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Abstract

Ž .In the present work, the electrical and dielectric behaviors in ionomer blends of an anion-containing polyurethane PU1
Ž . Ž .and polyaminourethane PU have been investigated by using ac Dielectric Relaxation Spectroscopy DRS , Differential2

Ž . Ž .Scanning Calorimetry DSC and Thermally Stimulated Depolarization Currents TSDC methods. The ionomer blends are
characterized from microphase separation of soft-rich and hard microregions. Two conductivity mechanisms contribute to
the dc conductivity of the ionomer blends. That of the shorter relaxation time is correlated to the soft-rich microregions and
the other with the longer relaxation time is correlated to the hard microregions. From the comparison between ionomers of
different composition, it is found that a faster conductivity relaxation mechanism of the soft-rich microregions implies a
faster conductivity relaxation mechanism of the hard microregions. This behavior can be understood in terms of concept of
the dynamic energy barriers. From the comparison between the ionomer blends, a smaller temperature difference,

Ž .DT sT yT , between the temperatures of the current maximum of the Maxwell–Wagner–Sillars MWS and1 MWS a

a-relaxation mechanisms, corresponds to a greater dc conductivity. The formalisms of the dielectric function ´ ), electric
modulus M ), and complex impedance Z) of the ac dielectric spectroscopy reveal the existence, with different weights, of
the various mechanisms of dipolar and conductivity relaxation. The combined use of these formalisms, and especially their
imaginary parts, gives the possibility to extract conclusions about the origin and the characteristics of the various relaxation
mechanisms, as well as about their correlation with the physical processes which take place in the bulk of the materials.
q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, ionomers and their blends have been
under investigation due to the great interest which is
both present from the point of view of basic research

) Corresponding author. Tel.: q30-1-772-2990; fax: q30-1-
772-2932, q30-1-772-3025.

Ž .E-mail address: lapekis@central.ntua.gr L. Apekis .

in polymer science and from practical point of view
of designing new composite materials for advanced

w xtechnologies 1–8 . Ionomers are polymeric materi-
als in which ionic or effective groups are attached in
the structure of their macromolecules.

The ion-containing segmented polyurethanes and
their blends are an important category of ionomers
because of the elastomeric and thermoplastic proper-
ties of these materials. The segmented polyurethanes
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are linear copolymers in which the general structure
Ž .of their macromolecules has the form A–B , wheren

Ž . Ž .A is the soft SFT segment and B is the stiff STF
segment. In polyurethane-based ionomers, the ionic
groups are usually attached to the structure of STF
segments. The main difference between segmented
polyurethanes and ion-containing segmented poly-
urethanes is the structure of the hard microdomains
w x9 . In polyurethane system non-containing ionic

Žgroups, the microphase separation degree of mi-
.crophase separation, DMS is the result of the ar-

rangement of the hard segments into microdomains
with enhanced order, due mainly to hydrogen bonds.
In the ion-containing segmented polyurethanes, to
this arrangement additional electrostatic interactions
contribute, due to the presence of the ionic groups,
which in these materials are usually located at the
hard segments of the macromolecules. When the
weight fraction of the soft phase is higher than that
of the hard phase, then soft phase can be considered
as the continuous phase into which the hard mi-
crodomains are dissolved, forming a ‘three-dimen-

w xsional lattice’ 10,11 .
Introducing ion-groups into polyurethane-poly-

mers with a highly developed network of physical
bonds provides an additional ‘ionic network’. This
defines, to a great extent, structural and other proper-
ties of these systems. It has been previously shown
w x12,13 that the introduction of the ion-groups into
one of the components of similar chemical nature
Ž .polyurethane–polyurethane IPNs leads to signifi-

w xcant changes of its microphase structure 12 and
w xadhesive properties 13 .

In a previous work, two-component blends based
on polyurethanes containing ion and other active

w xgroups were investigated 22 . Dielectric Relaxation
Ž .Spectroscopy DRS , Differential Scanning Calori-

Ž .metry DSC , and small angles X-ray scattering
Ž .SAXS were used in a study of the molecular
mobility and microphase morphology and their de-
pendence on the composition of these ionomers. The
investigation was carried out in the low temperature
region, 77–300 K. Based on TSDC measurements, a
parameter m , as a criterion expressing a relativeTSDC

w xdegree of phase mixing, is introduced 22 .
In the present work, we continue the investigation

on two-component blends of polyurethane-based
ionomers in a higher temperature region, 300–473

K, by means mainly of ac dielectric spectroscopy
and Thermally Stimulated Depolarization Current

Ž .methods TSDC , and Differential Scanning Calori-
Ž .metry DSC measurements. In this work, we study

the correlation of the electrical and dielectric behav-
ior with the micromorphology of the ionomer blends.

2. Materials and experimental methods

2.1. Materials

Ž .Oligooxytetramethylenglycol OTMG MW s
1000 was dried at 908C in 1 mm Hg vacuum for 48 h

Ž .before use. P-hydroxy-benzoic acid HBA was pu-
rified by recrystallization from water. N-methyl-di-

Ž .ethanolamine NMDA and dimethylformamide
Ž .DMF were distillated before use. Toluylene–diiso-

Žcyanate a mixture of 2.4:2.6 isomers in the ratio
. Ž . Ž .65:35 TDI and magnesium oxide MgO of pure

grade were used without further purification.

(2.1.1. Preparation of magnesium salt of HBA Mg-
)HBA

Ž . Ž .The reaction between HBA 2 M and MgO 1 M
Ž .was carried out in solution isopropanol or acetone

at 608C. After the reaction, the product was filtered
and was washed with acetone several times. Than it
was dried in vacuum at 608C.

2.1.2. Preparation of linear polyurethanes
Ž .Preparation of the polyurethane prepolymer PP .

The isocyanate-terminated PP was prepared by react-
ing 2 equiv of TDI with 1 equiv of OTMG 1000 as

w xdescribed 14 .
Ž .The anion-containing polyurethane PU and1

Ž .polyaminourethane PU were prepared in DMF by2
Žmixing 1 equiv of PP with 1 equiv of Mg-HBA for

. Ž .the PU or NMDA for the PU at room tempera-1 2

ture.
The final concentration of PU-solutions was about

20%. The mixtures were placed in teflon moulds.
After drying at room temperature, the samples were
heated at 858C for 48 h. Molecular weight of PU was
defined by viscosimetry method and has the value:
MW of PU s50 000–60 000 and MW of PU s1 2

20 000–25 000.
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2.1.3. Preparation of polymer blends based on PU1

and PU2

The polymer blends were prepared by the follow-
ing way. The PP and Mg-HBA were added to the
solution containing PU in DMF. The components2

were mixed for 30–40 s with a high-torque stirrer at
room temperature. The mixture was placed in teflon
molds, dried at room temperature, and then was
heated at 858C for 48 h. Thus, polymer blends
containing 5%, 10%, 30% and 50% of PU were1

obtained. The samples were in the from of sheets and
were cylinders of 0.10–0.60 mm thickness.

2.2. Experimental methods

( )2.2.1. Alternating current ac dielectric measure-
ments

ac dielectric measurements, in the frequency range
100–106 Hz, were carried out using a Schlumberger

Ž .frequency response analyzer FRA 1260 supple-
mented with a buffer amplifier of variable gain. A
two-terminal parallel-plate capacitor dielectric cell

Ž .with gold-plated metal electrodes Novocontrol was
used in combination with an Ando type TO-19 ther-
mostatic oven. Prior to ac dielectric measurements,
the samples were heated to 340 K for 2 days to
minimize the concentration of the moisture. We per-
formed complex admittance measurements, and the
temperature of measurements was varied in the range
323–413 K with an accuracy better than "0.1 K.

2.2.2. Thermally Stimulated Depolarization Currents
( )TSDC measurements

We used a common experimental apparatus for
TSDC measurements in the temperature of 77–300

w xK 15 . The standard electrodes of the measuring
capacitor were made of brass. Typical experimental
conditions were 5 kVrcm for the polarizing field,
298 K for the polarization temperature, 5 min for
polarizing time, 7 Krmin for the cooling rate and
3–4 Krmin for heating rate. The uncertainty for the
peak temperatures, T , was "1 K.m

( )2.2.3. Differential Scanning Calorimetry DSC mea-
surements

Differential Scanning Calorimetry measurements
were carried out at the temperature range 300–473 K
by using a Perkin-Elmer DSC-4. The samples mass

were 10–20 mg, while the heating rate was 20
Krmin.

