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Abstract

Thermoplastic polyurethanes with covalently attached nitroaniline chromophores exhibit a strong high-temperature relaxation associated
with a glass transition rather than the typical frequency-independent loss due to the aggregation of polymer chains via hydrogen bonds. This
relaxation behaviour suggests the formation of an amorphous structure without separation into soft-segment and hard-segment phases. In
such a structure, a field-induced orientation of molecular dipoles is stabilised by the high viscosity of the material below its glass transition.
The dipole orientation yields a pyroelectric effect caused by dipole-density changes upon thermal expansion and contraction.

The changes in phase separation are investigated by varying the chain length of the soft-phase component and studying its influence on the
calorimetric, dynamic-mechanical, and dielectrical properties. Good correlation was found between differential scanning calorimetry,
dynamic-mechanical analysis and dielectric spectroscopy as well as measured and calculated pyroelectric coefficients. This leads to a
uniform picture of the structural changes caused by the incorporation of nitroaniline chromophores into the polyurethane structure.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermoplastic polyurethanes (TPUs) are microphase-
separated systems composed of so-called hard- and soft-
segment phases. The latter phase consists mainly of poly-
ethers or polyesters and is less polar. It is usually mainly
amorphous; crystallisation can, however, occur if soft
segments of sufficient chain lengths are used. Furthermore,
a glass transition is observed within its amorphous portion.
A hard segment is composed of the diisocyanate component
and the so-called chain extender, a low-molecular-weight
diol. For particular chemical structures, the hard segments
are able to aggregate, forming separate microdomains with a
regular crystallite-like structure consisting of chain
segments aligned in parallel. The domains are stabilised
by hydrogen bonds between the NH group as donor and
the carbonyl of another urethane group as acceptor. The
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hard phase is more polar because of the parallel alignment
of the urethane dipoles [1].

Microphase separation is never complete because the soft
and the hard segments are covalently linked. However, its
degree can be adjusted over a wide range via the parameters
of synthesis and film preparation as well as by using differ-
ent hard-phase components or by varying the relative
lengths of soft and hard segments. Microphase separation
strongly influences the morphology as well as the mechan-
ical, thermal and electrical properties. Considerable work
has been done in this area. Recently, Georgoussis et al.
[2] studied phase separation in TPUs with metal chelates
incorporated in the PU chains. These systems are particu-
larly interesting as potential ionic conductors. In addition,
Georgoussis et al. [3] investigated molecular mobility and
phase separation in TPUs with crown ethers as chain
extenders. Their results suggest that the addition of crown
ethers promotes microphase separation. Related studies
with other chain extenders are reported by Savelyev et al.
[4] and by Pissis et al. [5].

In recent years, polyurethanes were also suggested and
studied as materials for piezo- and pyroelectrical applica-
tions. They are easier to process than the commonly used
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polyvinylidene fluoride (PVDF). Zhang et al. [6] reported a
very high electrostrictive coefficient, about two orders of
magnitude higher than that of PVDF, in a commercial poly-
urethane elastomer. Pyroelectricity was found in aliphatic
[7] as well as in aromatic [8] polyurethanes. It is assumed
that a field-induced orientation of urethane dipoles can be
stabilised or even a spontaneous polarisation be generated in
these materials through the formation of hydrogen bonds
between segments of different chains, as it was found in
odd-numbered polyamides [9].

Here, TPUs were synthesised with the chain extender
partly substituted by a strong molecular dipole in order to
increase the electric polarisation of the hard phase. The
length of the soft segments has been varied. Differential
scanning calorimetry (DSC), dynamic-mechanical analysis
(DMA), dielectric spectroscopy as well as pyroelectrical
measurements were employed to study the influence of
the resulting structural variations on molecular mobility,
phase separation, thermal stability and electrical
polarisation.

