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Abstract

Dielectric techniques, including thermally stimulated depolarization currents and isothermal discharging currents measurements in
addition to classical dielectric relaxation spectroscopy, were employed to investigate molecular mobility in the poly(imide—amide)—
poly(ethylene adipate) (PIA—PEA) hybrid materials with short (M, = 1.300 g mol~!) PEA crosslinks. The techniques used covered together
the frequency range from 10~ * to 10° Hz. Secondary relaxations, the primary o relaxation of the PEA component, interfacial polarization and
dc conductivity were studied. Significant reduction of the magnitude and broadening of the response is observed for the o relaxation of the
PEA component in the hybrids. The results obtained have been analyzed in terms of morphological characterization. They suggest
appearance of long-range connectivity of the PEA component in the hybrids at PEA contents between 60 and 70 wt%. © 2002 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

In the first paper of the present series [1], SAXS, DSC
and creep rate spectroscopy (CRS) techniques were
employed to investigate nanometer-scale structure and
segmental dynamics in PIA-PEA hybrid networks. Poly-
meric systems based on polyimides (PIs) are high-
performance materials and find many applications, such as
in microelectronics [2] and in membrane technologies [3].
In order to optimize synthesis and processing for preparing
materials with predicted properties tailored to specific
applications, a true understanding of the structure—property
relationships is essential [4]. Dielectric techniques may
provide significant contribution to the investigation of these
relationships in polymeric systems [5], in synergy with other
techniques, including SAXS, DSC and CRS.

In this second paper of the series, dielectric techniques
are employed to investigate, over wide ranges of frequency
and temperature, molecular mobility in the PIA-PEA
hybrid networks with short PEA crosslinks (M, = 1.300 X
gmol ™) of the previous paper [1]. Next to dielectric
relaxation spectroscopy (DRS, 1072-10° Hz), mostly
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employed, the techniques used here include thermally
stimulated depolarization currents (TSDC) and isothermal
discharging currents (DC) measurements, which allow the
extension of the frequency range covered down to 10~ * Hz.
Moreover, TSDC is characterized by high sensitivity and
high resolving power [6], which favor its use in studies on
multicomponent systems.

In addition to the contribution to the investigation of the
structure—property relationships, the dielectric techniques
employed here provide the electrical and dielectric
characterization of the PIA-PEA hybrid networks under
study, which is essential for their potential use in
microelectronics [2].

2. Experimental
2.1. Materials

The preparation of the materials has been described in
the previous paper [1]. Next to pure linear PI and PEA
network, the series of hybrid networks with short PEA
crosslinks (M, = 1.300 gmol ') and PIA/PEA weight
ratios of 10/90, 20/80, 30/70, 40/60 and 80/20 were studied.
The samples for dielectric measurements were in the form

0032-3861/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.

PII: S0032-3861(02)00666-3


http://www.elsevier.com/locate/polymer

6956 A. Kanapitsas et al. / Polymer 43 (2002) 6955-6963

of circular discs with evaporated silver electrodes on both
surfaces.

2.2. Experimental techniques

For DRS measurements the complex dielectric permit-
tivity, € = € —i€”, was determined as a function of
frequency (10 ?~10° Hz) in the temperature range from
130 to 350 K (controlled to better than *=0.1 K). A
Schlumberger Frequency Response Analyzer (FRA SI
1260) supplemented by a buffer amplifier of variable gain
(Chelsea Dielectric Interface) in combination with the
Novocontrol Quatro Cryosytem were used.

For TSDC measurements the sample was inserted
between the brass plates of a capacitor and polarized by
the application of electric field E,, at temperature T}, for time
t,, which was large in comparison with the relaxation time at
T, of the dielectric dispersion under investigation. With the
electric field still applied, the sample was cooled to
temperature T, (which was sufficiently low to prevent
depolarization by thermal excitation) and then was short-
circuited and reheated at a constant rate b. A discharge
current was generated as a function of temperature, which
was measured with a sensitive electrometer (Keithley). The
equivalent frequency f of TSDC measurements [6] spans
1074 < < 1072 Hz. A common, home-made experimen-
tal apparatus [7] was used for TSDC measurements in the
range 77-300 K. Typical experimental conditions were
E, = 1MV/m for the polarizing field, T, = 295 K for the
polarization temperature, 7, = 5 min for the polarization
time, 6 K/min for the cooling rate down to 7, = 77 K, and
3 K/min for the heating rate.