3. Experimental results and discussion

( )3.1. Differential Scanning Calorimetry DSC mea-
surements

In order to study the thermal behavior of the
PU rPU ionomer blends, DSC measurements were1 2

carried out at the temperature range of 300–473 K.
In Fig. 1, DSC thermograms, regarding the

ionomers PU rPU in the region of high tempera-1 2

tures, 300–473 K, are displayed. Endothermic peaks
are observed in the 350–380-K temperature range.
The existence of these peaks is attributed to the

w xdisordering of the hard microdomains 16,17 . Due to
their disordering, these microdomains are character-
ized by increased mobility, and thus become softer.
The fact that the endothermic peak temperatures of
ionomers PU rPU were found to be a few dozens1 2

of degrees K higher than the respective temperature
w xof non-ionic segmented polyurethanes 18,19 may

be attributed to the existence of ionic and effective
groups in the hard segments of PU and PU , in the1 2

sense that at stronger electrostatic interactions be-
tween the ionic groups, a greater thermal energy is
required to observe the respective disorderings.

Ž .Fig. 1. DSC thermograms for the PU rPU % ionomers: A1 2
Ž . Ž . Ž . Ž . Ž . Ž .100r0 , B 50r50 , C 30r70 , D 10r90 , E 5r95 , F 0r100 .
d Hrd t values are in arbitrary units different for each ionomer,
and the curves have been shifted to appear in the figure.
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The endothermic peaks, which are displayed for
the ionomer 10r90 in the temperature of 350 and
370 K, were derived possibly from hard microre-

Žgions with different composition hard microregions
.where the component PU or PU is prominent .1 2

The melting peak, which is displayed for the
ionomer 50r50 in the temperature of 413 K, may be
derived from the melting of well-organized micro-

w xcrystallites of hard microregions 17 . All the other
ionomers do not display a respective melting peak.
The successive irregular small endothermal peaks,
which are shown in thermograms of the ionomers,
except 100r0, for temperatures higher than 420 K,
may be attributed from changes in the contact-surface
between sample and cell. Immediately following the
DSC thermograms, at 473 K, all the ionomers stud-
ied, except 100r0, had been in fluid state. This fact
probably implies that hard microregions, which en-
sured the satisfactory mechanical behavior of these
ionomers, had been completely dissolved into the
soft phase. The ionomer 100r0 exhibited the best
thermal stability at 473 K.

In a previous work, we studied the molecular
mobility and microphase morphology and their de-
pendence on the composition of the same ionomer

w x Ž .blends 22 . PU 100r0 ionomer has a high degree1

of microphase separation. The introduction of PU2
Ž .0r100 in the blends causes defects in the hard
domains and leads to a structure with mixing of the
soft and hard microphases. As a result of the com-
plexity of the PU rPU ionomer systems, their struc-1 2

ture and their properties are not simple functions of
their composition. The classification of the investi-
gated ionomer blends in order of decreasing phase

Ž . Ž .mixing PU rPU in % is 50r50 mixed )0r1001 2
Ž)5r95)10r90)100r0)30r70 high separa-

. w xtion 22 .

( )3.2. Dielectric Relaxation Spectroscopy DRS mea-
surements

The dielectric data have been analyzed and dis-
cussed by using different functions of the dielectric
spectroscopy as, the dielectric function ´ ) , the com-
plex impedance Z) and the electric modulus M ).
The dielectric function ´ ) usually is used to de-

Žscribe the dielectric behavior polarization mecha-
.nisms of the materials. On the other hand, the

complex impedance Z) and the electric modulus
M ) usually are used to describe the electrical behav-

Ž .ior conductivity relaxation mechanisms of the ma-
terials.

( )3.2.1. The Maxwell–Wagner–Sillars MWS mecha-
nism in the dielectric function formalism ´ )

In the dielectric function formalism, ´ ) , all the
PU rPU ionomer blends exhibit similar spectra in1 2

the temperature range of 323–413 K. Two contribu-
tions are present, one from a relaxation mechanism
and another from the dc conductivity.

Ž X.In Fig. 2, the dependence of the real ´ and
Ž Y . Ž ) .imaginary part ´ of dielectric function ´ on

Ž .the frequency f of the ionomer 30r70, for various

X Ž . Y Ž .Fig. 2. The real part ´ a and the imaginary part ´ b of the
dielectric function ´ ) versus the frequency f for the ionomer
30r70 at several temperatures: 323, 333, 343, 353, 363, 373, 383,
393, 403 K.
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temperatures, is shown. In the plot of log´ X versus
Ž .log f Fig. 2a , a mechanism of dielectric losses is

evidently shown, which is shifted to higher frequen-
cies as the temperature increases. The contribution of

Ž X.this mechanism to the real part ´ of dielectric
Ž .function is fairly significant ;10 in the region of

lower temperature, whereas in the region of high
Ž .temperature T)370 K , it decreased abruptly. The

X Ž .great value of this contribution to ´ great losses
implies that the above mechanism does not have a

Ž .dipolar origin but it is related to charge ion migra-
tion in the interior of the ionomer. Considering the
fact that the micromorphology of the ionomer is

Ž .heterogenous microphase separation , this relaxation
mechanism should correspond to MWS-relaxation
mechanism, which develops between hardrsoftrhard
Ž .STFrSFTrSTF microregions. The MWS-relaxa-
tion is due to interfacial polarization related to ion
migration and the existence of soft and hard mi-

w xcrodomains with different conductivity 20–22 .
In the region of higher temperatures and low

frequencies, an abrupt increase of ´
X values has

been observed which is related with electrode polar-
ization effects. At low frequencies and high tempera-
tures, due to higher conductivity, charges are concen-

w xtrated at the electrodes–sample interfaces 23 . The
increase in ´

X values, in the respective frequency
region, is attributed to the contribution of capacities
that are correlated with the electrodes–sample inter-
faces, and characterized by far higher values in
relation to the bulk capacities of the samples.

In Fig. 2b, which displays the dependence of ´
Y

from frequency, f , for various temperatures, the
MWS mechanism is distinct only in the region of
lower temperatures, where the contribution of dc
conductivity in the dielectric losses is not dominant.
The contribution of the dc conductivity to the dielec-
tric losses, ´Y, is inversely proportional to frequency
f , i.e. corresponds to the linear segment of lower
frequencies in the log´Y versus log f plots. In the
region of higher temperatures, the contribution of dc
conductivity is prominent, and therefore, over-
whelms the mechanism of interfacial polarization. At
the higher frequencies, a relaxation mechanism con-
tributes to the ´

Y versus log f spectra. This mecha-
nism corresponds to the a-relaxation mechanism of
the soft-rich microphases, which was extensively

w xinvestigated and analyzed in our previous work 22 .

The respective diagrams, i.e. log´ X and log´Y

versus log f , of the other ionomers in the same
temperature range, resemble those of ionomer 30r70
Ž . YFig. 2a,b . In the diagrams log´ versus log f ,
fittings of the following empirical equation has been
accomplished:

X Ž .D´ sin bw
Y ys´ s Av q

br2Ž .1y a 2 1y aŽ . Ž . Ž .1q2 vt sin 0.5pa q vtw x0 0

1Ž .

where

1ya
vt cos 0.5paŽ . Ž .0

wsarctan .1ya1q vt sin 0.5paŽ . Ž .Ž .0

Ž .The first term of Eq. 1 describes the contribu-
tion of the dc conductivity to the ´

Y losses. A and s
are parameters and v is the angular frequency,

w xvs2p f 24 . Parameter A is related with the value
of the material’s conductivity s according to the
equation Assr´ , where ´ is the dielectric con-0 0

stant of empty space.
Ž .The second term of the Eq. 1 is the empirical
Ž . w xequation of Havriliak–Negami H–N 25 and de-

scribes the contribution of the MWS—dielectric
mechanism to the dielectric losses, ´Y. Parameters a

Ž . Ž .0Fa-1 and b 0-bF1 depict the symmetri-
cal and asymmetric deviation from simple relaxation
time, respectively. When as0 and bs1, the H–N
equations of ´

X, ´
Y coincide with the respective

Debye equations. D´
X is the contribution of the

MWS mechanism to the real part of the dielectric
) Ž .function ´ and t s1r2p f is a time parameter0 0

closely correlated with the maximal frequency fmax

of the dielectric losses, ´Y.
Ž .In Fig. 3, the best fit of Eq. 1 on a diagram

log´Y versus log f concerning the ionomer 30r70 at
373 K is shown representatively. In the same figure,
the contributions of the conductivity and of the
MWS mechanism to the dielectric losses ´

Y are also
displayed. From the values of parameter t regard-0

Ž . Ying the best fit of Eq. 1 on the diagrams log´
versus log f of all ionomers studied in the respective
temperatures measured, the frequenices of f Y ,max,´

which correspond to the maximum values of ´
Y

dielectric losses of MWS mechanisms are derived.
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Fig. 3. The imaginary part ´
Y of the dielectric function ´ )

versus frequency f of the ionomer 30r70 at 373 K. The solid line
Ž .is the best fit according to Eq. 1 . The dotted lines show the

contribution of the dc conductivity and MWS relaxation to the
dielectric losses ´

Y. The values of the parameter are: As2623.36,
X Ž .ss1.00, as0.06, bs0.88, D´ s13.32 and f s1r2pt s0 0

22.90.