2. Sample preparation and experimental procedures

The chemical structures of the polyurethane components
are shown in Fig. 1. Polyoxytetramethylene (polytetrahy-
drofurane (PTHF)) forms the soft segment. The hard
segment is composed of 4,4’'-methylene bis(phenylisocya-
nate) (MDI) and of the chain extender butane-1,4-diol (BD
1.4), which is partly substituted by the OH-bifunctional
nitroaniline derivative bis-(2-hydroxyethyl)amino-4-nitro-
benzene (BHEANB). Together with the amino group as
electron donor and the nitro group as acceptor, the benzene
ring with its delocalised m-electron system forms a strong
dipole (A-m-D dipole) with a dipole moment of
8.5 = 0.4 D calculated by means of molecular modelling
with the AM1 module of the Spartan program package.
The BHEANB was synthesised from 4-fluoro-nitrobenzene

CH,~CH,-OH
CH,-CH,-OH
BHEANB

oo~~~ )-nco

MDI

HO~ CHy*CH,*CH,CH,-O-H
PTHF

HO-CH,-CH,-CH,-CH,-OH
BD-1.4
Fig. 1. Chemical components of the thermoplastic polyurethanes with

molecular dipoles. n = 15, 30 and 45 for PTHF 1000, PTHF 2000 and
PTHF 3000, respectively.

and diethanolamine in water. The reaction mixture was
refluxed for 8 h. The resulting yellow crystals were purified
by repeated recrystallisation from ethanol. The purity was
checked with chromatography. The substance was identified
with 'H and ">C NMR and by means of FTIR spectroscopy.

All components were carefully dried. MDI was freshly
distilled in vacuum before polyurethane synthesis. The
polyurethanes were obtained in a one-shot process in
dimethylformamide (DMF) solution by stirring for 3 h at
70 °C under nitrogen. Free-standing, yellow-coloured,
transparent films with thickness ranging from 20 to
110 pm were prepared from the solution by coating with a
doctor blade onto glass substrates. The films were annealed
for at least 1 h at 130 °C in order to evaporate the solvent,
then taken off the glass substrates by means of immersion in
de-ionised water, and finally dried in vacuum at 50 °C. The
films are thermally stable up to 250 °C as determined with
thermogravimetry.

Films based on PTHFs with molecular masses of either
1000 g/mol (PTHF 1000) or 2000 g/mol (PTHF 2000) or
3000 g/mol (PTHF 3000) and reference films without
nitroaniline dipoles were prepared. The molar composition
of the dipole-containing films is 1 mol PTHF, 17.34 mol
MDI, 8 mol BD1.4, and 8 mol BHEANB; that of the
dipole-free films is 1 mol PTHF, 6.12 mol MDI, and
5 mol BDI1.4. The resulting concentrations Nyg of hard
segments (HS) and Np of BHEANB dipoles are listed in
Table 1.

The DSC investigations were carried out in a Mettler-
Toledo DSC 821e over a temperature range from —30 to
250 °C with heating and cooling rates of 20 K/min. All DSC
measurements were repeated, only the second runs are
presented.

DMA measurements were performed with a Rheovibron
DDV-II-B, Toyo Baldwin, in tensile mode on film strips of
40 X 5% 0.2 mm® at a frequency of 3.5 Hz and a heating rate
of 2.0 K/min. All DMA measurements were taken on
as-prepared samples without any special pretreatment.

For electrical measurements, aluminium electrodes
(thickness 50 nm, electrode area A = 1.00 sz) were
vacuum evaporated onto both sides of the films. The dielec-
tric spectra were recorded in a temperature range from
—150 to +170°C and a frequency range from 20 Hz to
1 MHz with an HP 4284A precision impedance meter. As
with DMA, only as-prepared samples were used. The

Table 1
Relative concentrations of hard-segment phase Nys and BHEANB dipoles
Np in the films used for the present investigation

Soft segment Dipole-free; Nys (wt%) Dipole-containing

NHS (Wt%) ND (Wt%)
PTHF 1000 65.2 86.7 22.8
PTHF 2000 46.8 753 19.8
PTHF 3000 38.8 68.7 18.1
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samples were cooled or heated in a nitrogen-gas stream by
use of a Novocontrol cryosystem QUATRO. The data were
acquired as a function of frequency under nearly isothermal
conditions (AT, = 0.25K) and through a series of
ascending temperatures (5 K steps).

Pyroelectric coefficients were determined from quasi-
static pyroelectric measurements [10]. To this end, the
films were poled in a dc field E, at a constant elevated
temperature 7, for a time f, and subsequently cooled to
room temperature under field. Then the electrodes were
shorted through a Keithley 617 electrometer, and finally
the sample was exposed to a slow sinusoidal temperature
oscillation. The poling as well as the current measurement
was performed in dry nitrogen. A purpose-build sample
holder with low heat capacity was used together with the
Novocontrol cryosystem QUATRO. The experimental
pyroelectric coefficient p.,, — defined as the temperature
derivative pey, = (1/A)(dQ/dT) of the charge density Q/A
induced on the electrodes — can be calculated from the
total current through the film as

Jo sin 6
Pexp = .

