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Summary 

R e s u l t s  a re  d e s c r i b e d  of  TSD- and TSP-measurements of  Po ly  

( P h e n y l q u i n o x a l i n e )  i n  dependence on the degree of  a n n e a l i n g  

and on the p o l a r i z i n g  f i e l d  s t r e n g t h .  Seven r e l a x a t i o n s  r e -  

g ions  are  i n v e s t i g a t e d  and d i s c u s s e d .  E l e c t r o n i c  and ionic 

space charge r e g i o n s  are observed  and d i s c u s s e d  i n  d e t a i l .  

I t  i s  shown t h a t  d i e l e c t r i c  l o s s e s  i n  po lymers  do not  r e s u l t  

from d i p o l a r  p rocesses  o n l y ,  but  a l s o  from t r a n s l a t i o n a l  mo- 

t i o n  of  charge c a r r i e r s .  

Introduction 

The electrical behaviour of the highly thermostable and 

highly insulating Poly (Phenylquinoxaline) (PPQ) was studied 

by thermally stimulated depolarization (TSD), by thermally 

stimulated polarization (TBP) and by isothermal polarization 

methods. Electrical fields are able to produce several elec- 

trical polarization phenomena in PPQ. Several authors repor- 

ted on this phenomena, on the synthesis, and characteriza- 

tion of PPQ and on other electrical properties of this sub- 

s tance  (KORSAK e t .  al. 1974, HANSEL and KNOBLICH 1980, 

GRASSLER and KNOBLICH 1978, BOTTCHER and NEUMANN 1978, 

GRASSLER e t .  a l .  $980, HANSEL e t .  a l .  1976, STROLOKE and 

NEUNANN $980, SCHRADER 1981) .  The measurements were p e r f o r -  

med i n  f u n c t i o n  of  the degree of  a n n e a l i n g ,  the p o l a r i z a t i o n  

t e m p e r a t u r e  and the p o l a r i z i n g  f i e l d  s t r e n g t h  E . 
P 

The aim of  our  r e s e a r c h e s  was ( i )  t o  s e p e r a t e  the p o l a r i z a -  

t i o n  mechanisms of  PPQ, ( i i )  to  c l a r i f y  the i n f l u e n c e  of  the 
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t h e r m a l  a n n e a l i n g  p rocess  o f  the  s u b s t a n c e ,  and ( i i i )  to  ge-  

n e r a l i z e  t hese  r e s u l t s  to  o t h e r  p o l y m e r s .  

A n n e a l i n g  p rocess  

The samples were annea led  i n  vacuum at  t e m p e r a t u r e s  be iow 

and above the  g l a s s - t r a n s i t i o n - t e m p e r a t u r e  Tg (Tg=258~  

The a n n e a l i n g  t ime  was many days .  The c h a r a c t e r i z a t i o n  

o f  the  a n n e a l i n g  p rocess  was pe r f o rmed  by m o n i t o r i n g  the  

v o l t a g e  U ~ and the  c u r r e n t  I ~ wh ich  were measured w i t h o u t  an 

e x t e r n a l  e l e c t r i c a l  f i e l d  (QUELING e t .  a l .  1985) .  The t h e r -  

mal a n n e a l i n g  p rocess  was c o n s i d e r e d  to  be f i n i s h e d  when 

o ~ U o / I  ~ changed by l e s s  than 2% d u r i n g  the  a n n e a l i n g  t ime 

of I00 hours. 

The dependence  o f  o on the  a n n e a l i n g  t ime sugges t s  an ex i , -  

s t e n c e  o f  two d i f f e r e n t  mechanisms of  a n n e a l i n g .  F i r s t  o f  

a l l ,  o d e c r e a s e s  by up to  f o u r  o r d e r s  o f  magn i tude  f o r  

a n n e a l i n g  t e m p e r a t u r e s  above Tg ( F i g . l ) .  We a t t r i b u t e  t h i s  

d e c r e a s e  o f  o to c r o s s l i n k i n g  r e a c t i o n s .  The d e c r e a s e  of  the  

magn i t ude  o f  t he  a -  and H-peaks i n  the  TSD spec t rum a l s o  con~ 

f i r m s  t h i s  a s s u m p t i o n ,  o 

_ beg ins  to i n c r e a s e  aga in  
T I [ 

I0~ ' - - - ' ' s a m p l e ,  - -  

s m-, \ ' ,  _ \  4 _._ 

t ~ sample 2 k 
I _ _  t , 4  

Io' I - T 
10 "I I0 1 tO 3 

F i g ,  1 A dependence of  O ~ U o / I  ~ 

on the  a n n e a l i n g  t ime t 
a 

after annealing times 

longer than 50 hours. 

