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On the non-Gaussianity of chain motion in unentangled polymer melts
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We have investigated chain dynamics of an unentangled polybutadiene melt via molecular dynamics
simulations and neutron spin echo experiments. Good short-time statistics allows for the first
experimental confirmation of subdiffusive motion of polymer chains for times less than the Rouse
time (tR) confirming behavior in this regime observed in simulations. Analysis of simulation
trajectories obtained over several Rouse times reveals non-Gaussian segmental displacements for all
time and length scales. These results, particularly non-Gaussian displacements on large time- and
length scales, demonstrate the importance of intermolecular correlations on chain dynamics.
Rouse-type analytical models fail to account for this non-Gaussianity leading to large deviations
between the experimental dynamic structure factor and model predictions. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1348032#
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I. INTRODUCTION

Recently,1 we demonstrated excellent agreement
tween molecular dynamics~MD! simulations and neutron
spin echo~NSE! studies for chain dynamics in an une
tangled melt of C100H202 polyethylene~PE!, allowing for
critical testing of Rouse predictions for real polymer chai
The Rouse model is commonly invoked in the interpretat
of experimental data for polymer melts, and forms the ba
of many dynamic theories including reptation theories
entangled melts. The Rouse model failed to provide an
curate description of the dynamic structure factorS(q,t) of
the PE melt. Based upon subdiffusive behavior of the po
mer chains observed in the simulations, we attributed
failure to intermolecular correlations. A recent theoretic
study has also found that interactions of a chain in the m
with AN other chains leads to subdiffusive behavior f
times less than the Rouse timetR .2 The importance of inter-
molecular correlations in the failure of the Rouse model
been refuted in a study that claimed that a semiflexible ch
model~SFCM! that accounts for local stiffness effects yiel
much better agreement with simulation forS8(q,t) of the PE
melt than the Rouse model.3 In another attempt to improve
on the Rouse model, Allegra and Ganazzoli4,5 have devel-
oped a model that includes internal friction effects that sl
down short wavelength motions. The ‘‘internal viscosity
model ~IVM ! has been shown to provide a good descript
of the dynamic structure factor for polyisobutylene~PIB!
when internal friction effects are taken into accoun6

Clearly, the ability of simple analytical treatments to repr
duce the dynamics of unentangled polymer melts remain
4280021-9606/2001/114(9)/4285/4/$18.00
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issue. We believe that we now have experimental and si
lation data of sufficient accuracy to resolve this importa
question.

II. EXPERIMENTS AND SIMULATIONS

NSE measurements and MD simulations were perform
on an unentangled 1,4-polybutadiene~PBD! melt with a ran-
dom microstructure of 30 repeat units consisting of 40%cis,
50% trans, and 10% 1,2-vinyl units. Both experimental an
simulation data represent a significant improvement o
those presented in our previous work7 as the result of addi-
tional measurements and simulations. Special effort has b
expended to improve the statistical reliability of the NS
data, particularly at short times. The MD trajectory has be
greatly extended to almost three Rouse times in orde
improve long-time statistics. NSE measurements were p
formed on the NSE spectrometer at the FRJ-2 reactor in¨-
lich at 353 K, studying spectra at seven different moment
transfers 0.05 Å21<q<0.30 Å21 covering a dynamic range
from 100 ps to 22 ns. Data analysis was performed as
scribed previously.7 MD simulations were performed using
quantum chemistry-based united atom potential7,8 using
methods described previously.7,8 The isotropic melt single
chain intermediate coherent dynamic structure factor m
sured in NSE experiments corresponds to9

S8~q,t !5S~q,t !/S~q!

5 (
~m,n!

^sin@qRmn~ t !#/qRmn~ t !&/

(
~m,n!

^sin@qRmn~0!#/qRmn~0!&, ~1!
5 © 2001 American Institute of Physics
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where Rmn(t) is the magnitude of the displacement vect
Rm(t)2Rn(0) between scattering centersm andn at time t
and zero, repectively,with m and n belonging to the sam
chain. When q!2p/Rg , one can observe only the overa
center of mass motion̂Rcm(t)2& of the chain molecules, and
assuminĝ Rcm(t)2& is diffusive,

S8~q,t !5exp~2q2^Rcm~ t !2&/6!5exp~2q2Dcmt !, ~2!

whereDcm is the center of mass self-diffusion coefficient fo
the chains.

