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ABSTRACT: We present molecular dynamics simulations on 1,4-polybutadiene comparing the dynamics
of melt chains between chemically realistic models and a freely rotating chain version of one of the models.
These models exhibit the same liquid structure, as measured by the structure factor, and meso- to large-
scale chain structure, as measured by the Rouse-mode amplitudes. We show that in this case the Rouse-
like chain dynamics as observable in the momentum transfer range of neutron spin-echo experiments is
the same for the chains with and without torsion barriers. Our results bear on a recent comparative
neutron spin-echo study of the chain dynamics of two polymers with similar chain structure which revealed
a strong difference of the dynamics as quantified by the level of agreement of the scattering data with
the Rouse model predictions.

I. Introduction
The universal nature of large-scale polymer properties

has motivated a long-standing and successful investiga-
tion of these properties using coarse-grained polymer
models such as lattice random walks and bead-spring
type models.1 From the coarse-grained point of view the
chemical structure determines prefactors of universal
laws, e.g., the statistical segment length σ linking the
mean-squared end-to-end distance of melt chains to the
number of statistical segments Nσ per chain (Re

2 ) σ2Nσ)
or the monomer friction coefficient ú linking the self-
diffusion coefficient of unentangled chains to the chain
length N (D ) kBT/úN, N ∝ Nσ).

From the point of view of chemically realistic models,
an accurate quantitative description of the static and
dynamic properties of a specific polymer can only be
obtained through a judicious determination of force field
parameters for bonded and nonbonded interactions.2-4

The dihedral potential is of central importance in
accurate descriptions of polymer properties. The differ-
ence in energy between rotational isomers such as trans
and gauche states in alkanes determines the static
stiffness and persistence length (statistical segment
length σ). The height of the barriers between rotational
isomeric states largely determines conformational dy-
namics and thereby strongly influences the monomeric
friction ú.5 It is also well-known that torsional transi-
tions are often correlated between neighboring dihedral
degrees of freedom along a chain,2,6-8 leading to the
various cranklike motions.

Traditionally, experimental data on the relaxation
behavior of short unentangled chains in the melt have
been analyzed in terms of the Rouse model. This model
describes the dynamic behavior of melt chains by a
single-chain Langevin dynamics in which the other
chains provide a background friction, ú, and stochastic
forces linked to the friction through the fluctuation-
dissipation theorem. The model predicts properties such

as the 1/N dependence of the center-of-mass diffusion
coefficient referred to above. Experimental data9 are
generally corrected for the chain length dependence of
the glass transition temperature in the meltsmaking
the monomeric friction coefficient ú(T,N) chain length
dependentsby assuming the Rouse prediction for the
center-of-mass diffusion coefficient to be correct. Com-
puter simulations of an athermal system,10 however,
find a behavior D ∝ N-3/2 differing from the Rouse
prediction.

On smaller length scales the internal relaxation of
the melt chains can be studied by neutron spin-echo
techniques. There it has been found that the Rouse
model well describes poly(dimethylsiloxane) (PDMS)
melts11 but severely fails for polyisobutylene (PIB)
melts.12 Following an idea by Allegra and Ganazzoli,13

this was rationalized as being due to the large difference
in internal rotational barriers; PDMS has virtually no
rotational barriers [ ∆E ≈ 100K] whereas PIB has high
barriers. Recently, a careful experimental study of
PDMS and PIB chains of comparable chain structure
has been performed.14 The stiffness of both polymers as
measured by the characteristic ratio is nearly identical,
and chains of about the same chain length have been
synthesized. This comparative study clearly showed
that, for two polymers with the same meso- to large-
scale chain structure, the dynamics of one (PDMS) was
well described by the Rouse model whereas that of the
other (PIB) was not, ruling out chain stiffness effects15