Furthermore, a strong in- 

crease of the current is 

observable in the TSD 

spectrum above Tg. We 

attribute these facts to 

the generation of ions in 

this annealing region, 

being the consequence of 

degradation processes in 

the substance. The exi- 

stence of ions in the 

samples after enough 

iong annealing times was 

also conciuded from in~ 
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v e s t i g a t i o n s  of  t h e i r  e l e c t r i c a l  p r o p e r t i e s  (QUELING e t .  a l .  

1981) .  

R e l a x a t i o n  reg ions  

Seven r e l a x a t i o n  reg ions  may be d i s t i n g u i s h e d  i n  the TSD 

spect rum ( F i g . 2  and F i g . 5 ) .  The p o s s i b i l i t y  o f  o b s e r v a t i o n  

of these reg ions  depends s t r o n g l y  on the a n n e a l i n g  degree of  

the samples.  Three of  these r e l a x a t i o n  reg ions  were a l s o  de-  

, JTS ~ 1 1 ! 

y,, / - 

| ~I, /290o C i 2~0Oc - / ~ /  - -  

EPp SkVcm'l SkVcm "f / I 
10 q2 tp 4h ,h - -  / - ~  ; /  t 

solvent barrter loyer //-'- I 
, *.! // I 

- - ' " ' , _ . / \  / . -"  ~ /  .Y 
10 "14 . I I I ~ i 

-tO0 0 tO0 200 300 

F ig .  2 TSD spec t rum of PPQ ( ~a a n n e a l i n g  tem- 

p e r a t u r e ,  ~p p o l a r i z a t i o n  t e m p e r a t u r e ,  

E p o l a r i z i n g  f i e l d  s t r e n g t h ,  t p o l a r i -  
P P 

z a t i o n  time) 

t e c t ed  i n  the tan8  spect rum of  PPQ by SCHLOSSER and RAU- 

BACH and e x p l a i n e d  i n  the same way (SCHLOSSER and RAUBACH 

1977) .  Two r e l a x a t i o n  peaks are l o c a t e d  below O~ Traces 

of wa te r  (peak about -100~ and s o l v e n t  (peak about -25~  

g ive  r i s e  to  them. Hagn i tudes  of  these peaks d i f f e r  from 

sample to  sample.  Th i s  f a c t  shows t ha t  the wa te r  and the 

s o l v e n t  are not  homogeneously d i s t r i b u t e d  i n  the f o i l  from 

which the samples are made. The peak due to  wa te r  v a n i s h e s  

on a n n e a l i n g ,  whereas the peal< of the s o l v e n t  s h i f t s  to  

lower  t empera tu res  ( t o  about =40~ The t h i r d  peak c h a r a c -  
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t e r i z e s  the a - r e l a x a t i o n  reg ion  ( F i g . 5 ) .  I t s  maximum tempe- 

r a t u r e  ~TSD,max l i e s  about 300~ The peak s h i f t s  to  l ower  

t empera tu res  (270~ on a n n e a l i n g ,  whereas the charge s t o r e d  

d e r i v e d  from the i n t e g r a l  of  the c u r r e n t  i n  t h i s  r e l a x a t i o n  

reg ion  decreases by up to  f o u r  o rde rs  of  magni tude.  

