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Abstract

The equivalent frequency at the maximum current intensity of Debye peaks obtained by the thermally stimulated
depolarisation current technique (TSDC) was discussed and its dependence on the Arrhenius parameters was calculated. The
effect of the heating rate was also considered. Some specific virtual situations (zero entropy behaviour and compensation
phenomena) were compared with experimental results on 11 non-conventional polymers near and below the glass transition
temperature. For one such polymer, the temperature dependence on the frequency of the a-and B-relaxation observed by
dielectric relaxation spectroscopy was compared with the results obtained by thermally stimulated discharge current in the
glass transition and sub-7, regions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The thermally stimulated depolarisation current
technique (TSDC) is a dielectric related technique
which is a very suitable tool for the study of the
dynamics in polymeric systems [1-3]. On the other
hand, the TSDC technique is one of a larger family of
thermally stimulated techniques (e.g. differential
scanning calorimetry, thermally stimulated creep,
thermoluminescence) in which some physical prop-
erty is monitored as a function of temperature during a
controllable heating process. In this technique, the
release current due to the depolarisation processes of a
previously polarised quenched sample is measured on
heating, giving the record of the complex dielectri-
cally-active relaxation mechanisms (global experi-
ments). One of the reported advantages of this
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technique is its ability to isolate quasi-elementary
processes of the complex spectra, enabling a more
complete characterisation of the corresponding dis-
tribution of characteristic times (thermal sampling
experiments).

In conventional dielectric or mechanical relaxation
spectroscopy experiments the time scale which char-
acterises the relaxational processes under study at a
given temperature is well defined by the experimental
frequency of the stimulus (periodic electric field or
periodic mechanical stress, respectively) [4]. On the
other hand, in thermally stimulated experiments the
corresponding time scale (equivalent frequency) is
intimately related to the heating rate, the relevant
experimental variable in this technique.

The purpose of this work is to analyse the question
of the equivalent frequency of thermally sampled
peaks obtained in TSDC experiments on polymers.
This will allow us to discuss some fundamental
aspects of this technique and eventually to clarify
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the differences and similarities between related tech-
niques like TSDC and dielectric relaxation spectro-
scopy (or like thermally stimulated creep and
mechanical relaxation spectroscopy). The discussion
will be supported by previously published results
obtained by TSDC in the sub-T, region and in the
glass transition region of a significant set of non-
conventional polymers.

2. Theoretical background

The dielectric relaxation behaviour of a simple
Debye process can be given by

7(T)P(t) + P(t) = P, (1)
where P(¢) is the polarisation of the material, P, is the
equilibrium polarisation (r—o0) and 7(7) is a char-
acteristic time of the process which, in some cases,
may be given by the Arrhenius equation:

7(T) = 19 exp(E,/RT), 2)

To being a pre-exponential factor and E, an apparent
activation energy, or alternatively, by the Eyring equa-
tion derived from the theory of absolute rates:

7(T) = h/kT exp(AG/RT)
= h/kT exp(—AS/k) exp(AH/RT), (3)

where AG, AS and AH are, respectively, the activa-
tion Gibbs energy, entropy and enthalpy.

In a complex system, during isothermal polarisation
at T=T, all dielectrically active modes at this tem-
perature are polarised. As explained before [5], after
this isothermal polarisation, in a global, as well as in a
thermal sampled experiment, the sample is cooled
down to To<T, (with the electric field applied
between T, and T1l> < Tp). Then, the depolarisation
current is measured during a constant rate heating
stage (8=dT/dt) up to T¢>T,,. The difference between
these experiments is that in a TSDC global experiment
T{) = Ty whereas in a thermal sampling experiment
T, — Tl’)~3 K and T)<T,. Thus, in a thermal sampled
experiment only a small set of the total accessible
polarisable species is activated. Considering that in
this experiment the frozen polarisation at T=T, arose
from an elementary process, the polarisation of the
sample during the heating stage can be calculated

using Eq. (1), for the case P.=0:
T
P(r) =poesp| <1/5 [ ar/r(ry |
Ty

where Py is the total polarisation at t=0 (T=T(). The
measured current, J(f)=—dP(¢)/dt, is given by