For isothermal DC measurements, the TSDC apparatus
was used. The polarization procedure and conditions were
similar to those for TSDC measurements. The sample was
then cooled at 6 K/min down to the temperature of
measurements, where the electric field was removed, the
sample was connected to the electrometer and the DC I(¢)
was measured as a function of time. Fourier transform
techniques or, alternatively, the Hamon approximation [8]
were used for the calculation of the frequency dependence
of dielectric loss, €’(f), from the measured I(z).

3. Results and discussion

3.1. The overall behavior

The overall dielectric behavior of all the samples studied,
obtained by DRS measurements at room temperature
(298 K) is shown in Fig. 1: real part of dielectric
permittivity €, dielectric losses €’ and ac conductivity o,
as functions of frequency f. The conductivity o, (actually
the real part of the complex conductivity) has been
calculated from the measured €”(f) dependence by the

equation

Oy (f) = E”(f)EOZ’in (D

where € is the permittivity of free space. The rather high
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Fig. 1. Real part of dielectric permittivity €’ (a), dielectric losses €” (b) and

ac conductivity o, (c) against frequency f of the samples indicated on the
plot at 298 K.
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values of € and €’ of the PEA-rich samples at low
frequencies, increasing with decreasing frequency, are due
to conductivity effects, as will be discussed in more detail
later. The broad and weak loss peak of these PEA-rich
samples in the kHz region and the corresponding decrease
of € with increasing f are due to the « relaxation associated
with the glass transition of the PEA component [9], as it
should be expected also from the DSC data (Table 2 in Ref.
[1]). The loss peak around 100 kHz in the PIA-rich samples
is due to the secondary <y relaxation of PI [10,11].

On the basis of the overall dielectric behavior shown in
Fig. 1 the samples can be classified basically into two
groups: the PIA-rich samples (pure PI and 80 PIA—-20 PEA)
and the PEA-rich samples (pure PEA, 10 PIA-90 PEA, 20
PIA—-80 PEA and 30 PIA—70 PEA). In the samples of the
first group no conductivity effects are observed in the €'(f)
and €'(f) plots and no tendency for a plateau at low
frequencies in the g,.(f) plot indicative of dc conductivity.
The € values of the 80 PIA—-20 PEA are only slightly larger
than those of pure PI, e.g. 3.7 and 3.5 at 1 Hz, respectively.
In the PEA-rich samples, on the other hand, conductivity
effects in the €(f) and €”(f) plots are rather strong,
increasing with increasing PEA content, whereas a plateau
is suggested in the o,.(f) plot at low frequencies, as it will
be confirmed by measurements at higher temperatures. The
corresponding dc conductivity, oy, increases with increas-
ing PEA content. The behavior of the 40 PIA-60 PEA
sample is intermediate regarding these two groups. This
sample shows, in particular, increased values of € as
compared to pure PI (by about 20% at 10kHz) in
combination with negligible conductivity effects.

The results reported above indicate long-range connec-
tivity of the charge carrier conducting PEA component in
the second group of samples and no such connectivity in the
80 PIA-20 PEA and the 40 PIA—-60 PEA samples. Further
support for that conclusion will be provided by the TSDC
results. It is reasonable to correlate these results with those
of permeability studies of organic vapors obtained with the
same samples [3], as for the diffusion of both small
molecules in permeability studies and ions in dielectric
studies long-range connectivity of the flexible PEA
component is needed. It was observed in Ref. [3] that the
permeability of the 80 PIA-20 PEA and 50 PIA-50 PEA
networks was similar to that of pure PI membranes and
much smaller than that of membranes with higher PEA
content. These results also suggest that both vapor
permeability and ionic conductivity studies can be
employed for morphological characterization, as the diffus-
ing species probe the local morphology [12].