Good agreement betweenS8(q,t) from NSE measure-
ments and simulation can be seen in Fig. 1. The experime
times have been scaled by 0.8 to compensate for the v
small difference~20%! in the apparentDcm @Eq. ~2!# between
simulation and experiment. It is possible to calculate an
parent mean-square center of mass displacem
^Rcm(t)2&app of the chains from Eq.~2!. ^Rcm(t)2&app ob-
tained from experimentalS8(q,t) data ~unscaled! are com-
pared in Fig. 2 witĥ Rcm(t)2& obtained directly from simu-
lation. For t.tR515 ns, the center-of-mass motion is we

FIG. 1. Dynamic structure factor for PBD chains obtained from simulati
~lines! and neutron spin echo measurements~symbols!. Error bars~random
errors! are shown forq50.30 Å21. For all other data estimated random
errors are smaller than the symbols.

FIG. 2. Mean-square center-of-mass displacement of PBD chains. Er
bars~random errors! are show for the experimental data.
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described bŷ Rcm(t)2&56Dcmt. For t,tR , the motion is
subdiffusive. Here,̂ Rcm(t)2&;ta wherea'0.8, as was ob-
served in our simulations of PE1 and earlier simulations o
coarse-grained lattice10 and bead-spring models.11 The ex-
perimental data for PBD are of sufficient quality to confir
for the first time subdiffusive behavior of polymer chains f
t,tR , particularly when considered in conjunction with th
observed̂ Rcm(t)2& from simulation.

III. SIMULATIONS AND THEORY

The good agreement between simulation and experim
for S8(q,t) allows us to investigate the validity of the Rous
model,12 the SFCM,3,13 and the IVM4,5 in describing real
polymer dynamics through detailed comparison of the p
dictions of these models with simulations. In these mod
polymer segments are subjected to internal entropic resto
forces and a frictional drag force and move in response
Brownian forces. The models neglect excluded volume a
hydrodynamic effects and predict diffusive center-of-ma
motion for all times. The restoring forces are determined
chain dimensions@S(q)#. In the Rouse model, the chain
assumed Gaussian on all length scales, while in the SF
~adjustable! local stiffness effects yield non-Gaussian beha
ior for largeq. In the IVM, an approximate analyticalS(q) is
employed. In both the Rouse model and SFCM, the frictio
drag force is assumed to be independent of wavelen
while in the IVM local friction effects slow short wavelengt
motions.

The solution of the Rouse equation of motion is det
mined by transformation to its eigenmodes, whose s
correlation functions are given as9

^Xp~ t !•Xp~0!&5
^R2&

2p2p2 exp@2p2t/tR#. ~3!

Simulations yieldtR5^R2&/(3p2Dcm)515 ns for PBD. Fig-
ure 3 gives a comparison ofS8(q,t) from simulation and the
Rouse model. As for PE,1 the Rouse model does a poor jo
in reproducing simulation. A detailed analysis of the simu
tion trajectories allows us to investigate the fundamental p
rs

FIG. 3. Dynamic structure factor for PBD chains obtained from simulat
~symbols!, the Rouse model~solid lines!, the modified Rouse model~dotted
lines!, and the semiflexible chain model~dashed lines!. Theq values are the
same as shown in Fig. 1.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



tio
.

m
ar

tio
re
fo

s

y

d
e
iff
e
n
ve

e
ip

m

de
it

at
s

ng

4.
om
in-

re-
pro-
han
ree-
s

se
in-

the

om
re-
not

ith
on-
le

4
s of

ime
D

al

try-

e-

e-

ss
not

gth
ith

re-
ce

n

des

ider
nts.

om

4287J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 On the non-Gaussianity of chain motion
dictions of the Rouse model. The amplitudes and relaxa
times for the important eigenmodes are compared in Fig
The amplitudes from simulation for modesp.3 begin to
show deviation from Rouse predictions asRmn(0) are not
Gaussian distributed for smallun2mu due to local chain
stiffness effects. The mode self-correlation functions fro
simulation do not show single exponential decay, but
well represented by a stretched exponential

^Xp~ t !•Xp~0!&5^Xp~0!•Xp~0!&exp@2~ t/tp!b#, ~4!

