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Dielectric properties of the guest-host polystyrene/DRI1 system have been studied by
the AC dielectric spectroscopy method at frequencies from 1 Hz to 0,5 MHz and by
the thermally stimulated depolarization current (TSDC) method from — 160 to 0 °C.
The relaxation peaks at infra-low frequencies from 1075 to 1072 Hz were also
calculated using the Hamon’s approximation. Three relaxation processes, namely, a,
and o6 ones were identified from the TSDC peaks, while the ¢ "'(f) dependence showed
a non-Debye p-peak narrowing with temperature. The activation energy of the o
relaxation appeared to be 2,57 eV, while that of the yprocess was 0,52 eV.
Temperature dependence of the relaxation time is agreed with the Williams-Landel-
Ferry model. The ¢ "(f) peaks were fitted to Havriliak-Negami’s expression and the
corresponding distribution parameters were obtained.
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1. INTRODUCTION

Nonlinear optical polymers with huge chromophore molecules embedded in a
polymer matrix have prospects of wide application in modern optical devices
for the second harmonic generation (SHG), the optical parametric
amplification (OPA), the optical rectification (OR), etc. [1, 2], therefore
their stability and relaxation behavior are of the great practical and
theoretical interest.

It is known that the relaxation behavior of dye molecules in guest-host
polymer systems is related to the molecular motion in the polymer. From
another side, addition of a foreign substance to a polymer modifies its
relaxation behavior. These processes in nonlinear optical (NLO) polymers are
interrelated and both affect stability of the poled order. Therefore,
investigation of the relaxation processes can give information on the
chromophore dynamics and stability of the poled order.

In this paper we study a system obtained by doping atactic polystyrene
(PS) with disperse red 1 (DR1) dye molecules. Main transitions in PS are well
established [3]. The o-process is the glass-rubber transition observed near T,
temperature. The f-transition is seen at sub-T, temperatures from — 10 to

+ 60 °C, while y and & are cryogenic transitions at — 120 and - 230 °C
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correspondingly. The objective of this study was to find how doping affects
the relaxation processes in PS.

In the case of the AC dielectric spectroscopy in the frequency domain, a
relaxation process is seen as a peak at the ¢ "(f) curve [1]. To probe the range
of infra-low frequencies, Hamon [4] suggested a procedure for calculating the
&"(f) dependence from isothermal depolarization current curves. Valuable
information about relaxation processes can be obtained also from analysis of
the thermally stimulated depolarization (TSD) current peaks [5]. All three
methods were used in the present study. The AC experiments at T > T, were
supplemented by the TSD current measurements at sub-zero temperatures and
by Hamon’s transformation of isothermal currents in the range of
20 + 125 °C. Thus, the temperature range from — 160 to + 130 °C and the
frequency range from 10 ~° to 10 ~ 8 Hz were productively covered.

2. EXPERIMENTAL SETUPS

Atactic amorphous PS (M = 250 000) was obtained by purification of a
commercial resin. The 20 pm-thick samples with 2% of dye molecules were
prepared from a mixture of PS and DR1 dissolved in chloroform. It has been
found by the x-ray diffraction method that the polymer films were entirely
amorphous with the glass transition temperature of T, = 95 °C. Aluminum
electrodes of 2 cm? area were deposited on both surfaces of the sample by
the thermal evaporation in vacuum. The AC measurements were performed
by sweeping the frequency range from 1 Hz to 0.5 MHz at constant
temperatures from 90 to 130 °C, while the ¢ "(f) and ¢’ (f) dependencies were
measured by the impedance analyzer.

For TSD measurements, the samples were clamped between two electrodes

and poled at 300 V for 10 min. Then the samples were cooled to — 160 °C by
immersing them in liquid nitrogen with the poling field still applied. The
films were reheated at the rate of 3.5 °Cmin~! and the depolarization
current was measured. Isothermal currents at constant temperatures from
20 to 125 °C for Hamon’s transformation were measured after short
circuiting of the samples poled isothermally for about 104 s at 200 V.
There were four peaks on TSD curves (not shown here). In pure PS, the
peaks were seen at — 5, — 28, — 63 and — 137 °C, while in doped PS the
corresponding peaks were at — 15, — 30, — 61 and — 129 °C. Our results for
pure PS were in agreement with those presented in [6], the difference can be
accounted for different molecular mass and the heating rate. The peak at
the lowest temperature was attributed to the jy-relaxation, while the peak
near 0 °C was probably caused by the space charge, interfacial and/or
electrode processes (p-peak). The origin of the peaks around — 30 and — 60 °C
was not clear, but they were probably related to S-processes. Doping did not
change much relaxation processes at sub-zero temperatures, only some
quantitative effect was present. Increase of S-peaks at — 30 and — 60 °C was
in agreement with the reported data about partial responsibility of the pg-
relaxation for the poled order in the PS/DR1 system [7].

