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Experimental evidence by neutron scattering of a crossover from Gaussian
to non-Gaussian behavior in thea relaxation of polyisoprene
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We report incoherent quasielastic neutron scattering experiments explorimagréiaxation range in poly-
isoprene over an unprecedented range in momentum tra@sféhe data corroborate and validate earlier
molecular dynamics simulations and reveal the existence of a crossover from Gaussian to non-Gaussian
character of the main chain protons self-correlation function inatfrelaxation regime. The real challenge of
the experiment was to push the neutron techniques to co@eramge as wide as possible. By combining two
neutron spin echo spectrometers and a backscattering instrument, we have been able to study the dynamics in
aQ range of 0.Q=<4.7 A1, In the lowQ regime the shape of the relaxation function was found to be
related to the dispersion of the relaxation times as predicted by the Gaussian assumption. At short distances or
large Q, this relationship is strongly violated indicating a non-Gaussian regime. We have performed a detailed
comparison between the experiments and simulations at different temperatures and found, apart from a tem-
perature shift, complete agreement. Combining experiments and simulations led to a consistent interpretation
in terms of a distribution of jumps underlying the diffusive motion of protons indhgrocess. This model
leads to a time-dependent non-Gaussianity parameter that agrees nearly quantitatively with the simulations and
exhibits all features resolved so far from various simulations.
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[. INTRODUCTION be accessed by NSE techniques; finally, the counterpart in
the frequency domain, the incoherent scattering function
The exploration of the molecular processes underlying th&se(Q,w) is accessible by, e.g., time of fligifOF) or
glass transition is still a topic of great theoretical and experibackscatteringBS) technique¢1]. Here,2Q and% w are the
mental efforts. Atomistic information on the dynamics takingmomentum and energy transfer in the scattering experiment,
place in the supercooled liquid state—theelaxation—can ~respectively. _ _ _
be obtained by quasielastic neutron scattering. In particular, The development of computer simulation techniques has
the direct microscopic observation of the structural relaxfacilitated additional insight into this problem, since the tra-
ation in glass-forming systems is realized by studying thdectories of the moving entities in the supercooled I|q.U|d re-
behavior of the dynamic structure factor at its first maxi-9ime can be followed directly in real space. Calculations of
mum, which is due to the correlations between the structurgf2Servables e.g., mean squared displacements or non-
units. In the case of polymer systems, such experiments a aussian parameters have become possible. In a recent work

carried out with neutron spin echdNSE) spectroscopy on 2], some of us_have _carried out fu]ly atomistic molecular
fully deuterated samples. Further insight is obtained by incodynamics(MD) sut')nulatlons on %polyshoprer(@l)_ modell atl
herent scattering at protonated materials. The incoherent irgo> < I-€., at about 150 K above the experimental glass

tensity relates to the self-part of the van Hove correlatiorf’@nsition temperature of this polymeF {=210 K). Among
other correlation functions, the intermediate self-correlation

function G(r,t) of the hydrogens in the systerBy(r,t) iS¢ tion Sseif(Q,t) for the main chain protons was calcu-

the protlability to find an atom at timteat a positionr if it |ated. S_,,(Q,t) displays a two-step decay, the slower of

was atr=0 for t=0. Its Fourier transform in the space which is associated with ther relaxation. Following the

domain, the intermediate scattering functig,(Q,t), can  commonly used experimental evaluation procedure, the slow
relaxation step ofS;.(Q,t) was described in terms of a
Kohlrausch-Williams-WattsKWW) function:
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time which may depend o@Q. A(Q) is a generalized Lamb- S;.(Q,t) is well centered in both, the dynamical range and
Mossbauer-factofLMF) accounting for the first fast decay the total accessibl® range of all spectrometers. Finally, the
of Sge/(Q,1), amplitude of this second step is rather low in the high-
) regime(the prefactoA(Q) [Eq. (2)] diminishes rapidly with
_ Y72 increasingQ).

A(Q)—exp( 3 Q @ In order to achieve a wide coverage of the dynamical as
well as theQ range we had to combine different types of
where(u?) is the mean squared displacement associated tRistruments, two NSE spectrometers measuring in time and a
the fast decay step. In th@ range belowQ,.x (the Q value  thermal BS spectrometer measuring in energy. With the NSE
where the static structure factor shows its first maximtime spectrometers, we have covered the Qwrange 0.XQ
_KWW relaxation timer,, was found to follow a power law 1 A-1 Ssince NSE allows deconvolution of the signal
in Q from the instrumental resolution function by simple division,

Q26 3) the shape of the decay functipgiven by the value of thg

w ' parameter in Eq(1)] can be determined with best accuracy.

This power law results from a Gaussian form of both, the?rhe |N13_BS spectrometer was used in order to extend our
investigation towards the hig@ range (up to almost

self-part of the van Hove correlation functi@y(r,t) and its >l
Fourier transformS.{(Q,t) [3]. For Q<Quax, Such a 5A7Y. , ) )
power law relationship has been found experimentally for In thg simulations the_crossc_)ver was established for the
different polymers(see, €.9.[3-5]). For Q>Q,ax, Strong self-motion of the Pl main chain protons. The protons lo-
deviations from this Gaussian behavior manifest in the simucated in the methyl groups show additional fast rotations
|ati0ns(see also Re[G]) There, a0 dependence close to the [20,2]], and therefore were not considered in the StUdy of the
law 7,Q~2 is found. Different possible scenarios for this @ relaxation. In an analogous way, our experimental investi-
crossover from Gaussian to non-Gaussian behavior were digation has been focussed on the incoherent scattering from a
cussed in Ref[2], in particular, the mode coupling theory Pl sample with deuterated methyl groudd3. Due to the
[7-9] as well as a crossover from homogeneous to heterogdygh value of the incoherent cross section of protons as com-
neous dynamics. The second interpretation might allow tgared to the other cross sections—incoherent as well as
rationalize apparently contradictory results from neutroncoherent—of the nuclei composing Pld3, the scattered inten-
scattering and relaxation technigues concerning the dynamsities are highly dominated by the-self-motion contribu-
cal heterogeneous or homogeneous nature oftfedaxation  tjon.
(see, e.g., Ref35,10)). The paper is organized as follows. Section Il deals with
While the simulations clearly demonstrate the crossovefhe experimental aspects, describing the sample, the neutron
behavior, experimentally the evidence was limited. Certainlygcattering techniques used, and the quantities studied with
whereas the mentioned crossover in @éependence found hem |n Sec. 11l the obtained results are presented. The com-

in the S|n_1ulat|0ns IS very encouraging, ther_e was up to Olat%arison with the simulation results is performed in Sec. IV,
no experimental evidence for it. Some deviations from Eqanq the results are discussed in Sec. V where we elude to
(3) at highQ values were reported for palyinyl methyl e rpretations and implications of the findings. Finally, the
ethey (PVME) [11] and polyisobutyleng12]. A first clear conclusions are summarized.

evidence of such a crossover in polyisoprene has been re-
ported by us in a recent papgt3]. In this extended paper,

we explain in detail the experimental effort which has been
necessary to achieve such a result. Moreover, we have also
extended the previous MD simulations in Pl to a wide tem- A. Sample

perature range abovk, . The polyisoprene sample was synthesized from isoprene

For polymers,Qpay Usually lies in the range 1s0Q m . -
T . < onomers with deuterated methyl groups by anionic poly-
<15A™! (see, e.g., Refd14-19). Since standard high merization F[CHz—CHzC(CDg—gCHS—n))/_ ahod mo? y

resolution quasielastic neutron scattering experiments typ||—ecular weight was determined by membrane osmometry to
cally cover aQ rangeQ<2 A~1, the expected crossover is

very difficult to access. Higi® values up to 5 Al at an be M =108.000. Size exclusion chromatography measure-

