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Abstract

The compensation behaviour as observed in thermally stimulated depolarisation currents (TSDC) corresponds to the linear relationship found
between the Arrhenius (or Eyring) apparent thermokinetic parameters obtained in a series of thermal sampling (TS) experiments performed
in the region of cooperative relaxation processes, particularly around the glass transition of glass forming materials. The compensation
effect exhibits the same features of the intrinsic compensation found for any given TS curve, where the vBlussdaf, in the region
where the sum of square residues is low, are highly correlated, being this correlation similar to the conventional compensation. This intrinsic
compensation is a result, and exhibits the same features, of the compensation found in the description of a given set of points obtained with the
Arrhenius equation with the own Arrhenius equation. This compensation is transmitted directly to the equation that describes the temperature
dependence of the depolarisation curredf§), as a nearly direct relationship exists betw@@r) andz(T). In fact, it was shown thak(T) for
an elementary process could be approximateBdsxp[—c/«T)]/z(T), ¢ being a constant.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Another advantage that has been claimed of using ther-
mally stimulated techniques is the possibility to experimen-
Many experimental techniques have been used to depicttally decompose a complex process, characterised by a distri-
and analyse relaxation processes and their underlying molecbution of characteristic times, into its quasi-elementary com-
ular motiong[1], due to the fact that they allow to establish ponents, enabling the analysis of the fine structure of the
correlations between their macroscopic properties and theglobal spectrg5]. This is achieved by using a specific ex-
corresponding molecular structure. In this context, the ther- perimental protocol (thermal sampling, TS), where only a
mally stimulated depolarisation currents technique (TSDC) fraction of the relaxing species are polarised, by applying the
has been used to study a variety of low and high molecular electric field in a narrow temperature region (see procedure
weight materials, crystalline as well as amorphous insulatorsin Fig. 1). During one of such experiments the molecular
and semiconductofg,3]. Due toits low equivalentfrequency groups that are activated (i.e. the one that will give rise to
[4] it is particularly useful to be used in systems exhibiting the depolarisation peak during heating), are those having re-
multiple relaxations, as sensitivity is enhanced with decreas- laxation times afl, around a certain characteristic tinag

ing frequency. which depends, for instance, on the period of time in which
the electric field is applied.
* Tel.: +351 253510330; fax: +351 253510339. If we assume that the characteristic times associated with
E-mail addressjmano@dep.uminho.pt. the processes that are polarised (and hence depolarised upon
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aroundTy is very similar to the overall compensation phe-
nomenon observed between the valueg€ptand logrg of

the different TS experimen{40]. This finding was reported
after analysing thermally stimulated recovery results (TSR),
i.e. the mechanical equivalent of the TSDC technique, where
a mechanical load is applied instead of an electric field, being
the strain recorded during heating. In this work, the debate ex-
plored in Ref[10] is extended to the TSDC technique. Most
of the underlying arguments will be transformed for the di-
electric formalism. Previously published data will be used
in this discussion that were obtained in a side-chain liquid

fp £ time crystalline polymer (SCLCPJ11]. Moreover, a discussion
will be included in this work on the origin of this intrinsic
Fig. 1. General scheme of a TS experiment where the electric fg)dg compensation phenomenon.

applied only in a narrow temperature range within the temperature region

where the global process appears: (i) a static electric Eglid applied at

Tp during a time period, (polarisation period); (ii) the sample is quenched o

to T, — ATy with the electric field on; (iii) the field is removed and the 2. Description of TSDC data

polarisation is allowed to recover during a period of titr(@ecovery period);

(iv) the sample is quenched T, WE_}II below the temper_ature r(_egion of th_e Fig. 2 reproduces some previously published TSDC data

global process; gnd (v) the electn(_: current released is momtc'xred during aon an SCLCH11] in the glass transition region (full points).

controllable heating, frorfip up to a final temperature well aboVg; a peak . . .

in the density currentis found in the temperature axis, with a maximum at A common way to describe a TS curve is to assume a simple

Trmax (inset graphics). Debye mode]2]. Note that this formalism assumes an expo-
nential time-response for the polarisation, which corresponds

heating) in a TS experiment follow an Arrhenius depen- to a rough simplification when the studies are conducted in

dence with temperature, each TS experiment will be char- the glass transition range. Nevertheless, this model will be

acterised by a set of parameters: activation endtgyand used in this work, as one pretends to analyse the compen-

a pre-exponential factorp. Within an Eyring formalism of ~ sation phenomenon as it is currently described in the liter-

the rate theory those would be the activation enthalpy and ature, where the results are treated under the simple Debye

entropy, AH and AS. Historically, it has been found that model.

