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Abstract : As for amarphous polymers in the rubbery state, in addition to the dielectric @-relaxation
peak. a relatively sharp dielectric absorption peak was found in the frequency region below 107 Hz.
The relation between the dielectric relaxation frequency {f.) for each adsorption peak and the electric
conductivity for the DC conduction {0) caused by ionic remnants was found to be represented by the
empirical equation : =0, - {f.)". From the examination of this relation. it became clear that the dielec-
tric absorption found in the ultra low frequency region is attributed to the dielectric relaxation due to
the space charge polarization caused by the jump of fonic remnants in amorpheous polymers.

Introduction

It is well known that the smalt electric con-
duction of amorphous polymers used as in-
sulators is not electric but ionic and the ionic im-
purities remaining in those polymers act as elec-
tric charge carriers and that the jump of ionic
remnants from one trapped position to another
{hereafter ionic jump) is the fundamental mech-
anism of charge migration.'

From this point of view, it may be considered
that the ionic jump is closely related to the seg-
mental motion of polymer chains and that
nuuniformity of charge distributions vielded by
the transient ionic jump is responsible for the
space charge polarization which might take
place in the frequency region below 10" Hz. In
our previous work.” it was pointed out that the
remaining in poly
(PMMA) seemed to
cause the space charge polarization.

In this work. in order to elucidate further the
details of this phenomenon. in such amorphous
samples as PMMA, poly{vinyl chloride) {(PVAc)
and poly(bis-p-fluorophenoxy phoshazene)

jump  of ionic impurities

{methyl methacrylate)

{(FPHOP), the relationships were examined
between the electric DC conductivity and the
ionic jump and the dielectric relaxations at-
tributed to the segmental motion (@-elaxation)

and to the space charge polarization.
Experimental

Samples used in the measurements of electric
conduction were molded into disk form of 0.03
to 0.1 mm in thickness and about 70 mm in di-
ameter by hot-pressing or solvent casting. while
those used in the dielectric measurements were
molded into disk form of 0.5 mm in thickness. a-
bout 70 mm in diameter by a laboratory hot-
press.

Time dependent charging and discharging cur-
rents when the DC voltage was applied were
measured by a sensitive high input-resistance
electrometer (Toa Electr. Co., PM-19A). The
specific conductivity (6} was estimated from the
steady state leak current, which was determined
by extrapolating the plot of the charging cur-
rent against log time. A special electric switch
with a guard circuit was employed and DC vol-
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Table 1. Parameters for the lonic Conduction
A A,

(nm)  {nm)

T, ocatT, . '
C C
Sample (8 gy C1 C2

PMMA 370 407x10™ 125 118 18 38
PVC 350 347x10™ 111 116 16 39
PVAC 297 3.09x10™ 77 65 18 42
FPHOP 268 151x10" 11.1 153 14 40

tages were supplied from dry batteries. The elec-
tric filed strength for the conductivity meas-
urements was in the range from 0.3 to 0.5 kV/
cm, where the Ohmic relationship was main-
tained.

The dielectric measurements were carried out
with an inductive ratic arm bridge (Ando electr.
Co.. TR-10C) in the range of 30 to 10°Hz and
then with a resistive ratioc arm bridge {(Ando
Electr. Co., TR-4} in the range of 10 to 10" Hz.
In the range of 10% to 10" Hz, due to the lack
of suitable equipment, the values of dielectric
loss were estimated by using Hamo's approxi-
mate equation® from the charging and/or disc-
harging currents.

The electrodes used in both electric and dielec-
tric measurements were 3-terminal system with
a guard electrode.

In order to confirm that the ionic jump is
responsible for the electric conduction, ac-
cording to Mott and Gunney's theory.® the ionic
jump distance {A} was estimated from the non-
Ohmic character of the leak current density
measured in the higher electric field strength. In
this estimation, it is assumed that one ele-
mentary electric charge (¢} is the value of the
electric charge of ionic remnants. The values of
A for the glassy state {A,) and that for the rub
bery state (A,) were determined, from the plot of
A against temperature, as limiting values of A at
low and high temperatures, respectively. They
are listed in Table .