In Fig. 4, the correlation of log f Y with recip-max,´
Ž .rocal temperature Arrhenius plots is shown. A

change in the slope of the Arrhenius diagrams is
observed in the temperature region of 350–380 K.
This change may be related with the disordering of
hard microregions in the respective temperature re-

Ž .gions Fig. 1 . The activation energies E of MWS
mechanisms, in these temperature regions before and

Fig. 4. Arrhenius plot of the frequency of the maximum of the ´
Y

Ž . Yf peak related to the MWS relaxation, f , for all ionomersmax,´

PU rPU .1 2

Table 1
The activation energies E , E of the MWS mechanisms relax-1 2

ation time, for the temperatures lower and higher, respectively,
than the characteristic endothermic peak temperatures of the DSC
thermograms

PU rPU 100r0 50r50 30r70 10r90 5r95 0r1001 2

Ž .E eV 0.96 0.65 0.70 0.72 0.64 1.141
Ž .E eV 1.07 0.80 1.34 1.44 1.03 1.202

after the respective changes to the slope of the
Arrhenius diagrams regarding ionomers PU rPU ,1 2

have been calculated by the best fit of the Arrhenius
equation:

E
f s f exp y . 2Ž .max 0 ž /kT

In the above equation, f is an pre-exponential0

parameter, E is the activation energy of MWS mech-
anism, k is the Boltzmann constant and T is the
absolute temperature. The values of E of MWS
mechanisms are shown in Table 1.

In Fig. 5, the contribution of the MWS mecha-
nisms to the real part of the dielectric function D´

X

as a function of temperature is displayed. The values
of D´

X are those that have been derived from the
Ž .best contributions of the Eq. 1 on the diagrams

log´Y versus log f of the PU rPU ionomers. For1 2

all ionomers, expect 100r0, a drastic decrease of
D´

X is observed which is correlated with tempera-

Fig. 5. The contributions to the real part ´
X of the dielectric

function ´ ) , D´
X, of the MWS relaxation, as a function of

temperature T , for all ionomers PU rPU .1 2
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tures increase, and appear in the same temperature
region where the endothermic peaks of DSC thermo-

Ž .grams are observed Fig. 1 . This significant de-
crease of D´

X, which is correlated with the tempera-
ture increase, is attributed to the disordering of the
hard microregions. Subsequent to the disordering of
hard microregions, the mobility of hard segments
increases gradually by increasing temperature, which
results in the loosening of intermolecular interactions
Žhydrogen bonds and electrostatic nature interac-

.tions . Regarding the ionic segmented polyurethanes,
subsequent to the softening of the hard microregions
at 330–350 K, a gradual dissolution of hydrogen
bonds between the hard segments takes place which

w xis correlated to the temperature increase 17 . The
gradual increase in the mobility of hard segments,
due to the loosening of their intermolecular interac-
tions, will induce a gradual decrease in the difference

Ž .between specific resistance values r of soft and
hard microregions, respectively. Therefore, after the
disordering of hard microregions due to the tempera-
ture increase, a gradual decrease in interfacial polar-
ization, which takes place between STFrSFTrSTF
microregions, and consequently, a gradual D´

X de-
crease of the MWS mechanisms, is expected.

The fact that there is no decrease in D´
X of

ionomer 100r0, in the respective temperature region,
is attributed to the great difference between the
specific resistance value of hard microregions com-
pared with the respective value of soft ones, as it is
going to be shown afterwards. In this temperature
region, immediately after the disordering of its hard
microregions, despite the gradual increase in the
mobility of the respective hard segments, the differ-
ence of specific resistance between soft and hard
microregions remains great, and due to this fact, no
D´

X decrease is observed.

3.2.2. The two conductiÕity relaxation mechanisms in
the complex impedance formalism Z)

) ŽIn the complex impedance formalism Z s1r
) . Y2p fC ´ and specifically Z spectra versus log f0

of all ionomers PU rPU , two overlapping conduc-1 3

tivity relaxation mechanisms are observed, which are
shifted to higher frequencies in relation to tempera-
ture rise. On the diagrams ZY versus log f of all
ionomers, in a complete range of temperatures, there
has been a fitting to a theoretical curve which com-

prises a sum of two Cole–Cole equations regarding
the imaginary part of complex impedance ZY, in

Y w xanalogy to the equation for ´ 25,26 :

X 1y a2 iŽ . Ž .DZ vt cos 0.5paŽ .i 0 i iYZ s 3Ž .Ý Ž .1y a 2 1y ai iŽ . Ž .Ž .1q2 vt sin 0.5pa q vt0 i i 0 iis1

DZX is the contribution of each conductivity relax-i

ation mechanism to the real part of complex
impedance, i.e. the contribution of each mechanism
to the total impedance of the material, DZXsR . Thei i

contribution to the material’s impedance of the dipo-
lar mechanisms, which reconstitute at higher temper-
atures, is regarded insignificant. v is the angular
frequency, a is a parameter which is correlatedi

with the mean width of the curve of each mechanism
and obtains values of 0Fa-1. The conductivity
mechanism is described by a simple relaxation time
in case that as0, while when a)0, this mecha-
nism is described by symmetrical distribution of

Ž .relaxation times. The parameter t s1r2p f0 i 0 i

describes the mean relaxation time of each conduc-
tivity relaxation mechanism and corresponds to the
frequency of maximum ZY value.

In Fig. 6, a representative diagram ZY versus log f
of the ionomer 30r70 with the respective fitting of

Fig. 6. The imaginary part ZY of the complex impedance Z)

versus frequency f of the ionomer 30r70 at 363 K. The solid line
Ž .is the best fit according to Eq. 3 . The dotted lines show the

contribution of the two conductivity relaxation mechanisms to the
ZY. The values of the parameter are: a s0.06, DZXs69.52,1 1

Ž . X Žf s1r2pt s 6.79, a s 0.05, DZ s 35.35, f s1r01 01 2 2 02
.2pt s62.65.02
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Ž .Eq. 3 is displayed. In the same figure, the contribu-
tions of two conductivity mechanisms, i.e. the mech-

Ž .anism of low frequencies l.f. and the mechanism of
Ž .high frequencies h.f. , are also distinct.

In Fig. 7, the Arrhenius diagrams, log f Y ver-max,Z

sus 1rT , of the two conductivity mechanisms re-
garding all ionomers are depicted. Changes are ob-
served in the slopes of these diagrams at temperature
region 350–380 K, and this fact implies that the

Ž .disordering softening of the hard microregions af-
fects the two conductivity mechanisms. In Table 2,
the values of activation energies E , E , EZ h1 Z h2 Z l1

and E , which have been derived from the best fitsZ l2

of the respective Arrhenius equation f Y smax,Z
Ž . Ž Ž ..f exp yErkT Eq. 2 , are shown. Indexes h and l0

Fig. 7. Arrhenius plot, log f Y versus 1000rT , of the: lowermax,Z
Ž . Ž .frequencies l.f. conductivity relaxation a , and higher frequen-

Ž .cies conductivity relaxation b , for all PU rPU ionomers.1 2

Table 2
Ž . Ž .The activation energies E , E of the l.f. and h.f. conductiv-Z l Z h

Ž Y.ity mechanisms relaxation time t s1r2p f , for the tem-z max,Z
Ž . Ž .peratures lower 1 and higher 2 , respectively, than the charac-

teristic endothermic peak temperatures of the DSC thermograms

PU rPU 100r0 50r50 30r70 10r90 5r95 0r1001 2

Ž .E eV – 0.70 0.80 0.85 0.72 1.29Z l1
Ž .E eV 1.57 0.95 1.57 1.42 1.66 1.14Z l2
Ž .E eV – 0.67 0.70 0.69 0.67 1.06Z h1
Ž .E eV 1.23 0.72 0.87 0.88 0.96 0.80Z h2

symbolize the conductivity mechanisms of high and
low frequencies, respectively, whereas the indexes 1
and 2 symbolize the temperature region before and
after the disordering of the hard microregions, re-
spectively. From the values of Table 2, it can be
concluded that DE sDE yDE changes ofZ l Z l2 Z l1

