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ABSTRACT: The dielectric relaxation mechanisms in a poly(p-hydroxystyrene) deriva-
tive have been studied by Thermally Stimulated Depolarization Currents (TSDC) in the
temperature range between 2160 and 130°C. A broad relaxation was observed at low
temperatures, from 2160 up to 0°C, which obeyed to the zero entropy approximation.
In contrast, the glass transition relaxation showed the usual behavior, a strong depar-
ture to the zero entropy prediction. Both relaxations have been studied in detail by the
technique of thermal sampling. The thermal behavior of this poly(p-hydroxystyrene)
derivative was also studied by Differential Scanning Calorimetry in the temperature
range between 20 and 200°C. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 1921–1926,
1999
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INTRODUCTION

The technique of Thermally Stimulated Depolar-
ization Currents (TSDC) has been extensively
used to study relaxation mechanisms in poly-
meric materials.1,2 This technique has proven to
be a very suitable tool to detect and characterize
the dipolar relaxations and the corresponding dis-
tributions of relaxation time. It was found that
amorphous polymeric materials show essentially
two main types of relaxation mechanisms: (1) re-
laxations below the glass transition temperature
(frequently called b-relaxations), which are broad
and are often characterized by low activation en-
thalpies and negligible activation entropies, i.e.,
obey the so-called zero entropy prediction. The
molecular motions at the origin of these relax-

ations are believed to be low amplitude, local mo-
tions, which occur in a large variety of local envi-
ronments, leading to a distribution of relaxation
times responsible for the broadness of the depo-
larization peaks in the TSDC spectrum. (2) The
glass transition relaxation (often called a-relax-
ation), which shows a strong departure from the
zero entropy prediction, and is characterized by a
distribution of relaxation time arising from a wide
distribution of activation enthalpies and entro-
pies (or, in the terminology of Arrhenius, of acti-
vation energies and preexponential factors). This
relaxation is generally ascribed to the micro-
brownian motions of the segments (of variable
length) of the main chain.

In the present work we present the results
obtained in a TSDC study of a poly(p-hydroxysty-
rene) derivative, and we report the parameters
that characterize the a- and the b-relaxations in
this polymer. The thermal behavior observed by
Differential Scanning Calorimetry (DSC) above
room temperature is also reported.
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EXPERIMENTAL

The polymer studied in the present work is
poly{4-hydroxy-3-[19-(4-hydroxyphenyl)ethyl]sty-
rene} (see structure below). It is produced by
Hoechst Celanese with the commercial name of
poly(p-hydroxystyrene)-polymer grade (PHS-PG).
The studied samples had mean molecular weight
Mw 5 3880 and polydispersity of 1.68.

The samples used in the TSDC measurements
were discs of 0.8-mm thickness, which were
shaped under a pressure of ; 75 Mkg m22. Before
the measurements, the sample was kept in a vac-
uum oven at 70°C for several days. It was shown3

(for a different material: pentachloronitroben-
zene) that the influence of pressure (or density of
the disc) on the dielectric relaxation behavior was
such that the strength of the relaxation increased
with increasing density, but that its basic fea-
tures such as the frequency location, the activa-
tion energy and the spread of relaxation times
were not affected by the density of the disc. The
TSDC measurements performed on a PHS-PG
sample that was obtained by cooling down from
the melt also showed that the essential features of
the dielectric behavior are independent of the
compacity of the sample.

Thermally Stimulated Depolarization Current
(TSDC) experiments were carried out with a TSC/
RMA spectrometer (Solomat Instruments, Stam-
ford, CT) covering the range of 2170 to 1400°C.
The parallel electrode assembly has an effective
area of 38 mm2. A Faraday cage shields the sam-
ple. Prior to the experiments the sample, located
between parallel plate electrodes, is evacuated to
1024 mbar and flushed several times with 1,1 bar
of high-purity helium. To analyze specific regions

of the TSDC spectrum, different methods of pola-
rising the sample were used, namely, the so-
called TSDC global experiment and the thermal
sampling (or cleaning, or windowing) experi-
ment.4 The technique of thermal sampling, TS,
allows the polarization of specific segments of a
complex global relaxation or, otherwise stated, it
allows the resolution of a global peak into its
individual relaxation modes. Performing different
TS experiments with polarization tempera-
ture,Tp, varying in the global peak’s temperature
region allows the selective activation of the differ-
ent fractions or segments of the global peak, i.e.,
the separation of a broad distribution of relax-
ations into its narrowly distributed components.
This is indeed one of the advantages of the tech-
nique, and the experimental strategy to be imple-
mented in a TSDC study is such that the global
experiments are used to detect and localize the
different relaxations in the TSDC spectrum,
whereas the TS experiments are performed to
study the detail of each complex relaxation (dis-
tribution of energy and/or relaxation time). Read-
ers who are not familiar with the TSDC technique
and data treatment can find useful information
about this subject elsewhere.5–7

If we assume that the peaks obtained from a
TS experiment can be described by a Debye relax-
ation function, we have:

dP
dt 5 2

P
t

(1)

where P is the remaining polarization and t the
relaxation time. The depolarization current (I(t)
5 2dP/dt) measured as a function of temperature
is used to calculate the relaxation time at given
temperature:8

ln~t~T!! 5 lnE
T

`

I~t!dt 2 ln~I~T!! (2)

Differential scanning calorimetry (DSC) mea-
surements were performed with a Setaram DSC-
121 calorimeter, in the temperature range of 20–
200°C, using a heating rate of 10 K min21 and
argon as a purge gas.

