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Correlation between Non-Debye Behavior and Q Behavior of the a Relaxation
in Glass-Forming Polymeric Systems
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By means of quasielastic neutron scattering we have shown that the dynamics of the a relaxation on
three different polymeric glasses shows a clear non-Debye behavior on a mesoscopic time scale. The
spectral shape is found to be independent of temperature and momentum transfer (). The characteris-
tic relaxation time follows a power-law Q dependence, 7(Q)xQ =" (n>2), n being dependent on the
system. We found that the Q behavior and the non-Debye behavior are directly correlated. These re-
sults have important implications concerning the physical mechanisms behind the dynamics of the a re-

laxation.

PACS numbers: 64.70.Pf, 61.12.Ex

The dynamics of the a relaxation in glass-forming sys-
tems above and near their glass-transition temperature
range has been a subject of increasing interest over the
past several years. It is now experimentally well estab-
lished that the shape of the relaxation function character-
izing the dynamics of the a relaxation shows a clear non-
Debye behavior. In the time domain this behavior can be
well described by means of the Kohlrausch-Williams-
Watts “stretched exponential” function ¢(z) =expl— (¢/
tww)?] [1], which can be derived from different theoreti-
cal models. Here tww is a characteristic relaxation time
and B is a shape parameter ranging between 0 and 1. In
the frequency domain, several empirical forms have been
proposed to describe the non-Debye behavior, the most
general being the Havriliak-Negami relaxation function
d*(w)=[1+Gowryn)?] 77 [2]. Here a and y are two
shape parameters 0 <a,y <1 and tyn is a relaxation
time. However, almost nothing is known about the Q
dependence of the shape parameters and the relaxation
times which characterize the dynamics of the a relaxation
(Q being the modulus of the change of the wave vector in
a scattering experiment). Results from photon correla-
tion spectroscopy (a light scattering time-domain tech-
nique) suggest that the characteristic magnitudes of the a
relaxation do not depend noticeably on Q at the small-Q
values covered in such experiments (Q~10"* A ") [3].
Information about the Q behavior of the a relaxation in a
mesoscopic time scale (10 7'°%-10 77 s) can be obtained
by means of quasielastic neutron scattering in a high-Q
range roughly between 0.1 and 5 A ™! Several papers
have been published recently in the field of the dynamics
of glass-forming systems studied by neutron scattering
techniques [4-7]. However, most of these studies aim to
check the mode-coupling theories of the glass transition.
In a previous paper [8] we reported preliminary results
corresponding to a glass-forming polymeric system
poly(vinyl methyl ether), PVME. In this Letter we re-
port on incoherent quasielastic neutron scattering mea-

surements performed on three structurally different
glass-forming polymeric systems including PVME. We
have focused our attention on the Q dependence of the
magnitudes characterizing the dynamics of the a relaxa-
tion.

The samples investigated were poly(vinyl methyl eth-
er), poly(vinyl chloride) (PVC) and poly(bisphenol A, 2-
hydroxypropylether) (PH). These glass-forming polym-
eric systems have the advantage that they do not crystal-
lize, allowing us to explore a wide temperature range
above the glass-transition temperature 7,. However, for
PVC, we are limited both in temperature and measuring
time due to the known tendency of PVC to degrade
chemically above T,. On the other hand, for this poly-
mer extreme non-Debye behavior (8=0.2) is reported by
dielectrical and mechanical spectroscopies [9,10] (see
Table 1), a feature which we show to be very crucial for
our studies. We have checked by dielectric spectroscopy
that the thermal treatment followed during the neutron
scattering measurements does not noticeably affect the
shape and temperature behavior of the relaxation func-
tion. The glass-transition temperatures were determined
by differential scanning calorimetry and were found to be
T,=250 K (PVME), T, =350 K (PVC), and T, =358 K
(PH).

Incoherent quasielastic neutron scattering measure-
ments were carried out using the neutron backscattering
spectrometers IN10 and INI13 at the Institute Laue
Langevin (ILL) in Grenoble. The incident wavelengths
used by us were =628 A (IN10) and 1=223 A
(IN13), giving energy resolutions of 6E~1 peV and
SE ~8 ueV, respectively. The Q range covered was
roughly between 0.2 and 2 A ! on IN10 and 0.2 and 5.4
A " on INI3. The samples (thickness 0.15 mm) were
placed in a cylindrical Al container yielding a transmis-
sion of about 85%. Typical measuring times at each tem-
perature were 24 h for IN10 and 36 h for IN13. The ini-
tial data treatment was carried out in the normal way,
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correcting for effects of detector efficiencies, scattering
from the sample container, and instrumental background.
The experimental curve for the incoherent scattering
function S(Q,w) was finally obtained at each tempera-
ture as a function of the frequency change on scattering,
o, and the modulus of the change of wave vector, Q.

