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Abstract

Three different and independent procedures to obtain the activation energy of a motional process from thermally stimulated depolarisation
currents (TSDC) data are reported. One of the procedures requires a single thermal sampling (TS) experiment: the activation energy is
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alculated from the temperature dependence of the relaxation time associated with this TS peak. The other two procedures are
nfluence of the heating rate on the features of the TS peak namely, on the temperature locationTm and on the intensity of the maximumI(Tm)
f the peak. The illustration with the case of an elementary component of the�-relaxation of maltitol shows that the values of the activa
nergy provided by these procedures are in good mutual agreement. The fact that the TSDC technique provides different and
rocedures to obtain the kinetic parameters of a motional process is a unique feature in the context of the experimental technique
sed to study molecular mobility.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The technique of thermally stimulated depolarisation cur-
ents (TSDC) has been widely used to study the kinetics of
low relaxations in solids[1–4]. The experimental output of
TSDC experiment is the depolarisation current intensity as
function of temperature. Since, the depolarisation current

ensity (current intensity per unit areaJ(T)) is the rate of
ecreasing of the polarisation, we have

(T ) = I(T )

A
= −dP(T )

dt
(1)

hereI(T) is the current intensity at temperatureT (or at time
) of the constant rate heating ramp (depolarisation step),P(T)
s the remaining polarisation at temperatureT (or at timet)
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andA is the effective area of the electrodes. The analys
the TSDC results is based on the Debye relaxation con
In this context, the assumption is that, at each temper
of the linear heating ramp, the decay of the polarisation
time is a first-order rate process. For an elementary s
motional process, we can thus write:

dP(T )

dt
= −P(T )

τ(T )
(2)

whereP(T) =P(t) is the polarisation at temperatureT (at time
t) of the heating ramp andτ(T) is a temperature-depend
relaxation time, characteristic of the elementary mod
motion under consideration. CombiningEqs. (1) and (2),
comes out that

J(T ) = P(T )

τ(T )
(3)

An important feature of the TSDC technique is that it
lows the study of elementary or single relaxational proce

040-6031/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.07.020



186 J.J. Moura Ramos, N.T. Correia / Thermochimica Acta 426 (2005) 185–190

using the so-called thermal sampling (TS) procedure. The
importance ofEq. (3)is that it allows the calculation of the
temperature-dependent relaxation time of a single relaxation
process from the experimental result of the corresponding
TS experiment. As the temperature rises linearly with time
in the depolarisation step, temperature and time are related
byT= T0 + rt , whereT0 (the so-called freezing temperature)
is the temperature at the beginning of the heating ramp (att
= 0) and ris the heating rate. In this context, the remaining
polarisation at temperatureT,P(T), is given by

P(T ) = 1

r

∫ ∞

T

J(T ′) dT ′ = 1

r

∫ Tf

T

J(T ′) dT ′ (4)

whereTf is a temperature well above the temperature of the
maximum of the TS peak, where the sample is already com-
pletely depolarised. The temperature-dependent relaxation
time associated with a given mode of motion can thus be
calculated from:

τ(T ) = 1/r
∫ Tf

T
J(T ′) dT ′

J(T )
= 1/r

∫ Tf
T

I(T ′) dT ′

I(T )
(5)

whereI(T) is as noted before, the depolarisation current in-
tensity measured in the heating ramp of the TS experiment.
The capability of directly calculating the relaxation time from
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used without further purification. The melting temperature
is 150◦C and the glass transition temperature is 45◦C (at
4◦C min−1). Maltitol in the glassy state was prepared with-
out difficulty, since this substance is easily supercooled (low
tendency to crystallize on cooling) and the glass transition
temperature is above room temperature.

Thermally stimulated depolarisation current experiments
were carried out with a TSC/RMA 9000 spectrometer (Ther-
Mold Partners, Stamford, CT, USA) covering the temperature
range between−170 and +400◦C. Several references ex-
plaining the physical background of TSDC is available[7–9]
that can be useful for the reader not familiar with this ex-
perimental technique. Moreover, several recently published
papers [3,4] can be helpful to explain the experimental pro-
cedures used in TSDC, and the physical meaning of the data
provided by this technique.