X . ments yielded a polydispersity &fl\,/My=1.03. The mi-
energy resolution of 0.01 me_V can be reached by the UNIGUE ostructure of the sample consists of 6% 3,4 units, 69% cis
thermal neutron backscattering spectrometer IN13 at the |

” , o ) -
stitut Laue-Langevir(ILL ) in Grenoble. Even then, the ex- n1,4 units, and 25% trans 1,4 units. Further details on the

; h : : synthesis and characterization of the sample can be found in
perimental observation of the crossover found in the S|mulapef [19]

tions is not an easy task. From an experimental point of view
there are many difficulties. For instance, the f@lrange
from about 0.2 A* to 5 A~? cannot be covered by one
single spectrometer. Moreover, as a consequence of the With exception of the neutron spin echo technique, an
strongQ dependence db..{(Q,t), it is very difficult to find  inelastic neutron scattering experiment measures the double
a temperature for which the second relaxation step oflifferential cross section, i.e., the number of scattered neu-

Il. EXPERIMENTAL

B. Neutron scattering
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trons in a solid anglelQ) which have experienced a change 4
of energy fiw. It can be expressed asee, e.g., Refs.
[1,22,23): 3L i
o C"’§ A
9O dw ; ( |0F1c self(Q!w)+a2[3 bgo cthpalr(Q a)) ‘:’% 2t T
| (4 £z
22 1t 1
be . and b2 refer to the incoherent and coherent scat- ‘gg ﬁ/\’\’/
tering lengths of the isotope (B) («,8:H,D,C, ...) and o ol i
relate to the interaction neutron with nucleus. Expres#n /"'\'-.\ —
contains two clearly distinguishable contributions: the inco- — TT—
herent(first term and the coherent on@econd termn The '10' T ; B r
incoherent contribution involves the functio®f,«(Q,w), Q@AM
which is the Fourier transform of the self-correlation func-
tion of the positions of a nucleus of typeat different times, FIG. 1. Contributions to the scattering from PId3: incoherent
Gi(r,t), from the main chain protonlﬁ'?1c (dashed ling and coherent .,
(solid ling) calculated from the simulations. The dotted line displays
1 N, the addition of both, and corresponds to the total scatteiimtg-
GX(r,t)= _< 2 a(r —|Ff1(t)— Fia(o)|) . (5 grated over all frequencigaccessible by IN13. The dashed-dotted
i= line is the result of subtracting,,./3 from .., and gives the echo

amplitude for the NSE measurements.
Hereﬂ“ is the position of the atomof type @ andN,, the

number of such nuclei in the sample. The brackets denote Ne Ng
ensemble average. N . G“B(r,t): E 2 S(r—|re (t)—rB(O)|)>
For some simple cases—free nuclei in a gas, harmonic NaNg

crystals, simple diffusion at long timeseg(F,t) is a Gauss- (10

ian function[22,23; in an isotropic system this implies

These functions are also known as Van Hove correlation
exd — a(t)r?]. (6) functions. It is straightforward to show that the static limit of
the correlation function in Eq.10) is the radial distribution
function corresponding to isotopes and 8. The Fourier
The calculation of the moments transform of this function to th€ space is the partial struc-
ture factor of the atom pairs, .
For the nuclei of our sample, the values of the scattering
lengths arebl",'m—25 274 fm,bP =4.04 fm, b$.=0, bf
=—3.7406 fm,b2,,=6.671 fm, ancb,,=6.6511 fm[25].

is then straightforward. For instance, the mean squared dig=rom these values, the relative contributions from the differ-
placement of the ator?(t)) in the Gaussian approximation ent nuclei to the total scattering, either containing informa-
is given by(r?(t))=3/2a(t)]. The intermediate scattering tion on the self-motion or involving pair correlations with the
function then is entirely determined Ky?(t)), given by same or another isotope, may be calculated. At first glance,
due to the high value ob!! . as compared to the rest, the
ra(t scattering from our Pld3 sample will be dominated by the
SSAF°TQ.t) = ex r{ r é Doz

a(t) 3/2

T

<r2n>:foxrznGS(rlt)4ﬁr2dr’ (7)

8 incoherent contribution corresponding to the self-motion of
the hydrogen nuclei in the main chain. The incoherent scat-
tering from the three deuterons in the monorttee carbons

do not scatter incoherently at gl negligible. The rest of
the scattering comes from the pair correlations. The corre-
spondlng static contributioh.,(Q), the static structure fac-

tor measured by neutron scattering for Pld3, has been calcu-
lated from the simulations. It is shown in Fig. 1, together

In a general case, deviations Gf(r,t) from the Gauss-
ian form[Eq. (6)] may be expected. They may be quantified
in a first approximation by the second-order non-Gaussian
parameterx, defined ag24]

s _3 (r') , (9  With the static incoherent contribution from the main chain
5(r 2(t))2 protonsl .. For this sample, the static coherent contribution
displays a maximum centered at around 1.3'Ahowever,
which is, of course, null in the Gaussian case. even in thisQ range its value is much smaller than that of

In the coherent parlsgfir(Q,w) is the Fourier transform 1!} (about 1/3). As can be seen in the figure, the total scat-
of the pair correlation function of the position of nuclei of tering (dotted ling is slightly modulated by the structure
typesa and B, G*A(r,t), factor | ;on(Q).
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Later, we will refer to earlier results on a fully deuterated functions. These are the spatially Fourier transforms of the
sample PIdg18]. Due to the nearly identical values bf,,,  correlation functions in Eqg5) and (10). NSE measures a
and b, the coherent scattering from a fully deuteratednormalized functior{27]:
sample reveals the pair correlations of all the atoms in the

sample with the same weight. In the static case, we will refer - |coh~3pair(Q,t) — HincSeei(Q)1)
to this coherent contribution as the static structure factor Snse Q)= 1 , (1D
S(Q). In the investigated temperature range in polyisoprene, coh  37inc

the value ofQ, .y Signifying the first peak o5(Q) is close - ~ ) _
to 1.3 A" [19,26. We note that at thi€Q value also the WhereS,,i(Q,t) andSs(Q,t) are the normalized interme-
static structure factor measured by neutron scattering fodiate pair and self-correlation functiofthey are normalized

PId3 presents its first maximuisee Fig. 1 to their value at=0). .., andl;,. denote again the coher-
ent and incoherent intensities. The static value of the NSE
1. IN13 backscattering spectrometer signal is given by the denominator in E4.1). For our P1d3

sample, it is shown as the dashed-dotted line in Fig. 1. The

Using neutrons with small wavelength (\~2.23 A), signal at lowQ is dominated by the incoherent scattering.
the IN13 spectrometer at the ILL allows to access large val:l_he NSE experiment then directly measuf&s;(Q.1), re-
ues of the momentum transféx[ Q=4 sin(4/2)/\, with 6: P y B5i(Q.0),

: . . . lated to the self-motion of the hydrogens in the main chain.
scattering angle In order to achieve a high energy resolution The time variable depends on the precession fRidhe
O, CaR(422) crystals are used in exact or near baCk'Wavelen th\, and the length of the precession fidld t
scattering at the analyzers and monochromator, resulting in gthd, 9 P

. ~BL\3.
SE(HWHM) ~5 neV, where HWHM stands for half width . .
at half maximum. The energy of the incident neutrons is. In this work, we present results obtained by the two NSE

, : . struments: the multidetector NSE instrument IN11C at the
scanned by heating or cooling the monochromator at aﬂxe@_ in Grenoble and the “Jich NSE spectrometer at the