Fig. 2 shows comparative TSDC plots for the pure linear
PI and PEA network and the 20 PIA—80 PEA and 80 PIA—
20 PEA hybrids. Four peaks are observed in the pure PEA
plot, designated as vy, B, a, and MWS in the order of
increasing temperature. In agreement with previous TSDC
studies on polyurethanes [9,12,13], including linear poly-
urethanes based on PEA [12], the y and 3 peaks have been
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Fig. 2. TSDC thermograms of the samples indicated on the plot. The
designation of the peaks refer to the PEA-rich samples. Please note the
change of scale at about 230 K.

attributed to secondary relaxations associated with local
motions of PEA chain segments. More precisely the y peak
has been associated with crankshaft motions of (CH,),
sequences and the 3 peak to an association of adsorbed
water molecules with polar carbonyl groups [12]. The «a
peak is located near to the calorimetric glass transition
temperature 7, determined in the previous paper [1], and
arises from the reorientation of polar segments of PEA.
Finally, the MWS peak, which is typical for polyurethanes
of microphase-separated morphology, arises from the ionic
polarization of Maxwell-Wagner—Sillars type (interfacial
polarization) in the diffuse interphase boundary layer
between hard and soft segment phase [13]. The TSDC
plots of the 20 PIA—80 PEA hybrid in Fig. 2 and of the other
PEA-rich samples not shown here are similar to that of the
pure PEA network, with the magnitude of the peaks being
reduced with decreasing PEA content (Table 1).

The TSDC plot of pure linear PI in Fig. 2 shows only one
peak at about 140 K, in agreement with previous investi-
gations [11,14]. This peak has been assigned to the
secondary vy relaxation, associated with non-cooperative
torsion vibrations of the imide cycles [10,15]. The y peak of
PI is much weaker than the secondary y and 3 peaks of the
pure PEA network in the same temperature region, as
manifested in the TSDC plot of the 80 PIA-20 PEA
network, which does not resemble that of pure PI.

The results obtained from the TSDC plots for all the
samples are listed in Table 1. These include for each peak
the temperature of current maximum and the current density
maximum normalized to the same polarizing field and the
same heating rate. The normalized current density maxi-
mum of a TSDC peak is a measure of the contribution A€ of
the corresponding relaxation mechanism to the static
permittivity [6,7]. Included in Table 1 is AT,, defined by
AT, =T, — T,p, where T, is the peak temperature of the «
peak and T/, the temperature on the low-temperature side
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Table 1

Temperatures 7 and normalized current density maxima J of the TSDC peaks for the samples under investigation. AT, is the half-width of the TSDC « peak

details in text

PIA/PEA weight ratio T, (K) Tg(K) Ty (K) Tuws (K) AT, (K) J,(107°A/m?)  Jg (1072 A/m?)  J, (107° A/m?)  Jpyws (107° A/m?)
0/100 120 166 263 280 10.0 55 11.4 16.9 24.8

10/90 123 162 263 279 11.5 47 7.6 13.2 22.6

20/80 120 160 266 283 13.0 3.7 7.2 9.8 20.2

30/70 116 160 258 279 12.5 29 55 5.0 19.6

40/60 123 152 255 18.0 26 42 1.9 (0)

80/20 123 146 (255) 3.1 48 0.5) (0)

0/100 138 4.0 (0)

of the peak, where the current has dropped to the half of its
maximum value. AT, is a measure of the distribution of
relaxation times of the « relaxation [6,7], i.e. of the dynamic
heterogeneity of segmental dynamics [1].

The results in Table 1 suggest that the secondary y and 3
relaxations in the hybrid materials can be roughly described
by a superposition of the relaxations in the pure components
and deviations from that behavior are within experimental
errors. The results are quite different in the high-temperature
region of the a relaxation of the PEA component and the
MWS interfacial polarization. There is a small shift in the o
peak to lower temperatures in the middle compositions,
which may be attributed, in agreement with conclusions
drawn in the previous paper [1], to loosening of chain
packing. On the other hand, the normalized current density
maximum of the a peak, which is a measure of the
contribution A€ of the a relaxation to the static permittivity,
decreases with decreasing PEA content much more faster
than additivity would suggest. This result correlates well
with the corresponding reduction of the heat capacity jump
at T, obtained by DSC with the same samples [1] and can be
explained by constraining influence of the rigid PIA
component on the softer PEA component due to anchoring
of the PEA chain ends to the PIA chains. Finally, the
manifestation of the increased dynamic heterogeneity of the
segmental dynamics in the hybrids, observed in DSC/CRS
measurements in the previous paper [1], is here the
increased half-width of the TSDC a peak in the hybrids,
as compared to the pure PEA network.

