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Abstract

After thermal poling, pyroelectricity and a pronounced dielectric hysteresis have been observed on films of a poly(vinyl alcohol)
with azobenzene-alkoxy side chains (Az-PVA). Based on dielectric spectroscopy data and structural information from differential
thermal analysis, the pyroelectricity can be explained with reversible dipole—density changes during thermal expansion, whereas the
dielectric hysteresis is proposed to result from the polarisation caused by charge carriers, probably ions. These findings are also significant
for the interpretation of dielectric hysteresis measurements on other polymer-electret maget@®@ Elsevier Science Ltd. All rights
reserved.
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1. Introduction However, the microscopic processes which cause the pyro-
electric activity in polymers depend strongly on chemical
Pyroelectricity in polymers with oriented molecular structure, molecular conformation and morphology. Pyroelec-
dipoles has been investigated for more than 20 years. Intricity may arise from the libration of molecular dipoles or
these studies, relaxation processes and the nondestructiveipolar domains and from dipole-density changes during
probing of spatial polarisation distributions were of particu- thermally induced expansion or contraction of the material.
lar interest (see e.g. Bauer [1]). Furthermore, pyroelectric In semi-crystalline polymers, reversible changes of crystal-
films of PVDF and PVDF-TrFE have been successfully linity as well as trapped charge carriers may also contribute
employed in infrared detectors and other device applica- to the pyroelectricity [7].
tions; pertinent reviews were provided by Xiao and Lang  We studied a side-chain polymer based on a poly(vinyl
[2] and Coufal and Mandelis [3]. Recent developments in alcohol) with azobenzene-alkoxy side groups. Together
the field of pyroelectric polymers and their applications with oxygen as electron donor and the carboxyl group as
have been reviewed by Bauer and Lang [4] and by Bauer electron acceptor, the azobenzene unit forms an-B-

[5]. dipole. Our aim was to investigate the contributions of the
Polymers with azobenzene-containing side chains haveA-x-D-dipoles to electric polarisation and to pyroelectri-
attracted considerable interest as candidates for nonlinearcity. To this end, we determined the pyroelectric coefficient
optical applications [6]. Together with donor and acceptor as well as the polarisation charge and its temperature and
groups that are linked by its delocaliseeelectron system,  frequency dependencies by means of quasi-static pyroelec-
the azobenzene group forms a strong dipolert®-dipole). tric measurements [8], dielectric hysteresis experiments,
The known aggregation tendency of azo-chromophores mayand dielectric spectroscopy, respectively. We interpret the
lead to the formation of dipolar domains with enhanced results with the help of micro-structural information mainly

dipole moment. Therefore, azobenzene-containing polymersobtained from differential scanning calorimetry. A combi-
are interesting materials also for pyroelectrical investigations. nation of dielectric spectroscopy and thermal analysis has

been already successfully employed in similar investiga-
m author. Tel.: +49-331-9771456: Fax: +49-331-9771490: tions of other polymers containing strong molecular dipoles
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— CH, CH CH, CH— by coating the solution on a Teflon plate and separating the
I | dried solid film from the plate by means of submersion into
‘,) OH distilled water. The as-prepared films are transparent and
€c=0 reddish coloured. The thickness of the films was roughly

determined by means of weighing assuming a density of
1.0 g cm®. In addition, the thickness was checked with a
laser displacement meter based on triangulation (Keyence
LD-2500). The thickness data are accurate within20%.

3.2. Differential scanning calorimetry (DSC)

o)==

DSC measurements on the Az-PVA films were performed
(C'H ) with a Perkin—Elmer DSC 7 in the temperature range from

2 10to 210C. The heating and cooling rates were 20 K ritin
CHy

Fig. 1. Chemical structure of Poly[(vinyl-h-dodecyloxyazobenzene-4-  3.3. Thermal poling
carboxylate)-co-(vinyl alcohol) 1:1] (Az-PVA).

Since the as-prepared polymer is isotropic, a preferential
dipole orientation and thus also pyroelectricity was
achieved by means of thermal poling. A dc field of at
most 75 MV m* was applied vertically to the plane of
the film at 180C for 30 min. Subsequently, the samples
were cooled to room temperature under the field with a
rate of — 5K min~*. Thermal poling was performed
under dry nitrogen atmosphere.