if we collect the (g, logto) pair of values obtained in TS For a depolarisation process during heating at a constant

experiments at different polarisation temperaturgg,(in rate, 8 =dT/dt, the temperature dependence of the polarisa-

the region of the glass transition, a quasi-perfect linear re- tion may be easily obtained, under the assumption of a Debye

lationship is observed. The same is observed betwsdn  behaviouf2]:

and AS. This observation has been named “compensation” . )

or “isokinetic” effect, and has been reported in numerous P(T) = Po exp[_—l/ dr } )

TSDC studies (see, for example, Refs. [6,7] and references B

quoted therein). Some aspects of this observation may be

also included among a broader discussion, as the compensa-

tion effect has been detected in other areas such as the study

of the kinetics and equilibrium processes in chemistry or

biology [8].

For the specific case of thermally stimulated experiments,
the origin of the compensation phenomenon has not been yet
fully clarified, existing still controversial explanations. Some
authors attribute this effect to meaningful physical aspects of
the system under study, based on molecular interpretations
assigned, for example, to the cooperative nature of the relax-
ational process (e.g. RdB] and references cited therein).
However, the compensation effect was also assigned to pure
experimental propagation errors or to intrinsic mathemati-
cal consequences of the physical description of the process
(e.g. Ref[7,10] and references cited therein). In particular Fig. 2. Full points: thermally cleaned results obtained in the glass tran-
it was found that, for each TS result, an intrinsic compensa- Sition behaviour of a side-chain polysiloxane liquid crystil], in the
tion behaviour exists between thea(H:'Ogro) pair of values region of the glass traln5|t|0n (the exBezlmentezlllcondltlpns were: elec-

. T . tric field Eg =600 V mn1+, heating ratgg =4°C min~+ and window width
that better describes the depolarisation curve, and that thisat,, = 2°c). Solid lines: best results obtained by directly fitting the experi-
intrinsic compensation observed in different TS experiments mental data with the Debye model.

To T(T/)
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wherePy is the initial polarisation (af =Tg) of the ramp ation map appears generally quite linear due to the short

process. Moreover, the current density during this heating range of retardation times covered. Therefore, it was opted

process (with no electrical current on) is to maintain the Arrhenius formalism, although the thermoki-
netic parameters obtained must be considered as apparent

dr(r)  P(r)
I = 2 _ A 2 ones.
(®) a (T )
and thus, . .
3. Conventional compensation phenomenon
1 _ T dT/
J(T) = Por"(T) eXp[?fTO r(T/)] ®) The ensemble of Arrhenius lines for a series of TS results

(obtained at differenitp) in the glass transition region shows
Experimental results are usually expressed as current intentypically a convergence trend towards a @189 ¢) pair of

sity (I), instead of current density, whede=I/A, being A values, wherel; and ¢ are the compensation temperature
the electrode area. Moreové is the total area under the and compensation times, respectively:d§ andE,; are the

J(t) peak, and thus the total electrical charQg,is the to- pre-exponential factor and the activation energy of the TS
tal area under th&t) peak. As dP(t)/dt 8 dP(T)/dT=J(T), line i, then the convergence of the Arrhenius lines implies

we have, for the remaining polarisation at a given tempera- that atT. all linesi have the same characteristic time)(r

ture, P(T) = p~1/7°J(T")dT’, and, from Eq(2), we may  and one has

write: Eqi
i

logo; = logze — —~ 2
L NTydT @ 900 =100% = IT0)RT;

u(T)=p
J(T) As T. and t¢ are constant for the set of the TS curves, we
This equation is on the base of the Bucci method, which should obserye a linear re"?‘“_"”?h‘p between the_different
Ea, l0og o) pair of values. This is, in fact, observedkig. 4

orthe TS data that have been analysed (open symbols). From
the linear regression one can obtain the compensation param-
etersitc=2.1+0.3s andl =272+ 5K.