It is interesting to note, with respect to the o relaxation of
the PEA component, that a very weak o peak is observed in
the TSDC plot of the 80 PIA-20 PEA hybrid. This is not
surprising, as TSDC is characterized by high sensitivity and,
thus, capable of detecting very weak relaxations [6]. On the
other hand, no multiple TSDC « peaks have been observed
in the hybrids, corresponding to the multiple glass
transitions observed by DSC in the previous paper [1].
Please note, however, that the TSDC « peak is accompanied
by a strong interfacial MWS relaxation at higher tempera-
tures, which would mask any additional, weak o peaks.

Deviations from additivity are even stronger for the
interfacial MWS peak in Fig. 2 and Table 1 than for the o
peak. This result should be expected, as the MWS peak

reflects morphological properties at a larger spatial scale
than the o peak. It is striking that the characteristics of the
MWS peak listed in Table 1, peak temperature and
normalized current density maximum, do not change
significantly for the first four samples and that no well-
defined MWS peak is observed for the last three samples.
These results suggest a change of the morphology from one
similar to that of pure PEA, i.e. characterized by long-range
connectivity of the PEA component, in hybrids with 70% or
more PEA to one with no such long-range connectivity in
samples with 60% PEA or less. It is interesting but
reasonable that the same classification of samples was
done on the basis of conductivity effects observed in Fig. 1.

Fig. 3 shows the temperature dependence of dielectric
losses €” at constant frequency of 1 kHz for selected PEA-
rich samples. The measurements have been obtained
isothermally, but they have been represented here in
isochronal (constant frequency) plots to allow comparison
with the TSDC plots of Fig. 2. The frequency have been
selected rather high to suppress conductivity effects, which
dominate the isothermal plots at low frequencies (Fig. 1). At
low temperatures one broad secondary relaxation is
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Fig. 3. Dielectric losses €” at 1 KHz (filled symbols) and at 100 KHz (open
symbols) against temperature 7 for the samples indicated on the plot. The
inset shows the same at high temperatures in a linear scale.
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observed, very similar in the hybrids with 80 and 90%
PEA and in the pure PEA network (please note,
however, the logarithmic scale) and slightly faster
(shifted to lower temperatures) in the 40 PIA-60 PEA
hybrid. We remind that two overlapping secondary
relaxations, y and ( in the order of increasing
temperature, were obtained in these samples by TSDC
(Fig. 2 and Table 1). This difference between DRS and
TSDC measurements is discussed later.

At high temperatures conductivity effects dominate in
Fig. 3 even at 1 kHz and mask the « relaxation of the PEA
component. For that reason, data at a higher, second
frequency, 100 kHz, have been included in Fig. 3 at the
higher temperatures, whereas the inset shows the high-
temperature region in a linear scale. The « relaxation is
observed in these plots as a weak peak in the region 290—
320 K, shifting to higher temperatures with increasing
frequency and partly masked by conductivity.

3.2. The secondary relaxations

Fig. 4 shows the Arrhenius plot of the secondary <y
relaxation in linear pure PI and in the hybrid with the lowest
PEA content, 80 PIA-20 PEA. As indicated by the TSDC
data in Table 1, the vy relaxation of the PIA component
dominates over the secondary relaxations of the PEA
component in this hybrid in the temperature region of the
secondary relaxations. The experimental points in Fig. 4
have been obtained by DRS. Two more points obtained by
TSDC have been included. Their coordinates are given by
peak temperature T, (Table 1) and by the equivalent
frequency [6] of 1.6 mHz, corresponding to a relaxation
time 7 of 100 s. Detailed comparison of DRS and TSDC
data has indicated that 7 = 100 s is a reasonable value of the
relaxation time at the temperature of a TSDC peak [6,7,16].
The inclusion of the TSDC points allows to expand the
temperature and frequency range of data and, thus, to
increase the accuracy of determination of the activation
parameters.

The Arrhenius equation

s = foexp( =) @

where f; is the pre-exponential parameter, k the Boltz-
mann’s constant, and E the apparent activation energy was
fitted to the data. The best fittings give E = 0.46 eV and
fo = 10" Hz for the linear PI and E = 0.55 eV, f, = 10'°
Hz for the 80 PIA-20 PEA hybrid. For comparison, we
have determined the activation energy E of the linear PI also
by TSDC, by following a special thermal sampling
technique to isolate approximately single Debye responses
in the central region of the relatively broad TSDC peak [6,
7], and obtained E = 0.45 eV.