Ty )]
Here, w and Ty are the angular frequency and the amplitude
of the sinusoidal temperature oscillation, respectively; Jj is
the amplitude of the current density, and 6 is the phase shift
between the oscillations of the total current and the tempera-
ture. The pyroelectric current is phase shifted by 6 = m/2
with respect to the temperature, whereas non-pyroelectric
currents due to relaxation and conduction are always in
phase with the temperature. Thus, the true pyroelectric
current can be well identified with this method.

DSC, DMA and dielectric spectroscopy are sensitive to
thermodynamic phase transitions such as melting and crys-
tallisation or the glass transition of the amorphous phase.
Shape, intensity and location of the signals that are
connected with these processes depend on the method and
on the experimental conditions, in particular the heating rate
and the frequency. Here, only qualitative comparisons are
made, quantitative comparisons would require a systematic
variation of these parameters.

3. Results and discussion
3.1. Differential scanning calorimetry

DSC thermograms of films based on PTHF 1000, PTHF
2000 and PTHF 3000 without and with BHEANB dipoles
are presented in Figs. 2 and 3, respectively. A step of the
heat flow at about 15 °C which is visible in all cooling
curves does not represent a polymer property. It is generated
by the equipment which does not allow for controlled cool-
ing below room temperature.

The peaks that are visible in the thermogram of the PTHF
3000-based dipole-free material are attributed to melting

| ———PTHF 1000, —— PTHF 2000, —+— PTHF 3000 |

— €X0

Heat flow
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Fig. 2. DSC thermogram of dipole-free films with different PTHF compo-
nents as indicated.

and crystallisation of hard segments (melting at 180—
220 °C) as well as within the soft phase (melting at about
+20 °C). Obviously, the melting of hard segments is not a
uniform process, which indicates a molecular-mass distribu-
tion within the hard phase. Furthermore, the chains of PTHF
3000 are sufficiently long so that partial crystallisation is
possible also in the soft phase. At shorter chain lengths
(PTHF 2000 and PTHF 1000-based films), this process is
suppressed: only a very small endothermal peak is visible in
the thermogram of the PTHF 2000-based film.

The dipole-containing films (Fig. 3) show quite different
behaviour. Melting of the PTHF crystallites is detected only
on the PTHF 3000-based film around 20 °C, but no melting
of hard-segment aggregates is found. Obviously, the incor-
poration of BHEANB dipoles sterically hinders the aggre-
gation of hard segments and produces an almost completely
amorphous material. Glass transitions can be observed at
96.8 °C on the PTHF 1000-based film and at 108.7 °C on
the PTHF 2000-based film.

3.2. Dynamic-mechanical analysis

Young’s modulus as well as the mechanical loss factor
tan 6 of films based on PTHF 1000, PTHF 2000 and PTHF
3000 without and with molecular dipoles are presented in

- —e— PTHF 1000, —— PTHF 2000, —— PTHF 3000 |

exo
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Fig. 3. DSC thermogram of dipole-containing films with different PTHF
components as indicated.
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Fig. 4. Temperature dependence of Young’s modulus (solid symbols) and
of the mechanical loss factor (open symbols) at f = 3.5 Hz for dipole-free
TPUs with different PTHF components as indicated.

Figs. 4 and 5, respectively. The modulus of the dipole-free
PTHF 3000-based TPU clearly shows three steps accompa-
nied by the corresponding maxima of the loss factor. The
first step at about —75 °C is attributed to the glass transition
within the soft phase. The second step at about —20 °C
stems from melting of crystallites formed by the PTHF.
The third step at about 150 °C is attributed to melting of
well-ordered hard-segment domains. In the dipole-free
PTHF 2000-based film, the glass transition within the soft
phase becomes broader and the crystallisation process
within the soft phase is less pronounced. The dipole-free
PTHF 1000-based film shows only a faster decay of the
modulus above —50 °C, but no glass transition and no melt-
ing of crystallites within the soft phase can be recognised.
Obviously, the PTHF chains are so short and the hard-
segment content is so high in this case (cf. Table 1) that
these processes are suppressed.