RESULTS AND DISCUSSION

The TSDC global experiments (Fig. 1) showed a
broad and low-intensity relaxation extending
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from 2160°C up to ; 0°C. Above this tempera-
ture, a higher intensity relaxation was also ob-
served (see Fig. 1) whose maximum intensity oc-
urred at temperatures higher than 100°C.

It was observed that the sample undergoes a
transformation at 130–135°C, which prevented
the analysis of the whole higher temperature re-
laxation spectrum due to the loosing of electric
contact between the sample and the electrodes. In
fact, if the sample is heated up to 130–135°C, it
becomes dark brown and brittle. As pointed out
before, the TSDC analysis of a sample obtained by
cooling down from the melt leads to results that
are similar to those obtained from the compressed
powder. This suggests that the transformation
occuring at 130–135°C does not influence the di-
electric relaxation behavior of the sample.

The relaxations observed in the TSDC spec-
trum of PHS-PG were analyzed in the tempera-
ture range from 2160°C up to ; 100°C using the
thermal cleaning procedure. Figure 2 shows some
thermally cleaned peaks obtained in the temper-
ature region between 2160 and 0°C, while Figure
3 shows results obtained in the temperature re-
gion where the higher temperature relaxation ap-
pears.

It is observed that the lower temperature com-
ponents of the TSDC spectrum obey to the zero
entropy prediction5,9,10 (see Fig. 4), i.e., they show
low activation enthalpies that increase with in-

creasing temperature (from 40 kJ mol21 up to 80
kJ mol21 in the temperature region between
2160 and 0°C) and negligible activation entro-
pies. This relaxation was observed by dielectric
relaxation spectroscopy (frequency range 102–106

Hz) in the temperature region between 240 and
140°C (nonpublished results).

Figure 1 TSDC global spectrum of PHS-PG. The ex-
perimental conditions were: polarization temperature,
TP 5 90°C; freezing temperature, T0 5 2160°C; final
temperature, Tf 5 130°C; electric field strength, E
5 100 V/mm and heating rate, r 5 8°C/min. The dashed
line corresponds to the starting up of the experiment,
and it does not represent any lower temperature limit
of the low-temperature relaxation.

Figure 2 Thermally cleaned components of the lower
temperature relaxation of PHS-PG. The polarization
temperature, TP, varied from 2140 to 220°C (the tem-
perature of maximum intensity of the peaks, Tm, in-
creases with increasing TP). The other experimental
conditions were: window width, DT 5 2°C; electric field
strength, E 5 400 V/mm, and heating rate, r 5 4°C/
min.

Figure 3 Thermally cleaned components of the
higher temperature relaxation. The polarization tem-
perature, TP, varied from 25 to 85°C (the temperature
of maximum intensity of the peaks, Tm, increases with
increasing TP). The other experimental conditions
were: window width, DT 5 2°C; electric field strength,
E 5 400 V/mm and heating rate, r 5 4°C/min.
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On the other hand, the components of the
TSDC spectrum above 0°C show activation en-
thalpies that increase significantly with increas-
ing temperature (from 80 kJ mol21 up to 280 kJ
mol21 in the temperature region from 0°C up to
100°C) and strongly deviate from the line describ-
ing the zero entropy prediction. This behavior,
often referred as compensation behavior, appears
as a feature of the glass transition,11,12 and sug-
gests that the peak in the right-hand side of Fig-
ure 1 (whose components are shown in Fig. 3) is
the glass transition peak. The glass transition
temperature can be defined as the temperature of
maximum intensity of the glass transition peak
obtained in a TSDC global experiment or, alter-
natively, as the temperature of maximum inten-
sity of the TS peak that shows higher activation
enthalpy. In the present study we are not able to
determine the glass transition temperature of
PHS-PG owing to the transformation previously
reported that occurs in the vicinity of 130°C and
precludes the complete analysis of the glass tran-
sition relaxation. Because the higher temperature
component of the glass transition relaxation
shown in Fig. 3 is probably not that showing a
maximum activation enthalpy (see Fig. 4), the
conclusion we can draw from our results is that Tg
is somewhat above 100°C. [This glass transition
relaxation, which appears at ; 100°C in TSDC,
would appear at higher temperatures in dielectric
relaxation spectroscopy (in the frequency range of
102–106 Hz). Because the sample undergoes a
physical transformation at about 135°C and be-

comes instable above this temperature, it be-
comes impossible to analyze this relaxation with
this technique. Nevertheless, the fact that differ-
ential scanning calorimetry detects the glass
transition at 90–95°C, make us confident that the
TSDC relaxation at 100°C is indeed the glass
transtition and not any kind of space charge phe-
nomena.]

