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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 (rg) 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 prediction200® American
Institute of Physics.[DOI: 10.1063/1.1348032

I. INTRODUCTION issue. We believe that we now have experimental and simu-
lation data of sufficient accuracy to resolve this important
Recently! we demonstrated excellent agreement be-question.
tween molecular dynamicéMD) simulations and neutron
spin echo(NSE) studies for chain dynamics in an unen- |I. EXPERIMENTS AND SIMULATIONS

tangled melt of Gogaoz polyethylene(PB), allowing for NSE measurements and MD simulations were performed

critical testing of Rpuse predictigns for rt_aal pol_ymer chaips.On an unentangled 1,4-polybutadieiRBD) melt with a ran-
The Rou_se model is commonly invoked in the mterpretatlo_ndom microstructure of 30 repeat units consisting of 4€i%

of experimental data for polymer melts, and forms the basiggq, trans and 10% 1,2-vinyl units. Both experimental and
of many dynamic theories including reptation theories forgimylation data represent a significant improvement over
entangled melts. The Rouse model failed to provide an aghose presented in our previous wbds the result of addi-
curate description of the dynamic structure facsfg,t) of  tional measurements and simulations. Special effort has been
the PE melt. Based upon subdiffusive behavior of the polyexpended to improve the statistical reliability of the NSE
mer chains observed in the simulations, we attributed thislata, particularly at short times. The MD trajectory has been
failure to intermolecular correlations. A recent theoreticalgreatly extended to almost three Rouse times in order to
study has also found that interactions of a chain in the meltmprove long-time statistics. NSE measurements were per-
with N other chains leads to subdiffusive behavior forformed on the NSE spectrometer at the FRJ-2 reactor-in Ju
times less than the Rouse timg.2 The importance of inter- lICh at 353 K, sttidylng spectra at seven different momentum
molecular correlations in the failure of the Rouse model ha§ranSferS 0.05A’<q=0.30A"" covering a dynamic range

been refuted in a study that claimed that a semiflexible chairﬁrom 100 ps to 22 ns. Data analysis was performed as de-

model(SFCM) that accounts for local stiffness effects yields scribed previously.MD simulations were performed using a

L . quantum chemistry-based united atom potehfialising
much better agreement with simulation (g, t) of t.he PE methods described previousl§. The isotropic melt single
melt than the Rouse mod&ln another attempt to improve

s chain intermediate coherent dynamic structure factor mea-
on the Rouse model, Allegra and GanaZzdhave devel-

) _ A sured in NSE experiments correspond$ to
oped a model that includes internal friction effects that slow

down short wavelength motions. The “internal viscosity” S'(q,1)=S(q,t)/S(q)

model (IVM) has been shown to provide a good description

of the dynamic structure factor for polyisobutylefielB) = > (SIMGRu(1)1/ARy(1))/

when internal friction effects are taken into accoRnt. (mn

Clearly, the ab|I|-ty of simple analytical treatments to repro- 2 (SIARmr(0) 1/GRm( 0)), 1)
duce the dynamics of unentangled polymer melts remains at (m.n)
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FIG. 3. Dynamic structure factor for PBD chains obtained from simulation
FIG. 1. Dynamic structure factor for PBD chains obtained from simulation (symbolg, the Rouse modekolid lineg, the modified Rouse modédiotted
(lines) and neutron spin echo measuremesismbols. Error bars(random lines), and the semiflexible chain mod@lashed lines Theq values are the
error§ are shown forq=0.30 A"!. For all other data estimated random same as shown in Fig. 1.
errors are smaller than the symbols.

_ _ _ described by(Rgy(1)2)=6D¢,t. For t<rg, the motion is
where R, (t) is the magmtude_ of the dlsplacemeqt VECIOr g hdiffusive. Here(Ryn(t)2)~t wherea~0.8, as was ob-
Rm(t) —Rn(0) between scattering centarsandn at imet  gepyed in our simulations of PEnd earlier simulations of
and zero, repectivelywith m and n belonging to the same ¢oarse-grained lattié® and bead-spring modeld.The ex-
chain Whenq<2m/Ry, one can observe only the overall herimental data for PBD are of sufficient quality to confirm
center of mass rQOt_'Ochm(t.) ) of the chain molecules, and o the first time subdiffusive behavior of polymer chains for
assumingRey(t)%) is diffusive, t< g, particularly when considered in conjunction with the

S'(q,t)=exp — X Ren(1)2)/6) =exp(—q?Dent),  (2)  ObservedRe(t)?) from simulation.

whereD ., is the center of mass self-diffusion coefficient for
the chains. Ill. SIMULATIONS AND THEORY