Ž .the l.f. conductivity mechanisms are greater than
the respective changes DE sDE yDE ofZ h Z h2 Z h1

Ž .the h.f. conductivity mechanisms of ionomers, ex-
cept 0r100. As mentioned, PU rPU are character-1 2

w xized by microphases separation 22 . Thus, the two
conductivity relaxation mechanisms should be corre-
lated with the soft and hard microregions of the
PU rPU ionomers. The characteristic disordering,1 2

in the temperature range 350–380 K, induces greater
structural and mobility changes to the hard microre-
gions and therefore, it is expected to have greater
influence to the conductivity mechanism which is
correlated with these regions. As shown in Table 2,
the disordering to the hard microregions has a sys-

Ž .tematically greater influence on l.f. conductivity
Ž .mechanism expect 0r100 , this mechanism should

be correlated with the hard microregions of ionomers
PU rPU .1 2

DSC measurements have shown infrequently small
alteration regarding the specific heat DC of 0r100p

during the glass transition of the soft microphases
w x22 . This fact has been attributed to the restriction of
the mobility of a significant amount of soft segments
occurring in the boundary regions around the hard

w xmicrodomains 22 . Thus, it is possible that the dif-
ferent behavior of activation energies E and E ofZ h Z l

the two conductivity mechanisms regarding 0r100
Ž .Table 2 may be correlated with the individuality of
SFTrSTF interfaces of the particular ionomer.
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3.2.3. The two conductiÕity relaxation mechanisms in
the electric modulus formalism M )

Regarding the formalism of electric modulus
) Ž ) .M s1r´ , in all ionomers PU rPU , two over-1 2

lapping mechanisms are observed, which are shifted
to higher frequencies when the temperature increase.

Ž . Ž .These mechanisms correspond to l.f. and h.f.
conductivity mechanisms as it is going to be shown
afterwards. On diagrams MY versus log f , of all
ionomers, a fitting has been accomplished to a theo-
retical curve that comprises a sum of two Cole–Cole
equations regarding the imaginary part of electric
modulus MY, in analogy to the equation for ´

Y

w x25,26 :

X 1y a2 iŽ . Ž .DM vt cos 0.5paŽ .i 0 i iYM s 4Ž .Ý Ž .1y a 2 1y ai iŽ . Ž .Ž .1q2 vt sin 0.5pa q vt0 i i 0 iis1

DM X is the contribution of each conductivity mecha-i

nism to the real part of electric modulus. v is the
angular frequency, a is a parameter which is corre-i

lated to the mean curve width of each mechanism
Žand taking values 0Fa-1. The parameter t s0 i

.1r2p f describes the mean relaxation time of eacho i

conductivity mechanism in M ) formalism and cor-
responds to the frequency of maximum MY value.

In Fig. 8, the diagram MY versus log f with the
Ž .respective best fit of Eq. 4 , regarding ionomer

50r50, is shown representatively.

) ( )3.2.4. A comparison between the functions ´ f ,
) ( ) ) ( )M f and Z f of the dielectric spectroscopy
The equivalent circuit of a conductivity mecha-

Ž Ž ..nism with a single relaxation time as0 in Eq. 4
corresponds to the parallel combination of resistance

w x YR and capacity C 23 . The maximum M value is
defined by:

C0YM s 5Ž .max 2C

where C is the geometric capacity of the free space0

and C is the value capacity of conductivity mecha-
nism, i.e. the capacity which corresponds to the
conductive channels of the respective mechanism.

In the M ) formalism, besides the conductivity
mechanisms, the polarization mechanisms are also
registered. This is because the capacities that corre-

Fig. 8. The imaginary part MY of the electric modulus M )

versus frequency f of the ionomer 50r50 at 323 K. The solid line
Ž .is the best fit according to Eq. 4 . The dotted lines show the

contribution of the two conductivity relaxation mechanisms to the
MY. The values of the parameters are: a s0.06, DM Xs0.035,1 1

Ž . X Žf s1r2pt s 5.18, a s 0.12, DM s 0.103, f s1r01 01 2 2 02
.2pt s37.76.02

spond to the polarization mechanisms, C sC D´
X

dip 0
Ž .sC ´ y´ , usually do not differ significantly0 S `

from the capacities which correspond to the conduc-
tivity relaxation mechanisms, C sC ´ , for thecond 0 S

Ž X .same materials D´ s´ y´ f´ . As it can beS ` S
Ž . Yassessed by Eq. 5 , on the diagrams M versus

log f , the most prevalent mechanisms will be those
with the minimum volume capacities. The strong
capacity phenomena of electrode–material inter-
faces, are vanished within M ) formalism.

In contrast to M ) formalism, in the complex
impedance formalism Z) , the magnitude of a con-
ductivity mechanism, ZY , does not depend on themax

w xvolume capacity but on the resistance R 27 :

R
YZ s 6Ž .max 2

where R is the resistance which corresponds to the
conductivity relaxation mechanism. On diagrams
ZY versus log f , those mechanisms with the maxi-max

mum resistance will be prevalent. Due to the fact
that the volume resistance of conductivity mecha-
nisms is far greater than the respective one of dipolar
mechanisms, these mechanisms will be prevalent on
the diagrams ZY versus log f.max
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The formalism of dielectric function ´ ) exhibits
Ž .only polarization mechanisms dipolar, MWS and

records the contribution of dc conductivity. How-
ever, the use of ´ ) formalism cannot distinguish the
existence of various conductivity mechanisms which
occur into the material and contribute to the dc
conductivity.

The volume capacities of the conductivity mecha-
nisms usually do not have strong dependence on

w xtemperature 28 . Thus, when two conductivity
mechanisms with no very different relaxation times
are characterized by significant difference in volume
capacity, it is extremely difficult to detect both of
them within M ) formalism simultaneously. The
resistances of the conductivity relaxation mecha-
nisms are quite sensitive to temperature changes
Ž .thermally activated conductivity . Thus, in the case
of two mechanisms having no very different relax-
ation time, it is likely that they will be detected
simultaneously in Z) formalism, within a wide tem-
perature range.

The maximum frequencies regarding the values
´
Y, MY and ZY of the same physical process follow

w xY Y Ythe sequence f G f ) f 29 . Whenmax, M max,Z max,´

the physical process is correlated to charge migra-
Žtions within long distances long range conductivity

.relaxation process , which is characterized by a sin-
Ž .gle relaxation time parameter Cole–Cole as0 ,
w xY Ythen f s f 29,30 . When there is distribu-max, M max,Z
Ž . Y Ytion of relaxation times a)0 , then f ) fmax, M max,Z

When the distribution of relaxation times is narrower
Ž . w xY Yaf0 , then f f f 30 .max, M max,Z

When a physical process is described by a single
relaxation time, t , in the ´ ) formalism, then in the´

M ) formalism the relaxation time, t , is given by:M

t´
t s 7X Ž .M D´ q´`

´`

where ´ is value of real part of dielectric function`

´
X in high frequencies and D´

X is the contribution of
X w xthis physical process to ´ 29 . When a physical

process is described by a symmetrical distribution of
Ž .relaxation time behavior Cole–Cole, bs1 within

the ´ ) formalism, with mean relaxation time t s´

1r2p f Y , then within formalism M ) the respec-max,´

tive t is defined by:M

t´
t s 8Ž .M 1

X
D´ q´ 1ya`ž /´`

Ž . w xa is the parameter of the Eq. 1 29 . When the
volume resistance of a physical process is compara-
ble to another physical process of the same material,

) Žthen it will be also recorded in Z formalism as a
Y .peak in Z versus log f diagram with time constant

Ž .Yt s1r2p f near the value t , but t )t .Z max,Z M Z M
Ž . Ž .From Eqs. 7 and 8 , it is evident that the

activation energies of the same physical process, in
various formalisms, will obtain the same values pro-
vided that the parameters ´ , D´

X, and a are not`

changed by temperature. Because such a behavior of
the parameters ´ , D´

X, and a within a wide tem-`

perature range is not usual, the activation energies,
like those that are calculated in various formalisms,
are expected to have different values, for the same
physical process.

