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Comparison between thermal sampling and numerical analysis of thermally
stimulated depolarization current peaks
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Department of Physics, Universidad Simo´n Bolı́var, Apartado 89000, Caracas 1080, Venezuela

M. Grimau
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~Received 1 May 2001; accepted for publication 28 August 2001!

Thermal sampling peaks recorded after windowing polarization are studied for the segmental mode
in poly~e-caprolactone!. Also, numerical decompositions of the global thermally stimulated
depolarization current peak into pure Debye contributions are performed with direct signal analysis
~DSA! and simulated annealing direct signal analysis procedures for Arrhenius and Vogel–
Tammann–Fulcher~VTF! temperature dependences, respectively. It is found that the results
between the experimental and the numerical procedures agree very well and the approximations
made in the analysis of the experimental curves are thus validated, despite the unphysical values for
the relaxation parameters found by both methods when using Arrhenius relaxation times. On the
contrary, when VTF relaxation times are used for the numerical decomposition, agreement is found
with the results of isothermal dielectric absorption as a function of frequency, together with
reasonable values for reorientation energies, pre-exponential factors and VTF temperature. Thermal
sampling and DSA also compare well when studying the departure from the zero-entropy line which
indicates the onset of a cooperative character in the dynamics of molecular motion. Compensation
is found whenever the primary relaxation is analyzed with Arrhenius or Eyring relaxation times and
does not appear when VTF relaxation times are used in the numerical decomposition. ©2001
American Institute of Physics.@DOI: 10.1063/1.1413707#
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I. INTRODUCTION

Thermally stimulated depolarization current~TSDC!
techniques have been widely used for the detailed stud
the relaxation processes in polymeric materials with dipo
molecular segments present in their structure. The TS
technique is equivalent to dynamic dielectric spectrosc
performed as a function of temperature at an equivalent
quency in the mHz range. The resolution is thus very h
and besides, the overlapping modes, which are a featur
the dielectric spectrum of these complex materials, can
isolated by carefully selecting the polarization condition
The chosen polarization temperature,Tp , determines the di-
poles that will orient under the action of the applied elect
field, Ep , during the polarization step; the dipolar segme
that at this temperature have a longer relaxation time as c
pared to the polarization time, will not contribute to the p
larization frozen in during the following cooling step. More
over, by proceeding to a partial depolarization of the lo
temperature tail of a TSDC peak, i.e., cooling down t
sample after the dipoles with shorter relaxation times
randomized, a ‘‘clean peak’’ is obtained on a subsequ
heating. This capability of the technique has opened a w
range of variations, the most used one being the ther
sampling~TS! procedure1 which is an attempt to isolate ex
perimentally each of the elementary~Debye! relaxation pro-
cesses whose sum causes the TSDC global spectrum. In
way, as each of the isolated peaks is assumed to be ch

a!Electronic mail: elaredo@usb.ve
5720021-8979/2001/90(11)/5721/10/$18.00
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terized by a single relaxation time,t i(T), the distribution of
relaxation times of the elementary contributions is obtain
Global TSDC, TS, and peak cleaning techniques have b
successfully applied in polymers to the study of the dielec
manifestation of the segmental motions occurring at the g
transition temperature,a mode,2 and to the secondary relax
ations, labeledb and g modes,3 which occur at lower tem-
peratures and are attributed to more localized motions
segments of variable but shorter lengths. Above the g
transition temperature, the observed TSDC peaks are rel
to the displacement of free charges in the sample4 and being
very intense sometimes renders the detection of neighbo
dipolar modes difficult.

The analysis of the peaks, isolated experimentally by
TS technique, is based on the assumption of a Debye c
acter, which is not often the case, and on some approxi
tions introduced in the ulterior calculations.5 Instead of the
TS, the decomposition of the global TSDC peak into tr
Debye peaks can be attempted by numerical methods.
direct signal analysis~DSA!6 and the simulated annealin
direct signal analysis~SADSA!7 computer procedures hav
been proposed as an alternative to the experimental dete
nation of the relaxation time distribution. The advanta
of the numerical methods applied to TSDC global pea
is that the decomposition in Debye peaks is performed w
out any approximation and the relaxation time, together w
the precise contribution to the total polarization of each
ementary process, are precisely calculated. The results o
adjustment procedure of the TSDC peak are remarka
1 © 2001 American Institute of Physics
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good as the sum of squared residuals can be as low as29

for a current density peak whose area is normalized to a
polarization.

