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Hydrogen motions in the  a-relaxation regime of poly (vinyl ethylene ):
A molecular dynamics simulation and neutron scattering study
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The hydrogen motion in polyinyl ethyleng (1,2-polybutadienein the a-relaxation regime has

been studied by combining neutron spin e€R8E) measurements on a fully protonated sample and
fully atomistic molecular dynamics simulations. The almost perfect agreement between experiment
and simulation results validates the simulated cell. A crossover from Gaussian to non-Gaussian
behavior is observed for the intermediate scattering function obtained from both NSE measurements
and simulations. This crossover takes place at unusually @owalues, well below the first
maximum of the static structure factor. Such anomalous deviation from Gaussian behavior can be
explained by the intrinsic dynamic heterogeneity arising from the differences in the dynamics of the
different protons in this system. Side group hydrogens show a markedly higher mobility than main
chain protons. Taking advantage of the simulations we have investigated the dynamic features of all
different types of hydrogens in the sample. Considering each kind of proton in an isolated way,
deviations from Gaussian behavior are also found. These can be rationalized in the framework of a
simple picture based on the existence of a distribution of discrete jumps underlying the atomic
motions in thea process. ©2004 American Institute of Physic§DOI: 10.1063/1.1772761

I. INTRODUCTION forming polymers acquired during last years allows to
qualify these motions in the-relaxation regime as anoma-
The freezing of the structurdky) relaxation in a glass- lous diffusion? This is based on NS results on a variety of
forming system leads to the glass transition phenomenon—-polymers and, also recently, on MD simulatichs'he
one of the most intriguing problems in condensed mattestretching of the self-correlation functidhy(Q,t) relating to

t
Tw(Q)

physics. Therefore, the understanding of the molecular mothe moving hydrogens is well described in terms of a
tions during this relaxation is of utmost importance to shedkohlrausch-Williams-WattsKWW) function,
some light on the glass formation process. This can be facili-
tated by using microscopic techniques such as neutron scat- B
tering (NS), which provides spatial information at atomic FS(Q,t)=A(Q)exp<— ) 1)
level, and molecular dynamiciD) simulations. Though
both techniques have proven to be extremely useful for . .
studying the dynamics of glass forming systems in the Here '8. IS the stretching parameter {Q5<1), 7(Q)
. 2 . : the relaxation time, and
relaxation, the deepest insight into this problem is naturally
achieved by the combination of the two approaches. In this )
work we show the potential of such a combination for un- A(Q)=ex;{ _ ﬁQz) )
raveling the origin of the deviations from Gaussian behavior 3
found for the hydrogens of palyinyl ethyleng (or 1,2-
polybutadieng (PVE). an effective Debye-Waller factdDWF) describing the ini-
The knowledge on the self-motion of hydrogens in glasgial decay ofF¢(Q,t) due to fast librational and vibrational
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and the neutron spin echdISE) technique. The results ob-
CH2 tained from experiments and simulations are compared in the
] >SG following section, leading to the validation of the latter. Tak-

CH ing advantage of the validation of the simulation, we have

| used it to go beyond the experimental capabilities. In the
'[CH _ CH} discussion section the sources of non-Gaussian behavior ob-
2 n served are elucidated, and the different dynamics of the dif-

MC ferent kind of hydrogens in the sample is addressed.

FIG. 1. Chemical composition of PVE. The locations of the hydrogens“- MOLECULAR DYNAMICS SIMULATIONS
designed as “main chain(MC) and “side group”(SG) are shown. A. Simulation method
The simulations were carried out by using thsIGHT
motions of the protong.u?) is the associated mean squared(INSIGHT 11 4.0.0 P versiopand thepiscover-3module from
displacement. For a large number of polymers it was estabMolecular Simulations Inanow Accelrys with the Polymer
lished thatr,,(Q) follows a power law Consortium Force FieldPCFFH. Most parameters of this
—oB field were derived based oab initio data using a least-
Tw*Q ®) squares-fit technique developed by Hagler and co-workers.
for not too largeQ values Q<1.3,...,1.5A ). This dis- The functional form includes terms which can be divided
persion, together with the stretched character of the scatteimto two categories—valence terms including diagonal and
ing function, implies Gaussian behavior of the correspondingff-diagonal cross-coupling terms and nonbonded interac-
van Hove correlation function. These observations suggest @#ons terms. The valence terms represent internal coordinates
scenario of sublinear diffusion for atomic motions in the of bond, angle, torsion angle, and out of plane angle, and the
a-relaxation regime, where the mean squared displacemegtoss-coupling terms include combinations of two or three
increases sublinearly in time according(tg(t))ot?. 12 internal coordinates. The cross-coupling terms are important
Recently, in a combined study of the self-motion of mainfor predicting vibration frequencies and structural variations
chain protons in polyisopren@l) by NS and MD simula- associated with conformational changes. The analytical ex-
tions, deviations from thi€ dependence of,, were found pression employs quartic polynomials for bond stretching
for Q=1.3 A~1.34These deviations from Gaussian behaviorand angle bending and a three-term Fourier expansion for
could be interpreted as due to the existence of a distributiotorsions. The nonbonded interaction terms include a Coulom-
of finite jump lengthst underlying the sublinear diffusion of bic function for the electrostatic interaction and a Lennard-
the proton motion. In the frame of such a simple model theJones 6—9 function rather than the more customary Lennard-
main features of the non-Gaussian parameter calculated frodones 6—-12, for the van der Waals term. More information
the simulations could be reproduced. It is noteworthy thalbout this kind of force fields, including the complete ana-
similar features have also been reported for different systemigtical expression for the functional form, can be found in
such as Lennard-Jones liquitigater® ortho-terphenyl,and  Refs. 9 and 10. The model system was built by means of the
seleniun? well known amorphous cell protocol, which was proposed
An interesting question now is how these deviationsfor the first time by Theodorou and Sutéin this work, we
from Gaussian behavior manifest in a polymer containingconstructed a cubic cell containing one polymer chain of 130
protons with markedly different mobilities, as it is the casemonomer units[-CH,-CH(CH=CH,)-],39 at 418 K and
for main chain and side group protons. In such a case, strowith periodic boundary conditions. The density was (
ger deviations from Gaussian behavior are expected whick:0.813 g/cm), as extrapolated to 418 K from the available
should arise from the heterogeneity in the dynamics originatexperimental dat® Such a density leads to a cell dimension
ing from the chemical structure of the polymer. With theseof 24.306 A of side. Standard minimization procedures
ideas in mind, we have performed a careful study on thdPolak-Ribiere conjugate gradients methaetre followed in
proton dynamics of PVHEsee chemical structure in Fig) 1 order to minimize the so obtained energy structure, and sub-
well above the glass transition temperatuig, (T, sequent dynamics was run for 1 ns in order to equilibrate the
=272 K), by combining NS measurements and MD simula-sample. The chosen temperature is high enough to allow lo-
tions. We emphasize that the desired information is onlycal structural equilibration of the sample in this tifieThe
available if the MD simulations are fully atomistic. We fol- system obtained in this way was used as a starting point for
low the strategy to first validate the MD simulations by di- collecting data every 0.01 ps during a MD run of 1 ns. As
rect comparison with experimental results in the dynamidntegration method we have used the velocity-Verlet algo-
range of interest. Once the reliability of the simulated cell isrithm with a time step of 1 fs. The simulations were carried
proven, we extract information from the simulated atomicout in the NVT ensemble. However, instead of a real
trajectories that cannot be accessed experimentally. temperature-bath couplingose-Hoover or Berendsen ther-
The paper is organized as follows: In the following sec-mostats, for instangen order to control the temperature, we
tion the simulation details and the definition of some of thehave followed a rather crude velocity scaling procedure but
functions appearing later are given. Thereafter a section iwith a wide temperature window of 10 K. Under these con-
devoted to the experimental aspects concerning the sampthtions, greater temperature fluctuations are allowed but the
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trajectory is disturbed less. In fact, we have checked that bjaf"h of the nuclei in the samplei (refers to the nucleus
following this simple procedure we obtain results similar toconsidereyl and, in addition,l;,,(Q) reveals directly the
those obtained with a NVE ensemble, which has the propestatic structure facto8(Q). They read

