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Dynamics of Glass-Forming Polymers: “Homogeneous” versus “Heterogeneous” Scenario

A. Arbe and J. Colmenero
Departamento de Fı´sica de Materiales, Universidad del Paı´s Vasco, Apartado 1072, 20080 San Sebastián, Spain

M. Monkenbusch and D. Richter
Institut für Festkörperforschung, Forschungszentrum Jülich, 52425 Jülich, Germany

(Received 20 January 1998)

The question of whether the primarya relaxation in glass-forming systems is homogeneous or
heterogeneous in nature is investigated by incoherent neutron scattering techniques in glass-forming
polymers. It is shown that the momentum transfer dependence of the Kohlrausch-Williams-Watts
relaxation time allows one to discriminate between these two limiting scenarios. From the results
obtained we can conclude that the apparent stretching of thea-relaxation function relates dominantly to
sublinear diffusion and is not a result of heterogeneities in the material. [S0031-9007(98)06525-9]

PACS numbers: 61.41.+e, 61.12.Ex, 64.70.Pf
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For the main dynamical process in supercooled gla
forming liquids—the so-calleda relaxation—the time
dependence of the different correlation functions ca
be well approximated by the stretched exponential
Kohlrausch-Williams-Watts (KWW) function

fstd  expf2stytwdbg , (1)

where b is a phenomenological shape parameter me
suring the deviation from a single exponential deca
sb  1d, andtw is the KWW relaxation time. Two lim-
iting scenarios are invoked to explain the KWW func
tional form. Since a monotonous function can always
written as Laplace transform of a non-negative functio
the KWW function can easily be interpreted as arisin
from the superposition of different simple exponential re
laxations weighted by a broad distribution of relaxatio
timesgsln td,

fstd  expf2stytwdbg


Z 1`

2`

gsln tdexps2tytddsln td . (2)

This picture is usually known as the “heterogeneou
scenario. The other extreme picture, the “homogeneou
scenario, considers that all of the particles in the syste
relax identically but by an intrinsically nonexponentia
process.

The heterogeneous picture was involved in some
the first theoretical approaches to the dynamics of s
percooled liquids [1,2]. This scenario has also recen
been invoked in connection to the question of the coo
erative rearranging regions in glass-forming systems [
On the other hand, most of the experimental work acc
mulated over the past years was analyzed in the fram
work of the mode coupling theory [4] which does no
address this question. Recent experimental results (s
e.g., [5–7]) have stimulated a new revival of the heter
geneous picture which is usually related to spatial hete
geneities. It has been suggested [6] that the size of
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spatial heterogeneities close to the glass transition te
peratureTg should range in the nanometer scale (2–5 n
for low molecular weight glass-forming systems and up
about 10 nm for polymers), and that these heterogenei
mainly develop in the temperature range below abo
1.2Tg. For glass-forming polymers, however, it has als
been suggested [8] that a heterogeneous structure sh
be present even atT . 1.2Tg.

All of the above mentioned experimental results corr
spond to spectroscopic techniques, which give only ind
rect information about the spatial scale of the molecul
motions. Surprisingly, neutron scattering results, givin
direct information about the spatial scales through the m
mentum transfersQd dependence of the dynamical magn
tudes, still have not been exploited in order to address t
question. In this Letter we show that incoherent neutr
scattering results agree rather well with a homogeneo
scenario for thea relaxation in glass-forming polymers,
at least in the time scale covered by neutron scatter
techniques.

Neutron scattering experiments measure the scatter
function SsQ, vd, whereQ and h̄v are the momentum
and energy transfer, respectively.SsQ, vd is the Fourier
transform of the intermediate scattering functionSsQ, td
which in turn is the spatial Fourier transform of th
pair and self-correlation functions of the moving nucle
In some waySsQ, td can be considered as a spatiall
sensitive version of the correlation functionfstd. Both
incoherent and coherent neutron scattering results fr
different glass-forming systems agree with an approxima
KWW functional form for SsQ, td associated with thea
relaxation [9], where now the KWW relaxation timetw

is Q dependent. In the case of incoherent scatterin
SsQ, td represents the self-part of the particle dynamic
which for the a relaxation is diffusive in nature. Here
we examine the possibility of discriminating betwee
homogeneous and spatially heterogeneous dynamics on
basis of theQ dependence oftw. In the heterogeneous
© 1998 The American Physical Society
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scenario, and in parallel with the procedure followed f
developing Eq. (2), we may consider a distribution of loc
diffusivities associated with the different regions of th
sample. The resultingSsQ, td can be expressed as