T
Py / /
J(T)=—= -1 dr' /(1) |.
(1) =S eso| 178 a4/ |
To
This function always displays a peak-shape, and by
differentiation, it is possible to write the correspond-
ing maximum condition equation:

dr(T)/dT]y = T =~ ©

where Ty, is the temperature of maximum current
intensity. The relaxation frequency (or equivalent
frequency) of the experiment, f;,,, may be defined as
the characteristic frequency at 7=Ty,:

Jm =1/27T, )

where 7,=7(T,,) is the relaxation time at the tem-
perature of maximum current intensity (or at the
inflexion point of the P(T) curve).

Considering that the relaxation time of the elemen-
tary processes follows a simple Arrhenius’ relation-
ship, Egs. (2) and (6) can be rewritten respectively as

_J T eXp(Ea/RTm),
T = { iy (8)

In Eq. (8) we thus have two equations and four vari-
ables: 7, (or f), T, E, and 7o. The thermokinetic
parameters of a thermal sampled peak, E, and 7, can
be calculated by fitting 7(7) with the Arrhenius equa-
tion. The temperature dependence of the relaxation
time (7(7)) can, on the other hand, be obtained by
applying the so-called BFG treatment [6] to the
ascending side of the peak:

Inr(T) =In[P(T)/J(T)] =In / J(£)dt — nJ(T).

€))

Thus, using Eq. (8), both the dependence of T}, and 7,
(or f;,,) on the independent pair of variables (E,, log7g)
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Fig. 1. Theoretical prediction of the temperature of maximum
intensity for elementary TSDC peaks as a function of the Arrhenius
parameters (heating rate of 4 K min™").

can be obtained. The variation of T;, and logf,, within
a large range of E, and 7 values, which are usually
observed in experimental data, are shown in Fig. 1-
Fig. 2, respectively, for a heating rate of 4 K min~"'.
The experimental points shown in Fig. 2 will be
discussed later.

The surface plot shown in Fig. 1 suggests that the
temperature of maximum intensity of an elementary
peak is very sensitive to the thermokinetic parameters
and increases, as expected, with the increase of both E,
and logTy. It must be pointed out that in usual experi-
mental results, the thermokinetic parameters do not fill
all the (E,, log7) space shown in Fig. 2. In fact, it has
been observed in TSDC studies on a wide variety of
materials (some of those results will be presented in
this paper) that the (E,, log7) values accessible in this
technique are such that logf,, is usually between —2
and —3 for a heating rate of 4 K min~'. These fre-
quencies are low compared with those commonly used
in dynamical dielectric and mechanical experiments.

3. Discussion

The time scale of the thermal sampled peaks in the
low temperature region, as well as in the glass transi-
tion region, will be discussed for the 11 polymers
presented in Table 1. These polymers show liquid-
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Fig. 2. Theoretical prediction of the equivalent frequency for
elementary TSDC peaks as a function of the Arrhenius parameters
(heating rate of 4 Kmin~"). Symbols: equivalent frequency of
some thermal sampled peaks of LCP1 obtained in the sub-7, and in
the glass transition regions at 4 K min~'. Dashed line: compensa-
tion line observed for the points corresponding to the glass
transition relaxation of LCPI1.

crystalline character above T, up to a clearing tem-
perature due to the presence of the mesogenic moiety
in the side group of the repetitive units. This class of
materials has been widely investigated over the last 20
years because of their interesting electro-optical prop-
erties combined with many physical properties of
conventional polymers [7,8]. The transition tempera-
tures of these polymers, Ty, are also shown in Table 1.

All the polymers in Table 1 have been studied by
TSDC [9-17] and it was found that they show relaxa-
tional processes below T, near the glass transition
region and above the glass transition temperature (one
or two relaxations in the liquid-crystalline phase);
these upper T, relaxations will not be considered here.