as the reason for the failure of the Rouse model. The
data on PIB could be well described by the Allegra and
Ganazzoli model. However, the activation energy of the
additional local time scale entering this model was not
given by the internal rotational barriers of PIB as is
implied in the construction of the model, but rather by
a larger activation energy close to that of the structural
relaxation.12
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This suggests that packing effects are playing a role,
despite the very similar chain architecture of PDMS and
PIB. In computer simulations we have the advantage
that we can work with the same chemical polymer
structure and simulate employing the full atomistic
force field, and again, switching off all torsional poten-
tials. In the case of polybutadiene this does not alter
the meso- to large-scale chain structure, the same as in
the experimental comparison of PDMS and PIB, but
additionally we also keep the melt structure (packing)
and density identical. For a short alkane oligomer
(hexane) an analysis of the influence of the torsional
barriers has been performed before,16 but hexane is too
short a molecule to display polymer specific effects.

In the next section we will give a few details on the
simulation method. Section III will then discuss the
results for the statics of our model systems, and section
IV will discuss their chain dynamics. In section V we
will present our conclusions.

II. Molecular Dynamics Simulations

We performed constant temperature NVT molecular
dynamics (MD) simulations using three models for PBD.
The first two models employ a validated17 quantum
chemistry based united atom potential that predicts the
static4,17 and dynamic4,18,19 properties of a PBD melt in
excellent agreement with experiment over a wide range
of temperatures. For the first system, hereafter referred
to as a chemically realistic chain (CRC1) model, the melt
consists of 40 random copolymer chains, each with 30
repeat units having a 40% 1,4-cis/50% 1,4-trans/10% 1,2-
vinyl microstructure. The second model, hereafter re-
ferred to as the CRC2 model, employed the same force
field but without vinyl groups and used chains of 29
repeat units with a microstructure of 45% 1,4-cis units
and 55% 1,4 trans units. The third model, hereafter
referred to as the freely rotating chain model (FRC20),
is the CRC2 model with all rotation potentials switched
off.

We have looked at the high-temperature behavior of
PBD melts and will discuss data obtained for temper-
atures between 273 and 353 K. (The glass transition
temperature of this polymer is approximately 180 K.)
Since the static properties of the CRC2 model and the
FRC model are identical (see next section), we can use
the latter for equilibration of the large-scale structure
of the CRC2 melts and then perform a local equilibra-
tion switching on the dihedral potentials. Equilibration
times ranged from about 10 ns for the CRC models at
353 K to about 100 ns for the FRC model at 273 K.17

III. Comparison of Static Properties

Let us begin by discussing the effects of switching off
the dihedral potentials on the static properties of the
models. In Figure 1 we show the population histograms
for the â-dihedral (alkyl) and the R-dihedral (allyl) at
the cis group.17 In panel a two of the isomers for a
typical alkyl torsionsthe trans state at 180° and a
gauche state at 60°sare visible for the CRC2 model. The
distribution for the FRC model is almost flat, with a
slight preference for the trans region due to the non-
bonded interactions. The R-dihedral shows the skew
state at 120° and a high population at the trans barrier
(which is about 500 K). This effect has already been
noted in the construction of RIS models for PBD.17,21,22

Again, the FRC model shows the influence of intramo-
lecular nonbonded interactions.

When we now turn to the effect on the large-scale
structure of the polymer, we observe that the distribu-
tions for the radius of gyration of the chains are
completely identical between the models. Figure 2
shows them for the CRC1 model at 353 K and for the
FRC model at 323 and 353 K. (The data for the FRC
model are taken on a finer resolution and are therefore
noisier.)

We will use the normal-mode analysis of the chain
conformations to study the static and dynamical proper-
ties of PBD as predicted by the two models on scales
from the statistical segment length to the size of the
chain. For a melt chain exhibiting random walk statis-

Figure 1. Comparison of the histograms of torsion angles
observed in the simulation between the CRC2 and the FRC
model at 273 K. Panel a is for the â dihedral (alkyl bond), and
panel b is for the R-cis dihedral (allyl bond).