Results and Discussion
The temperature dependences of ¢ are shown

in Figure 1. Each plot has an inflection point
and ¢ is found to become much larger in the
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Figure 1. Temperature dependences of the electric con-
ductivity.

higher temperature region above this point.
Since the temperature of this point for PMMA
was found to correspond to the glass transition
temperature (T,) determined by the usual di-
latometric method, the value of the inflection
point for each sample is tabulated as T, in
Table L It is considered that the increase in © in
the rubbery state implies the increase in free
volume related to the ionic migration. The ionic
jump distance increases drastically with rising
temperature from the glassy to the rubbery
state. as shown in Table I. The temperature
dependence of 6 as mentioned above seems to
be an important evidence of the fact that the
electric conduction through amorphous poly-
mers is via ionic.

The value of 6 at T, for each sample is also
listed in Table I. As shown in this Table, all sam-
ples used are excellent insulators.

Since the temperature dependence of © is
found to be curved in the rubbery state, as
shown in Figure 1, the activation energy for elec-
tric conduction in this state, Eals), changes with
temperature. Typical temperature dependences
of Ealo) are shown in Figure 2. Though the tem-
perature dependences of ¢ in the glassy state
is found to be linear, as alse shown in Figure 1,
the estimation of activation energy from this

229



T. Yamada and I. Murakami

300[

PMMA
200}

Ea{ 0 )/ kJ-mol
hus]
<
9]

100]

350 370 390
TIK
Figure 2. Temperature dpendences of the activation en-

ergies for electric conduction of PVC and PMMA in rub-
bery state.

slope has no physical significance, because the
glassy state is considered to be a nonequilibrium
state.

The curved plots in the higher temperature
region of Figure 1 can be fitted to the Williams-
Landel-Ferry{WLF} type equation:

o(Ty _C/(T-T¢)

o(T;) C/+T-T, 1)

log

where parameters of C," and C.' are charac-
teristic constants for each sample, and listed in
Table L.

Typical dielectric relaxation spectra for the
dielectric constant (e') and the dielectric loss
{€") in the rubbery state are shown in Figures 3
to 6.

The peaks observed in higher frequency re-
gion for sample except PMMA correspond to
the o-relaxation which is attributed to the seg-
mental motion of polymer chains. In the case
of PMMA, the B relaxation peaks due to the
local motion of polymer chains in the glassy
state are found to remain in the higher fre-
quency region. As for the peaks located in the
ultra low frequency region (below 10" Hz),
there was no reproducibility in the shape of

230

10.0+

log (f/Hz)

Figure 3. Dielectric relaxation spectra of PVC in rub-
bery state.
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Figure 4. Dielectric relaxation spectra of PMMA in
rubbery state.

peaks which correspond to the dielectric re-
laxation strength, as shown in Figure 7. These
peaks, therefore, are considered to correspond
to the relaxation caused by the space charge
polarization due to the ununiformity of charge
distribution vielded by the migration of ionic
remnants. Hereafter, we call this type of re-
laxation "SP relaxation”.

The frequency corresponding to the top of
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Figure 5. Dielectric relaxation spectra in of PVAc in rub-
bery state.
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Figure 6. Dielectric relaxation spectra of FPHOP in
rubbery state.

each dielectric loss peak is called as the re-
laxation frequency (f.). Typical temperature
dependences of f, for the @ relaxation and the SP
relaxation are shown in Figure 8 for PVAc, as
plots of log f. against the reciprocal of tem-
perature. The plot for SP relaxation is straight,
while the plot for the o relaxation is curved. The
activation energy for SP relaxation, Ea(SP) was
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Figure 7. Dielectric absorption peaks of PMMA in rub-
bery state observed in the ultra low frequency region.
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Figure 8. Temperature dependences of @ and 5P re-
laxation frequencies for PVAc.

determined from the slope of this plot and is
listed in Table Il. The activation energy for o re-
laxation. Ea{a), changes with temperature and
examples of temperature dependence of Eala)
are shown in Figure 9 for PVC and PMMA.