As commented by other authors, the linear correlation
found betweem\H and A S(or betweerkg, and logrg) could
be a statistical consequence of the propagation of experimen-
: , tal errors, due to the fact that the errors between such param-
TS curve. Both Arrhenius parameters are showrin 3 eters are highly correlatel@®,13,14]. A statistical analysis

as a function of the polarisation temperature. It should be : . ;
noted that the dynamics associated with the glass transi-"'2> performed with the results of the studied material and

tion should not be described by the Arrhenius model, and it was found that the observed compensation phenomenon

others have been frequently used (e.g. VFT or WLF equa-
tions). However, the Arrhenius equation has been widely

®)

enables to extract the temperature dependence of the chara
teristic times of an elementary procd$g]. Arrhenius lines

of the data irFig. 2were obtained (not shown), that were fit-
ted with the Arrhenius equation(T) = 7o exp(E/RT). This
permitted to extract both activation energy and the pre-
exponential factor for the 12 curves 6fg. 2, by simple
linear regression of the logT) versus 1/Tdata of each

T T T T T X
used in the context of TSDC experiments, as the relax- 20l il
350 —T T T T T T T A B B B B B0 7
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P TP PO T SO TP WU SO S PR T T Fig. 4. Open symbols: compensation plot (fegvs. Es) of the thermal
-34 -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 sampling results dfig. 2(obtained at the differeft,, indicated next to each
Ty r°C point). The compensation line (dotted line) was obtained by linear regression
of such points (the obtained expression of this regression is shown in the
Fig. 3. Arrhenius parameters of the curves presentdtgn2 obtained by graphics). Over each point a solid line depicts the intrinsic compensation
fitting, with the Arrhenius equation, th&T) data obtained using the Bucci line of the corresponding TS experiment, obtained from the direct fitting of

method. the data using Eq¢3) and (6).
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could not be a pure consequence of such statistical effect 10
[11].
8

4. Intrinsic compensation fo_ 6

We may also obtain the apparent Arrhenius parameters of W 4
a given TS curve by fitting directly the experimental data to 5
Eq.(3). Any TS curve may be described by a series of pair of
(Ti, Iex_p(Ti)). A common prpcgdure is to find the best (Ing 150
E,) pair of values that minimises the sum of square residues, &

2. B -
S (a) ./770/_, 200 -38 109 U;JS)
n

§2 = Z [exp(Ti) — ItheolTi, Ea, l0g TO)]Z (6) -28 T T :

! '“'!ﬂlli

wherelex, are the experimental values fioints) andlyeor

is the expected current intensity at temperaffjréhat may

be obtained from Eq3). Eq.(6) was used for the TS results

obtained afl, = —20°C, whereE, and logrp were scanned

independently. For each pair of (leg, Ez) values, Eq(6) was

used to obtain the value &¢. Only the experimental points 36 1

below Tmax were used anp was obtained from the inte-

gration of the experimental data. The valuesSbbbtained 38 | -

in this analysis are shown ifig. 5a, as a function of logy : L : !

andE,. The S surface is very steep and the lower values of 190 7o 180,1 190

& form a valley that is extended throughout an elongated re- (P E, /kJ.mol

gion in the (logro, Ey) plain. This behaviour was previously

reported for TSR resulfd0] and seems to be a general trend Fig. 5. (a) Conyergence surface plot for thg TS gxperiment obFained with

in thermally stimulated results. The resultsig. 5a suggest EP =~20°C, using Eq(6), where the theoretical points were obtained from

s . . . g.(3), in the range oE, and logrg shown in the graphics. (b) Projection

that the minimisation of? is a quite |II-posed prObIem: if of $(Ea, logto) in the valley region, indicating that the lower values3f

a (logro, Ez) pair of values describes well a given experi- (corresponding to the bottom region of the valley) show a nearly perfect cor-

mental curve, there will be always a new value of tggor relation betweerk, and logro (intrinsic compensation); the open symbols

another value oE, that will also provide again a reasonable correspond to some valuesi, logzo that minimisess? throughout thé,

description Qf the da}ta. o zﬁiil(\elhuiietgéog?:;e}:l;gfe intrinsic compensation line (linear regression fitting
A deeper inspection of th& surface inFig. 5a allows to

conclude that the bottom region of the valley forms a perfect

Straight line in the (|Og0’ Ea) p|ain (See projection of this is, in fact, very similar to the intrinsic Compensation lines of

region inFig. 5b). This behaviour was observed before in all TS experiments. It is even difficult to distinguish between

TSR resultd10], being named intrinsic compensation, and both kinds of compensations.

