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Chain Motion in an Unentangled Polyethylene Melt: A Critical Test of the Rouse Model
by Molecular Dynamics Simulations and Neutron Spin Echo Spectroscopy
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We have investigated the dynamic structure factor for single-chain relaxation in a polyethylene melt
by means of molecular dynamics simulations and neutron spin echo spectroscopy. After accounting
for a 20% difference in the chain self-diffusion coefficient between simulation and experiment we find
a perfect quantitative agreement of the intermediate dynamic structure factor over the whole range of
momentum transfer studied. Based on this quantitative agreement one can test the experimental results
for deviations from standard Rouse behavior reported so far for only computer simulations of polymer
melt dynamics. [S0031-9007(98)05363-0]
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The dynamics of polymer chains in a dense melt cou
be supposed to pose a theoretical problem requiring a ve
complex and mathematically involved description. W
have to describe a liquid of intertwined threads where ea
of them has on average excluded volume interactions wp

N other threads, whereN is the degree of polymeriza-
tion of the chains. According to all experimental evi
dence so far, e.g., Refs. [1–3], however, it seems that
these complex topological interactions can be complete
neglected as long as the degree of polymerization of t
chains is below some critical value, the so-called entang
ment molecular weightNe. For chains longer thanNe the
entanglements have to be taken into account [4–7] but f
shorter chains the simple Rouse theory [8] is supposed
describe the chain dynamics. Computer simulations of a
stract [9,10] as well as atomistic [11] polymer models, o
the other hand, show systematic deviations from the Rou
behavior, which can be traced to the interactions betwe
the chains in the melt.

We will show in this paper the first detailed quanti
tative comparison between a molecular dynamics (MD
simulation of the melt dynamics of an atomistic polyme
model and a neutron spin echo (NSE) determination of t
single-chain dynamics in the same polymer melt. By e
tablishing the quantitative agreement between simulati
and experiment for the internal dynamics of the chains w
can then draw conclusions about the validity or shortcom
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ings of the Rouse model from the combined informatio
of simulation and experiment.

Simulations and experiments were performed on
dense polyethylene melt ofn-C100H202 at 509 K. Ex-
perimentally we had already obtained information o
the dynamic behavior of longer chain polyethylene (P
samples at the same temperature from neutron scatte
studies [1,2], and we had validated a united atom (U
model (CH2 groups treated as one superatom) [12]
well as an explicit atom (EA) model [13] by simulation
of shorter chain alkanes. The C100 chains are slightly
shorter than the entanglement length of PE at this te
perature (Ne ­ 136 [2]) and long enough to show Gauss
ian chain statistics in their conformations [14], thereb
making them the ideal test system for a description
the Rouse model. After equilibration for 3 ns we pe
formed a NVT (constant number of particles, volum
and temperature) molecular dynamics simulation of t
united atom model (9 ns) as well as the explicit ato
model (1 ns) at the experimental density. Details of t
models and the simulation technique can be found
[12,13]. For calculating the dynamic structure factor fo
the UA model we reinsert the hydrogen atoms at p
sitions determined by the neighboring carbon backbo
atoms [12].

Our experiments were performed on PE samples wh
were obtained from a parent (1,4-polybutadiene materi
© 1998 The American Physical Society
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synthesized by anionic polymerization. PE was produc
by subsequent hydrogenation (or deuteration) [15]. T
molecular weights of the hydrogenated and deuterat
polybutadienes were measured by vapor pressure
mometry yielding 111 C atoms for the protonated an
107 C atoms for the deuterated species, respective
The molecular weight distribution was obtained from
gel permeation chromatography yieldingMwyMn ­ 1.06.
For the NSE experiments a deuterated matrix containi
12% protonated material was used.

The NSE experiments were carried out at the IN1
spectrometer at the Institut Laue Langevin in Grenobl
Two different incoming wavelengths ofl ­ 6.04 Å and
l ­ 4.35 Å were used, in order to cover a dynamic
range from 0.08 to 10 ns. The experiments were pe
formed at 509 K studying spectra at seven different m
mentum transfers (q ­ 0.055, 0.1, 0.14, 0.18, 0.22, 0.26,
and0.30 Å21). The experimental background and th
background from the deuterated matrix were obtain
from separate spin echo scans on a fully deuterated m
terial and subtracted with the proper transmission factor

In the Rouse model, commonly used to interpret th
chain motion in unentangled polymer melts, the chains a
treated as Gaussian random coils of monomers connec
by entropic springs following a Brownian dynamics (no
inertial effects) under the influence of these springs a
l
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an external Gaussian white noise.

z d $rnstd ­
kBT
3s2

f$rn11std 2 2$rnstd 1 $rn21stdg dt

1 d $hnstd , (1)

kdhnastddhmbst0dl ­ 2z kBTdt dnmdabdst 2 t0d . (2)
Here T is the temperature and$h is the Wiener process.
The basic length scale is set by the statistical segme
length or mean-squared distance between monomers,s2,
and the basic frequency is given by the Rouse rateW ­
3p2kBT

zs2 , wherez is the segmental friction coefficient. The
model can be solved exactly by Fourier transformation t
its normal modes [5],

$Xpstd ­
1
N

NX
n­1

cos

√
pp

n
N

!
. (3)

For these modes the model predicts

k $Xpstd ? $Xps0dl ­
kR2l

2p2p2 exph2nptj , (4)

with kR2l being the mean-square end-to-end distance
the chains andnp ­

p2

N2 W being the eigenfrequency of
thenth eigenmode.

