
PHYSICAL REVIEW E JUNE 1999VOLUME 59, NUMBER 6
Dielectric investigation of the temperature dependence of the nonexponentiality
of the dynamics of polymer melts

A. Alegrı́a and J. Colmenero
Departamento de Fı´sica de Materiales y Centro Mixto CSIC-UPV/EHU, Facultad de Quı´mica, UPV/EHU,

Apartado 1072, 20080 San Sebastia´n, Spain

P. O. Mari and I. A. Campbell
Laboratoire de Physique des Solides, Universite´ Paris–Sud, 91405 Orsay, France

~Received 9 October 1998; revised manuscript received 24 December 1998!

Using broad band dielectric spectroscopy (10252109 Hz!, combining time domain and frequency domain
techniques, we study the temperature dependence of the non-Debye character of thea relaxation of polymer
melts in the glass transition temperatureTg range. Thea relaxation process is described in terms of the
Kohlrausch-Williams-Watts relaxation function which has a single parameterb to characterize the nonexpo-
nentiality of the relaxation. At high temperatures,b remains nearly insensitive to temperature changes,
whereas in the vicinity ofTg a nearly linear increasing ofb with temperature is found. The temperature range
where the change of theb(T) behavior occurs is located for all the polymers investigated around 1.2Tg .
Moreover, our results indicate a common value ofb'1/3 at the temperature where the relaxation time
diverges. Theb(T) behavior nearTg is discussed in terms of a ‘‘rugged landscape’’ phase space which allows
us to rationalize both theb(T) behavior observed as well as the similarities of our findings nearTg with the
results reported in simulations on Ising spin glasses and other model systems.@S1063-651X~99!04306-8#

PACS number~s!: 64.70.Pf, 77.22.Gm, 61.41.1e
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I. INTRODUCTION

The dynamics of glass-forming materials in the gla
transition range manifests, in relaxation techniques, as
main relaxation process which is commonly referred to aa
relaxation. Thea relaxation presents a series of univers
features which are observed in most of the glass-form
liquids independently of the different particularities at t
microscopical level. The main universal features are a n
exponential behavior of the relaxation function~see Ref.@1#
for an excellent review of stretched exponential behav!
and a temperature dependence of the relaxation rate w
does not follow an Arrhenius-law but seems to diverge so
ten degrees below the experimentally accessible tempera
range@2#. The former of these features is usually well a
counted by the stretched exponential relaxation functi
which was introduced heuristically more than 150 years
by Kohlrausch@3# and afterwards applied to the dielectr
relaxation by Williams and Watts@4#. The Kohlrausch-
Williams-Watts~KWW! equation reads as

f~ t !5 exp@2~ t/t!b#, ~1!

wheret is a characteristic time scale andb the nonexponen-
tiality parameter. It is worth emphasizing that the KW
equation sometimes is used to represent an actual m
scopic correlation function as, for example, in neutron sc
tering ~the density-density correlation function!, in 13C
nuclear magnetic resonance~the carbon-proton bond orienta
tion correlation function!, or in numerical simulations, while
in other cases it represents a macroscopic correlation f
tion or the response of a given system to a steplike exc
tion.
PRE 591063-651X/99/59~6!/6888~8!/$15.00
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In glass formers systems the non-Arrhenius tempera
dependence oft is found to be well parametrized by mean
of the empirical Vogel-Fulcher equation@5#

t5t` expS B

T2T0
D , ~2!

whereT0 is the temperature where the relaxation time see
to diverge. Concerning the temperature dependence ofb, the
situation is not clear so far. A reason for this would be th
different kinds of behavior have been reported depending
the system investigated and the experimental technique u
What seems to be rather general is that in polymers the t
perature dependence ofb is usually weak. This, in combina
tion with the very strong temperature dependence of the
laxation time close to the glass transition temperatureTg
makes it very difficult to determine accurately the tempe
ture dependence ofb when experimental techniques wit
narrow dynamical range are used. As an example, by usi
technique able to cover 4 decades around a time scale o
the typical temperature range accessible is of about 20
This situation is common in mechanical relaxation measu
ments where the time temperature superposition is o
found to apply@6#, i.e., the possible temperature dependen
of b is hardly detectable. In spite of that, some general tre
have been established. For low molecular weight~LMW !
liquids b(T) seems to approach unity at high temperatur
i.e., the exponential decay corresponding to the Debye re
ation is expected in the very high temperature limit. On t
contrary, a Debye-like relaxation is hardly found for the se
mental dynamics of polymers and instead a value ofb
around 0.5 is typically observed at high temperatures@7#. On
the other hand, compilations of mechanical relaxation res
for many amorphous linear polymers@8# show b values at
6888 ©1999 The American Physical Society
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TABLE I. Values of several quantities and fitting parameters describing the behavior of the polymers investigated.