Figure 2. Probability distributions for the radii of gyration
in the CRC1 at 353 K and the FRC model at 353 and 323 K.
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tics on all length scales that conforms to the Rouse
equation of motion,23 the modes

have the following autocorrelation function

The squared amplitude of the first mode 〈(XB1(0))2〉 is
connected to the end-to-end distance of the chain
approximately as 〈Re

2〉/2π2 and the amplitudes of the
larger modes are expected to scale as sin-2(pπ/2N). From
the value of the characteristic ratio, CN ≈ 5.2, we expect
to have Nσ ) 22 statistical segments per chain. We will
evaluate the Rouse modes up to p ) 40.

For a real chain the Rouse modes are not exact
eigenmodes. However, for the two models we study we
find that the static cross-correlation amplitudes 〈XBp(0)‚
XBq(0)〉, q > p, are zero within the statistical uncertainty
of the simulation. (All recorded values are at most 2%
of the diagonal values q ) p.) The squared amplitudes
of the first 40 modes are shown in Figure 3 for both
models and several temperatures. Panel a shows that
all data sets superimpose, and therefore both models
have the same static structure on all length scales from
below the statistical segment length up to the size of
the chain. Furthermore, this structure does not depend
on temperature for the depicted temperature range,
which could be expected from the fact that the isomeric
states are almost isoenergetic. However, the mode
amplitudes follow the Gaussian sin-2(pπ/2N) ≈ p-2

prediction only on the largest scale (the first two or three
modes for polymer melts) and then cross over to an
effective p-3 behavior as was observed earlier.8,24 This
crossover follows exactly an analytical prediction26 for
the normal mode amplitudes of a freely rotating chain.
It could also be obtained by an approximation to a
semiflexible chain model.15 The agreement with the
freely rotating chain calculation is shown in panel b
where the amplitudes are plotted normalized to the
value of the first mode. The mode amplitudes of the
freely rotating chain can be written as

where N is the number of united atoms and where we
defined

Equation 3 is valid for values cos θ < 0 of the mean
cosine of the C-C-C bond angle. For 〈cos θ〉 ) 0 the
second term in the square brackets is absent, and one
recovers the Rouse result. The O(N-1) term indicates a
correction that is numerically unimportant for our chain
length N ) 116. The best fit value of 〈cos θ〉 ) -0.7468

differs from the value of -0.4843 directly observed in
the simulation. Hence, also the model without dihedral
potentials is not completely freely rotating due to
residual nonbonded interactions preferencing the trans
states of the dihedrals (see Figure 1). Nevertheless, the
static structure of both models is well described by an
effective freely rotating chain with the mean bond angle
found in the fit.

As a final result for the static structure, we want to
look at the local packing in the melt. Figure 4 displays
the static structure factor of the CRC2 and FRC melts
calculated using only the united atom positions and
equal scattering lengths for all united atom types. Both
models show the same packing effects, and furthermore
the position of the amorphous halo at q ≈ 1.45 Å-1 is
identical to the experimental findings.25 Also, the posi-
tion of the second peak around 3 Å-1 compares well with
experiment. (The peak intensities cannot be compared
since both experiment and simulation are given in
arbitrary units.) To conclude this discussion on the static
properties of the models, we have shown that local
packing in the melt and chain structure from the scale
of the statistical segment to the radius of gyration is
identical for the CRC and FRC models.