Good agreement betweesi(q,t) from NSE measure- The good agreement between simulation and experiment
ments and simulation can be seen in Fig. 1. The experimentahy S'(q,t) allows us to investigate the validity of the Rouse
times have been scaled by 0.8 to compensate for the vegyodel** the SFCM>*® and the IVM"® in describing real
small differencg20%) in the apparenD ., [Eq. (2)] between  polymer dynamics through detailed comparison of the pre-
simulation and experiment. It is possible to calculate an apgictions of these models with simulations. In these models
parent mean-square center of mass displacemefolymer segments are subjected to internal entropic restoring
(Rem(t)?)app Of the chains from Eq(2). (Rem(t)?)app Ob-  forces and a frictional drag force and move in response to
tained from experimenta®’(q,t) data(unscaled are com-  Brownian forces. The models neglect excluded volume and
pared in Fig. 2 with(Re(t)%) obtained directly from simu-  hydrodynamic effects and predict diffusive center-of-mass
lation. Fort>7z=15ns, the center-of-mass motion is well motion for all times. The restoring forces are determined by
chain dimension$S(q)]. In the Rouse model, the chain is
assumed Gaussian on all length scales, while in the SFCM
(adjustablelocal stiffness effects yield non-Gaussian behav-

ior for largeq. In the IVM, an approximate analytic&(q) is
employed. In both the Rouse model and SFCM, the frictional
drag force is assumed to be independent of wavelength,
100 ¢ while in the IVM local friction effects slow short wavelength
< motions.
~ The solution of the Rouse equation of motion is deter-
“E . simulation <R %> mined by transformation to its eigenmodes, whose self-
R ok & AT e R 6Dt i correlation functions are given s
i [ fromexp. S'(g,t), q =0.05 A’ ; <R2 )
W from exp. S'(q,t), = 0.065 A™ ] X (1)-X-(0))= exd — p2t/ ro1. 3
. A fromexp. S'(q,t), q=0.08 A" 1 { p( ) p( ) m H-p Rl @
td L - " L bt 1l L
01 10 ‘ 10.0 Simulations yieldrg=(R?)/(3m2Dy) = 15 ns for PBD. Fig-
time (ns) ure 3 gives a comparison & (q,t) from simulation and the

Rouse model. As for PEthe Rouse model does a poor job

FIG. 2. Mean-square center-of-mass displacement of PBD chains. Errorjet.,1 reprqducing simulation. A.detail’?d analysis of the simula-
bars(random errorsare show for the experimental data. tion trajectories allows us to investigate the fundamental pre-
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mode amplitudes and relaxation times are given in Fig. 4.
Mode amplitudes are in good agreement with those from
simulation, and are reduced from the Rouse amplitudes, in-
dicating the influence of local chain stiffness. The corre-
sponding relaxation times, as with the Rouse model, are pro-
portional to the mode amplitude, and hence are shorter than
those predicted by the Rouse model, and are in poor agree-
ment with simulation for largep. This variance becomes
greater with increasing chain stiffnesS!(qg,t) obtained
from the SFCM shows little improvement over the Rouse
model. At long times, SFCM and Rouse predictions are in-
distinguishable. At short times, the decay $f(q,t) from
the SFCM is slower than that seen in the simulations or the
Rouse model. We again modified the relationshipSqg,t)
F_IG. 4.‘ Normal mode _amplitudg and relgxation timg for_PBD chains fromfOr the Rouse model, this time using mode amplitudes from
simulation(symbols, with filled circles being correlation timjeshe Rouse . i
model (solid lineg, the semiflexible chain moddHdotted line, and the the SFCM. Comparison of modified Rouse and SCFM pre-
internal viscosity modeldashed ling dictions reveals that the effect of amplitude reduction cannot
account for the reduced decay #1(q,t) at short time seen
with the SFCM. This reduction, which becomes greater with

increasing chain stiffness, must therefore be due to the non-

dictions of the Rouse model. The amplitudes and relaxatio% . L . - g
: : . - aussian distribution of distances within the semiflexible
times for the important eigenmodes are compared in Fig. 4.

The amplitudes from simulation for modgs>3 begin to Chain.