Newtonian dynamicsthis was extensively shown for Pl in N

Ref. 3. After the first 1 ns MD run, a successive run of 2 ns I :iz (binC)Z )
was carried out, collecting data every 0.05 ps. In addition, a M N4 '

different cell at 368 K p=0.844 g/cd and cell dimension

of 24.004 A of sid¢ was constructed by the same protocol

and equilibration procedure but starting from the last confor- 1/2 2 cohcoh_iO(F. _F.

mation after the MD of 2 ns run at 418 K of the parent chain.  !econ(Q) =1 Z EJ: b *o e | <S(Q).  (8)
A similar procedure was followed at 340 K p(

=0.862 g/cm and cell dimension of 23.836 A of sigand Here,r; andr; are taken at the same time and the brack-
320 K (p=0.875 g/cmi and cell dimension of 23.718 A of ets mean the thermal average.
side. For some simple cases—free nuclei in a gas, harmonic
crystals, simple diffusion at long timesss(r,t) is a Gauss-
ian function!’'%in an isotropic system this implies
B. Functions: Dynamic magnitudes a(t)]??

GEasr 1) =

exf — a(t)r?]. 9

from the atomic trajectories

The trajectory in space of a single atom is described by  In the Gaussian approximation the even moments of
the self part of the van Hove correlation functi@y(r,t). Gq(r,1),
G(r,t) is the probability to find an atom at time at a

positionf if it was atF=0 for t=0: (r2n = fwrZ”Gs(r,t)Mrrzdr (10)
0
N
G4(F,t)= £< > S[F—(Fi(t)—F,(0)]). (4)  can be straightforwardly calculated. For instance, the mean
N\= squared displacement of the ato(m?(t)) is given by

Heref; is the position of the atom and N the number of (" “(1))=3[2a(t)]. Moreover, n such Gaussian case
nuclei in the sample. The brackets denote the ensemble afis(Q.t) is entirely determined byr*(t)),

erage. G¢(f,t) can easily be calculated from the MD- o (rz(t)>
simulation trajectories, but, with the exception of some spe- Fs a”SiQ,t)=exr{ - TQZ
cial cases like, for instance, colloids with video

microscopy:*'® it cannot be accessed experimentally. The  In more general cases, deviations ®f(r,t) from the
accessible information from neutron scattering techniques i§aussian forniEq. (9)] may be expected=4(Q,t) can then
provided by the Fourier transforms 6%(,t) in O space: in P& expressed in terms of its expansiondn(see, e.g., Ref.

the time domain, the intermediate scattering function ),
ra(t t)(r3(t))?
FS<Q,t)=exp[—< é D e 22OAW)?

72 '

. _ . (12)
can .be measured by NSE technlques, on the other handl, iNhere a,(t) giving the leading correction is the so called
of flight (TOF) or backscatteringBS) techniques asses its second order non-Gaussian parameter. It is defin®d as
counterpart in the frequency domain, the incoherent scatter-

. . 3 4 t
ing function )= 2 <<rr2((t))>>2 .

- 1 -
S(Q,w)= mf Gy(rt)exdi(Qr—wt)]drdt.  (6) Evidently, in the Gaussian case(t)=0. We note that
the calculation of the non-Gaussian parameter can be per-

Here,#Q andw are the momentum transfer and energyformed in a straightforward way when the atomic coordi-
transfer in the scattering experiment, respectiiebe Refs. nates in real space are known, as it is the case of MD simu-
16-18. As we will compare MD simulation with experi- lations. However, it is extremely difficult to deduce from
mental NS results, we will introduce in this section alsoexperimental results since they access the scattering func-
some magnitudes and functions related with NS that willtions in Q space and in a restrictég range>?°
have to be invoked in the following. The experimentally ac-
cessed magnitude by NS is the double differential scattering|. EXPERIMENT
cross section. In the general case, it contains an incoherent
contribution reflecting the self-motion of atoms, as aboveA' Sample
defined, and a coherent contribution related to the atomic The polyvinyl ethyleng sample was prepared following
pair correlations. These contributions are weighted by thavell established high-vacuum procedifesy anionic poly-
factorsli,. andl.,,(Q), respectively. These factors depend merization. Details of synthesis and characterization are
on the incoherent and coherent scattering lengtiS and  given elsewheré Purified sec-butyllithium was used as ini-

. (1)

Fo(Q,H)= f G(F,)expiQr)df (5)

(13
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tiator. A cyclohexane/benzene mixture served as polymeriza-
tion solvent. Diethyl ether, tetrahydrofuran, and dipiperidino-
ethane were used as polar modifiers. The number average
molecular weightM , was measured by membrane osmom-
etry in toluene at 37°C yieldindM,=20000 g/mol. The
molecular weight distribution was analyzed by size exclusion
chromatography. The polydispersity index found was smaller
than 1.05, indicating a near monodisperse distribution. By
13C- and'H-NMR spectroscopy the microstructural compo-
sition was determined to correspond to a 95% content of
1,2-vinyl units. Finally, the glass transition temperatdig

was foundT,=272 K by means of DSC. FIG. 2. Coherent scattering intensity measured by DNS on the protonated
PVE sample(doty and calculated from the MD simulatiorisolid line).