may be found in any given TS experimental curve obtained  The above findings strongly suggest that the conventional

by TSDC. This intrinsic compensation, that appears in a sin- Compensation phenomenon seen in the glass transition region

gle TS experiments, does not possess any particular physicaPy TSDC, using the TS technique, is very similar to a merely

origin; it is rather a consequence of the mathematical de- mathematical consequence of the Debye model, combined

scription of the results, leading to this kind of convergence With the Arrhenius equation that is used to describe each

plot. In the next section the possible origin for this intrinsic individual TS curve. The Arrhenius parameters that are in-

Compensation phenomenon will be proposed_ cluded in this physical model are intrinsically combined in
The linear regression of the overall “conventional” com- such away that they naturally compensate, giving rise to this

pensation plot (Fig. 4) is numerically similar to the intrinsic compensation effect.

compensation regressionkig. 5b. Further analysis also per-

mitted to conclude that the linear regressions of the intrinsic

compensation plots for the other TS curves were also sim-5. Origin of the intrinsic compensation

ilar to each other. Therefore one should be tempted to join

in the same plot the overall compensation and the intrinsic  In order to have a clear picture on the nature of the intrinsic

compensation lines of all TS experiments. This was done in compensation behaviour, a deeper analysis of the model used

Fig. 4that allows to conclude that the overall compensation to describe the TS data will be made. First, the integral in

yy, 100 7j=(2.03320.03)-(0.2018:0.002) ;
{[
Uy |R|=0.99998

i IIN"'“"'

log (t,/s)
o
B
Y EE
BROR S
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Fig. 6. Points: values of IB(z) obtained in thez range 85-100. The Fig. 7. Solid line: simulation of a TS curve (normalised current) of a system
linear regression fitting (ya+bx) is shown as the solid line, where  that better describes the experimenfgt —20°C, using Eq(3) (this curve
a=-—3.567+0.006 andb=—1.0106+0.00006 (|Rf1); the dotted line appears alsoiRig. 2, compared with the experimental data). Dashed line: the
shows the fitting by fixindp= —1, where it was obtaineal= —4.5474+0.01 same simulation using the approximation given by(&d), witha=—4.547.
(IR]=0.9999).

"y 1 Tmax €'
Eq.(3) cannot be resolved in a simple expression. Often, the /(1) ~ Pot™(T) exp ~BH(T)

transcendental equatid(x) is used15]:

00 g—xt 00 g—y
Eg(x)=/1 2 dt:xf 7dy (7

X

= Pyt X(T) exp [— %] (11)

¢ being a constant for a given TS curve. A simple test was
Therefore, assuming an Arrhenius behaviour, Bjcan be  performed to confirm that E(11) deviates slightly from
written as the exact form of Eq(3). A simulation of the TS experi-
ment obtained af, =—20°C, using the best thermokinetic
Eq (Ez(Z) 3 Ez(Zo))} ®) parameters obtained from the direct fitting method (Fig. 5a),
Rtop z 20 was done using the exact valuesl@f) with Eq. (3), where
E,> was calculated with a numerical form of EY) [17].
where z=E4/RT and z=E4/RTo. As Ex(z)/z decreases  The normalised current intensity is shownFig. 7 (solid
strongly withT, Ex(20)/zp may be neglected, provided that |ine), together with the curve computed using Ebl) with

J(T) = Por X(T) exp[—

To is sufficiently low: a=—4.547 (dashed line). A good concordance is found be-
tween both curves, indicating, in a broad general case, that
I(T) = Por=X(T) eXpI:—iEz(2):| @  Eq.(11)is a simple alternative to represent TSDC results
0P from elementary processes.

. . . Eqg. (11) shows that the dependence of the temperature
Alinearrelationship was found before betweettiiz) andz on the current density is basically located in #{&) term.

in alarge range aif10]. F'%; 6shows ISUCh plﬁt intherange of 11,5 the intrinsic compensation effect seen in TSDC should
zbetween 85 and 100. This interval was chosen to be CoNSISe assigned to an intrinsic compensation effect between the

tent with the values afthat are fpund within tf;e temperature A paniis parameters in théT) function. This can be eas-
of Interest O.f the TS_curve ol_)tam_ed'lt%t: __20 C. A perfect ily checked by using Eq(6) to construct ar§’(log zo, Ea)
regressionisfoundinthe pointsiei. 6, withaslopeh, close 0 tor 4 set of points generated with the Arrhenius equa-
to —1 (seeFig. 6). A new linear fitting was carried outby fix- yjon and analysed with the own Arrhenius model. The “ex-
ing b=1.0. In th's. case the mtgrce'pt was —4.547+0.01 perimental” points were obtained using the thermokinetic
and an excellent fitting was maintained. Therefore, one could parameters used to simulate the curvesig. 7. The ob-

