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The dynamics of the a relaxation in a glass-forming polymeric system, poly(vinyl methyl ether)
(PVME) has been studied by means of dielectric and mechanical spectroscopies and nuclear magnetic
resonance, as well as by means of quasielastic neutron scattering. By using these techniques we have

covered a wide time scale ranging from mesoscopic to macroscopic times (10 ' —10' sec). The dielectric
and mechanical data have been interpreted in terms of a Havriliak-Negami relaxation function, NHN.

Nuclear-magnetic-resonance data were interpreted by means of a spectral density function J(e) based on
C&HN. Neutron-scattering data were described in terms of a scattering law S(Q, co) which was also built

starting from @HN. The results obtained from different experimental techniques indicate that the dy-

namics of the a relaxation in PVME can be well described by means of (i) a common temperature-
independent spectral shape and (ii) a common temperature behavior of the relaxation times. We deduce
for the spectral shape very similar parameters by fitting the Havriliak-Negami relaxation function to the
different experimental data. These shape parameters are found to be not very sensitive to changes of
temperature. The resulting characteristic relaxation times follow a Vogel-Fulcher-like temperature be-

havior in the temperature range T~
—5 K& T& T +150 K. Therefore, this implies a self-consistent

description of the dynamics of the a relaxation obtained by very different probes in PVME.

I. INTRODUCTION

During recent years, a great deal of effort has been
made in the study of the dynamics of the o. relaxation in
very different glass-forming systems (ionic, low molecular
weight, polymers, etc.) (see Refs. 1 —4 as general refer-
ences). From the results obtained it appears that the a-
relaxation behavior is universal, i.e., it does not depend
on the glass-forming system considered. The dynamics of
the a relaxation is directly related to the liquid-glass
transition. A "transition" which still remains open to
controversy despite the great effort recently made from
both the theoretical and experimental point of view.

The main experimentally established features of the dy-
namics of the a relaxation can be summarized as follows.

The dynamics of the a relaxation shows stretching, i.e.,
the complex susceptibility associated with a given excita-
tion displays a clear non-Debye frequency behavior. This
is characterized by a half-width of the susceptibility loss
peak which is larger than 1.14 decades, the value corre-
sponding to a Debye peak. In the time domain this cor-
responds to a stretched, nonexponential time decay.

The a relaxation shows scaling behavior. This means
that the normalized susceptibility spectrum correspond-
ing to a given excitation is a temperature-independent
function when the frequency ~ is rescaled by a charac-
teristic time scale r(T), co„= co~(T). Similar behavior is
found in the time domain for the corresponding correla-
tion function. In this case the magnitude which should

be rescaled is the time t„=tlr(T). Therefore, the tem-
perature dependence of the a relaxation only enters via
the temperature dependence of the characteristic time
scale v( T).

The characteristic time scales r( T) obtained from
different probes follow a non-Arrhenius temperature be-
havior which is unusual in physics. In general, this be-
havior can be parametrized by means of the empirical
Vogel-Fulcher law, although some deviations are noted in
the high-temperature range as well as when T approaches
the experimental glass-transition temperature T . With
respect to this, another interesting point is completely
open to controversy, whether or not the characteristic
time scales obtained by different probes behave with tem-
perature in a similar way. If this universality is
confirmed, the relaxation phenomena observed by
different techniques should be different projections of the
same structural relaxation mechanism.

We want to point out that almost all of these features
have been established by means of different spectros-
copies (e.g., standard dielectric and mechanical spectros-
copies or photon correlation spectroscopy) in the fre-
quency range, say f ~ 10 Hz down to macroscopic fre-
quencies. However, almost nothing is known about how
the above-mentioned signatures of the a relaxation
translate to rather microscopic frequency range between
107 and 10'2 Hz (mesoscopic range). Recently, the
mode-coupling theory, describing the dynamics of simple
supercooled liquids, predicted stretching and scaling
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for the cx resonance peaks as well as universality for the
characteristic time scales of this process at the mesoscop-
ic frequency range which is the relevant range for this
theory. Some of these predictions have been checked
during the last two or three years by means of neutron
scattering in diff'erent glass-forming systems (see as
representative Refs. 8 —12, and references therein). In
general, stretching and scaling of the a relaxation have
been found at the mesoscopic range for all the systems in-
vestigated. Also, there is some evidence that the shift
factor a (T) used to build a master curve for the inter-
mediate scattering function I(Q, t) behaves with tempera-
ture such as the shear viscosity. However, a systematic
comparison of the above-mentioned features of the a re-
laxation in the meso scopic/macroscopic range, using
different spectroscopies, has not been made up to date.