Bragg angle. The experiments were performed varying th S -
incident neutron energy at 08eV/min. An energy transfer RJ-2 reactor in ‘]lf’:h.' AUINILC \ =5.54 A was used. The
multidetector at this instrument covers an angular range of

interval of — 130 ueV<fw<100 ueV was explored. o - : R o
Seven spherically curved composite crystal analyzersggo ?c;r:?er?r?rlzg:t?; F;(lﬁni?é Ié;?;lp:i;iitg: 31?hér2f> ’ an
each covering a large solid angle of 0.18(&tal angular 9 ang ) R

_1 .
range: 24.4% 6<155.9°) allow the energy analysis of the range 0.34Q<168 A% and a time range 8.4 pgt

scattered neutrons. These are counted by a multidetector a\?—lA ns were explored. Measurements were performed at

L : o 00 K, 320 K, and 340 K. Typical measuring times were 10
ray of 32 ®He tubes. An additional small angle region, giving o o - . .
unreliable count rates, could not be used. Theange at '[]h In trr]]e 6t5h and 85 tp?sltllonsAalso 280dl'< V\llas tmvesngatgd,
very highQ values had to be restricted slightly due to con- foougz with poorer Sdi |st|ﬁ_s. pelrpenthlcxtatrhl_raln;rglésmn
tamination from aluminum Bragg peaks. The reliate ofv.oc was measured for this wavelengin.

range was limited to 12Q=<4.7 A1, There, the spectra spectrometer, we usexl=8 A. A time interval of 100 ps

have been grouped into nine groups which were chosen to bstszz ns was covered. With this instrument, we focussed

approximately equidistant in the R scale. The sample tﬁe study on the low® region. In order to observe a mean-

; . . : : ingful decay of the correlation function in the NSE time
(thickness: 0.26 minwas filled in a flat Al container and window, a high enough temperature was cho K.

placed at 135° with respect to the incident beam. The mealfoueraIues were investigated: 0.1, 0.15, 0.2, and 03 A

surements were performed at 260 (Kheasuring time: 2 : .
days, 280 K (3 days and 300 K(2.5 day$. The instrumental using measuring times betvvegn 24 and 32 hcpeal_ue. For
eeach momentum transfer the instrumental resolution function

resolution function was determined from the scattering of th determined f the elasti tteri f th le at
sample at 1.5 K. Initial data treatment was carried out coryVas determined from the elastic scattering ot the sample a

recting for effects of detector efficiencies, scattering from10 K I(”(\\Ijlulca igjafr?rrﬁ mea}[suremfnltz onka carl()jofn pomder
sample container, and instrumental background. Multiplesarn?e ch th A.I etln_s rumental bac gr((j)un rortnl ?
scattering effects were ignored since they become relativel ryotour-an € Al container was measured separately tor

L g achQ (with measuring times similar to those for the mea-
xz:kqlgitt:Iﬁig;,%ggerzgﬂiyand the transmission of the SamIOIesurements on the sample, i.e., 24 h for thEcBuNSE spec-

trometej. It was thereafter subtracted from the experimental

spectra using the appropriate transmission factors. The back-

ground corrected spectra were divided by the resolution
NSE is the neutron scattering technique offering the highfunction revealing the normalized intermediate dynamic

est energy resolution. For each neutron individually the enstructure factor.

ergy transfer in the scattering process is coded into its spin

rotation[27]. Applying precession magnetic fields before and

after the scattering event, the polarization of the neutron de-

pends only on the velocity difference of each neutron indi- Figure 2 shows some of the spectra obtained by IN13 at

vidually, irrespective of its initial velocity. 280 K and differenfQ values. As explained in Sec. Il B, they
As a singular feature of NSE, it accesses the scatteringrainly display the incoherent scattering function of the pro-

functions in the time domain, i.e., the intermediate scatteringons. The spectra are compared with the instrumental resolu-

2. Neutron spin echo spectrometers

Ill. RESULTS
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FIG. 3. IN13 spectra obtained for Pld3 at 2.9 Aat 260 K(a)
and 300 K(b). Lines as in Fig. 2 §=0.40 for 260 K,3=0.50 for
300 K).

flat contribution in the spectra which becomes relatively im-
portant at highQ [see Figs. &) and 2d)].

An increasing broadening is also observed in the spectra
at a givenQ value when the temperature increases. For an
[ intermediate value d this is shown in Fig. 3 for the highest
0 bt 6 ra— and the Iowest_temperatures investiga(ﬁo .and 260 .B(; .

‘ ho(meV) ‘ the corresponding spectrum at 280 K is displayed in Fig.
2(c). The dynamical process causing the quasielastic inten-

FIG. 2. IN13 spectra obtained for PId3 at 280 K and differ@nt sity becomes thus faster with increasing temperature.
values: 1.2 A* (a), 1.9 A™* (b), 29 A™* (0), and 4.7 A'* (d). The A direct observation of the decaying self-correlation func-
dotted lines show the instrumental resolution function obtained afign in the time domain is possible with NSE. For differént
15 K the solid lines are fits to the Fourier trqnsfprm of KWW values, Figs. 4 and 5 display the temporal evolution of the
functions (5=0.40) plus aQ-dependent flat contribution. intermediate incoherent scattering function at 320 K and 340

K, respectively. The high quality of these data is remarkable.
tion. The spectra display significant broadenings with in-However, we emphasize the difficulties of a measurement of
creasing Q. The broadened spectra reveal dynamicalthe self-motion by NSE at partially deuterated samples. The
processes—in this case the relaxation—with time scales IN11C measurements were extended upQe1.68 A1,
within the dynamical range of the instrument. Faster mobili-Nevertheless, only in th® rangeQ=<1.0 A1 it was pos-
ties translate to broader spectra. We also note a dramatic dragible to obtain useful information. Due to partial cancellation
of the spectral intensity: the ratio between the maxima at 1.2Eq. (11)] the NSE amplitude decreases strongly, if the co-
and 4.7 A1 (the lowest and the highesp accessed by herent contribution assumes nonnegligible values. Approach-
IN13) is around 20. As outlined in Sec. |, the lowering of theing to the Q range wherel.,,(Q) shows its first peak
a-relaxation amplitude is caused by faster motional pro{~1.3 A™1) the NSE signal almost vanishésee Fig. 1
cesses. These include the vibrations and the fast dynamidhe NSE study is thus restricted @<1.0 A~*.
characteristic for glass-forming polymetsoson peak, fast As can be seen in Figs. 4 and 5, the spectra decay faster
process. . . ) which are observed at higher frequendi28].  with increasingQ and temperature. Moreover, from simple
Another signature of these fast dynamics is the presence ofiaspection of the curves it becomes clear that the shape of the

scattered intensity (arb.units)
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FIG. 6. Temperature dependence of fhparameter as obtained
from the NSE experiments on PId®{ and PId8 (¢ ), and from
the simulations @). The arrow marks the value determined for this
parameter from dielectric spectroscop8]. The values fixed for
the analysis of the neutron scattering results in this work are shown
by the solid line.

At 340 K, the high quality of the Jich NSE data(Fig. 5
allows for an independent fit revealing= 0.57+0.08. Fig-
ure 6 shows a compilation of the values obtained for ghe
parameter from different experiments—this work, dielectric
spectroscopy and NSE on PI{88]. A tendency to increase

decays is much more stretched than a single exponentié@f'th T is observed forB. On the basis of the experimental

function (see the example depicted in Fig. 4 L S g
The results were analyzed in terms of KWW functions © the values shown in Fig. 6 as a solid line and kept it fixed.