The curved plot for the o-relaxation, as
shown in Figure 8, was found to be fitted to
the WLF type equation:
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Table II, Parameters for Dielectric Relaxations

Sample  C; C, C//C; nle) EalSpl n(SP}
(KJ/ mol)

PMMA 167 740 075 031 144 1.06
PVC 143 614 078 021 115 1.10
PVAc 200 680 039 034 75 0.95

FPHOP 14.7 721 076 022 62 1.05
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Figure 9. Temperature dependences of the activation
energies of PVC and PMMA for @ relaxation process.

fm(Tg)_Cl(T_TE) (2)

| -
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Parameters of C; and C. are tabulated in
Table II.

In order to reveal the relationship between ©
and f. for & and SP relaxations at the same tem-
perature, log ¢ was plotted against log f.. Typ-
ical plots are shown in Figure 10 for FPHOP.
From the plots, an empirical equation can be
derived as follows:
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Figure 10. Relationship between the ionic conductivity
and the dielectric relaxation frequency for FPHOP.

0=0, (faV {3)

where 6, is a constant corresponding te the
G at f.=1 and n denotes the line slope of the
plot. The values of n thus obtained. are shown
in Table 1.

As the relaxation time (1) is defined as 1=
{2nf.)". the equation (3} can be rewritten as fol-
lows;

o T =a,/(2n) =const. {4)

This equation represents the modified Wal-
den's rule® As for the relationship between
G and T of the o-relaxation, Sasabe and Saito
have reported similar results.* They suggested
that the n for the o-relaxation. nlat), seems
to be the value of C,"/C,. However, we found
that the value of n{a) disagreed with the value

Table IIi. Parameters of the Rate Processes for Electric and Dielectric Behaviors

Sample PMMA PVC PVAc FPHOP
T/K* 380 385 390 360 365 370 315 320 325 300 305 310
Eale}/KJ - mol* 416 283 22t 368 264 216 216 187 169 217 183 150
Ea(o)/KJ - mol* 140 102 84 106 79 60 65 58 b4 65 55 45
Ealo)/Eafct} 034 036 038 028 029 027 030 0.31 0.30 029 030 030
nfw) 0.31 0.21 0.34 022

*Temperature at which the activation energy was determined.
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of C,'/C: for all the samples except PVAc, as
shown in Table Il The ratio of Ealo)/Eala}.
whereas, is much closer to the value of nla), as
listed in Table Ill. This seems to imply that the
ionic jump is controlled by the thermal motion
of main chains. .

On the other hand, n for the SP relaxation, n
{SP). is found to be nearly unity, as shown in
Table 1. According to the equation (3}, the fact
that n equals unity means that the relaxation
frequency or the reciprocal of relaxation time
is proportional to the electric conductivity due
to the migration of ionic remnants. In other
words, the mechanism of SP relaxation is es-
sentially the same as that of the electric con-
duction attributed to the migration of ionic rem-
nants.

Conclusions

It was reconfirmed that the small electric con-
duction observed in the amorphous polymers
used as electric insulators is ionic and the fun-
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damental mechanism of this conduction is
charge migration attributed to the jumps of ion-
ic remnants from one trapped position to anoth-
er. The dielectric relaxation due to the space
charge polarization was found in the ultra low
frequency region. It was clear that the jumps of
ionic remnants are affected by the segmental

motion of polymer chains and that the ununi-

formity of charge distributions yielded by the

transient jump of ionic remnants is directly
responsible for the space charge polarization.
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