%'e have performed a complete and careful study of the
a relaxation in a glass-forming polymeric system by
several techniques covering a wide frequency range from
macroscopic to microscopic frequencies between 10
and 10"Hz, applying dielectric and mechanical spectros-
copies, nuclear magnetic resonance and quasielastic neu-
tron scattering. As a glass-forming system we have inves-
tigated poly (vinyl methyl ether) (PVME). This system
has several advantages. First of all it does not crystallize,
allowing us to explore a wide temperature range above T
without any problem. It also has a comfortable T of 250
K and a high dielectric moment, thus allowing dielectric
spectroscopy measurements. In addition, although it is
not a main chain polymer, the monomer has quite a sim-

ple chemical structure. On the other hand, the dynamics
of its side group (methyl side group) was previously stud-
ied by neutron scattering' which resulted in a very fast
process (r- 10 ' s) and was apparently uncoupled to the
a relaxation.

II. EXPERIMENT

A. Sample

was reduced to 10 ' F. The sample was kept between
two condenser aluminum plates that were held at a fixed
distance. The capacitance of the sample cell was of the
order of 10 " F. A standard 10 pF air capacitor was
used as a reference in order to minimize errors in dielec-
tric loss measurements, so the experimental limit for the
loss factor value was about 10 . The measurements
were performed scanning the frequency at isothermal
conditions at temperatures between 250 and 300 K.
Then the real and imaginary parts of the dielectric sus-
ceptibility (g' =g' i y

—') were obtained as a function of
frequency and temperature.

C. Mechanical measurements

The dynamic mechanical behavior of PVME was stud-
ied by means of a standard Polymer Laboratories DMTA
apparatus operating in the bending mode. Thus, we mea-
sured dynamic mechanical properties using Aexural de-
formation and we obtained the real and imaginary com-
ponents of the complex Young's modulus
(E*=E'+iE"). The frequency range covered extends
from 0.01 to 100 Hz. The experiments were performed at
isothermal conditions in the temperature range between
243 and 273 K every 5 K.

D. Nuclear magnetic resonance

NMR experiments were carried out on bulk PVME by
means of a Varian VXR-300 spectrometer. Carbon spin-
lattice relaxation times T& and T& were measured at 75.4
MHz and 35.3 KHz, respectively, with a 10-mm probe by
using the technique of proton noise decoupling. The ex-
perimental procedure used by us has been previously de-
scribed. ' Values of the relaxation times T, and T, were
obtained from exponential regression of the magnetiza-
tion as a function of the recovery time. The temperature
range covered in this study was from 330 to 410 K.

PVME from Polysciences Inc. , average molecular
weights M„=37000 and M =63 000, were purified using
benzene as the solvent and n-hexane as the precipitating
agent. The glass transition T~ of the purified sample as
measured by difFerential scanning calorimetry was 250 K.
The chemical formula of the repeating unit is

~A

B. Dielectric measurements

The dielectric measurements covered the frequency
range from 5 to 10' Hz. The measurement system uses a
lock-in amplifier ECx8cG PAR 5208 with an internal os-
cillator, allowing a frequency range between 5 Hz and
100 Hz to be covered. The stray capacitance of the cell

