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Using broad band dielectric spectroscopy (16 10° Hz), combining time domain and frequency domain
techniques, we study the temperature dependence of the non-Debye charactex oéldpeation of polymer
melts in the glass transition temperatufg range. Thea relaxation process is described in terms of the
Kohlrausch-Williams-Watts relaxation function which has a single parangtercharacterize the nonexpo-
nentiality of the relaxation. At high temperature8, remains nearly insensitive to temperature changes,
whereas in the vicinity o g a nearly linear increasing ¢ with temperature is found. The temperature range
where the change of thg(T) behavior occurs is located for all the polymers investigated arount1.2
Moreover, our results indicate a common value ®£1/3 at the temperature where the relaxation time
diverges. The8(T) behavior neafly is discussed in terms of a “rugged landscape” phase space which allows
us to rationalize both thg(T) behavior observed as well as the similarities of our findings figawith the
results reported in simulations on Ising spin glasses and other model syEB4063-651X99)04306-8

PACS numbd(s): 64.70.Pf, 77.22.Gm, 61.41e

I. INTRODUCTION In glass formers systems the non-Arrhenius temperature
dependence of is found to be well parametrized by means
The dynamics of glass-forming materials in the glass-of the empirical Vogel-Fulcher equati¢b]
transition range manifests, in relaxation techniques, as the
main relaxation process which is commonly referred tavas =1, exr{ B

; @

relaxation. Thea relaxation presents a series of universal T-T,
features which are observed in most of the glass-forming

liquids independently of the different particularities at theWhereTy is the temperature where the relaxation time seems
microscopical level. The main universal features are a nonto diverge. Concerning the temperature dependengk tife
exponential behavior of the relaxation functitsee Ref[1] situation is not clear so far. A reason for this would be that
for an excellent review of stretched exponential behavior different kinds of behavior have been reported depending on
and a temperature dependence of the relaxation rate whidhe system investigated and the experimental technique used.
does not follow an Arrhenius-law but seems to diverge somdVhat seems to be rather general is that in polymers the tem-
ten degrees below the experimentally accessible temperatupgrature dependence gfis usually weak. This, in combina-
range[2]. The former of these features is usually well ac-tion with the very strong temperature dependence of the re-
counted by the stretched exponential relaxation functionlaxation time close to the glass transition temperaftige
which was introduced heuristically more than 150 years agdnakes it very difficult to determine accurately the tempera-
by Kohlrausch[3] and afterwards applied to the dielectric ture dependence of when experimental techniques with
relaxation by Williams and Watt$4]. The Kohlrausch- narrow dynamical range are used. As an example, by using a
Williams-Watts (KWW) equation reads as technique able to cover 4 decades around a time scale of 1 s
the typical temperature range accessible is of about 20 K.
This situation is common in mechanical relaxation measure-
ments where the time temperature superposition is often
found to apply[6], i.e., the possible temperature dependence
wherer is a characteristic time scale apdthe nonexponen- of B is hardly detectable. In spite of that, some general trends
tiality parameter. It is worth emphasizing that the KWW have been established. For low molecular weigbHvw)
equation sometimes is used to represent an actual micrdiguids B(T) seems to approach unity at high temperatures,
scopic correlation function as, for example, in neutron scatt.e., the exponential decay corresponding to the Debye relax-
tering (the density-density correlation functipnin *3C  ation is expected in the very high temperature limit. On the
nuclear magnetic resonange carbon-proton bond orienta- contrary, a Debye-like relaxation is hardly found for the seg-
tion correlation function or in numerical simulations, while mental dynamics of polymers and instead a valuegof

in other cases it represents a macroscopic correlation fun@round 0.5 is typically observed at high temperat{irgésOn

tion or the response of a given system to a steplike excitathe other hand, compilations of mechanical relaxation results
tion. for many amorphous linear polymef8] show 8 values at

d(t)=exd — (t/7)”], )
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TABLE I. Values of several quantities and fitting parameters describing the behavior of the polymers investigated.