Icoh [barns/(sr atom)]

—
w

2-1
Q&AM

B. Neutron spin echo

Neutron spin echo is distinguished from all other dy-=5.6 A, the multidetector was placed at 32°, 60°, and 90°
namic neutron scattering techniques in that it measures dscattering anglé for its central detector. Thereby,Grange
rectly the velocity change of each neutron individually dur-[ Q=41 sin(#/2)/\] 0.33<Q<1.78 A"! and a time range
ing scattering®~2?® This allows a decoupling of the neutron 5.4 ps<t<1.5 ns were explored. Small€¥ values were ac-
bandwidth utilized by the instrument from the obtainablecessed by using another incident wavelengts,8 A, with
resolution. The velocity measurements are performed usinthe center of the multidetector #&=32°. The range 0.23
the Larmor precession angle of the neutron spin in a mag=Q=<0.63 A" for times 14 psst<2.7 ns was covered in
netic field. A comparison of these Larmor angles before andhis way. Such measurements were performed at 368 K and
after scattering leads to a direct measurement of velocity#18 K. At lower temperatures the slowing down of the relax-
differences, irrespective of the initial velocity of neutrons. ation prevented the resolution of the decays in the @w

Thus, a singular feature of NSE is that it gives informa-range. Therefore for 340 K the measurements were restricted
tion in Fourier space and measures the time-dependent caie 0.86<Q<1.78 A™! and for 320 K to 1.3%¥Q

relation functions. Ideally, the NSE signafis <1.78 A1 Typical measuring times were 14 h. Perpen-
~ . dicular transmissions of 0.79 and 0.77 were measured for
_ leon(Q)F(Q,1) = 31incFs(Q,1) =5.6 A and A\=8 A, respectively. For each momentum

SnseQ.t) = , (14

leon(Q) = %line transfer the instrumental resolution function was determined
~ from the elastic scattering of the sample at 10 K. The instru-

whereF(Q,t) andF4(Q,t) are the intermediate pair corre- mental background from the cryofour and the Al container

lation function(normalized to its value at=0) and the self- were measured separately with measuring times similar to

correlation function above defined, respectivély,(Q) and  those employed for the sample. It was thereafter subtracted

linc denote again the coherent and incoherent intensities. Thigom the experimental spectra using the appropriate trans-

time variable depends on the precession fig/dthe wave-  mission factors. The instrumental resolution effects were fi-

length A, and the length of the precession field:  nally removed by dividing the background corrected spectra

t~BLA3. We note that, in practice, the normalization experi-py the resolution function.

mentally performed may not be completely correct. As a re-

sult of the polarization analysis after the scattering process, g/ RESULTS

NSE spectrometer offers only a limited bandpass to the scat- _— .

tered neutrons. Inelastically scattered neutrons with Wavee" Validation: Static structure factor

lengths\ shorter than those that the bandpass allagis are To validate the structure obtained in the simulation, the
not transmitted through the instrument and do not participataeutron scattering static structure fac&(Q) for the fully
in the normalization event. protonated sample was calculated directly from the atomic

Hydrogen presents a very large value for the incoherentoordinates. A large number of frames throughout the trajec-
scattering length if}}°=25.274 fm). In a fully protonated tories were considered for doing the average. Figure 2 com-
polymer sample consisting of H and C, the scattering is compares the results from the simulations with those obtained
pletely dominated by the incoherent scattering from the profrom measurements on the sample with spin polarization
tons (C only contributes coherently witbg°h=6.6511 fm  analysis. These were performed in tQerange from 0.7 to
and bfo"=—3.7406 fm). Therefore, in such cask,, 3.4A ! by means of DNS spectrometéZ Jiich, Ger-
>1.on(Q) for all Q values and the NSE signal directly mea- many. The small coherent contribution to the scattering
suresF4(Q,t) related to the self-motion of the hydrogens from fully protonated samples poses difficulties to this kind
(except for corrections for the amplitude of measurements and is responsible for the poor quality of

The measurements were carried out by means of théhe collected data. However, within the uncertainties, it can
NSE instrument IN11C at the ILL in Grenobl&rance.?® be followed that the agreement observed between simula-
The multidetector at IN11C covers an angular range of 30%ions and experiment validates the structure at intermolecular
in the horizontal plane. The selector provides a monochroand intramolecular levels obtained in the simulation cell and
matization ofAN/NA=15%. With an incident wavelength  gives support to the assumption that the simulations consti-
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FIG. 4. Momentum transfer dependence of the effect of the bandpass on the
amplitude of the NSE spectra obtained from the comparison with the MD-
simulation resultsh =8 A (empty circley and\ =5.6 A with =32° (solid
circles, 60° (full triangles, and 90°(full square$ for the central detector.
The solid lines show the value of the intermediate scattering function
Fs(Q,t) for all protons in the sample calculated from the MD simulations
” for the different values of the time indicated.
= Z
< #
E" -
w” g
cies but the integral is taken only over the bandg&® of
the spectrometer. This implies that the measured NSE signal
0 T T T N P RS differs from the properly normalized scattering function in a
t(ps) factor
FIG. 3. Incoherent intermediate scattering function corresponding to all pro- fBP| (0,w)dw
tons in PVE at 418 K. Simulation result8nes) and IN11C resultgsym- Agp(Q)= —erOOI (6 w)dw' (15

bols) at theQ values indicated.

wherel (8,0)=1.on(Q)Q,w) — 1,.S(Q, ). This effect

tute a reliable representation of the actual svstem. Althouah thus translates into an effectively smaller DWF. In the case
P Y ' 9N 8¢ our protonated sample, &g,.>1.,n(Q), this expression

complete structural characterization of the simulation cell isbecomes
beyond the aim of this paper, we can anticipate that there is
also a good agreement between the calculated static structure
factors corresponding to a partially deuterated and a fully ~~BP(Q)= BPSS(Q'“’)d“’ (16)
deuterated PVE samples and those measured in real samples

by means of DNS. Such results will be published elsewheresinceS " 2S(Q, w)dw=1 by definition.
At the used wavelengths the IN11C bandpass allows for

energy transfers up to about 2 meV. Thus the normalization
would include the so called fast processes observed at ener-
The decay of the proton self-motion correlation functiongies below about 2 meV but excludes the ordinary vibrations.
is best centered in the IN11C dynamical window for theWith increasingQ and temperature, in the inelastic region
highest temperature investigated, 418 K. For this temperaturiie intensity of the scattering function due to vibrations in-
and threeQ values Fig. 3 compares the experimental NSEcreases, leading to higher deviations from the proper normal-
results with the intermediate scattering function calculatedzation.
for all hydrogens in the PVE simulated cell. To do the com-  This is, in fact, the trend observed for the amplitudes of
parison, for the two highe® values the NSE data have been the NSE data when compared with the simulation results. In
plotted in a scale which differs from that of the simulationsthe latter case, the uncertainties involved in the calculation of
the more, the highe® is[8% forQ=1 A"t in Fig. 3b) and  the static value ofF (Q,t) are very small. Therefore, the
45% forQ=1.6A"1 in Fig. 3(c)]. We note that after these simulation results may be taken as a reference for determin-
corrections for the NSE amplitudes the agreement betweeing the actual amplitudes of the experimentally deduced
both sets of data is strikingly good. In the following we will F4(Q,t). Under this assumption, we have estimated the
rationalize the need of such amplitude corrections and uskandpass correction factosgp(Q) as those allowing to
the simulation results for a consistent renormalization of thematch the NSE data with the simulation results,
experimental data. MD
As explained in the experimental section, the normaliza- Asp(Q)Syse QD= FH(Q.D). (a7
tion of the NSE signalEq. (14)] is affected by the bandpass The so obtained values fétgp(Q) are plotted in Fig. 4
of the spectrometer. The values deduced from the measurésr the different spectra measured at 418 K. As commented
ments are not normalized to the full integral over all frequen-above, the corrections become more and more significant