POLYMER Tg ~K! s(Tg) (V21 m21) De(Tg) t` ~ps! B ~K! T0 ~K! TgD ~K! b` x0

Polybutadienea ~PB! 238 0.11 13.6 864 200 229
Poly~vinyl methyl ether! ~PVME! 247 4.1310220 0.72 0.38 1304 205 243 0.52 0.1
Poly~vinyl ethylene! ~PVE! 272 0.12 10.4 747 245 269 0.59 0.2
Poly~vinyl acetate! ~PVAc! 315 2.4310215 4.4 0.84 1410 267 311 0.67 0.1
Phenoxyb ~PH! 370 5.5310216 0.50 22 592 349 369
Polysulfone~PSF! 463 1.3310214 3.5 14 729 436 457 0.99 0.24

a68% 1,2 units and 32% 1,4 units.
bPoly~2-hydroxy propyl ether of bisphenol-A!.
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Tg close to 0.4, whereas for LMW liquids the typical valu
at Tg are around or higher than 0.5@1#.

Most of the relaxation techniques used in the past w
restricted to a relatively narrow frequency window. How
ever, during the last years, some experimental techniq
such as dielectric relaxation, nuclear magnetic resona
and light scattering, among others, became able to cov
very broad spectral range, which nowadays allows one
investigate in detail the temperature behavior ofb. In par-
ticular, dielectric relaxation is able to cover up to 10 deca
in time scale using a single spectrometer and more than
decades by combining different setups. In addition, the
electric relaxation techniques are very sensitive allow
very accurate measurements. Taking advantage of these
tures, we have performed a detailed study of the tempera
dependence ofb in the segmental dynamics range of seve
polymers using broad band dielectric spectroscopy over
orders of magnitude in the time scale. To get this extrem
broad dynamical range, we have combined time and
quency domain techniques. The corresponding tempera
range is of about 150 K. The polymers investigated ha
very different chemical structures of the monomeric un
average molecular weight, and polydispersity. They inclu
commercial and tailor-made samples and their values oTg
spread out over more than 200 K.

The article is organized as follows: In Sec. II detail
information about the samples and the experimental te
niques used is given. In Sec. III we explain the proced
followed for the data analysis and we show the results
tained. In Sec. IV a discussion of our findings in the fram
work of the current ideas on the dynamics of glass-form
system is depicted. Moreover a comparison between the
perimental behavior found in polymers and the results pre
ously reported on model systems, including simulations
Ising spin glasses, is presented. Finally in Sec. V the m
conclusions of the present work are drawn.

II. EXPERIMENTAL

A. Samples

The samples investigated, which are listed in Table I,
well known amorphous polymers most of then commercia
available. They present a quite different chemical struct
from the monomeric unit. The glass transition temperatu
of the polymers were determined as the midpoint of the h
capacity increment as measured by using a differential s
ning calorimetric~DSC! at 10 K/min on samples previousl
cooled from aboveTg at the same rate. The values obtain
e

s,
e,
a

to

s
14
i-
g
ea-
re
l
4

ly
-
re
e
,
e

h-
e
-
-
g
x-
i-
n
in

e
y
e
s

at
n-

are listed in Table I and spread out over about 230 K acco
ing with the different chain stiffness. The samples also dif
in the strength and location of the dipole moment of t
monomeric units. However, due to the randomness in
dipole moment orientation along the chain contour, only
reorientation of the component perpendicular to the ba
bone chain manifests itself as a dielectric relaxation, i.e.,
dielectric relaxation associated with the fluctuation of t
end-to-end chain distance is present in any of the sele
polymers. Furthermore, these polymers have the advan
of showing thea relaxation well separated from other pro
cesses such as the Johari-Goldstein secondary relaxation@9#,
which are, in the temperature range investigated, m
weaker than the main relaxation process.