2. Sample material

Poly[(vinyl-4'-n-dodecyloxyazobenzene-4-carboxylate)-
co-(vinyl alcohol) 1:1] (Az-PVA) (Fig. 1) has been synthe-
sised by Einhorn esterification of a commercial poly(vinyl
alcohol) (molecular mass 72000g mal degree of
polymerisation 1600) and’<h-dodecyloxyazobenzene-4-
carboxylic acid [11].

The maximum degree of esterification is 85%, as calcu-
lated from elemental analysis. The azobenzene-alkoxy side3.4. Pyroelectric measurements
chains are statistically distributed. Without excitation, the
azobenzene A=D dipoles generally assume the trans (E) Pyroelectricity is the reversible change of the sponta-
conformation. The dipole moments of the E and Z confor- neous or induced polarisatiéhwith temperature. If a pyro-
mations of the dipolar unit are 4.9 and 2.4 D, respectively. electric material, sandwiched between metal electrodes and
They were calculated by means of a restricted Hartree—Fockshorted through a sensitive electrometer, is exposed to a
method, using the semi-empirical molecular orbital package slow sinusoidal temperature oscillation, the pyroelectric
(MOPAC) version 6.0 with the Austin model (AM1) currentlpis given by:

Hamiltonian. The mean error of the dipole moments , _
calculated with this method is 0.4 D [12]. lp = Ap(T)w Tocowt) @)

The melting point, as determined with differential whereT, is the amplitude and> the angular frequency of
scanning calorimetry (DSC) on powder is 287 The loss the temperature oscillatiomd is the electrode area and
of mass, measured by means of thermogravimetric analysisp=dP/dT is the pyroelectric coefficient. The measurement
(TGA), is approx. 1% up to 16C and increases to approx. ©of this current is known as the quasistatic pyroelectric
1.5% up to the melting point. A pronounced thermal degra- method [8]. It should be noted that in reality, the tempera-
dation takes place at temperatures above’@8The ther- ture derivativepe,, = (1/A)(dQ/dT) of chargeQ induced on
mal stability of the material was also checked with infrared the sample electrodes is detected and that the electrode area
spectroscopy. In the infrared spectrum, after annealing of is presumed to be temperature independent.
the material in air at 18C for 20 min, there is no indication Nonpyroelectric current contributions can be eliminated
of any changes in the chemical composition. on the basis of the phase shift between total current and

temperature. The pyroelectric coefficient is then calculated
from the amplitude of the pyroelectric current according to

3. Experimental details Eq. (2).
Typical experimental parameters were a modulation fre-
3.1. Sample preparation guency off = 6.7 mHz, a modulation amplitude dfy =

1.0 Kand a mean temperatureTof 25.0°C. The sinusoidal
The samples were obtained by casting a 2% chloroform temperature variation was achieved with a flow of cooled
solution of the Az-PVA on aluminium-coated glass or nitrogen gas and a fast heater, both controlled with the
stainless-steel substrates. Free-standing films were preparetlovocontrol Cryosystem Quatro. The current was measured
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T . T y T T 3.6. Dielectric spectroscopy

] Frequency-domain dielectric spectroscopy was carried
out in a frequency range from 32 mHz to 100 kHz and in

| hea.tllrjg i a temperature range betweef05 and+-155°C (first series
g L ST ] 4 of measurements) and from 3 mHz to 300 kHz between 120
AN S and 180C (second series of measurements) with a Schlum-
ST cooling W i berger 1260 impedance analyser and a Chelsea dielectric
Tl \ - interface. The samples were heated in a nitrogen gas stream
by use of the Novocontrol Cryosystem Quatro. During
i T a measurement, the temperature was kept constant within
. L . . . . . L + 0.1 K. The measurements were performed on free-
0 50 100 150 200 standing films (thickness 2@m) pressed between disc-
Temperature / °C shaped gold electrodes (area (7:07.01) cnf).
Fig. 2. DSC thermogram of the Az-PVA film; —, first cycle; - - -, second
cycle; - - -, third cycle. After the second heating, the sample was rapidly . .
cooled down to liquid nitrogen temperature. 4. Results and discussion