Once the TS decomposition is performed, the relaxat
time variation with temperature can be estimated in e
case.t i(T) is calculated following the Bucci, Fieschi, an
Guidi ~BFG! area method.8 Assuming Arrhenius relaxation
times for each elementary peak

t i~T!5t0i exp~Eai /kT!, ~1!

where the activation energy,Eai and the pre-exponential fac
tor, t0i , characteristic of each process are calculated fr
the slope and the intercept of the log(t i) vs 1/T plot. It is
often found that there exits a linear relationship among
(t0i) and the reorientation energies,Eai , determined from
the decomposition of the global TSDC peak. This is repor
in the literature as a compensation law9 and has been found
for both the secondary10 and thea modes in a wide variety o
amorphous or semicrystalline polymers.11 This effect can
also be visualized as a convergence to a single point o
the extrapolated lines in the Arrhenius plot log(t i) vs 1/T.
The existence of a compensation point implies that th
exists a temperatureTC at which all the elementary mode
relax with an identical relaxation time,tc . Compensation
has been often interpreted as an indication of a comm
origin for the elementary processes which follow the rule a
to the existence of cooperative motions at the origin of
global relaxation process decomposed by the TS techniq5

This interpretation is controversial and the extremely l
values found for the pre-exponential factors which can re
10250 s, together with the high reorientation Arrhenius en
gies~several electron volts! are beyond any physical signifi
cance. The absence of meaning of compensation has
alternatively attributed to a variety of causes such as
propagation of experimental errors,12 the fact that the activa
tion energy and activation entropy are not independent,13 or a
result of the mathematical manipulation of the equations
an underdetermined system.9 Consequently, compensatio
can not be related to any material property as it has b
argued. Alegrı´a et al.14 even conclude that the compensati
law in thea relaxation range is an artifact and that the TSD
experiments can not discriminate among heterogeneous~re-
laxation time distribution! and homogeneous scenarios.

An alternative analysis has been proposed
Starkweather15 based on the distinctive behavior of th
Arrhenius~or Eyring! relaxation parameters of local and c
operative modes. The activation energy of the elemen
peaks obtained from the TS of secondary relaxations, in
absence of any cooperative character, should vary as a f
tion of the polarization temperature following a zero entro
line, while those derived from the decomposition of the s
mental mode should deviate from this line and show a st
energy increase. This approach has been successfully ap
to poly~methylmethacrylate!,16 fluoropolymers,2 and thermo-
plastics polyesters.11

Another point to be noted on these thermally activa
techniques is the problem of a possible evolution of the m
terial and the dynamics of the motion one wants to determ
due to the physical aging of the polymer as we move towa
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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the glass transition temperature. If the thermal history is
same, the results can be easily compared and care shou
taken to ensure this requisite. The usual temperature prog
in a TS experiment keeps a constant polarization time
the sample is short circuited for a constant time after the fi
is switched off at a temperatureTp2DT(DT<5 K!. As the
polarization temperature is increased, the structural reco
ing process will occur with a higher efficiency due to th
increased chain mobility. Alegı´a et al.14 have proposed a
somewhat different experimental protocol for TS expe
ments which allows one to keep the thermal history of
sample independent of the polarization temperature.

In this work, we have performed both TS experimen
and numerical decompositions using DSA and SADSA p
cedures in order to compare the results obtained with th
two different approaches for determining the relaxation ti
distribution, thus evaluating the validity of the assumptio
and approximations made in the analysis of the TS result
is not the aim of this work to discuss the physical meaning
compensation based on the assumption of Arrhenius re
ation times in the whole temperature range covered by s
ondary and primary relaxations, which is always used in
analysis of the TS curves. The numerical analysis of a glo
TSDC peak by using Vogel–Tammann–Fulcher~VTF! relax-
ation times is the best approximation to the extraction of
relaxation time distribution of thea mode. The material cho
sen is the semicrystalline poly~e-caprolactone! ~PCL! and the
relaxation studied is the primary relaxation which occurs
210 K. The detailed study of the chain motion in this h
mopolymer is important so as to compare it with the beh
ior observed when PCL is used as a component of tribl
copolymers~with polystyrene and polybutadiene! where the
segregation might have an effect on the time scale of
dielectric relaxations.

II. THEORY

The standard way to analyze TS peaks is based on
BFG area method8 for the current density,Ji(T), recorded
for a Debye TSDC peak and its relationship with the rela
ation time

Ji~T!5
Pi~T!

t i~T!
, ~2!

wherePi(T) is the residual polarization andt i(T) the relax-
ation time at each temperatureT. The residual polarization is
easily determined from the area under the TSDC elemen
peak fromT to the end of the high temperature tail of th
curve, Ji(T) being the ordinate of the curve at this sam
temperature. The relaxation times calculated from part of
rise of each elementary peak analyzed in this way are re
sented in an Arrhenius plot of the relaxation times, log(t i) vs
1/T, by a line whose slope and intercept allows the calcu
tion of the activation energy and the pre-exponential fac
of Eq. ~1!.