POLYMER To(K) o(Ty) (7P mY) ATy 7.(P9 B (K To(K) Tgpp (K  Be Xo
Polybutadien®& (PB) 238 0.11 13.6 864 200 229

Poly(vinyl methyl ethey (PVME) 247 4.1x 1072 0.72 0.38 1304 205 243 052 0.15
Poly(vinyl ethylend (PVE) 272 0.12 10.4 747 245 269 059 0.25
Poly(vinyl acetaté (PVAC) 315 2.4x1071° 4.4 0.84 1410 267 311 0.67 0.11
Phenoxy (PH) 370 5.5 1016 0.50 22 592 349 369

Polysulfone(PSP 463 1.3x10™ 4 35 14 729 436 457 099 0.24

#8% 1,2 units and 32% 1,4 units.
bPoly(2-hydroxy propyl ether of bisphenohA

T, close to 0.4, whereas for LMW liquids the typical values are listed in Table | and spread out over about 230 K accord-
at T, are around or higher than O[%]. ing with the different chain stiffness. The samples also differ
Most of the relaxation techniques used in the past werén the strength and location of the dipole moment of the
restricted to a relatively narrow frequency window. How- monomeric units. However, due to the randomness in the
ever, durm.g thellast years, some expenmental techniquegipole moment orientation along the chain contour, only the
such'as dlelectr_lc relaxation, nuclear magnetic resonanc@eorientation of the component perpendicular to the back-
and light scattering, among others, became able to cover gone chain manifests itself as a dielectric relaxation, i.e., no
very broad spectral range, which nowadays allows one t@jelectric relaxation associated with the fluctuation of the
investigate in detail the temperature behaviorgofin par-  ong.to-end chain distance is present in any of the selected
ticular, dielectric relaxation is able to cover up to 10 decade?)olymers. Furthermore, these polymers have the advantage

in time scale using a single spectrometer and more than 1g showing thea relaxation well separated from other pro-

decaQeS by combmmg d.|fferent setups. In adq_|t|on, the.d"cesses such as the Johari-Goldstein secondary relaxation
electric relaxation techniques are very sensitive allowin

very accurate measurements. Taking advantage of these fggbmh are, in the temperature range investigated, much

tures, we have performed a detailed study of the temperatu?geaker than the main relax_atlon Process.
dependence g8 in the segmental dynamics range of several The samp‘!es for d!elec,:mc experlm_ents were prepared by
polymers using broad band dielectric spectroscopy over 141€lting the “as received” product directly on gold-plated
orders of magnitude in the time scale. To get this extremelyptiniess steel electrodes in a vacuum furnack,at100 K.
broad dynamical range, we have combined time and fref\fter degassing the sample, the upper electrode was placed
quency domain techniques. The corresponding temperatufd the sample with a light pressure. A fixed distance between
range is of about 150 K. The polymers investigated havdhe electrodes was maintained by means of Teflon spacers.
very different chemical structures of the monomeric units,The sample with the electrodes was held under vacuum dur-
average molecular weight, and polydispersity. They includéng the cooling process down to room temperature.
commercial and tailor-made samples and their valuegof
spread out over more than 200 K. B. Frequency domain dielectric spectroscopy

The article is organized as follows: In Sec. Il detailed
information about the samples and the experimental tecr}—n

nigues used is given. In Sec. Il we explain the procedureS the range from 10°-10° Hz were performed following
followed for the data analysis and we show the results ob- tandard procedures. The experimental setup covering the

2_ H _
tained. In Sec. IV a discussion of our findings in the frame-o 1 9° 10%-10' Hz consisted of a Solarton-Schlumberger

ork of the current ideas on the dynamics of glass-formin frequency response analyzer S| 1260, which was supple-
w . u ! y ! 9 NYnented by using a high impedance preamplifier of variable
system is depicted. Moreover a comparison between the e>é'ain. The resolution in the loss factor was f0n this case.

perimental behavior found in polymers and the results PreviZ i the frequency range 801F Hz a Hewlett-Packard im-

OL.JSW re_ported on m0d8| systems, _mclud_mg simulations O.?ﬁ)edance analyzer HP4191A was used which allowed a reso-
Ising spin glasses, is presented. Finally in Sec. V the mai

conclusions of the present work are drawn. lution in the loss factor of 107, Frequency scans were per-
formed at constant temperature, which was decreased in
steps. Both equipments were supplied by Novocontrol
Il EXPERIMENTAL GmbH with a temperature control system which allowed a
A. Samples stability better than 0.1 K.

