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SUMHARY 

The g l a s s  t r a n s i t i o n  peal< o f  r a d i o t h e r m o l u m i n e s c e n c e  

(RTL) c u r v e s  i n  a s t a t i s t i c a l  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  

shows a d i s t i n c t  dependence on the  c o o l i n g  r a t e  p r i o r  to  

i r r a d i a t i o n ~  The h i g h e r  t he  c o o l i n g  r a t e ,  t he  l o w e r  the  i n -  

t e n s i t y  and the  t e m p e r a t u r e  o f  t he  RTL glow c u r v e  maximum~ 

These e x p e r i m e n t a l  f i n d i n g s  a re  i n  a c c o r d a n c e  w i t h  a r e c e n t l y  

p roposed  t h e o r y  o f  RTL i n  te rms o f  g l a s s  t r a n s i t i o n  phenomeno- 

l o g 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  RTL o f  po l ymers  (FLEMING, 

1968,  KNAPPE e t  a l o  1974,  GEORGE and RANDLE,1975, FLEMING e t  

a l o  1971,  N IKOL 'SKIJ  e t  a l o  1970,  KRYSZEWSI<.[ e t  a l .  1970,  

RANICAR and FLEMING, 1972,  PARTRIDGE,1972, LINKENS and VANDER- 

SCHUEREN,1977, PENDER and FLEMING,1977) the  f o l l o w i n g  t h e o r y  

was p r o p o s e d :  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  by X - rays  

p r o v i d e s  i o n i s a t i o n  o f  ch romophore  g roups~  The f r e e  e l e c t r o n s  

a re  t r a p p e d  by s t r u c t u r a l  o r  c h e m i c a l  d e f e c t s  o f  t he  p o l y m e r  

sys tem.  Subsequen t  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 i ons  o f  t he  mac romo lecu les  and 

t hese  e l e c t r o n s  recomb ine  w i t h  i o n s  o f  chromophore  g roups  and 

emi t  l i g h t .  

T y p i c a l  r e s u l t s  f o r  low s t y r e n e  c o n t e n t  copo l ymers  a re  

shown i n  F i g . 1  (up to  28 ~ s t y r e n e  c o n t e n t  by w e i g h t ) .  Glow 

c u r v e  e x h i b i t s  t h r e e  maxima known from ou r  e a r l i e r  measure-  

ments ( P O S P ~ I L ,  1 9 8 1 ) ~  The s t u d y  u s i n g  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  - y i e l d e d  r e s u l t s  
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w i t h  a 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  of  t r a p p i n g  s i t e s  in the 

low t empe ra tu re  RTL ( ~ -  maxlmum) w l t h  mean a c t i v a t i o n  

e n e r g i e s  l y l n g  between 0o15 and 0 . 4  eV and a f r equency  f a c t o r  

i n  the range from 106s -1  up to lO12s -1  (POSPf~IL and TALE, 

1983) .  T h e r m o a c t i v a t e d  p rocesses  f o r  t h l s  case are d e s c r i b 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  of  a c t i v a t i o n  energy  , E , and 

f requency  f a c t o r  , s , (wh ich  i s  a p r e e x p o n e n t l a l  co - 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 r o n  t r a n s f e r )  

r = w = s exp ( -E / kT ) ( l )  
s 

From the h igh  t empe ra tu re  RTL maxima ( ~ ,  ~ ) i n  t h i s  

d e s c r i p t i o n  , a c t i v a t i o n  e n e r g i e s  0~ and 0 . 9  eV a r e s p e c t i v e -  

l y  can be computed.  The c o r r e s p o n d i n g  f requency  f a c t o r s  are 

v e r y  l a r g e  , 1020s-1 and 1021s - 1 ,  r e s p e c t i v e l y  ( F i g . 2 ) o  These 

u n r e a l i s t i c  va l ues  g i ve  ev idence  t h a t  a more c o m p l i c a t e d  

mechanism of  the t he rma l  a c t i v a t i o n  i s  v a l i d ~  From p r e v i o u s  

measurements i t  f o l l o w s  t h a t  ~ and, ~ maxima are observed in  

the t empe ra tu re  reg ion  where mot ions  of  s i de  groups set  i n  

(FROIX et a lo  1976) and where m o l e c u l a r  mot 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  T appear  (POSPf~IL m 1981 ) .  For g 
the e x p l a n a t i o n  of  these va l ues  of  E and s , the concept  

o f  a sharp i n c r e a s e  of  the r e a c t i o n  volume V w i t h  tempera-  c 
t u r e  (RUDLOF et a1~ was sugges ted .  An o t h e r  p r o p o s i t i o n  

was u t i l i z a t i o n  of  r e l a x a t i o n  t imes g iven  by WLF e q u a t i o n  

(WILLIAMS et a lo1955 )o  

A d e s c r i p t i o n  of  RTL glow cu rves  in  terms of  con tempora ry  

g lass  t r a n s i t i o n  phenomenology i s  g iven  by (DONTH, 1982) .  The 

b a s i c  i deas  are  from the work of  (NARAYANASWAMY , 1971) / c f .  

a l s o  the book of  (VAN TURNHOUT , 1974) f o r  a gene ra l  f rame-  

w o r k / .  The method of  l i n e a r  response i s  a p p l l e d  to tempera-  

t u r e  - t ime p rog rams.  The m a t e r l a l  t lme ~ dependens not  o n l y  

on the a c t u a l  t e m p e r a t u r  T . but  a l so  on the f l c t l v e  tempera-  

t u r e  Tf,~ 
~ - ~ ' = f d t " e x p  {B [ x ( T , t " ) -  Tg ) +  ( 1 - x ) ( T f ( t ~ -  Tg)]}  (2)  

t' 
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where x i s  the m ix i ng  f a c t o r ,  t i s  the t ime and B i s  s l ope  

of  the WLF e q u a t i o n  near  Tg ( B= d l n v /  dTITg ~ l  1 /K ) .  
I 

The f i c t i v e  t empe ra tu re  i s  g i ven  by 
t 1 "  