In Eyring’s theory of absolute reaction rates,17 the relax-
ation time can be written in function of the activation e
thalpy,DHi* and entropy,DSi* , as
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t i~T!5
h

kT
expS 2

DSi*

k
1

DHi*

kT D , ~3!

whereh andk are the Planck and the Boltzmann constan
respectively. The activation entropyDSi* is related to the
fraction of available sites when comparing activated state
the inactivated ones,DHi* is directly related to the height o
the potential barrier to be overcome by the reorienting en
At the temperature of the maximum,Tmi of each elementary
peak recorded in a TS experiment, an equivalent freque
can be defined by

f mi5
1

2pt~Tmi!
5

Eaib

2pkTmi
2

, ~4!

whereb is the constant heating rate at which the polariz
sample undergoes its thermally stimulated depolarizat
The activation Gibbs energy can then be written as

DGi* 5DHi* 2TmiDSi* 5kTmi@21.9221 ln~Tmi / f mi!#

5aTmi , ~5!

on the whole temperature range. Mouraet al.9 have shown
the existence of the linear dependence ofDGi* on the tem-
perature of the peak maximum for a variety of TS expe
ments performed on different polymeric materials. This ki
of universal behavior is attributed to the lack of variati
observed for the quantity between the brackets in Eq.~5! for
the 960 TS experiments plotted by them performed on po
mers with different chemical structures and for relaxatio
due to different origins~see Fig. 1 in Ref. 9!. This observed
general behavior can also be expressed as a liner relation
among the activation entropy andDHi* /Tmi and written as

DSi* 5
DHi*

Tmi
2a, ~6!

with a slope equal to 1 and an intercepta52.8831023 eV
K21, independently of the origin of the relaxation process
considered, its characteristics or even the chemical struc
of the material under study.DSi* values can be estimate
from the experimentally determinedt0i and Eai assuming
that DHi* .Eai ,

DSi* 52kF lnS kTmi

h D1 ln~t0i !G . ~7!

Compensation can be visualized in different ways. In
relaxation times Arrhenius plot, compensation is shown
convergence of the extrapolated straight lines represen
each TS peak to a compensation point@1/TC , log(tc)# imply-
ing that at this compensation temperature, all the proce
would relax with the same characteristic time. Then, the p
exponential factors variation with the activation energ
would be

t0i5tc exp~2Eai /kTC!. ~8!

Thus, compensation is believed to exist when a lin
relationship is observed in a plot log(t0i) vs Eai , drawn
after the determination of the Arrhenius relaxation para
eters extracted from the TS experiments. In the Eyring f
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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malism compensation phenomena implies a linear relat
ship betweenDSi* and Eai which is lately the most used
representation. The slope of the latter line is 1/TC and the
intercept isk ln(h/ktcTC). The compensation parameters a
characteristic of each global relaxation process observed
given material. As opposed to the universality of the dep
dence described by Eq.~6!, elementary processes related
compensation have been attributed to a common origin
often considered as indicative of cooperative molecular m
tions of dipolar segments whose length is varying. Howev
the existence of compensation processes for the secon
noncooperative relaxations originated by the local motion
polar side groups has often been reported.3,10 Compensation
also exists when the Arrhenius activation energy starts
increase drastically as one approaches the glass trans
temperature from the low temperature side. The values fo
in this zone, when using Arrhenius dependence for the re
ation times, are in the range of several eV, and conseque
the corresponding pre-exponential factors decreases in an
realistic way reaching values of 10260 s as the value of
t(Tmi) for the usual heating rates is around 32 s. When p
ting the variation ofEai vs TPi or alternativelyTmi , it is very
useful to draw the zero-entropy line,DSi* 50, which is very
often calculated2 assumingf mi55 mHz from

Eai5kTmi@11 ln~kTmi /h2p f mi!#. ~9!

The variation of the Eyring activation energy,DHi* (Tmi),
when DSi* 50 is found from the numerical solution of th
following equation:

kTmi
2

b~DHi* 1kTmi!
5

h

kTmi
exp~DHi* /kTmi!, ~10!

where the resulting line depends only on the heating rateb.
In numerous previous works on TS on different types

polymers, it has been reported that most often the points,Eai

vs Tmi , corresponding to elementary contributions from se
ondary or local relaxations, follow the zero-entropy lin
showing the absence of cooperativity,11 and start to strongly
deviate from it as the temperature moves into thea region.
In polymers slightly negative entropies are ofte
reported,2,9,11,15i.e., experimental points from theg or b re-
gion which, in theEai vs Tmi plot, fall below the zero-
entropy line described by Eq.~9!.

It is widely accepted18 that for the segmental modes i
polymers, the temperature dependence of the relaxation
is well described by the VTF equation

t i8~T!5t0i8 expS Ei8

k~T2T0!
D 5t0i8 expS Bi

T2T0
D , ~11!

whereT0 is the ideal glass transition or Vogel temperatu
below T0, all molecular motions are frozen.T0 is usually
found to be from 30 to 70 K below the glass transition te
perature as determined by differential scanning calorime
or the maximum of thea TSDC peak. The closerT0 is to
Tg , the more fragile the glass forming system becomes.
Williams–Landel–Ferry expression for the relaxation tim
is completely equivalent to the VTF equation and it has be
justified by several models which include the cooperat
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FIG. 1. Schematic of global TSDC~a!, peak cleaning
~b!, and TS~c! techniques showing the variation with
time of the temperature,T, the applied field,Ep , the
polarization,P, and the depolarization current densit
J. In the boxes on the last row, the lines representJ(T)
recorded from the initial to the final temperature of th
experiment.
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character of thea relaxation such as the free volume point
view19 or the molecular kinetic theory20 based on the varia
tion with temperature in the size of the cooperatively re
ranging regions in glass forming liquids.

