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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
calculated from the temperature dependence of the relaxation time associated with this TS peak. The other two procedures are based on the
influence of the heating rate on the features of the TS peak namely, on the temperature Tacatidron the intensity of the maximulfT ,)
of the peak. The illustration with the case of an elementary component @fitbkaxation of maltitol shows that the values of the activation
energy provided by these procedures are in good mutual agreement. The fact that the TSDC technique provides different and independent
procedures to obtain 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.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction andA is the effective area of the electrodes. The analysis of
the TSDC results is based on the Debye relaxation concept.
The technique of thermally stimulated depolarisation cur- In this context, the assumption is that, at each temperature
rents (TSDC) has been widely used to study the kinetics of of the linear heating ramp, the decay of the polarisation with
slow relaxations in solidgl—4]. The experimental output of  time is a first-order rate process. For an elementary single
a TSDC experiment is the depolarisation current intensity as motional process, we can thus write:
a function of temperature. Since, the depolarisation current dP(T) P(T)

density (current intensity per unit ardér)) is the rate of = (2)
decreasing of the polarisation, we have d «(T)
whereP(T) = P(t) is the polarisation at temperatdréat time
J(T) = @ = _dP(T) 1) t) of the heating ramp ane(T) is a temperature-dependent
A dr relaxation time, characteristic of the elementary mode of
wherel(T) is the current intensity at temperatdréor at time motion under consideration. Combinigys. (1) and (2), it
t) of the constant rate heating ramp (depolarisation sE4), comes out that
is the remaining polarisation at temperatiiréor at timet) P(T)
J(T) = —= 3)
o(T)
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using the so-called thermal sampling (TS) procedure. The used without further purification. The melting temperature
importance ofEq. (3)is that it allows the calculation of the is 150°C and the glass transition temperature i@5at
temperature-dependent relaxation time of a single relaxation4°C min~—1). Maltitol in the glassy state was prepared with-
process from the experimental result of the corresponding out difficulty, since this substance is easily supercooled (low
TS experiment. As the temperature rises linearly with time tendency to crystallize on cooling) and the glass transition
in the depolarisation step, temperature and time are relatedemperature is above room temperature.

by T=Tp + rt, whereTy (the so-called freezing temperature) Thermally stimulated depolarisation current experiments
is the temperature at the beginning of the heating ramp (at were carried out with a TSC/RMA 9000 spectrometer (Ther-
= 0) and ris the heating rate. In this context, the remaining Mold Partners, Stamford, CT, USA) covering the temperature

polarisation at temperatuiie P(T), is given by range between-170 and +400C. Several references ex-
o I plaining the physical background of TSDC is availaf3te9]
P(T) = }/ J(T)dT' = }/ J(T)dT’ 4) that can be useful for the reader not familiar with this ex-
rJor rJr 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.

whereT; 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: . .
3. Results and discussion

1/rfRH(Tydr 1/r[HI(T)dT 5

- J(T) - 1(T) ) The methods for evaluating the activation parameters from
thermally stimulated techniques are numerous and have been

wherel(T) is as noted before, the depolarisation current in- reviewed [7]. In the present work, we will just use those that

tensity measured in the heating ramp of the TS experiment.|ead to more reliable values of the activation energy.

The capability of directly calculating the relaxation time from

the re'suIFs of asingle TS experiment cqnstitutes an e;sentiab_l_ Activation energy from the temperature-dependent

quantltatlve_ feature of the T_SD(_: technlque_and that is why relaxation time of a single process

thermally stimulated depolarisation currents is an experimen-

tal technique that provides important information on molec-

ular mobility in solids, i.e. on the kinetics of relaxational

processes and the distribution of relaxation times.