The dielectric measurements in the frequency domain and

The samples investigated, which are listed in Table I, are
well known amorphous polymers most of then commercially
available. They present a quite different chemical structure The setup used for these measurements has been de-
from the monomeric unit. The glass transition temperaturescribed elsewhergl0,11]. It is formed by a KEPCO APH
of the polymers were determined as the midpoint of the hea2000 M power supply, which provides a constant dc voltage
capacity increment as measured by using a differential scarset to 200 V, and a KEITHLEY 642 electrometer with an
ning calorimetric(DSC) at 10 K/min on samples previously intensity resolution of 10'” A. The sample cell consists in
cooled from aboved, at the same rate. The values obtainedtwo aluminum electrodes isolated with Teflon in the upper

C. Time domain dielectric measurements
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part of the cell, so the Teflon insulator is held at room tem-
perature. A CERBERE temperature controller provides a
temperature stability better than 0.1K. The same sample used
for the low frequency measurements was placed in the cell.
The experiments were performed isothermally by polarizing
the sample capacitor during a timgand, immediately, after

PB68 241 K

. Ior . i N\ PVME 268 K
removing the poling field, measuring the subsequent depo- B ‘ [ e R
larization current. Under these conditions, and on the basis of w | A . PVE278K
the superposition principle, the measured depolarization cur- W ‘ ! Lty
rent can be expressed as a function of the relaxation function L N
#(t) as[10-12 NN M, BV AC 330K

d v PH375

() (1)~ (t+1y)]. () S |

L _ PSF470K

Note that the relaxation functiogh(t) in Eq. (3) repre- 2 1.0 1 2 3 4 5 6
sents the decay of the polarization of a fully polarized log, ,(@/®_ )

sample after removing the electric poling field, i.e., the re-
sponse to a steplike excitation, which would correspond to FIG. 1. Normalized dielectric losses corresponding to the seg-
the autocorrelation function of the total electric moment. Formental dynamics of the polymers investigated. The lines are the
polarization timeg, much larger than the characteristic re- fitting curves as described in the text.

laxation time, from Eq(3) it follows that the measured cur-

rent is proportional to the first derivative of the relaxationwheree.. is the unrelaxed value of the permittivity and is
function. This experimental procedure is suitable in the temthe relaxation strength. It is worth emphasizing that @yis
perature range where the depolarization process is slowégrmally correct whenp(t) represents the response to a step-
than the characteristic time of the electrometer responseike excitation. However, under certain conditiofesg., A e
about 0.1 s, but is SUﬁiCientIy fast to prOVide meaSUrab|e< 1) this Steprespons¢(t) also represents to a good ap-
values of the depolarization current. These limitations alproximation a microscopic dipolar correlation functitsee,
lowed us to obtain the dielectric response at the temperaturegy example, p. 159, Vol. Il in Ref12]). Estimated values of
where the relaxation time is in the range X1<10° s. A for the polymers investigated are shown in Table I. It can
Great care was taken to ensure that, for each measuremepg seen that only PVAc and PSF are far from the condition
the sample was in a complete equilibrium before and duringy e<1. Thus, for these two polymeks(t) will not describe

the run. The equilibrium situation was taken as that fora microscopic dipolar correlation function but only the step-
which a further enlargement of the annealing times does nqiesponse.

modify the relaxation behavior. Close, but below, the glass Although for a KWW relaxation function the integral in
transition temperature region this implies annealing times ofgq_ (4) has to be evaluated numerically, it has been shown

days[11]. that in this case, and in the frequency range corresponding to
Il RESULTS Eg% loss peak, an approximate form of Ed) is given by