III. EXPERIMENTS AND COMPUTER ANALYSIS

A. Experimental

In order to compare the TS and the DSA analysis resu
TSDC experiments are performed on compression mol
films of PCL with an average thickness of 359mm. The
crystallinity degree of our samples is 64% as measured
wide-angle x-ray diffraction at room temperature. The P
used~Aldrich Chemicals!, has a number-average molecul
weight M̄n5100 000 g/mol and a polydispersity of 1.5
measured by Gel Permeation Chromatography. The TS
PCL samples are disk shaped 20 mm in diameter.

The experimental setup used to perform the TSDC ch
acterization has been designed in our laboratory.21 The po-
larization step is performed in a nitrogen atmosphere, the
being thoroughly evacuated to avoid any moisture trace
the depolarization stage, the sample is heated at a con
rate of 0.07 K/s in a helium atmosphere of 150 Torr from
K to above the polarization temperature,Tp . The tempera-
ture control system allows one to regulate the depolariza
process at a constant heating rate that induces the T
current measured with a Keithley 642 electrometer c
nected in series to the measuring cell where the samp
located between two metallic electrodes.

The TSDC characterizations can be differentiated
three types of polarization protocols whose sequence
shown in Fig. 1. In the first polarization protocol, Fig. 1~a!
the electric field is applied during a timetp ~typically 3 min!
at a polarization temperatureTp , and during the cooling of
the sample to 80 K; the global TSDC peak is recorded as
temperature increases at a linear rate. A ‘‘clean’’ peak is
tained when the sample is discharged by heating to a t
perature from 10 to 30 K below the maximum of the pea
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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Tm , as shown in Fig. 1~b!. Then the sample is quenche
again to low temperatures before recording the ‘‘clea
TSDC spectrum as the temperature is raised at a cons
rate. This particular protocol allows the isolation of thea
relaxation from the secondary processes thermally activa
at lower temperatures.

The TS polarization protocol starts with an identical p
larization step atTp , Fig. 1~c!; then the sample is cooled a
a rate of 0.056 K/s until a temperatureTP25 K, where the
electric field is turned off. The sample is maintained at t
temperature for 1 min and then quenched to 80 K. It is
sumed that the TS spectrum obtained is originated b
single Debye process, and is characterized by single va
for the activation energy and pre-exponential factor. The g
bal TSDC peak is the composition of these elementary pe
that can be isolated by TS. This polarization protocol is
peated at different polarization temperatures at intervals o
K in the temperature range covered by the global peak.
first polarization protocol is used here to generate the spe
studied by the DSA numerical decomposition and the th
one is applied in order to compare the DSA and TS resu
The clean curves obtained with the second polarization p
gram are analyzed with the DSA or SADSA computer p
cedures.

B. DSA and SADSA procedures

DSA has been described in detail and has been applie
the decomposition of relaxations in several polymers;6 it is a
numerical decomposition of the global TSDC spectra inM
elementary Debye peaks each of them characterized b
single Arrhenius relaxation time,Eai andt0i , and its contri-
bution to the total polarization isP0i . The computer program
uses the nonlinear least squares fitting procedure to adjus
M energy bins chosen in an energy window. The output
the program is theM values ofEai , t0i , P0i , and the cor-
respondingTmi is calculated from theEai andt0i values. The
sum of squares residuals is always very low~,1028 for a
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TSDC curve with a unit polarization!. A significant improve-
ment to the DSA is the SADSA procedure7,22 which uses a
Monte Carlo algorithm and has the advantage of converg
independently of the starting values given to the adjusta
parameters, to the global minimum of the function to
minimized if the simulated annealing of the system is carr
on with a schedule which guarantees the reach of equilibr
at each ‘‘temperature’’ step. The SADSA has been used h
to analyze the segmental relaxation when the VTF temp
ture dependence for the relaxation time of each elemen
mode is used.

IV. RESULTS AND DISCUSSION

In Fig. 2, the global TSDC spectrum of PCL is show
with three very clearly defined relaxation regions. The low
temperature region corresponds to the weak secondary r
ations, labeledg andb, attributed to the restricted motions o
short segments with dipolar moments. This broad pea
clearly a multicomponent relaxation and a distribution of
laxation times must be sought in order to describe the exp
mental profile in an heterogeneous scenario. The dielec
manifestation of the glass transition is thea mode which is
narrow and located atTg;Tma5210 K which is six times
more intense than the secondary relaxations. At still hig
temperatures, ana8 peak exists which has been studied
detail and its origin attributed to an interfacial polarization
this semicrystalline polymer.4 The global TSDC dipolar re-
laxations of PCL have been analyzed with DSA~g, b, a
peaks! and SADSA~a peak! and the results of the numerica
decompositions in elementary modes either with Arrhen
or VTF relaxation times are given respectively, in terms
the activation energy and pre-exponential factors for eachith
elementary mode of the set ofM modes which best describ
the distribution, each with a contributionP0i . In this section
a detailed comparison of the results obtained by applying
TS technique and the DSA procedure to thea mode in PCL,
which is originated by the dipolar motions that occur at t