B. Dynamic results: Experiment versus simulations
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FIG. 6. Incoherent intermediate scattering function corresponding to all pro-
= 06 tons in PVE at 1.5 A and 320 K, 340 K, 368 K, and 418 Kop to
g’ bottom): Simulation resultglines) and IN11C result§symbols.
=04

with NSE techniques, we emphasize the remarkable quality
of the data. Also impressive is the agreement between ex-
. periments and simulations. We note that both sets of curves
0.1 1 0100 1000 show very similar functional forms and also very close char-
t(ps) acteristic times. This implies that for 418 K the simulations
FIG. 5. Incoherent intermediate scattering function corresponding to all pro-aCCount well for theQ dependence of the Scat[te”ng function
tons in PVE at 418 K: Simulation resultines and IN11C resultsempty ~ @nd, moreover, reproduce well the overall time scale. Here
symbols stand for measurements with incident waveleng#8 A, and  there is no need to introduce a temperature shift in order to
solid sym_bols fon=5.6 A) at theQ values indicated. The amplitudes of match the experimental data, as it was in the case of poly-
thg expenmentgl hav_e been corrected for the bandpa_ss of the spectrome}gbprene_ There, a difference of about 40 K was reported
using the MD-simulation results & 0.3 ps. The dotted lines correspond to . . .
KWW descriptions of the second decay wieh=0.55. between experiments and MD simulatidheyen though we
have used in both cases the same force fieldFB for the
simulations. Many possible reasons can be envisaged for this
with increasingQ. On the other hand, the uncertainty in the discrepancy, as, for instance, a more realistic extrapolated
determination of these values is quite high, as can be noticedensity in PVE than in the case of PI. The microstructure of
from the scattering of the data. the polymer simulated can also be closer to reality for PVE.
In order to correct the NSE amplitudes with a meaning-It is also noteworthy that in the NVT simulation runs de-
ful criterion we have made use of the simulation results. Thescribed in this work we have carefully checked that the pres-
integral in Eq.(16) may be related to the value of the Fourier sure of the cell was, in average, close to the atmospheric
transform of the scattering function in an “effective band- pressure.
pass time'tgp, F(Q,tgp). This time should be of the order In addition, as can be seen in Fig. 6, the simulations also
of the inverse of the bandpass frequentyp~#%/fhwgp  reproduce the experimentally observed temperature depen-
~0.3 ps. Figure 4 displays th@ dependence df(Q,t) as  dence of the proton dynamics. There fer=1.5A"1 the
obtained from the simulations for 0.1, 0.2 and 0.3 ps and 418pectra measured at the different temperatures are compared
K. As can be appreciated from this figure, the values ofwith their simulated counterparts. Within the experimental
Agp(Q) determined above are compatible with the curvesuncertainties the matching of both series of data can be con-
corresponding td-4(Q,t=0.2 ps) and=4(Q,t=0.3 ps). We sidered as rather good. From this, thorough comparison be-
note that these values are very close to the estimated valueeen simulations and experiment, we can conclude that the
for tgp. F5(Q,t=0.3 ps) can thus be considered as a goodsimulations represent in a realistic way the dynamics of the
approximation for the corrections of the NSE amplitudes forreal sample, at least as it is monitored by the self-motion of
the bandpass. We note that this result gives additional sughe protons, and at times aboweb ps. In the following we
port to the simulations. will focus on the results corresponding to this dynamical
Analogous comparisons for the other temperatures inregion, where thex relaxation is the main dynamic process
vestigated led to the same estimadtg~0.3 ps. We then leading to the decay of the correlations in the system. Here
took this criterion for correcting the experimental amplitudeswe will focus only on theQ dependence df4(Q,t). There-
and the IN11C spectra were multiplied bEQ"D(Q,t fore, we will take into account only the data corresponding to
=0.3 ps). The results are shown in Fig. 5 for differént the highest temperature investigated, 418 K, which show
values at 418 K in comparison with the simulation results.best statistics.
For Q=0.5 A", NSE results obtained by the two different As can be seen in Fig. 5, the slow decayFfQ,t)
incoming wavelengths are shown. Taking into account thebovet~5 ps, which is controlled by ther process, can
experimental difficulties for measuring incoherent scatteringoerfectly be described in terms of the well known KWW or
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10° : roborate such a shiftThe position of the maximum charac-
® teristic time moves towards lowé) values with increasing
w0t temperature.
After this exhaustive check of the capability of our MD
R simulations for reproducing the experimental observations
-~ 107 on the real sample, we can conclude that they indeed offer a
3‘3 strikingly good mimic of the real polymer, at least for the
® 102t problem we are dealing with in this work: the self-motions of
the protons in thex-relaxation regime. We note that, in ad-
1ol L dition, the structural properties are well reproduced and the
results on the microscopic region show consistency with the
10° NSE amplitudes. Such a good agreement between MD-
0.1 simulation results and dynamic data has never been reported

so far for a glass forming polymer. In fact, as most of the
FIG. 7. Q dependence of the characteristic time at 418 K obtained fixin theSimUIations are performed either on tdjlyead and spri@g
B value to 0.?5:5 for all the protons in PVE: results from the MD simulagon m_Ode|§_O oron "_mlted atom modeEl,the direct comparison )
(squaresand from IN11C(full circles). The dashed line shows the expected With microscopic measurements on real systems at atomic
Q dependence from the Gaussian approximation. The empty circles shotevel (interchain and intrachain length scalésnot possible.

the value of the non-Gaussian parameter evaluatée aL(Q) for eaChQ The reasonable agreement found here glves us Confldence

valge. The §tat|c structure fact_S(Q) is represented on the linear st_:ale in that those results obtained from simulation which are not
arbitrary units. As representative examples, for the lowest and highest

values experimentally investigated the horizontal error bars show the uncefasily accessible by thet C.U”en'% e_xptlarimental teCh_niqueS will
tainty in theQ value due to the width of the wavelength distribution used on also be reasonably realistic. This is, in fact, the ultimate goal