In Fig. 9a, the Arrhenius diagrams of ionomer
30r70 regarding the MWS mechanism within ´ )

formalism, and regarding the mechanism of high
Ž . ) )frequencies h.f. within formalisms Z and M are

displayed. The parameter b of the fittings regarding
Ž . XEq. 1 on the diagrams log´ versus log f of 30r70

are generally characterized by values approaching
unit. Therefore, the MWS mechanism will be effec-

Ž Ž .tively described by the equation Cole–Cole Eq. 1 ,
.bs1 . Specifically, at 353 K the parameters of Eq.

Ž .1 , which characterize the MWS mechanism of
30r70, take the following values: as0.13, bs
0.95, D´

Xs15.5 and f s7.7 Hz with ´ s6.2 at0 `

Ž .500 kHz. From Eq. 8 , it is estimated that the MWS
mechanism will give maximum value MY withinmax

formalism M ) , in frequency f Ys32.5 Hz. Inmax, M
Ž . )the same temperature, the h.f. mechanism of M

formalism gives maximum value MY at frequencymax
Ž .Yf s39.7 Hz. Therefore, the mechanism h.f. inmax, M

M ) formalism corresponds to the MWS mechanism
in ´ ) formalism. In addition, as it is shown in Fig.
9a, in the respective temperatures, the frequencies

Ž .Y Yf and f regarding the h.f. mechanism inmax, M max,Z

formalisms Z) and M ) have almost equal values,
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Fig. 9. Arrhenius diagrams of the ionomer 30r70 for the MWS
Ž ) . Ž )mechanism ´ formalism and h.f. conductivity relaxation Z

) . Ž .and M formalism a . Arrhenius diagrams of the ionomer
30r70 for the l.f. conductivity relaxation in Z) and M ) for-

Ž .malisms b .

but f Y) f Y . Thus, it is concluded that for-max, M max,Z

malisms M ) and Z) describe the same physical
process and this physical process is correlated with
conductivity relaxation mechanism, which is charac-
terized by narrow distribution of relaxation times.
Due to the fact that the MWS mechanism is corre-
lated with charge migration within soft microphases,

Ž . ) )the h.f. mechanism in formalisms Z and M
would correspond to the conductivity mechanism of
the soft microregions.

In Fig. 9b, it is perceptible that the f Y andmax, M
Ž . )

Yf frequencies regarding l.f. mechanism of Zmax,Z
) Žand M formalisms have almost equal values but

. )

Y Yf ) f . Therefore, the formalisms Z andmax, M max,Z

M ) describe the same physical process and this
physical process is correlated with conductivity
relaxation mechanism, which is characterized by

Ž .narrow distribution of relaxation times. The l.f.
conductivity mechanism, as it has been already evi-
denced, is correlated with the hard microregions
since it is systematically influenced more than the
Ž . Ž .h.f. by the disordering softening of these regions.
The respective diagrams of Fig. 9a,b regarding the
other ionomers exhibit similar behavior.

Ž .From Eq. 5 , it is evident that a conductivity
mechanism, which is characterized by a high value
volume capacity, will give a small magnitude MY

max
Ž .and vice versa. The l.f. conductivity mechanism of

ionomers PU rPU is characterized by greater vol-1 2
Ž .ume capacity in relation to the h.f. mechanism.

Generally, this is to be expected, because the linear
w xdimensions of hard microregions are smaller 19,31

than the respective ones of the soft microregions.
Therefore, supposing that the prevalent conductive

Ž .channels regarding both hard and soft microregions
are directed towards the applied electric field, the
Ž .l.f. conductivity mechanism, which is correlated
with hard microregions, will be characterized by

Ž .greater volume capacity in relation to the h.f.
mechanism.

3.2.5. The dc conductiÕity
In Fig. 10, the dependence of the ac conductivity
Ž Y .s s2p f´ ´ from the frequency f of the ap-ac 0

Fig. 10. Ac conductivity, s , versus frequency, f , for the 10r90ac

ionomer at several temperatures: 333, 343, 353, 363, 373, 383,
393, 403, 413 K.
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plied electric field, regarding ionomer 10r90, at
various temperature is displayed. From these dia-
grams, it is evident that s is independent of theac

Žfrequency f , in a wide range of frequencies in the
.region of low frequencies . This behavior is the same

as the respective one of ‘pure’ dc conductivity.
Nevertheless, in reality the slope of low frequency

Žplateau, regarding diagrams logs versus log f Fig.ac
.10 do not reach zero. Due to temperature increase,

the plateau is shifted to higher s values, as it isac

expected for thermal activated conductivity. The dia-
grams logs versus log f of the other ionomersac

PU rPU exhibit similar behavior form with that1 2

one of 10r90 shown in Fig. 10.
From the s values of the plateau, in the lowerac

frequencies, we obtain the dc conductivity values,
s , regarding the ionomers at various temperaturesdc
w x32 . The s values, which have been obtained bydc

using the above process, are in good agreement with
those obtained by using a conductometer HP 4336
Ž .high resistance .

The resistance R can be estimated by the sdc dc
Ž .values, using the equation R sdr Ss , where ddc dc

is the thickness of the samples and S the surface area
of the electrodes. In Table 3a and b, the resistance
values R of ionomers PU rPU , which have beendc 1 2

calculated by the plateau of diagrams logs versusac

log f , plots and also the resistance sums, R qR , ofh l

the two conductivity mechanisms, at respective tem-
peratures, as they have been calculated by the best

Y Ž .fits on the diagrams Z versus log f of Eq. 3 are
shown. A very good agreement is observed between
the values R and R qR , which means that thedc h l

Ž .two conductivity relaxation mechanisms h.f. and
Ž .l.f. of the ionomers PU rPU correspond in series1 2

to the external electric stimulation within the com-
plex impedance formalism Z).

3.2.6. The equiÕalent circuit of the two conductiÕity
relaxation mechanisms

Ž . Ž .In the frequency region of h.f. and l.f. conduc-
tivity mechanisms, the equivalent circuit that depicts

Table 3
Ž . Ž . Ž 6 . Ž . Ya The R qR values =10 V of PU rPU ionomers, as estimated from the best fit of Eq. 3 to the Z versus log f diagrams, inh l 1 2

various temperatures

Ž .T K 100r0 50r50 30r70 10r90 5r95 0r100

413 37.9 – – 1.6 7.7 –
403 146.9 1.4 4.7 2.6 16.2 –
393 476.7 2.4 8.7 5.1 37.4 0.13
383 1421.5 4.7 21.9 10.3 85.6 0.24
373 3857.5 9.8 49.8 21.7 190.1 0.62
363 – 21.5 104.9 48.8 406.2 1.8
353 – 49.2 223.4 108.3 831.0 5.6
343 – 102.2 443.9 248.5 1639.5 19.5
333 – 200.1 989.8 572.0 3203.1 64.5
323 – 449.4 2266.2 – – –

6Ž . Ž .b The R values =10 V of PU rPU ionomers, as estimated from the logs versus log f diagrams, in various temperaturesdc 1 2 ac

Ž .T K 100r0 50r50 30r70 10r90 5r95 0r100

413 36.6 – – 1.6 7.6 –
403 141.2 1.4 4.6 2.6 15.8 –
393 458.2 2.4 8.6 5.0 36.4 0.13
383 1375.5 4.8 21.3 10.1 83.3 0.24
373 3736.4 9.6 48.4 21.2 182.0 0.60
363 – 21.6 102.6 47.3 387.3 1.7
353 – 49.2 217.1 104.0 – 5.5
343 – 103.4 – 232.1 – 18.8
333 – 199.1 – – – 62.0
323 – 435.0 – – – –
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their response to the formalism Z) is shown in Fig.
Ž .11a. This equivalent circuit Fig. 11a does not take

into account the contributions of material–electrodes
Žinterfaces which contribute within lower frequen-

.cies and also the contributions of dipolar relaxation
Žmechanisms which contribute within higher fre-

.quencies, provided that R , R 4R . Each con-h l dip

ductivity mechanism is described by the parallel
Ž .combination of a resistance R , R and a constanth l

w xphase element, CPE 26,27 . The complex impedance
of the constant phase elements CPE is described by

) Ž .yŽ1ya .the equation Z sZ iv , where Z and aCPE 0 0
w xare parameters, with 0Fa-1 26,27 . The parame-

ter a is identical with the respective parameter a of
Ž .Eq. 3 .