show deviation from Rouse predictions Rs,,(0) are not The .mode amplitudes f“’f" thg IVM.are shown n '.:'g' 4
Gaussian distributed for smalh—m| due to local chain and are in good agreement with simulation and predictions of

stiffness effects. The mode self-correlation functions fromthe SFCM. L_Jnh_ke PIE;, where a f'.t of the I\./M to exper-
mental data indicated a dramatic increase in relaxation time

simulation do not show single exponential decay, but ar%r short wavelength modes, a fit to experiment for PBD

well represented by a stretched exponential yields relaxation times and hen&(q,t) similar to those of
(Xp(t) - Xp(0))=(Xp(0) - Xp(0)yexd — (t/7,)”], (4)  the SFCM. Hence, in agreement with simulation, internal

friction effects do not appear to be important in PBD.
Summarizing, we see thatt) atomistic MD simulations

d

d

GY ) <) x0) x>

where B ranges from 1.0 fop=1 to 0.75 forp=10. Corre-
lation times, given as the time integral of @eﬂt/Tp)B], are ) ,
also shown in Fig. 4. The shorter wavelengtrgep) modes of unentangled polymer melts using quantum chemistry-

show some slowing relative to Rouse predictions. Relaxatiorl?ased potentials yiel'(q,t) in good agreement with NSE

times clearly do not scale with mode amplitudes as is preMeasurements2) the Rouse model does a poor job in re-

dicted by the Rouse model. We modified the relationship foprdeC|ngS’(q,t) from simulation anq exper|m_en_(3) the
S'(q,t) for the Rouse mod&to take into accountRyn(t)?), fgllure of the Rous_e model does noF lie prlmarlly in the pre-
mode amplitude$X,(0)- X,(0)) as well as relaxation times Q|cted mode amplitudes or relaxatlgn t|m_é4) efforts_to
7, and stretching exponengsfrom simulation. As shown in improve upon the Rouse model by including local stiffness

Fig. 3, the resultindgs’(q,t) decays faster than predicted by effects using _the corrgct static structgrg of the chain do not
the Rouse model due to the fact t&,(t)2) is greater in lead toa glgnmcantlly |mprov§d dgscrlptlon 8f(q,t); 5) a

the subdiffusive regime than predicted by the Rouse modecﬂr""m"’ltIC increase in relaxation t|m(_es for s.hort w.aveleng.th
(Fig. 2. The modified Rouse and Rouse predictions merge e{podes'compared to Rou.se' predictions is '|ncon5|stent with
7=, Where the center-of-mass displacement becomes diﬁus_lm_ulatlons: and IVM predictions. _The guestion therefore re-
sive. Clearly, incorporating differences in mode amplitudesmalns as to why the models fail to accurately reproduce

and relaxation into the Rouse predicted scattering function i§,(q’t)'
not sufficient to account for the large discrepancies observed
in S'(qg,t) between the Rouse model and simulations.

In the SFCM the contour length, and the persistence |y NON-GAUSSIANITY
lengthL, are adjustable parameters. Using the relationships
for a Kratky—Porod chain, structural data for PBD from Calculation ofS'(q,t) for these models is based upon
simulation establishes values bf,=5.0A andL.=147A, the assumptions that all segmental displacemd®$t)
yieIding(R2>/<R§>=1420 R221 A>=6.4, while from simu- —R,(0) are Gaussian distributed and that the eigenmodes
lations (R%)/(Rg)=1414 K/224 =6.3. Use of signifi- remain orthogonal, i.e(X,(t) - X4(0))=0 for r #s. Exami-
cantly stiffer semiflexible chains as was done for PE in ordemnation of cross correlation for the<4 from simulation con-
to achieve the claimed good agreement of the model withirms that the modes remain orthogonal. Let us then consider
experiment and simulation does not reproduce the statithe assumption of Gaussian distributed displacements.
structure of the chain on longer length scales. Predictions d&'(q,t) for isotropic systems is given by E@L). Only when
S'(q,t) for the SFCM with D.,=3.2Xx10 " cn?/s taken Ry (t)—R,(0) are Gaussian distributeghould the Gaussian
from simulation are shown in Fig. 3. The correspondingapproximation be invoked, allowing E¢l) to be recast as
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From the MD trajectories we can examine the displace-
ment distributions as a function fi—m| and time. We find
that even after one Rouse tinfg,(t) —R,(0) distributions
show deviation from Gaussian behavior for @l m|. The
influence of these non-Gaussian displacementsSdjq,t)
depends upom, t and|n—m|. However, non-Gaussian ef-
fects will in all cases slow the decay & (q,t) relative to
that obtained for a Gaussian distribution with the same
mean-square displacemeriésg., see Fig. 6 consistent with
the observed relationship between simulation and Rouse pre-
dictions. For example, the contribution of center-of-mass dis-
placement toS' (q,t) with the first non-Gaussian correction
is given by

time (ns) Sem(a,t) = exd — g%(Rem(1)2)/6]

S'(q,t)

FIG. 5. Comparison of the dynamic structure factor for PBD chains ob- X[ 14+ 12 q%(Rem(t)?)/6]%as(1)], (6)

tained from simulation using Edq1) (symbol$ and Eq.(5) (solid lines, q

=0.08 A"1 are not shown for clarity. Also shown are the Rouse predictionsWhere

(dotted lined. Theq values are the same as shown in Fig. 1 expect that the 4

q=0.08 A~ data have been omitted for clarity. ay(t)= 3(Rmn(1))
27 B(Ru(1)?)