The samples for dielectric experiments were prepared
melting the ‘‘as received’’ product directly on gold-plate
stainless steel electrodes in a vacuum furnace atTg1100 K.
After degassing the sample, the upper electrode was pla
on the sample with a light pressure. A fixed distance betw
the electrodes was maintained by means of Teflon spac
The sample with the electrodes was held under vacuum
ing the cooling process down to room temperature.

B. Frequency domain dielectric spectroscopy

The dielectric measurements in the frequency domain
in the range from 1022–109 Hz were performed following
standard procedures. The experimental setup covering
range 1022–107 Hz consisted of a Solarton-Schlumberg
frequency response analyzer SI 1260, which was sup
mented by using a high impedance preamplifier of varia
gain. The resolution in the loss factor was 1024 in this case.
For the frequency range 106–109 Hz a Hewlett-Packard im-
pedance analyzer HP4191A was used which allowed a r
lution in the loss factor of 1022. Frequency scans were pe
formed at constant temperature, which was decrease
steps. Both equipments were supplied by Novocon
GmbH with a temperature control system which allowed
stability better than 0.1 K.

C. Time domain dielectric measurements

The setup used for these measurements has been
scribed elsewhere@10,11#. It is formed by a KEPCO APH
2000 M power supply, which provides a constant dc volta
set to 200 V, and a KEITHLEY 642 electrometer with a
intensity resolution of 10217 A. The sample cell consists in
two aluminum electrodes isolated with Teflon in the upp
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part of the cell, so the Teflon insulator is held at room te
perature. A CERBERE temperature controller provides
temperature stability better than 0.1K. The same sample u
for the low frequency measurements was placed in the c
The experiments were performed isothermally by polariz
the sample capacitor during a timetp and, immediately, after
removing the poling field, measuring the subsequent de
larization current. Under these conditions, and on the bas
the superposition principle, the measured depolarization
rent can be expressed as a function of the relaxation func
f(t) as @10–12#

I ~ t !}
d

dt
@f~ t !2f~ t1tp!#. ~3!

Note that the relaxation functionf(t) in Eq. ~3! repre-
sents the decay of the polarization of a fully polariz
sample after removing the electric poling field, i.e., the
sponse to a steplike excitation, which would correspond
the autocorrelation function of the total electric moment. F
polarization timestp much larger than the characteristic r
laxation time, from Eq.~3! it follows that the measured cur
rent is proportional to the first derivative of the relaxati
function. This experimental procedure is suitable in the te
perature range where the depolarization process is slo
than the characteristic time of the electrometer respo
about 0.1 s, but is sufficiently fast to provide measura
values of the depolarization current. These limitations
lowed us to obtain the dielectric response at the temperat
where the relaxation time is in the range 1 s,t,105 s.
Great care was taken to ensure that, for each measurem
the sample was in a complete equilibrium before and dur
the run. The equilibrium situation was taken as that
which a further enlargement of the annealing times does
modify the relaxation behavior. Close, but below, the gla
transition temperature region this implies annealing times
days@11#.

III. RESULTS

The dielectric relaxation corresponding to the segme
dynamics of the polymers investigated is the main relaxa
process in the temperature range investigated. Some re
sentative dielectric loss patterns,e9(v), are shown in Fig. 1.
In addition of the dielectric loss peak, in some polymers,
extra contribution is apparent at low frequencies. In th
cases the dielectric losses increase at low frequencies asv21

indicating that the origin of such a contribution is the
conductivity,s. The estimated values ofs(Tg) for the poly-
mers investigated are shown in Table I. Note that for P
and PB the conductivity was under the detection level of
equipment used. It is also worthy of remark that for PSF,
high conductivity contribution precluded the accurate diel
tric measurements in the time domain. On the other hand
PH and PB, the weakness of the dielectrica relaxation
makes the measurement in the high frequency range
jected to very large uncertainties and therefore have not b
used in the present analysis.