[Eq. (1)], which are well known to describe the relaxation

results at hand, for the further evaluation we interpolaged

The description of the IN13 curves in terms of the Fourier

function and the decay of the density fluctuations in glass:[ranSform of Eq.(1) with fixed shape parameters is very

forming liquids(see, e.g., Ref29]). As backscattering tech-

satisfactory. This may be seen in Figs. 2 and 3. A flat contri-

hiques measure in the frequency domain, for the IN13 Speégution was also allowed in the fitting procedure. For the

tra the Fourier transform of the KWW function was used.

three temperatures investigated the characteristic times are

As first ingredient, a KWW analysis requires the determi—d'Splayed as a function d@ in Fig. 7. A strong decrease of

nation of the stretching paramet@r Due to the convolution

Tw With increasingQ takes place. We note that at 280 K the

problems this is hardly feasible on the basis of the BS datauncertainties in the determination ef, are smaller than at

0.2

0

102

FIG. 5. Jiich NSE results for PId3 at 340 K and differeg
values: 0.10, 0.15, 0.20, and 0.30 A(top to bottom. Lines cor-

10!

109 10! 102

t (ns)

respond to KWW descriptions witf=0.57.

1

0.8

0.6

04

02

the other temperatures, since there the dynamical process
occurs at time scales well accessible for IN13 in the wi@le

107 |

10 |

tw(ns)

0.1

0.01 Ll L N

1
Q@AM

FIG. 7. Momentum transfer dependence of the characteristic
times obtained from the KWW description of the results on PId3
obtained by IN13 &, 260 K; A, 280 K; 4, 300 K), IN11C (A,

280 K; ¢, 300 K; O, 320 K; O, 340 K), and Jlich NSE spec-
trometer @, 340 K). Solid lines show an orientative la®@~%#
corresponding to each temperature Tor 280 K.
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range. At 260 K the dynamics becomes slower and, due to T N T T ]
the rather stron® dependence of,,, the broadenings in the
low-Q spectra are very small. Contrarily, for the highest tem-
perature(300 K) the dynamics can be well followed in the
low-Q range, where nice broadenings associated to relatively
fast dynamics are detectable, but the decay of the overall
intensity is stronger and leads to very weak signals at Righ-
values. In fact, the amplituda for the o relaxation can be
well described by means of E(R). The values for the mean
squared displacemexiti?) associated with the fast process
are 0.430.02 & at 260 K, 0.55-0.02 A at 280 K, and r
0.58+0.01 A at 300 K, in good agreement with previous i ®ee
BS results on a similar samp[8,30. orbly 0T
Also for the NSE spectra the KWW function offers a good
description(see Figs. 4 and)5The resulting characteristic
times from the fitting procedure are plotted in Fig. 7 together
with those deduced from the IN13 measurements. It is note-
worthy that at 30 K a very wide Q range (0.34&Q
<4.7 A1) has been covered by the combination of IN13
and IN11C measurements; in thi range, the time scales
spread over almost four decades. Though unfortunately no
overlap in Q of the results from the two techniques was 1
possible due to the problems commented above Gihae- 3
pendence of, is very well defined in the full range for this L (b)
temperature. It is important to note that the extrapolated be-
havior from the low® side(solid line) perfectly matches the 0.1 Lu
lowestQ result of IN13. We emphasize again the experimen- 0.1 1
tal difficulties and the importance to select properly the tem- Q@AY
perature range in order to achieve meaningful results over o
such a large dynamic range. At 280 K the dynamics becomes FIG_. 8._(a): Momentum transfer dependence of the characteristic
already too slow to be well characterized in the IQurange. ~ UMes in Fig. 7 exponentiated to the power&f (b) Master curve
The Q dependence in this range has nevertheless been peéqns_trﬁcrg d sh|:]t|ng th(_englnts (':) by thihapgro;?]n%tel_ faCt%BT' h
fectly determined for 340 K by combining the results of the traight lines show K lependence. The dashed [ine shows the
description of the master in terms of an anomalous jump diffusion

two NSE machines. For this temperature, the full decade . . X
0.1=0=1 A-1 has been covered. P model [Eq. (17)] with £,=0.42 A. The inset compares the shift

it th | hand f . h factors obtained from dielectric spectroscdgyplid line) and from
W't. these results at hand, one mgy Irst S_C”’t'n'ze t &his neutron scattering study on PId®] (see the tejt The aver-
Gaussian character of the self-correlation function. In Fig. 7age times from the pair correlation function measured by IN11 at

we have compared th@-dependent characteristic times with 1 44 A-1 on PId8 are also displayedk().
the Gaussian predictiofEg. (3)], represented by the solid
lines. As the value of th@-parameter slightly increases with vestigated by constructing a master curve. In this procedure,
temperature, the slopes of the power laws predicted by ththe temperature dependence is removed applying shift fac-
Gaussian approximation decrease in absolute value towardsrs a; to the results obtained at the different temperatures.
higher temperatures. Figure 7 shows that B).describes Choosing a reference temperatiig, (7,)?/ar should col-
very well the Q dependence of the experimentally deter-lapse on the data correspondingTg. Figure §b) results
mined characteristic times in the rangg<1 A~! for T from such a procedure witfig=300 K. Within the experi-
=300 K and is well compatible with the results at 280 K mental uncertainties, the coincidence of the results obtained
within the experimental uncertainties. However, aboveat the different temperatures is nearly perfecQA? depen-
1 A~ the times deviate from such law to follow a weakgr dence of ¢,)? is obtained at lowQ crossing over to a
dependence. weaker power law at aroun@®~1.3 A"1. Thus, we have

In Fig. 8@), we have replotted the characteristic times ofexperimentally established a crossover from Gaussian to
Fig. 7 exponentiated to the power gf Considering Eq(3), non-Gaussian character of the relaxation similar to that
in this representation all the results reflecting Gaussian beeported for the simulated sample.
havior should show the same slopg,J?<Q~? (solid lines. Before coming to the discussion, let us now investigate
Again the goodness of the Gaussian approximation for théow the shift factors used for building the master curve com-
self-correlation function aQ<1 A~! becomes evident. The pare with other results on the temperature dependence of PI.
use of (r,,)? has the advantage that the influence of the temfor example, we can compare them with those obtained by
perature on the) dependence through the changeAdnis  dielectric spectroscopy. When the shape of the correlation
removed. Starting from Fig.(8), we can now condense all function changes with temperature, it is meaningful to
the available information from the different temperatures in-present the results on the thermal evolution of the character-
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istic time scale in terms of the average tif®. (1) is the
first moment of the equivalent distribution of single expo-
nentials. In the case of KWW functionér) is given as

< T> = Tw s (12

sel

o O)EISN§

s_ Q9

wherel" is the Gamma function{r) observed by spectro-
scopic techniques often matches thes.(Q)) obtained
from the self-correlation function @~1 A~* [31]. In the
particular case of PI, it has been found that this occurs for
Q=0.9 A"! [30]. The inset of Fig. 8 compares the shift 1
factors obtained by dielectric spectroscof82,33 (solid
line) with those for(7s¢{Q=0.9 A™1)) (crosses In both
casesTr=300 K. In this inset, we have also displayed the
IN11 results on the average time of the pair correlation func-
tion at 1.44 A 1 [18]. The agreement between the three sets
of data is very good.