It is interesting to compare the values of activation
energy E of the vy relaxation of linear PI, obtained here
by DRS and TSDC, with those obtained for the same

relaxation by similar techniques in other PI systems:
E =0.43 eV by DRS in two soluble PIs [15], E = 0.45
eV by TSDC in hybrid nanocomposites of PI and silica
[17,18], E=10.49 — 0.54eV by DRS in several poly-
(amide—imide)s (PAIs) [10]. TSDC and dynamic
mechanical analysis (DMA) measurements on the
same PAIs as in Ref. [10] give E values in the range
0.48 — 0.55eV [19]. The relatively high and approxi-
mately similar values of E, obtained by various
techniques in various PI systems, confirm the assign-
ment of the <y relaxation to non-cooperative, localized
motions of bulky groups common to all studied systems,
such as imide cycles [10].

With respect to the inclusion of TSDC data together with
DRS data in a common Arrhenius plot, it is important to
confirm the common origin of the relaxations measured by
the two techniques. This can be done also on the basis of the
intensity (relaxation strength) of the relaxations studied. The
current density maximum J,, (in A/m?) of a TSDC peak has
been shown to be related to the maximum of the dielectric
loss €l of the corresponding DRS loss peak by the equation
(6]

I
2nf,

€pemE = 1.47 3)

where E is the polarizing field in the TSDC experiment (in
V/m), €, the permittivity of free space, and f;,, the equivalent
frequency of TSDC measurements. With the data in Table 1
and f;;, = 1.6 mHz, this equation gives for pure linear PI
€l = 0.047, whereas the experimental value measured by
DRS is equal to 0.038. Bearing in mind that the maximum of
the dielectric loss in DRS experiments is also temperature-
dependent, the agreement is rather good, providing support
for the common origin of the two relaxations, in addition to
that provided by Fig. 4.
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Fig. 4. Arrhenius plot of the secondary v relaxation of the samples indicated
on the plot. The full points have been obtained by TSDC.
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Fig. 5. Comparative plot of dielectric losses €” against frequency f of the
PEA-rich samples indicated on the plot at 173 K.

So far to the secondary <y relaxation in the PIA-rich
samples. Fig. 5 shows a comparative DRS plot of dielectric
losses €” in PEA-rich samples at 173 K. A double loss peak
is observed in each sample, corresponding to the two
secondary TSDC peaks in Fig. 2 and in Table 1. The faster y
relaxation is located at lower temperatures in the isochronal
(constant frequency) TSDC plots and at higher frequencies
in the isothermal DRS plots, as compared to the slower 3
relaxation. It is striking that the vy relaxation is more intense
than B in the DRS measurements, whereas the opposite is
observed in the TSDC measurements. The explanation for
that is as follows. In the equipment for DRS measurements
the temperature of the sample is controlled by a nitrogen
stream flowing through the sample cell. As a result of that
the sample is dried, so that the B relaxation, which is
assigned to an association of adsorbed water molecules with
polar carbonyl groups [12], is reduced in magnitude. This
hypothesis is in agreement with the results of previous
dielectric measurements on polyurethanes containing
different amounts of sorbed water [12] and has been
confirmed by additional DRS and TSDC measurements on
the samples of the present work at various levels of
hydration.

To further check the assignment of the loss peaks in Fig.
5, the magnitude of the water content-independent -y
relaxation measured in Fig. 5 has been compared with that
calculated from the TSDC data in Table 1 by using Eq. (3).
The measured values of €’ are 0.56, 0.51 and 0.39 for the
samples with 100, 80 and 60% PEA content, respectively,
whereas the corresponding calculated values are 0.63, 0.55
and 0.31. Bearing in mind uncertainties in the measured
€} .x values due to overlapping with the B relaxation in Fig.
5, the agreement is good enough to confirm that the low-
temperature TSDC peaks in Fig. 2 has the same origin as the
high-frequency DRS loss peak in Fig. 5, namely the vy
relaxation.

The activation parameters of the v relaxation of the PEA-

rich samples, obtained from Arrhenius diagrams similar to
that shown in Fig. 4, were found, within experimental errors,
independent of composition, in consistency with constant
temperature of the TSDC v peak in Table 1 for these
hybrids. The values of the activation parameters in Eq. (2),
activation energy E = (.32 eV and pre-exponential factor
fo = 4 x 10" Hz, are within the range of values determined
by DRS and TSDC in polyurethane systems, e.g. 0.34 eV
and 3 X 10'! Hz in polyurethanes based on polyoxypropy-
lene glycol [16], 0.32 eV and 5 X 10" Hz in polyurethanes
based on oligotetramethylene glycol [13].