Ž Ž ..The parameters a Eq. 3 of the two conductiv-
ity mechanisms, concerning temperatures higher than
the respective temperatures of hard microregion dis-

Fig. 11. The equivalent circuit which describes the responses of
the two conductivity relaxations in Z) formalism, at the respec-

Ž .tive frequency range a . The physical representation of the previ-
ous equivalent circuit in the case where the complex elements

ŽCPE , CPE are the pure capacities C and C , respectively the1 h 1 h
. Ž .two layers Maxwell model b .

ordering, take values within the region 0Fa-0.1,
in all PU rPU ionomers. In a first approach, it is1 2

reasonable to consider that the parameters a of the
Ž . Ž .conductivity mechanisms l.f. and h.f. , at higher

temperatures, take zero values. In this case, the
equivalent circuit that describes the responsiveness
of the two conductivity mechanisms of each PU r1

PU ionomer is depicted by the circuit in Fig. 11b,2

provided that the complex elements CPE and CPE1 h

are substituted by the pure capacities C and C ,l h

respectively. Thus, each conductivity mechanism is
Ž .described by a single relaxation time t sR C .i i i

Ž .The modified circuit R C –R C of Fig. 11al l h h

corresponds to the response of such a system that
consists of two layers of materials, parallel to the
electrodes, having thickness d and d , dielectricl h

constant ´ and ´ and specific resistance r andl h 1
Ž . w xr , respectively, Fig. 11b 27 . The values of rh l

and r are given by:h

S S
r sR , r sR 9Ž .l l h hd dl h

where R and R are the resistance values of con-l h
Ž . Ž .ductivity mechanisms l.f. and h.f. of each

ionomer, respectively. S is the surface area of elec-
trodes between which is located the samples. d andl

d are the thickness of each layer regarding equiva-h
Ž .lent physical representation Fig. 11b of the modi-

fied equivalent circuit of Fig. 11a, with d qd sd,l h

where d is the thickness of the sample.
According to this two-layer model, the specific

resistance r of each ionomer is described by:

RsR qR ´rsx r qx r 10Ž .l h l l h h

where R is the resistance and x , x are the volumel h

fractions of the total hard and soft regions of each
PU rPU ionomer.1 2

The respective capacities C and C of the twol h

layers are described by:

S S
C s´ ´ , C s´ ´ 11Ž .l 0 l h 0 hd dl h

where ´ is the dielectric constant of empty space0

and ´ , ´ are the dielectric constants of each layer,l h

respectively.
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Assuming that the values of the dielectric constant
of the layers do not differ significantly, ´ f´ ,l h

Ž .from Eq. 11 it is evident that:

C dl h
s . 12Ž .

C dh l

The relaxation time values of the conductivity
mechanisms regarding the two layers with thickness
d and d , are:l h

t sR C , t sR C . 13Ž .l l l h h h

The values of the capacities C and C of the twol h

layers, in the representation of the conductivity
mechanisms of Fig. 11b, are calculated from Eq.
Ž .13 . The necessary values of the parameters t , R ,l l

t and R concerning the conductivity mechanismsh h
Ž . Ž .l.f. and h.f. calculated by the best fits of the Eq.
Ž . Y3 on the diagrams Z versus log f plots. Subse-
quently, using the values of the fraction d rd calcu-h l

Ž .lated from Eq. 12 , the thickness of the two layers
Ž .d and d d qd sd have been obtained. Finally,h l h l
Ž .from Eq. 9 , the specific resistances r , r of thel h

Ž . Ž .l.f. and h.f. conductivity mechanisms, in the phys-
ical representation of Fig. 11b, are calculated for
each ionomer at the highest temperature region.

3.2.7. Micromorphological transitions
Fig. 12a,b gives the dependence of the specific

Žresistances r and r , of each ionomer at thel h
.highest temperature region, 373–413 K , as a func-

tion of the reciprocal temperature. As it is shown in
Fig. 12a,b, the difference between the specific resis-
tance r and r of 100r0—at a temperature regionl h

immediately following the disordering of its hard
Žmicroregions—is significantly greater r rr s11–l h

.20 in comparison to the respective differences of the
Ž .other ionomers r rr s2–7 at the same tempera-l h

ture region. By this result, it can be explained the
fact that the contribution of the MWS mechanism, to
the real part of dielectric function ´ ) , D´

X, concern-
ing ionomer 100r0, does not decrease immediately
following the disordering of the hard microregions,

Ž .as it occurs in the other ionomers Fig. 5 . When r l

takes greater than r value, the charges that concen-h

trate on the SFTrSTF interfaces practically do not
discharge through the STF microregions. On the
contrary, as soon as the parameters r and r be-l h

Fig. 12. The dependencies of the specific resistance r and r1 h
Ž .r ) r from the inverse temperature, for all PU rPU1 h 1 2

ionomers, in the temperature range after the disordering of the
Ž .hard microregions a and b . The lines are the best fits of the

Ž .Arrhenius type relation rs r exp E rkT .0 r

Ž .come comparable with each other , the discharge of
these charges through the STF microregions is sig-
nificant, and results in the decrease of the interfacial
polarization which occurs between STFrSFTrSTF
interfaces, and thus in the decrease of the contribu-
tion D´

X of the MWS mechanism.
In Fig. 12, the extrapolation plots of the best

Ž .fittings of the Arrhenius equation rsr exp ErkT ,0

and cross each other at the temperature region 420–
512 K, is depicted. At the respective cross tempera-
tures, specific resistances r and r have the samel h

value. The existence of two different conductivity
mechanisms, with the same resistance value r, does
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w xnot have any physical meaning 27 . The two con-
ductivity mechanisms of each ionomer PU rPU at1 2

the respective cross temperatures, T , become uni-MST

fied. The existence of two conductivity mechanisms
in each ionomer PU rPU is correlated to the mi-1 2

crophase separation. Thus, it is correlated to the
appearance of discrete hard microregions dispersed
within the soft phase. In the case of homogeneous
materials, it is expected that there is only one con-
ductivity mechanism. Thus, within each ionomer at
the respective cross temperatures, a transition should
occur from a micromorphological state characterized
by separated microphases to a micromorphological
state characterized by completely dispersed mi-
crophases. Microphase separation transition, MST,
has been detected in non-ionic segmented polyure-
thanes, between 450 and 500 K, by the simultaneous

w xuse of DSC and SAXS methods 33 .
The temperatures of the microphase separation

transition, T , of each ionomer are displayed inMST

Table 4. From the values of Table 4, it is shown that
the ionomer 100r0 has significantly greater TMST

than the other ionomers studied. As it has been
immediately detected by the DSC thermograms ob-

Ž .tained at 473 K Fig. 1 , all ionomers except 100r0
had been in liquid state. This fact probably implies
that between 413 and 473 K, the hard microregions,
which assured the good mechanical ionomer behav-
ior, had been completely dissolved, resulting in a
micromorphological homogeneity, i.e. in a complete
microphase dispersion.

It is important to note that preliminary measure-
ments on another similar system of ionomer blends

Ž .PU rPU , in which the molecular weight MW of1 2
Ž . Ž .the PU 0r100 was greater 70 000–80 000 than2

the respective one of the above mentioned system
Ž .20 000–25 000 , have shown that T had beenMST

systemically higher, by 75–120 K, than the respec-
tive ones of the described system. This behavior does
not seem to be dependent on the kind of the ionic

and effective groups of the PU and PU compo-1 2

nents, or on the degree of microphase separation
Ž .DMS of the ionomers PU rPU , or on the differ-1 2

ences in the weight fraction of the hard phase be-
tween the ionomers PU rPU . The significantly1 2

smaller T of the PU rPU blends in relation toMST 1 2

that of the 100r0 seems to be related with the
smaller length of the macromolecules of the PU2

component. Smaller length of the macromolecules in
one or both components of the PU rPU blends1 2

apparently seems to result in a shift of the mi-
crophase separation transition of the PU rPU1 2

ionomer blends to lower temperatures T .MST

3.2.8. TSDC results in lower temperature region
In Fig. 13, a thermogram obtained by TSDC

measurements of an ionomer blend with composition
Ž .in PU rPU % : 30r70 is shown. Four distinct1 2

dispersion regions corresponding to four dielectric
mechanisms are observed. g-relaxation at 121 K,
b-relaxation at 160 K, a-relaxation at 223 K, and