S Qb

IV. DETAILED COMPARISON WITH SIMULATION

In Sec. Ill, we have established the crossover from a 02 ¢
Gaussian to a non-Gaussian character of the self-correlation
function measured on the PId3 sample. Such a crossover 0|
takes place aQ~1.3 A™1, a value close t@,,. This is 10° 10¢ 103 102 10! 10° 10!
just the result from the simulations on Pl we wanted to vali- t (ns)
date. Now we would like to stress the direct comparison ) . . . .
between simulation and experimental results. How do the FIG. 9. Direct comparison between simulation and experlmental
absolute values of the characteristic times compare? Is tHgsglts. In(a) the_self-c_orrelatnonﬁfunctlon calcul_ated_fror_n the main
shape of the decay similar in both cases, etc.? chain proton trajectories at 0.7 A and 363 K(line) is displayed

To answer these questions, at equivalntalues we di- together with the IN11C results on the Pld3 sample at 0.6% dnd

rectly compare the intermediate scattering functions obtainea20 K (). In (b) the pair correlat_ion function calculated from
. . . ~Simulations at 1.45 A® and 363 K(line) and the IN11 result for
from the NSE measurements with those from the S|mulat|on§,|d8[18] at 1.44 A1 and 320 K (0 ) are presented.
at 363 K [2]. We find closest agreement between both
datasets for a temperature of about 320 K for the real samplenixed in the polarization analysis; in the case of partially
For Q=0.67 A1, Fig. 9a shows the experimental self- deuterated samples, the situation might be quite complicated
correlation function of the main chain protons at 320 K(see, e.g., Ref.26]) and the experimental result can be very
(points and that obtained from their trajectories in the simu-much influenced, e.g., by a slightly deficient deuteration. The
lations at 363 K(line). Both decays take place in a very matching factor has therefore been adjusted though its need
similar way. We note that the amplitude of the experimentals clearly justified.
data is higher than that of the simulation results. The com- Even if this paper is focused on the self-motion of the
parison in the figure has been done reducing the experimemaain chain protons in PI, in order to further check the valid-
tal scale by 17% with respect to the simulation sdake the ity of the simulations we can compare experimental and
corresponding axis in the figureThe need of such an ad- simulation results on another correlation function for which
justment can be rationalized taking into account how theexperimental data are available: the coherent scattering func-
NSE data are normalized. As a result of the polarizatiortion or dynamic structure factor measured from a fully deu-
analysis after the scattering process, a NSE spectrometer atrated sample PIdBL8]. Giving additional support to the
fers only a limited band pass to the scattered neutrons. Irsimulations, Fig. &) shows that forQ=1.44 A™! the pair
elastically scattered neutrons with wavelengthsshorter  correlation function measured on PId8 at 32Q 18] super-
than those that the bandpass allows, are not transmitteéehposes with high accuracy with its simulated counterpart at
through the instrument and do not participate in the normal363 K. Again the NSE amplitude has been adjusted to match
ization[denominator of Eq(11)]. The value determined by the simulated data. We note that the wavelength used in that
the NSE instrument for the static signal is therefore underesNSE measurements was shortar=(4.68 A), leading to a
timated. An exact calculation of the error in the experimentaimore accurate normalization of the data. Simulations and
normalization is not straightforward since a complete knowl-experimental results are thus approximately equivalent if a
edge of the scattering functions and the bandpass frequeneift in the temperature scale of about 40 K is assumed. Then
range is required. We note that the NSE signal includes bothhe time scale as well as the shape of the decays are similar.
the incoherent and the partial coherent structure factors &Such a temperature shift was also reported for MD simula-
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tions of a model of a low-molecular glass-forming system: (K

orthoterphenyl[34]. In our case the shift might be due to . 450 500

several reasons. For instance, to the difference in the micro- 10 T

structure of the samples—the simulated chain consists of 102 L 110
18% cis units and 82% trans units. Also different tacticities 2 : | B
could lead to some differences in the dynamics. Another ori- 7:( 10! | 10 e
gin could be that the force field used in the simulatifss] N 10 §
was not perfectly calibrated. The potentials involved in the °§ 10° r z
simulations are from both intermacromolecular and intra- Nt F Jiw' &
macromolecular nature. It has been recently shown by Smith g 10 o E g
et al. [36] that the time scale of the relaxation resulting Voo? r "l'~--.~.-__3 10? g
from the MD simulations in polybutadiene is quite sensitive 1 .

to slight changes of the local intrachain potentials. Thus, a 10 Lty 10
refinement of the rotational potentials based on the compari- 250 300 350 400 450 500

son with experiments could possibly result in a more realistic T (X)

for?riélec:d(;farlIPCI(.)rrect'ons of the simulations mav be teste FIG. 10. Temperature dependence of the average time obtained
.V . ' imutati y . 1rom the experiments@) and from the MD-simulationsl) for

furtherlln Iookmg at the temperature .depen.dent relaxationy_ o 9 A-1 The solid line shows the temperature dependence ob-

dynamics. For this purpose new MD simulations have bee@erved from the dielectric spectroscopy. Its extrapolation to tem-

run at temperatures ranging from 314 K to 513 K. The datg,eatyres higher than those experimentally accessed is represented
were analyzed in the same way as reported in R&fand  py the dashed-dotted line.

above, and reveal information on the shape as well as on the
characteristic time. We first discuss the results on the shape We finally compare th€ dependence of the characteristic
of the relaxation. Contrary to what is usually assuni@d., time as obtained from experiment and simulations. For a
also for fully deuterated FI18]), in this experimental study direct comparison, we note that the experimental results are
we have found deviations from the time-temperature superaffected by the coherent scattering contribution in the t@gh-
position principle in Pl. TheB-value increases fronB range. From inspection of Fig. 1, th@<1 A~ results
~0.40 atT=280 K (dielectric data, pair correlation function should not be influenced by coherent scattering, while the
close to the first peakto B~0.57 at 340 K(see Fig. 6. A lower-Q part of the IN13 data should contain an appreciable
similar trend can also be deduced from the simulations. Toeoherent contributiofthe peak ofl .,(Q) is between 1 and
gether with the experimental results on fh@arameter, Fig- 2 A~ see Fig. 1 The easiest way for a direct comparison
ure 6 presents those obtained from a fit of the self-correlatiolis to take advantage of the knowledge on all the atomic tra-
function of the main chain protons calculated from the simu-jectories from the MD simulations and to build the total scat-
lations using Eq(1). The best estimates for thgvalues are tering function for the PId3 sample considering the different
shown as solid squares. The bars in these points indicate tlwentributions[see Eq.(4)]. As an example in Fig. 14), we
range within which the value of the@ parameter varies in the show the coherent and the incoherent contributions obtained
Q-region investigated (02Q<5 A™1). In the temperature from the simulations a@=1.3 A", i.e., where the coherent
range under study, also an increase fr@@w-0.40 to 8  contribution is maximal. These functions are weighted by the
~0.60 can be observed. In the comparison made in Fig. 6orresponding static amplitudég,, andl;,.. As can also be
we have taken into account the shift of around 40 K foundseen in Fig. 1, the ratio between them is about 1:3. If the
from the direct comparison of the spectfag. 9), by shifting  characteristic times for both decay functions were the same,
the temperature scale of the simulati@bove with respect then the time scale of the resulting total function would not
to the scale for the sample temperatytelow). Though be affected. However, a fit with E¢l) and 8=0.40 fixed to
qualitatively the behavior o3 agrees for experiments and the slow decays of the pair and the self-functions gives a
simulation, we note that the experimengaValue at 320 Kis  significantly longer time for the coherent contributi¢i36
larger than that obtained from a fit of the simulated spectra gos compared to 54 psThis is a consequence of the
the corresponding temperatuiie=363 K. The change in deGennes-type narrowing found in glass-forming systems
shape appears at somewhat higher temperature in the simior the « relaxation[12]. The resulting characteristic time for
lations compared to the experiment. the total function is 70 ps, somewhat longer than the 54 ps
Figure 10 displays the observed temperature dependenciésund for the self-motion of the main chain protons. The fit
of the relaxation times. In order to make characteristic timeof both, the incoherent and the total decay leads to the values
of relaxation spectra of changing shape comparable, wéor the characteristic times shown in Fig.(fil As expected,
present the average timgsq. (12)]. The full squares are the they coincide below 1 A%, but a slight modulation mirror-
simulation results, the open circles the neutron data, and theg I .,,(Q) can be found in the case of the total scattering.
solid line the temperature dependence predicted on the badue to the small amplitudes of the second decay, above
of dielectric measurements on the same sanif233. 3 A% the uncertainties in the determination of the time
Again the simulation results were shifted in temperature byscale are higher. We note, moreover, that the calculations
43 K. The agreement between all data sets is very satisfadavolving coherent contributions extend only down to
tory and again nicely validates the simulation. 0.5 A~1. The dimensions of the simulated cell do not allow
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FIG. 12. Master curve built by combining experimenainpty
symbolg and simulation W) results on the PId3 sample. The
straight line shows @2 dependence. The static structure factor
determined by D20 on PId8 at 314[K9] is displayed for compari-
son(solid ling). The corresponding scale is shown starting from the
level estimated for the incoherent scattering contribution.

