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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]

PACS numbers: 61.25.Hq

The dynamics of polymer chains in a dense melt couldngs of the Rouse model from the combined information
be supposed to pose a theoretical problem requiring a vegf simulation and experiment.
complex and mathematically involved description. We Simulations and experiments were performed on a
have to describe a liquid of intertwined threads where eacbense polyethylene melt 0i-C;poHyp; at 509 K. Ex-
of them has on average excluded volume interactions witperimentally we had already obtained information on
VN other threads, wher# is the degree of polymeriza- the dynamic behavior of longer chain polyethylene (PE)
tion of the chains. According to all experimental evi- samples at the same temperature from neutron scattering
dence so far, e.g., Refs. [1-3], however, it seems that afitudies [1,2], and we had validated a united atom (UA)
these complex topological interactions can be completelynodel (CH groups treated as one superatom) [12] as
neglected as long as the degree of polymerization of thevell as an explicit atom (EA) model [13] by simulations
chains is below some critical value, the so-called entanglesf shorter chain alkanes. The;f chains are slightly
ment molecular weigh¥,. For chains longer thaN, the  shorter than the entanglement length of PE at this tem-
entanglements have to be taken into account [4—7] but foperature §, = 136 [2]) and long enough to show Gauss-
shorter chains the simple Rouse theory [8] is supposed tan chain statistics in their conformations [14], thereby
describe the chain dynamics. Computer simulations of abmaking them the ideal test system for a description by
stract [9,10] as well as atomistic [11] polymer models, onthe Rouse model. After equilibration for 3 ns we per-
the other hand, show systematic deviations from the Roudermed a NVT (constant number of particles, volume,
behavior, which can be traced to the interactions betweeand temperature) molecular dynamics simulation of the
the chains in the melt. united atom model (9 ns) as well as the explicit atom

We will show in this paper the first detailed quanti- model (1 ns) at the experimental density. Details of the
tative comparison between a molecular dynamics (MDmodels and the simulation technique can be found in
simulation of the melt dynamics of an atomistic polymer[12,13]. For calculating the dynamic structure factor for
model and a neutron spin echo (NSE) determination of ththe UA model we reinsert the hydrogen atoms at po-
single-chain dynamics in the same polymer melt. By essitions determined by the neighboring carbon backbone
tablishing the quantitative agreement between simulatioatoms [12].
and experiment for the internal dynamics of the chains we Our experiments were performed on PE samples which
can then draw conclusions about the validity or shortcomwere obtained from a parent (1,4-polybutadiene material)
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synthesized by anionic polymerization. PE was producedn external Gaussian white noise.
by subsequent hydrogenation (or deuteration) [15]. The . kgT .. . .
molecular weights of the hydrogenated and deuterated $d7a(t) = ﬁ[rnﬂ(’) = 27, (1) + Fya(0)]d1
polybutadienes were measured by vapor pressure 0s- .

mometry yielding 111 C atoms for the protonated and +dn, (1), (1)
107 C atoms for the deuterated species, respectively. <d77na(t)d77mﬁ(t/)> = 20kpTdt 8, 8ap8(t — ). (2

The molecular weight distribution was obtained from jare 7 is the temperature and is the Wiener process.
gel permeation chromatography yielding, /M, = 1.06.  The pasic length scale is set by the statistical segment

For the NSE experiments a deuterated matrix containingangth or mean-squared distance between monomérs

12% protonated material was used. and the basic frequency is given by the Rouse Véte=
The NSE experiments were carried out at the IN113;%,7

spectrometer at the Institut Laue Langevin in Grenoble, ¢o° » where{'is the segmental fr|ct|qn coefficient. _The
Two different incoming wavelengths of = 6.04 A and model can be solved exactly by Fourier transformation to
A =435 A were used, in order to cover a dynamic its normal modes [5], N
range from 0.08 to 10 ns. The experiments were per- )}p(,) _ 1 Z co pwl) 3)
formed at 509 K studying spectra at seven different mo- N = N
mentum transfersg(= 0.055, 0.1, 0.14, 0.18, 0.22, 0.26,  For these modes the model predicts
and0.30 A~'). The experimental background and the - - (R?)
background from the deuterated matrix were obtained (Xp (1) - X,(0)) = 2m2p2 exp—w,t}, 4)
from separate spin echo scans on a fully deuterated mgz,, (R?) being the mean-square end-to-end distance of
terial and subtracted with the proper transmission factors. ) 2 ! ]