whereb ranges from 1.0 forp51 to 0.75 forp510. Corre-
lation times, given as the time integral of exp@2(t/tp)

b#, are
also shown in Fig. 4. The shorter wavelength~largep! modes
show some slowing relative to Rouse predictions. Relaxa
times clearly do not scale with mode amplitudes as is p
dicted by the Rouse model. We modified the relationship
S8(q,t) for the Rouse model9 to take into account̂Rcm(t)2&,
mode amplitudeŝXp(0)•Xp(0)& as well as relaxation time
tp and stretching exponentsb from simulation. As shown in
Fig. 3, the resultingS8(q,t) decays faster than predicted b
the Rouse model due to the fact that^Rcm(t)2& is greater in
the subdiffusive regime than predicted by the Rouse mo
~Fig. 2!. The modified Rouse and Rouse predictions merg
tR , where the center-of-mass displacement becomes d
sive. Clearly, incorporating differences in mode amplitud
and relaxation into the Rouse predicted scattering functio
not sufficient to account for the large discrepancies obser
in S8(q,t) between the Rouse model and simulations.

In the SFCM the contour lengthLc and the persistenc
lengthLp are adjustable parameters. Using the relationsh
for a Kratky–Porod chain, structural data for PBD fro
simulation establishes values ofLp55.0 Å andLc5147 Å,
yielding ^R2&/^Rg

2&51420 Å2/221 Å256.4, while from simu-
lations ^R2&/^Rg

2&51414 Å2/224 Å256.3. Use of signifi-
cantly stiffer semiflexible chains as was done for PE in or
to achieve the claimed good agreement of the model w
experiment and simulation does not reproduce the st
structure of the chain on longer length scales. Prediction
S8(q,t) for the SFCM with Dcm53.231027 cm2/s taken
from simulation are shown in Fig. 3. The correspondi

FIG. 4. Normal mode amplitude and relaxation time for PBD chains fr
simulation~symbols, with filled circles being correlation times!, the Rouse
model ~solid lines!, the semiflexible chain model~dotted lines!, and the
internal viscosity model~dashed line!.
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mode amplitudes and relaxation times are given in Fig.
Mode amplitudes are in good agreement with those fr
simulation, and are reduced from the Rouse amplitudes,
dicating the influence of local chain stiffness. The cor
sponding relaxation times, as with the Rouse model, are
portional to the mode amplitude, and hence are shorter t
those predicted by the Rouse model, and are in poor ag
ment with simulation for largerp. This variance become
greater with increasing chain stiffness.S8(q,t) obtained
from the SFCM shows little improvement over the Rou
model. At long times, SFCM and Rouse predictions are
distinguishable. At short times, the decay ofS8(q,t) from
the SFCM is slower than that seen in the simulations or
Rouse model. We again modified the relationship forS8(q,t)
for the Rouse model, this time using mode amplitudes fr
the SFCM. Comparison of modified Rouse and SCFM p
dictions reveals that the effect of amplitude reduction can
account for the reduced decay inS8(q,t) at short time seen
with the SFCM. This reduction, which becomes greater w
increasing chain stiffness, must therefore be due to the n
Gaussian distribution of distances within the semiflexib
chain.

The mode amplitudes from the IVM are shown in Fig.
and are in good agreement with simulation and prediction
the SFCM. Unlike PIB,6 where a fit of the IVM to experi-
mental data indicated a dramatic increase in relaxation t
for short wavelength modes, a fit to experiment for PB
yields relaxation times and henceS8(q,t) similar to those of
the SFCM. Hence, in agreement with simulation, intern
friction effects do not appear to be important in PBD.

Summarizing, we see that:~1! atomistic MD simulations
of unentangled polymer melts using quantum chemis
based potentials yieldS8(q,t) in good agreement with NSE
measurements;~2! the Rouse model does a poor job in r
producingS8(q,t) from simulation and experiment;~3! the
failure of the Rouse model does not lie primarily in the pr
dicted mode amplitudes or relaxation times;~4! efforts to
improve upon the Rouse model by including local stiffne
effects using the correct static structure of the chain do
lead to a significantly improved description ofS8(q,t); ~5! a
dramatic increase in relaxation times for short wavelen
modes compared to Rouse predictions is inconsistent w
simulations and IVM predictions. The question therefore
mains as to why the models fail to accurately reprodu
S8(q,t).