7 (Q) (ns)

may also ask, whether the crossover between Gaussian and
1 non-Gaussian self-correlation functions depends on tempera-
Q (A-l) ture. For that purpose, using temperature dependent shift fac-
tors, in Fig. 13, we display the simulat€ddependent relax-
FIG. 11. Influence of coherent scattering on the result®at ation times again in form of a master plot. As may be seen,
=1.3 A1 (a) Contributions of the self-motion of the main chain the data from all temperatures collapse to a single master
protons O) and of the pair correlation of the PId3 sampla)(  curve. Thus, the crossover to hon-Gaussianity is not affected
obtained from the MD simulations. The total function is also dis- by temperature, but appears to be an intrinsic property of the
played (¢#). Solid lines show the description of the self- sublinear diffusion process.
contribution and the total scattering function by KWW functions Finally, the deviations from Gaussianity reflected in @e
with 8=0.40. (b) Comparison between the characteristic times ob-dependence of the characteristic time at h@hvalues
tained from the simulations when considering the self-contributionghould be associated to nonvanishing values of dhé)
of the main chain protond{) and the total scattering function for parameter. This is demonstrated in Fig. 14, where the values
the PId3 samplel). for a,(t) computed from the MD simulations according to

) _ ) Egs. (9) and (7) are displayed. This parameter shows two
to calculate the pair correlation functions beyond such a

limit. However, we should expect indistinguishable time

scales with and without considering the coherent contribu- [ h . 3'14'K' ]

tion in the lowQ regime. I i O 338K
The comparison between experiments and simulation is a 10 ¢ 363K

performed in Fig. 12. By applying a shift facter to the = 3 a 388K 7

values of ¢,)? obtained from the simulations for the total ot + 413K 3

scattering function, we have superimposed them to the mas- o i " 4‘35 1

ter plot previously built from the experimental resu(ig. @ ﬂ. *5 1

8). Considering that at the highe& points the determined ~ 1L J

times are subject of some uncertainties, the agreement be- '\‘; F

tween both sets of data is extremely good. In this figure, we &

have also included the experimentally determined static

structure factor at 314 KK19]. In this way, it can be clearly

seen that the crossover takes place in the neighborhood of 0.1 e

Qmax- We thus conclude that the crossover found in the 01 Q(Al-l)

simulations takes place in a similar way in the real sample.

Apart from the shift in temperaturecorroborated by they FIG. 13. Master curve obtained from the MD-simulation results

used for matching the points in the master ciyngequanti-  py dividing the characteristic times corresponding to a given tem-

tative equivalence is found between experiment and simulgerature by the value at 0.9°A and exponentiating them to the

tions. proper 8 value. The different symbols correspond to the different
Inspecting the new temperature dependent simulations wemperatures indicated.
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existence of the so-called “mobile particles” or on consider-
s ations related to the ill-defined concept of dynamical hetero-
104 geneity[10]. A possible scenario based on the widely as-
sumed idea of identifying Gaussian behavior with
dynamically homogeneous behavior was already discussed
in Ref.[2]. In such a scenario, the crossover could be under-
stood as a homogeneous to heterogeneous crossover of the

10%
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10" incoherent dynamics involved in the relaxation. As it was
mentioned in Ref[2], this interpretation would imply that
10 [Pt vt oot W L e the results obtained by different techniques could be affected

102 100 10° 100 102 10° 10° by the underlying dynamic heterogeneitytétin a different
t (ps) way. The closer the time scale of theprocess probed by a
. . . particular technique is to th& range, the more sensible this
FIG. 14. Time evolution of the mean squared C_ilsp|acer(19%§t technique is to the heterogeneous dynamics. On the other
(O) and the non-Gaussian parametes (@) obtained from the  hand it is noteworthy that in most of the works invoking the
simulations at 363 K for the main chain protons. The solid Verticalconcept of dynamical heterogeneity the origin of the nonva-
arrow indicates the position of the maximum @f, t*. Attimes  hishing values of, is usually sought in connection with the
7>7(Qmay), the crossover timay, assumes small values, as in the ,jqin “of the nonexponential behavior of the relaxation,

example shown by the dotted arrows. The corresponding funCt'Onf‘e., the stretching of the relaxation function. In none of these

2 - .
{r") anq @, deduced fro_m the analysis of the e.Xpe”memal dataf yorks theQ dependence of the characteristic relaxation time
320 K in terms of the jump anomalous diffusion model are dis-

layed as lines: solid fofr2) and dashed dotted fa,. Is considered. .
played as lines: solid fofr*) and dashed dotted fat, Here, we will focus on another explanation of the cross-

maxima, the first of which can be attributed to the particularover which was recently pointed of13]. It bases on the

micr ic dvnamics. which is mainly determined by th existence of a distribution of discrete jumps underlying the
croscopic dynamics, ch 1s mainly dete €d by TN€,tomic motions in ther process. As we will see, this simple
relative motion of the protons with respect to the main chai

r}nterpretation, which, in principle, is compatible with the
carbons{2]. The sec_ond pe_ak, .center(.edtét~4 PS, rela.tes framework of the MCT, gives account for the observed be-
to the onset of sublinear diffusion which shows itself in the

. . . . avior in Pl and allows to deduce all the universal features
mean squared displacement obtained from the S|mulat|ons.J ported up to date for the non-Gaussian parametein
is responsible for the deviations found from Gaussian behavdi

) ) . . ; . fferent glass-forming systems.
ior at highQ values. This can easily be realized with the P : ;
following argument. At lowQ, below 1.3 AL, the charac- The result which is now established beyond doubt is the

DY : - ; law 7,,Q~?# [Eq. (3)] at Q < Q,,.x and its consequence:
1 w max
tlelrlts)tlc :me Tw IIJS S(LO\g’ TWnggl AF' )Zlioghps [S?e FI?.th the sublinear diffusion process for the atomic motions in that
(b)]. As can be deduced from F1g. ~4, the value o eQ range. We have also shown a clear correlation between the
non-Gaussian parameter correspondingd 00 ps is quite non-Gaussian parameteas and the deviations from Gauss-
small, i.e., a,[ 7,(Q=<1 A "1)]<0.2. However, above the

e, the ch teristic time b fast .thian behavior found for,,(Q). We now like to dwell on these
crossoveiQ value, the charac e,“f Ic ime becomes 1ast, Withregyits, in order to understand the crossover. It is well known
values below 10 ps fo@ = 2 A~1. These times correspond

. : . ; that in the simple jump diffusion model, proposed a long
just to the region where,(t) presents its second maximum, time ago(see Refs[23,37,39), finite jump lengths tend to
i.e., they are close tf. Thus, we can see that the deviations