We first focus on the equivalent frequency for
LCP1. It was observed previously [9] that this polymer
has a low temperature relaxation (the corresponding
sampled peaks were observed between —150°C up to
~—50°C) and a relaxation, between ~—50°C and
~0°C, ascribed to the dynamic glass transition. By
using the BFG equation, the corresponding thermo-
kinetic parameters were obtained for each thermal
sampled peak. In Fig. 3 the relaxation time of some
peaks in the glass transition region, calculated from



Table 1
Code name, structure and transition temperatures (7},) of the investigated polymers (phases: g-glass; N-nematic; S,-smectic-A; S.-smectic-C;
I-isotropic)

Name Structure T °C)

CH,

LCP 1 (CH,hSi—-[—O——% ~]—o Si(CHy), g-7.2S. 76,81
b OO,
T

2Hs
Lop 3 (CHa) 3s.—Eo—-T—ﬂ—osuCH3)3 £372S, 14861
CH;
Lep 18 (CHg)3SH-0—5i--0Si(CHy)s €205, 1291
I o
C'?Hs CHs
LCP 93 (CHy)3Si «PO—Si—o—sa+OSi(CH3)3 83957911
n
C
i)
HOM (CH3)3S|—{—O—TI—]‘EOSI(CH3)3 CHs 258,951
(CHZ)a_OOCOOOCN
CHs  CHs
N P VP . CH
. (Ch3)3S|~EO Si—O Sl%ﬁOSl(CHg,)g 3 g-158,571
CH; (CHp)e—0 CO0O CN

CH —CH—}
LCP 95 % 20 In 2467 S, 8291
CO,—(CH,);—0 CN

—fCHz—c‘Hﬂ;

LCP 105 g38 N 1271
CO,—(CHz)s —COO Q Q CN

~ECH2—T Hﬁ;

LCP 100
CO;—(CHz)o— C0O0

+c H2—C‘1 H};

O—(CHp)—

g75 N 1111
CN

LCP 92 g61,5N 11341

OCHs

oo

Hs

c
LCP 94 ‘%CHz—C 239,08, 127,51

COZ—(CHz)w’_COzN

The experimental details and the extended discussion of the results can be found in [9-17].



J.E. Mano/Thermochimica Acta 332 (1999) 161-170 165

150 -

t/s

ARV

10° Hz

slope=-15 s.K"

N

o il A
-25 -20 -18

TrC

Fig. 3. Arrhenius lines of some sampled peaks of LCP1 in the glass transition. Symbols: relaxation time at the maximum current temperature
as a function of Ty, for the same peaks calculated with the second equation in expression (8).

the Arrhenius equation, is plotted as a function of
temperature (solid lines). The left hand-side line
corresponds to a thermal sampled peak obtained with
T,=—33°C (I},=—22°C) and the right hand-side one
was obtained with 7,=—8°C (I;,=—5.3°C).

The square points in Fig. 3 represent the relaxation
time at 7=T,,, T, calculated according to the max-
imum condition for each sampled peak (second equa-
tion of (8)), as a function of the experimental T,. It is
clear from that figure that, in the glass transition
region, T, decreases with increasing 7Ty, (or T;,). This
means that the equivalent frequency depends on the
elementary process, for the same heating rate.

It is interesting to compare this TSDC feature with
that expected in dielectric relaxation experiments,
isothermal and isochronal. Consider an elementary
process studied by dielectric relaxation. If the experi-
ment is isothermal, the frequency is scanned so that
the time scale of the sample is constant (constant
temperature and pressure) and the time scale of the
experiment is changing. In an isochronal experiment,
on the other hand, the frequency is constant and the
temperature changes at a given rate so that the experi-
mental time scale is constant and, due to the heating,
the relaxation time of the sample is being reduced. In
both cases the dielectric relaxation peak will occur
when the two time scales, that of sample and that of
the experiment, intersect. As pointed out before, and
opposite to the isochronal dielectric relaxation experi-

ment where the experimental frequency is constant, in
TSDC the characteristic frequency is not constant for a
given heating rate; see, in Fig. 3, that 7., decreases
with increasing T, In fact, the maximum intensity of
a TSDC peak does not occur at the intersection of the
two time scales, as in dielectric relaxation experi-
ments, but rather in a situation where the rate of
decrease of the relaxation time with increasing tem-
perature becomes equal to the reciprocal of the experi-
mental heating rate (see Eq. (6)). For example, for an
experiment with a heating rate of 4 Kmin ', the
maximum of the TSDC peak will occur at a tempera-
ture such that the slope of the 7(T) curve is —15 s k!
(see Fig. 3). Since the slope of the 7(7) curves for
elementary processes in the glass transition region
increases as T, increases, as a consequence of the
so-called compensation behaviour, the condition
where this slope is —15 s K~' corresponds to values
of 7, which decrease with increasing T,,,.

