they become more important as soon as the
chain length increases �see Fig. 8�.

The length-scale regime where the effective friction in-
creases is also the range where the Rouse correlators display

strong nonexponentiality. The nonexponential behavior of
the Rouse correlators is a consequence of time correlation
among the forces acting upon a chain bead,14 as is assumed
in the memory function formalisms of the generalized
Langevin equation and in particular in the renormalized
Rouse model mentioned above. In this scenario, we should
expect a time-dependent friction. We can have an idea about
this time dependence by taking into account the representa-
tive time scale ��p� corresponding to a wavelength N / p. The
results so obtained are shown in Fig. 10.

The effective friction coefficient increases dramatically
with time at the intermediate time scales. This behavior can
be approximated by a t�-dependence where the �-values de-
pend on N. If this “time dependence” also reflects the corre-
lation between forces, both � and the nonexponential param-
eter �-values should be related. Indeed this is the case as it is
shown in Fig. 11, where �-values are represented as a func-
tion of 1−�min, being �min the minimum value of �p corre-
sponding to a given chain length N. Figure 11 shows that a
��1−�min correlation is rather well fulfilled.

It is worth to mention that the behavior obtained for the
effective friction coefficient �Figs. 8 and 9� as well as the
correlation found between � and �p �Fig. 11� are—at least
qualitatively—in agreement with the prediction for renor-
malized Rouse models in general46 and in particular for the

FIG. 9. Effective friction �0 as a function of the number of blobs per chain
N calculated from the plateau of ��N / p� at large N / p �circles� and from the
diffusion coefficient �squares�.

FIG. 10. Effective friction � as a function of the average relaxation times
��p� for the different systems.

FIG. 11. Correlation between the � parameter from the t�-dependence of the
friction coefficient and the �min-values.
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simple theoretical approach proposed by Schweizer.44 On the
other hand, we do not observe signatures of reptation at the
N-values here investigated N�6Ne. This is in agreement
with the viscoelastic and diffusion measurements reported in
Ref. 47. In that paper it was shown that the normalized prod-
uct of viscosity and self-diffusion coefficient was at 373 K
almost constant for PEP samples with Mw /Me�6. It is wor-
thy of remark that this result is in principle in agreement not
only with simple Rouse model predictions but also with
those from the renormalized Rouse model.44 In contrast, rep-
tation theory predicts an increasing function of N�Mw�. Fi-
nally, it would be interesting to check the applicability of the
coarse-grained model here developed for describing real PEP
behavior. To do that, the right magnitude to be considered is
b2 /�eff because it should be independent of the level of
coarse graining �see Sec. IV�. In fact, the so-called Rouse
variable Wb4, which can be determined by neutron scattering
experiments, is just proportional to b2 /�eff �Wb4=3kBTb2�−1

�Ref. 1��. Chain dynamics of PEP have been investigated by
neutron scattering mainly in the high molecular weight range
Mw /Me�20, where clear evidences of reptation behavior are
found.48,49 However, the Rouse variable Wb4 can be obtained
from the short-time regime of the single chain dynamic
structure factor1 even in the case of reptation. This magni-
tude should hardly depend on the molecular weight. The val-
ues reported1,49 for Wb4 of PEP at different temperatures are
shown in Fig. 12. This figure also includes two low tempera-
ture values of Wb4 estimated from incoherent neutron scat-
tering results on a PEP sample of Mw�20 000 g /mol.36

From the simulation results reported here, we can also cal-
culate Wb4 as the large N / p-limit of Weffb

4. In that regime
both Weff �W0

eff� and b are basically constant. The values so
obtained are also included in Fig. 12. As W0

eff�N−0.4, the
values estimated of Wb4 slightly change with N �Mw�. How-
ever, they perfectly agree in the average with the experimen-
tal value deduced from neutron scattering measurements at
492 K.

In any case, a direct comparison of the single chain dy-

namic structure factor calculated from the coarse-grained
simulations and measured by neutron scattering on samples
with the same molecular weight would be desirable. Figure
13 displays some preliminary results in this direction. This
figure shows the normalized single chain dynamic structure
factor Schain�Q , t� /Schain�Q ,0� at two low Q-values measured
on a PEP sample with Mw�6000 g /mol in comparison with
the same magnitude calculated from the coarse-grained
simulations of B8 �Mw=5600 g /mol� sample. Data are rep-
resented in a linear time scale to emphasize the long time
behavior. The agreement found seems to be rather good.

VI. SUMMARY AND CONCLUSIONS

In this work we have constructed a coarse-grained model
of PEP starting from fully atomistic MD simulation results of
a PEP cell containing 12 chains of 80 monomers each �Mw

=5600 g /mol�. In this way we were able to extend our
simulations to higher molecular weights �Mw�6Me� and
longer times. We want to stress that in our approach we
started from the bottom, i.e., all coarse-grained parameters
were determined from the atomistic simulation runs, which
were previously validated by extensive neutron scattering
measurements. Moreover, the results from coarse-grained
simulations are in good agreement with experimental results
available.

For all molecular weights �chain lengths� investigated,
we observe deviations from Rouse behavior even when chain
stiffness is considered in the Rouse model. These deviations
become more evident as the length chain increases. We have
shown that this behavior can be rationalized in terms of a
mode-number �length-scale� dependent friction coefficient.
The increase in this effective friction at the intermediate
scales �bmin�L�Rg� seems to be due to blob interactions
other than those included in the intermolecular soft potential
of mean force. They are accounted for in the model by means
of the uncrossability algorithm. These interactions are at the
end the reason for correlation among the forces acting upon a
chain bead and thereby for the nonexponentiality of the
Rouse correlators. However, it seems that in the molecular
weight range here explored �Mw�6Me� these effects still
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FIG. 12. Rouse variable Wb4 as a function of temperature from the simula-
tion results calculated as the large N / p-limit of Weffb

4 �full symbols� and
from the short-time regime of the single chain dynamic structure factor
published in Refs. 1 and 49 for a PEP sample of Mw�80 000 g /mol �empty
circles�. The two low temperature values �empty squares� are estimated from
the incoherent neutron scattering results on a PEP sample of Mw

�20 000 g /mol �Ref. 36�.

FIG. 13. Time dependence of the normalized single chain dynamic structure
factor calculated from the coarse-grained simulations of B8 �Mw

=5600 g /mol� �lines� and measured by neutron scattering experiments
�Mw�6000 g /mol� �points�.
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give not raise to reptation behavior but to a crossover regime
between Rouse and reptation that can be understood, at least
qualitatively, in terms of the so-called generalized Rouse
models.
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