SsQ, td  expf2stytwdbg


Z 1`

2`

gsln D21d exps2Q2tyD21d

3 dsln D21d , (3)

where exps2Q2Dtd is the intermediate scattering functio
corresponding to simple diffusion in the Gaussian appro
mation, andD is the corresponding diffusion coefficient
As in the case of Eq. (2), by properly choosing th
distribution gsln D21d, a KWW time dependence of the
resultingSsQ, td can be easily reproduced. However, no
the “stretched variable” isX  Q2t, i.e., the “conjugated”
variable (showing the same dimension) of the distribut
magnitudeD21. As a consequence, the resultingSsQ, td
reads as

SsQ, td  expf2sQ2tyD21
w dbg , (4)

which can also be written in the phenomenological KWW
form of Eq. (1) with tw  Q22D21

w . Therefore, in the
heterogeneous scenario theQ dependence of the phe
nomenological KWW relaxation time is the same as t
Q dependence of each of the elementary diffusion tim
associated with each spatial region:t  Q22D21.

If we now invoke the homogeneous scenario, a
SsQ, td can be obtained by considering an anomalo
diffusion process in which the mean-squared displacem
is sublinear in time, i.e.,kr2stdl ~ tb with b , 1. The
correspondingSsQ, td in the Gaussian approximation ca
be written as

SsQ, td  expf2Q2kr2stdly6g  exps2Q2D tbd , (5)

whereD is a factor giving the temperature dependen
of SsQ, td. Equation (5) is equivalent to Eq. (1) with
a KWW relaxation time given bytw  Q22ybD 21yb .
For a typical value ofb  0.5 this expression gives a
Q dependence oftw ~ Q24, which should be discrim-
inable from theQ22 law found in the heterogeneous sce
nario. Previous incoherent neutron scattering results
several polymers [10,11] indicated such strong power la
behavior.

In order to investigate the different scenarios, we pe
formed quasielastic incoherent neutron scattering exp
ments on four simple polymers in the low-Q regime
s0.19 # Q # 1 Å21d. Choosing thisQ range, the ex-
periments average spatial regionssr ø 2pyQd extending
from about 6 to33 Å. In this spatial regime local jump
processes, which have been found recently in a num
of polymers [12,13], do not or only weakly influence th
scattering function, and the measured spectra can be c
sidered as relating to diffusive processes alone. Tak
into account the resolution of the neutron backscatter
or
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spectrometers, as well as the problems of chemical deg
dation of polymers at high temperature, the temperatu
range where the diffusivea process can be observed in
the low-Q range is rather narrow. We have chosen
representative temperature in the corresponding range
each of the polymers considered.

Experiments were performed on polyisoprene (PI) a
340 K, polybutadiene (PB) at 280 K, polyisobutylene
(PIB) at 365 K, and polyvinylether (PVE) at 340 K. The
measurements were carried out on the high resolutio
backscattering spectrometers IN16 at the Institut Laue
Langevin (ILL) in Grenoble, France, and BSS1 at the
Forschungszentrum Jülich, Germany. Figure 1 presen
spectra taken on PIB at 0.32 and0.76 Å21. For compari-
son, the instrumental resolution function determined from
the elastic scattering of the sample at 4 K is displayed an
clear quasielastic broadenings are visible.

For an accurate data treatment, knowledge about t
spectral shape is of great importance. For each
the investigated polymers, such information is availabl
both from dielectric as well as from neutron spin echo

FIG. 1. IncoherentSsQ, vd of PIB as measured by IN16
at 365 K for (a)Q  0.32 Å21 and (b)Q  0.76 Å21 in
a logarithmic representation. Solid lines are the fit result
corresponding to the KWW law. Dotted lines show the
theoretical curves encompassing the error band. Dash-dott
lines are the instrumental resolution. Insets: Linear plot o
experimental data, resolution, and fit results.
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spectroscopy leading for all of these polymers to th
same shape parameters in each case (PI:b  0.40 [14],
PB: b  0.41 [15], PIB: b  0.55 [16], and PVE:b 
0.43 [17]). Theseb values were kept constant in the
evaluation of the present data.