with a Keithley 617 electrometer. Further experimental 4.1. Thermal analysis
details are reported elsewhere [13]. In general, the measure-

ments were carried out on 2/0n thick films deposited on A typical DSC thermogram (three runs) of the film is
aluminium-coated glass plates and coated with a rectangularshown in Fig. 2. After the second heating run, the sample
aluminium top electrode (electrode area#8.5) mnt). was rapidly cooled with liquid nitrogen. Apart from the
melting and crystallisation peaks, the temperature-depen-
3.5. Dielectric hysteresis measurements dent variations of the specific heat are small. The latent

heats for melting and crystallisation are almost equal and

A polarising field, sinusoidally varying at a frequency of do not change significantly upon repeated heating and cool-
3.0 mHz, was applied to the sample by means of a bipolar ing. After the first melting, the features at temperatures
high-voltage power supply (FUG HCB 6500) whose output below the melting peak that are visible in the first heating
was controlled with a waveform generator. The current run disappear. The heat of crystallisation is approximately
response was measured with a HP 3458A multimeter in 11 J g*. A comparison to the corresponding value of 140 J
the current mode on free-standing films (@0-thick) g~ ! for poly(ethylene terephthalate) with 35% crystallinity
with evaporated circular aluminium contacts (area (100 [14] indicates that the crystallinity of the present material is
0.01) cnf). For the experiment, the samples were pressed low. A distinct glass transition was not found. Therefore, it is
between disc-shaped nickel-silver electrodes. The temperaassumed that the amorphous part of the film material remains
ture was adjusted by heating the whole arrangement in a dryin the glassy state until the melting region is reached.
nitrogen atmosphere and was kept constant withi.5 K

during each measurement. 4.2. Electrical and pyroelectrical measurements
16 ——————————— 203 From current—voltage characteristics, the dc conductivity
141 . . ) of the films was found to be betweenT6and 10°*S m™*
RPN — s L. PO 115 @ at room temperature. The conduction current is thermally
= ALt . =3 activated with an activation energy of (0.86 0.09) eV,
% 1.0+ ‘ 8 determined in the temperature range of 60—-C3(At ele-
G 08 . 1108 vated temperatures, it is influenced by the annealing process
206l g: which leads to considerably lower currents and probably
P " 2 also to higher activation energies. Up to now, these features
8- 04} . 1052 have not been investigated in detail.
0.2} " 0O In Fig. 3, the pyroelectric coefficient and its phase angle
oolL=* " , ‘ \ , , , 0_0§ are presented as functions of the poling field. The poling-
0 10 20 30 40 50 60 70 80 =

field dependence of the pyroelectric coefficient deviates
Poling field / MV m™ from the expected behaviour of amorphous glassy polymers.

Fig. 3. Poling field dependences of the phase-angle difference between totaIAS proposed by MOPSIk and Broadhurst [15]’ the perEIeC_

current and temperature, as well as of the pyroelectric coefficient at room tric a_Ct'V'ty of such pOIYmerS IS mamly caused by dlpple-
temperature; poling parametefg, = 180°C andtpy = 30 min: parameters density changes upon thermal expansion and contraction. In
of the sinusoidal temperature variatidn= 6.7 mHz andl; = 1.0 K. this case, proportionality between the pyroelectric
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Fig. 4. Bipolar current—voltage loops at different temperatutgst20C;
A, 140C; O, 160C.
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obtained with a sinusoidally varying voltage at the tempera-
tures indicated. No hysteresis loop has been observed below
80°C within the ranges of cycling frequency and electric
field possible without electrical breakdown.

It is obvious that two distinct polarisation processes con-
tribute to the observed current. Furthermore, the capacitive
contribution is negligible and the conduction is ohmic as
long as the field is not too high. The conductivities
determined from the ohmic part of the conduction currents
agree very well with the values calculated from the conduc-
tivity parameters given above. Therefore, it makes sense to
separate the contributions of the induced polarisation pro-
cesses from the capacitive and conduction components. The
saturation polarisation at temperatures above@2¢ then
determined to be between 0.2 and 0.3 C°m

Using the Onsager cavity model, Mopsik and Broadhurst
[15] derived an equation for the total polarisatiBrin an
electret material with molecular dipoles:

coefficient and polarisation can be expected. The polarisa-

tion, and thus also the pyroelectric coefficient should follow
the Langevin function. Experimentally, the pyroelectric
coefficient tends to saturate at high fields, but there are
marked deviations from the expected slope at low fields.