In the Rouse model, commonly used to interpret thdn€ chains and,, = =W being the eigenfrequency of
chain motion in unentangled polymer melts, the chains arf€ »th eigenmode. , _
treated as Gaussian random coils of monomers connectedB€iNg sums of Gaussian variables the mean-square
by entropic springs following a Brownian dynamics (no displacements also are Gaussian distributed, and one

inertial effects) under the influence of these springs a}n&an calculate the following result for the single-chain
intermediate scattering function in the long chain limit,

1 2 ul q*o? 2Ng*o? u pmn pmm —_
S(g.1) = - expl =4’ Dgt > ex — S —ml = = > co —Jeod ) A —e i ()
p

nm=1 =1

Here D = ’j{}‘—; is the center of mass seIf—diffusionp

coefficient of the chains. The statistical segment lengttaccumulation of uncertainties involved in the extrapola-
for PE at 509 K is known experimentally from small angletion in temperature and chain length for the NMR self-
neutron scattering [16}y> = 13.76 A2, and also for the diffusion value and also due to some systematic errors for
MD simulation, o> = 15.36 A% [11], so that the Rouse the NSE value (the average chain length in the sample is
analysis contains only one free paramei®g,or W. aboutN = 111, the chains are slowed down compared to
This parameter can be furthermore determined indethe homopolymer case due to the heavier deuterated en-
pendent of any model. Fof < i—” where R, is the  vironment) we regard these values as lying within their
end-to-end vector of the chains, one can observe only theutual error bars.
overall diffusion of the chain moleculeS(q, t)/S(q,0) = We can now proceed to determine whether the simula-
exp(—¢’Drt}. We determined the self-diffusion coef- tion models really describe the chain relaxation of poly-
ficient for the NSE experiment and the UA simulation ethylene quantitatively by comparing experimental and
from the fit of this diffusive decay to our smallest mo- simulation spectra in scaled time, which is done in Fig. 1.
mentum transferg = 0.055 A~'. For the experiment The diffusion coefficient for the explicit atom model
we get a diffusion coefficient ab}>F = ((1% + 0.15) X (which could not be obtained from the chain center of
107% cm?/s and for the simulatiOID,L;A’S ™ = (235 + mass displacements of the 1 ns trajectory) is determined
0.03) X 107® cn?/s. These values can be compared toby this data scaling to bBEA = 1.5 X 107% cn?/s. In
an extrapolation of pulsed field gradient NMR data forscaled time we see near perfect quantitative agreement
the diffusion coefficient of smaller chain alkanes frombetween experiment and simulations for all times and
Pearsoret al. [3], which would indicate a value of about momentum transfers. The chain relaxation in the cen-
D,IQIMR = 2.3 X 107°% cn?/s for Ciop at 509 K. For the ter of mass reference frame therefore is identical between
MD simulation of the united atom model we also de-simulation and experiment. This means that conclusions
termined the diffusion coefficient directly from the cen- drawn from the mode spectrum and mean-square displace-
ter of mass mean-square displacement of the chains tments as observed in the simulations, where the complete
be Dg % =(24 +0.3) X 107% cn?/s in good agree- atomistic trajectories are available, can be claimed to be
ment with the value from the scattering. Because of thelso quantitatively valid for the real polymeric material.
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FIG. 1. Dynamic structure factors versus scaled time for
experiment (symbols), united atom model (full curves), and 00.055
explicit atom model (dashed curves). The time axis is scaled x 0.1
by the respective center of mass diffusion coefficients. 00.14
v0.18
. . . ©0.22
The ability of the Rouse model to predict the simu- & %026
lated spectra (all parameters are now known from inde- %‘ 2030
pendent measurements) is tested in Fig. 2. In Fig. 2(a) we 2 — Rouse
show the experimentally determined single-chain interme- %‘