The incoherent quasielastic neutron spectra were fitt
with a numerical convolution of the Fourier transform o
a stretched exponential and the experimental resoluti
function varying the KWW relaxation timetw and an
amplitude factor for each spectrum.

Even though the transmissionsT' of the samples were
high sT' 2 0.9d, for the evaluation of neutron spectra re
sulting from diffusion in the low-Q regime multiple scat-
tering corrections are essential (see, e.g., [18]). For th
purpose the Monte Carlo (MC) programDISCUS [19] was
employed. DISCUS calculates the multiple scattering con
tributions arising from the considered scattering functio
and yields a correction factor for the single scatterin
cross section. The approximate complete cross sect
obtained by application of this factor is then fitted agai
to the experimental data. After an iteration of four to fiv
steps convergence was achieved. Figure 2 displays
multiple scattering correction process at the example
PIB. We like to emphasize the great importance of the
corrections in particular for the lowQ results. The cor-
rections amount to about 1 order of magnitude changes
the KWW time and change the apparent power law of th
Q dependent relaxation times from 2.2 to 3.2 in the ca
of PIB. By this iterative fitting and correction process,Q
dependent relaxation times were established for the fo
polymers under investigation.

The data evaluation scheme involving MC procedure
as intermediate steps precludes a direct calculation
errors by simple error propagation. We therefore estima
the errors considering theoretical curves which encompa
the experimental error band (dotted lines in Fig. 1). Th

FIG. 2. Momentum transfer dependence of the characteris
time of the a relaxation of PIB at 365 K. Without multiple
scattering correctionss≤d and after the 1stshd, 2nd s1d, 3rd
s3d, 4th s.d, and 5ths}d iteration ofDISCUS. Dashed and solid
lines are the fits of the noncorrected data and the asympto
result of the corrections to a power law inQ, respectively.
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resulting parameter range gives the confidence interval
the deduced characteristic times. They are included
error bars in Fig. 3.

We can now investigate the two limiting scenarios. I
the case of homogeneous dynamics, following Eq. (5) w
expectstwdb ~ Q22. Figure 3(a) displays the obtained
values ofstwdb for the different polymers as a function o
momentum transferQ. As may be seen, in all cases th
data agree well with the limitingQ22 law. In the hetero-
geneous scenario, on the other hand,tw ~ Q22 [Eq. (4)]
is expected. Therefore, in Fig. 3(b) we displaytw itself
as a function ofQ. As may be seen, none of the poly
mers is even close to what is expected from a hetero
neous scenario, and the homogeneous scenario seem
prevail. Thus, the origin of the stretched exponential r
laxation functions for thea process relates to anomalou
diffusion rather than to a heterogeneous sample.

One may argue that the neutron scattering results ha
been obtained at relatively high temperatures far abo
the glass transition temperature, and that the observati
in this temperature regime may be irrelevant for the gla
transition itself. We note, however, that for polymers th
stretching exponent for thea relaxation, which in the
heterogeneous scenario describes the breadth of the

FIG. 3. Momentum transfer dependence of the characteris
time of the a relaxation for the polymers investigated: PVE
at 340 K smd, PIB at 365 K s≤d, PB at 280 K shd, and PI
at 340 K sjd. (a) stwdb as a function ofQ in a double
logarithmic plot; (b) the same plot fortw versusQ. Solid
lines represent, in both cases, theQ dependence expected in
the homogeneous scenario. Dashed lines in (b) display
behavior expected in the heterogeneous case.
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distribution function, in general, is hardly changing with
temperature and for our polymers stays constant dow
to the glass transition (with the possible exception o
the b value of PIB from dielectric measurements). Th
finding that at high temperatures the stretching expone
to a large extent, is related to homogeneous anomalo
diffusion makes it hard to believe that basically the sam
stretching exponent at lower temperatures should relate
something else, namely, heterogeneous relaxation.

Figure 3(a) shows that, while PVE behaves close to t
asymptotic limitstwdb ~ Q22, the other polymers exhibit
some deviations from this law. Such deviations may b
either due to an intrinsic jump length distribution for the
diffusive jumps or due to a remaining small heterogeneit
causing a distribution of anomalous diffusion coefficient

Finally, we comment on the relation to the Rouse re
laxation. It is well known that for polymers the regime o
segmental diffusion is limited and crosses over at larg
length scales to the regime of Rouse relaxation whic
displays the well knownt ~ Q24 power law. For poly-
dimethylsiloxane, a very flexible polymer, by quasielas
tic neutron scattering this crossover has been identified
occur at aboutQ > 0.2 0.3 Å21 [20]. For stiffer poly-
mers, such as those we have been investigating, t
crossover is expected to shift to even lower momentu
transfers. Although details about the crossover are n
yet known, the regime of Rouse relaxation should ha
only minor influence on our results.