The time stability of the pyroelectric response in the same
material was investigated by Brehmer et al. [16]. At room
temperature, no significant decrease of the pyroelectric
activity was observed over a period of 300 days.

4.3. Dielectric hysteresis measurements

Since Az-PVA contains strong molecular dipoles, it
should be examined whether it exhibits ferroelectric hyster-

esis behaviour in the sense that the cooperative reorientation

of ordered dipoles is only possible above a certain electric

_8064-2
)

wheree., is the unrelaxed relative permittivity of the sample
material, Np the dipole concentrationy the permanent
dipole moment, and< cos® > is the average tilt of the
dipole moments. With this equation, the maximum dipolar
polarisationPg (all dipoles are fully aligned along the field
direction) can be estimated from the number densities and
the effective dipole moments of the intrinsic dipolar groups.
It is assumed that the polarisation stems mainly from the
A-7-D dipoles and from hydroxyl groups, therefore:

Npp{coD) )

p_ Eot+2

. ®)

(Nown pon + Nazp pa-rD)

field strength and that there is a remanent polarisation atWhereNon andNa .o are the dipole number densities and

zero field.

pon and pa.p the dipole moments of the OH and AD

The hysteresis measurements were performed at severafliPoles, respectively. The dipole concentrations are calcu-
temperatures. Fig. 4 shows typical current—voltage loops lated from molecular mass, degree of esterification and sam-

$S0| oLo8)8Ig

Fig. 5. Dielectric loss spectrum of Az-PVA,; frequency range 32 mHz to
100 kHz, temperature rangel05 to+155C.

ple density (1.0 g cr’). The dipole moment of the A-D
dipoles in their trans conformation has been calculated with
molecular modelling aga...0 = 4.9 D (see above). For the
OH group, a dipole moment ooy = 1.67 D is found

in the literature [17]. Withe,, = 1.8 (see below)Noy =
2.40x 10 m—2andN,.,.p = 1.36X 10" m~3, a maximum
polarisation ofPs = 3.0 X 107 C m~?is calculated, which

is about one order of magnitude smaller than the experimen-
tally determined values such as e.g. 0.27 Cmt 140C.

This discrepancy clearly shows that processes of dipolar
origin cannot be the main cause of the large polarisation
measured. The large experimental polarisation values can
only be understood as an effect of charge accumulation at
internal boundaries. It should be noted that the current satu-
rates already at relatively low fields of approx. 10 MV n
whereas a dipolar current would usually saturate at much
higher fields. The same argument applies in a reverse man-
ner to the field dependence of the pyroelectric coefficient
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Fig. 7. Real and imaginary parts of the complex permittivity vs frequency at
Fig. 6. Arrhenius plot for the high-frequency relaxation; , linear  different temperaturesp, A, 120°C; O, W, 140C; V,V, 160C; O, ®,
regression, correlation factor 0.998. 18C°C.

(Fig. 3). Therefore, it can be concluded that the pyroelectric
effect in the sample material is not related to the main relaxation exhibits an Arrhenius-like temperature depen-
component of the polarisation observed in the hysteresisdence with an activation energy of (1.100.05) eV (Fig.
measurements. 6). Hence, it represents a noncooperative process. More
An ionic polarisation charge seems to be more likely than detailed measurements above X20eveal an additional
an electronic one. The current—voltage traces of Fig. 4 arerelaxation between the low- and the high-frequency relaxa-
practically independent of polarity which means that the tion (‘intermediate-frequency’ relaxation, Fig. 7). The low-
polarisation charge is intrinsic and that injection can be frequency relaxation appears as a distinct loss maximum
excluded. From a chemical point of view, it is possible only at 180C. As required by the Kramers—Kronig relation,
that the sample material contains large ions. The salt pyr-it is accompanied by a ‘step’ ia’. At lower temperatures,
idinium hydrochloride is formed during the esterification the low-frequency relaxation is hidden by a strong disper-
process. It is difficult to remove this salt completely [18].  sion for which the frequency dependencies of the realgiart
Dielectric hysteresis curves with remanent polarisation and the imaginary pai” of the complex permittivity are
values of the same order as in our experiments were foundalmost perfectly parallel. Both;’ and¢” follow the same
also by Fukada et al. [19] and by Hattori et al. [20] in poly- function, given by the power lawi,~w", whereo . is the ac