E. Incoherent quasielastic neutron
scattering

Neutron-scattering measurements were carried out by
means of the neutron-backscattering spectrometers IN10
and IN13 at the Institute Laue Langevin (ILL) in Greno-
ble. The incident wavelengths used by us were A, =6.28
A (IN10) and A, =2.23 A (IN13), giving an energy resolu-
tion of 5E —1 peV and 5E —8p eV, respectively. The Q
range covered by us was roughly between 0.2 —2 A ' on
IN10 and 0.2 —5.4 A ' on IN13. The samples (thickness:
0.15 mm) were filled in a cylindrical Al container yielding
a transmission of about 85%. The temperature range
studied was from 250 to 350 K in the IN13 instrument
and from 250 to 400 K in the case of the IN10 instru-
ment. The typical measuring time at each temperature
was 24 h for IN10 and 36 h for IN13. Initial data treat-
ment was carried out in the normal way, correcting for
efFects of detector efBciencies, scattering from sample
container, and instrumental background. The incoherent
scattering experimental curve S(Q, co) was finally ob-
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tained at each temperature as a function of the frequency
change on scattering, ~, and the modulus of the change
of wave vector Q.

III. RKSUI.TS

A. Dielectric relaxation
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We report first on the measurements of the dielectric
susceptibility. Providing dielectric a relaxation is a seg™
mental movement which is perpendicular to the main
chain, only the dipole moment of the monomeric unit in
the direction perpendicular to the polymer chain should
be relevant. For the PVME monomer it results to be 0.71
D (Ref. 15) which gives rise to quite an intense dielectric
relaxation. The results we obtained for the normalized
g"(co) at difFerent temperatures are shown in Fig. la. As
can be seen in this figure the shape of the dielectric relax-
ation function apparently does not change with tempera-
ture. However, in general, the frequency window covered
at each temperature is not wide enough to de6ne the
whole y"(co) curve. Only around 260 K the loss curve is
well defined. In this temperature range it is evident that

where n and y are two parameters in the range
(0 & a, y & 1) characterizing, respectively, the symmetric
and asymmetric broadening, and ~HN is a characteristic
time of the relaxation process. In the limit in which a
and y take the value 1, Eq. (1) leads to a simple Debye
law. The HN function is a generalization of the Cole-
Cole' and Cole-Davidson' functions and gives rise to a
high-frequency asymptotic behavior similar to the corre-
sponding one of the von Schweidler law, where the prod-
uct ey corresponds to the von Schweidler exponent.
Moreover, the time Fourier transformed of Eq. (1) shows
a stretched exponential behavior, which can be well de-
scribed by the Kohlrausch-Williams-Watts (KWW) law
(exp[ (t l, )~—] ).' '

In the case of dielectric relaxation we can write the
normalized relaxation function as

x*(~)—x„ =~'*(~),
Xl' XQ

(2)

the experimental y"(co) is much broader than the one
corresponding to a simple Debye relaxation process (1.14
decades at one-half of the maximum) being moreover
markedly asymmetric.

For the reasons given above the well-known
Havriliak-Negami (HN) empirical relaxation function'
was used to 6t the data. The HN relaxation function can
be written as

@'(ni)= 1

I. 1+(i~+HN)

0.6
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where y„and y, are the unrelaxed and completely re-
laxed susceptibility, respectively. We have fitted the ex-
perimental data by Eqs. (1) and (2). First we have deter-
mined a and y around T=260 K. Then we have 6xed
the obtained optimized values for the other temperatures
and have thus determined the temperature dependence of

In Fig. 1 we show some dielectric susceptibility
data. The solid lines in fig. 1(a) show the HN fitting
curves corresponding to a=0.65 and y=0. 64, and the
corresponding rHN values are shown in Fig. 1(b). These
values of the HN parameters are similar to those ob-
tained by Kremer et al. (a=0.65 and y=0. 68) for the
dielectric n relaxation of this polymer. ' As expected,
the KAHN(T) behavior shown in Fig. 1(b) is clearly non-
Arrhenius and it will be discussed more extensively
below.

B. Mechanical relaxation

10
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FIG. 1. (a) Normalized imaginary part of the dielectric sus-
ceptibility at 251.1 (o ), 256.0 (), 260.1 (G), 264.7 (0), 269.3
{0),271.8 {4),276.3 {A), 280.0 (A), 284. 1 K (+). The lines
correspond to the HN fit with a=0.65 and y=0.64. (b) Tem-
perature dependence of the characteristic relaxation time ~HN

obtained from the Gtting of dielectric data.

