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ABSTRACT: Direct current (dc) and alternating current (ac) electrical behavior of a
laboratory-synthesized semicrystalline poly(propylene terephthalate) is investigated.
The dc charging/discharging currents and electrical conductivity are studied as a
function of temperature and time of applied voltage. The conduction mechanisms are
pointed out and related to the structural characteristics of the polymer. The ac prop-
erties (dielectric constant and loss factor) are investigated over a wide temperature and
frequency range. The relaxation processes, which take place in the material, are
disclosed and their origin is analyzed. The electrical behavior of poly(propylene tereph-
thalate) is finally related to that shown by other thermoplastic polyesters. © 2002 Wiley
Periodicals, Inc. J Appl Polym Sci 85: 2271–2275, 2002
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INTRODUCTION

Engineering thermoplastic polyesters are a
widely used family of materials, due to excellent
physical, thermal, mechanical, and electrical
properties combined with satisfactory processing
characteristics. Among these polyesters, poly(pro-
pylene terephthalate) (PPT), first industrially
synthesized at the beginning of the 1990s,1,2 did
not reach widespread use, mainly due to its high
cost. Its use was chiefly confined to the production
of fibers2,3; therefore, its mechanical properties
have been deeply investigated and several
sources of data can be found in literature. On the
contrary, no investigation on the electrical behav-
ior has been performed until now. Recently, a new
method of synthesis of 1,3-propanedyol has of-
fered new possibilities in the marketing of this
material.2

The purpose of this paper is thus to investigate
the dc and ac electrical properties of PPT over a
wide range of temperature and (for ac properties)
of frequency, in order to check the suitability of
this polymer for new engineering applications,
mainly in the electrical and mechanical indus-
tries, where poly(ethylene terephthalate) (PET)
and poly(buthylene terephthalate) (PBT) are al-
ready widely used.

EXPERIMENTAL

Material and Samples

The investigated PPT, free from additives and
stabilizers and only containing the catalyst
[Ti(OBu)4] residuals, had the following character-
istics5: glass transition temperature T

g
� 40°C

and melting point Tm� 226°C, measured by dif-
ferential scanning calorimetry (DSC) with a scan-
ning rate of 10 °C/min; number-average molecu-
lar weight Mn� 34,500 and weight-average mo-
lecular weight Mw � 81,600 determined by size
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exclusion chromatography (SEC); carboxyl end
groups content: 25 meq/106 g.

Specimens were molded under vacuum at
250°C in the form of disks 0.3–1.0 mm thick and
60 mm in diameter. At this temperature, neither
significant thermal degradation phenomena oc-
cur, nor are memory effects of the previous struc-
ture present.5 Before electrical measurements,
specimens were vacuum annealed at 150°C for
48 h. After this treatment, the polymer exhibited
a crystallinity of about 60 wt %, as determined by
DSC measurements, assuming a heat of fusion of
30 kJ/mol for the crystalline PPT.6

Electrical Measurements

The dc charging currents were measured as a
function of time by the voltmeter-ammeter
method, according to ASTM D257 Standard; a
constant electrical field of 10 kV cm�1 was applied
over the temperature range 25–130°C. Hence,
current-voltage characteristics, as well as dc elec-
trical conductivity as a function of temperature,
were obtained. After charging, discharging cur-
rents were also measured as a function of time, to
detect possible dielectric relaxation effects in the
ultralow frequency range (�10�2 Hz) by the
Hamon data treatment method and its improve-
ments.7 Discharging currents measurements
were started when quasi-steady-state values of
the charging currents were obtained, in order to
avoid systematic errors in the analysis of dis-
charging transients.8

The ac measurements were performed accord-
ing to ASTM D150 Standard over the frequency
range 102–105 Hz and the temperature range
�100–170°C. Relative dielectric constant and
loss factor as a function of frequency and temper-
ature were thus obtained.

Measurements of dc and ac properties were
performed with the three-terminal cells and in-
strumentation elsewhere described,9 in a dy-
namic vacuum from the highest to the lowest
temperature, to minimize the effects of accidental
adsorption of gases or vapors on the samples sur-
faces. Before measurements, specimens were gold
coated by vacuum deposition, in order to obtain
the suitable three-terminal electrode configura-
tion.

RESULTS AND DISCUSSION

The dc electrical conductivity (�) at 1, 10, and 60
min after the application of a step voltage is plot-

ted in Figure 1 as a function of the reciprocal
absolute temperature.

The conductivity values fall approximately be-
tween 10�13 S/cm at 130°C and 10�18 S/cm at
room temperature. These values are typical of
excellent insulating materials and match those
previously found for PBT in the same tempera-
ture range.10 A quite linear behavior can be ob-
served only above 70°C, where transients are
practically absent and steady-state values are
quickly reached. Below this temperature, remark-
able transient phenomena are present and the
steady state is not observed even at the longest
times investigated; this can be ascribed to strong
polarization processes.