ureas and were attributed to ionic impurities. conductivity. The exponent n was calculated as G:32.02
from the slope n- 1 of ¢'(w) or &”"(w) or from the frequency-
4.4. Dielectric spectroscopy independent ratios"/e’ = x"Ix' = cot(nr/2), where x

denotes the complex susceptibility. Parallel frequency
An overview of the dielectric loss spectrum (temperature dependences of' and &” are particularly well known for

range from — 105 to 1558C, frequency range from 32 mHz ionic conductors [21].
to 100 kHz) is shown in Fig. 5. Below room temperature,the  To obtain more information about the relaxation
dielectric loss” is rather low. There is only a flat dispersion parameters of the observed relaxation regions, three
with &”nax = 0.002. At room temperature, a permittivigy Havriliak—Negami (HN) functions for the relaxation pro-
of 1.8 is measured over almost the whole frequency rangecesses and a power law for the conductivity were fitted to
(not shown). Above room temperature, two relaxation the loss curve measured at 280(Fig. 8). The respective
regions are visible in Fig. 5: a ‘low-frequency’ and a relaxation strengthde’ obtained from the areas underneath
‘high-frequency’ relaxation. However, the low-frequency the HN curves as well as the respective maximum dielectric
relaxation appears only as a shoulder at the highest temperalossese”,.x Of the three relaxation regions are listed in
tures and lowest frequencies available. The high-frequencyTable 1. The frequency range of the low-frequency

Table 1
Maximum frequencies ., relaxation strengthae’ and maximum dielectric losse$,.« Of dielectric relaxation processes in Az-PVA at 18&s determined

from the Havriliak—Negami fits

frmax Ag’ £ max
Low-frequency relaxation 79 mHz 380 190
Intermediate-frequency relaxation 14 Hz 14 5.4

High-frequency relaxation 1.75kHz 0.65 0.22
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relaxation as well as the corresponding valuesief and angular frequency, is given by:

&"max at 180C cannot be explained with isolated or A

cooperative dipolar relaxations. The same is true for the B(w)=w8m805 (5)
intermediate-frequency relaxation. The present results indi- ) o

cate that these processes are related to charge carriers. It i¥heréeo is the permittivity of free space) the electrode

remarkable that two current maxima also appear in the hys-ar€&, andl the film thicknessB is also a function of tem-
teresis curves, which probably correspond to the low- perature. In the present case of a free-standing film clamped

frequency and intermediate-frequency relaxations. between two solid metal electrodes, the temperature
A distinct a relaxation which would indicate the onset of dependence a8 is given only by the temperature depend-

segmental main-chain motions, could not be detected. This€NCe Ofs... By means of the Clausius—Mossotti relation,
confirms the DSC results. However, on the basis of the £4(T) can be related to the thermal expansion coefficient:

present findings, the observed relaxation regions cannot beqe (5 4 2)(e,. — 1)
= (64

unambiguously attributed to molecular mechanisms. —— — 3 (6)

Further studies are necessary in order to clarify the unusual

dielectric behaviour. Differentiating B with respect toT and inserting d./dT
results in:

4.5. Determination of the maximum possible pyroelectric ~ 1dB |:(830 +2)(e — 1)] N )

coefficient from dielectric data BdT 3e.,

The values 0B, dB/dT ande.. are obtained from the experi-
mental results. Thugy may be calculated.

If the (low) crystallinity of the Az-PVA film is neglected,
its maximum possible pyroelectric coefficient can be
estimated as follows. The temperature dependence of the
susceptance at a frequency of 1 kHz and for temperatures
at which the low-, intermediate- and high-frequency relaxa-

If dipole libration is neglected the experimental pyroelec-
tric coefficient can be calculated from the dielectric data.
This also allows a determination of the degree of orientation
of the molecular dipoles.