Results from mechanical relaxation measurements are
shown in Fig. 2. The frequency behavior of the normal-
ized loss modulus E"(co) of PVME in the temperature
range investigated is shown in Fig. 2(a). As in the case of
dielectric losses the shape of E"(co) does not seem to
change with temperature. Again the HN function was
used to At the experimental data. In this case the fre-
quency dependence of the dynamic modulus can be writ-
ten as

E„E*(co)—=@*(co),
Q
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where E„and E„are the unrelaxed and completely re-
laxed modulus, respectively. As in the case of dielectric
data, the procedure followed was to find the values a and
y that fit well the 248 K data (it is at this temperature
when the mechanical loss peak is best defined). Then
fixing ihe shape parameters we found the characteristic
time ~HN values corresponding at all the temperatures in-
vestigated. As can be seen in Fig. 2(a) the mechanical dy-
namic behavior of PVME is also well described by means
of the HN response function with the a=0.69 and
y=0. 64 shape parameters which are similar to those
found for the dielectric relaxation. Again the corre-
sponding values of KAHN(T) shown in Fig. 2(b) show a
clear non-Arrhenius behavior that will be discussed more
extensively below.

C. Nuclear magnetic resonance

Because in this study we are interested in the main-
chain dynamics, we have measured the spin-lattice relax-
ation times T, and T, corresponding to the CH group in
the main chain of PVME. The ' C peak corresponding to
this group appeared as a well-defined peak in the spec-

trum at 75.2 ppm with reference to tetramethylsilane.
The values obtained for T, and T, have been plotted in
Figs. 3(a) and 3(b) as a function of temperature.

With the assumption of a purely ' C-'H dipolar relaxa-
tion mechanism, the spin-lattice relaxation times T, and
T1 obtained from ' C experiinents are given by the usual
expressions

~ ~CXH
T, ' = [3J(roc)+6J(roH+coc)+ J(coH —roc)],

10rcH

(4a)

T, '= [2J(roc )+1.5J(roc)+3J(AH)
g2y2 y2

lorcH

+3J(roH+roc)+0. 5J(roH —roc)] . (4b)

In Eqs. (4a) and (4b), coo and AH are the Larmor frequen-
cies for carbon and proton respectively, roc is the Lar-
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FIG. 2. (a) Normalized imaginary part of the complex
dynamical modulus at 243 (O ), 248 (~ ), 253 (4), 258 {A), 263
((&), and 26S K {1).The lines correspond to the HN fit with
a=0.69 and y=0.64. {b) Temperature dependence of the
characteristic relaxation time ~HN obtained from the fitting of
mechanical data.

FIG. 3. (a) Temperature behavior of "C spin-lattice relaxa-
tion times T&. The value of the minimum of T~(T) obtained by
a HN spectral density function is shown in comparison with the
expected one for a Debye process. (b) Temperature behavior of
"C spin-lattice relaxation times T&p (c) Temperature depen-
dence of the characteristic relaxation times ~HN obtained from
the fitting of T& (circles) and T&~ {squares) data by means of the
HN function with a=0.68 and y =0.65.
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mor frequency for the carbon in the radio-frequency field,

yc and yH are the gyromagnetic ratios, and rcH is the
carbon-proton internuclear distance. For the CH group
in the main chain of PVME we have used rcH = 1.09 A.
J(co) is the spectral density function which is defined as
the one-side Fourier transform of the self-correlation
function G(t} of the carbon-proton relative position. For
a Debye process G(t) displays an exponential decay and
J(cIi) is given by a Lorentzian J(co)=r(1+co r ) '. Un-
der these conditions Eq. (4) predicts a value of 0.118 s for
the Tj minimum corresponding to PVME at
toe/2m =75.4 MHz and coH/2~=299. 9 MHz. However,
the experimental value obtained (0.206+0.01s) is much
larger. A similar discrepancy of 75% with respect to the
calculated value has also been found by Monnerie, Deje-
an de la Batie, and Lauprete . This is expected for a
nonexponential behavior of G(t). Therefore, we describe
again the T, and T& experimental behavior by a spectral
function J(oi) derived from a Havriliak-Negami (HN) re-
laxation function. Thus,