In the present work, we will report and compare different
procedures to determine activation energies from TSDC data din«(T)
and we will illustrate with the case of a TS component of the a(T) = (m) .
B-relaxation of maltitol. The only justification for the choice
of this substance is that we wanted to illustrate with a glass ~ The most usual procedure to obtain activation energies
former that was the recent object of mobility studjass]. from TSDC data consists in equating the slope of the repre-
TheB-relaxation was taken for simplicity. The methodology sentation of Irre(T) as a function of 1/To E4/R. If the tem-
presented in this work has been applied to other kinds of mo- perature dependence of the relaxation time is described by
bility in a different system with similar resulf§]. The fact ~ the Arrhenius equation, the activation energy is a constant,
that the TSDC technique provides different and independentindependent of temperatuféig. 1(a) shows a peak thatis the
procedures to obtain the kinetic parameters of a motional pro-result of a thermal sampling experiment on fieelaxation
cess is not a finding of the present work and a review of theseof maltitol, while Fig. 1(b) shows the corresponding repre-
procedures can be found in classical textbopk8]. How- sentation of Ine(T) as a function of 1/T. The linearity of the
ever, this important feature of this experimental technique representation ifrig. 1(b) indicates an Arrhenius behaviour,
seems to be forgotten in the recent literature dealing with the and the linear fitting of points allowed the determination of
TSDC technique. One of the objectives of this work is pre- the activation energia = 36.4 kI mof™.,
cisely to provide the users of the technique the possibility of
getting a better comprehension on the obtained results, and &.2. Activation energy from the heating rate dependence
valuable tool to test their self-consistency and validity. of the features of a thermal sampling peak

o(T)

If the temperature-dependent relaxation time of a single
relaxation process is calculated frdaq. (5), the activation
energy can be determined from the definition:

(6)

Several features of a TSDC peak are influenced by the ex-
2. Experimental perimental heating rate. Firstly, the temperature of maximum
intensity Tn,, i.e. the location of the peak in the temperature
Maltitol (4-0-a-p-glucopyranosyl-p-glucitol) was an  axis shifts to highertemperatures as the heating rate increases.
Aldrich product, cat. no. 86,206-1, 98% purity and was Secondly, the area of the peak increases with increasing heat-
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3.2.1. The effect of the heating rate on the locatign T
ofa TS peak
I In order to show the relationship that exists between the
L5t heating rater, of the TS experiment and the locatidm,,

I of the obtained peak, let us briefly discuss some particular
I features of a TS peak. Taking the derivativeksf. (3), and
05 taking Eq. (2)into account, gives

C dJ(T) 1 d«T)] P(T)
-160 -140 -120 -100 -80 T = |: i| ‘L'Z(T)

(a) T/°C

x10%/ A

r dr

9)

From Eq. (9)we conclude that, at the maximum of the TS
-110 -115 -120 -125 -130 peak (T = Ty), we have

32t de(T) !
[ [ dar ]T:Tm T (10)

Eq. (10)is afundamental equation of the TSDC technique.
24 Itindicates that at the temperature of maximum intensity of a
i TS peaKTy, there is a crossing between the time scale of the
20k relaxation process defined by the temperature derivative of
the relaxation time and the time scale of the TS experiment,
o) . defined by the reciprocal of the heating rate, i.e. by dt/dT
1000/T /K = 1/r. In fact, the temperature dependence of the relaxation
time is such that it decreases as the temperature increases.
If T< Ty, the rate of decreasing of the relaxation time with

log,, (t(T) /)

n FIR I ST ST ST T 1 1
61 62 63 64 65 66 67 68 69 7.0

Fig. 1. (a) Thermal sampling (TS) component of fheelaxation of maltitol.
The experimental conditions were: polarisation temperafpre —115°C;

strength of the polarising electric fieEl= 500 V/mm:; polarisation timé fte.mperature is in modulus, higher tha}n r, whil@ ib T,
= 5min; width of the polarisation window T = 2°C and heating rate = it is lower than 1/r. At T= Tyy,, the two time scales are equal
4°Cmin~L. (b) Line of Int as a function of 1/Tor the peak in (a). [10]_

If the temperature dependence of the relaxation time is

ing rate. The are&a under an experimental TS peak can be described by the Arrhenius equatidiy. (10)becomes:

expressed as:
RT?