diate dynamic structure factor for wave vectors ranging
from ¢ = 0.055 A~'to ¢ = 0.3 A~! and the Rouse pre-
diction. Figure 2(b) shows the same for the simulation.
We observe a reasonable agreement of the Rouse predic-
tion with both sets of data fog values up ta0.14 A1,
although for times larger than about 4 ns the Rouse curves
lie systematically below the observed scattering data. |If
one tries, on the other hand, to describe the decay for theiG. 2. Dynamic structure factor fom-CipoHap for the

g valuesg = 0.055, 0.1, and0.14 A~! only by the dif- momentum transfers indicated in the legend. The full curves
fusive contribution one obtains good agreement for timegre the Rouse prediction, Eq. (5). (a) Symbols are the neutron
larger than 4 ns but severely underestimates the decay GRI" €cho data. (b) Symbols are the simulation data.

. i ) .
shorter times. Foy = 0.18 A~ the theoretical curves lie modes are not single exponential but show a stretched

systematically below both the experimental and SImUIatIOQ?xponential behavior, e*ﬂ(é)ﬁ} with 8 = 0.96 for

data. A combined Rouse fit to the complete experimenta}he first mode and3 — 0.86 for modesp = 2.3. We

spectrum gives the same value for the self-diffusion coeffi; .
cient of the chains as the fit with the purely diffusive deca)f'ave calculated the dynamic structure factor by Eg. (5)

. 1 —v,t —

to the smallesy value, and consequently the same qualitybiJt havg SUbStEUteCDIFt = 5(ARE, (1) and € ! u
of description of the spectrum. From a mode contribu<X, () - X,(0))/(X;(0)) in order to take explicitly into
tion analysis [1,2] one can show that for the range of mo&ccount the_mode behavior obtained fro_m simulation. The
mentum transfers studied, the predicted scattering is onijdreement in the shape of the curves improved [17], but
sensitive to the modes = 0, 1,2, and3, i.e., the higher the quantitative deviations remained. .
modes contribute only a negligible amount to the decay of The only remaining approximation leading to Eq. (5)
the structure factor. is the Gzaussian assumpti¢exp{—q - [ri(r) — 7, (0)]}) =

In the simulation we can directly determine the Rouseexp{—%([7;(t) — #;(0)]*)} for the distribution of the
modes from the trajectory following their definition. We mutual displacements of the monomers at any given time
find the following three marked deviations from the Rouser. This assumption is fulfilled for free diffusion and
predictions [11]. The center of mass diffusion for timesballistic and harmonic motion but is in general invalid
smaller than the Rouse time is not linear but sublineawhen more complicated interactions between the moving
with an exponenk = 0.83. Only the modesp = 1, 2, units are present.
and 3 fulfil the dynamic Rouse scaling witt¢ due to the In the Rouse model the Gaussian assumption is exactly
deviation of the chain structure from Gaussian behaviofulfilled, but we already saw systematic deviations from
on smaller scalesdé = (R?)/p). And finally even these the Rouse predictions (like the subdiffusive behavior
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The overall picture emerging from this combined simu-

—— 6Dt . : . . :
100 direct simulation e lational anq experimental effort is that for c_halns which
® from experimental S(q.1) {" should be ideal Rouse chains, the model is capable of
—— from simulation S(q.t) ) describing the behavior only on time scales of the order of
A the Rouse time or larger and therefore on length scales of
“g the order of the radius of gyration of the chains or larger
T 102 and in the regime where the chains actually show Fickian
v diffusion. The self-diffusion behavior for times smaller

than the Rouse time and the relaxation of the internal
modes of the chains show systematic deviations from the
Rouse prediction. The interchain interactions also lead to
10" . a general failure of the Gaussian assumption in calculating
101 100 101 the dynamic structure factor for times smaller than the
t[ns] Rouse time.
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