S(Q, co) ~ ——1m[4'(oi) ],1

where N*(co) is the HN normalized relaxation function
given by Eq. (1), but here, the r~& values also depend on

In order to test which values of the u and y shape pa-
rameters apply to the neutron-scattering range we have
studied the variation of the mean-square deviation o. be-
tween theory and experimental data as a function of the
product o.y for some experimental spectra. We have
chosen three spectra measured on INIO at 375 K, which
show simultaneously clear broadening and good statis-
tics. We have only explored the parameter range of a
and y corresponding to a stretched exponential behavior
in time (ay is close to P, the exponent of the KWW
function). As can be seen in Fig. 4(a) at least for the test-
ed temperature (375 K) and Q values a minimum in cr vs

J(co)= ——1m I 4'*(ci) )],1
(5)

I
'

I

where @*(co) is the HN normalized relaxation function
Eq. (1).

By means of Eqs. (1), (4a), (4b), and (5) it is possible for
a given set of cx and y parameters to obtain the values of
the characteristic time KAHN( T) in the temperature range
covered experimentally. However, the chosen values of a
and y must yield an adequate value of T& at the
minimum and, moreover, have to give similar values of
KAHN(T) obtained from both Ti and Ti experiments.
Values of @=0.65 and a=0.68 have proven to be ade-
quate to match the TI value at the minimum, TI '"' (see
Fig. 3). Also the T'i '"' values published by Monnerie,
Dejean de la Batie, and Lauprete at di8'erent frequen-
cies, 62.5 and 25.15 MHz are well described. As shown
in Fig. 3(c) the a and y values used also allow similar
values for the characteristic times KAHN( T), to be obtained
from T, and T, data. The temperature behavior of the
Havriliak-Negami relaxation time ~HN obtained will be
discussed below.

D. Quasielastic neutron scattering

Due to 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 in
PVME was detected by neutron scattering as a quasielas-
tic broadening by IN10 and by IN13 at temperatures
higher than 300 K. Figure 4(a) shows a typical spectrum
in the IN10 window. In this figure it is clear that the ex-
perimental quasielastic data cannot be well described by a
single Lorentzian function. This could again be con-
sidered as a consequence of the nonexponential behavior
of the a process in the time domain. Therefore, in order
to fit the data we have built a scattering function S(Q, co)
starting from the Havriliak-Negami frequency relaxation
function, Eq. 1, as in the case of the NMR measurements.
Thus, S(Q, co }can be expressed as
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FIG. 4. (a}S(Q, col of PVME measured by IN10. The dashed
hne corresponds to a single Lorentzian fit, the solid curve was
obtained by the fitting of a HN function, Eq. (6), with a=0.68
and y=0.65. The measured resolution is also shown for com-
parison (dotted line). (b) Normalized mean-square deviation of
S(g, co) from the fitting curve as a function of the product ay.
These values correspond to the S(g,co} measured in IN10 at
375 K, with Q values of 0.88 (o), 1.18 ( ), 1.39 A (C'). The
arrows indicate the values of ay corresponding to the HN pa-
rameters deduced from relaxation measurements.
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ay appears around ay=0. 44, in good agreement with
the parameters y=0. 65 and a=0.68, which we had
found for the NMR measurements above. As the tem-
perature range covered for NMR and neutron-scattering
experiments are completely overlapped and, moreover, as
both experimental techniques follow the dynamics of pro-
tons, this seems to be a reasonable result.