3.3. The primary « relaxation

The primary o or segmental relaxation associated with
the glass transition of the PEA component was clearly
observed as a TSDC peak in Fig. 2. As it is often the case in
polyurethane systems, the a relaxation is to a large extent
masked by conductivity effects in DRS measurements and,
thus, difficult to study by DRS. It should be expected that o
is more clearly observed in isothermal DC measurements,
where, similar to TSDC, polarization and depolarization
steps are isolated from each other and, thus, conductivity
effects are suppressed. Fig. 6 shows €”(f) for the pure PEA
network calculated from DC measurements at 256 K,
following the Hamon approximation [8]. The TSDC peak
temperature 7, for that sample is 263 K (Table 1), as it is
also the calorimetric glass transition temperature 7, [1]. A
loss peak is observed in Fig. 6 at 2 X 1073 Hz, which is out
of the frequency range of DRS measurements in this work.
In consistency with the TSDC and the DSC data, the peak is
attributed to the « relaxation. Comparison with DRS data at
the same temperature in the inset to Fig. 6 shows that the
dipolar o loss peak cannot be observed by DRS in this
temperature region as it is masked by conductivity.

The temperature region of the a relaxation (the glass
transition) of the PEA component is indicated in the DRS

1.4 T T
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n €

0.4

0.8 02 1

0.6 00 1
10* 10° 100 100 10" 10

044 f (Hz) |

0.0 T T
10° 10% 10"
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Fig. 6. Dielectric losses €” of the pure PEA network at low frequencies

obtained by DC measurements at 256 K. The inset shows the same together
with data obtained by DRS at higher frequencies.
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Fig. 7. Real part of dielectric permittivity € against frequency f in the 20
PIA-80 PEA hybrid at several temperatures between 153 and 283 K in
steps of 10 K.

data of Fig. 7 showing €' at several temperatures in the 20
PIA—80 PEA hybrid. At each frequency € increases with
temperature in the glassy state reflecting the increase of
molecular mobility. No conductivity effects, giving rise to
increase of € at low frequencies, similar to that observed for
the same hybrid in Fig. 1 at 298 K, are present at low
temperatures. This changes at higher temperatures, and €’
clearly increases with decreasing frequency at low frequen-
cies, starting with 263 K (or even 253 K), i.e. in the region
of 7.

Fig. 8 shows a comparative plot of tan § = €’/€’ for the
PEA-rich samples in the region of the o relaxation at
283 K. The relaxations are more clearly observed in that
representation, as conductivity effects, giving rise to
increase of both € and €”, are partly suppressed. The
relaxations in Fig. 8 are not single. This should not be
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Fig. 8. Loss tangent, tan 8, against frequency f of the samples indicated on
the plot at 283 K.

surprising, as PEA has a dipole moment aligned parallel to
the chain contour, which gives rise to the so-called dielectric
normal mode process [20]. The normal mode process (n
relaxation) is related to the fluctiuation and orientation of
the end-to-end polarization vector of the chain. The o
relaxation and the n relaxation overlap with each other in the
spectra of Fig. 8, as it is commonly observed in oligomers
with molecular weight in the range of that of the short PEA
crosslinks (M, = 1.300 g mol ') of the present work [21,
22]. In agreement with the results of dielectric studies in
other oligomers, the o relaxation in Fig. 8 is that at higher
frequencies and the n relaxation that at lower frequencies. It
is interesting to note that the n relaxation is observed in the
PEA crosslinks, despite the fact that these are tethered from
both ends to rigid constituents (PIA chains). A similar
situation has been observed in poly(oxyethylene—oxybuty-
lene—oxyethylene) (EBE) triblock copolymers, where B
chains of M, = 970 g mol~! covalently bound to E chains
at both ends exhibit n relaxation at temperatures where the E
blocks are crystallized [22].

The dielectric spectra in Fig. 8 show, in agreement with
but more clearly than those in Fig. 3, that in the region of the
o relaxation of the PEA component the response of the
hybrids decreases with decreasing PEA content more than it
should correspond to additivity. This result is in agreement
with the results of TSDC measurements in Fig. 2 and in
Table 1 and with those of DSC and CRS measurements in
the previous paper [1]. The reduction of segmental mobility
of the PEA chains, observed in the two papers by thermal,
mechanical and dielectric techniques, is explained by
constraints to the motion of the PEA crosslinks imposed
by the fixed ends.