The dipole-containing PTHF 3000-based TPU (Fig. 5)
also shows the glass transition of the soft-segment phase
(modulus step at about —70 °C) and the melting of PTHF
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Fig. 5. Temperature dependence of Young’s modulus (solid symbols) and
of the mechanical loss factor (open symbols) at f = 3.5 Hz for dipole-
containing TPUs with different PTHF components as indicated.
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Fig. 6. Temperature dependence of the permittivity (solid symbols) and of
the dielectric loss (open symbols) at f = 2.0 kHz for dipole-free TPUs with
different PTHF components as indicated.

crystallites (modulus step at about —10 °C). In contrast,
these processes are not found on the PTHF 2000- and
PTHF 1000-based dipole-containing films. Their moduli
remain nearly constant up to a pronounced relaxation with
loss peaks at 104 and 91 °C, respectively. Obviously, this
relaxation corresponds to the glass transition found in DSC.
Furthermore, particularly the PTHF 3000-based film does
not show a drop of the modulus above 150 °C, i.e. no melt-
ing of any hard-segment domains. The plateau modulus
above the glass transition is caused by stable entanglements.
These features indicate a mixed phase structure similar to a
block copolymer without phase separation.

3.3. Dielectric spectroscopy

The permittivity €’ as well as the dielectric loss €” of
dipole-free and of dipole-containing films are shown in
Figs. 6 and 7, respectively. On the dipole-free films, the
development of phase separation is clearly visible. The
permittivity of the PTHF 3000-based dipole-free film
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Fig. 7. Temperature dependence of the permittivity (solid symbols) and of
the dielectric loss (open symbols) at f = 2.0 kHz for dipole-containing
TPUs with different PTHF components as indicated.
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shows two steps around —65 and 20 °C which indicate the
glass transition within the soft phase and the melting of
crystallites formed in the soft phase, respectively. Accord-
ing to the Kramers—Kronig relations, the steps in €’ are
accompanied by maxima of €”. An additional loss maxi-
mum occurs at about —100 °C. Similar, but not so well
pronounced steps of €’ in the spectrum of the PTHF 2000-
based dipole-free film indicate that the glass transition
within the soft phase and the melting of soft-phase crystal-
lites still occur, whereas the PTHF 1000-based TPU exhibits
only gradual increases of €' and €” in this temperature
range, which indicates that these processes are suppressed,
as already found with DMA.

The PTHF 3000-based dipole-containing film shows a
similar behaviour as its dipole-free reference film. As also
seen with DMA, the glass transition within the soft phase is
even more pronounced. Furthermore, the melting of PTHF
crystallites is clearly detected. It is shifted to higher
temperatures compared to DMA because DMA was carried
out at a much lower frequency than dielectric spectroscopy.
Therefore, in DMA all relaxation processes appear at signif-
icantly lower temperatures, and the temperature shifts
depend on the particular temperature dependence of the
relaxation time.

The dielectric spectra of the PTHF 2000- and PTHF
1000-based dipole-containing films look quite different.
First, €’ and €” are significantly lower at temperatures
where the glass transition within the soft phase and the
melting of soft-phase crystallites of the PTHF 3000-based
films occur. In the PTHF 2000-based film, only a weak
PTHF-crystallisation process is detected as a flat step of
€' at about 20 °C. Second, a strong relaxation is present
with loss maxima at 143 and 130 °C and corresponding
steps in €’ of about 5 and 12, respectively. Obviously, this
relaxation corresponds to the earlier-described mechanical
loss-factor maximum found with DMA at 104 and 91 °C as
well as to the glass transition recorded with DSC at 109 and
97 °C, respectively.

For a more detailed analysis of the new high-temperature
relaxation process, the permittivity is fitted with a
Havriliak—Negami (HN) function:

A€

[+ Gan P = ?

€(w) =
with w = 27f, A€ the relaxation strength, 7 the relaxation
time, « and B the shape parameters describing the width
and the asymmetry of the loss maximum, respectively,
and €, the unrelaxed permittivity. The result is presented
in Fig. 8. It was obtained after subtracting a conductivity
term of the form €’ = [oy/(eyw)]", were o and n are fit
parameters and €, is the permittivity of free space. The
relaxation parameters obtained from the HN fits are given
in Figs. 9 and 10. The following features of this relaxation
are visible:

1. The relaxation strength is relatively high (above 10).
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Fig. 8. Isothermal plots of the high-temperature loss maximum of the
dipole-containing PTHF 1000-based TPU at temperatures from 110 to
165 °C in steps of 5K (symbols) together with Havriliak—Negami fits
(solid lines).