3. Results and discussion

The methods for evaluating the activation parameters from
thermally stimulated techniques are numerous and have been
reviewed [7]. In the present work, we will just use those that
lead to more reliable values of the activation energy.
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he results of a single TS experiment constitutes an ess
uantitative feature of the TSDC technique and that is

hermally stimulated depolarisation currents is an experim
al technique that provides important information on mo
lar mobility in solids, i.e. on the kinetics of relaxatio
rocesses and the distribution of relaxation times.

In the present work, we will report and compare differ
rocedures to determine activation energies from TSDC
nd we will illustrate with the case of a TS component of
-relaxation of maltitol. The only justification for the cho
f this substance is that we wanted to illustrate with a g

ormer that was the recent object of mobility studies[3,5].
he�-relaxation was taken for simplicity. The methodolo
resented in this work has been applied to other kinds o
ility in a different system with similar results[6]. The fact

hat the TSDC technique provides different and indepen
rocedures to obtain the kinetic parameters of a motiona
ess is not a finding of the present work and a review of t
rocedures can be found in classical textbooks[7,8]. How-
ver, this important feature of this experimental techn
eems to be forgotten in the recent literature dealing wit
SDC technique. One of the objectives of this work is
isely to provide the users of the technique the possibili
etting a better comprehension on the obtained results,
aluable tool to test their self-consistency and validity.

. Experimental

Maltitol (4-o-�-d-glucopyranosyl-d-glucitol) was a
ldrich product, cat. no. 86,206-1, 98% purity and w
.1. Activation energy from the temperature-dependent
elaxation time of a single process

If the temperature-dependent relaxation time of a si
elaxation process is calculated fromEq. (5), the activatio
nergy can be determined from the definition:

a(T ) = R

(
d ln τ(T )

d (1/T )

)
T

(6)

The most usual procedure to obtain activation ene
rom TSDC data consists in equating the slope of the re
entation of lnτ(T) as a function of 1/Tto Ea/R. If the tem
erature dependence of the relaxation time is describe

he Arrhenius equation, the activation energy is a cons
ndependent of temperature.Fig. 1(a) shows a peak that is t
esult of a thermal sampling experiment on the�-relaxation
f maltitol, while Fig. 1(b) shows the corresponding rep
entation of lnτ(T) as a function of 1/T. The linearity of t
epresentation inFig. 1(b) indicates an Arrhenius behavio
nd the linear fitting of points allowed the determination

he activation energyEa = 36.4 kJ mol−1.

.2. Activation energy from the heating rate dependenc
f the features of a thermal sampling peak

Several features of a TSDC peak are influenced by th
erimental heating rate. Firstly, the temperature of maxim

ntensityTm, i.e. the location of the peak in the tempera
xis shifts to higher temperatures as the heating rate incre
econdly, the area of the peak increases with increasing
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Fig. 1. (a) Thermal sampling (TS) component of the�-relaxation of maltitol.
The experimental conditions were: polarisation temperatureTP = −115◦C;
strength of the polarising electric fieldE = 500 V/mm; polarisation timetP
= 5 min; width of the polarisation window�T = 2◦C and heating rater =
4◦C min−1. (b) Line of lnτ as a function of 1/Tfor the peak in (a).

ing rate. The areaL under an experimental TS peak can be
expressed as:

L =
∫ Tf

T0

I(T ′) dT ′ = A

∫ Tf

T0

J(T ′) dT ′ (7)

whereT0 is a temperature well below the temperature of the
maximum of the TS peak where the intensity of the depolari-
sation current is negligibly small andTf is a temperature well
above the temperature of the maximum of the TS peak, where
the sample is already completely depolarised. InEq. (7), as in
Eq. (1),A is the effective area of the electrode system. Taking
Eq. (4) into account, the relationship between the areaL of
a TS peak and the total polarisationP0, of the sample at the
beginning of the heating ramp is

P0 = L

Ar
(8)

In a series of experiments designed to study the effect of
the heating rate, the total polarisationP0 of the sample at the
beginning of the heating ramp is the same in all experiments,
since the previous electric and thermal treatments are identi-
cal for all the experiments.Eq. (8)shows that the area under
the TS peak increases linearly with increasing heating rate.
At the same time, the intensity of the maximumI(Tm), in-
creases as the heating rate increases. In the following we will
a ures
o