) . T . cause a bending of the dispersion for the diffusive relaxation
toward; non-Gaussian behavior=f are |n.t|ma.telly linkedto e away from theQ 2 law which takes place for simple
the main peak otr,(t) and therefore their origin should be it ,sion at low Q. The jump diffusion mode[23,37,38
common. assumes that an atom remains in a given site for a tigne

where it vibrates around a center of equilibrium. Aftgr it

V. INTERPRETATION AND DISCUSSION moves rapidly to a new position separated by the veétor

. . . from its original site. For simple diffusiofSD) the incoher-
Any theoretical approach or model considered for mter—em intermediate scattering function is

preting the crossover found in th@ dependence of,,(Q)
should also reproduce the behavior ®§(t). Several sce-
narios may be invoke{?]. (i) For instance, the mode cou- ¢
pling theory(MCT) for the glass transitiofi7—9] predicts a SJS%T}p’SD(Q,t)=EX[{ — b(Q)—}, (13)
Q dependence for the characteristic time of the self- 7o

correlation function that at higp values strongly deviates

from that expected in the Gaussian case. Qualitative agree-

ment between the MCT predictions and the simulatge)  Whereb(Q) depends on the particular geometry of the jumps
is found[2]. Moreover,a,(t) calculated in the framework of involved, i.e., on the vector. A reasonable assumption for
the MCT for a hard-sphere system also shows a qualitativelliquids and disordered systems is that they are randomly ori-
similar behavior to that reported he(@) Most physical pic- ented and that their moduli are distributed according to a
tures given for the rationalization af, are based on the function
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¢ We can now ask whether this model also accounts for
p{— —), (14)  other observables accessed by the simulationsg.asTo

to obtain «, for this model, the total expression used for de-
o ) . scribing the self-correlation function has to be considered. It
which involves a preferred jump distanég. The average consjsts of the incoherent scattering function for jump
value of the jump length is thetit)=\6¢,. Under these anomalous diffusiofiEgs.(16) and(15)] affected by the pre-

assumptions, we ha\j&8| factor A(Q) [Eq. (2)]:
Q% ( t)”
1+Q%3)\ ) |

Note that for Q€q—0, b(Q)—Q?¢3. In that limit, , (18
SlUmPSD(Q,t) has a Gaussian form with an associated mean For small values of the variabl@?¢g, Eq. (18) can be
squared displacement that increases proportional to the tim@pproximated as
Glass-forming systems exhibit stretched exponential forms
for the self-correlation functiofEq. (1)]. An incoherent scat- (w2 ()8
te_rlng function analogous_ to that for the simple jump dlffu- Sse”(Q,t):ex;{ _ —QZ—Q2€S(—)
sion[Eg. (13)] may be built by introducing the stretching in 3 :
the time-dependent part:

¢
f0(€)=€—gex

Q5 (u?)
b(Q)=H—QzO€§- (15 sse.f<Q,t>=exp(—TQ2>ex -

70

, ><(1—Q263+.--)]. (19
: t
Sé”Jﬂ"(Q,t)=exr{ - b(Q)(—,) ] (16)

7o Comparing this with the general expression for the expan-

sion of Sgei¢(Q,t) In Q (see, e.g., Ref39))
In this way, in the limitQ€,— 0 the Gaussian approxima-
tion is recuperated; but now a sublinearly increasing mean (r2() an(O)(r3(1)?
. . )
square displacement would be obtained for srigallalues, Sself(Q!t):eXF{ -5 Q%+ Q4+

as observed from experiments and simulation. The resulting 72 ’
characteristic time is then given by (20
the following results are obtained for(t)) and a(t):
1B
Tw=To| 1+ ngg] , (17) 2 1t B

(r}(t)y=2(u*)+6€5 —| , (21)

which in the asymptotic low® limit is just 7,,cQ~? [Eq. 7o

(3)]. This simple idea was, in fact, already worked out by us 8

in the case of a sublinear diffusion in order to explain slight 70p% t

deviations previously found from E¢R) at high-Q values in 0 %

PVME [11]. This model was also applied to previous Pld3 ay(t)= (22

5.
results[30]. In that work, a value of ,=0.42 A was found l b

from a BS investigation of the relaxation in PId3 at 270 K. o

Though theQ-range explored in that study was quite narrow

(Q<1.9 A™Y), our results, obtained in a much wid€ In order to compare the results of E@1) and(22) with
range, can perfectly be described by such a model with théhose of the simulations, the values of the different param-
same value off,. This is shown in Fig. &), where the eters involved have to be known for 320 K, the equivalent
dashed-dotted line is a fit with EGL7) (exponentiated t@) temperature to the 363 K of the simulatiofy. From the

and the value of fixed to 0.42 A. At the reference tem- results obtained by IN13 fofu?), a linear temperature de-
perature of 300 K, for the only adjustable parameter the rependence extrapolates {a2)~0.66 A2 at 320 K. ¢, is as-

sult 76[n8]=0.1671'/ﬁ is obtained. We can thus conclude that sumed to be temperature independent in a first approxima-
the experimental results on this polymer are compatible wittiion. With the shape parameter found in the simulatighs

a scenario of sublinear diffusion for the segmental relaxatior=0.4 and using the appropriagg value @s,q x=0.42), 7

with an underlying distribution of elemental jump lengths =1.3 ps is obtained. The so calculated valueg fé(t)) and

with a most probable value @f,~0.42 A. From Fig. 13, we a,(t) are plotted in Fig. 14 as lines. As may be appreciated,
further conclude that the jump distribution appears to be verya semiquantitative agreement is found between the values
little affected by temperature. All the curves correspondingobtained from the model of anomalous diffusion with a dis-
to relaxation times simulated over a wide temperature rang&ibution of jump lengths and those resulting from the simu-
collapse onto a single master curve. lations. Naturally, the comparison applies only to time scales

2(u?)+6¢3
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predicted by the anomalous jump diffusion model with the param- T (K)
eters obtained from the quasielastic neutron scattering results on
polyisoprene for the temperatures indicated. Figlmeshows the FIG. 16. Temperature dependence(@ft* (A), 75 (C1), and
data in(a) multiplied by the time. 7,(Q=0.9 A™1) (O) from the experiments anth) the maximum

- ) ) value ofa,, a5 = a,(t*), as obtained from the anomalous dif-
longer than the characteristic for the fast dynamics, since thgsion jump model with the experimental parameters determined for
fast process has been simply parameterized by the [B4f=  5\visoprene(solid line) and from the simulations for the main
(2)], i.e., through the effective contribution to the displace-chain protons(diamonds and for the main chain carborféri-
ment characterized bfu?). In the range of applicabilityt( angle$. The temperature scale for the model data has been shifted
=1 ps) the shape and the position of the pealegft) are 43 K to match that of the simulations.
quite similar for both sets of data.

With this result at hand, we now exploit the model further | to 0.5—and I th f | .
in order to see whether it is able to reproduce the main feal 0>€ 10 U.o—and usually so they are 1or polymers, in
tures ona,(t) that are reported in the literature from simu- general—it Is ewdt_ant that this s_|mple model accounts for
lations of glass-forming systems, in general. Figure 15 show§UCh a feature. This means, while the stretching parameter
the T dependence ak,(t) calculated taking into account the takes values close to 0.'5’. the modell here proposed repro-
values experimentally determined for PI for the different pa—duces the asymptotic limit reported in Re#2]. In that

rameters involved in the model. At a first sight, it becomeswork’ we note that for the selenium data shown the value of

evident the qualitative similarity shown by the so calculatedf[he'g parameter wag=0.53[45], and thus the anomalous

non-Gaussian parameter with the data usually reported in tHgm% dri1ffu_sior]1c mogel wc;]uld also p])celgectlyhgive account for.
literature (see, e.g., Refs34,40—44). Moreover, we can the behavior found. In the case of the other system investi-

check whether this model also accounts for other seemingl Iated ”; trr]‘at work—a bll;ary Lennard-Jones. I'Ohu'd._the
universal features ofv,: (i) In the asymptotic short time >°P€ O the curveta,(t) decreases asymptotically in a

/2. ; ;
limit, ta,(t)=t>2 as pointed out by Caprioet al. [42]; (i) steeper way that®’% no information on the value of thé

the timet* where the maximum od&, occurs shifts withr,, ; parameter is given for this kind of system.