XBp(t) )
1

N
∑
n)1

N

cos(πp(n - 1/2)

N )rbn(t) (1)

〈XBp(t)‚XBp′(0)〉 ) δpp′

〈Re
2〉

8N(N - 1) sin2 pπ
2N

e-p2(t/τR) (2)

〈XBp
2(0)〉 )

〈Re
2〉

8N(N - 1)[ 1

sin2(pπ
2N)

- 1

γ2 + sin2(pπ
2N)

(1 + O(N-1))]
(3)

γ2 )
(1 - |〈cos θ〉|)2

4|〈cos θ〉| (4)

Figure 3. Mode dependence of the normal mode amplitudes
for the CRC and FRC models at different temperatures. Panel
a displays the unnormalized values showing that there is no
observable temperature dependence in the structure of the
chains and that the agreement between the CRC and FRC
models holds over our complete temperature range. Panel b
shows the amplitudes normalized by the p ) 1 value to
compare to the analytical predictions of the Rouse model and
the freely rotating chain model. The FRC curves use the best
fit value (-0.7468) for the cosine of the mean bond angle and
the value observed in the simulation (-0.4843).
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IV. Comparison of Chain Dynamics
For the computer simulation the chain dynamics is

conveniently analyzed in terms of the Rouse modes. The
dynamic autocorrelation function of the modes is known
not to be describable by an exponential decay (eq 2) as
derived in the Rouse model. It has been found for small
mode numbers, 3 < p < 10,3,27 that their autocorrelation
is better described by a stretched exponential Kohl-
rausch-Williams-Watts (KWW) function. In Figure 5
we compare the autocorrelation of the low-p Rouse
modes between the FRC and the CRC2 models. All
times are normalized to the 1/e decay time of the
respective mode. The behavior is typical of that also
found for coarse-grained models24,28 and for polyethyl-
ene.8 The first Rouse mode decays essentially exponen-
tially, and the larger p, the stronger the stretching of
the modes becomes. The range of modes displayed in
Figure 5 is the one typically relevant for the description
of NSE data on the dynamics of chains of the size we
are studying.29

From this finding for the Rouse modes we can expect
identical behavior for the single chain coherent inter-
mediate scattering functions of the two models when
the difference in overall mobility is scaled out. Figure 6
shows this function in comparison to the Rouse model
prediction.23 For the Rouse model calculation we need

the statistical segment length of the chains and the
center-of-mass self-diffusion coefficient. These param-
eters can be determined independently in the simulation
from the radius of gyration and the mean-squared
center-of-mass displacement. As has already been dis-
cussed before,19,27 the Rouse model prediction shows
significant qualitative as well as quantitative deviations
from the simulation data for the CRC1 model (see
Figure 6a). Quantitatively, it overestimates the decay
with increasing momentum transfer, and qualitatively
it underestimates the stretching of the correlation
functions. Since the CRC1 simulation data and the
experimental data superimpose when plotted against
diffusion coefficient times time27sthus scaling out an
overall 20% difference in mobility between experiment
and simulationsthese conclusions hold for the experi-
mental data as well. Figure 6b shows that the level of
(dis)agreement with the Rouse model is comparable for
the FRC model. For both models the behavior is
intermediate between those found for PDMS and PIB
experimentally.14

To quantitatively compare the CRC and FRC models,
we plot their scattering functions vs scaled time in
Figure 7. Of course, the FRC model is overall much more
mobile and has a diffusion coefficient of D ) 17.24 Å2/
ns at 353 K vs 3.12 Å2/ns for the CRC1 model. In scaled
time both sets of scattering curves superimpose, and
therefore the models with and without torsional barriers

Figure 4. Static structure factor of the melt, comparing the
CRC2 model (full curve and the FRC model (dashed curve).
The position of the amorphous halo compares well with
experimental data.

Figure 5. Comparison of the mode amplitude autocorrelation
functions between the CRC2 model and the FRC model at 273
K. For each mode the time scale is normaliyzed by the 1/e
decay time. For the CRC2 model modes p ) 1, 2 do not decay
sufficiently within our simulation time.

Figure 6. Comparison of the single-chain coherent intermedi-
ate scattering function as obtained from the simulation to the
prediction of the Rouse model. Panel a is for the CRC1 model
at 353 K, and panel b is for the FRC model at the same
temperature.
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have the same level of agreement or disagreement with
the Rouse model in the typical range of momentum
transfers studied in the NSE experiments.