FIG. 2. TSDC global spectrum of PCLMn5100 000 g/mol. The left-hand
side scale corresponds to thea relaxation. This scale is divided by 4 for th
g andb relaxation and multiplied by 10 for thea8 relaxation. The polariza-
tion temperatures are indicated by arrows.
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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glass transition, are presented. In Fig. 3, the current den
of the TS peaks is plotted as a function of temperature;
polarization temperatures range from 180 to 220 K and
polarization window isDT55 K, in order to compare our
results with the most frequently used temperature prog
just described. Each elementary peak is then analyzed
the BFG method8 to find the variation oft i(T), Eq. ~2!. Due
to the impossibility to isolate a single Debye peak in a
nonisothermal scan, the most commonly used procedur
calculatet i(T) consists in considering only part of the rise
the current density curve where a linear relationship betw
log(t i) vs 1/T is observed. To approximate the residual p
larization at each temperature,Pi(T), instead of evaluating
the area under the TS curve for temperatures higher than
current temperature, the residual polarization correspond
to the decay of the current density,T>Tm , is approximated
by its expected fraction of the total polarization,5 P0; this in
turn is estimated from the area under the curve from
initial temperature toTm by P05(1.6245/b)*Ti

TmJ(T)dT. In

this way, the decay of the TS curve is discarded and repla
by the area it should have if only the relaxation time det
mined with the rise of the curve exists. This approximation
done to correct the situation stemming from the impossibi
of isolating a unique Debye peak when using the TS te
nique. Following this procedure to calculate the relaxat
times as a function of temperature for each elementary p
the Arrhenius plot in Fig. 4 shows the results obtained. Ev
with the approximations made, one can only use a nar
temperature range over which the linear relationship am
log(t i) vs ~1/T! can be drawn, i.e., the rise of the depola
ization current, and it roughly covers relaxation times ov
two decades. This is a common feature in TS results16 where
the useable zone in the experimental curvest(1/T) has to be
carefully selected. The assumption made to estimateP0 from
the area under the rise of the current peak might be a ma
of discussion if even the low temperature side of the pea
not accurately described by a single relaxation time. The

FIG. 3. TS curves from the glass transition mode of PCL. The polariza
temperatures varied from the left- to the right-hand side from 180~d! to 220
K ~l! by 5 K steps, the polarization window isDT55 K, the external field
is EP50.557 MV/m the heating rate isb50.07 Ks21.
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of points, log(t i) vs ~1/T! corresponding to the rise of theith
TS peak is then adjusted to an Arrhenius law whose slop
the activation energy,Eai , and intercept the pre-exponenti
factor, log(t0i). The energies found here vary between 0
and 2.1 eV and the corresponding pre-exponential fac
range from 10220 to 10250 s which are far too out of scale t
deserve any sound explanation. A similar analysis can
performed to determine the Eyring parametersDHi* and
DSi* by plotting t iT vs 1/T and determining the slope an
the intercept of the line drawn in the~limited! range where a
linear relationship is observed. The activation enthalpies
entropies range from 0.8 eV to 2.1 eV and from 0.001
u21 to 0.007 eV K21, respectively.

TS results are generally presented1,3,5,14,16on a log(t0i)
as a function ofEai plot, as shown in Fig. 5. The TS peak
are analyzed with Arrhenius relaxation times~empty circles,
right-hand vertical axis! or with Eyring relaxation times
~filled circles, left-hand side vertical axis!. The linear depen-
dence found either on the log(t0i) vs Eai or onDSi* vs DHi*
plot, might be interpreted as the existence of compensa
with a compensation timetc and compensation temperatu
TC

t0i5tc expS Eai

kTC
D , DSi* 5k lnS h

ktcTC
D1

DHi*

TC
. ~12!

The compensation point obtained from the TS data o
analyzed with Arrhenius or Eyring dependences, istc

5(0.0760.06)s,TC5(22962)K which is plotted in Fig. 4
as point C. Following Dargentet al.,11 the dotted lines which
converge reasonably well here to point C are extrapolati
of the Arrhenius lines determined by the experimental po
only. Often, the dashed lines are forced through the comp
sation point determined from the linear relationship of l
(t0i) vs E0i and differ from the extrapolated lines defined
the experimental points only.

A curvature is often observed in these relaxation plots
the temperature of the maximum of the TS peak approac

FIG. 4. Relaxation plott i(1/T) obtained from TS of thea mode of PCL.
The polarization temperature decreases from 220 to 180 K by 5 K steps on
going from the left- to the right-hand side. The compensation point C
obtained from the plot in Fig. 5,tc50.07 s andTC5229 K.
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or is larger thanTg , even if a reduced temperature interval
considered, and it has been often attributed23 to the difficulty
found in isolating a pure Debye peak in spite of the narr
polarization windows commonly used. This argument is n
very convincing as with the approximations made in t
usual framework, one should be able to isolate a nea
single Debye peak. IfP(Tm), the polarization remaining a
T5Tm , is not measured from the corresponding area un
the TS curve forT>Tm , but calculated from the fraction o
the total polarization it should have if the TS peak w
purely Debye, the broadening effect of the TS peak should
negligible. Moreover, the curvature should also be obser
in the TS of secondary or noncooperative relaxation peak
the distribution found there is wide and the isolation of
single peak by TS should be equally difficult. As in the r
laxation plots which show compensation for second
relaxations,3,10,24 this is not the case, it appears that this
gument which should also be valid for theb mode is not
justified.