IV. NON-GAUSSIANITY

Calculation ofS8(q,t) for these models is based upo
the assumptions that all segmental displacementsRm(t)
2Rn(0) are Gaussian distributed and that the eigenmo
remain orthogonal, i.e.,̂Xr(t)•Xs(0)&50 for rÞs. Exami-
nation of cross correlation for thep<4 from simulation con-
firms that the modes remain orthogonal. Let us then cons
the assumption of Gaussian distributed displaceme
S8(q,t) for isotropic systems is given by Eq.~1!. Only when
Rm(t)2Rn(0) are Gaussian distributedshould the Gaussian
approximation be invoked, allowing Eq.~1! to be recast as
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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S8~q,t !5 (
~m,n!

exp@2q2^Rmn~ t !2&/6#Y
(

~m,n!
exp@2q2^Rmn~0!2&/6#5S~q,t !/S~q!.

~5!

Since solution of the dynamic equation for each analyti
model yieldŝ Rmn(t)

2&, Eq. ~5! is conveniently employed in
determiningS8(q,t). However, assumption of Gaussian d
tributed displacements is valid only for the Rouse mod
Indeed, a primary goal of the SFCM and IVM is to accou
for the effects of chain stiffness on dynamics. Use of Eq.~5!
is simply invalid for all models considered here except
Rouse model.

We can get a picture of the influence of non-Gauss
distributed displacements onS8(q,t) by using both Eq.~1!
and Eq. ~5! to predict S8(q,t) for simulation chains, as
shown in Fig. 5.S8(q,t) yielded by Eq.~5! for the simula-
tion chains are very similar to the Rouse predictions
shown in Fig. 5. This indicates that themean-squaredis-
placements on all time and length scales investigated
reasonably well described by the Rouse model. In contr
the variance inS8(q,t) between the SFCM and both simul
tion using Eq.~5! and the Rouse model at short times a
largerq values indicates that the SFCM chain is too stiff
the corresponding length scales. However, we see in Fi
that S8(q,t) for the SFCM converges to the Rouse pred
tions after sufficient time. For the SFCM, all particle se
displacementsRm(t)2Rm(0) are Gaussian distributed, s
eventuallyRm(t)2Rn(0) and S8(q,t) for the SFCM con-
verge with those for the Gaussian chain, i.e., the Ro
model. In contrast,S8(q,t) from simulations using Eq.~1! do
not converge with those from Eq.~5!, even fort'tR , clearly
demonstrating that the displacements are not Gaussian
tributed even on this time scale.

FIG. 5. Comparison of the dynamic structure factor for PBD chains
tained from simulation using Eq.~1! ~symbols! and Eq.~5! ~solid lines!, q
50.08 Å21 are not shown for clarity. Also shown are the Rouse predictio
~dotted lined!. Theq values are the same as shown in Fig. 1 expect that
q50.08 Å21 data have been omitted for clarity.
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From the MD trajectories we can examine the displa
ment distributions as a function ofun2mu and time. We find
that even after one Rouse timeRm(t)2Rn(0) distributions
show deviation from Gaussian behavior for allun2mu. The
influence of these non-Gaussian displacements onS8(q,t)
depends uponq, t and un2mu. However, non-Gaussian ef
fects will in all cases slow the decay ofS8(q,t) relative to
that obtained for a Gaussian distribution with the sa
mean-square displacements~e.g., see Fig. 5!, consistent with
the observed relationship between simulation and Rouse
dictions. For example, the contribution of center-of-mass d
placement toS8(q,t) with the first non-Gaussian correctio
is given by14

Scm8 ~q,t !5exp@2q2^Rcm~ t !2&/6#

3@111/2@q2^Rcm~ t !2&/6#2a2~ t !#, ~6!

where

a2~ t !5
3^Rmn~ t !4&
5^Rmn~ t !2&221. ~7!

For t515 ns and q50.30 Å21, simulations yield a2(t)
50.15 and 1/2@q2^Rcm(t)2&/6#2a2(t)51.37, clearly demon-
strating the importance of non-Gaussian displacements. N
Gaussian displacements for the center of mass and largun
2mu after times comparable totR can only result from non-
diffusive behavior of the center-of-mass displacement a
long wavelength modes such as the rotational diffusion
the molecule. Nondiffusive behavior for these modes res
from intermolecular correlations, which are not included
any of the models considered except simulations.

Hence, it is primarily the non-Gaussian se
displacementsRm(t)2Rm(0) resulting from intermolecular
correlations that account for the deviation of Rouse pred
tions from simulation. Inclusion of chain stiffness does n
significantly improve the description. Reasonable agreem
with real chain dynamics claimed for the analytical mod
discussed here results from incorrect calculation ofS8(q,t)
and the use of artificially stiff chains.
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