V. Conclusions
We have presented MD simulations for two chemi-

cally realistic and a freely rotating chain model for PBD.
On the basis of recent NSE experiments on PDMS and
PIB, it has been suggested that the agreement between
experiment and the Rouse model prediction for the
single-chain coherent intermediate scattering function
should be much better for chains with low internal
rotation barriers than for chains with high barriers. For
our CRC and FRC models we showed that their melt
structure factor (local packing) and the meso- to large-
scale chain structure are completely identical. In this
situation, our simulations show that the level of agree-
ment with the Rouse model for the meso- to large-scale
chain dynamics, i.e., the range of momentum transfer
studied in NSE experiments, does not depend on the
presence of rotational barriers. The scattering functions
of the chemically realistic models and the freely rotating
model are identical when time is rescaled by the
respective chain center-of-mass diffusion coefficient, and
both disagree with the Rouse model description. There-
fore, even the total absence of torsional barriers does
not guarantee that the Rouse model is able to account
for the scattering data.

On the other hand, we have shown before19 that the
Rouse model prediction for the chain coherent scattering
of PBD agrees with a calculation of the scattering from
the simulation which is done using the dynamic Gauss-
ian approximation, i.e., when it is assumed that the
atom displacement distribution is Gaussian at all times.
This indicates that the failure of the Rouse model is due
to its inability to describe non-Gaussian displacement
behavior. The most obvious contradiction to the dynamic
Gaussian assumption is observed in the subdiffusive
center-of-mass motion of the chains on time scales below
the Rouse time.19,27 This subdiffusive motion can only
be caused by interchain interactions.

In the Rouse model both intra- and intermolecular
effects on the mobility are summarily taken into account
by just one parameter, the monomeric friction coef-
ficient, ú. It is puzzling that for PDMS melts and

solutions14 this crude single-chain approximation is
obviously sufficient to yield a good quantitative descrip-
tion of the chain diffusion as well as the intramolecular
relaxation on length scales on which the chains can be
treated as Gaussian coils. For other polymers, like PIB
in the melt and in solution14 or PBD examined in this
work the Rouse approximation breaks down. The analy-
sis in refs 12 and 14 suggests to improve the theoretical
description through the phenomenological ansatz of
Allegra and Ganazzoli introducing a second independent
dissipation mechanism being interpreted as due to
intramolecular rotation barriers.

An analysis of neutron scattering data on PIB solu-
tions gave an activation energy of about 3 kcal/mol14

for this additional mechanism, and for PIB melts 10
kcal/mol12 was obtained. Both values disagree with the
best estimate for the effective intramolecular rotation
barrier for the trans-gauche transition in PIB of 5 kcal/
mol obtained theoretically,30 seen in simulations of PIB
melts31 and also in NMR experiments on PIB solu-
tions.32 From the simulations31 one can also directly
access the rate for conformational trans-gauche transi-
tions. The temperature dependence of this quantity in
the melt yields an activation energy of 7.4 kcal/mol,
which is larger than the effective rotation barrier of 5
kcal/mol showing an influence of the local packing on
the barrier transitions. The additional dissipation mech-
anism captured in the fit with the Allegra model
therefore seems to be different in PIB solutions and
melts and not quantitatively linked with the intramo-
lecular barriers.

Combining these findings and our results presented
in this work, we conclude that the phenomenological
introduction of an additional dissipation mechanism into
a Rouse-like single-chain theory of polymer melt dy-
namics improves its ability to fit experimental scattering
data but does not lead to an easily identifiable physical
process underlying this mechanism. The latter difficulty
originates from the attempt to capture many-particle
effects in an effective single-particle theory. The pres-
ence of internal rotational barriers as the only reason
for deviations from Rouse-like behavior can be ruled out.
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