The type of representation shown in Fig. 3 may help
us to analyse the dependence of 7, and T}, on the
heating rate. The increase of the heating rate decreases
the absolute value of the slope of the 7 versus T line at
which the maximum current occurs. Thus, the tem-
perature of maximum intensity is shifted to higher T,
and 7, decreases (or f;, increases). In Fig. 4, the
expected Ty, and f,, values for the sampled peak at
lower temperature of Fig. 3, calculated with Eqgs. (7)
and (8), are presented in an Arrhenius plot (logf versus
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Fig. 4. Solid line: Arrhenius line calculated with the thermokinetic
parameters of a sampled peak of LCP1, corresponding to the lowest
temperature line in Fig. 3. Square symbols: predicted f,, and 7, for

the different heating rates shown. Circle: experimental point

obtained at 4 K min™.

10°/T) for /3 from 1 to 10 K min~"'. It can be concluded
that the increase of T}, or logf;,, becomes smaller as the
heating rate increases. The experimental point
obtained at 4 Kmin~' is also shown in the figure
(open circle).

3.1. Temperature dependence of the relaxation
frequency

The equivalent frequency of the thermal sampled
peaks of the analysed polymers is shown in Fig. 5 as a
function of Ty, covering the low temperature relaxa-
tion and the glass transition relaxation. It is clear from
this figure that, for the low temperature relaxation of
all materials, corresponding to the peaks with Tj,
below ~—50°C, the equivalent frequency smoothly
decreases around 0.0025 Hz with increasing T,,,. This
“universal” behaviour observed for these sub-T,
relaxations will be discussed below. On the other
hand, in the glass transition region a strong increase
of fi, is observed as the temperature approaches T.
This dramatic change is also observed for the activa-
tion enthalpy (or E,) and activation entropy [18] due to
the increase of the complexity of the molecular
motions involved during the approximation, from

the low temperature side, of the glass transition tem-
perature.

The activation entropies, AS, of the thermal
sampled peaks of the sub-T, processes were found
to be negligible. This behaviour has been usually
found in local and non-cooperative processes
[19,20]. From the Eyring equation, it can be shown
that the AS=0 behaviour (that is, AG=AH) leads to
the following equality, which may be applied to TSDC
results [21,22]:

E, = RTy[1 + In(k/h) + In(Tyy7m)]
= RTyu[22.92 + In(Tw /fin)]- (10)

Eq. (10) is independent of the equations in expression
(8). Therefore, when AS=0, we have a set of three
equations and four variables, and consequently, it is
possible to have access to a dependence of any three
variables on a fourth one. Considering 7,, as the
independent variable we can predict the corresponding
evolution of f;, (or 7). This prediction is shown in
Fig. 5 for the temperature range take over —160°C to
0°C. It can be concluded that this prediction is con-
sistent with the data at low temperatures, where
AS=0.

It would be interesting to predict the evolution of f;,
with T}, in the glass transition region. Obviously, in
this case, the AS=0 behaviour is no longer observed;
thus, Eq. (10) cannot be applied. However, it is known
that in this region a linear relationship between E, and
logTo (or between AH and AS) is observed:

Ea (11)

logmy = logr. — 71n(10)RT .