2. The loss maximum is asymmetric, and it narrows with
increasing temperature.

3. The relaxation time obeys the Vogel-Fulcher—
Tammann—Hesse (VFTH) law:

3)

a
T=1TyexXp———,

0 €Xp T—Ty
where 7, is a reciprocal frequency factor, T, the activa-
tion temperature and 7y the Vogel temperature.

These features are typical for a segmental relaxation
associated with the glass transition in amorphous polymers.
The dynamic glass-transition temperature is defined as the
temperature where the relaxation time is 100 s [11]. The
extrapolation of the straight line in Fig. 10 to 7= 100s
gives T, = 79.4 °C. Even though this value is lower than
expected from the DSC measurements, it can be concluded
that the high-temperature relaxation is related to the onset of
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Fig. 9. Temperature dependence of the parameters A€, €, o and 3 of the
Havriliak—Negami fits shown in Fig. 8 (dipole-containing PTHF 1000-
based TPU). The lines are only given in order to guide the eyes.
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Fig. 10. Vogel-Fulcher—-Tammann—Hesse plot of the parameter 7 of the
Havriliak—Negami fits shown in Fig. 8 (dipole-containing PTHF 1000-
based TPU).

co-operative segmental motions of polyurethane chains with
incorporated BHEANB dipoles in an amorphous environ-
ment.

The low-temperature relaxation (loss maximum at about
—100 °C) has not been investigated in detail. It was found
on all films regardless of whether they contained BHEANB
dipoles or not. Because of its temperature range, it can be
identified as the 7y relaxation associated with motions of
(CH,), sequences [12].

3.4. Pyroelectrical measurements

The dielectric-spectroscopy results suggest that the
dipole-containing PTHF 2000- and PTHF 1000-based
films may be dipole electrets after poling above the glass-
transition temperature and subsequent cooling down. In
particular, they should be pyroelectric due to BHEANB
dipole-density changes upon thermal expansion and
contraction [13].

A typical pyroelectric measurement on a PTHF 1000-
based dipole-containing film is presented in Fig. 11. The
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Fig. 11. Sinusoidal temperature oscillation and pyroelectrical current of a
PTHF 1000-based dipole-containing film. For further explanations see text.

film was poled at £, = 30 MV/m and 7, = 100 °C for £, =
30 min. The measurement was carried w1th w=0.0175s"
and T, = 1.0 K at a mean temperature of 25 °C. The current
is almost exclusively pyroelectric (phase shift 6 = /2).
With Eq. (1), a pyroelectric coefficient of pey, =
1.3 MC/(m K) is determined.

The pyroelectric coefficient of a dipole electret can also
be calculated theoretically with an equation for the total
polarisation P that was first derived by Mopsik and Broad-
hurst [14] on the basis of the Onsager cavity model:

€, T2
3

P= Npuicos O), 4
where Np is the dipole concentration, w the permanent
dipole moment, and {cos ) is the average tilt of the dipole
moments. The pyroelectric coefficient is defined as p =
dP/dT = d(Q/A)/dT. Since the change in electrode area is
difficult to determine, we use the experimental pyroelectric
coefficient pey, = (1/A)(dQ/dT). Evaporated electrodes of a
free-standing film deform with the film upon heating and
cooling. Thus, differentiating and neglecting the term with
d{cos ®)/dT, one obtains:

€, T2

Pep = —3 aP, (%)

where « = (1/L)dL/dT is the coefficient of linear thermal
expansion and L is the film thickness. The polarisation is
calculated from the dielectric strength Ae and the poling
field as follows:

P=g¢ AeEp. (6)

The linear thermal-expansion coefficient can be determined
from the slope of the displacement versus temperature
below the glass-transition temperature in DMA: a value of
a=25%10"*K' is found. The other quantities follow
from dielectric spectroscopy. With Ae = 11.6 (100 °C),

=54 and E,=30MV/m, a polarisation of P =

3 1 mC/m> and a pyroelectric  coefficient of pey, =

1.9 MC/(m K) are calculated. With the improved relation
€, +2 2

peo = (57— 5 Jar )

suggested by Winkelhahn et al. [15] who took the affine
motion of the dipoles with the deforming matrix upon
compressmn or expansion into consideration, pey, =
1.6 MC/(m K) is calculated which is even closer to the
directly measured value. Thus, it is concluded that the pyro-
electric effect is mainly caused by BHEANB dipole-density
changes upon thermal expansion and contraction. Unfortu-
nately, higher poling fields were not possible because of
electrical breakdown. The relatively low electrical break-
down strength is probably related to a high ionic conductiv-
ity at elevated temperatures [8].