Being sums of Gaussian variables the mean-squa
displacements also are Gaussian distributed, and o
can calculate the following result for the single-chain
intermediate scattering function in the long chain limit,
Ssq, td ­
1
N

exp

(
2q2DRt

)
NX

n,m­1

exp

(
2

q2s2

6
jn 2 mj 2

2Nq2s2

3p2

NX
p­1

cos

√
ppn

N

!
cos

√
ppm

N

!
s1 2 e2nptd

)
. (5)
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Here DR ­
kBT
Nz is the center of mass self-diffusion

coefficient of the chains. The statistical segment leng
for PE at 509 K is known experimentally from small ang
neutron scattering [16],s2 ­ 13.76 Å2, and also for the
MD simulation, s2 ­ 15.36 Å2 [11], so that the Rouse
analysis contains only one free parameter,DR or W .

This parameter can be furthermore determined ind
pendent of any model. Forq ø

2p

Re
, where Re is the

end-to-end vector of the chains, one can observe only
overall diffusion of the chain molecules,Ssq, tdySsq, 0d ­
exph2q2DRtj. We determined the self-diffusion coef
ficient for the NSE experiment and the UA simulatio
from the fit of this diffusive decay to our smallest mo
mentum transfer,q ­ 0.055 Å21. For the experiment
we get a diffusion coefficient ofDNSE

R ­ s1.8 6 0.15d 3

1026 cm2ys and for the simulationD
UA,Ssq,td
R ­ s2.35 6

0.03d 3 1026 cm2ys. These values can be compared
an extrapolation of pulsed field gradient NMR data fo
the diffusion coefficient of smaller chain alkanes from
Pearsonet al. [3], which would indicate a value of abou
DNMR

R ­ 2.3 3 1026 cm2ys for C100 at 509 K. For the
MD simulation of the united atom model we also de
termined the diffusion coefficient directly from the cen
ter of mass mean-square displacement of the chains
be D

UA,DR2

R ­ s2.4 6 0.3d 3 1026 cm2ys in good agree-
ment with the value from the scattering. Because of t
th
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accumulation of uncertainties involved in the extrapola
tion in temperature and chain length for the NMR self
diffusion value and also due to some systematic errors f
the NSE value (the average chain length in the sample
aboutN ­ 111, the chains are slowed down compared t
the homopolymer case due to the heavier deuterated
vironment) we regard these values as lying within the
mutual error bars.

We can now proceed to determine whether the simul
tion models really describe the chain relaxation of poly
ethylene quantitatively by comparing experimental an
simulation spectra in scaled time, which is done in Fig. 1
The diffusion coefficient for the explicit atom model
(which could not be obtained from the chain center o
mass displacements of the 1 ns trajectory) is determin
by this data scaling to beDEA

R ­ 1.5 3 1026 cm2ys. In
scaled time we see near perfect quantitative agreem
between experiment and simulations for all times an
momentum transfers. The chain relaxation in the ce
ter of mass reference frame therefore is identical betwe
simulation and experiment. This means that conclusio
drawn from the mode spectrum and mean-square displa
ments as observed in the simulations, where the compl
atomistic trajectories are available, can be claimed to
also quantitatively valid for the real polymeric material.
2347
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FIG. 1. Dynamic structure factors versus scaled time f
experiment (symbols), united atom model (full curves), an
explicit atom model (dashed curves). The time axis is scal
by the respective center of mass diffusion coefficients.

The ability of the Rouse model to predict the simu
lated spectra (all parameters are now known from ind
pendent measurements) is tested in Fig. 2. In Fig. 2(a)
show the experimentally determined single-chain interm
diate dynamic structure factor for wave vectors rangin
from q ­ 0.055 Å21 to q ­ 0.3 Å21 and the Rouse pre-
diction. Figure 2(b) shows the same for the simulatio
We observe a reasonable agreement of the Rouse pre
tion with both sets of data forq values up to0.14 Å21,
although for times larger than about 4 ns the Rouse curv
lie systematically below the observed scattering data.
one tries, on the other hand, to describe the decay for
q valuesq ­ 0.055, 0.1, and0.14 Å21 only by the dif-
fusive contribution one obtains good agreement for tim
larger than 4 ns but severely underestimates the decay
shorter times. Forq $ 0.18 Å21 the theoretical curves lie
systematically below both the experimental and simulati
data. A combined Rouse fit to the complete experimen
spectrum gives the same value for the self-diffusion coef
cient of the chains as the fit with the purely diffusive deca
to the smallestq value, and consequently the same quali
of description of the spectrum. From a mode contrib
tion analysis [1,2] one can show that for the range of m
mentum transfers studied, the predicted scattering is o
sensitive to the modesp ­ 0, 1, 2, and3, i.e., the higher
modes contribute only a negligible amount to the decay
the structure factor.