This behaviour is usually called compensation phe-
nomena and the two compensation parameters in
Eq. (11), 7. and T, (compensation time and tempera-
ture), are fixed for one material. Thus, knowing these
two parameters, we have again a third equation and the
expected dependence of f;,, with T}, can be calculated.
The compensation parameters of LCP1 were found to
be 7.=2.0 s and T.=—0.7°C [9]. The expected depen-
dence of the equivalent frequency on T}, in the glass
transition region of LCPI1 is also shown in Fig. 5.
Here, there is an excellent agreement between this
calculated dependence and the experimental points
(squares) in the temperature range between —20°C
and —5°C, where the compensation behaviour is
nearly perfect. However, below ~—20°C, calculated
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Fig. 5. Equivalent frequency as a function of the temperature of maximum intensity for the thermal sampled peaks of the 11 analysed
polymers near and below the glass transition temperature. The solid lines are predictions for the case of a general zero-entropy behaviour and
for LCP1 in the glass transition region assuming a compensation relationship.

values diverge from the experimental data because the
system no longer follows the compensation phenom-
ena. This kind of behaviour can also be observed when
attempts are made to predict the evolution of the
activation energy with Ty, in the glass transition region
[15]. It must be said that, despite being real and
observable, some authors consider that the compensa-
tion phenomena may be a consequence of mathema-
tical artefacts and it is difficult to give a physical
meaning of the compensation parameters. However,
one can conclude that these parameters may be used in
order to predict some important variables in a tem-
perature region where compensation phenomena is
observed. The equivalent frequency of the thermal
sampled peaks of LCPI below T, is also shown in

Fig. 2 (square points) in terms of its dependence on the
thermokinetic parameters, E,, and logro. All the
experimental points are in good agreement with the
theoretical prediction based on expression (8) (surface
plot in the figure). The points with E,<20 kcal mol '
correspond to the thermal sampled peaks of the low
temperature relaxation. The higher energy points are
related to the glass transition relaxation. From the
projections of these points on the (E,, log7y) plane the
compensation behaviour can be recognised (see
dashed line in Fig. 2): the slope of logr, versus E,
is proportional to 7! and the intercept (when E,—0)
islog7. (see Eq. (11)). The increase of E, corresponds
to an increase of T,, and, as was observed in Fig. 5, the
equivalent frequency of the processes increases when
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the approximation to 7T, is made from the low tem-
perature side.

3.2. Comparison between TSDC and dielectric
relaxation spectroscopy results

The comparison of the time scale of relaxation
processes when investigated by dielectric relaxation
spectroscopy or by TSDC (or dynamical mechanical
analysis and thermally stimulated creep) has been
tried by some authors [22-27]. For this, one should
use TSDC global spectra because, in dielectric relaxa-
tion spectroscopy, it is not possible to experimentally
decompose the complex behaviour of the relaxations
into elementary processes. However, it is difficult to
calculate an equivalent frequency of a global TSDC
peak because of the uncertainty of the mean thermo-
kinetic values when calculated by the usual methods.
In fact, such methods are valid only for elementary
processes.

Dielectric relaxation spectroscopy studies were
previously carried out for LCP1, in the frequency
range from 1072 to 10° Hz [9]. As usually observed
in side-chain liquid crystal polymers, two relaxation
processes were detected in the liquid-crystalline
phase: the Od-relaxation and, at lower frequencies,
the o-relaxation. The origin of the a-relaxation
observed in side-chain liquid crystal polymers at the
molecular level is controversial. Some authors believe
that this process is equivalent to the a-relaxation
found in conventional amorphous polymers (dynamic
glass transition) [28-32]. However, some other inves-
tigators have attributed this process to special con-
formational rearrangements within the side-chains
(molecular motions mainly involving the transverse
component of the dipole moment of the mesogenic
groups) [33—41]. In this context, a comparison of the
a-relaxation observed by dielectric relaxation spectro-
scopy and the glass transition relaxation observed by
TSDC would be particularly interesting for such
materials. In fact, we know that the glass transition
relaxation of these materials observed by TSDC cor-
responds to the usual a-relaxation observed in con-
ventional polymers.

