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SUMMARY 
The t h e r m o a c t i v a t e d  r e l a x a t i o n  p r o c e s s e s  r e s u l t i n g  i n  

u n t r a p p i n g  o f  t he  c a r r i e r s  and i n  r e c o m b i n a t i o n  l u m i n e s c e n c e  
a r e  d e s c r i b e d  by means o f  the  sum o f  i n d e p e n d e n t  e l e m e n t a r y  
r e l a x a t o r s .  I n  o r d e r  to d e s c r i b e  an e l e m e n t a r y  r e l a x a t o r  d i s -  
t r i b u t i o n  f u n c t i o n  f o l l o w i n g  c h a r a c t e r i s t i c s  were o b t a i n e d  by 
the  f r a c t i o n a l  g low t e c h n i q u e :  i )  t he  mean a c t i v a t i o n  e n e r g y ,  
i i )  t he  mean f r e q u e n c y  f a c t o r ,  i i i )  the  r e c o m b i n a t i o n  i n -  
t e n s i t y ,  i v )  a c t i v a t i o n  ene rgy  s p e c t r u m ,  v)  and f r e q u e n c y  
f a c t o r  spec t rum f o r  b u t a d i e n e - s t y r e n e  c o p o l y m e r .  Us ing  the  
Bo l t zmann  e q u a t i o n  u n u s u a l l y  l a r g e  v a l u e s  o f  f r e q u e n c y  f a c t o r  
and a c t i v a t i o n  e n e r g y  were o b t a i n e d ,  g i v i n g  e v i d e n c e  t h a t  
m o l e c u l a r  mo t i ons  ~ , ~ e x i s t  i n  some t e m p e r a t u r e  r e g i o n s  and 
t h e r e f o r e ,  t h a t  a n o t h e r  d e s c i p t i o n  wou ld  be n e c e s s a r y .  

INTRODUCTION 
A f t e r  a s y s t e m a t i c  s t u d y  o f  the  t h e r m o l u m i n e s c e n c e  (TSL) 

o f  po l ymers  (FLEMING,1968,  KNAPPE et  a l .  1974, GEORGE and 
RANDLE,1975, FLEMING et  a l .  1971, NIKOESKII et  a l .  1970, 
I<RYSZEWSKI e t  a l .  $970,  RANICAR and FLEMING,1972, PARTRIDGE, 
1972,  LINKENS and VANDERSCHUEREN,1977, PENDER and FLEMING, 
1977) a t h e o r y  was p roposed  to d e s c r i b e  TSL in  p o l y m e r s .  
I t  i s  based on the  a s s u m p t i o n ,  t h a t  low t e m p e r a t u r e  i r r a d i a -  
t i o n  p r o v i d e s  i o n i s a t i o n  and t h a t  the  f r e e  e l e c t r o n s  a re  
t r a p p e d  by the  m a c r o m o l e c u l a r  c h a i n s .  Subsequent  h e a t i n g  r e -  
l e a s e s  the  e l e c t r o n s  by a c t i v a t i n g  i n t r i n s i c  m o l e c u l a r  mo t ions  
o f  t he  mac romo lecu les  and t hese  e l e c t r o n s  recombine w i t h  i o n s  
and emi t  l i g h t .  The r e c e n t l y  d e v e l o p e d  new approach  (TALE,1981)  
- t he  m o d u l a t i o n  t h e r m o a c t i v a t i o n  s p e c t r o s c o p y  - was a p p l i e d  
to  t he  i n v e s t i g a t i o n ,  a n a l y s i s  and d e s c r i p t i o n  o f  c o m p l i c a t e d  
r e l a x a t i o n  B r o c e s s e s  wh ich  r e s u l t  i n  t h e r m o s t i m u l a t e d  l u m i n e s c -  
ence ( P O S P ~ I L  and T A L E , 1 9 8 1 ) .  