The DSC and TSDC techniques, employed in the present
and in the previous paper [1] to investigate the segmental
dynamics of the PEA crosslinks, give for the glass transition
temperature of the PEA component in the various hybrids,
in agreement with each other, values in the range 255-—
268 K. Since these two techniques are characterized by
approximately similar time scales (comparable heating
rates), the agreement in their results suggest that they
probe the mobility of molecular units of similar size [16].

3.4. Electrical conductivity

The results in Fig. 1 show that electrical conductivity in
the hybrids decreases with decreasing PEA content. To
quantify these results and utilize them for morphological
characterization, the dc conductivity oy of the PEA-rich
samples was obtained at various temperatures from o,.(f)
plots similar to those shown in Fig. 1 as the value of o, at
0.1 Hz. The values obtained by this procedure were used to
construct the Arrhenius diagram shown in Fig. 9 for the
samples with 100, 90 and 80% PEA. The results cannot be
described by straight lines, corresponding to an Arrhenius
equation similar to Eq. (2), which suggests that conductivity
is governed by the motion of polymeric chains, as it has
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Table 2
Parameters of the VTFH Eq. (4) for the dc conductivity oy,

PIA/PEA weight ratio A (S/cm) B (K) Ty (K)
0/100 6x107° 1450 199
10/90 1x10°¢ 1555 185
20/80 1x107° 1726 187

often been observed in polymers at temperatures higher than
T, [13]. The Vogel-Tammann—Fulcher—Hesse (VTFH)
equation [23-25]

B
- To) )

O =A exp(—
with temperature-independent, empirical parameters A, B,
Ty, was used to describe the data. The fits were satisfactory
and the values of fitting parameters are listed in Table 2. The
Vogel temperature T has been found in many polymers to
be in the range of about 50 K below T, which is
approximately the case also in the hybrids under
investigation.

Ionic conductivity in polymeric systems can be
employed for morphological characterization, as the motion
of ions over macroscopic distances through the sample
probe the local morphology [26]. The results in Fig. 9 and
Table 2 suggest a long-range connectivity of the PEA
component in the samples with 100, 90 and 80 wt% PEA, in
agreement with the TSDC data in Table 1 and with the
results of permeability measurements of organic vapors on
the same samples [3].

4. Conclusions

Dielectric techniques, including TSDC and isothermal
DC measurements in addition to classical DRS, were

T (K)
340 330 320 310 300 290 280

=) T T T T T T T

PIA/PEA
O 0/100
O 10/90
A 20/80

-104

Log o, . (S/cm)

124

13- 1

14 ; . . . . .
29 30 31 32 33 34 35
1000/T (K™

Fig. 9. Arrhenius diagram of the dc conductivity oy, of the samples
indicated on the plot. The lines are best fit of the VTFH Eq. (4) to the data.

employed to investigate molecular mobility in the PIA—
PEA hybrid materials with short (M, = 1.300 g mol™!)
PEA crosslinks studied in the previous paper. The results
obtained have been analyzed in terms of morphological
characterization, and the following conclusions can be
drawn:

1. Long-range connectivity of the PEA component is very
clearly suggested by the characteristics of conductivity
and of interfacial polarization in the materials with
70 wt% PEA or more, whereas materials with 60% PEA
or less show no such connectivity.

2. In the temperature and frequency regions of the non-
cooperative, local relaxations (y and B in PEA, «y in PI)
no significant deviations from additivity were observed.
This refers to the temperature/frequency position of the
relaxations, their magnitude and the activation par-
ameters in the Arrhenius equation.

3. Significant reduction of the magnitude of the coop-
erative a relaxation, associated with the glass
transition of the PEA component, in hybrids (by
more than it would correspond to additivity) indicates
suppression of segmental dynamics in the PEA
crosslinks. At the same time, broadening of the
response of the o relaxation indicates dynamic
heterogeneity of segmental dynamics. These effects,
in agreement with results obtained in the previous
paper [1], are explained by constraints to segmental
motion of the PEA crosslinks, imposed by the fixed
chain ends on the rigid PIA chains.

It is interesting to note that deviations from additive
behavior increase in the following order: for secondary
relaxations, primary o (segmental) relaxation, and con-
ductivity/interfacial polarization, i.e. with increasing
characteristic length scale of the motional event.
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