In the simulation we can directly determine the Rous
modes from the trajectory following their definition. We
find the following three marked deviations from the Rous
predictions [11]. The center of mass diffusion for time
smaller than the Rouse time is not linear but subline
with an exponentx ­ 0.83. Only the modesp ­ 1, 2,
and 3 fulfil the dynamic Rouse scaling withp2t due to the
deviation of the chain structure from Gaussian behav
on smaller scales (d2

p ­ kR2lyp). And finally even these
2348
or
d
ed

-
e-
we
e-
g

n.
dic-

es
If

the

es
on

on
tal
fi-
y

ty
u-
o-
nly

of

e

e
s
ar

ior

FIG. 2. Dynamic structure factor forn-C100H202 for the
momentum transfers indicated in the legend. The full curve
are the Rouse prediction, Eq. (5). (a) Symbols are the neutr
spin echo data. (b) Symbols are the simulation data.

modes are not single exponential but show a stretch
exponential behavior, exph2s t

t dbj with b ­ 0.96 for
the first mode andb ­ 0.86 for modesp ­ 2, 3. We
have calculated the dynamic structure factor by Eq. (5
but have substitutedDRt ­

1
6 kDR2

cmstdl and e2npt ­
k $Xpstd ? $Xps0dlyk $X2

ps0dl in order to take explicitly into
account the mode behavior obtained from simulation. Th
agreement in the shape of the curves improved [17], b
the quantitative deviations remained.

The only remaining approximation leading to Eq. (5
is the Gaussian assumptionkexph2 $q ? f$ristd 2 $rjs0dgjl ­

exph2 q2

6 kf$ristd 2 $rjs0dg2lj for the distribution of the
mutual displacements of the monomers at any given tim
t. This assumption is fulfilled for free diffusion and
ballistic and harmonic motion but is in general invalid
when more complicated interactions between the movin
units are present.

In the Rouse model the Gaussian assumption is exac
fulfilled, but we already saw systematic deviations from
the Rouse predictions (like the subdiffusive behavio
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FIG. 3. Mean-square center of mass displacements of
chains as a function of time. Filled circles and the sol
line are for experimental and united atom scattering data
q ­ 0.055 Å21 using the assumption of Gaussian distribute
displacements. The dotted line is the mean-square cente
mass displacement as determined directly from the simulat
trajectories, and the long-dashed curve is the Fickian diffusi
behavior with the self-diffusion coefficient determined from th
long-time behavior of the mean-square displacement.

of the center of mass of a chain for times smaller tha
the Rouse time) arising from the interactions betwe
the chains. In Fig. 3 we employ the Gaussian assum
tion: Ssq, tdySsq, 0d ­ exph2 q2

6 kDR2
cmlj to infer the

mean-square center of mass displacement of the cha
from the experimental and simulated structure factors f
q ­ 0.055 Å21. The data are compared to the directl
measured mean-square displacement of the chains in
simulation and a Fickian diffusion behavior with the
self-diffusion coefficients determined in the simulation
For times larger than the Rouse time (2 ns) we c
validate the Gaussian assumption; i.e., the prediction fro
the scattering and the directly measured mean-squ
displacement agree, and all curves follow the Fickia
diffusion behavior. If we consider times below the Rous
time the differences between the actual displaceme
the one predicted by the Gaussian assumption, and
Fickian diffusion curve continuously increase. Th
actual displacement shows a crossover to a subdiffus
behavior, whereas the scattering data seem to indicat
subdiffusive behavior for times below 1 ns and then
turnover to faster than diffusive behavior for times belo
200 ps. The experimental data show much scatter in t
time window but seem to be compatible with the tren
observed from the dynamic structure factor obtained fro
simulation.
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The overall picture emerging from this combined sim
lational and experimental effort is that for chains whic
should be ideal Rouse chains, the model is capable
describing the behavior only on time scales of the order
the Rouse time or larger and therefore on length scale
the order of the radius of gyration of the chains or larg
and in the regime where the chains actually show Fick
diffusion. The self-diffusion behavior for times smalle
than the Rouse time and the relaxation of the inter
modes of the chains show systematic deviations from
Rouse prediction. The interchain interactions also lead
a general failure of the Gaussian assumption in calculat
the dynamic structure factor for times smaller than t
Rouse time.
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