The frequency dependence of the complex permittiv
e* 5e82 i e9 is related with the relaxation function as@12#

e* ~v!5e`1DeE
0

`F2
df~ t !

dt
exp~2 ivt !Gdt2 i

s

v
, ~4!
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wheree` is the unrelaxed value of the permittivity andDe is
the relaxation strength. It is worth emphasizing that Eq.~4! is
formally correct whenf(t) represents the response to a ste
like excitation. However, under certain conditions~e.g.,De
!1) this stepresponsef(t) also represents to a good a
proximation a microscopic dipolar correlation function~see,
for example, p. 159, Vol. II in Ref.@12#!. Estimated values of
De for the polymers investigated are shown in Table I. It c
be seen that only PVAc and PSF are far from the condit
De!1. Thus, for these two polymersf(t) will not describe
a microscopic dipolar correlation function but only the ste
response.

Although for a KWW relaxation function the integral i
Eq. ~4! has to be evaluated numerically, it has been sho
that in this case, and in the frequency range correspondin
the loss peak, an approximate form of Eq.~4! is given by
@13#

e* ~v!'e`1
De

@11~ iv/vc!
a#g(a)

2 i
s

v
~5!

with g(a)5120.812(12a)0.387. In Eq. ~5!, which is a par-
ticular case of the well known Havriliak-Negami equatio
@12#, a is a shape parameter in the range of zero unity
,a<1) andvc is a characteristic frequency of the order
t21. The relationship among these parameters and thos
the KWW equation are given by@13#

b1.235a g~a!, ~6!

log10~t!52 log10~vc!22.6~12b!0.5exp~23b!. ~7!

As we have commented above, most of the polym
present a secondary relaxation which manifests as a w
dispersion process at high frequencies. To minimize the
fluence of this secondary relaxation in the fitting paramet
obtained in the frequency domain, the dielectric losses w
fitted using the data points with values above 10% of
peak value. An example of the quality of such a fitting
shown in Fig. 1. As can be seen, Eq.~5! allows a perfect

FIG. 1. Normalized dielectric losses corresponding to the s
mental dynamics of the polymers investigated. The lines are
fitting curves as described in the text.
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description of the main part of the dielectric losses in all
samples. For those polymers showing a significant cond
tivity, the frequency range for fitting was restricted in th
low frequencies to the range where the real part ofe* (v) is
actually frequency independent and therefore the conduc
ity contribution is well accounted by the corresponding te
appearing in Eqs.~4! and ~5!. In spite of that, the paramete
values determined in these cases at low temperatures, w
the overlapping between the conductivity tail and the lo
peaks is more pronounced, are subjected to higher uncer
ties, particularly for PH and PSF.

The depolarization current measured in time domain
periments in the glass transition range resulted very well
scribed by means of Eq.~3! with a KWW relaxation function
for f(t). A representative experimental curve is shown
Fig. 2. In this figure the quantitytI is plotted as a function o
the depolarization time. It follows from Eq.~3! that for ex-
periments where the polarization time is much larger that
~as the one presented in Fig. 2! this quantity shows a maxi
mum at timet. In the figure it is apparent that small discre
ancies are present in the limits of very short or very la
times. This could be originated by contributions to the m
sured intensity other than the segmental dynamics~second-
ary relaxations or interfacial polarization mechanisms!. Tak-
ing this into account and in order to minimize the effects
these contributions on the fitting parameters obtained in
time domain, also in this case, only the data points w
values above 10% of the peak value were considered in
fitting procedure.

Following the fitting procedures described above the s
mental dynamics of the polymers investigated can be c
acterized in the whole temperature range investigated
only two dynamical parameters, the relaxation timet(T) and
the nonexponentiality parameterb(T). The temperature be
havior oft shows the typical non-Arrhenius temperature d
pendence~see Fig. 3! which can be well described by a V
expression@Eq. ~2!#. The values of the corresponding V
parameters are shown in Table I. It should be noted tha
spite of the extremely large dynamical range investigated
resulting values of the VF temperature are determined wi
typical uncertainty of65 K. From these VF description
we have determined a dielectric glass transition tempera
definedTgD , ast(TgD)5100 s, see Table I. The resulting
values are very close to the corresponding calorimetric g
transition temperatures which is a strong evidence that

FIG. 2. Typical dielectric relaxation experiment in the time d
main. The line is a fitting curve obtained as described in the te
e
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dielectric relaxation investigated probes the segmental p
mer dynamics.