As a result of the fact that we used protonated samples
we mainly observed the incoherent scattering arising from
the self-correlation function which involves the motion of
protons. In the a-relaxation range, the dynamics of the
polymers investigated was detected by neutron scattering
as a quasielastic broadening at temperatures higher than
T,+50 K. Figure 1 shows typical spectra corresponding
to the polymers investigated. The spectral shape of all
experimental data is clearly not well described by a single
Lorentzian function, i.e., by the Fourier transformation of
a simple exponential relaxation function in time. Thus,
as for other neutron scattering experiments on different
glass-forming systems [4-7], we observe non-Debye re-
laxation on a microscopical scale. A stretched exponen-
tial or Kohlrausch-Williams-Watts (KWW) function is

S(Q,0)/S(Q.,0)

HAw (meV)

S(Q,)/S(Q.,0)

0.000
o (meV)

FIG. 1. Normalized S(Q,w) measured by (a) IN10 and (b)
IN13. Solid lines are the fitted curves obtained through the
Sun(Q,w) with the parameters shown in Table I. The mea-
sured resolutions are also shown for comparison (dashed lines).

an appropriate representation of the relaxation in time.
It is well known that the analytical Fourier transforma-
tion of the KWW function does not exist. However, we
have shown in a previous paper [11] that the numerical
Fourier transformation of the KWW functions can be
well described by a family of Havriliak-Negami (HN)
functions. In that paper we obtained, by numerical cal-
culation, empirical relationships between the HN param-
eters (a, 7, and Tyn) and the corresponding KWW ones
(B and Tww). These can be expressed as

logio |~ | =2.6(1 — ) *Sexp(—3p) , (la)
TWW
ay=p"2, y=0.3[1—log;o(1 —a)l. (1b)

Therefore, in order to analyze the scattering data, we
have followed the same procedure we described for
PVME in Ref. [8]. We express the scattering function
S(Q,w) in terms of the imaginary part of the HN relaxa-
tion function ®*(w),

SHN(Q,CD) o< — (l/w)lm({l + [inHN(Q,T)]a} ),
(2)

and fit the experimental data directly in frequency. How-
ever, we have restricted our analysis to the HN family of
functions which can be considered to be good analytical
approximations of the Fourier transforms of the KWW
functions. Therefore, although we use an HN scattering
function, our procedure implies that we are actually as-
suming a KWW functional form for the intermediate
scattering function, i.e., only one independent shape pa-
rameter.

The values of a and y (or equivalently B) and the
values of tyn(Q,T) were determined from the fitting of
the experimental data by means of Eq. (1), allowing in
addition for a flat background. Possible explanations for
the latter are widely discussed in Ref. [8]. In order to
check the Q dependence of the shape of the relaxation
function, we have carried out a systematic test of the
standard deviations between experimental data and the
fitting model function at different Q values (as in Ref.
[8]1). We have found that the value of B at which the
minimal deviations occur appears to be not only indepen-
dent of Q but also weakly dependent on temperature
within the experimental uncertainties. Thus, the only Q-
and T-dependent parameter becomes the relaxation time.
This finding agrees with results from relaxation tech-
niques, which also gave a temperature-independent spec-
tral shape [8]. Moreover, it is also important to point out
that data corresponding to different instruments, i.e.,
different energy windows, are reasonably well described
by the same shape parameters. We have summarized the
fit results for the shape parameters in Table I. The error
bars on B have been estimated by taking into account
different fitting curves coresponding to different Q values
and temperatures. The spectral shape parameters found
are similar to the values found by relaxation techniques
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TABLE I. Parameters characterizing the non-Debye behavior (a and y or 8) and the Q be-
havior (n) of the a relaxation obtained from neutron scattering. *p refers to B values obtained

from relaxation techniques.

Polymer a y B *B n np

PVME 0.68 0.65 0.44+0.02 0.44° 3.8+0.4 1.7%£0.3
PH 0.76 0.42 0.40 £0.02 0.44° 46104 1.8£0.3
PVC 0.47 0.38 0.231£0.03 0.21-0.27°¢ 9.5+ 1.0 2205

aReference [8].
YReference [12].

for these polymers [8-10,12]. They are also shown in
Table I for comparison.

The values of Tyn(Q,T) obtained from fitting of ex-
perimental spectra as described above have been plotted
in Fig. 2 on a double-log plot. The Q@ behavior found is
almost independent of the temperature for the three poly-
mers investigated, at least in the temperature range mea-
sured and within the experimental errors involved (errors
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FIG. 2. Q behavior of the relaxation times obtained from the
fitting of S(Q,w) at different temperatures: (a) PH, (b)
PVME, and (c) PVC. Solid symbols, IN10; open symbols,
IN13. Solid lines for each sample are obtained from a linear-
regression fit from the highest-temperature data.
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estimated by us are shown as error bars in Fig. 2). This
implies that the Q and temperature dependence of Tyn
may be factorized as tyn(Q,T)=a(T)7(Q), allowing
construction of a master curve 7(Q) formed by shifting
the curves for different temperatures by a factor a(T") on
a logarithmic t scale. This is done in Fig. 3, using arbi-
trary reference temperatures Tx. Within the experimen-
tal errors, we may describe the Q dependence of the re-
laxation times, 7(Q), by a power law 7(Q) «Q ~" indi-
cated by the straight lines in Fig. 3. The results for n are
summarized in Table I. Errors in n shown in the table
are the maximum errors estimated taking into account all
the error sources involved.