introduce the simplificatiofiz(z) = expé — z) into Eq.(9), tainedS? surface exhibits, as iRig. 5a, a deep valley shape

gving, (results not shown). Thus, the log andE, parameters are
T quite correlated in the Arrhenius equation. The points with
J(T) ~ Pyt Y(T) exp[—— < e“] the lowest values of? where projected in the (log, Eg)
0p plane and, as found for the TS curveshig. 5b, a clear
_1 T linear relationship was detected between their thermokinetic
= kot (T) exp[—me“} (10) values. Moreover, the linear regression is very similar to

the one obtained for the TS curves (Fig. 5b). This clear
ast(T) varies much more thah Eq.(10) may be simplified: demonstrates that the intrinsic compensation found in TS
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curves is directly assigned to the statistical correlation that ¢ The thermokinetic parameters depend on the thermal his-

exists between the thermokinetic parameters in the Arrhenius
equation.

6. Final remarks

The results of this work provided evidences that al-
low to conclude that the compensation as detected in ther-
mally stimulated depolarisation current experiments (using
the thermal sampling procedure), near the glass transition,
should be merely a consequence of the mathematical de-

scription that models the physical process. It was clearly ®

seen that an intrinsic statistical compensation effect exists

between the Arrhenius parameters when one analyses the

sum of square residues of experimental data with a simple
Debye model. This intrinsic compensation matches almost
perfectly with the conventional compensation effect. More-
over, it was shown that the origin of the intrinsic compensa-
tion should be assigned to the high correlation existing be-
tween the thermokinetic parameters in the own Arrhenius

equation. °

There have been other evidences from previous works that
give further arguments for the assignment of the compensa-

tion phenomenon to a pure mathematical consequence or to

error propagation (pure statistical effects) associated with the
technique that is probing molecular mobility. Most of those
were presented befof&0] and are now summarised.

e There is always an error associated with the determina-

tion of ¢(T) from a TS curve, and therefore experimen- e

tal and statistical errors are always present in the calcula-
tion of Ez and logrp. It was shown in a previous work
that if the same TS experiment is repeated, the varia-
tion of the correspondingt, values could be of the or-
der of 10%[16]. It is also frequently observeHa(Tp)
plots that the points do not follow a perfect trend and
some natural fluctuations exists (this was not the case of
the data analysed in this work — s€&. 3). However,
despite the errors and fluctuations observed, there is al-
ways a nearly perfect linear relationship betwé&grand
logto, or betweenAH and AS. Therefore, it is highly

tory in the glass beloWg, due to the occurrence of struc-
tural relaxation (e.g. Refl17]). The set of thermokinetic
parameters obtained in different TS experiment, just by
changing the annealing conditions before the TS proce-
dure, also present a compensation effé@f. Moreover,

the features of such compensation effect are the same of
the conventional compensation effect obtained for TS ex-
periments at different temperatufég]. Such coincidence
disclaims again a genuine physical significance of the com-
pensation phenomenon and of the corresponding compen-
sation parameters.

From complementary thermally stimulated recovery and
DMA experiments on poly(ethylene terephthalate) it was
shown that a broad distribution of retardation times exists
at the compensation temperatufe,[18]. This is in con-
tradiction with an authentic compensation phenomenon,
where all the Arrhenius lines of the TS results converge
to the same retardation time &, thus suggesting that all
individual processes that describe the complex behaviour
relax with the same rate at.

A perfect compensation phenomenon is typically observed
using the thermokinetic results obtained from TS results
that are treated under quite crude approximations, namely
the Arrhenius (or Eyring) equation for the temperature de-
pendence of the retardation time and the Debye model
for the evolution of the response. Therefore, a direct link
between the compensation parameters and any physical
meaningful characteristic of the system studied is highly
questionable.

Finally, up to now no conclusive correlation has been
found between the compensation parameters and the
chemical (chemical structure, branching, composition in
a blend, cross-linking, molecular weight, etc.) or mor-
phologic (molecular or crystallinity anisotropy, degree
of crystallinity, etc.) features of the system studied. For
example, no relationship could be found between the
compensation temperature and the chemical architec-
ture of a series of side-chain liquid crystalline polymers

[71.

probable that the propagation of experimental errors play Acknowledgement

an important role in the appearing of the compensation
phenomenon.
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