The dielectric relaxation corresponding to the segmental
dynamics of the polymers investigated is the main relaxation N Ae Yy
process in the temperature range investigated. Some repre- € (’”)NE*JF[lJF(iw/w @ e
sentative dielectric loss patterns(w), are shown in Fig. 1. ¢
In addition of the dielectric loss peak, in some polymers, arwith y(a)=1-0.812(1- «)%%®" In Eq.(5), which is a par-
extra contribution is apparent at low frequencies. In thesgicular case of the well known Havriliak-Negami equation
cases the dielectric losses increase at low frequencies &s [12], « is a shape parameter in the range of zero unity (0
indicating that the Origin of such a contribution is the dC<a$ ]_) andwc is a characteristic frequency of the order of
conductivity,o. The estimated values of(Tg) for the poly- =1 The relationship among these parameters and those of
mers investigated are shown in Table I. Note that for PVEhe KWW equation are given byL3]
and PB the conductivity was under the detection level of the
equipment used. It is also worthy of remark that for PSF, the BP=a y(a), (6)
high conductivity contribution precluded the accurate dielec-
tric measurements in the time domain. On the other hand, for l0g1o( 7) = — 1094 wc)—2.6(1—,8)°-5exp(—3ﬂ). ©)
PH and PB, the weakness of the dielectticrelaxation
makes the measurement in the high frequency range sub- As we have commented above, most of the polymers
jected to very large uncertainties and therefore have not begesent a secondary relaxation which manifests as a weak

®)

used in the present analysis. dispersion process at high frequencies. To minimize the in-
The frequency dependence of the complex permittivityfluence of this secondary relaxation in the fitting parameters
€*=¢€'—i¢€" is related with the relaxation function §%2] obtained in the frequency domain, the dielectric losses were

fitted using the data points with values above 10% of the
_ do(t) exp(—iwt) |dt—i g (4) peak value. An example of the quality of such a fitting is
dt o’ shown in Fig. 1. As can be seen, E®) allows a perfect

6*(w)=ew+Aef
0
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FIG. 3. Temperature dependence of the relaxation time corre-
sponding to the segmental dynamics of the polymers investigated:

FIG. 2. Typical dielectric relaxation experiment in the time do- pg (0), PVYME (O), PVE (A), PVAc (), PH (V), and PSF
main. The line is a fitting curve obtained as described in the text. (@) Lines are fitting curves by using E€p).

description of the main part of the dielectric losses in all the . . L :
samples. For those polymers showing a significant Conducc_helectrlc re_Iaxat|on investigated probes the segmental poly-
tivity, the frequency range for fitting was restricted in the mer (_jynamlcs. . -

low frequencies to the range where the real par*dfw) is With respect tq the temperature behgwor,a)fm F'g.' 4
actually frequency independent and therefore the conducti\)’—ve.s’how the obtamed_ results as a functio6T g, which

ity contribution is well accounted by the corresponding termfe.m'!'tate"s the comparison. Four of the polymers shov_v very
appearing in Eqs4) and(5). In spite of that, the parameter similar value§ .OTE(TQD)%OA and eventually a h'.gh'
values determined in these cases at low temperatures, Whet,egnperature limiting value _Of around 0'5_' '_A‘S mentioned
the overlapping between the conductivity tail and the los£00Ve, these values are typical for the majority of the poly-

peaks is more pronounced, are subjected to higher uncertai 1er melts. Howe\{er, PVAC and PSE show systematlcqlly
ties, particularly for PH and PSF. igher values of8 in t.hg whole temperature range investi-
The depolarization current measured in time domain exJ2t€d- Nevertheless, it is apparent that for all the polyngers

periments in the glass transition range resulted very well dei_ncreases WithT in the rangeT<1.23Typ (region ) and

scribed by means of E¢3) with a KWW relaxation function reac_h a nearly constant value in the high-temperature range
for ¢(t). A representative experimental curve is shown in(reglon I). The fact that the greater the high-temperature

Fig. 2. In this figure the quantityl is plotted as a function of limiting Vall_Je of 8 is the St.“’”ger the temperat_ure depen-
the depolarization time. It follows from Eq3) that for ex- dence ofB in the T, range yield a convergence in the low-
periments where the polarization time is much larger than temperature side of thé(T) behaviors of the different poly-

(as the one presented in Fig. s quantity shows a maxi- mers. In agreement with that, by extrapolating the linear

mum at timer. In the figure it is apparent that small discrep- "€910n close tdTyp down-toT=0.9T,, one obtains values

ancies are present in the limits of very short or very large2f B in the range 0.32-0.3@ee Fig. 4for all the polymers.