Our results imply a stretched exponential intermediate
scattering law

1(Q,1) =expt—1[t/ (0, T)1# (3)

for incoherent scattering, where the Q dependence of
t(Q,T) is given by 7(Q) & Q ~". Therefore, Eq. (3) can
be rewritten as

1(Q.1) =exp(— CtPQ") (4)

where C is a constant which depends only on tempera-
ture. The Q dependence of 1(Q,r) is given by the ex-
ponent nf, a product which we find to be close to 2 for all
three polymers (even for the extreme case of PVC) as

log (T(Q)(s)]
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FIG. 3. 7(Q) master plot for the three systems investigated
at the reference temperatures shown. Solid lines are linear-
regression fits showing the Q dependence of the relaxation
times.
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may be seen in Table I. Thus our experimental finding
suggests that the time and Q (spatial) behaviors, i.e., the
B and n values, are directly correlated. This correspon-
dence between B and n would also explain earlier neutron
scattering data [13], without evoking the Rouse model,
which is unrealistic at such high Q values. The results
obtained, summarized by Eq. (4), have important impli-
cations which cannot be derived only from the time
dependence of the relaxation function.

First of all, since nB=2, we can consider that 1(Q,)
approximately follows a Gaussian-like behavior [14]
1(Q,1) =exp[— QXr2(t))], where (r%(¢)) is the mean-
squared displacement. This is not a trivial result. The
Gaussian form can be shown to hold exactly only in cer-
tain special cases: a harmonic crystal, an ideal gas, and a
system for which the motion of the atoms is governed by
Langevin’s equation [14]. Furthermore it holds rigorous-
ly in any case only for t— 0, because the atoms behave
as if they were free. Our experimental results are the
first experimental evidence showing that the Gaussian ap-
proximation approximately holds for the dynamics of the
a relaxation in glass-forming polymer melts. In the
framework of the Gaussian approximation, our results in-
dicate that (r2(¢)) e ¢?, implying anomalous diffusion of
the scattering centers, similar to observations made for
different diffusion processes in disordered systems [15].

On the other hand, the KWW normalized relaxation
function can be alternatively written as a Laplace trans-
form. This suggests the explanation of the stretching of
the relaxation function as a superposition of elementary
processes each one following a Debye time behavior.
When we take into account not only the time dependence
but also the Q behavior, the KWW normalized relaxation
function is replaced by the intermediate scattering func-
tion 7(Q,t), which from our results is given by Eq. (4).
Moreover, for small Q values, the intermediate scattering
function corresponding to any elementary process we
could consider (continuous diffusion, jump diffusion,
diffusion and trapping, etc.) can be approximated by a
single exponential function exp(—DQ?), where D is a
diffusion coefficient [14]. Therefore, the intermediate
scattering function resulting from the superposition of
such processes should be written as

I(Q,t)=f:°p(Q,lnD)exp(—Dta)d(lnD), (5)

where p(Q,InD) gives the probability of each Debye pro-
cess. If one considers this possibility for explaining the
stretching of the a relaxation, our results should imply
strong restrictions on the Q dependence of p(Q,InD).
For example, we have found a Q-independent spectral
shape (B value) for the three polymers investigated. If
Eq. (5) is considered, this should imply that the shape of
the probability distribution p(Q,InD) should not change
with the Q value. This in fact implies that p(Q,InD)

=p(In[Df(Q)]). Here f(Q) is a function that accounts
for the shifting of p(Q,InD) on the InD axis. If one con-
siders as the simplest case that f(Q) is a constant, the Q
dependence of In[7(Q,7)] [Eq. (5)] will always be less
than Q2 in the same way that the time dependence is less
than ¢. Therefore, in this case we could reproduce the
stretching in the time behavior of the experimental
1(Q,t), but never the Q behavior (@™, nB=2) that is
found. This Q behavior would only be reproduced by tak-
ing into account a f(Q) whose functional form should de-
pend on the n or B value. However, this point would need
a deeper analysis which falls outside the goal of this pa-
per.

In summary, we have obtained that the dynamics of
the a relaxation of glass-forming systems, investigated on
a mesoscopic time scale, shows a clear non-Debye behav-
ior. The spectral shape is found to be independent of
temperature and momentum transfer within the observed
range. Moreover, the characteristic relaxation time fol-
lows a power-law Q dependence. Both signatures appear
to be directly correlated, implying sublinear diffusion
characterized by a power-law time decay of the mobility.
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