(iii ) the magnitude ofv, increases with decreasing tempera- ("_) From Eq.(22) it is s_tralghtforwar_d to calculate*_ as
ture the time, wherea,(t) exhibits its maximum. We arrive at

(i) First of all, Fig. 13b) explores the prediction of Cap- ' = 7'6(<U22>/3€(2))1/’3- Given the weak temperature dependen-
rion et al. [42]: the collapse ota,(t) in the short time re-  ¢ies 0of(u%) and, to a good approximation the temperature
gime to a universal function proportional t82 As can be dependence df* follows that of 7y . Using the experimental
seen in this figure, such behavior is very fairly reproduced byparameters, Fig. 16) displayst* and 7, as a function of
the simple anomalous jump diffusion model with the param-temperature. Both times are basically identicé#t—agrees
eter values obtained for PI. This is not surprising since Eqnearly quantitatively with the jump time;—a very plau-
(22) delivers at” dependence for the short time asymptoticsible result. Moreover, Fig. 16) also shows that the tem-
limit of a,(t). As the 8 values obtained for our sample are perature dependence Of(T) is approximately the same as
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that of 7,,(T). This is naturally understood because, accord-and which is usually attributed to the heterogeneity of éhe
ing to Eq.(17), the temperature dependencergfand ) are  process, might be simply due to a jump length distribution.
the same apart from the slight changespofvith tempera- Finally, we would like to remark that the scenario of
ture. anomalous jump diffusion is, in principle, compatible with
(i) Inserting t* into Eq. (22, af®=a,(t*) the MCT. The jumps leading to the sublinear diffusion would
=3¢2/2(u?) is obtained. With¢, approximately constant correspond to the dynamics allowing the decaging mecha-
and<u2> decreasing linearly with, «M® increases signifi- nism. In the framework of thg MCT, e_1f|r§t estimation of the
so-called mean characteristic localization length was

. . X onl.
cantly with degreasmg temperature. The valqeszgif‘ cal done starting from the simulations at 363[K]. This was
culated by using the experimentally determined values for

th ters involved in th del are shown in Fig16 obtained from the value of the mean squared displacement at

inecl(a)?nram'e €rs iInvolvedin e mode! a ) t*, (r?(t*)) and assuming thdtr?(t*))~6 r2.. This gives
parison with the MD-simulation results at different ~0.45 A. It is worth remarking that the value found for

temperature;s_. The temperature s_cale has been.shlfteld in or OF~0_42 A'is in the range of that estimated foy,. This

to compatibilize neutron scattering and MD-simulation re-g

h del di nding would suggest to identify the most probable jump
sults. We note that the agreement between the model predigsiances  with the mean characteristic localization length.

tions and the simulations is good for the results on both they,, ihe other hand, the value of the total mean squared dis-

main chain protons and main chain carbons. placementu?) measured at IN13 also comprises the tdst
We can thus conclude that the main “universal” features|ipations and vibrations that are not part of the caging pro-

reported in the literature fow,(t) are well reproduced by a ogq. The(u?) associated with the fast dynamisaging

sirr_1p|e anomalous jump diffusion model with a distribution ., 1d pe significantly smallesee, e.g., Fig. 15 of RefL5)).

of jump lengths. In any case, the most important criterion for jump diffusion,

- Now we can discuss the implications of the anomalouse separation of time scalésicosecond vs nanoseconis
jump diffusion concerning the so-called heterogeneity of thgyq fuffilled.

a relaxation. First of all, we can say that the above men-
tioned model, in fact, involves a heterogeneous picture for
the self-atomic motions in thex-relaxation regime which
manifests at short length scales. There, each atom can jump
over different distances at each moment; therefore, at large In combining the spin echo spectrometers IN11C and the
Q, where the neutron wave packet interacts only along duich NSE with the thermal backscattering instrument IN13
single step of the diffusion process, the system looks heteran a main chain protonated polyisoprene sample, we have
geneouslike and non-Gaussianity is evident. However, foperformed a careful investigation on tedependence of the
small Q, the contributions toSge(Q,t) originate from a scattering function in ther-relaxation regime. At 300 K, we
large space volume of size1/Q; the scattering process ob- have been able to characterize the dynamics inQhrange
serves the motion over long paths, i.e., over many diffusived.34<Q=4.7 A"1. Combining the results from different
elemental steps. Then, the result does not depend on the n@mperatures, th® range has been extended towards lower
ture of the single step: at large scales the sublinear regime iglues as low as 0.1 A. The experimental effort clearly
reached and the system becomes Gaussian. This may bstablished the crossover from Gaussian to non-Gaussian be-
quantified furthermore in taking*, the time wherew,(t) havior of thea-relaxation scattering function. This crossover
displays its maximum, as a measure of the “lifetime” of the takes place at aroun@=1.3 A~1, close to the first maxi-
heterogeneous behavior. From the simulation results at 36&um of the static structure factor. The results corroborate
K (corresponding to experimental results at about 3204€¢  findings of earlier MD simulations performed on Pl by some
can see thatr, ~t* only for Q values of the order of of us[2]. From the combination of the MD simulations and
3 A1, At Q values of the order of 0.8 &, 7, ~25t*. the experiment, a simple picture of the diffusion process un-
We note that in the jump diffusion scenario the origin of derlying thea-relaxation evolved.
the stretching of ther relaxation is not addressed, since the (i) At low Q corresponding to larger distances, we deal
sublinear diffusion is just assumed for reproducing the exwith a homogeneous sublinear diffusion process. This result
perimental findings. However, from the experimental simul-is by now supported by a number of detailed investigations
taneous observation of sublinear diffusion and Gaussian bénto the relationship between the shape of the relaxation
havior at Q<Q, a conclusion can be drawn: the function and theQ dispersion of the characteristic relaxation
stretching of thea process cannot be a consequence of gimes.
simple distribution of single exponentials. This was already (ii) At higher Q the relationship between shape and dis-
demonstrated in Ref5]. Thus, the existence of a distribution persion relation demanded by Gaussianity breaks down and a
of jump lengths may explain the deviations from Gaussiarweaker dispersion is found.
behavior aQ= Q. but is, in principle, decoupled from the (iii) The changind dispersion may be explained in terms
origin of the stretching of ther relaxation. Furthermore, the of a sublinear jump diffusion model featuring a distribution
semiquantitative agreement between the results obtained fof jump lengths. The distribution, thereby, seems to vary
a5, from the simulations and the jump anomalous diffusionvery little with temperature. From this model a non-
model suggests that the origin of thg peak found in simu- Gaussianity parameter,(t) may be calculated which agrees
lations of glass-forming systenisee, e.g., Ref$34,40-44)  very well with simulation.

VI. CONCLUSIONS
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(iv) This good agreement suggests that, at least to a reartho-tephenyl, water, polymers, selenium, and Lennard-
sonable approximation, the apparent non-Gaussianity ok}ones liquids.
served for thea process at short enough times is indeed a
result of a diffusion process with a distribution of finite jump
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