The global TSDC peak corresponding to thea mode of
PCL is now analyzed by applying the DSA numerical proc
dure. The results should be comparable to those obtaine
TS as both the experimental technique and the computer
composition are based on a distribution of single Deb
peaks with Arrhenius relaxation times. The advantage of
DSA is that there is no need of any further assumption on
shape of the decay of the current peak and that each of
elementary peaks obtained can be analyzed with the B
method in their whole temperature range and not only i
small temperature interval as before. The numerical dec
position results (Eai ,t0i , andP0i) obtained from the globa
a mode are shown in Fig. 6; in Fig. 6~a! both the experimen-
tal trace and the fitted one are drawn. The energy histog
drawn in Fig. 6~b! represents the contribution to the tot
polarization of each elementary peak as a function of

s

FIG. 5. Compensation curve:d TS calculated with Eyring formalism, left-
hand side vertical axis increasing upwards,DSi* 5 f (DHi* ); s TS calculated
with Arrhenius relaxation times, right-hand side vertical axis increas
downwardsk ln(t0i)5f(Eai). The compensation point from TS istc50.07 s,
TC5229 K. n corresponds to the DSA results in Fig. 6, right-hand si
vertical axis. The compensation point from DSA istc50.009 s andTC

5234 K. The continuous line is the best fit to all the points.
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reorientation energy,Eai ; Fig. 6~c! shows the pre-
exponential factors resulting from the fitting for each of t
ten energy bins used for this decomposition. It is worth n
ing that the positions of the peaks in the temperature dom
is not imposed here. The extremely low values obtained
t0i with the TS technique are confirmed here, and con
quently, theEai values are high. The variation range of the
two relaxation parameters have been very often qualified
unrealistic. The activation energies and pre-exponential
tors determined with the DSA procedure are included
filled triangles in the compensation semi-log plot drawn
Fig. 5 ~right-hand side vertical axis! and it is readily seen the
agreement between the points obtained by both procedu
The coordinates of the compensation point C8 after the DSA
decomposition aretc5(0.00860.004) s,TC5(23462) K,
to be compared with the compensation parameters given
the TS results. In Fig. 7, the relaxation time variation a
function of 1/T is represented for each elementary DSA pe
t i is calculated with the BFG area method without any a
proximation and the data represented here covers the va
gathered on the whole temperature interval for each p
Debye peak where the peak exists with significant ordin
values, i.e., five decades to be compared with the two
cades useable for the TS peaks. The compensation p
found is plotted in Fig. 7. The lines which are extrapolat
from the linear fit of the points calculated by the DSA pr
cedure, define a convergence region similar to that obta
in the TS case. Figure 5 deserves additional comments a
compensation behavior is a controversial issue when look
for its justification. Independent of the existence of a sou
physical interpretation, the fact that the results of the TS
the DSA compare well show their equivalence within expe
ment errors. Sauer and Moura-Ramos16 showed, with TS ex-
perimental peaks and simulated curves in the same en
and temperature ranges, the appearance of compensatio
haviors with differenttc andTC , for almost any increase in
Eai as one approachesTg . In conclusion, compensation i

FIG. 6. DSA results for thea relaxation of PCL with Arrhenius relaxation
times: ~a! experimental points~open circles! and fitted profile~continuous
line!. The curve is normalized to give a unit polarization. Each elemen
process resulting from the best values ofEai , t0i , andP0i is simulated.~b!
Energy histogram showing the contribution to the total polarization of e
Debye peak,P0i . ~c! Variation of the pre-exponential factort0i with the
energy bin value.
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retrieved over a five decades variation when using the
merical decomposition procedure, and the detailed comp
son of the TS and DSA shows similar results with Arrhen
relaxation times. This similarity only validates the assum
tions and approximations usually made in the analysis of
TS peaks.

An alternative analysis of the global TSDC peak can
attempted when dealing with the cooperativea relaxation
where it has very often been reported that the relaxation p
present a curved trace. The application to thea mode of the
Eyring, or Arrhenius model established for activated state
dubious since the cooperative character of this relaxation
sults in a large number of potential barriers, wells, a
saddles with varying heights and shapes. The dynamic g
transition has a thermokinetic structure attributed to a deg
of disorder in this energy landscape.25 In order to minimize
the contribution of the lowest temperature compone
whose behaviors are best described by Arrhenius tempera
dependences, thea peak has been discharged up to a te
peratureTma;10 K. Additionally, the use of a ‘‘clean’’ peak
presents the advantage of minimizing the components wh
contributions are more sensitive to the aging of the sam
their maxima being located at temperatures just belowTg .
The SADSA fitting is used to decompose the ‘‘clean’’ TSD
curve in elementary VTF peaks and the results of the fitt
are presented in Fig. 8~a! for the experimental points~open
symbols! and the results of the fitting~line!. The distribution
of VTF energies represented in Figs. 8~b! is much narrower
than that obtained with Arrhenius relaxation times and
VTF energy,Ei8 ranges between 0.05 and 0.22 eV andT0