I n v e s t i g a t i o n  o f  the  r e l a x a t i o n  k i n e t i c s  in  most s o l i d s  
i s  c o m p l i c a t e d  by the  c o - e x i s t e n c e  o f  bo th  spon taneous  
( t e m p e r a t u r e - i n d e p e n d e n t )  t u n n e l i n g  and t h e r m o a c t i v a t e d  
p r o c e s s e s .  P r e v i o u s  s t a n d a r d  methods f o r  i n v e s t i g a t i n g  the  
k i n e t i c s  o f  r e l a x a t i o n  p r o c e s s e s  ( i s o t h e r m a l  and i s o c h r o n a l  
decay ,  t h e r m o s t i m u l a t e d  phenomena) a re  based on some a - p r i o r i  
a s s u m p t i o n s  s t r o n g l y  r e s t r i c t i n g  the  a n a l y s i s .  They a re  e . g .  
t he  e x i s t e n c e  o f  a s i n g l e  r e c o m b i n a t i o n  mechanism, the  mono- 
o r  b i m o l e c u l a r  c h a r a c t e r  o f  the  k i n e t i c s ,  a s i n g l e  k i nd  o f  
t r a p s  e t c .  
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Spon taneous  r e l a x a t i o n  p r o c e s s e s  i n c l u d i n g  e l e c t r o n  
t u n n e l i n g  and resonance  e n e r g y  t r a n s f e r  can be c h a r a c t e r i z e d  
by a d i s p e r s i o n  o f  d i s t r i b u t i o n  p r o b a b i l i t i e s  o f  e l e m e n t a r y  
e v e n t s ,  whereas  t h e r m o a c t l v a t e d  p r o c e s s e s  - by c o n t i n u o u s  
d i s t r i b u t i o n  o f  p a r a m e t e r s  o f  the  a c t i v a t i o n  b a r r i e r ,  1 . e .  
a c t i v a t i o n  e n e r g y ,  E, and f r e q u e n c y  f a c t o r ,  s ,  wh l ch  i s  a p r e -  
e x p o n e n t i a l  c o - f a c t o r  i n  the  p r o b a b i l i t y ,  w, o f  o v e r - b a r r i e r  
e l e c t  ron t r a n s f e r  

-1  
( TE,  s ) = w = s e x p ( - E / k T )  (1 )  

D e s c r i p t i o n  o f  t h e r m o a c t i v a t e d  r e l a x a t i o n  p r o c e s s e s  
Le t  us assume, t h a t  a r b i t r a r y  r e l a x a t i o n  p r o c e s s  can be 

d e s c r i b e d  by the  sum of  i n d e p e n d e n t  " e l e m e n t a r y "  r e l a x a t o r s .  
I f  M E i s  the  i n i t i a l  e l e m e n t a r y  r e l a x a t o r  d i s t r i b u t i o n  f u n c -  
t i o n  ,s  and i s  the  i n s t a n e o u s  d i s t r i b u t i o n ,  then  f o r  
an a r b i t r a r y  mE's p r o c e s s  k z n e t i c s  one ge t s  

/ / -  dmEms dE ds ( 2 )  
I ( t )  d t  

where the  change o f  the c o n c e n t r a t i o n  of  e l e m e n t a r y  r e l a x a t o r s  
i s  d e f i n e d  by the  t r a d i t i o n a l  r a t e  e q u a t i o n  

dmEis mE,s 
- d t  = ( S )  

TE,s  

S o l v i n g  ( 3 )  we ge t  

I ( t )  : / f M E ,  s 1E, s dE ds 

where 0 0 

1E, s = s exp ( - E / k T )  e x p ( - p  s)  

and 

(4 )  

(5) 

t e x p ( - E / k T )  f o r  d T / d t  = 0 

p : T (6 )  

J ~ - i  e x p ( - E / k T )  dT f o r  d T / d t  = 

0 
The e q u a t i o n s  ( 4 )  to  (6 )  r e p r e s e n t  the  i n t e g r a l  t r a n s f o r m a -  
t i o n  w i t h  the  known k e r n e l  f u n c t i o n  i E ,  s .  