Figure 5 shows several experimental spectra obtained
from IN10 and IN13 spectrometers. In the case of the
IN13, it is clear from the high-energy tails of the experi-
mental spectra that a nearly Qat background is present.
In the case of IN10 spectra this is not so evident mainly
because of the limited energy window of this spectrome-
ter. An experimental value of the tlat background (FBG)
can be easily determined from the data corresponding to
the high energy tails of the IN13 spectra where the cen-
tral component is not clearly broadened. However, when
the broadening of the central component increases, the
experimental determination of the FBG value becomes
more dif5cult. In spite of these di%culties, values of the
FBG were experimentally determined as described above
in a wide Q range (0.2—2. S A ') for all the temperatures
investigated by the IN13 spectrometer. In this range the

broadening is not large enough to distort the high-energy
tails behavior appreciably. The values of the Oat back-
ground found by us do not appear to be very depending
on Q.

The origin of such a FBG could be related to a very
fast process with respect to the dynamical window of the
spectrometer. In this case, only the central part of the
process close to their maximum intensity would be
detected by the instrument. At this range, this fast pro-
cess should be approximately flat. This kind of process
could include different possible contributions such as har-
monic phonons, the additional fast process detected
around T in several glasses, ' and methyl group rota-
tions. ' The strength of all of these possible contributions
should increase with Q. However, the broadening of such
contributions should also increase with Q. Therefore, the
intensity at the maximum could become hardly depen-
dent on Q as we experimentally found.

Thus, starting from the chosen shape parameters and
experimentally determined FBG, the values of the relaxa-
tion time KAHN(Q, T) were determined from the fitting of
the experimental data of IN10 and IN13 by means of the

Q= 0.88 k
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FIG. 5. Different fittings of PVME S(g,cg) measured by (a)
IN10 and (b) IN13. Solid lines are the fitting curves obtained
through the HN function with a=0.68 and y =0.65. The mea-
sured resolutions are also shown for comparison (dotted lines).
Thick lines correspond to the Qat background used.

10

FIG. 6. (a) Q behavior of the HN relaxation times obtained
from the fitting of S(g, co) at several temperatures: 325 K ($}
(IN10), 325 K (0) (IN13), 340 K (+ ) (IN10), 350 K (R } (IN10),
350 K (0) (IN13), 375 K (A) (IN10), and 400 K (~ ) (IN10).
Solid lines describe a Q law for comparison. (b) r(g) master

plot at a reference temperature of 350 K. The solid line is a
linear regression fit showing the Q dependence of HN relaxation
times.
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theoretical scattering law S(Q, co) [Eq. (6)] plus the FBG,
previously convoluted with the experimental energy-
resolution function of the spectrometer. Some examples
of the fitting procedure described above are shown in Fig.
5. As can be seen, the theoretical fitting curves convolut-
ed with the resolution function describe very well the ex-
perimental data obtained by both IN10 and IN13 spec-
trometers. The values of KAHN(Q, T) obtained from the
above-described fitting of the experimental spectra have
been plotted in Fig. 6(a) as a function of Q. It is impor-
tant to point out that the values of KAHN(Q, T) obtained at
the same temperature and same Q range but from
different spectrometers (i.e., different dynamical ranges)
agree reasonably well. This supports the validity of the
fitting procedure described above.

IV. DISCUSSION

Figure 6(a) shows the Q dependence of the KAHN value
obtained from the fitting procedure at different tempera-
tures. The overall errors in the obtained KAHN(Q, T) are
dif5cult to estimate, since there is a number of contribut-
ing factors. These include the error in the actual mea-
surement, the error in the fitting procedure as well as the
error associated with the chosen theoretical S(Q,co). An
estimation of the first two are straightforward and are
within the range of 10% of the resolution function. Er-
rors associated with the chosen model are much more
dificult to estimate. In any case an additional criterion
followed by us was that data from the two different spec-
trometers, IN10 and IN13, i.e., different resolutions and
energy "windows" yield compatible results for KAHN(Q, T).
Error bars showing the typical overall errors estimated
by us have been drawn for 350-K data in Fig. 6(a).