_ Ti / / T / / 'L'(Tm) =
L= /TOI(T)dT = A/TOJ(T)dT (7) rEq

(11)

where Ty, is the temperature of maximum intensity of the
TS peak,z(Tyy) is the relaxation time of the process at that
temperature. Writing the Arrhenius equationTaf, taking
Eqg. (11)into account, and rearranging it comes out:

whereTy 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 affg is a temperature well
above the temperature of the maximum of the TS peak, where
the sample is already completely depolarisedtdn(7), as in T2 . 1 Eato  Ea

Eq. (1),Ais the effective area of the electrode system. Taking In— = = Xt In ® — R X7.ta (12)
Eq. (4)into account, the relationship between the drest d m m

a TS peak and the total polarisatiBp, of the sample atthe  wherea = In(Eazo/R) is a constant anbl, is the Arrhenius

beginning of the heating ramp is activation energy. According t8g. (12), a linear relationship
I is expected between Ing7r) and 1/T,, with a slope equal
Py= T (8) to Ez/R. Given that the area under the TS peak increases

linearly with increasing heating rate (Eqg. (8)), a linear rela-

In a series of experiments designed to study the effect of tionship between In (&/L(Tw)) and 1/T, is also expected,
the heating rate, the total polarisatiBpof the sample atthe  wijth a slope equal t&4/R. Fig. 2 shows the results of a se-
beginning of the heating ramp is the same in all experiments, ries of thermal sampling experiments, similar to that shown
since the previous electric and thermal treatments are identi-in Fig. 1(a), where the depolarisation peak was recorded at
cal for all the experiment&£q. (8)shows that the area under  different heating rate§able 1shows some of the features of
the TS peak increases linearly with increasing heating rate.the peaks, namely the temperature locafign the intensity
At the same time, the intenSity of the maXimu(ﬂl-m), in- of the maximum(Tm) and the area(Tm)_
creases as the heating rate increases. In the fOIIOWing we will F|g 3, on the other hand, shows the representa’[ion of
analyse from a quantitative point of view, how these features |n (T2/r) as a function of 1/§. The straight-line irFig. 3
of a TS peak depend on the heating rate. is the result of the linear fitting of the experimental points,
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Fig. 2. Thermally sampled component of theelaxation of maltitol (the "

same as in Fig. 1(a)) obtained with different heating rates. The heating rates . . .
were fromr = 4°Cmin~ up tor = 16°C min~L, with intervals of 1°C. Fig. 3. Representation of Ifi§/r) as a function of 1/, for the series of

The other experimental conditions are similar to those reportédgny. experiments with different heating rates (TS peak Wiite —115°C). The
The insert schematically shows the experimental procedure used in the Tsstraught-lme is the resqlt of the fitting of the points corresponding to heating
experiment. The thicker lines correspond to the experimental steps where the@es from 4 to 16C/min.

electric field is applied. The lines 1, 2 and 3 correspond to the depolarisation . Lo . .
step (the linear heating ramp) carried out at different heating rates with An ?quaﬂon similar tdeqg. (13)is Used_ to determ|ne th?
decreasing rate from 1 to 3. activation energy of the structural relaxation from differential

scanning calorimetry datd1]. Again, taking into account
Eq. (8), we expect also a linear relationship betweer{Ti,)

and from its slope the value &, = 33.6 kJmot! was ob- -
and 1/T,, with a slope equal te-E4/R.

tained.