With respect to the temperature behavior ofb, in Fig. 4
we show the obtained results as a function ofT/TgD , which
facilitates the comparison. Four of the polymers show v
similar values of b(TgD)'0.4 and eventually a high
temperature limiting value of around 0.5. As mention
above, these values are typical for the majority of the po
mer melts. However, PVAc and PSF show systematica
higher values ofb in the whole temperature range inves
gated. Nevertheless, it is apparent that for all the polymerb
increases withT in the rangeT,1.23TgD ~region I! and
reach a nearly constant value in the high-temperature ra
~region II!. The fact that the greater the high-temperatu
limiting value of b is the stronger the temperature depe
dence ofb in the Tg range yield a convergence in the low
temperature side of theb(T) behaviors of the different poly-
mers. In agreement with that, by extrapolating the line
region close toTgD down-to T50.9TgD one obtains values
of b in the range 0.32–0.38~see Fig. 4! for all the polymers.
Furthermore, taking into account the uncertainty in the
trapolation, this result would be compatible with a comm
value ofb for all the polymers in this temperature range. It
noteworthy that this temperature interval coincides with

.

FIG. 3. Temperature dependence of the relaxation time co
sponding to the segmental dynamics of the polymers investiga
PB (s), PVME (h), PVE (n), PVAc (L), PH (¹), and PSF
(d). Lines are fitting curves by using Eq.~2!.

FIG. 4. Temperature dependence of the nonexponentiality of
segmental dynamics of the polymers investigated: PB~circles!,
PVME ~filled squares!, PVE ~empty triangles!, PVAc ~empty dia-
monds!, PH ~filled inverted triangles!, and PSF~filled triangles!.
The lines in region I are linear fitting of the data in the interv
~1.0 , 1.1! whereas in region II they are to guide the eye.
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region where the relaxation times of the different polym
seem to diverge, the values ofT0 are in all cases in the rang
from 0.85Tg to 0.95Tg ~see Table I!.

IV. DISCUSSION

We have shown that the temperature dependence ofb in
polymer melts allows us to distinguish two different regime
one at high temperature (T.1.23Tg) whereb is nearly in-
dependent of temperature, region II, and a low-tempera
region (T,1.23Tg) where b seems to increase with tem
perature in a nearly linear way. The existence of two d
namical ranges in supercooled liquids has been discusse
some years~see Ref.@14#, and references therein! stimulated
by the predictions of the mode coupling theories. Most of
evidence for a change in mechanism in the supercooled
uid dynamics is based on different representations~scaling!
of the temperature dependence of the relaxation times an
the differences between the temperature dependencies o
transport properties of a given system. Note that our find
does not concern thet(T) behavior, but the temperature d
pendence of the nonexponentiality of thea relaxation. The
interpretation of the two dynamical regimes, although in d
cussion, is based in the idea that the free diffusion in
high-temperature region is slowed down dramatically wh
the temperature is lowered and therefore the activated
cesses become relevant for the dynamics in the low temp
ture range closeTg . This point of view is compatible with
the energy landscape picture@14,15# in which the potential
energy of the system forms a hypersurface. This hyper
face has multitude of relative minima which are separated
widely distributed energy barriers. At high temperatures
dynamics of the liquid is hardly sensitive to the presence
these minima, since the thermal energy is high. Lowering
temperature the thermal energy is diminished and the sys
starts to ‘‘see’’ the ‘‘rough landscape.’’ Therefore, close
Tg the point in the phase space representing the insta
neous configuration of the system must follow a path alo
tortuous valleys of low-energy states while skirting arou
mountains of high-energy states. For fragile liquids the te
perature where the change of mechanism would take pla
estimated to be around 1.3Tg @14# which is not far from the
value of the crossover temperature found for the polym
investigated here~see Fig. 4!. Thus, our findings would be
the first experimental evidence based on the temperature
pendence of the spectral shape of the existence of two
namical regimes in polymer melts. A comparison with r
sults based on the temperature dependence of relax
times is not easy since in polymers the different represe
tions used in other glass forming liquids hardly show e
dence of these two regions. From our data only in PV
such representations allow us to envisage two different
gions with a crossover temperature around 390 K, i
1.26Tg .