Ž .Maxwell–Wagner–Sillars MWS relaxation at 254
K. Similar TSDC plots are obtained for all samples
of the system studied. These four dispersions are

w xobserved in most polyurethane systems 20–22,34 .
g- and b-relaxations are sub-glass secondary re-

laxations. g-relaxation is associated to local motions
w xof parts of the molecular chain 20–22,34 . b-relaxa-

tion is attributed to the motions of the polar carbonyl
w xgroups of the polymer chains 20–22,34 . A system-
Žatic change of the magnitude maximum of the cur-

. Žrent and position temperature of the maximum
.current of these two relaxations dependent on the

Ž .composition of the ionomers PU % content has not1

been observed. The corresponding b- and g-relaxa-
tion TSDC peaks appear at temperatures 160–168
and 116–124 K, respectively. a-Relaxation is related
to the reorientation of polar groups of the soft phase,
during the glass transition of the soft microdomains
w x35 . MWS-relaxation is related to interfacial polar-

Table 4
The temperatures of the microphase separation transition, T , of the PU rPU ionomers, as estimated by the use of the two layersMST 1 2

Maxwell’s model

PU rPU 100r0 50r50 30r70 10r90 5r95 0r1001 2

Ž . Ž . Ž . Ž . Ž . Ž . Ž .T K 512 "12 456 "8 422 "5 420 "5 424 "5 433 "5MS T
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Fig. 13. TSDC thermogram for the PU rPU : 30r70 ionomer.1 2

ization due to ion migration in the soft microregions
and the existence of soft and hard microdomains

w xwith different conductivity 20–22 .
Both a and MWS-relaxations are strongly af-

fected by the micromorphology of the materials. The
temperature at which a and MWS-relaxation appear
in the TSDC plots and the magnitude of these relax-
ations are strongly affected by the degree of mi-

Ž . w xcrophase segregation DMS of the ionomers 22 . In
our previous work, based on TSDC measurements, a
parameter, m , as a criterion expressing the rela-TSDC

w xtive degree of phase mixing, was introduced 22 .
SAXS measurements concerning DMS were in good
agreement with the dielectric results and supported
the criterion introduced for the relative degree of
phase mixing based on dielectric TSDC measure-

w xments 22 .

3.2.9. The correlation between the relaxation time of
( )the MWS mechanism AC and the temperatures of

the current peak maximum of the MWS and a mech-
( )anisms TSDC

In Fig. 14, an Arrhenius diagram of ionomer
30r70, in which the respective MWS peak point of

Ž .the TSDC measurements f , 1000rT is also1s m

included, is displayed representatively. T is them

temperature of maximum current regarding MWS
Ž .peak and f s1r2pt is the equivalent fre-1s

quency that corresponds to a relaxation time of about
w x Ž100 s 22 . The very good linear relation Arrhenius
.relation between the points of the two methods

Ž .TDSC, AC reveals that MWS mechanism is not
directly related with motions of a large spatial scale

Fig. 14. Arrhenius plot of the 30r70 ionomer of the MWS
Ž .mechanism AC measurements , in which a point from TSDC
Ž .measurements details in the text is included. The inverse temper-

ature width that corresponds to the half height of the MWS
Ž .current peak TSDC is also noted.

Žof the segments within the soft microphases a-re-
w x.laxation obeys the non-linear VTF relation 36 .

Similar linearity displays also the respective Arrhe-
nius diagrams of the other ionomers. This fact proba-
bly implies that there is a low degree of interconnec-
tivity between neighboring soft-rich microphases in
PU rPU ionomer blends.1 2

For a comparison of the results obtained by both
methods, AC and TSDC, in Fig. 15 are show the
relaxation time ts1r2p f Y at 353 K regardingmax,´

Žthe MWS mechanism of ionomers AC measure-
.ments and the difference DT between the tempera-1

tures of the current maximum of MWS and a-relaxa-

Fig. 15. The relaxation time, t , of the MWS mechanism at 353 K
Ž .AC measurements and the difference DT between the tempera-1

tures of the current maximum of the MWS and a-relaxations,
Ž .respectively, DT sT yT TDSC measurements , for all1 MWS a

PU rPU ionomer blends.1 2
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Žtions, respectively, DT sT yT TDSC mea-l MWS a

.surements . As it is observed in Fig. 15, the change
of t among ionomers follows a respective change of
DT . The different incremental sequence of t values,1

in relation to the respective of DT values, between1

0r100 and 50r50 is attributed to the difference in
Žactivation energy between MWS mechanisms Table

.1 combined with the significant temperature differ-
ence of the measurement regions of the two methods.
Thus, the difference DT sT yT could be con-1 MWS a

sidered as a measure of the relaxation time t of
MWS mechanism, specifically at a temperature re-
gion close to the respective MWS peak in the TDSC
measurements.

The above result is in accordance to the third
partial criterion for the degree of microphase separa-

w xtion which was introduced in our previous work 22 .
The temperature of the current maximum for a depo-
larization peak in TSDC plots is related to the dis-
tance scale characterizing the movements of the re-
laxing units. MWS relaxation accompanies the glass

Ž .transition during heating depolarization in TSDC
measurements. This implies that the difference DT1

sT yT could be considered as a measure ofMW S a

the distance scale for the movement of the charges
accumulated at the softrhard interfaces for their
neutralization. Lower DT would correspond to a1

lower distance scale and consequently to a smaller
distance between hard phase–soft phase–hard phase
interfaces. This implies lower degree of microphase
separation or higher phase mixing, due to the broad
distribution of size of the hard microdomains into the

w xcontinuous soft phase 22 . Taking into account that
the charge mobility of the PU rPU ionomers im-1 2

mediately after the glass-transition of the same soft
phase is similar, it is expected that the time scale of
the charge motion will be proportional to the dis-
tance scale of the charge motion between the nearest
hardrsoftrhard interfaces. Therefore, smaller DT1

corresponds to a smaller relaxation time, t , of MWS
mechanism.

3.2.10. ConductiÕity relaxation mechanisms and dc
conductiÕity

In Fig. 16, the frequency of the maximum of ZY,
Ž .Yf regarding the low frequency l.f. and highmax,Z

Ž .frequency h.f. conductivity relaxation mechanisms
of all ionomers, at 373 K are shown in comparison.

Fig. 16. The frequencies of the maximum ZY , f Y , of the l.f.max,Z

and h.f. conductivity relaxations, at 373 K, for all PU rPU1 2

ionomer blends.

Ž .It is observed that a fast h.f. conductivity mecha-
Ž .nism corresponds to a fast mechanism l.f. in the

comparison between ionomers. This correlation be-
Ž .Ytween the relaxation time values t s1r2p fmax,Z

of the two conductivity mechanisms can be ex-
plained in terms of concept of the dynamic energy
barriers.

For instance, there are two ionomers A and B,
where in A the relaxation time regarding the conduc-

Ž .tivity mechanism of soft microregions h.f. , t , is1

smaller than the respective t of B. Assuming that2

the hard microregions of A and B correspond to a
dynamic energy barrier with mean height W andh1

W , respectively, which do not differ significantly,h2

W fW .h1 h2

Since t -t , whereas the charges of B have not1 2

approached yet the bases of the barriers with height
W , the charges of A remain at the respective basesh
Ž .regarding electric modulation of the same duration .
The possibility of a charge to pass in the unit of

Ž .time, P i.e the passage rate through a dynamict

barrier with height W , according to Boltzmannh
Ž .statistics is proportional to the term exp yW rkT .h

Since the expectation time of charges, of ionomer A,
at the bases of barriers with height W is greaterh

Ž .than the respective one of B by Dtst yt ,2 1

provided that W fW , the smaller t is in com-h1 h2 1

parison to t , the greater is the P rate of A charges2 t

through the dynamic energy barriers, in relation to
the respective rate of B. However, the inverse of Pt

Ž .is the time constant i.e the relaxation time which
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characterizes the conductivity mechanism that is re-
lated to the hard microregions. Therefore, the relax-
ation time of the conductivity mechanism, which is
related to the hard microregions of A, will be also
smaller than the respective one of B.

In Fig. 17a, the maximum frequencies f Y ofmax,´
Ž .Ythe MWS mechanism and the f of the h.f.max,Z

conductivity mechanism regarding all ionomers at
373 K are shown in comparison. It is observed that

Ž .Ythe f change of the h.f. conductivity mecha-max,Z

nism from one ionomer to another is followed by
change of f Y in the same direction. This ismax,´

expected because the formalisms ´ ) and Z) de-
scribe the same physical process and therefore the
respective characteristic relaxation time values will
be proportional to each other.