Le t  us now c o n s i d e r  t he  v a l i d i t y  o f  t he  e l e m e n t a r y  
r e l a x a t o r  a p r o x i m a t i o n  f o r  d i f f e r e n t  r e l a x a t i o n  ~ r o c e a s e s ,  
u s u a l l y  d e s c r i b e d  i n  terms o f  r a t e  e q u a t i o n s  (BRAUNLICH,1979) .  
I n  the  case o f  a p r o c e s s ,  c h a r a c t e r i z e d  by E=cons t  (one k i n d  
o f  m o n o e n e r g e t i c  t r a p s )  ( 4 )  t r a n s f o r m s  as f o l l o w s  
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s 

I ( t )  N F(p)  = exp ( -E / l<T )  J M  s s e x p ( - p  s) ds (7 )  

0 
E q . ( 7 )  r e p r e s e n t s  the  L a p l a c e  t r a n s f o r m a t i o n ,  M s be ing  
the  o r i g i n a l  o f  F (p )  e x p ( E / k T ) .  I t  can be shown s t h a t  f o r  an 
a r b i t r a r y  r e l a x a t i o n  k i n e t i c s  t h e r e  e x i s t s  M s c o r r e s p o n d -  
i n g  to  a se t  o f  r a t e  e q u a t i o n s  d e s c r i b i n g  s such a p r o c e s s ,  
i . e .  t he  s o l u t i o n  o f  t he  l a t t e r  s a t i s f i e s  the  n e c e s s a r y  and 
s u f f i c i e n t  c o n d i t i o n s  o f  t he  e x i s t e n c e  o f  the  i n v e r s e  L a p l a c e  
t r a n s f o r m a t i o n .  I n  the  case o f  the  f i r s t  o r d e r  r e l a x a t i o n  
k i n e t i c s ,  t he  Hs i s  r e p r e s e n t e d  by a s i n g l e  k ind  o f  e l e m e n t -  
a r y  r e l a x a t o r s ,  1 . e .  the  p r o c e s s  wh ich  f o l l o w s  the  f i r s t  o r d e r  
k i n e t i c s  i n  t h i s  d e s c r i p t i o n  a c t s  as an e l e m e n t a r y  r e l a x a t i o n  
p r o c e s s  i n  terms o f  wh ich  c o m p l i c a t e d  r e l a x a t i o n  p r o c e s s  have 
to  be decomposed.  Each a r b i t r a r y  o r d e r ,  c,  r e l a x a t i o n  k i n e t i c s  
i n  t he  case E = cons t  can be d e s c r i b e d  by the  sum o f  e l e m e n t -  
a r y  r e l a x a t o r s ,  c o n t i n u o u s l y  d i s t r i b u t e d  ove r  f r e q u e n c y  
f a c t o r s ,  s . I f  n i s  the  number o r  r e a c t i o n  p a r t n e r s  o f  each o k i n d ,  s , V - t h e  f r e q u e n c y  f a c t o r  and r e a c t i o n  vo lume of  the  
p r o c e s s C o f  C r e a c t i o n  o r d e r  c,  then 

s ( 2 - c ) / ( c - 1 )  exp( 1 s 
1) v ( C - 1 )  ) n~ c-  ( c - 1 )  s c c 

= ( 8 )  Ms (c-i) c/(c-1) V~ s~/(c-i) F(c/(c-1)) 

where  F i s  t he  gamma f u n c t i o n .  
A p r o c e s s ,  c h a r a c t e r i z e d  by c o n t i n u o u s  d i s t r i b u t i o n  o f  

a c t i v a t i o n  e n e r g i e s  ( s e v e r a l  k i n d  o f  t r a p s ) ,  can be d e s c r i b e d  
by the  e l e m e n t a r y  r e l a x a t o r s  even when e v e r y  k i nd  o f  t r a p s  
h a v i n g  an a r b i t r a r y  o r d e r  o f  r e l a x a t i o n  k i n e t i c s  emp t i es  i n -  
d e p e n d e n t l y  from each o t h e r .  I t  means t h a t  the  r e d i s t r i b u t i o n  
between d i f f e r e n t  k i n d s  o f  t r a p s  does not  a f f e c t  the  con-  
c e n t r a t i o n  change o f  r e a c t i o n  p a r t n e r s  i n  the  t e m p e r a t u r e  
r e g i o n  o f  p r e f e r e n t i a l  t h e r m a l  emp ty ing  o f  the  c o r r e s p o n d i n g  
k i n d  o f  t r a p s .  Such p r o c e s s e s  a r e ,  f o r  example ,  the  r e t r a p p i n g  
o f  e l e c t r o n s  by the  deep t r a p s  b e f o r e  t h e i r  t h e r m o a c t i v a t e d  
e m p t y i n g .  T h e r e f o r e  most o f  the  complex r e l a x a t i o n  p r o c e s s  
k i n e t i c s  can be u n i q u e l y  d e s c r i b e d  by the  e l e m e n t a r y - r e l a x a t o r  
d i s t r i b u t i o n  f u n c t i o n -  (RDF) o f  a c t i v a t i o n  e n e r g i e s  and 
f r e q u e n c y  f a c t o r s .  

