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Dynamics of Glass-Forming Polymers: “Homogeneous” versus “Heterogeneous” Scenario
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The question of whether the primawy 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 af tredaxation 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

For the main dynamical process in supercooled glassspatial heterogeneities close to the glass transition tem-
forming liquids—the so-calledr relaxation—the time peraturel, should range in the nanometer scale (2—5 nm
dependence of the different correlation functions carfor low molecular weight glass-forming systems and up to
be well approximated by the stretched exponential oabout 10 nm for polymers), and that these heterogeneities
Kohlrausch-Williams-Watts (KWW) function mainly develop in the temperature range below about

o (1) = exd—(t/7,)"], (1) 1.2T,. For glass-forming polymers, however, it has also
been suggested [8] that a heterogeneous structure should
Fe present even dt > 1.27,.
aY All of the above mentioned experimental results corre-
spond to spectroscopic techniques, which give only indi-
rect information about the spatial scale of the molecular
otions. Surprisingly, neutron scattering results, giving
rect information about the spatial scales through the mo-
entum transfefQ) dependence of the dynamical magni-
tudes, still have not been exploited in order to address this
question. In this Letter we show that incoherent neutron

where 8 is a phenomenological shape parameter me
suring the deviation from a single exponential dec
(B = 1), andr,, is the KWW relaxation time. Two lim-
iting scenarios are invoked to explain the KWW func-
tional form. Since a monotonous function can always b
written as Laplace transform of a non-negative function,di
the KWW function can easily be interpreted as arisingm
from the superposition of different simple exponential re-
laxations weighted by a broad distribution of relaxation

timesg(In7), scattering results agree rather well with a homogeneous
¢ (1) = ex —(t/7,)"] scenario for thex relaxation in glass-forming polymers,

o at least in the time scale covered by neutron scattering
= f g(In7)exp(—¢t/7)d(In 7). (2) techniques. _ . _

—w Neutron scattering experiments measure the scattering

This picture is usually known as the “heterogeneousTunction S(Q, w), whereQ and iw are the momentum
scenario. The other extreme picture, the “homogeneousind energy transfer, respectivelf.(Q, ») is the Fourier
scenario, considers that all of the particles in the systertransform of the intermediate scattering functi®¢Q, ¢)
relax identically but by an intrinsically nonexponential which in turn is the spatial Fourier transform of the
process. pair and self-correlation functions of the moving nuclei.
The heterogeneous picture was involved in some ofn some wayS(Q,t) can be considered as a spatially
the first theoretical approaches to the dynamics of susensitive version of the correlation functigh(r). Both
percooled liquids [1,2]. This scenario has also recentlyncoherent and coherent neutron scattering results from
been invoked in connection to the question of the coopdifferent glass-forming systems agree with an approximate
erative rearranging regions in glass-forming systems [3]JKWW functional form for S(Q, r) associated with the
On the other hand, most of the experimental work accurelaxation [9], where now the KWW relaxation tims,
mulated over the past years was analyzed in the framas Q dependent. In the case of incoherent scattering,
work of the mode coupling theory [4] which does not S(Q, r) represents the self-part of the particle dynamics,
address this question. Recent experimental results (seghich for the o relaxation is diffusive in nature. Here
e.g., [5-7]) have stimulated a new revival of the heterowe examine the possibility of discriminating between
geneous picture which is usually related to spatial heteroaiomogeneous and spatially heterogeneous dynamics on the
geneities. It has been suggested [6] that the size of thieasis of theQ dependence of,. In the heterogeneous
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scenario, and in parallel with the procedure followed forspectrometers, as well as the problems of chemical degra-
developing Eq. (2), we may consider a distribution of localdation of polymers at high temperature, the temperature
diffusivities associated with the different regions of therange where the diffusiver process can be observed in

sample. The resulting(Q, t) can be expressed as the low-Q range is rather narrow. We have chosen a
_ _ B representative temperature in the corresponding range for
Q.1 = exd~(t/7)"] each of the polymers considered.
+oo Experiments were performed on polyisoprene (Pl) at
= ] g(nD™ " exp(—Q%t/D7") 340 K, polybutadiene (PB) at 280 K, polyisobutylene
o (PIB) at 365 K, and polyvinylether (PVE) at 340 K. The
X d(inD™1), (3) measurements were carried out on the high resolution

where exg— 02D1) is the intermediate scattering function backscqttering spectrometers IN16 at the Institut Laue-
corresponding to simple diffusion in the Gaussian approxi-@ngevin (ILL) in Grenoble, France, and BSS1 at the
mation, andD is the corresponding diffusion coefficient. Forschungszentrum Jilich, Germany. -Figure 1 presents
As in the case of Eq. (2), by properly choosing theSPectra tgken on PIB at0.32_a0d6A. . For compari-
distribution g(In D~'), a KWW time dependence of the SOM the _mstrumental resolution function d_etermlned from
resultingS(Q, 7) can be easily reproduced. However, now the elastic scattering of the_ sample a_t_4 K is displayed and
the “stretched variable” i¥ = Q?1, i.e., the “conjugated” Cl€ar quasielastic broadenings are visible.

variable (showing the same dimension) of the distributed FOr @n accurate data treatment, knowledge about the

magnitudeD . As a consequence, the resultifigQ, ) spegtral shape is of great imp_ortance.' Eor eaph of
reads as the investigated polymers, such information is available

2, —1\B both from dielectric as well as from neutron spin echo
S(Q’t) = eXF[_(Q t/Dw ) ]’ (4)

which can also be written in the phenomenological KWW
form of Eq. (1) witht, = Q2D '. Therefore, in the
heterogeneous scenario tl® dependence of the phe-
nomenological KWW relaxation time is the same as the
QO dependence of each of the elementary diffusion times
associated with each spatial region= Q9 >D .