This value is in reasonable agreement with that previously _ )
reported, obtained from the temperature dependence of the3-2.2. The effect of the heating rate on both the maximum
relaxation time of a TS peak obtained with a heating rate of intensity I(Tn) and the location §, of a TS peak

4°Cmin L. As reported before, and clearly showrFig. 2, the effect

Itis to be underlined that the influence & in the varia- ~ Of the heating rate on the features of a TSDC peak is such
tion of the left hand side dEq. (12)is relatively small com-  that the intensity of the maximun{Tm), increases as the
pared with the influence of the heating rate (namely if the heatingrate increases and atthe same time, the temperature of
activation energy is low), so that it can be written as: maximum intensityTm, i.e. the location of the peak, shifts to

higher temperatures. From the basic equations that constitute

Ea 1 the background of the TSDC technique, it can be shown that
Inr = —— x — +cte. (13) . . .
R Tm the increase if(Tm) and the increase iy, are related each
other in such a way that IT,) shows a linear dependence
Table 1 on 1/Ty, with a slope equal te-Ez/R. We have thus:
Some features of the TS component of fheelaxation of maltitol obtained E
with Tp = —115°C and a thermal window o& T = 2°C recorded at different  In /(7},) = — —2 | constant. (14)
heating rates RTm
r ((Cmint) Tm (°C) I(Tm) A L(Tm) A(°C) We decided to present the justification®d. (14)at the
4 -110.90 2.46¢ 10713 4.82x 10712 endinAppendix A, in order to lighten the textq. (14)is thus
5 ~109.51 3.0« 1012 5.86 x 1ffi§ at the origin of another procedure to calculate the activation
6 —108.66 3.55 107 7 6.77>x 107 7 energy from TSDC data [7Fig. 4shows the representation
7 —-107.16 4.14¢ 10 7.93x 10 T function of 1/T for th . N ted
8 _106.56 472 10-13 9.39% 10-12 ofIn (Tm) as afunction of 1/, for the experiments presente
9 —105.70 5.28¢ 10713 1.04x 1071 in Fig. 2.
10 —105.00 5.77x 10713 1.13x 1074 Once again, the straight-line Fig. 4is the result of the
11 ~104.48 6.3 107" 127x 1077 linear fitting of the experimental points. The linear depen-
12 —103.81 6.81< 10 7 1353107 dence is confirmed and the activation energy obtained from
13 —103.46 7.36¢ 10 1.48x 10° he s £ = 33.4KImotl Th | ous|
14 -102.88 7.88x 1013 1.59 x 1@11 t es Ope | a — . mo . e resu tS pl‘eVIOUS y re-
15 ~102.50 8.31x 10-13 1.69x 10~ ported suggest the following comments: (1) the values that
16 —-102.22 8.82«x 10718 1.81x 10711 have been obtained from the different procedures based on

The tabulated features are: temperature location of the igalkitensity of TSDC data were 36.4, 33.6 and 33.4 kJ molshowing a
the maximum(Tr), area of the experimental peakTm). very good mutual agreement. (2) Bdis. (12) and (14are
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T /°C Appendix A. Relationship between the increasing of
102 -104 -106 -108 -110 the intensity of the maximum I(T,) and the shift of

B S L the peak locationTy, to higher temperatures with
278} increasing heating rate
280 - The Debye hypothesis for the decay of the polarisation
282 along the TSDC heating ramp (Eqg. (2)) leads to:

< sl 17T dr

—F i N P(T) = Pyexp| —— — Al

= 286} (0)="F p[ ’”/TOT(T/):| A
28.8 - wherePy is the total polarisation of the sample at the be-
2001 ginning of the depolarisation step (heating ramp), Bd)

the polarisation that remains at temperafli@ the heating

292 L .
580 585 590 595 600 605 610 615 620 ramp. o
CombiningEgs. (3) and (A.1), the depolarisation current

1000/T /K™ L
density is given by:
Fig. 4. Representation of I(iTy) as a function of 1/, for the series of dP(T) Po 1T d7
experiments with different heating rates (TS peak With= —115°C). The J(T)=—r ar = oD —— T (A.2)
straight-line is the result of the fitting of the points corresponding to heating o(7T) ') 1o (1)
rates from 4 to 16C/min. If the temperature dependence of the relaxation time is de-

scribed by the Arrhenius equation, we will have

. . . PO Ea 1 T Ea /
based on the assumption that the relaxation time shows an/(7) = —eXD(—E> exp[——/ exp(— RT/> dT]
Arrhenius temperature dependence. Since, this is generally a o 70 J T

very good assumption for the individual components of the

B-relaxation, we conclude that the proposed procedures arelf the quantity inside the square brackets is nai8€n),
very adequate to the study of the kinetics of the secondary T

relaxations. S(T) = — exp<_ Ea ) dr’ (A.4)
rio) 1, RT’