It has been pointed out in previous studies13

that an important feature of the TSDC technique
is that the activation Gibbs energy of the different
individual components (TS peaks) of the whole
TSDC spectrum shows an universal linear depen-
dence on the temperature that is the same for all
materials and relaxation processes:

DGÞ 5 a Tm (3)

where Tm is the temperature of maximum inten-
sity of the TS peak and a is a constant whose
value was found to be 280 J K21 mol21 on the
basis of the study of a very large number of ma-
terials and relaxations. Figure 5 shows the repre-
sentation of DGÞ as a function of Tm for all the
individual components of the TSDC spectrum of
PHS-PG, and we observe that the expected linear
relationship is confirmed.

The intercept of the representation in Figure 5
is near zero, and the slope is 288 J K21 mol21, in
very good agreement with the value of 280 J K21

mol21 previously reported. The existence of such
a relationship implies that the values of DGÞ are
restricted to moderate values, which in turn, im-

Figure 5 Plot of DGÞ vs. Tm for the thermally cleaned
components of the different relaxations observed in
PHS-PG. The intercept of the representation is near
zero and the slope is 288 J K21 mol21.

Figure 4 Representation of DHÞ vs. Tm for the ther-
mally cleaned components of the relaxations observed
in the TSDC spectrum of PHS-PG. The continuous line
corresponds to the “zero entropy prediction.”
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plies that any strong variation of the activation
enthalpy, DHÞ, as that observed in the right-hand
side of Figure 4, is accompanied by a concomitant
increase of the activation entropy, DSÞ.10,13 This
behavior, which is currently designated as com-
pensation behavior, seems to be a general feature
of the glass transition relaxation but, as clearly
demonstrated before,12 it does not imply the ex-
istence of any physically significant compensation
point.

The as-received material was also analyzed by
differential scanning calorimetry (DSC). The
thermogram obtained between 20 and 200°C is
shown in Figure 6 (curve 1). The abrupt change in
the slope of the heat flow vs. temperature curve is
typical of the glass transition, and it can be ob-
served that the onset temperature of this transi-
tion occurs at 93°C.

Above this temperature a broad and small en-
dothermic peak is observed, which shows a max-
imum at 134°C. If the sample is now heated for a
second time in the same temperature range (after
cooling down naturally from 200 to 20°C), this
small endothermic peak disappears and a very
clean thermogram is obtained (Fig. 6, curve 2).
This second thermogram shows an abrupt change
in the heat flow curve similar to that observed in
the first heating, and the onset temperature is
now at 90°C. If the same sample is scanned in a
similar way for a third time, the thermogram does
not change, and reproduces closely what was ob-
served in the second heating. These experiments
clearly point out to the existence of a glass tran-
sition at Tg 5 90–95°C. This calorimetric glass
transition temperature is slightly lower than the

Tg predicted from our TSDC results. In contrast,
the nature of the second transition observed in
the as-received material is not clear. As previ-
ously mentioned, the sample becomes dark brown
and brittle when treated above 135–140°C. If this
dark-brown sample is analyzed in the DSC, a
transition is observed above 120°C and extending
up to 200°C (see Fig. 7, curve 1) and, at the same
time, the Tg is slightly depressed to ; 88°C.

It is interesting that this transition disappears,
and the original thermogram is obtained (with Tg
> 95°C), if the sample is heated up to 200°C,
cooled down and scanned again (Fig. 7, curve 2).

CONCLUSIONS

From the previous discussion we can draw the
following conclusions:

1. The present study of PHS-PG shows the
presence of two distinct relaxation mecha-
nisms.

2. One of them, appears in the TSDC spec-
trum as a broad relaxation extending from
2160°C up to 0°C, is characterized by low
activation enthalpies and obeys to the zero
entropy prediction. It corresponds to local
molecular motions, which occur in a large
variety of local environments, leading to a
distribution of relaxation times (responsi-
ble for the broadness of the relaxation).

3. The other relaxation which is present in
PHS-PG extends from 0 up to 100°C in the

Figure 7 DSC thermograms of the sample treated at
temperatures above 135–140°C: (1) first heating; (2)
second heating.

Figure 6 DSC thermograms of the as-received mate-
rial: (1) first heating; (2) second heating.
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TSDC spectrum, and its activation param-
eters show a strong departure from the
zero entropy prediction. This behavior in-
dicates that it corresponds to the glass
transition relaxation.

4. The sample undergoes a transformation in
the temperature region of 130–135°C,
which prevented the complete analysis by
TSDC of the glass transition relaxation.
This transformation, which makes the
sample dark brown and brittle, may be re-
lated to the transition that appears in the
DSC thermogram of the as-received sam-
ple as an endothermic peak, which disap-
pears in subsequent scans. The nature of
this transformation is not completely elu-
cidated, but it was observed that it does not
change the general features of the dielec-
tric behavior of the sample.

5. The DSC results suggest that PHS-PG has
a glass transition temperature at 90–95°C
that is slightly lower than the glass tran-
sition temperature predicted by the TSDC
results.

N. T. Correia acknowledges a grant from the Praxis
XXI programme. Hoechst Celanese Corporation is ac-
knowledged for the generous gift of the sample.
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