times. This could be originated by contributions to the mea_Furtherr_nore, _taking into account the “Uce”a?”ty in the ex-
sured intensity other than the segmental dynartiesond- trapolation, this result would be compatible with a common
ary relaxations or interfacial polarization mechanigniak-  value ofg3 for all the polymers in this temperature range. Itis

ing this into account and in order to minimize the effects ofnoteworthy that this temperature interval coincides with the
these contributions on the fitting parameters obtained in the

time domain, also in this case, only the data points with 0.8 & ,
values above 10% of the peak value were considered in the 0.7 E u“‘A“ ]
fitting procedure. E l 0005

Following the fitting procedures described above the seg- 0.6 <><>‘?<> (e -
mental dynamics of the polymers investigated can be char- « . w . N
acterized in the whole temperature range investigated by 0.5 a2 e
only two dynamical parameters, the relaxation tinf&) and 0.4k | 3
the nonexponentiality parametg(T). The temperature be- ; ]
havior of 7 shows the typical non-Arrhenius temperature de- 0.3 o REGIONI ' REGIONII —
pendencdsee Fig. 3 which can be well described by a VF 0.2F | L | ]
expressionEqg. (2)]. The values of the corresponding VF 1 1.2 1.4
parameters are shown in Table I. It should be noted that in T/T b

spite of the extremely large dynamical range investigated the

resulting values of the VF temperature are determined with @ FiG. 4. Temperature dependence of the nonexponentiality of the
typical uncertainty of=5 K. From these VF descriptions segmental dynamics of the polymers investigated: (eBcles,

we have determined a dielectric glass transition temperaturevME (filled squares PVE (empty triangley PVAc (empty dia-
definedTyp, as7(Ty4p) =100 s, see Table I. The resulting monds, PH (filled inverted triangles and PSF(filled triangles.
values are very close to the corresponding calorimetric glasshe lines in region | are linear fitting of the data in the interval
transition temperatures which is a strong evidence that thél.0, 1.3 whereas in region Il they are to guide the eye.
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region where the relaxation times of the different polymers(ISGg [16—-23. In these simulations the magnitude usually
seem to diverge, the values®f are in all cases in the range obtained is the spin autocorrelation function which is de-
from 0.85T to 0.957 (see Table)l scribed by some authors in terms of the KWW function. In