5157.5 K. Also, the pre-exponential VTF factors,t0i8 , re-
sulting from the best fit are plotted in Fig. 8~c! with the
correspondingEi8 , staying within reasonable limits as op
posed to those reported in Fig. 6~c! when Arrhenius relax-
ation times were used. Compensation, as visualized in

y

h

FIG. 7. Relaxation plott i(1/T) for the a relaxation of PCL obtained from
numerical decomposition with the DSA procedure~Arrhenius relaxation
times!. The compensation point, C8, is obtained from the plot in Fig. 5,
tc50.009 s andTC5234 K from DSA results only. The continuous line
correspond to the results within the temperature range where each ele
tary peak is visible. The dashed lines are extrapolations of the continu
ones.
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Arrhenius relaxation times formalism, does not hold here
is seen in Fig. 8~c! where a linear relationship between lo
(t0i8 ! vs Ei8 , is not observed. In this way, the decompositi
in Debye processes with VTF relaxation times is the corr
procedure to analyze ana global peak which has been pa
tially discharged. In this case, compensation does not app
The misuse of Arrhenius relaxation times to describe co
erative processes seems to be associated to the observat
compensation behavior. The value found for the VTF rel
ation time with the SADSA procedure at the temperature
the peak maximum,t8(Tm), allows the calculation of the
fragility index introduced by Bo¨hmer et al.26 which can be
written as

m5
E8/kTg

ln~10!~12T0 /Tg!2
, ~13!

if the strength parameterD is expressed in terms of the VT
energy labeled here asE8, D5E8/kT0. A value of 50 is
found which is in excellent agreement with them value de-
duced from dielectric spectroscopy performed in a w
range of frequencies and temperatures on this s
material.27 Recently, Correiaet al.28 have found significant
curvature in the logt~1/T! plots whose existence is attribute
to the polarization of a wide variety of modes in the gla
transition region in spite of the restricted amplitude of t
polarization window. They use two fragility indexes whic
do not require VTF dependences and are related to the
parent activation Arrhenius energies found for the most
tense TS peak with or without subtracting the zero-entro
enthalpy defined by Eq.~10!.

m25DH* ~Tm!/ ln~10!kTm . ~14!

In our case, this fragility index would be 35 from the mo
intense TS peak and 33 for the DSA result, which ag
proves the agreement between TS and our numerical dec
position. The difference is the extent of the temperat
range over which the analysis is carried out. Care should

FIG. 8. SADSA results for the cleana relaxation of PCL with VTF relax-
ation times:~a! experimental points~open circles! and fitted profile~con-
tinuous line!. The curve is normalized to give a unit polarization. Ea
elementary process resulting from the best values ofEi8 , t0i8 , T05157.5 K,
andP0i is simulated.~b! Energy histogram showing the contribution to th
total polarization of each elementary peak,P0i . ~c! Variation of the pre-
exponential factort0i8 with the energy bin value,Ei8 .
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taken as to the significance given to the Arrhenius parame
in the glass transition region which are to be seen as appa
activation energies only and the pre-exponential factor
not be interpreted as an inverse attempt frequency facto

The TSDC spectrum of PCL drawn in Fig. 2 shows,
low temperature, the broad mode labeledg andb relaxations
which has also been numerically decomposed in elemen
peaks with Arrhenius relaxation times. The decomposit
into 24 Debye peaks is justified by the wide temperat
interval ~80 K! covered by this band and the results are p
sented in Figs. 9~a!–9~c!. The energy bins range from 0.20 t
0.65 eV, leading to a variation in pre-exponential facto
10218,t0i,10210 s. The fitting of the energy histogram
shown in Fig. 9~b! needs at least three distributed mode
The M pairs of t0i and Eai found for the best fit of the
experimental curve are represented in Fig. 9~c! and no liner
relationship is observed between log(t0i) and Eai . Never-
theless, compensation effects in secondary relaxations h
been found in many cases in previous works
polychlorotrifluorethylene,3 epoxy–resin glasses,24 polyether
block amide,10 polyethylene terephthalate~PET!,29 polyary-
lates, polysufone, phenoxy, polyvinylchloride, an
polycarbonate.30

An alternative approach has been developed
Starkweather15 to distinguish among simple modes who
activation entropies are almost zero and which origins
localized motions of dipolar segments, and complex o
with a pronounced cooperative character, whose entro
diverge from the zero-entropy line; these facts are easily
served on aEai5 f (Tmi) plot. The continuous line drawn in
Fig. 10 from the numerical solutions of Eq.~10! represents
the zero-entropy line for a constant heating rate ofb50.07
Ks21 which is the important parameter in the TSDC expe
ment. The temperature dependence of the activation ene
is plotted in Fig. 10 for the decomposition of thea mode by
TS ~filled circles! and DSA~empty triangles!. The results of
the numerical decomposition for the secondary relaxation
tailed in Fig. 9 are also plotted as open triangles on t