Real and imaginary parts of the dielectric constant in the frequency
domain have been measured for doped PS at constant temperatures from 30
to 130 °C (Fig. 1). The a-relaxation was seen as well defined loss peaks at
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T > T,. No much information can be obtained about behavior below T,.
Increase of &” with decreasing frequency for sub-T, temperatures can be
attributed either to the conductivity effect at low frequencies, or to be
considered as a high frequency part of the p-relaxation peaks positioned out
of the employed frequency range.

The loss peaks were analyzed in more details. It has been found that all
curves were much broader than the ideal Debye curve, indicating existence
of a broad distribution of relaxation times. Narrowing of the loss peak with
temperature showed that the distribution also becomes narrower indicating
that the PS/DR1 system is not thermorheologically simple [8], i.e. the
temperature-time superposition principle is not entirely valid for this range
of temperatures. This conclusion is in accord with the previously reported
data on comparison of isothermal and thermally stimulated processes in this
system [9] and with results presented in [10] about increase of the stretched
exponential coefficient while fitting the experimental second harmonic
generation decay to the KWW (Kohlrausch-Williams-Watts) equation.

From position of the peaks in Fig. 1 one can find the temperature
dependence of relaxation times in the rubber state. The experimental results
were well fitted to the WLF (Williams-Landell-Ferry) model applicable for
T > Tg. The values of the fitting parameters «T,) = 200 s, C; = 15, C3 = 50 °C,

T, = 86 °C appeared to be of the same order as those reported previously for
doped PS [10, 11].

As one can see from Fig. 1, the loss peaks are not symmetrical. For such
a case, an empirical Havriliak-Negami’s model is appropriate for fitting the
experimental data [12].

);
10 'k -
3 107°F .
10 °F .
10° 10" 10* 10° 10* 10°

Frequency (Hz)

Fig. 1 — Frequency dependence of the imaginary part of the dielectric constant in doped
PS at different temperatures.
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There were four fitting parameters, namelya, f, v and A¢ = ¢ — g4.. From
values of the « coefficient it was clear that with increase of temperature, the
experimental curves approach the theoretical Debye curve from the low
frequency side, while the high frequency side remains far from the ideal curve.
Values of a in pure PS were smaller than those in doped PS showing that the
doping makes distribution of relaxation times wider. The dielectric strength
Ae= 0.5+ 0.57 in doped PS was much higher than As= 0.04 + 0.045 in pure
polymer indicating that the increased value of the dielectric constant in doped
PS at low frequencies in comparison with pure PS indeed resulted from the
high dipole moment of the chromophore molecules, while presence of the dye
does not affect the value of the dielectric constant at high frequencies.

The AC dielectric spectroscopy allowed us to study relaxation processes
above T,, while the TSD current measurements were performed at sub-zero
temperatures. To cover the gap between these two temperature ranges, we
performed Hamon’s transformation of the isothermal currents [8] at
different temperatures from 20 to 125 °C in order to obtain the frequency
dependence of ¢ " at these temperatures. Hamon’s approximation is based on
assumption that the isothermal current density response is close to von
Schweidler’s equation i =i,t ~”. This dependence was actually observed in
our experiments. The results of calculations are shown in Fig. 2. To
facilitate analysis of the loss peaks, their amplitudes were normalized.

&/€ " max

90 °C
PS/DR1 125 °C
PS/DR1
0.4 L L L
10 10 3 10 ™% f(Hz)

Fig. 2 — Normalized loss peaks in doped PS at different temperatures calculated
from isothermal depolarization currents using Hamon’s approximation

It has been found that the peaks at all studied temperatures were shifted to
higher frequencies comparing to those for pure PS (not shown here) and
indicating that the relaxation time decreases with doping, so the dopant has a
definite plasticizing effect to the relaxation process characterized by the loss
curves. In order to see the origin of this relaxation, we plotted the temperature
dependence of the characteristic peak frequencies for the curves obtained by
Hamon’s approximation together with those measured by the AC spectroscopy.



RELAXATION PROCESSES IN NONLINEAR OPTICAL POLYMER 9

Results presented in Fig. 3 show that the two curves cannot be both
fitted in one model. The a-origin of the high temperature peaks is clear. As
for the Hamon peaks, they originate most probably from the pS-relaxation.
The f/T) dependence at sub-T, temperatures is close to the Arrenius
formula with the activation energy of 0.52 eV, while the WLF model is more
appropriate above Ty Our results are in agreement with the reported data
on the same system, particularly with the conclusion made in [9] about
efficiency of S-relaxation processes and with the data [10] proving validity
of the WLF model at T > T, and the Arrenius model at T' < T, obtained by
measurements of the second harmonic generation signal decay at different
temperatures. The activation energy was of the same order as that reported
for B- and y-processes [6, 9].
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Fig. 3 — Dependence of the experimentally measured (Ex) and calculated by Hamon’s
method (H) frequency corresponded to the maximum of the dielectric losses of the
PS/DR1 samples (1) and pure PS (2) at different temperatures (shown by figures near
curves). Results of calculations by Arrenius formula are shown by solid lines.