Fig. 17. The frequencies of the maximum ´
Y of the MWS

mechanism, f Y , and h.f. conductivity relaxation, f Y , atmax,´ max,Z
Ž .373 K, for all PU rPU ionomer blends a . The dc conductivity,1 2

Ž .s , at 373 K, for all PU rPU ionomer blends b .dc 1 2

As it has already been mentioned, the difference,
DT sT yT , where T and T are tempera-1 MWS a MWS a

tures of the current maximum regarding the peaks
Ž .MWS and a , respectively in TSDC measurements ,

is a good measure of the relaxation time of the MWS
Ž .Ymechanism, ts1rf Fig. 15 . Therefore, basedmax,´

on the above data, it is also a good measure of
Ž .relaxation time of the h.f. conductivity mechanism,

ts1rf Y at the temperature region before themax,Z

disordering of the hard microregions. Thus, a smaller
Ž .DT in a comparison between two ionomers means1

Ž .a smaller relaxation time of the h.f. conductivity
mechanism or equivalently a higher f Y . Concur-max,Z

Ž . Žrently, a faster h.f. conductivity mechanism in a
.comparison between two ionomers means a faster

Ž . Ž .l.f. conductivity mechanism as well Fig. 16 . Thus,
the relaxation time values regarding both conductiv-
ity mechanisms will be proportional to DT .1

The temperature dependence of the dc conductiv-
ity, s , is given by the Nernst–Einstein relationdc
Ž . 2 Ž . Ž .s T sq n T D T rkT , where q is the charge of

the ion carriers, n is the concentration of the ion
carriers, D is the diffusion coefficient of the ion
carriers, k is the Boltzmann constant and T is the
absolute temperature. The diffusion coefficient, D,

Ž . 2Ž . Ž .can be given by the relation D T sl T rt T ,
where l is the mean jump and t is the mean

w xrelaxation time of the ions hopping 37 . By combin-
ing the above relations, the temperature dependence
of the dc conductivity can be given as follows:

q2l2 T n T 1Ž . Ž .
s T s . 14Ž . Ž .

kT t TŽ .

Because of the strong temperature dependence of t

Ž . Ž .exponential dependence , it will be taken s T ;
Ž .1rt T , i.e. a faster conductivity relaxation mecha-

nism means a higher contribution to the dc conduc-
tivity.

ŽAccording to the Maxwell’s model two parallel
.layers model , the dc conductivity of each ionomer

Ž Ž ..will be given as relation 10 :

s sl h
s s 15Ž .dc

s x qs xl l h h

where s and s are the dc conductivities which1 h
Ž . Ž .correspond to the l.f. and h.f. conductivity relax-

ation mechanisms, respectively, and x , x are thel h
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volume fractions of the corresponding regions of the
two conductivity mechanisms. In the temperature
region before the disordering of the hard microdo-

Ž .mains, s rs )10 for all PU rPU ionomers andh l 1 2
Ž .also x rx (2. Therefore, approximately, it willh l

be s x qs x (s x and consequently from theh h l l h h
Ž .Eq. 15 , it occurs that s (s rx . Provided thatdc l h

x of the ionomers PU rPU differs less than 5%,h 1 2

the dc conductivity will be assessed exclusively by
Ž .the contribution of the l.f. conductivity relaxation

mechanism.
Taking into account the last three paragraphs, at a

temperature region not much higher than the temper-
atures of the maximum current of the MWS mecha-

Ž .nism in TSDC thermograms , a smaller temperature
difference DT sT yT corresponds to a faster1 MWS a

Ž .h.f. conductivity mechanism and also to a faster
Ž .l.f. conductivity mechanism, and thus to greater
values of s , s , which means a greater value of dcl h

conductivity, s .dc

In Fig. 17b, the conductivity s of all ionomers,dc

at 373 K, is displayed. From the comparison between
Fig. 17a and b, it is obvious that f Y of MWSmax,´

Ž .Ymechanism, f of h.f. conductivity mechanismmax,Z

and s change precisely with the same sequence indc

ionomers PU rPU .1 2

Therefore, the conclusion is that the temperature
difference DT sT yT is a reliable measure1 MWS a

for comparing conductivity s of ionomers, at thedc

temperature region above temperatures of the maxi-
mum current MWS peak and prior the disordering of
the hard microdomains. The incremental sequence of
s among ionomers is inversely correlated with thedc

respective incremental sequence of DT sT y1 MWS

T . At temperatures quite higher than T , signifi-a MWS

cant differences in activation energies of MWS
mechanisms are expected to alter the relative incre-
mental sequence of ionomers s .dc

The ionomers 0r100 and 50r50, which exhibit
the greater dc conductivity, are the ionomers which
characterized by the smaller degree of microphase

w xseparation 22 and the smaller temperature differ-
ence DT . However, the conductivity s does not1 dc

seem to have any direct relation to the degree of
microphases separation. This is because DT is a1

parameter correlated with the broad distribution of
size of hard microdomains, which is one of the
factors that contribute to the mixing of the hard and

w xsoft microphases 22 . Other factors are the dissolu-
tion of hard segments into the continuous soft phase,
the existence of large dispersed boundary regions
between soft and hard microdomains, and the exis-
tence of soft segments trapped in the hard mi-
crodomains. The conductivity s , as it has beendc

shown above, is correlated directly to the tempera-
ture difference DT sT yT .1 MWS a

4. Conclusions

The ionomer systems PU rPU are characterized1 2

by the soft–hard microphase separation. The
PU rPU ionomer blends are also characterized by1 2

the existence of two conductivity relaxation mecha-
nisms. The analysis of the results, by using the
formalism of the dielectric function, ´ ) , the com-
plex impedance, Z) , and the electric modulus M ) ,
reveals that the faster conductivity mechanism is
related with the soft microregions, whereas the slower
is related with the hard microregions. The compari-
son of the ionomers reveals that a faster conductivity
mechanism of the soft microregions corresponds to a
faster conductivity mechanism of hard microregions.
The above mentioned behavior can be explained in
terms of dynamic energy barriers.

According to our results, based on the measure-
ments of AC dielectric spectroscopy and the
Maxwell’s model of two parallel to electrodes layers,
at temperature region 420–456 K, a unification of
the two conductivity mechanisms regarding all
ionomers, except 100r0, should occur. This fact
implies that at the respective temperature region, all

Ž .ionomers except 100r0 sustain a transition from a
micromorphology characterized by a microphase
separation to a micromorphology characterized by a
complete microphase dispersion. DSC measure-
ments, in the above respective temperature region,
provide indications that the hard microregions had
been dissolved into the soft phases. The respective
temperature of micromorphological transition of
100r0 is rather higher, at 512 K. According to the
DSC thermograms, there is no evidence for micro-
morphological transition of 100r0 ionomer up to
473 K.

There are indications that the temperature of mi-
cromorphological transition, regarding PU rPU1 2

ionomer blends, should be related directly with the
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length of the macromolecules of the PU , PU com-1 2

ponents. A smaller length of the macromolecules,
regarding one or both components of the PU rPU1 2

blends, should result in a shift of the microphase
separation transition of the PU rPU ionomers1 2

blends to lower temperatures. This point needs fur-
ther investigation.

The direct current conductivity, s , of thedc

ionomers PU rPU is correlated directly with the1 2

temperature difference between the maximum of the
MWS and a peaks of the TSDC thermograms,
DT sT yT . A smaller difference DT corre-1 MWS a 1

sponds to a higher value of conductivity s . Thedc

temperature difference DT seems to be a reliable1

criterion in order to compare the s conductivitydc

among ionomers. At a temperature region not much
higher than the respective MWS peaks, it is expected
that s of ionomers increases according to thedc

inverse increment sequence of DT . The difference1

DT could be considered as a measure of the dis-1

tance scale for the movement of the charges accumu-
lated at the softrhard interfaces for their neutrali-
zation. Lower DT would correspond to a lower1

distance scale and consequently, to a smaller dis-
tance between hard phase–soft phase–hard phase
interfaces, which implies lower degree of microphase
separation or higher phase mixing, due to the broad
distribution of size of the hard microdomains into the
continuous soft phase.

The formalisms of the dielectric function ´ ) ,
electric modulus M ) , and complex impedance Z)

of the AC dielectric spectroscopy, reveal the exis-
tence, with different weights, of the various mecha-
nisms of dipolar and conductivity relaxations. The
combined use of these three formalisms in complex
materials, and especially their imaginary parts, gives
the possibility to extract conclusions about the origin
and the characteristics of the various relaxation
mechanisms, as well as about the correlation of these
relaxations with the physical processes which take
place in the materials.
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