FIG. 9. DSA results for the secondary relaxations of PCL with Arrhen
relaxation times:~a! experimental points~open circles! and fitted profile
~continuous line!. The curve is normalized to give a unit polarization. Ea
elementary process resulting from the best values ofEai , t0i , and P0i is
simulated.~b! Energy histogram showing the contribution to the total pol
ization of each Debye peak,P0i . ~c! Variation of the pre-exponential facto
t0i with the energy bin value.
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graph. The points representing theg relaxation lie next to the
zero-entropy line; they are, according to Starkweather mo
localized motions with no correlations involved. As the te
perature increases, theb relaxation seems to be originated b
motions with a small but increasing cooperative charac
The presence of a cooperative character in the secon
relaxation of PET has also been proposed to explain the
parture from the zero-entropy line of the highest tempera
components of the secondary relaxation.29

The escape from the zero-entropy line becomes re
significant when one reaches the primary relaxation reg
and again the TS and DSA results agree extremely well w
the Starkweather criterion is applied to PCL. In the case
PCBA, the results from the analysis of the ‘‘clean’’a relax-
ation in PCBA diverge and reach values up to 6.7 eV wh
are not acceptable. It is worth noting that interpreting
amplitude of the departure from the zero-entropy line as
to the topology of the activation barriers landscape does
agree with the accepted fact that the primary relaxation is
a simply activated process. Even if the points conside
were only those corresponding to the rise of the global pe
that is Tmi,Tg , these points are the most sensitive to t
aging that occurs just below the glass transition temperat
If one attributes the departure observed to a coopera
character of the process, the steeply increasing activation
tropy of the Eyring process is taken as the manifestation
compensation. This activation entropy is not related to
configurational entropy introduced by Adam and Gibb20

which can be expressed as the logarithm of the numbe
configurations corresponding to the average potential en
and volume of the system. This configuration entropy
pends on the size of the subsystem and increases mono
cally for a given temperature and pressure. Cleaning tha
peak to minimize the influence of the Arrhenius contrib
tions and analyzing it with VTF relaxation times seems to
a more reasonable approach than calculating the Eyring
rametersDHi* and DSi* for a process that is not simpl

FIG. 10. Starkweather representation ofEai vs Tmi in PCL from:d thermal
sampling experiments on thea relaxation:n DSA results from the numeri-
cal decomposition with Arrhenius relaxation times of thea relaxation;m
DSA results from the numerical decomposition of the secondary relaxati
ticle is copyrighted as indicated in the abstract. Reuse of AIP content is sub
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activated. Moreover, this approach is justified by the exc
lent agreement shown between the numerical values fo
for the VTF parameters with those resulting from broadba
dielectric spectroscopy experiments on the same sample
frequencies much higher than the equivalent frequency
TSDC experiment. The variation of the relaxation time w
the reciprocal temperature is clearly VTF as the tempera
of the maxima of the loss peaks at these frequencies
located well aboveTg ~see Fig. 9 in Ref. 27!.

V. CONCLUSIONS

The detailed comparison of the experimental decom
sition of a TSDC global relaxation by using the TS techniq
and the numerical decomposition obtained with the D
procedure shows that the results agree well when us
Arrhenius relaxation times, in spite of the unreal values
the relaxation parameters given by both methods. The
merical procedures are more rigorous as no approximat
are made on the high temperature tail of each of the elem
tary peaks, the DSA contributions being purely Debye. T
linear variation of log(t i) vs 1/T deduced from the BFG
method covers five decades and takes into account the w
profile of each Debye peak~t0i , Eai , and P0i! obtained
from the numerical decompositions. The sum of these De
modes generates the experimental global TSDCa relaxation.
The goodness of the fit is characterized by a value in
range of 1029 for the sum of squares residuals between
experimental and fitted points for a unit frozen in polariz
tion. The agreement found between the two methods sh
that the approximations made in the TS analysis are ap
priate and compensate the uncertainties and assumption
herent to the analysis of the experimental curve. As for
study of the departure of the activation energies from
zero-entropy line, proposed by Starkweather,15 TS and DSA
results agree very well.

Our approach of decomposing the ‘‘clean’’ segmen
mode in Debye peaks with VTF relaxation times is favor
by the reasonable values deduced from this analysis
Ei8 , t0i8 , and P0i and the fragility indexm, in excellent
agreement with those deduced from isothermal broadb
dielectric spectroscopy experiments performed on the s
samples.27 The use of VTF relaxation times forT>Tg is
justified by the various models19,20 which explain the slug-
gishness of the relaxation times when the glass transitio
approached from high temperatures. The use of Arrhen
relaxation times in the DSA numerical decomposition w
attempted in order to be able to compare its results to the
procedure carried on by many research groups. In this fra
work both methods gave comparable results, thus valida
the approximations made in the TS analysis. This validat
does not include the compensation behavior that appea
both methods and which is believed to be mainly due to
huge variations of the Arrhenius relaxation parameters as
cooperativity becomes significant in the molecular segme
motion. The partial discharge of the low temperature tail p
formed on the global peak when fitting it with VTF Deby
peaks also helps in minimizing the aging effects which co
seriously affect the TS experiments.
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