3. FINAL REMARKS

The dielectric behavior of pure and doped PS has been studied and
compared. Apart from conventional AC dielectric spectroscopy in a
frequency domain, we used TSD current measurements at sub-zero
temperatures and Hamon’s transformation of isothermal depolarization
currents in order to extend the ranges of studied temperatures and
frequencies and to probe not only the a-relaxation, but also other processes
characteristic for temperatures lower than T,. It has been shown that

presence of DR1 chromophore molecules affects the a-relaxation behavior of
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the host polymer in such a way that the distribution of relaxation times
becomes wider, the dielectric constant and the dielectric strength increases
and the dopant (DR1) shows a definite plasticizing effect. It has been found
that the PS/DR1 system is not a thermoreologically simple one, so that the
temperature-time superposition principle is not applicable for T > T,. At
infra-low frequencies and at sub-zero temperatures, the S-relaxation appears.
Although the p- processes are similar in both pure and doped PS, never-
theless some quantitative difference has been detected. The corresponding
TSDC and loss peaks in PS/DR1 samples were more prominent than in pure
PS. It is probable therefore that the S-processes in PS influence relaxation
behavior of the chromophore molecules at sub-T; temperatures. The data can
be used for estimation of thermal and temporal stability of polarization in
NLO polymers.
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Hierexkmpuuni eanacmusocmi cucmem noaicmipon-xpomogop DRI, 36’asanux no muny
«zicmu-zocnodap» Oyau eusueni memodom JiesleKmPUYHOl CneKmpocKonii Ha ywacmomax
6i0 1 I'y do 0,5 MI'y ma memodom mepmocmuMyLibo8aHol denoaspusauii 6 diana3oni
memnepamyp 6i0 — 160 do 0 °C. Penaxcauiiini niku Ha iH@PAHUILKUX uwacmomax 6
dianasoni 6id 10 =5 do 10 ~ 2 I'y 6yau makox pospaxosani y Habauxcenni Xamona. Tpu
penakxcayiilHux npouecu, a came: o, B ma O Oyau 6ua6AeHi 3 nikKie mepomo-
CMUMYAL08AHOL Oenonapu3auil, 6 moil yac Koau 3anexcunicms €' (f) mae nHedebaescvruil
pniK, AKUil 38yxcyemvca 3 memnepamypow. 3SHaildeHa enepzia axmusayii 0aa o
penarcayii, axa dopieHioe 2,57 eB, y moil camuii yac, Koau 011 y-npoyecy 60Ha cKaadae
0,52 eB. Temnepamypha 3auexcHicmb uacy peraxcayii 0o6pe y3200x#cyemvca 3 modennio
Binvamca-JIandeana-Peppi. Iliku sanexcrnocmi €' (f) cnisnadaiomv 3 pesysvmamamu,
obuucaenumu 3a 0donomozow cnigsiOnowenns I'aspunaxa-Hezami. Byau olepxcai
8i0no06idHi xapaxmepucmuxu po3nodiny.

Knwowosi cnoea: ITOJICTIPOJI, XPOMO®OP DRI, HEJIHIHHI OIITHYHI
ITIOJIMEPH, JIEJIEKTPHYHA CIIERTPOCKOIIIA.
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Ha uacmomax om 1Ty do 0,5 MI'y u memodom mepmoCcmMUMYIUPOBAHHOU
Odenonapusayuu 6 duanasone memnepamyp om — 160 do 0 °C. Penarxcayuonnble nuKu
Ha uH@paHuskux uacmomax 6 duanazone om 1075 do 10~ 2 TI'y Owliu marxice
pacciumanvl 8 npubauxcenuu Xamorna. Tpu perarxcayuoHnblx npoyeca, a uMeHHo: a, B
U O OblaU BbLABJEHbL U3 NUKOE MEePOMOCMUMYLUPOBAHHOU 0enoiApU3ayul, 8 mo 8pems
Kax 3aeucumocmv ¢''(f) umeem HedeGaesckuii pnukx, Komopwvlil cyxcaemcsa ¢
memnepamypoii. Haiidena sHepzus axmueayuu 048 Q-peiarxcayuu, KOmopas umeem
eeauduny 2,57 5B, 6 mo epemsa kak O0as y-npoyecca oHa cocmaéasem 0,52 3B.
TemnepamyprHas 3a6UCUMOCMb BPEMEHU PeSAKCAUUL XOPOULO COZAACYEMmCca ¢ M00enbio
Buavamca-JIandenna-Peppu. ITurku s3asucumocmu €' (f) coenadarom ¢ pesysvmamamu,
nonyueHHvlMu ¢ nomowvio coomunoouenus I'aspunaxa-Hezamu. Coomeemcmeywowue
xapaxmepucmuKu pacnpedenenus 6blaU NOJLYYEHbL.

Knioueevie cnosa: ITOJTHCTHPOJI, XPOMO®OP DR1, HEJHHEHHBIE OIITH-
YECKHUE IIOJIUMEPBHI, TUSJIEKTPUYECKAA CIIEKTPOCKOIIHA.
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