particular, Ogielski studied a three-dimensiort@dD) I1SG

with random binary near neighbarJ interactiong 16] and

IV. DISCUSSION found that although at very high temperatuges close to 1,

polymer melts allows us to distinguish two different regimes,Strongly non-Debye and a linear temperature dependence of
one at high temperaturel 1.23r;) where 3 is nearly in- /B iS obtained on approaching the freezing temperature.
dependent of temperature, region Il, and a |Ow_temperatur¥vhen this linear behavior |S-eXtr-ap0|at-Ed to the freeZIng_tem-
region (T<1.23T,) where 3 seems to increase with tem- perature where the relaxation time diverges one obtgins
perature in a near]y linear way. The existence of two dy_= 0.35+0.02 [17,1@ The results obtained in other simula-
namical ranges in supercooled liquids has been discussed f@ns on ISG systems very different for the one investigated
some yeargsee Ref[14], and references thergiatimulated By Ogielski, namely, on @-spin ISG on a cubic lattice in
by the predictions of the mode coupling theories. Most of thedimension 3[19], confirmed a linear temperature depen-
evidence for a change in mechanism in the supercooled ligdence of8 on cooling to the freezing temperature. Moreover,
uid dynamics is based on different representati@ualing & value of3=0.37 is found at the lowest temperatures in-
of the temperature dependence of the relaxation times and df¢stigated, which is similar to that of most of the polymer
the differences between the temperature dependencies of tRe€lts in theTy range. In addition, simulations carried out for
transport properties of a given system. Note that our findingSGs with =J and Gaussian near neighbor interactions in
does not concern the(T) behavior, but the temperature de- dimensions 3 and 4, also showgttending to about 1/3
pendence of the nonexponentiality of therelaxation. The ~When the sample sizand hence) is extrapolated to infinity
interpretation of the two dynamical regimes, although in dis{20]. In these simulations, the temperature was held fixed at
cussion, is based in the idea that the free diffusion in théhe appropriate ordering temperature and the dynamics was
high-temperature region is slowed down dramatically wherstudied as a function of sample size. On the other hand,
the temperature is lowered and therefore the activated pr@Xperiments on laboratory “model” systems, for instance, in
cesses become relevant for the dynamics in the low temper&- polydisperse polymer solutidi24] and in a colloid[25]
ture range closd,. This point of view is compatible with ~also showed a value ¢ tending to 1/3 wherr diverges. In
the energy landscape pictufg4,15 in which the potential these latter measurements the colloid concentration rather
energy of the system forms a hypersurface. This hypersuthan the temperature is the control parameter which is modi-
face has multitude of relative minima which are separated bfied. As the concentration is varied progressively from a low
widely distributed energy barriers. At high temperatures thevalue to the critical concentration at which the colloid gels,
dynamics of the liquid is hardly sensitive to the presence othe relaxation time increases and tends to diverge. The
these minima, since the thermal energy is high. Lowering th&tretched exponential exponedtchanges from 1 to a value
temperature the thermal energy is diminished and the systeigry close to 1/3(see Fig. 4 in Ref[25]). Finally, very
starts to “see” the “rough landscape.” Therefore, close torecent simulations on other model systems very different
T, the point in the phase space representing the instantdom the ISGs also show a similar tenderj@§].
neous configuration of the system must follow a path along From the previous discussion, it is apparent that, when the
tortuous valleys of low-energy states while skirting aroundrelaxation time tends to diverge, there exist remarkable simi-
mountains of high-energy states. For fragile liquids the temlarities in the 3(T) behavior of the polymer melts on one
perature where the change of mechanism would take place Rand and the model systems on the other hand. In addition,
estimated to be around T.3[14] which is not far from the ~some similarities in the experimental dielectric dynamical
value of the crossover temperature found for the polymersusceptibility of low molecular weight glass formers and
investigated herésee Fig. 4 Thus, our findings would be spin glasses has been also suggef2&2g. These remark-
the first experimental evidence based on the temperature dable similarities between the different families of systems
pendence of the spectral shape of the existence of two dy¢an be quantitatively checked #f is plotted as a function of
namical regimes in polymer melts. A comparison with re-a new dimension-less varial®evhich depends on the relax-
sults based on the temperature dependence of relaxati@ion timer, with T as an implicit parametdsee Fig. $. The
times is not easy since in polymers the different representavariablex is defined as
tions used in other glass forming liquids hardly show evi-
dence of these two regions. From our data only in PVAc _ 1
such representations allow us to envisage two different re- X= logyd 7(T)/A]"
gions with a crossover temperature around 390 K, i.e.,
1.26T,. In Eq. (8), which yieldsx=0 for diverging times,A is a

On the other hand, our findings seem to indicate the posparameter defining the time units used. Thus, Byallows
sibility of a common value of3 (not far from 1/3 at the us to compare results obtained in very different systems if
temperatureT, where the relaxation times would become the appropriate time units are used. For the polymers we
infinite. It is noteworthy that similar results have been re-have takenA as the inverse of a typical phonon frequency
ported for a series of different model systems trying to(A=10"?s). A different choice (10*! or 10 *° s, for in-
mimic the glass-forming system behavior. This is the case o$tancg only dilates or contracts the axis, particularly for
the simulation on the dynamics of different Ising spin glasseshe larger values of, but does not affect the general appear-

®
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the polymers investigated. A linear extrapolation of B{&)
0.7 data tox=0 (see dotted lines in Fig.)Shows aB(x) value
0.6 tending to near 1/3 at the critical temperature at which
- diverges §=0). Other extrapolations are clearly possible
0.5 but the limiting 8 values certainly tend to cluster closely. An
0.4 ad hoc expression forg(x) that has the property3(0)
T =1/3is
035
1 X
0.2 ,B(X)—,Bx[l (1 SBx)eXF{ %) | 9
0.7 where the fitting parameters for each curve Are which is
0.6 determined by the high-temperature limiting value agd
o 0.5 which indicates the crossover region. In Fig. 5 we show the
) fitting curves obtained using E¢9) for those polymers in
0.4 which the high-temperature and frequency range was acces-
i sible. The fitting parameters so obtained are shown in Table
0.3 I. The same equation also allows to fit tj3éx) results ob-
0.2 tained for model systems but the value ®f is now unity.
0 As can be seen EqQ) gives a satisfactory description for the