IN11C. of any simulation exercise: once a realistic system is simu-
lated, take advantage of it to go beyond the experimental
possibilities. In addition to the incoherent scattering function,

‘pere we will specially focus on the non-Gaussian parameter
a,(t) and the mean square displacem@ri(t)) for protons,

stretched exponential functidieq. (1)]. The fitting curves
shown in Fig. 5 correspond to a fixed value of the shap
parameter3=0.55. The good quality of the description : ) i .
achieved allows to take this constant value as a good ad‘?a‘”'y at time gcalfes above the picosecond range. This is
proximation for the spectral shape at 418 K. We note that iﬁNhere the validation has been performed. The MD-

e imulation results on these functions at shorter times will
the description of the slow decay Bf(Q,t) by Eq. (1) the simu ; .
fast initial decay of the function is just parametrized by theals0 be presented and shortly discussed. The basis to rely on

DWF [Eq. (2)] characterized by the time-independent mearihese results is the somehow indirect crosscheck with the

squared displacemeriti?). From the fit of Eq.(1) to the NSE results resting on the consistency of the bandpass cor-
simulations results far=5 ps and the subsequent descriptionrecuons'
of the amplitudeA(Q) by Eq. (2), a value of 0.77 & has
been deduced fafu?). V. DISCUSSION

Since the determination of th@ value[and also of the
amplitudeA(Q)] is subjected to a much higher uncertainty
when analyzing the NSE data, and taking into account th
fairly good agreement between experiment and simulation For a large number of glass forming polyme?$?in the
results, for a direct comparison of the time scales the IN11@) range usually covered by neutron scattering techniques
curves were fitted by means of Ed) with B8 as determined (0.2<Q<=1.5 A1) it has been established that tBedepen-
from the simulations3=0.55. The characteristic times ob- dence of the characteristic time for the self-motion of the
tained from this fit for both sets of data are plotted in Fig. 7,protons is determined by the stretching expongras de-
showing an excellent agreement. Only in a nar@Qwegion  scribed by Eq(3). This relation implies that the incoherent
around 0.7 A'? the time scale as obtained from the NSE scattering functiorG4(r,t) andF¢(Q,t) show the Gaussian
measurements is slightly larger than that deduced from théorms given by Eqs(9) and(11). Recent MD simulations on
simulations. This sort of “bump” in the experimental data Pl (Ref. 3 have addressed the question of the limits of
around 0.7 A1 is a reminiscence of coherent contributions. Gaussian behavior for the self-motions of the main chain
A similar effect was also found in Ref. 4 for NSE results onprotons in such polymer—methyl group protons were not
polyisoprene main chain protons. Close to the main peaks afonsidered in order to avoid the influence of the fast motions
the structure factors, the collective dynamics tends to slowelated to the methyl group rotatiofs3* Clear deviations
down (de Gennes narrowid, and coherent contributions from Eq. (3) were found forr,(Q) at Q values aboveQ*
there lead to effectively larger times for the measured decay=1.3 A~1. For Q=Q* a clearly weakeQ dependence for
function. We note that the bump observed in the dynamicr,(Q) developed. This value o®* coincides with that of
measurements appears at lou@ralues than the static cor- the first maximum of the static structure fac@y,4 in that
relation peak. This effect has already been experimentallpolymer. The presence of such deviations was thereafter ex-
observed on fully deuterated polybutadighand PIB(Ref.  perimentally confirmetf®® by extending theQ range of the
29) samples by NSE. In this last case, MD simulations corF¢(Q,t) study up to~5A~1,

A. Crossover from Gaussian
éo non-Gaussian behavior
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10° oo : : : : — 07 detectable foR values as small as 0.4 & and becomes the
: more noticeable, the higher tig.

102 | It is important to emphasize the extremely low value
. ] observed foQ* in this polymer. Contrarily to the case of PI,
‘X’ 10! the crossover towards non-Gaussian behavior for PVE oc-
v . curs atQ values much smaller than the static structure factor
10 peak(see Fig. 7, Q*<Quax. For PI, it was shown that the

crossover aQ* was directly related with the value of the
N . . . . 0 non-Gaussian parameter at the characteristic time for the
102 10! 100 100 102 10° self-motion at eacl®, «,[t=7,(Q)]. The crossover seems

t (ps) to take place when this function takes values of about
FIG. 8. Time evolution of the mean squared displacendefjt (empty dia- 0.2,..,0.25. This feature was found in a .Wlde tempe.rgturg
mondsg and the non-Gaussian parameter(full diamondg calculated from range and at g‘ cons_tant temperature for d'ﬁe.rem densities in
the MD simulations for all hydrogens in PVE. The analogous results for thethat polymer® Starting from the non-Gaussian parameter
main chain protons in Pl at 413 K<(,+) are shown for comparison Ref. 3. az(t) obtained from our simulations for PVE protoftsee
The horizontal arrow indicates the value di.8) deduced from the descrip- Fig. 8 (full diamonds], we have evaluated the function
tion by Eq.(2) of the amplitudes deduced from the fit of Eq) to the 't_ This | ,h in Fig. 7 functi
F(Q,t) obtained from the PVE simulations &&5 ps. a2[ - TW(Q)] IS IS shown In FIQ. Eis_ a function Q.

Again for this polymer we observe th@”* is located when

as[t=1,(Q)] takes values of the order of 0.2. Thus, it
seems that the relation

What do we find for the case of PVE? Just at first sight,
unusually strong deviations from Gaussian behavior can be
er}visaged. Figure _7 compares t@edependence of the ob-_ a[t=7,(Q*)]~0.2 (18
tained characteristic times for all protons in the sample with
the Gaussian predictiofpower law indicated by the dotted
line). In this logarithmic representation the time bends sys+toughly determines the value 6f*.
tematically upwards with increasinQ, deviating from the Now let us consider in more detdil?(t)) anda,(t) for
Gaussian relation already &*~0.5 A1, This behavior is PVE protons. Figure 8 compares these functions at 418 K
found for the times deduced from both, the experimental andvith the corresponding results obtained for the main chain
the MD-simulation results. protons of Pl at 413 K.We have chosen this temperature for