On the other hand, our findings seem to indicate the p
sibility of a common value ofb ~not far from 1/3! at the
temperatureT0 where the relaxation times would becom
infinite. It is noteworthy that similar results have been
ported for a series of different model systems trying
mimic the glass-forming system behavior. This is the case
the simulation on the dynamics of different Ising spin glas
s
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~ISGs! @16–23#. In these simulations the magnitude usua
obtained is the spin autocorrelation function which is d
scribed by some authors in terms of the KWW function.
particular, Ogielski studied a three-dimensional~3D! ISG
with random binary near neighbor6J interactions@16# and
found that although at very high temperaturesb is close to 1,
when the temperature is lowered the dynamics beco
strongly non-Debye and a linear temperature dependenc
b is obtained on approaching the freezing temperatu
When this linear behavior is extrapolated to the freezing te
perature where the relaxation time diverges one obtainb
50.3560.02 @17,18#. The results obtained in other simula
tions on ISG systems very different for the one investiga
by Ogielski, namely, on ap-spin ISG on a cubic lattice in
dimension 3@19#, confirmed a linear temperature depe
dence ofb on cooling to the freezing temperature. Moreov
a value ofb50.37 is found at the lowest temperatures i
vestigated, which is similar to that of most of the polym
melts in theTg range. In addition, simulations carried out fo
ISGs with 6J and Gaussian near neighbor interactions
dimensions 3 and 4, also showedb tending to about 1/3
when the sample size~and hencet) is extrapolated to infinity
@20#. In these simulations, the temperature was held fixed
the appropriate ordering temperature and the dynamics
studied as a function of sample size. On the other ha
experiments on laboratory ‘‘model’’ systems, for instance,
a polydisperse polymer solution@24# and in a colloid@25#
also showed a value ofb tending to 1/3 whent diverges. In
these latter measurements the colloid concentration ra
than the temperature is the control parameter which is m
fied. As the concentration is varied progressively from a l
value to the critical concentration at which the colloid ge
the relaxation time increases and tends to diverge.
stretched exponential exponentb changes from 1 to a value
very close to 1/3~see Fig. 4 in Ref.@25#!. Finally, very
recent simulations on other model systems very differ
from the ISGs also show a similar tendency@26#.

From the previous discussion, it is apparent that, when
relaxation time tends to diverge, there exist remarkable si
larities in theb(T) behavior of the polymer melts on on
hand and the model systems on the other hand. In addi
some similarities in the experimental dielectric dynamic
susceptibility of low molecular weight glass formers a
spin glasses has been also suggested@27,28#. These remark-
able similarities between the different families of syste
can be quantitatively checked ifb is plotted as a function of
a new dimension-less variablex which depends on the relax
ation timet, with T as an implicit parameter~see Fig. 5!. The
variablex is defined as

x5
1

log10@t~T!/L#
. ~8!

In Eq. ~8!, which yieldsx50 for diverging times,L is a
parameter defining the time units used. Thus, Eq.~8! allows
us to compare results obtained in very different system
the appropriate time units are used. For the polymers
have takenL as the inverse of a typical phonon frequen
(L510212 s!. A different choice (10211 or 10213 s, for in-
stance! only dilates or contracts thex axis, particularly for
the larger values ofx, but does not affect the general appea
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ance of the plot. The value ofL used for the ISGs simula
tions is the ‘‘attempt time,’’ which is 1 Monte Carlo Step p
spin ~MCS!, whereas for the colloid systemsL was taken as
the value oft in the limit of zero concentration.