Without dipole libration, the differentiation of Eq. (2)
yields a relation between the experimental pyroelectric

coefficientpe,, and the total frozen polarisatida [15]: i . e k
tions are frozen is shown in Fig. 9. The expected linear
Pexp= 8 + Zap (4) dependence is superimposed with the small relaxation pro-
3 cess mentioned at the beginning of the previous section.
where o = (1NV) X dV/dT is the coefficient of thermal ~ Nevertheless, the data can be fitted well with a straight
volume expansion for a film that can expand freely. Eq. (4) line. From the slope B/dT = 3.28 X 107'°S K™* of the
has to be slightly modified if film expansion is restricted [5]. regression line and from the valuesi® 3.39x 10°° S at
If the thermal expansion coefficient and the polarisation are T = 200 K and ofe.. = 1.79, a volume thermal expansion
known, the pyroelectric coefficient may be predicted. coefficient of = 1.73x 10~* K s obtained. Finally, on
The values of and ., can be obtained from the tem- the basis of Eq. (4) with the theoretical polarisation at
perature dependence of the dielectric susceptance at a suffisaturation,Ps = 3.0 X 107*C m™2, a maximum possible
ciently high frequency where all dipoles are immobile. In pyroelectric coefficient ope,, = 6.6 uC (m’K) ~* is calcu-
this case, the susceptanBe which is a function of the lated. Thisis a typical value for amorphous glassy polymers.

107k
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Fig. 9. Susceptance vs temperature at a frequency of 1kHz in the
Fig. 8. Dielectric loss at 18C (H) and Havriliak—Negami and conductivity low-temperature ranged) and linear regression from 173 to 303K,
fitting functions as well as their superposition (—). correlation factor 0.994 (—).
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At a poling field of 75 MV m™* a value OfPexp = 1.5uC It was already pointed out by Lines and Glass [7] that a
(m?K) ! is measured (cf. Fig. 3), which means that only charge-carrier polarisation in an inhomogeneous structure
23% of the saturation polarisation are reached. This corre-should also contribute to the pyroelectric effect because the
sponds to an average tilt angle 8f ® > = 77°. It can be thermal expansion coefficients of the crystalline and amor-
concluded that the thermal poling was not very efficient. phous phases are different. Hence, the relative change of
Unfortunately, higher fields were not possible because of distance between trapped positive and negative charges dur-
electrical breakdown. ing heating or cooling will differ from the change of the
sample thickness. There are indications that the crystallinity
of the sample material strongly depends on the conditions of
5. Conclusions preparation. Casted films which were dried slowly were not
fully transparent. It will be an interesting topic for further

On the basis of all experimental results, it is suggested research to study the dependence of the pyroelectric coeffi-
that the observed pyroelectric effect and the pronouncedcient on crystallinity. This might lead to greater insight into
dielectric hysteresis must be attributed to different micro- the molecular processes that are causing the observed
scopic mechanisms in the sample material. The observedunusual electric and dielectric behaviour of Az-PVA.
pyroelectricity indicates a field-induced orientation of the  The current—voltage dependences of Fig. 4, which impli-
A-7-D dipoles. However, the observed pyroelectricity is citly include time, can easily be transformed into ferroelec-
essentially a secondary one because it is very unlikely thattric-like hysteresis curves by integration. On the other hand,
the A-r-D dipoles can librate during heating. The dipoles if we define a ferroelectric as a polar material whose dipoles
are relatively large and rigid. Their long aliphatic tails as are intrinsic and can be reversed by application of a
well as the absence of a spacer between them and the maisufficiently large electric field, then ferroelectricity in this
chain will hinder any separate movement of the polar group. material is very unlikely for the above-mentioned reasons.
The DSC results, as well as the absence of a caataxa- Last, but not least, the present example demonstrates that a
tion in the dielectric spectrum point towards a mainly amor- ferroelectric-like hysteresis is necessary, but by no means
phous material that remains in a glassy state up to thesufficient for true ferroelectricity.
melting region. Because of these structural and thermal
peculiarities, the observed low efficiency of the thermal
poling and the reported high stability of the pyroelectric Acknowledgements
effect at room temperature can be expected.
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