Eqg. (A.3)can be rewritten as

4. Conclusions 1) = @exp(—%> expl—S(T)] (A5)
Three different procedures based on TSDC data were used &

in order to determine the activation energy associated to aa&nd at the temperature of the maximum,

single relaxational component of tifierelaxation of malti- 0 Ea

tol. The obtained values were 36.4, 33.6 and 33.4kJtol ~ InJ(Tm) =In — — -~ — S(Tm) (A.6)

showing a very good mutual agreement. The TSDC technique o 0 m ) )

thus appears as a very helpful technique to study molecularCoOmbiningEgs. (12) and (A.4), the functidican be written

mobility. On the other hand, the simultaneous use of the dif- S

ferent procedures TSDC offers to determine the activation 2 mo_,

energy provides a self-consistency test for the validity of the S(zm) = —zm eXp(Zm)_/Z arexp(=) & (A7)

obtained results. Furthermore, the fact that the TSDC tech- ° )

nique provides different and independent procedures to ob-Wherez = Eo/RT, andz = Eo/RTo is taken at a temperature

tain the kinetic parameters of a motional process is a unique 10, Well below the temperature of the maximum of the TS
feature in the context of the experimental techniques most P88KTm, where the intensity of the depolarisation current is

often used to study molecular mobility. negligibly small (where the polari§ationl-‘|’5).. The graphic:_;ll
representation 08(z,) as a function ofz, is presented in
Fig. 5(a). It can be concluded frofig. 5(a) thatS(z) is
an increasing function afy, and is very slightly dependent
Acknowledgements ONZn (i.e. oNTy) if Zm = Ea/RTm > 60. For the TS peaks in
the glass transition region, the quantiyR Ty, has in general
N.T. Correia acknowledges a post-doctoral grant from yalues much higher than 60 and consequeB(¥,) behaves
the Fundago para a Gincia e Tecnologia. Supported by a as a constant. It is thus expected fr&a (A.6)that InJ(Tp)
franCO-portUguese COOperation prOtOCOI (GR'CES/CNRS) is shows a linear dependence on 4/ With a S|Ope equa| to
also gratefully acknowledged. —E4/R, as indicated ifEq. (14)(remember that the current
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Fig. 5. (a) Representation 8{z,) as a function of,. (b) Representation of
D(zn) = dS(z,)/dzy, as a function ofy,. Whenz,, > 60, the function nearly
behaves as a constant and the values of the funBifap) are negligible so
that the activation energy can be directly obtained from the slope of the plot
shown inFig. 4.

intensityl(T) and the current density(T), are related biq.

1)
FromEg. (A.6)we have
dinJ(Tm) _ Ea dS(Tm) _ Ea 1 dS(zm)
d1/Tm R dlYTm R dzm

(A.8)

Fig. 5(b) displays the representationiafzy,) = d S(z,)/d zn

as a function ofzy, showing that it decreases by positive
values with increasingn. Whenzy, > 60, the values of the
function D(zy) are negligible, so that the activation energy
can be directly obtained from the slope of the plot shown
in Fig. 4 (seeEgs. (A.6) and (A.8)). In the case of tife
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relaxation of maltitol considered in the present work, how-
ever, we havei ~ 26, that is a low value compared to 60.
However, the value dd(zy) is ~0.0024, indicating that, even
in this unfavourable situation, the error in the determination
of the activation energy from the slope®ig. 4is no more
than 0.3% (se&g. (A.8)).

We can conclude that the fitting based®a (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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