These results show that a transition takes
place in the electrical behavior of PPT at about
70°C, which can be related to the glass transition
of the polymer. Indeed, the glass transition de-
tected by DSC measurements is slightly lower,
but this is not unusual when different techniques
are applied. Above the glass transition, conduc-
tion can be ascribed to the presence of ionic
charge carriers, arising from the carboxyl end
groups and characterized by high mobility. In
fact, if an electrical field is applied, carboxyl end
groups can ionize after dissociation of the existing
hydrogen bond, according to the same mechanism
proposed for PET and PBT,10,11 thus providing
protons for conduction. This mechanism is also

Figure 1 Isochronal electrical conductivity vs the re-
ciprocal absolute temperature.
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supported by the results of measurements carried
out on PPT samples, having comparable molecu-
lar weight and containing different amounts of
OCOOH end groups (17–55 meq/106 g); in fact, an
increase of the conductivity values with the en-
hancement of the end groups content was ob-
served. Below the glass transition, the mobility of
ions is much lower; the observed conduction tran-
sients can be mainly related to polarization phe-
nomena, while in the steady state the contribu-
tion of an electronic mechanism, through hopping
of charge carriers between localized states, can be
hypothesized.10,11

Figure 2 shows the conductivity values above
the glass transition as a function of the reciprocal
absolute temperature. The quite linear behavior
observed in the figure allowed us to derive an
apparent activation energy of 203 kJ/mol for con-
duction (which is practically independent of the
time of applied voltage, due to the absence of
transients). This linear trend was not found in
PBT, for which remarkable charge transients
were observed.10

The dielectric loss factor at ultralow frequency,
obtained by the Hamon treatment of the dc dis-
charging current data above the glass transition,
is reported in Figure 3. A relaxation process, with
its maximum shifting to higher frequencies as
temperature increases, can be observed. No relax-
ation was shown by data at temperatures below
the glass transition. The process of Figure 3 can

be ascribed to an interfacial polarization of the
Maxwel–Wagner–Sillars (MWS) type,10,12 due to
the semicrystalline nature of the polymer and the
different mobility of the ionic charge carriers in
the ordered and disordered phases; only above the
glass transition temperature ions can migrate in
the amorphous regions and accumulate at the
interfaces with the crystalline regions.

Figure 4 shows the transition map of the MSW
polarization of Figure 3, obtained by plotting the
frequency of the maxima as a function of the
reciprocal absolute temperature. From the linear
regression of the points an activation energy of
220 kJ/mol was calculated; the value is close to
that found for dc conductivity (Fig. 2). This fea-
ture further supports the hypothesis previously
made on the origin of this relaxation.

The results of ac measurements are reported in
Figures 5 and 6, where the relative dielectric con-

Figure 2 Isochronal electrical conductivity above the
glass transition.

Figure 3 Loss factor at ultralow frequency.

Figure 4 Transition map of the MWS polarization.
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stant and loss factor, respectively, are plotted as a
function of temperature at different frequencies.
The dielectric constant (Fig. 5) continuously in-
creases with increasing temperature and decreas-
ing frequency; moreover, a steep increase is ob-
served above the glass transition. Dielectric con-
stant values are slightly higher than those found
for PBT. Loss factor curves (Fig. 6) exhibit two
relaxation peaks, both shifting to higher temper-
atures as frequency increases, henceforth named
� (low temperature) and � (high temperature)
peak. The high-temperature peak, much nar-
rower and higher in magnitude than the � one,
can be ascribed to large scale motions of the chain
segments in the amorphous phase of the polymer
above the glass–rubber transition. The steep in-
crease of the dielectric constant above the glass

transition (Fig. 5) is also related to this relax-
ation. The � peak can be related to local (micro-
brownian) conformational motions of the chains
below the glass transition.

Figures 7 and 8 show the transition map of the
� and � relaxation, respectively; the same data,
previously obtained for PBT and falling in the
same frequency range, are also reported for com-
parison. For PPT, both processes are shifted to
higher values of temperature: this behavior can
be ascribed to its higher glass transition temper-

Figure 5 Dielectric constant as a function of temper-
ature at different frequencies.

Figure 6 Dielectric loss factor as a function of tem-
perature at different frequencies.

Figure 7 Transition map of the � process.

Figure 8 Transition map of the � process.

2274 MOTORI, SACCANI, AND SISTI



ature. By drawing a linear regression of the
points in all the plots, an average activation en-
ergy of 340 and 38 kJ/mol was calculated for the �
and � process, respectively. For the same relax-
ations, values of 360 and 26 kJ/mol were obtained
for PBT, while values of 380 and 54 kJ/mol were
reported for PET by other authors.13 For the three
materials, only small differences between the en-
ergy values of the � relaxation can be observed;
indeed, it can be affected by polymer features,
such as the crystallinity degree and the morphol-
ogy of the crystalline phase. The activation en-
ergy of the � process, increases as the number of
OCH2O units in the monomer is reduced, and
thus, the polyester chain flexibility is decreased;
this relaxation can be considered practically inde-
pendent of morphology.14,15

The overall good insulating characteristics ex-
hibited by PPT can disclose promising engineer-
ing application for this polymer, mainly in the
electrical industry.

CONCLUSIONS

The dc electrical properties of poly(propylene
terephthalate) exhibit a transition at about 70°C,
which can be related to the glass transition of the
polymer. Above the glass transition, dc conductiv-
ity can be ascribed to protons arising from ioniza-
tion of the carboxyl end groups; at low tempera-
ture conduction can be mainly related to polariza-
tion phenomena.

The ac properties display three relaxation pro-
cesses. Two of them, the � glass–rubber and the �
subglass polarization, are ascribed to large-scale
and local chain motions, respectively. The third

relaxation occurs at ultralow frequency and is
related to the polarization of ionic charge carriers
at the interfaces between the amorphous and
crystal phases of the polymer.

The overall good insulating characteristic ex-
hibited by poly(propylene terephthalate) can dis-
close new engineering applications, mainly in the
electrical industry, for this material.
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