A f u r t h e r  r e l a x a t i o n  reg ion  can be observed i n  some samples 

around 70~ P robab l y  a s i d e - g r o u p  ~ - r e l a x a t i o n  p rocess  p r o -  

duces t h i s  peak, because the c u r r e n t  JTSD,max i n  the TSD-ma- 

ximum i s  p r o p o r t i o n a l  to the p o l a r i z i n g  f i e l d  E , a f a c t ,  
P 

which i s  v a l i d  f o r  a d i p o l  r e l a x a t i o n  p rocess~ The magni tude 

of  t h i s  peal< decreases s t r o n g l y  on a n n e a l i n g .  The ~ - r e l a x a -  

t i o n  r eg i on  may be seen on l y  f o r  E > i04Vcm - i .  Our i n t e r p r e -  
P 

t a t i o n  of  t h i s  f a c t  i s ,  t h a t  the annea l i ng  produces c r o s s -  

l i n k i n g  of the subs tance ,  whereby the m o b i l i t y  of the s i de  

groups i s  h i n d e r e d .  T h e r e f o r e  the ~ - r e l a x a t i o n  must van i sh  

f o r  low p o l a r i z a t i o n  f i e l d s .  

A n o t h e r  TSD peal< at  about O~ may be seen in  annealed samp- 

leso We suppose b a r r i e r  l a y e r  e f f e c t s  produce t h i s  peak, 

because ( i )  the s t o r e d  charge depends on the d i r e c t i o n  of 

the p o l a r i z i n g  f i e l d ,  ( i i )  the a c t i v a t i o n  energy of t h i s  

p rocess  depends on the f i e l d  s t r e n g t h ,  and ( i i i )  in  JTSD,max 

i s  not  a l i n e a r  f u n c t i o n  of in  E . 
P 

F u r t h e r m o r e ,  two space charge reg ions  were observed produced 

by e l e c t r o n i c  ( pe-peak) and i o n i c  ( p i - p e a k )  charge c a r -  

r i e r s .  

Interpretation of the space charge regions 

Now we will discuss the space charge regions in detail. The 

investigation of the temperature and field strength depen- 

dence of the Pe-maximum shows, that two different processes 

produce this maximum. The dependence of the maximum of the 

depolarization current JTSD,max on Ep in the Pe-Space charge 

region shows an ohmic, a superlinear and a saturation re x 

gion ( F i g . 3 ) .  The t r a n s i t i o n  p o i n t s  between these reg ions  

s h i f t  to l ower  va l ues  of  E w i t h  i n c r e a s i n g  of  the annea- 
P 

l i n g  t empera tu re  and of the p o l a r i z a t i o n  t e m p e r a t u r e .  
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JTSD,max = f ( E p )  i n  the Pe- 
space -cha rge  r eg i on  f o r  

d i f f e r e n t  p o l a r i z a t i o n  tem- 

p e r a t u r e s  ~p 

The d i s p l a c e m e n t  of  

e q u i l i b r i u m  e l e c t r o n i c  

charge c a r r i e r s  i s  the 

reason of  the ohmic 

range.  We suppose the 

c a r r i e r s  are d i s t r i b u -  

ted u n i f o r m l y  i n  space 

i n  s h a l l o w  t r a n s p o r t  

s t a t e s  be fo re  the TSD 

measurements.  Th is  spa-  

t i a l  d i s t r i b u t i o n  beco-  

mes inhomogeneous du-  

r i n g  the p o l a r i z a t i o n  

p r o c e s s .  Th is  d i s p l a -  

cement o f  the c a r r i e r s  

produces a maximum in  

the TSD, i f  the con-  

t a c t s  are  at l e a s t  

p a r t i a l l y  b l o c k i n g .  

The p e r m i t t i v i t y  s was 

e s t i m a t e d  from the 

charge ,  which i s  s t o -  

red i n  the sample.  s i s  c o n s t a n t  i n  the ohmic r e g i o n .  I t s  v a -  

lue  ( s =2 ,85)  co r responds  to  the v a l u e  ( s =3 .2 )  e s t i m a t e d  

from tan6 measurements.  

The n o n - l i n e a r  c h a r a c t e r i s t i c s  JTSDomax = f ( E p )  r e s u l t  from 

the movement of the e l e c t r o n i c  c a r r i e r s  i n  the e l e c t r i c a l  

f i e l d  produced by an i o n i c  space charge at  the e l e c t r o d e s .  