In summary, exploiting the space-time sensitivity o
quasielastic neutron scattering we investigated the lo
standing question, whether the primary relaxation in glas
forming materials, here polymers, is heterogeneous
homogeneous in nature. From theQ dependent KWW
relaxation timestw, it could be demonstrated that the
apparent stretching of thea-relaxation function relates
dominantly to sublinear diffusion and is not a result o
heterogeneities in the material. Although this result wa
obtained at temperatures well above the glass transiti
the almost temperature independent stretching expone
suggest that this behavior also prevails close toTg.

J. C. acknowledges financial support from the project
MEC No. PB94-0468, G. V. No. PI95/005, and UPV
No. 206.215-EC245/96. The BBV-Foundation (program
Cátedra) is acknowledged by D. R. and J. C. We a
thankful to Dr. L. Willner for the sample characterization
n
f

e
nt,
us
e
to

he

e

y,
s.
-

f
er
h

-
to

his
m
ot

ve

f
ng
s-
or

f
s

on,
nts

s:

a
re
,

to Dr. B. Frick and Dr. M. Pionke for experimental help
and to ILL for neutron facilities.

[1] G. Adam and J. H. Gibbs, J. Chem. Phys.43, 139 (1965).
[2] M. H. Cohen and G. S. Grest, Phys. Rev. B24, 4091

(1981).
[3] E. W. Fischer, E. Donth, and W. Steffen, Phys. Rev. Let

68, 2344 (1992).
[4] W. Götze and L. Sjögren, Rep. Prog. Phys.55, 241 (1992).
[5] K. Schmidt-Rohr and H. W. Spiess, Phys. Rev. Lett.66,

3020 (1991).
[6] M. T. Cicerone, F. R. Blackburn, and M. D. Ediger,

J. Chem. Phys.102, 471 (1995).
[7] David B. Hall, Ali Dhinojwala, and John M. Torkelson,

Phys. Rev. Lett.79, 107 (1997).
[8] M. T. Cicerone and M. D. Ediger, J. Chem. Phys.104,

7210 (1996).
[9] See, e.g., the special issue on glasses and glass-form

liquids [Science267 (1995)].
[10] J. Colmenero, A. Alegrı´a, A. Arbe, and B. Frick, Phys.

Rev. Lett.69, 478 (1992).
[11] R. Zorn, D. Richter, B. Frick, and B. Farago, Physica

(Amsterdam)201A, 52 (1993).
[12] A. Arbe, U. Buchenau, L. Willner, D. Richter, B. Farago,

and J. Colmenero, Phys. Rev. Lett.76, 1872 (1996).
[13] A. Arbe, J. Colmenero, B. Frick, M. Monkenbusch, and

D. Richter, Macromolecules (to be published).
[14] R. Zorn, D. Richter, B. Farago, B. Frick, F. Kremer, U.

Kirst, and L. J. Fetters, Physica (Amsterdam)180B &
181B, 534 (1992).

[15] A. Arbe, D. Richter, J. Colmenero, and B. Farago, Phy
Rev. E.54, 3853 (1996).

[16] D. Richter, A. Arbe, J. Colmenero, M. Monkenbusch, B
Farago, and R. Faust, Macromolecules31, 1133 (1998).

[17] A. Arbe et al. (to be published).
[18] D. Richter, R. Hempelmann, and R. C. Bowman, Jr., i

Hydrogen in Intermetallic Compounds II,edited by L.
Schlapbach, Topics in Applied Physics Vol. 67 (Springer
Verlag, Berlin, 1992), p. 97.

[19] M. W. Johnson, inDISCUS: A Computer Program for
the Calculation of Multiple Scattering Effects in Inelas-
tic Neutron Scattering Experiments;HARWELL HL74/
1054(C13) (Atomic Energy Research Establishment, Ha
well, 1974).

[20] B. Stühn, B. Ewen, and D. Richter, Z. Phys. B58, 305
(1985).
593