After Eq. (4), the maximum possible dipolar polarisation
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(saturation polarisation) is given by

+

Psat = %ZND/J” (8)
which means perfect dipolar orientation, the film being one
macro-domain. The dipole concentration can be calculated
from the molecular masses of the TPU components, the
molar composition (see above) and the sample density
(1020 kg/m*). With Np = 6.08 X 10°* m™® (for PTHF
1000-based material) and w=2.84x10"% Cm (8.5D),
we find Py =43mC/m’ and p,, = 26.3 pC/(m” K).
Thus, only 7% of the polarisation theoretically possible at
saturation are achieved before electrical breakdown.
Finally, the temporal stability of the pyroelectric coefficient
was checked. An exponential decay with a half-life of 2.9
days was found.

On the PTHF 2000-based films, a pyroelectric coefficient
Of peyp = 1.4 pC/(m* K) was detected for T, =110°C and
otherwise identical poling conditions. Here, the polarisation
is significantly lower (cf. Fig. 7: Ae = 6), but the dipole
mobility and thus the change in polarisation upon thermal
expansion should be higher. As expected, no pyroelectric
activity was found on the PTHF 3000-based film at room
temperature (poling at 190 °C, 10 MV/m, 30 min) because
there is no relaxation which can be frozen in. This supports
the results of the other experiments presented above.
Furthermore, it indicates that the urethane dipoles do not
contribute significantly to the observed polarisation and
pyroelectricity, even though their individual dipole
moments are 2.0 D (dipole moment of the isolated urethane
group calculated by means of the AM1 module of the Spar-
tan program package) and their concentration is about four
times higher than that of BHEANB. Probably, the urethane
dipoles cannot rotate freely because they are parts of the
polyurethane chain and also because they are linked to
each other via hydrogen bonds.

4. Summary and conclusions

DSC, DMA, dielectric spectroscopy and quasistatic
pyroelectrical measurements have been employed for the
investigation of phase separation and dipole orientation in
films of TPUs with covalently attached nitroaniline dipoles.
The molecular weight of the PTHF which forms the soft
phase has been varied. The four methods give a clear and
uniform picture of the processes going on at the molecular
level.

A formation of hard-segment domains takes place in all
dipole-free films. In addition, the PTHF 3000-based film
shows melting and crystallisation as well as a glass transi-
tion within the soft phase. The other dipole-free films have
obviously so short PTHF chains and so high hard-segment
content, that these processes are partly (PTHF 2000-based
films) or entirely (PTHF 1000-based films) suppressed.

In all the dipole-containing films, the hard segments do

not aggregate. These films show a mixed phase structure
similar to a block copolymer rather than the typical phase
separation of TPUs. Furthermore, a high-temperature glass
transition was found in the PTHF 2000 and PTHF 1000-
based films. It is associated with a pronounced segmental
relaxation, its strength is mainly determined by the dipole
moment and the concentration of the BHEANB dipoles.
This relaxation can be used to render the film pyroelectric
at room temperature by electrical poling. The magnitude of
the pyroelectric effect is of the same order as in other amor-
phous dipole electrets. It can be calculated by use of data
obtained from DMA and dielectric spectroscopy. However,
poling is not very efficient. Probably, the size of the
BHEANB dipoles is too large and/or they cannot be suffi-
ciently stabilised by freezing only. In addition, the electrical
breakdown strength of the films is not sufficient for more
efficient poling.

Higher and application-relevant pyroelectric coefficients
can only be expected for phase-separated structures with a
non-vanishing net dipole moment of the hard-segment
domains. A variation of the chemical structure is only one
way to achieve this. Equally important are physical methods
of generating ordered supramolecular structures like anneal-
ing and stretching which were very successfully applied to
render polymers like PVDF and odd-numbered polyamides
ferroelectric.
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