B(x) behavior in the whole range investigated for both poly-
FIG. 5. Comparison between the nonexponentiality of the segmers an model systems. However, it is found that whereas
mental dynamics of the polymers investigated: @Bcles, PVYME  for polymers the value of, obtained are in a rather narrow
(filled squares PVE (empty triangles PVAc (empty diamonds  range between 0.11 and 0.25, for the model systegis
PH (filled inverted triangles and PSHfilled triangles, and that of  much larger(1.0—2.0. This would imply that for polymers
the relaxation of model systems: 3D ISG model with bimodal in-the 8(x) behavior would mainly be determined by the value
teraction distributionlempty inverted triangleq16], 3D four-spin  of 8.,. It is reasonable to consider that the value &f
ISG model(filled circles [23], 3D Gaussian ISG modéempty  should be related to the details of the dynamics of each ma-
squarep[20], 3D +J ISG model(filled triangles [20], and colloids  tgrjal. In particular, a limiting value of.. lower than unity
(filled diamonds [25]. The x axis is defined as 1/lad «(T)/A]  would indicate that, even at high temperatures, there exist
(see the tejt The dotted lines correspond to possible linear ex-gome kind of correlation in the reorientation of the dipolar
trapolations..The solid Iings are fitting curves optaingd by using Edunits. This is expected in polymers since the connectivity of
(9). The vertical dashed line represents relaxat|_on times of 3 year§he main chain is always present. However, the correlation in
so the sector to the left of these lines is essentially inaccessible. the dipole moment orientations for PSF seems to be negli-
gible at high temperatures3(,~1), which could be attrib-
ance of the plot. The value of used for the ISGs simula- uted to the fact that in this polymer the main dipolar units
tions is the “attempt time,” which is 1 Monte Carlo Step per (SQ,) in the backbone chain are well separatéukere are
spin (MCS), whereas for the colloid systemswas taken as four phenyl rings between each couple of dippléseverthe-
the value ofr in the limit of zero concentration. less, other factors as the coupling between the dipolar mo-
In this representation a comparison of the behavior of theéions and the segmental dynamics would also determine the
nonexponentiality parametg@ in polymers and in the model value of 3., .
systems is straightforward. Moreover, this type of plot brings On the other hand, since thg, values vary from one
out the fact that further measurements, or numerical simulapolymer to another, thg values splay out wher increases
tions, at lower temperatures to push the limit closerxto (7 decreases As a result, afTyp (where 7=100 s andx
=0 rapidly become totally impractical. Thus extending a=0.071), there is a dispersion B{T4D) from about 0.36 to
plot down tox=0.05 would require studying relaxation at 0.56 (compare with the values given in R¢8]). The value
temperatures corresponding tovalues extended up to 3 of g at T, has been widely used as a phenomenological
years in experiments and up to?20ICS in the simulation. parameter to classify the glass forming systems. For ex-
Therefore the results shown in Fig. 5 can be taken to coveample, on the basis of a trapping model it has been suggested
almost the entire range fg8(x) that can be attained with that the Kohlrausch exponent should tend to 0.43 ain
present day means. It can be seen that each of the sets of datalymer melt1]. On the other hand the value g{T,) has
taken in the accessible domain for the different systems areften been related with the so-called fragility of the glass
compatible (within the usual experimental uncertainjies forming systemg29]. The polymers studied here have dif-
with B varying fairly linearly with x as x—0. However, ferent fragility (see Fig. 3 and Table),l being in all cases
whereas for the model systems the linear behavior extendsther fragile systems, but there is not a direct correlation
on a wide range (8x<0.5) for polymers it is restricted with the corresponding values @{(T,). PH the most fragile
only to low values ofx. The approximately lineaB(x) be- and PVME the least fragile of the polymers investigated
havior for the lowx values is directly connected with both, show a very similag(T) behavior, whereas PVAc, having a
the linear dependence ¢@f(T) close toTy and the VF de- fragility similar to PVME, presents a quite differeg(T)
pendence of(T) with a pre-exponential factor of the order behavior. Therefore, no one of these ideas seems to be sup-
of A. These two conditions are approximately verified forported by the present results. Contrary to these possible cor-
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relations, our finding indicates that the value @fT,) is V. CONCLUSIONS