3.2.1. The effect of the heating rate on the location Tm,
of a TS peak

In order to show the relationship that exists between the
heating rater, of the TS experiment and the locationTm,
of the obtained peak, let us briefly discuss some particular
features of a TS peak. Taking the derivative ofEq. (3), and
takingEq. (2)into account, gives

dJ(T )

dT
=

[
−1

r
− dτ(T )

dT

]
P(T )

τ2(T )
(9)

From Eq. (9)we conclude that, at the maximum of the TS
peak (T = Tm), we have
[

dτ(T )

dT

]
T=Tm

= −1

r
(10)

Eq. (10)is a fundamental equation of the TSDC technique.
It indicates that at the temperature of maximum intensity of a
TS peakTm, there is a crossing between the time scale of the
relaxation process defined by the temperature derivative of
the relaxation time and the time scale of the TS experiment,
defined by the reciprocal of the heating rate, i.e. by dt/dT
= 1/r. In fact, the temperature dependence of the relaxation
time is such that it decreases as the temperature increases.
If T < Tm, the rate of decreasing of the relaxation time with
t
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nalyse from a quantitative point of view, how these feat
f a TS peak depend on the heating rate.
emperature is in modulus, higher than 1/r, while ifT > Tm,
t is lower than 1/r. At T= Tm, the two time scales are equ
10].

If the temperature dependence of the relaxation tim
escribed by the Arrhenius equation,Eq. (10)becomes:

(Tm) = RT 2
m

rEa
(11)

hereTm is the temperature of maximum intensity of
S peak,τ(Tm) is the relaxation time of the process at t

emperature. Writing the Arrhenius equation atTm, taking
q. (11)into account, and rearranging it comes out:

n
T 2

m

r
= Ea

R
× 1

Tm
+ ln

Eaτ0

R
= Ea

R
× 1

Tm
+ a (12)

herea = ln(Eaτ0/R) is a constant andEa is the Arrhenius
ctivation energy. According toEq. (12), a linear relationsh

s expected between ln (T2m/r) and 1/Tm, with a slope equa
o Ea/R. Given that the area under the TS peak incre
inearly with increasing heating rate (Eq. (8)), a linear r
ionship between ln (T2m/L(Tm)) and 1/Tm is also expected
ith a slope equal toEa/R. Fig. 2 shows the results of a s

ies of thermal sampling experiments, similar to that sh
n Fig. 1(a), where the depolarisation peak was record
ifferent heating rates.Table 1shows some of the features

he peaks, namely the temperature locationTm, the intensity
f the maximumI(Tm) and the areaL(Tm).

Fig. 3, on the other hand, shows the representatio
n (T 2

m/r) as a function of 1/Tm. The straight-line inFig. 3
s the result of the linear fitting of the experimental poi
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Fig. 2. Thermally sampled component of the�-relaxation of maltitol (the
same as in Fig. 1(a)) obtained with different heating rates. The heating rates
were fromr = 4◦C min−1 up to r = 16◦C min−1, with intervals of 1◦C.
The other experimental conditions are similar to those reported inFig. 1.
The insert schematically shows the experimental procedure used in the TS
experiment. The thicker lines correspond to the experimental steps where the
electric field is applied. The lines 1, 2 and 3 correspond to the depolarisation
step (the linear heating ramp) carried out at different heating rates with
decreasing rate from 1 to 3.

and from its slope the value ofEa = 33.6 kJ mol−1 was ob-
tained.

This value is in reasonable agreement with that previously
reported, obtained from the temperature dependence of the
relaxation time of a TS peak obtained with a heating rate of
4◦C min−1.