At this point we begin to exploit the unique information the comparison because there the valueg &ft)) are very
provided by the MD simulations in real space. For instancemuch the same for the protons of both polymers, i.e., the
we may directly compare the incoherent scattering functioraverage proton mobilities are very similar. For both polymers
with the Gaussian predictidiEq. (11)]. This is not possible (r?(t)) displays three typical dynamic range#: a micro-
from the NS experiments since the knowledge of the protorscopic regime until about 0.8—1 p&i) a crossover regime
mean squared displacemént(t)) is required. Figure 8 dis- until about 10 ps; andiii) a sublinear time dependence
plays the resultingr?(t)) for PVE protons at 418 Kdia-  which extends until the limit of the simulations. We may
mond$, and Fig. 9 the consequent expectation from thecomment at this point that the parametaf) used in Eq(2)
Gaussian approximation féty(Q,t), FS2US{Q,t) [Eq.(11)]  within Eq.(1) gives account for the decrease of the scattering
(circles. The complete functioff(Q,t) shows a retardation function due to the increase @f2(t)) in the first fast regime.
in the decay with respect t652'5{Q,t) that starts to be From the comparison between E¢¥) and(2) and Eq.(11),
in the Gaussian approximatio{ @) would provide an esti-
mation of the value reached biy?(t)) just before thea
relaxation sets ir(see horizontal arrow in Fig.)8Turning
now to the non-Gaussian parameter, we observe in the same
figure that for both polymera,(t) has a double peak struc-
ture. The short-time maximum corresponds to the micro-
scopic regime ofr?(t)) and the other is centered in the
crossover regime ofr(t)). This second peak ofr,(t)
shows a similar behavior to that observed in computer simu-
lations of simple Lennard-Jones systénos in the experi-
ments with colloidal glass-forming systerfsOnce the sub-
linear behavior of (r?(t)) is well established, a,(t)
decreases to its long time limit, zero. Though the qualitative
behavior is the same for both Pl and PVE and the values of
(r?(t)) are practically indistinguishable, the strong devia-
tions from Gaussianity in PVE lead to much higher values
FIG. 9. Comparison between the incoherent scattering fundiig@,t) for a,(t). PVE prOton_S exhibite,(t) values twice as Iarg'e .as
(line9 and the result of the Gaussian approximatioitcles for the indi- ~ those of Pl main chain protons. What could be the origin of
cated differenQ values(given in A™1). such strong deviations from Gaussian behavior in PVE?
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' ' ' ~ ' (a)' los compared with the second one, so that it appears like a
10 e, o shoulder of the main maximum. We note that, though the

¢ i second maximum takes higher values for SG protons, its
position is just the same for both SG and MC protons. It is
centered in the early stages of the sublinear regime leading to
the « relaxation. The non-Gaussian processes reflected by
this peak are responsible for the deviations from Gaussianity
observed aR=Q*.® On the other hand, the first peaks are
related to very fast motions of the protons—in fact, to C-H
librations—and it can be expected that they do not play a
relevant role in the dynamic range typical for therelax-
ation. The result of averaging the dynamics of the two kinds
of atoms fora,(t) is straightforward to derive: as the num-
ber of MC and SG hydrogens in the system is same, the
averaged even moments can be calculated as

(ricesd)=3[{rac(H)) +{rgxt)l. (19)

Now, considering this result and the definition @§(t)
[Eg. (13)], we obtain

ag/l C&SG(t)
FIG. 10. Time evolution of the mean squared displacengefit (empty (r2,c(0)2(aY) + 1)+ (régt) a3 (t) +1]
symbols and the non-Gaussian parameigr(full symbolg calculated from =2 [<r2 (t)) + <r2 (t)>]2 -
the MD simulations for the main chain hydrogetigangles, side group McC SG
hydrogeng(circles, and all hydrogengdiamonds in PVE (). The results (20)
corresponding to the main chain hydrogens are compardd)imwith the
analogous in Pl at 413 KX, +). As expected, the self-correlation function for all hydro-

gens shows much more severe deviations from Gaussian be-
havior than those observed for each kind of atoms. In Fig.
10(a) we can see this effect. In fact, if we only consider the
As can be appreciated in the scheme of the monomemain chain protons in PVE, their correspondifrg(t)) and
depicted in Fig. 1, PVE contains a big side group with thea,(t) are very similar to those of main chain PI protons, as it
same number of atoms as those included in the main chain. i§ demonstrated in Fig. 16). Therefore we can certainly
the dynamics of side group hydrogens is different from thatttribute the strong deviations from the Gaussian approxima-
corresponding to the main chain, which seems to be quitéon found in PVE to the heterogeneity in the dynamics of its
plausible, we should expect a strong enhancement of norprotons. Being a polymer with a relatively large number of
Gaussianity. We thus have considered separately main chaatoms located in lateral groups, the differences in the dynam-
(MC) and side grougSG) protons(see Fig. 1 The calcu- ics within the main chain and the side groups are reflected in
lated(r2(t)) anda,(t) for both kinds of protons are shown the breakdown of the Gaussian approximation at very@w
in Fig. 10a) together with the results corresponding to all values.
protons previously discussed. RgP(t)) the qualitative be- Thus, side group and main chain PVE protons show
havior is similar for MC and SG protons, showing the samequite similar values fow,(t) in the region of the decaging,
dynamic ranges as described above for all the protons. Howwhich, by the way, are close to those of Pl main chain pro-
ever, we note thafi) SG protons display larger displace- tons. These values are non-negligible and for the reported
ments than MC protons already from very fast tim@sg,the  case of PI they led to significant deviations in Qedepen-
plateau characteristic for the cage effect in the crossover redence ofr,(Q) with respect to Eq(3) at Q*~1.3 A . In
gion is more pronounced for MC protons, afiid) the sub- order to scrutinize th&) dependence of the characteristic
linear regime of these atoms exhibits a stronger slope. At théme for MC and SG protons of PVE, we have calculated the
longest times explored by the simulation, the value ofscattering functions for both kind of protons. They are shown
(r(t)) is very similar for both kinds of protons. This obser- in Fig. 11 for severaQ values together wittF ((Q,t) for all
vation is natural, since the atoms within a monomer ardhe protons. For alQQ values the function corresponding to
linked among them. For sufficiently long times in the super-the SG protons decays faster than that of the MC protons. As
cooled liquid state, the differences in the displacements havexpected, the curve obtained for all hydrogens shows an in-
to be negligible. Obviously, the curve corresponding for alltermediate behavior. Fits with KWW functiopgq. (1)] lead
protons shows an intermediate behavior, since it is the avete higher values for the stretching paramegefor MC pro-
age of both functions. Turning to the non-Gaussian paramtons than for SG protons: we obtain the very good fit of the
eter, we observe that the first peak for MC protons is censlow decays shown in Fig. 11 with=0.66 and8=0.51 for
tered at relatively short times and well separated from theMlC and SG hydrogens, respectivélye remind that for all
second peak. The intensity of both peaks is very similar. Oprotons we found an intermediate val@e- 0.55). Such dif-
the contrary, SG protons exhibit a quite weak first peak agerences in the spectral shapes could be expected from the