E x p e r i m e n t a l  e s t i m a t i o n  o f  the  RDF 
The d e s i r e d  e s t i m a t e  i n v o l v e s :  i )  t he  measurement o f  t he  

r e l a x a t i o n  k i n e t i c s  emp loy ing  f r a c t i o n a l  h e a t i n g  r eg ime ,  i i )  
an a p p r o x i m a t i o n  o f  the  measured r e s u l t s  i n  terms o f  t h e o r e t i c -  

a l  model  o f  t he  p r o c e e e ( T A L E , 1 9 8 1 ) . T h e  f r a c t i o n a l  g low t e c h n i q u e  
r e q u •  t he  s p e c •  h e a t i n g  reg ime wh ich  i s  monotonous but  
w i t h  imposed s m a l l  t e m p e r a t u r e  o s c i l l a t i o n s  (GOBRECHT and 
HOFN#kNN,1964), T h i s  p e r m i t s ,  a l o n g  w i t h  t he  u s u a l l y  o b t a i n -  
a b l e  dependence o f  t he  r e c o m b i n a t i o n  l u m i n e s c e n c e  I v s  
s t i m u l a t i n g  t e m p e r a t u r e  T, to ge t  a l s o  the  mean i n s t a n t e n u o u s  
a c t i v a t i o n  e n e r g y  < E ( T ) >  (GOBRECHT and HOFMANN,1964). 
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d ( l n  I )  
~ E ~  = (9)  

d ( 1 / k T )  
n = const  

where n i s  the momentary c o n c e n t r a t i o n  of  react&on p a r t n e r s .  
Based on e x p e r i m e n t a l  da ta ,  the f o l l o w i n g  c h a r a c t e r i s t i c s  of  
the r e l a x a t i o n  p rocess  can be a l s o  ob ta i ned  : 

i )  the mean f r equency  f a c t o r  

1 E 1 dI  E 
. s ~  (T)  = ~ ( ~ 2  - ~ d---~ ) e x p ( - - E T  ) ( lO )  

i i )  the a c t i v a t i o n  energy  spect rum 

1 I 
H E = - -  (11)  

d < E ~ / d T  

•  the f r equency  f a c t o r  spect rum 

1 I 
H = _ _  (12)  

s ~ d <s> / dT  

Here HE ' Hs c h a r a c t e r i z e  the RDF over  a c t i v a t i o n  
e n e r g i e s  and f r e q u e n c y  f a c t o r s ,  r e s p e c t i v e l y a  i o e .  

oo ds ? H  
HE ~ j H E , s  ' HSNN E,s dE 

0 0 
An a n a l y s i s  i n d i c a t e s  t h a t  the c o n s t r u c t i o n  of  the RDF based 
on e x p e r i m e n t a l  I ( T ) ,  <E>  (T) be longs  to the s o - c a l l e d  i n -  
c o r r e c t  r eve rse  prob lems (TALE,1981) .  The p rocedu re  to e s t i -  
mate the c o n s i s t s  i n  the a p p r o x i m a t i o n  of  the e x p e r i -  
menta l  ME's I ( T ) ,  <E>  (T) by a t h e o r e t i c a l  model i n  o rde r  
to get  the best  f i t  o f  the M E to the e x p e r i m e n t .  The 
p resen ted  d i a l o q u e  p rocedure  ' S f o r  t h l s  a p p r o x i m a t i o n  
i n c l u d e s  c a l c u l a t i o n  of  I ( T ) ,  < E >  ( T ) ,  HE, Hs, f o r  a g i ven  
ME s and ~ , and a l u t h e r  compar ison of  the e x p e r i m e n t a l  

' and t h e o r e t i c a l  dependence of  I ( T ) ,  { E >  (T) ( T A L E , 1 9 8 1 a , b ) .  