In this representation a comparison of the behavior of
nonexponentiality parameterb in polymers and in the mode
systems is straightforward. Moreover, this type of plot brin
out the fact that further measurements, or numerical sim
tions, at lower temperatures to push the limit closer tox
50 rapidly become totally impractical. Thus extending
plot down to x50.05 would require studying relaxation a
temperatures corresponding tot values extended up to
years in experiments and up to 1020 MCS in the simulation.
Therefore the results shown in Fig. 5 can be taken to co
almost the entire range forb(x) that can be attained with
present day means. It can be seen that each of the sets o
taken in the accessible domain for the different systems
compatible ~within the usual experimental uncertaintie!
with b varying fairly linearly with x as x→0. However,
whereas for the model systems the linear behavior exte
on a wide range (0,x,0.5) for polymers it is restricted
only to low values ofx. The approximately linearb(x) be-
havior for the lowx values is directly connected with both
the linear dependence ofb(T) close toTg and the VF de-
pendence oft(T) with a pre-exponential factor of the orde
of L. These two conditions are approximately verified f

FIG. 5. Comparison between the nonexponentiality of the s
mental dynamics of the polymers investigated: PB~circles!, PVME
~filled squares!, PVE ~empty triangles!, PVAc ~empty diamonds!,
PH ~filled inverted triangles!, and PSF~filled triangles!, and that of
the relaxation of model systems: 3D ISG model with bimodal
teraction distribution~empty inverted triangles! @16#, 3D four-spin
ISG model ~filled circles! @23#, 3D Gaussian ISG model~empty
squares! @20#, 3D 6J ISG model~filled triangles! @20#, and colloids
~filled diamonds! @25#. The x axis is defined as 1/log10@t(T)/L#
~see the text!. The dotted lines correspond to possible linear e
trapolations. The solid lines are fitting curves obtained by using
~9!. The vertical dashed line represents relaxation times of 3 ye
so the sector to the left of these lines is essentially inaccessibl
e

s
a-

er

ata
re

ds

r

the polymers investigated. A linear extrapolation of theb(x)
data tox50 ~see dotted lines in Fig. 5! shows ab(x) value
tending to near 1/3 at the critical temperature at whicht
diverges (x50). Other extrapolations are clearly possib
but the limitingb values certainly tend to cluster closely. A
ad hoc expression forb(x) that has the propertyb(0)
51/3 is

b~x!5b`F12S 12
1

3b`
DexpS 2

x

x0
D G , ~9!

where the fitting parameters for each curve areb` , which is
determined by the high-temperature limiting value andx0
which indicates the crossover region. In Fig. 5 we show
fitting curves obtained using Eq.~9! for those polymers in
which the high-temperature and frequency range was ac
sible. The fitting parameters so obtained are shown in Ta
I. The same equation also allows to fit theb(x) results ob-
tained for model systems but the value ofb` is now unity.
As can be seen Eq.~9! gives a satisfactory description for th
b(x) behavior in the whole range investigated for both po
mers an model systems. However, it is found that wher
for polymers the value ofx0 obtained are in a rather narrow
range between 0.11 and 0.25, for the model systemsx0 is
much larger~1.0–2.0!. This would imply that for polymers
theb(x) behavior would mainly be determined by the val
of b` . It is reasonable to consider that the value ofb`

should be related to the details of the dynamics of each
terial. In particular, a limiting value ofb` lower than unity
would indicate that, even at high temperatures, there e
some kind of correlation in the reorientation of the dipo
units. This is expected in polymers since the connectivity
the main chain is always present. However, the correlatio
the dipole moment orientations for PSF seems to be ne
gible at high temperatures (b`'1), which could be attrib-
uted to the fact that in this polymer the main dipolar un
(SO2) in the backbone chain are well separated~there are
four phenyl rings between each couple of dipoles!. Neverthe-
less, other factors as the coupling between the dipolar
tions and the segmental dynamics would also determine
value ofb` .