B. Side group dynamics versus main chain dynamics
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a(t) assumes values close to 0.2 just at the same time
~50 ps for both kinds of atoms. This is just the key for
understanding the behavior found: as the mobility of SG pro-
tons is higher than that of MC protons, their characteristic
time for a givenQ value is faster. This implies that the same
value of 7, is observed at lowe® values for SG hydrogens.
In fact, we findQ* in Fig. 12 just searching th® value at
which the characteristic time ig,~50 ps. Thus again in this
case the condition proposed for identifyigf [Eq. (18)]
works. We have included in Fig. 12 the values @[t
=7,(Q)] corresponding to both MC and SG protons, show-
ing how well the proposed condition is fulfilled. These re-
sults corroborate that the deviations from Gaussian behavior
are determined by the quantity[t= 7,,(Q)].
FIG. 11. MD-simulation results for the incoherent intermediate scattering As it was discussed in Ref. 4, different theoretical ap-
f“”°“°rr]‘ gfgrii‘zzr;?iTgstomtgslsmaﬁg ;Tﬁi”drzyfgggﬁt‘g Zi’ngs\;aidei proaches can be invoked to understand the crossover form
igggilégte{i. Tr?e dottch)i}I,in()e/s correspond toyKW%N descriptions of the secontgsa‘USSIa,‘n to nqn_GaUSSIan tha"'or of the Pmton self-
decay with3=0.51(SG) and 8=0.66 (MC). correlation function in thex regime of glass forming poly-
mers. In Ref. 4, we also developed a simple picture which, in
principle, seems to be compatible with the framework of the
inspection of the slopes of the mean squared displacement mode coupling theor? The proposed model is a generali-
Fig. 10a), since the sublinear increase with time(of(t)) zation of the well known jump diffusion mod@i*® to the
in the a-relaxation regime is given br?(t))=tA. This can case of a sublinear diffusion. This simple interpretation is
be deduced assuming the Gaussian approximétbich for  based on the existence of a distribution of discrete jumps
sufficiently long times after the plateau is reasonably wellunderlying the atomic motions in the process. In this
fulfilled) for a KWW-like intermediate scattering functidn. frame, at lowQ corresponding to large distances, we deal
Concerning the mean squared displacement associated wiith a Gaussian sublinear diffusion process. At higkger
the first fast decay(u?), we find (u%c)=0.76 A2 and  (shorter distancéshe Gaussianity breaks down due to the
(u3)=1.02 A2, This difference can also be intuitively ra- discrete character of the sublinear diffusion. A distribution of
tionalized by looking at the values ¢f2(t)) for both kinds  jump lengthst
of atoms in the regio~1 ps in Fig. 10a).
The deduced values fat,(Q) are displayed in Fig. 12 f(€)=(L1€2)exp—€/€,) (22)
for both types of atoms. They show deviations from their
corresponding Gaussian power laws at differéntalues:
Quc~1 A~ while Q55~0.6 A~1. Somehow, the result for
the SG hydrogens may be surprising, since we have seen
Fig. 10a) that the values oft,(t) are, though slightly higher
for SG than for MC protons in the region of the second peak
not so much different. We observe in the same figure th

0.1 1 10 100 1000
t(ps)

results from the disorder characterizing glass forming poly-
mers.{, is the preferred jump distance. In its range of ap-
B]icability this very simple model was able to capture the
main features ofr,,(Q) and a,(t) for Pl at 363 K and is
found to give account for the main “universal features” re-
aborted in the literature for the behavior of the non-Gaussian
parametef:*! In a recent work® we have shown for PI that
also the temperature and density dependenciesx 6t
=1,(Q)] are reproduced by this model. Now we can apply

10* it to the case of PVE data. The characteristic time in this
model is given by
10°
g s 1 1/B
10 =711+ —=>| ., 22
15 Tw= To Q2€§ ( )
10!
wherer, is a microscopic residence time. The fit of E§2)
10° to the characteristic times obtained for both MC and SG

0.1 protons leads to the good descriptions shown in Fig. 12. The
values obtained for¢, and 7, are ¢¥°=0.39A, ¢3¢

— MC_ SG_ ;
FIG. 12. Momentum transfer dependence of the characteristic time deduced 0-?3 A' To _.2-2 ps, and"o =1.8ps. The c.orrespondlng
from the MD simulations for the main chain hydrogeffisll square3 and  distributions of jump lengths are shown in Fig. 13. The SG
the side group hydroger(empty squaresin PVE. Th(_a non-Gaus_sian pa- hydrogens perform larger elemental jumps than the MC pro-
rameter calculated at= 7,,(Q) is also plottedempty triangles, main chain tons in their motion during the structural relaxation. This
hydrogens; full triangles, side group hydrogernkhe dotted lines show the - .. ’
Gaussian prediction and the solid lines the description in terms of thd€SUlt is |ntU|t|v.er'eas'y to Un'derStand- On the other hand, we
anomalous jump diffusion model. note that the distribution of jump lengths for MC protons is
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(i) Comparing the mean squared displacement we see
that for both methyne and methylene protons, those in the
main chain show a more reduced mobility than those in the
side group. Moreover, the methyne proton is less mobile than
the methylene protons when either MC or SG atoms are
considered.

(ii) For the non-Gaussian parameter we can discuss the
comparison for three time regions: in the microscopic regime
the first peak is very similar for the methyne protons of the
FIG. 13. Distributions of jump lengths deduced from the application of thegjqa group and the methylene protons in the main chain
anomalous jump diffusion model for main chain and side group protons ofS h hibi Il defined K with simil | h
PVE (solid thick lines. Dotted (dashed-dottedines show the distributions Bot ) exhibit a We efined peak with similar V_a l_Je _at t _e
obtained for the main chaifside group methyne and methylene protons, maximum; that is, centered at about 0.1 ps. This is, in prin-
weighted by the relative abundance of the corresponding kind of hydrogegiple, a somehow unexpected and astonishing result. The
in the monomer. The thin solid lines are the addition of the weighted diStri_Situation is quite different for the rest of the hvdrogens: the
butions for methyne and methylene protons either in the main chain or in th?_ ) d . . ydrog '
side group. irst peak is a kind of shoulder of the main second peak. Now
we concentrate in the time region where the second maxi-
mum is observed. For all hydrogens the position of this peak

very similar to that found for main chain protons in Pl— IS very much the same, around 4 ps. However, the side group
there ¢, amounted to 0.42 A. This result gives additional Protons show higher maxima than main chain protons, and

support to the proposed model. we note that the value at the maximum increases for meth-

ylene protons with respect to that for methyne protons. In
C. Differences between methyne fact, the maximum height is bigger for methylene main chain
and methylene dynamics protons than for methyne side group protons. Finally, at large

.. S . times, where the subdiffusive regime of therelaxation is
Now exploiting further the possibilities of MD simula- . . o .