The e l e c t r o n i c  c a r r i e r s  are genera ted  from P o o l e - F r e n k e l -  

c e n t r e s  d u r i n g  the TSD. The e n e r g e t i c  depth  WpF of  the Poo le -  

F r e n k e l - c e n t r e s  and the P o o l e - F r e n k e l ~ c o n s t a n t s  ~PF e s t i m a -  

ted from the TSD and TSP measurements (WpF = ( 1 . 4 5  ~ O.06)eV,  

~PF = 3 "96"10 -4eV cm~2 V-Y2) co r respond  to  the v a l u e s  e s t i -  

mated from the e l e c t r i c a l  c o n d u c t i v i t y  (WpF = 1.45 eV, 

~PF = 3 "1 "10 -4eV  cmY2 V-Y2) (H~SEL  and KNOBLICH 1980) .  
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The p e r m i t t i v i t y  ~ i n c r e a s e s  ( F i g . 4 )  w i t h  E i n  the s u p e r l i -  
P 

near  r e g i o n .  I t s  o r d e r  of  magni tude co r responds  to  the va,- 

l u e s  e s t i m a t e d  from the r e s u l t s  o b t a i n e d  from e l e c t r i c a l  

measurements (QUELING 1981) .  Th i s  f a c t  shows t h a t  d i e l e c t r i c  

l o s s e s  i n  po lymers  r e s u i t  not  o n l y  from d i p o l a r  p rocesses  

but a l s o  f rom the t r a n s l a t i o n a l  mot ion of  e l e c t r o n i c  and 
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Fig. 4 ~r:f(Ep) for two polari- 
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Fig. 5 TSD spectrum obtai- 

ned by applying a 

polarization time 

of  10 min 

(or) ionic charge c a r r i e r s .  T h e r e f o r e  one cannot  a u t o m a t i -  

c a l l y  e s t i m a t e  the d i p o l e  d e n s i t y  i n  the sample from mea.- 

surements  o f  i t s  p e r m i t t i v i t y .  T i l l  now t h i s  f a c t  was noted 

o n l y  t h e o r e t i c a l l y  by few a u t h o r s  (STOLL e t .  a l .  1976, WE- 

BER 1978, HILL and ~ONSCHER 1979) .  

The pe-peak  was found a t  l o w e r  t e m p e r a t u r e s  than the G-peak 

(see F i g . l ) .  T h i s  f a c t  i s  c o n t r a r y  to  the r e s u l t s  f o r  a l l  

o t h e r  p o l y m e r s .  However an a n a l y s i s  of  these  works shows 

t h a t  the pe-peaks were found i n  the TSD s p e c t r a  at  these  

t e m p e r a t u r e s ,  where o reaches the magn i tude of  

10 -14  . . . .  10 "15 S cm "1  . PPQ has a v e r y  h igh  g l a s s  t r a n s i -  

t i o n  t e m p e r a t u r e ~  T h e r e f o r e a  the e l e c t r i c a l  c o n d u c t i v i t y  
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a t t a i n s  t h i s  v a l u e  a l r e a d y  below Tg. For  t ha t  reason the 

h i t h e r t o  e x i s t i n g  assumpt ion  Ta< Tpe i s  not  v a l i d  automa- 

t i c a l l y .  

We have found that the TSO spectrum includes either the 

a-relaxation region or a strong increase of the current co- 

vering the a-peak, depending on annealing above Tg. The ana~ 

l y s i s  of the TSD s p e c t r a  shows t h a t ,  depending on Ep, a f u r -  

t h e r  p o l a r i z a t i o n  of the sample e x i s t s  ( p i - p e a k )  which i s  

not  removed on a TSD run.  The sample possesses a r e s i d u a l  

p o l a r i z a t i o n 0  which i n c r e a s e s  w i t h  i n c r e a s i n g  Ep. Th i s  po-  

l a r i z a t i o n  i s  due to  i ons  genera ted  by the d e g r a d a t i o n  of  

PPQ on a n n e a l i n g .  Th i s  p o l a r i z a t i o n  can be h inde red  by 

a p p l i c a t i o n  of v e r y  s h o r t  p o l a r i z a t i o n  t imes (<10 m i n . ) .  

Than the a -  and p i - peaks  are sepa ra ted  i n  the TSD spec t rum 

( F i g . 5 ) .  
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