The frequency at the maximum of the loss peak of
the a-relaxation of LCP1 is plotted against reciprocal
temperature in Fig. 6 (circles). This also shows the
corresponding fit according to the Vogel-Fulcher

10°K/ T
370 375 380 385 390 395

1 VogekFulcher fit
| log £10.26311.8/T-236.33)

log fiHz

.
-
L L L

34 35 38 37 38 39 40
3
100K/ T

Fig. 6. Comparison of dielectric results (circles) corresponding to
the a-relaxation and TSDC results (thermal sampled experiments)
in the glass transition region (squares) for LCPI. Insert: global
TSDC spectrum of LCPI in the glass transition region; the
temperature axis is the same as for the main graphics.

equation, 7(T)=7,.exp[B/(T—T,)]. The TSDC relaxa-
tion plot (logf;, versus 1000/T},) for a set of sampled
peaks in the glass transition region, with T,,, between
—20°C and —5°C, is also shown in Fig. 6. Extrapola-
tion of the dielectric relaxation spectroscopy results to
low frequencies intercepts the TSDC data at ~—12°C.
This temperature is right in the temperature range of
the sampled TSDC peaks. The insert in Fig. 6 shows
the global spectrum of LCPI in this temperature
region also obtained at 4 K min~ ' (see [9] for details).
It is interesting to note that the maximum current
temperature of this complex peak is very close to
the intersection temperature of the relaxation plot
obtained by dielectric relaxation spectroscopy and
thermal sampling experiments. It can be concluded
that the underlying processes in the a-relaxation
observed by dielectric relaxation spectroscopy, and
in the glass transition relaxation observed by TSDC,
are very similar. Therefore, we may be tempted to
assign the o-relaxation to the glass transition process,
for the case of LCP1. The study of the structural
relaxation of LCP1 by differential scanning calorime-
try also allowed the calculation of the temperature
dependence of the mean relaxation time in the glass
transition region [42]. Comparison of these results
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Fig. 7. Comparison of dielectric results (circles) corresponding to
the B-relaxation and TSDC results (thermal sampled experiments)
for the sub-T, region (squares) of LCPL. The solid line represents
the global TSDC spectrum in the sub-7, region (see [9] for
experimental details).

with the dielectric relaxation spectroscopy data
seems to strengthen the case for an origin in the
a-relaxation.

The comparison of the data obtained by both
dielectric techniques may also be applied to the
sub-T, relaxation. In Fig. 7 the dielectric relaxation
spectroscopy results (square points) suggests, as
shown before [9], an Arrhenius behaviour. The solid
line in Fig. 7 corresponds to the global spectrum of
LCP1I on the low temperature relaxation region. It can
be seen that the sub-glass process is very broad,
covering the temperature range from —140°C to
—70°C (above ~—70°C the glass transition tempera-
ture relaxation starts to emerge). It was suggested that
two different modes of molecular motions could be
involved in this process [43]. The square points repre-
sent the frequency dependence on T, for sampled
peaks in this temperature region. The extrapolation of
the dielectric results to lower frequencies intercepts
the TSDC data at ~—110°C, in the temperature range
of both the TSDC sampled results and the global
spectrum. The results show that the molecular motions
involved in the (-relaxation observed by dielectric
relaxation spectroscopy and in the sub-T, relaxation
observed by TSDC are very similar and confirm that
the two techniques are complementary.

4. Conclusions

The dependence of both temperature of maximum
intensity (7,,) and equivalent frequency (f,,) on the
Arrhenius parameters in thermal sampled peaks was
calculated for a fixed heating rate (4 K min ). Pre-
dictions were shown to be compatible with experi-
mental results for one polymer in the glass transition
and in the low temperature region.

It was shown that the equivalent frequency variation
for a series of thermal sampled peaks depends on the
process under study: for 11 polymers it was observed
that in the low temperature region, f;, decreases
smoothly with temperature; on the other hand, in
the glass transition region a stronger increase of f,
is detected. Nevertheless, for all analysed polymers,
the frequency was found to be in the range 0.001-
0.006 Hz.

An universal prediction of the evolution of the
frequency with temperature for non-cooperative
relaxations was obtained without any adjustable para-
meters. The calculations were shown to be compatible
with the experimental results in the low temperature
relaxation for the investigated polymers. It was shown
that the expected f,(T,,) evolution in the glass transi-
tion region, where the compensation phenomena is
observed, may also be calculated provided that the
compensation parameters are given.

The Arrhenius map of the o-relaxation of one
polymer studied by dielectric relaxation spectroscopy
was found to be consistent with the time scale of the
thermal sampled peaks of the glass transition relaxa-
tion as studied by TSDC. The same consistency was
also observed for the sub-glass relaxation.
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