On the other hand, since theb` values vary from one
polymer to another, theb values splay out whenx increases
(t decreases!. As a result, atTgD ~where t5100 s andx
50.071), there is a dispersion ofb(TgD) from about 0.36 to
0.56 ~compare with the values given in Ref.@8#!. The value
of b at Tg has been widely used as a phenomenolog
parameter to classify the glass forming systems. For
ample, on the basis of a trapping model it has been sugge
that the Kohlrausch exponent should tend to 0.43 atTg in
polymer melts@1#. On the other hand the value ofb(Tg) has
often been related with the so-called fragility of the gla
forming systems@29#. The polymers studied here have di
ferent fragility ~see Fig. 3 and Table I!, being in all cases
rather fragile systems, but there is not a direct correlat
with the corresponding values ofb(Tg). PH the most fragile
and PVME the least fragile of the polymers investigat
show a very similarb(T) behavior, whereas PVAc, having
fragility similar to PVME, presents a quite differentb(T)
behavior. Therefore, no one of these ideas seems to be
ported by the present results. Contrary to these possible
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relations, our finding indicates that the value ofb(Tg) is
mainly determined by theb` values whereas the low
temperature limit would be near 1/3 for all the sampl
Moreover, the sameb(T) behavior is found in different
families of systems when the time scale divergence is
proached as shown in Fig. 5. Because of fundamental res
tions we are obliged to extrapolate the behavior in the v
long relaxation time regime, but Fig. 5 suggests that theb
data are compatible with a clustering around 1/3 in the i
nite t limit. Because of fundamental equilibration time lim
tations, there is no way in which it can be proved rigorou
thatb tends to exactly 1/3, but reasonable extrapolations
the data on the six polymers and on the model systems a
in the range 0.3560.05.

As discussed above, the low temperature dynamics of
polymer melts can be understood in terms of an energy la
scape picture. Moreover, it has been recently shown that
energy landscape picture can account quantitatively for s
eral controversial aspects of thea relaxation in supercooled
liquids as the glass transition temperature is approached@30#.
On the other hand, the landscape picture is widely use
the ISG community. In particular, it was conjectured@31#
that dilute randomly distributed sites on a hypercube lead
an extreme example of a rugged landscape and provid
purely geometrical model mimicking the true ISG pha
space and its evolution with temperature. Moreover, it w
demonstrated numerically@32# that a random walk on the
spanning cluster which exists in this model above the ‘‘p
colation transition’’ produces a stretched exponential de
of the memory function, with an exponentb tending to pre-
cisely 1/3 at the critical concentration of sites where in
large system limit the characteristic time diverges. The an
ogy between on the one hand a spanning cluster wh
breaks up into small clusters at the percolation transition
the hypercube, and on the other hand a thermodynamic t
sition as a function of temperature in an ISG system is d
cussed in Ref.@32#. The fact that, to within practical limita
tions a similar relaxation behavior is observed in t
hypercube model, in the model systems and in the segme
dynamics of polymer melts implies that the phase space
these different systems necessarily must have morpholo
which resemble each other when their respective transit
are approached. Nevertheless, since at higher tempera
the behavior of the different systems is different~in the
model systems a value ofb tending to 1 is expected wherea
for polymers this limiting value is hardly found! the com-
parison in terms of the landscape morphologies should
restricted to the temperature range where the time sc
clearly tend to diverge.
.
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V. CONCLUSIONS

We have shown that the segmental dynamics of polym
melts as observed by dielectric relaxation spectroscopy
be well characterized by means of a KWW equation. T
description is valid in the whole temperature range inve
gated, however, the accuracy of this description is limited
some polymers in the low-temperature side by the overl
ping of the sample conductivity.t(T) follows a VF law and
b(T) shows a crossover from a high-temperature reg
where it is essentially temperature independent and a l
temperature region whereb(T) increases with temperature
In the low-temperature region, the values ofb in all the
polymers investigated show a tendency to converge i
value near 1/3 at the temperature wheret diverges. The two
regions inb(T) roughly coincide with the two dynamica
regimes reported for supercooled liquids, which are also
pected in the framework of the energy landscape picture.
same framework allows to rationalize the existence of
markable similarities between the dynamics of both polym
melts and model systems, as their respective time scale
verge. Particularly, a limiting value ofb'1/3 at the tem-
perature where the relaxation time would diverge seem
be ubiquitous in these very different families. It is notewo
thy, however, that whereas for simulationsf(t) represents a
microscopic correlation function, for dielectric experimen
this is not always the case, as it has been discussed ab
Since the model systems, and in particular the ISGs, pre
a well defined critical temperature at which the relaxati
time becomes infinity, the similarities found would indica
the possibility of the existence, in polymers, of a real th
modynamic transition at aboutT0, which is inaccessible ex
perimentally, because, due to the time scale divergence
system cannot attain equilibrium for temperatures more t
a few degrees belowTg .
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