mainly determined by theB. values whereas the low-

temperature limit would be near 1/3 for all the samples. We have shown that the segmental dynamics of polymer
Moreover, the samgs(T) behavior is found in different melts as observed by dielectric relaxation spectroscopy can
families of systems when the time scale divergence is apbe well characterized by means of a KWW equation. This

proached as shown in Fig. 5. Because of fundamental restrigtescription is valid in the whole temperature range investi-

tions we are obliged to extrapolate the behavior in the veryated, however, the accuracy of this description is limited for

long relaxation time regime, but Fig. 5 suggests thathe some polymers in the low-temperature side by the overlap-
data are compatible with a clustering around 1/3 in the infi-ping of the sample conductivity(T) follows a VF law and

nite 7 limit. Because of fundamental equilibration time limi- B(T) shows a crossover from a high-temperature region
tations, there is no way in which it can be proved rigorously, ;a6 it is essentially temperature independent and a low-

that 8 tends to exactly 1/3, but reasonable extrapolations fo.{emperature region wherg(T) increases with temperature.

itrr]lethdeatrzr?netr(l)e;%):)pc;)slymers and on the model systems all I'?n the low-temperature region, the values @fin all the
ge o golymers investigated show a tendency to converge in a

As discussed above, the low temperature dynamics of th | 1/3 at the t t here The t
polymer melts can be understood in terms of an energy land/&'u€ near at the temperature whereiverges. 1he two

scape picture. Moreover, it has been recently shown that th§9ions in3(T) roughly coincide with the two dynamical
energy landscape picture can account quantitatively for sey€9imes reported for supercooled liquids, which are also ex-
eral controversial aspects of taerelaxation in supercooled Pected in the framework of the energy landscape picture. The
liquids as the glass transition temperature is approafd@d same framework allows to rationalize the existence of re-
On the other hand, the landscape picture is widely used ifarkable similarities between the dynamics of both polymer
the ISG community. In particular, it was conjecturgsil] melts and model systems, as their respective time scales di-
that dilute randomly distributed sites on a hypercube lead tyerge. Particularly, a limiting value g8~1/3 at the tem-

an extreme example of a rugged landscape and provide erature where the relaxation time would diverge seems to
purely geometrical model mimicking the true ISG phasebe ubiquitous in these very different families. It is notewor-
space and its evolution with temperature. Moreover, it waghy, however, that whereas for simulatiopgt) represents a
demonstrated numericallj82] that a random walk on the microscopic correlation function, for dielectric experiments
spanning cluster which exists in this model above the “per+his is not always the case, as it has been discussed above.
colation transition” produces a stretched exponential decagince the model systems, and in particular the ISGs, present
of the memory function, with an exponegttending to pre- a3 well defined critical temperature at which the relaxation
cisely 1/3 at the critical concentration of sites where in thefime pecomes infinity, the similarities found would indicate
large system limit the characteristic time dlyerges. The an_alfhe possibility of the existence, in polymers, of a real ther-
ogy between on the one hand a spanning cluster which,,qynamic transition at aboii, which is inaccessible ex-

tbhref?]ks up 'T)to smgll clttﬁter.?hat tr?e 3erct(r)llat|on dtransrqor: "&erimentally, because, due to the time scale divergence, the
1€ hypercube, and on the other hand a thermodynamic ra ystem cannot attain equilibrium for temperatures more than
sition as a function of temperature in an ISG system is dis-

cussed in Refl32]. The fact that, to within practical limita- a few degrees belows .

tions a similar relaxation behavior is observed in the

hypercube model, in the model systems and in the segmental

dynamics of polymer melts implies that the phase spaces of ACKNOWLEDGMENTS
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