As can be seen in the figure, the Q behavior of
KAHN( Q, T) is almost independent of the temperature at
least in the temperature range measured and inside the
experimental errors involved. Then, this implies
that KAHN( Q, T) can be factorized as KAHN( Q, T)=a ( T)r( Q).
A master curve r(Q), given the Q dependence of
KAHN(Q, T), can be built by shifting the KAHN(Q, T) values in
the logarithmic v. scale towards the reference values
KAHN(Q, TIt ). Here Ttt is an arbitrary temperature of
reference included in the temperature range measured.
Moreover, the shift factor values used for producing this
master curve, allow to obtain the a ( T) behavior and
therefore the temperature dependence of ~HN(Q, T). The
obtained master curve r(Q) is shown in Fig. 6(b) where
we have used Tz =350 K. The solid line in the figure is a
linear regression fit of logarithmic r(Q) versus log, DQ.
From this fit the Q dependence of KAHN(Q, T) can be de-
scribed by a power law r(Q) ~ Q

" with an average value
of n near 4. A similar experimental result was reported
by Allen et al. for poly(dimethyl siloxane). A law
r(Q) ~ Q was deduced by de Gennes when he calculat-
ed the incoherent scattering law S(Q, co) corresponding to
a Rouse chain. However, the Q values covered in both,
the work reported in Ref. 26 and ours, lie large1y in the
range Qcr ) 1 (cr is the distance between beads in the
Rouse model and is estimated to be ) 10 A for most po-

KAHN( T)= 1.3 X 10 exp
1782E
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FIG. 7. Temperature behavior of the HN relaxation times
for the a process of PVME obtained by mechanical (A), dielec-
tric (8, ), and NMR (0 and ) measurements. The solid line is
the Vogel-Fulcher fit given by Eq. (7). Solid squares represent
neutron-scattering relaxation time values at constant Q =O. 85

o
A . The figure also shows the a(T) values (~ ) used to build
the r(Q) master plot. The solid line through the a(T) points is
also given by Eq. (7) but shifted in the time scale.

lymers) where the calculations of de Gennes are unrealis-
tic. For this reason, the possibility that the found Q be-
havior corresponds to a Rouse-like dynamics should be
discarded in our opinion. Qne could think that the found
Q behavior should be very dependent on the chosen fiat
background. This could be possible in the case of IN13
measurements but not in the case of IN10 measurements
where the FBG value, if any, is very low and the values of
the relaxation times obtained do not seem to be very
affected by the chosen fiat background. Figure 6(a) shows
that the relaxation times corresponding to IN10 measure-
ments also follow a law close to r(Q) ~ Q independent-
ly of the IN13 values. Therefore, under the assumption
that the above-mentioned separation into FBG and relax-
ation spectrum is valid, the observed Q dependence for
relaxation times should be due to the a process. We are
now testing this behavior in several polymers and the re-
sults will be the subject of a future paper.

We now compare the temperature dependence of
KAHN(Q, T), which is given by a ( T), to the temperature be-
havior of the HN relaxation times obtained from dielec-
tric, mechanical, and nuclear-magnetic-resonance spec-
troscopies (Fig. 7). It is clear that the values of KAHN(T)

obtained by different relaxation experimental techniques
have not only the same temperature behavior, very
different to the one corresponding to an activated relaxa-
tion process, but also similar absolute values. Therefore
the temperature behavior of the relaxation times control-
ling dielectric, mechanical, and NMR can be
parametrized by only one law. We have parametrized
this behavior by means of a Vogel-Fulcher law:
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As can be seen in the figure, the Vogel-Fulcher law fits
very well the temperature dependence of the characteris-
tic time ~HN of the macroscopic a relaxation. Moreover,
as Fig. 7 displays, the same law also fits the a ( T), i.e., the
temperature dependence of the HN relaxation times, ob-
tained from neutron-scattering measurements.

The Vogel-Fulcher law used [Eq. (7)] is equivalent to a
Williams-Landel-Ferry (WLF) equation given by

0.8

0.6

0.4

c,(T T)—
log lo[THN( T) ]=log, o[ KAHN( T) ) ]——

c,+T—T

0.2

with the following WLF parameter values:
c& =12.7;c2=61 K. These values are similar to the re-
ported ones in Ref. 21 corresponding to only dielectric
measurements in PVME. They are also in the range
commonly obtained for different polymers. However,
they are not very close to the so called "universal" ones
(ci =17.5;c2=52 K).