EXPERIHENTAL 
The s t u d i e d  m a t e r i a l  was p o l y b u t a d i e n e - s t y r e n e  ( S o l p r e n e  

1206) (PBS) p u r i f i e d  by s e v e r a l  d i s s o l u t i o n - p r e c i p i t a t i o n  
c y c l e s .  Samples were p repared  by c a s t i n g  a s o l u t i o n  of  PBS i n  
d i c h l o r m e t h a n e  upon a s u b s t r a t e .  X - r a y  i r r a d i a t i o n  ( t u n g s t e n  
an t •  a t  35 kV and 5 mA) was per formed at  l i q u i d  
n i t r o g e n  tempera tu re  i n  an evacuated c r y o s t a t .  The i n t e n s i t y  
of  l um inescence  was d e t e c t e d ~ i )  d u r i n g  h e a t i n g  the sample at  
c o n s t a n t  h e a t i n g  r a t e  0 . 1 1 < s "  (a~fter i r r a d i a t i o n )  and i i )  
d u r i n g  s p e c i f i c  h e a t i n g  reg ime.  
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RESULTS AND DISCUSSION 

T y p i c a l  r e s u l t s  f o r  the  r e c o m b i n a t i o n  l u m i n e s c e n c e  o f  PBS 
a r e  p l o t t e d  i n  F i g .  1 and F i g .  2o Glow c u r v e  e x h i b i t s  t h r e e  
maxima known from our earlier thermostimulated luminescence 
(TSL)  measurements  (POSP~SIL,1981,  POSP~SIL and CHUD~EK, 
1 9 8 2 ) .  The s t u d y  o f  the  g low c u r v e  u s i n g  f r a c t i o n a l  g low 
t e c h n i q u e  ( m o d u l a t i o n  t h e r m o a c t i v a t i o n  s p e c t r o s c o p y )  r e v e a l e d  
q u a s i c o n t i n u o u s  d i s t r i b u t i o n  o f  t r a p p i n g  s i t e s  i n  the  low 
t e m p e r a t u r e  maximum TSL h a v i n g  mean a c t i v a t i o n  e n e r g i e s  l y i n g  
between a p p r o x .  0 . 1 5  and 0 . 4  eV. Compar ison w i t h  the  t h e o r e t i -  
c a l  model has shown t h a t  ~ -  TSL maximum i s  due to the  p rocess  
h a v i n g  c o n t i n u o u s  d i s t r i b u t i o n  i n  t he  range o f  a c t i v a t i o n  
e n e r g i e s  o f  e l e m e n t a r y  r e l a x a t o r s .  The i n c r e a s e  o f  the  s t i m u l -  
a t i n g  t e m p e r a t u r e  i s  accompanied by the  i n c r e a s e  o f  t he  mean 
a c t i v a t i o n A  I e n e r g y  and o f  the  f r e q u e n c y  f a c t o r  i n  the  
range lO~s - -  up to  1012s - 1 .  High t e m p e r a t u r e  TSL maxima, 

and ~ , c o r r e s p o n d  to  the  a c t i v a t i o n  e n e r g i e s  0 . 7  and 
0 . 9  eV, r e s p e c t i v e l y .  The c o r r e s p o n d i n g  20 -1  
f r e q u e n c y  f a c t o r s  a re  v e r y  l a r g e  10 e and 1021s - 1 ,  
r e s p e c t i v e l y .  The s e m i c l a s s i c a l  model o f  the  i o n i z a t i o n  o f  
l o c a l  s t a t e s  (CURIE,1960)  e s t i m a t e s  t h a t  the  f r e q u e n c y  f a c t o r  
o f  t he  p r o c e s s  l i m i t e d  by t h e r m a l  r e l e a s e  o f  the  e l e c t r o n  