. . : . established, the value af,(t) is very similar for all side
tions we can also investigate the dynamics of hydrogen & group protons, showing values very close to zero, while main
oms belonging either to the GHmethyleng or CH (meth- group p ' g y '

yne groups. Figure 14 shows the results obtained f(t)) chain protons seem to present a slightly positive value

and a,(t) corresponding to the four types of protons we Canaround 0'08."“’0'1 in this regime. .
distinguish in PVE. In the upper part of the figure the Comparing these results with those reported for the dif-

methyne hydrogens are considered, while below the resul ﬁregt rr]\yd_roge;s Itn P(Eee F'%‘ f7 Otthiif. Bbvlvebdedduce E{Eat
on the methylene protons are shown. The following feature e behavior of,(t) abserved for the double bond methyne

: ydrogens of Pl is very similar to that of the methylene side
can be observed: group protons of PVE—also bound to a double bond. On the
other hand, the methylene Pl hydrogens show an intermedi-
ate behavior between methylene side group protons and me-
thylene main chain protons in PVE.

As we can see, each type of hydrogen shows a particular
dynamic behavior in the time regions corresponding to the
microscopic regime, the cage and the establishment ofthe
process. In particular, the short-time regime of bath(t))
and a,(t) strongly depends on the kind of atom considered.
This implies that the short time behavior observed has to be
very different in a realistic polymer and in a simple model
liquid, and such kind of details could never be resolved in
simple model systems as bead-spring or united-atom poly-
mer models.

In the light of these results we may ask what is the effect
of the differences in the dynamics between methylene and
methyne protons on the deviations from Gaussian behavior
observed for MC and SG protons in the preceding section. To
do this the scattering functions for each kind of proton have
been calculated and analyzed in terms of KWW functions.
The results can be seen for tvi@ values and all types of

-2 ‘-l IO ‘l I2 I3
107 1010 t(plg) 1010 protons in Fig. 15. We observe that Q= 0.8 A~* the func-

tions decay with different characteristic times and show dif-
FIG. 14. Time evolution of the mean squared displacentefit (empty  ferent stretching for the different protons. For a given time,

symbolg and the non-Gaussian parameigr(full symbolg calculated from ; ; ; .
the MD simulations for the methyne hydrogef@ and methylene hydro- the value OfFS(Q’t) increases in the fOIlOWIhg order: SG

gens(b) in PVE. Triangles correspond to atoms located in the main chainMethylene, SG methyne, MC methylene,_ and M_C methyne
and circles to those in the side groups. hydrogens. For the lowe® value shown in the figureQ
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FIG. 15. Incoherent intermediate scattering function corresponding to all the g 03
different kinds of hydrogens in PVE: MC methyempty diamonds MC PB
methylene(full diamonds, SG methyndempty circle, and SG methylene n 02
(full circles) at theQ values indicated. The solid lines correspond to KWW ﬁn
descriptions of the second decay with {Bealues shown in Table I. 5 01 (b) 2 § ¢
0 g c.> TR
0.1 It 1
=0.2 A%, the characteristic time as deduced from the ex- QAY

tr?pmaﬁon of the fitting curves becomes very similar for theg . 16. Momentum transfer dependence(@fthe characteristic time for
different hydrogens. However, the decays at times shortedelf motion andb) the non-Gaussian parameter evaluateti=at,,(Q) for
than r,, can be perfectly distinguished, showing similar be-all the different kinds of hydrogens in PVE: MC methygempty dia-

. . -1 mondg, MC methylene(full diamonds, SG methyngempty circle$, and
havior to that described for the case@#0.8 A~ For the SG methylendfull circles). In (a) the dotted lines show the Gaussian pre-

different protons, the values obtained for fB@arameter are  giction and the solid lines the description in terms of the anomalous jump
found to vary from 0.51 to 0.70 an¢li?) ranges between diffusion model.

0.72 and 1.11 A (see Table)l The resulting time scales are
shown in Fig. 16a). As observed above, they become close
together in the lowQ region. Towards higl®) they decrease andr, are shown in Table I. As could be expected, the values
following the Gaussian expectation with different slopes acfor ¢, are quite close for both kinds of protons in the main
cording to the different3 value obtained for each kind of chain, while in the side group the methyne hydrogen presents
proton. At higherQ’s the times deviate from such behavior @ Smaller average jump length than the methylene protons
and show a tendency to merge in the higHimit. We note (being both larger than those of main chain projokge can
that the time when the deviations from the correspondings€€ the corresponding distribution functions of jump lengths
power law begin to be appreciated is, within the uncertainin Fig. 13. They have been weighted by the relative abun-
ties, very similar for all curves: about 50 ps. This is again thedance of each type of proton in the system. The results ob-
time where all the non-Gaussian parameters take values clo&ined in the preceding section for MC and SG hydrogens are
to 0.2, a,(t=50 psy~0.2 (see Fig. 14 We have plotted & Sort of average of the corresponding distribution functions
a,[t=1,(Q)] in Fig. 16b) for all kinds of protons. The for methyne and methylene protons. On the other hand, the
correlation betweeny,[t=7,(Q)]~0.2 and the deviations residence timer, for all kind of protons is very similar and
of 7,,(Q) from Eq.(3) can be seen from this figure. close to 2 ps. Again these findings are reasonable. We can
Finally we can ask what are the resulting distributions ofthen conclude that even considering each kind of proton
jump lengths when the anomalous jump diffusion model isseparately, there exist remaining deviations from Gaussian
considered for the different kinds of hydrogens. The fit ofbehavior in the hydrogen self-correlation function. These can
Eq. (22) to the time scales yields the curves shown in Fig.be accounted for in the frame of the anomalous jump diffu-
16(a) as solid lines. Though the description is not perfect,Sion model proposed in Refs. 35 and 4, despite its simplicity.
taking into account the simplicity of the model, it can be
considered as quite satisfactory. The resulting valued for VI. CONCLUSIONS

By exhaustive comparison of the structure and the dy-
TABLE |. Parameters characterizing the shape and amplitude of thé1@mics of the protons in the time region 5§s<2 ns with
a-relaxation decay oF (Q,t), the jump distribution function, and the mi- neutron scattering results we have first of all demonstrated
croscopic residence time for the different kinds of PVE protons. that our simulated Samp|e provides a good representation of
real PVE. Then we have established that the deviations from

Hydrogen type B u?) (A% € (A) 7o (P ; o .

w ° ° Gaussian behavior in the self-motion of protons are stronger
MC methyne 0.70 0.72 0.32 187 for PVE than for other simpler polymers as PI or
MSCGmrfé?g)'/enle %%% 3‘?% %?3?1 Zl'gg 1,4-polybutadiené? This bases both on the experimental
SG methylene 0.51 111 0.76 171 NSE and on the MD-simulations results. This behavior has

been explained taking into account the additional contribu-
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