It is to be underlined that the influence ofT 2
m in the varia-

tion of the left hand side ofEq. (12)is relatively small com-
pared with the influence of the heating rate (namely if the
activation energy is low), so that it can be written as:

ln r = −Ea

R
× 1

Tm
+ cte. (13)

Table 1
Some features of the TS component of the�-relaxation of maltitol obtained
with TP = −115◦C and a thermal window of�T= 2◦C recorded at different
heating ratesr

r (◦C min−1) Tm (◦C) I(Tm) A L(Tm) A (◦C)

4 −110.90 2.46× 10−13 4.82× 10−12

5 −109.51 3.02× 10−13 5.86× 10−12

6 −108.66 3.57× 10−13 6.77× 10−12

7 −107.16 4.14× 10−13 7.93× 10−12

8 −106.56 4.72× 10−13 9.39× 10−12

9 −105.70 5.28× 10−13 1.04× 10−11

10 −105.00 5.77× 10−13 1.13× 10−11

1 −13 −11

1
1
1
1
1

T
t

Fig. 3. Representation of ln(T 2
m/r) as a function of 1/Tm, for the series of

experiments with different heating rates (TS peak withTP = −115◦C). The
straight-line is the result of the fitting of the points corresponding to heating
rates from 4 to 16◦C/min.

An equation similar toEq. (13)is used to determine the
activation energy of the structural relaxation from differential
scanning calorimetry data[11]. Again, taking into account
Eq. (8), we expect also a linear relationship between lnL(Tm)
and 1/Tm, with a slope equal to−Ea/R.

3.2.2. The effect of the heating rate on both the maximum
intensity I(Tm) and the location Tm, of a TS peak

As reported before, and clearly shown inFig. 2, the effect
of the heating rate on the features of a TSDC peak is such
that the intensity of the maximumI(Tm), increases as the
heating rate increases and at the same time, the temperature of
maximum intensityTm, i.e. the location of the peak, shifts to
higher temperatures. From the basic equations that constitute
the background of the TSDC technique, it can be shown that
the increase inI(Tm) and the increase inTm are related each
other in such a way that lnI(Tm) shows a linear dependence
on1/Tm, with a slope equal to−Ea/R. We have thus:

ln I(Tm) = − Ea

RTm
+ constant. (14)

We decided to present the justification ofEq. (14)at the
end inAppendix A, in order to lighten the text.Eq. (14)is thus
at the origin of another procedure to calculate the activation
energy from TSDC data [7].Fig. 4shows the representation
o ed
i

e
l en-
d from
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p that
h ed on
T
v

1 −104.48 6.37× 10 1.27× 10
2 −103.81 6.81× 10−13 1.35× 10−11

3 −103.46 7.36× 10−13 1.48× 10−11

4 −102.88 7.88× 10−13 1.59× 10−11

5 −102.50 8.31× 10−13 1.69× 10−11

6 −102.22 8.82× 10−13 1.81× 10−11

he tabulated features are: temperature location of the peakTm, intensity of
he maximumI(Tm), area of the experimental peakL(Tm).
f ln I(Tm) as a function of 1/Tm for the experiments present
n Fig. 2.

Once again, the straight-line inFig. 4 is the result of th
inear fitting of the experimental points. The linear dep
ence is confirmed and the activation energy obtained

he slope isEa = 33.4 kJ mol−1. The results previously r
orted suggest the following comments: (1) the values
ave been obtained from the different procedures bas
SDC data were 36.4, 33.6 and 33.4 kJ mol−1, showing a
ery good mutual agreement. (2) BothEqs. (12) and (14)are
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Fig. 4. Representation of lnI(Tm) as a function of 1/Tm, for the series of
experiments with different heating rates (TS peak withTP = −115◦C). The
straight-line is the result of the fitting of the points corresponding to heating
rates from 4 to 16◦C/min.

based on the assumption that the relaxation time shows an
Arrhenius temperature dependence. Since, this is generally a
very good assumption for the individual components of the
�-relaxation, we conclude that the proposed procedures are
very adequate to the study of the kinetics of the secondary
relaxations.