If we now invoke the homogeneous scenario, an
S(Q,t) can be obtained by considering an anomalous
diffusion process in which the mean-squared displacement
is sublinear in time, i.e{r?(¢)) = t# with 8 < 1. The
correspondings(Q, t) in the Gaussian approximation can
be written as

S(Q,1) = exd—Q*(r*(1))/6] = exp(—Q*D1F), (5)
where D is a factor giving the temperature dependence
of S(Q,r). Equation (5) is equivalent to Eq. (1) with
a KWW relaxation time given byr, = Q /D ~1/B,

For a typical value of8 = 0.5 this expression gives a
Q dependence of,, « Q*, which should be discrim-
inable from theQ ~? law found in the heterogeneous sce-
nario. Previous incoherent neutron scattering results on
several polymers [10,11] indicated such strong power law
behavior.

In order to investigate the different scenarios, we per-
formed quasielastic incoherent neutron scattering experi-
ments on four simple polymers in the lo@-regime
(0.19 = 0 =1 A", Choosing thisQ range, the ex-
periments average spatial regidims~ 27 /Q) extending
from about 6 to33 A. In this spatial regime local jump FIG. 1. IncoherentS(Q, ) of PIB as measured by IN16
processes, which have been found recently in a numb@;ﬁ Ic?6a5r'§1rrf19cr r(g)%;rﬂggoﬁfl SaOT% I(g)eg :rgizgeA;']t rigs s

H | | on. | | | u
of polymers [12.’13]’ do not or only weakly influence the corrgsponding tg the KWW law. Dotted lines show the
sgatterlng f“”C“PW and .the measured spectra can be COffieoretical curves encompassing the error band. Dash-dotted
sidered as relating to diffusive processes alone. Takingnes are the instrumental resolution. Insets: Linear plot of
into account the resolution of the neutron backscatteringxperimental data, resolution, and fit results.
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spectroscopy leading for all of these polymers to theresulting parameter range gives the confidence interval for
same shape parameters in each casegP¥ 0.40 [14], the deduced characteristic times. They are included as

PB: B8 = 0.41 [15], PIB: B8 = 0.55 [16], and PVE:B8 =  error bars in Fig. 3.
0.43 [17]). Thesep values were kept constant in the We can now investigate the two limiting scenarios. In
evaluation of the present data. the case of homogeneous dynamics, following Eq. (5) we

The incoherent quasielastic neutron spectra were fittedxpect(r,)? « Q2. Figure 3(a) displays the obtained
with a numerical convolution of the Fourier transform of values of(r,,)? for the different polymers as a function of
a stretched exponential and the experimental resolutiomomentum transfe@. As may be seen, in all cases the
function varying the KWW relaxation time-,, and an data agree well with the limiting ~2 law. In the hetero-
amplitude factor for each spectrum. geneous scenario, on the other hang,x Q2 [Eq. (4)]

Even though the transmissioffis of the samples were is expected. Therefore, in Fig. 3(b) we display itself
high (T, — 0.9), for the evaluation of neutron spectra re- as a function ofQ. As may be seen, none of the poly-
sulting from diffusion in the low9 regime multiple scat- mers is even close to what is expected from a heteroge-
tering corrections are essential (see, e.g., [18]). For thiseous scenario, and the homogeneous scenario seems to
purpose the Monte Carlo (MC) prograbsscus[19] was  prevail. Thus, the origin of the stretched exponential re-
employed. DiIscus calculates the multiple scattering con- laxation functions for thex process relates to anomalous
tributions arising from the considered scattering functiondiffusion rather than to a heterogeneous sample.
and vyields a correction factor for the single scattering One may argue that the neutron scattering results have
cross section. The approximate complete cross sectidmeen obtained at relatively high temperatures far above
obtained by application of this factor is then fitted againthe glass transition temperature, and that the observations
to the experimental data. After an iteration of four to fivein this temperature regime may be irrelevant for the glass
steps convergence was achieved. Figure 2 displays theansition itself. We note, however, that for polymers the
multiple scattering correction process at the example o$tretching exponent for the relaxation, which in the
PIB. We like to emphasize the great importance of thes@eterogeneous scenario describes the breadth of the rate
corrections in particular for the low results. The cor-
rections amount to about 1 order of magnitude changes in
the KWW time and change the apparent power law of the
0O dependent relaxation times from 2.2 to 3.2 in the case
of PIB. By this iterative fitting and correction process,
dependent relaxation times were established for the four
polymers under investigation.

The data evaluation scheme involving MC procedures
as intermediate steps precludes a direct calculation of
errors by simple error propagation. We therefore estimate
the errors considering theoretical curves which encompass
the experimental error band (dotted lines in Fig. 1). The
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Q (A'l) FIG. 3. Momentum transfer dependence of the characteristic

time of the a relaxation for the polymers investigated: PVE
FIG. 2. Momentum transfer dependence of the characteristiat 340 K (A), PIB at 365 K(e), PB at 280 K(J), and PI
time of the o relaxation of PIB at 365 K. Without multiple at 340 K (W). (a)(r,)? as a function ofQ in a double
scattering correctionge) and after the 1st(]), 2nd (+), 3rd  logarithmic plot; (b) the same plot for, versusQ. Solid
(X), 4th (V¥), and 5th(<) iteration ofpiscus. Dashed and solid lines represent, in both cases, tedependence expected in
lines are the fits of the noncorrected data and the asymptotithe homogeneous scenario. Dashed lines in (b) display the
result of the corrections to a power law @h respectively. behavior expected in the heterogeneous case.
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