From the results summarized in Figs. 6 and 7 we can
also have an estimation about the "predominant" Q in
the relaxation measurements. In the temperature range
covered by neutron scattering (325—400 K), the values of
KAHN(Q, T) at a Q value of about 0.85 A ' are similar to
the values of KAHN(T) measured by the NMR technique
(see Fig. 7). Thus, we can define a "predominant spatial
scale" for the dynamics of the a process as it is observed
by relaxation techniques. This should be of the order of
g-Q '=1.2 A. Taking into account the spatial struc-
ture of the PVME monomer and the values of both, bond
lengths and angles, the found value of g lies in the range
one can expect for some molecular motions or conforma-
tional jumps. In any case this will be the subject of fu-
ture studies.

From the above-mentioned results, we can see that the
parameters a and y have similar values for all the experi-
mental techniques used. Figure 8 shows the time-domain
correlation functions obtained by Fourier transform of
the HN relaxation functions usd to fit dielectric, rnechan-
ical, NMR, and neutron-scattering data. It is clearly
shown that in all cases the time decay describing the
stretching of the a relaxation, can be described very well
by the same stretched exponential with a P value of 0.44.
Moreover, the fact that the temperature behavior of the
characteristic HN relaxation time obtained from different
probes is the same proves that the different susceptibili-
ties obtained by diFerent spectroscopies (dielectric,
mechanical, NMR, and quasielastic neutron scattering) in
a wide frequency range (10"—10 s '), ranging from
mesoscopic to macroscopic time scales, can be scaled by
using shift factors which follow the same temperature be-
havior, i.e., the dynamics of the a relaxation shows
universality.

Some implications of these results concern to the pre-
dictions of the mode coupling theory of the dynamics of
glass-forming liquids. ' This theory predicts the ex-
istence of a dynamic instability at some critical tempera-
ture T, above the experimental glass transition
(T, —Tg+40 K). The main magnitude of this theory is

FIG. 8. Time-domain decay behavior obtained by Fourier
transformation of the dielectric (x), mechanical (0 ), and NMR
(+) HN 6ts. The solid line corresponds to a stretched exponen-
tial with P= 0.44.

the density correlation function. Above T, this magni-
tude should perform a two-step decay. A fast local
motion (called the P process, although with a difFerent
meaning to what is usually referred to as a P process in
polymer science) is followed by the primary a process.
With decreasing temperature the n process is slowed
down dramatically until it does not occur below T, .
These predictions shouM imply a change in the tempera-
ture behavior of the experimental characteristic time
scale of the dynamics close to T, .

In spite of the finding of universality for the a relaxa-
tion predicted by the mode-coupling theory, the results
presented here for PVME give no direct hint for a critical
temperature from the temperature behavior of the
characteristic time scale of the u process as it is measured
by different probes. In fact such a behavior is predicted
by the nonidealized mode-coupling theory where the
dynamical processes which restore ergodicity at tempera-
tures below the critical one, T„are accounted for. But,
even in this case we would guess to find a change for the
relaxation time behavior with temperature and/or the
spectral shape around T, . Otherwise, we cannot distin-
guish the processes restoring ergodicity below T, from
the o. relaxation dynamics. However, in the case of
PVME as it has been above mentioned we can describe
the dynamics in a wide temperature range from T —5 K
to Tg + 150 K by using the same spectral shape.

V. CONCI. USXONS

The main conclusion of this paper is that, at least in
the case of PVME, the dynamics above the glass transi-
tion in a wide time range (10—10 ' s) can be well de-
scribed by using the same "spectral shape, " i.e., similar
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Havriliak-Negami parameters or close equivalent P
values of the stretched exponential functions. Moreover,
the characteristic time scale ~HN deduced from these fits
can also be described by using only one Vogel-Fulcher (or
equivalently one Williams-Landel-Ferry) functional form.
Thus, this implies a self-consistent description of the dy-
namics obtained by very di6'erent probes.
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