For t=15ns andq=0.30A"!, simulations yield a,(t)
=0.15 and 1/Pq%(R.m(t)2)/6]%a5(t) =1.37, clearly demon-
S’(q,t)=(%) exq_q2<Rmn(t)2>/6]/ strating the impoftance 012 non-Gaussian displacements. Non-
' Gaussian displacements for the center of mass and |arge
2 N —m| after times comparable tgz can only result from non-
(%0 exH~G*(Rn(0)°)/6]=S(q,//S(q). diffusive behavior of the center-of-mass displacement and
(5) long wavelength modes such as the rotational diffusion of
] ] ] ] _the molecule. Nondiffusive behavior for these modes results
Since solution of the dynamic equation for each analyticakom intermolecular correlations, which are not included in
model yields(Rin,(t)?), Eq.(5) is conveniently employed in any of the models considered except simulations.
determiningS’(q,t). However, assumption of Gaussian dis- Hence, it is primarily the non-Gaussian self-
tributed dlsp_lacements is valid only for the Rouse mOdeIdispIacementﬂRm(t)—Rm(O) resulting from intermolecular
Indeed, a primary goal of the SFCM and IVM is to accountcqrelations that account for the deviation of Rouse predic-
for the effects of chain stiffness on dynamics. Use of &I.  ions from simulation. Inclusion of chain stiffness does not
is simply invalid for all models considered here except thegjgnificantly improve the description. Reasonable agreement
Rouse model. . _ _ with real chain dynamics claimed for the analytical models
~ We can get a picture of the influence of non-Gaussianyiscyssed here results from incorrect calculatiorstd, t)
distributed displacements o (q,t) by using both Eq(1) 544 the use of artificially stiff chains.
and Eg.(5) to predict S'(qg,t) for simulation chains, as
shown in Fig. 5.5(q,t) yielded by Eq.(5) for the simula- 'W. Paul, G. D. Smith, D. Y. Yoon, B. Farago, S. Rathgeber, A. Zirkel, L.
tion chains are very similar to the Rouse predictions as wyiiner, and D. Richter, Phys. Rev. Le80, 2346(1998.
shown in Fig. 5. This indicates that tlreean-squarelis- 2M. Guenza, J. Chem. Phy$10, 7574(1999.
placements on all time and length scales investigated aréL- Hamau, R. G. Winkler, and P. Reineker, Phys. Rev. L&#. 2408
reasonably well described by the Rouse model. In contrasug.giﬁégra and F. J. Ganazzoli, J. Chem. PHg4,. 1310(1981).
the variance ir6’(q,t) between the SFCM and both simula- 5g. allegra and F. J. Ganazzoli, Macromoleculet 1110(1981).
tion using Eq.(5) and the Rouse model at short times and °D. Richter, M. Monkenbusch, J. Aligeier, A. Arbe, J. Colmenero, B.
largerq values indicates that the SFCM chain is too stiff on 72arggf’s'r:i~t r?v?/a%ai?dw?' ,\J/I-O Eigﬁgu“"s-cﬁhel_mw';ﬁg eéogiiatge% “
the corresponding length scales. However, we see in Fig. 3Qiu, and M. D. Ediger’, Mécromoleculﬁ’88'57(1999’). ' R
that S'(q,t) for the SFCM converges to the Rouse predic- 8G. D. Smith and W. Paul, J. Phys. Chem182, 1200(1998.
tions after sufficient time. For the SFCM, all particle self- °M. Doi and S. F. EdwardsThe Theory of Polymer Dynami¢€ornell
displacementsR,,(t) — R,(0) are Gaussian distributed, so lO\L,JV”"';erl'tyKP;ﬁz'e'rthgcs\’/ NH\gelr%in and K. Kremer, 3. Chem. Pa5s
eventuallyR,(t) —R,(0) and S'(q,t) for the SFCM con- 77'26(19’9])'. T ' ’ Y T
verge with those for the Gaussian chain, i.e., the RoOus&A. Kopf, B. Dinweg, and W. Paul, J. Chem. Phy€7, 6945(1997.

model. In contrastS’ (q,t) from simulations using Eq1) do  '?P. E. Rouse, J. Chem. Phyal, 1273(1955.
BL. Harnau, R. G. Winkler, and P. Reineker, J. Chem. Phygl, 6355

1. (7)

not converge with those from Ep), even fort~ 75, clearly 1998
demonstrating that the displacements are not Gaussian diSyw. van Megen, T. C. Mortensen, S. R. Williams, and Jlisty Phys.
tributed even on this time scale. Rev. E58, 6073(1999.
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