4. Conclusions

Three different procedures based on TSDC data were used
in order to determine the activation energy associated to a
single relaxational component of the�-relaxation of malti-
tol. The obtained values were 36.4, 33.6 and 33.4 kJ mol−1,
showing a very good mutual agreement. The TSDC technique
thus appears as a very helpful technique to study molecular
mobility. On the other hand, the simultaneous use of the dif-
ferent procedures TSDC offers to determine the activation
energy provides a self-consistency test for the validity of the
obtained results. Furthermore, the fact that the TSDC tech-
nique provides different and independent procedures to ob-
tain the kinetic parameters of a motional process is a unique
feature in the context of the experimental techniques most
often used to study molecular mobility.
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Appendix A. Relationship between the increasing of
the intensity of the maximum I(Tm) and the shift of
the peak locationTm to higher temperatures with
increasing heating rate

The Debye hypothesis for the decay of the polarisation
along the TSDC heating ramp (Eq. (2)) leads to:

P(T ) = P0 exp

[
−1

r

∫ T

T0

dT ′

τ(T ′)

]
(A.1)

whereP0 is the total polarisation of the sample at the be-
ginning of the depolarisation step (heating ramp), andP(T)
the polarisation that remains at temperatureT of the heating
ramp.

CombiningEqs. (3) and (A.1), the depolarisation current
density is given by:

J(T ) = −r
dP(T )

dT
= P0

τ(T )
exp

[
−1

r

∫ T

T0

dT ′

τ(T ′)

]
(A.2)

If the temperature dependence of the relaxation time is de-
scribed by the Arrhenius equation, we will have

J(T ) = P0

τ0
exp

(
− Ea

RT

)
exp

[
− 1

rτ0

∫ T

T0

exp

(
− Ea

RT ′

)
dT ′

]

(A.3)
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f the quantity inside the square brackets is namedS(T),

(T ) = 1

rτ0

∫ T

T0

exp

(
− Ea

RT ′

)
dT ′ (A.4)

q. (A.3)can be rewritten as

(T ) = P0

τ0
exp

(
− Ea

RT

)
exp[−S(T )] (A.5)

nd at the temperature of the maximum,

n J(Tm) = ln
P0

τ0
− Ea

RTm
− S(Tm) (A.6)

ombiningEqs. (12) and (A.4), the functionScan be written
s

(zm) = −z2
m exp(zm)

∫ zm

z0

z−2 exp(−z) dz (A.7)

herez= Ea/RT, andz0 = Ea/RT0 is taken at a temperatu
0, well below the temperature of the maximum of the
eakTm, where the intensity of the depolarisation curren
egligibly small (where the polarisation isP0). The graphica
epresentation ofS(zm) as a function ofzm is presented i
ig. 5(a). It can be concluded fromFig. 5(a) thatS(zm) is
n increasing function ofzm and is very slightly depende
nzm (i.e. onTm) if zm = Ea/RTm ≥ 60. For the TS peaks

he glass transition region, the quantityEa/RTm has in genera
alues much higher than 60 and consequently,S(Tm) behave
s a constant. It is thus expected fromEq. (A.6)that lnJ(Tm)
hows a linear dependence on 1/Tm, with a slope equal t
Ea/R, as indicated inEq. (14)(remember that the curre
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Fig. 5. (a) Representation ofS(zm) as a function ofzm. (b) Representation of
D(zm) = dS(zm)/dzm as a function ofzm. Whenzm ≥ 60, the function nearly
behaves as a constant and the values of the functionD(zm) are negligible so
that the activation energy can be directly obtained from the slope of the plot
shown inFig. 4.

intensityI(T) and the current densityJ(T), are related byEq.
(1)).

FromEq. (A.6)we have

d ln J(Tm)

d 1/Tm
= −Ea

R
− dS(Tm)

d 1/Tm
= −Ea

R

(
1 + dS(zm)

dzm

)

(A.8)

Fig. 5(b) displays the representation ofD(zm) = dS(zm)/dzm
as a function ofzm, showing that it decreases by positive
values with increasingzm. Whenzm ≥ 60, the values of the
functionD(zm) are negligible, so that the activation energy
can be directly obtained from the slope of the plot shown
in Fig. 4 (seeEqs. (A.6) and (A.8)). In the case of the�-

relaxation of maltitol considered in the present work, how-
ever, we have zm ∼ 26, that is a low value compared to 60.
However, the value ofD(zm) is ∼0.0024, indicating that, even
in this unfavourable situation, the error in the determination
of the activation energy from the slope ofFig. 4 is no more
than 0.3% (seeEq. (A.8)).

We can conclude that the fitting based onEq. (14)can be
used to determine the activation energy of a motional process
in practically all the situations, which are found in mobility
studies using the TSDC technique.
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