can no t  be c o n s i d e r a b l y  h i g h e r  than u p p e r . .  
f r e q u e n c y  o f  t h e  l a t t i c e  v i b r a t i o n s  ( lOZ4s -$  ) .  Hence ,  

e x p e r i m e n t a l  da ta  g i v e  e v i d e n c e  t h a t  a more c o m p l i c a t e d  
mechanism o f  t he  r e c o m b i n a t i o n  p r o c e s s  t e r m i n a t i n g  r a d i a t i v e  
r e c o m b i n a t i o n  o f  cha rge  i n  ~ and ~ t e m p e r a t u r e  r e g i o n s  
e x i s t s .  From p r e v i o u s  measurements i t  r e s u l t s  t h a t  ~ and 
maxima o f  t h e r m o l u m i n e s c e n c e  g low c u r v e  a re  obse rved  i n  the  
t e m p e r a t u r e  r e g i o n  where mot ion  o f  s i d e  groups se t  i n  
(FROIX e t  a 1 . , 1 9 7 6 )  and where m o l e c u l a r  mo t ions  a s s o c i a t e d  
w i t h  s t r u c t u r a l  t r a n s i t i o n  Tg i n  PBS appear  (HAVR~NEK, 1 9 8 0 ) .  

U n u s u a l l y  l a r g e  f r e q u e n c y  f a c t o r  wh ich  c o r r e s p o n d  to  un-  
u s u a l l y  l a r g e  a c t i v a t i o n  e n e r g i e s  a t  c o r r e s p o n d i n g  s t i m u l -  
a t i n g  t e m p e r a t u r e  r e g i o n s  o f  the  p r o c e s s ,  may be u n d e r s t o o d  
i f  we suppose an e x p o n e n t i a l l y  sharp  i n c r e a s e  o f  the  r e a c t i o n  
vo lume V w i t h  t e m p e r a t u r e  (RUDLOF et  a 1 . , 1 9 7 8 ) .  "No rma l "  
v a l u e s  c o f  a c t i v a t i o n  ene rgy  and f r e q u e n c y  f a c t o r  a re  con-  
n e c t e d  w i t h  a c e r t a i n  vo lume,  i n  wh ich  e l e m e n t a r y  a c t s  and 
r a d i a t i o n  r e c o m b i n a t i o n  o f  e l e c t r o n s  m u t u a l l y  c o r r e s p o n d .  I f  
t h i s  vo lume e x p o n e n t i a l l y  i n c r e a s e s  w i t h  t e m p e r a t u r e ,  then 
f o r  the  r e c o m b i n a t i o n  a s u p p l e m e n t a r y  a c t i v a t i o n  e n e r g y  i s  
needed .  We can suppose t h a t  the  i n c r e a s e d  m o l e c u l a r  mot ion  
a t  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 ,  i s  due to bo th  t h e r m a l  
a c t i v a t i o n  and t h e r m a l  e x p a n s i o n ,  i n  acco rdance  w i t h  the  
i n c r e a s e d  vo lume c o n c e p t .  I t  has shown t h a t  m o l e c u l a r  r e l a x -  
a t i o n  p r o c e s s e s  a t  g l a s s  t e m p e r a t u r e  have r e l a x a t i o n  t imes  
wh ich  can no t  be g i v e n  by a s i m p l e  Bo l t zmann f a c t o r  (WILLIAMS 
e t  a l . , l g 5 5 ) .  S i m i l a r y ,  the  maxima in  TSL cu rve  ~ and ~ can 
no t  be d e s c r i b e d  by a s i m p l e  e l e m e n t a r y  r e l a x a t o r  p r o c e s s .  
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F i g .  1 .  

Glow c u r v e  o f  PBS 
(25% bound s t y r e n e ) .  
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F i g .  2 .  T e m p e r a t u r e  dependence  o f  a mean a c t i v a -  
t i o n  e n e r g y  ( c u r v e  1) ,mean f r e q u e n c y  
f a c t o r  ( c u r v e  2)  and t he  a c t i v a t i o n  e n e r g y  
s p e c t r u m  ( c u r v e  3) 
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