T f ( t )  ~ J f ( t ' )  ~ ( ~ - ~ ' )  d r '  (3 )  

to 
Here the i n t e g r a t i o n  has to s t a r t  at  a t ime t 

0 

i s  i n  e q u i l i b r i u m  , T ( t o ) > T g  o T( t ) i s  the t empe ra tu re  - 

t ime program and ~ i s  the r e l a x a t i o n  d i s t r i b u t i o n  r e l e v a n t  

f o r  RTL 

0 - - z - ~ l  ~ RTL ~__ d ~  (4 )  
dt  

when the sample 

From t h i s  t h e o r y  some p r e d i c t i o n s  f o l l o w e d :  (DONTH, 1982)o 

The peak of  the glow curve  connected w i t h  g lass  t r a n s i t i o n  

must s h i f t  to the l ower  t empe ra tu re  reg ion  w i t h  i n c r e a s e  of  

the c o o l i n g  r a t e  ITI  o At  the same t ime the maximum i n t e n s i t y  

o f  the peak i s  g r a d u a l l y  l owered~  

EXPERIMENTAL 

We prove to demons t ra te  these p r e d i c t i o n s  on s t a t i s t i c a l  

p o l y b u t a d i e n e  - s t y r e n e  copo lymer  ( K r y l e n e  1509) w i t h  2So5 

we igh t  ~ bound s t y r e n e  c o n t e n t ~  The sample was 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 ~  The e x c i t a t i o n  

of  sample w i t h  X - r a y s  / t u n g s t e n  a n t i c a t h o d e  at  35 kV and 

5 mA / was per fo rmed at  l i q u i d  n i t r o g e n  t empe ra tu re  in  an 

evacuated c r y o s t a t  / 10 - 2  P a / .  The sample was heated w i t h  

r a t e  o f  0.i l<s -I. 

F ig .S  shows t h r e e  RTL glow curves  of  the same sample which 

was coo led  w i t h  t h r e e  d i f f e r e n t  r a t e s ,  then i d e n t i c a l l y  

e x c i t e d  w i t h  X - r a y s  and heated w i t h  the same r a t e  i n  a l l  

cases .  These glow curve  have been compared w i t h  the r e s u l t s  

o f  mechan ica l  r e l a x a t i o n s  and DTA measurements per fo rmed on 

the same sample made p r e v i o u s l y  (POSPf~IL and HAVR~NEI< e 198S)o 

From t h i s  f o l l o w s  t h a t  the broad ~ maximum l y i n g  between 

140 - 180 K co r responds  to the ~ r e l a x a t i o n  maxima of  PBS. 

Th i s  maximum i s  due to the r o t a t i o n  of  pheny l  groups (YANO 

and WADA, 1971)o The ~ maximum co r responds  to the g l ass  
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t r a n s i t i o n  t e m p e r a t u r e  and i s  the r e s u l t  of c o o p e r a t i v e  

segmen ta l  mot ion  o f  t he  copo l ymer  main c h a i n ~  From F igo3  

and T a b l e  I we can see ,  t h a t  t he  t e m p e r a t u r e  p o s i t i o n ,  i n t e n s -  

i t y  and h a l f - w i d t h  o f  the  RTL c u r v e  c o r r e s p o n d i n g  to t h i s  

- maximum e x h i b i t  a d i s t i n c t  dependence on the  c o o l i n g  r a t e  

p r i o r  to e x c i t a t i o n .  

TABLE I 

cooling rate 

[Ks -1 ] 

0oi 

0~ 

i0 

position of  T~ 

[ K ]  

219 

218o5 

215 

RTL i n t e n s i t y  

of T~ maximum 

[relo units] 

184 

130 

98 

h a l f - w i d t h  

o f  T~ maximum 

[K]  

I0 

i0 

13 

The t e m p e r a t u r e  change ~ -  maximum o f  RTL c u r v e  i s  p h y s i c a l l y  

m e a n i n g s f u l l ,  as i t  was d e m o n s t r a t e d  by c a r e f u l  c a l i b r a t i o n  

o f  t he  Cu - c o n s t a n t a n  t h e r m o c o u p l e  used ,  by measurement 

o f  t e m p e r a t u r e  g r a d i e n t  i n  bo th  l o n g i t u d i n a l  and t r a n s v e r s e  

d i r e c t i o n s  and by r e p e a t i n g  o f  e x p e r i m e n t s .  

DISCUSSION 

The e x p e r i m e n t a l  r e s u l t s  ( F i g o 3 ,  T a b l e  I )  a re  i n  a c c o r d -  

ance w i t h  our  t h e o r e t i c a l  p r e d i c t i o n s  o b t a i n e d  f o r  d i f f e r e n t  

c o o l i n g  r a t e s ~  

We can e a s i l y  u n d e r s t a n d  the  s h i f t  o f  T to l o w e r ,  �9 max 
the  h i g h e r  i s  the  t e m p e r a t u r e  c o o l i n g  r a t e  T c : I n c r e a s i n g  

ITcl i s  e q u i v a l e n t  to  h i g h e r  f i c t i v e  t e m p e r a t u r e  a f t e r  f r e e z -  

i ng  ( e q . 3 ) o  A c c o r d i n g  to  eqo2 , h i g h e r  T f  i s  c o n n e c t e d  w i t h  

m a t e r i a l  t ime  wh ich  i s  measured by " i n t e r n a l " c l o c k  �9 wh ich  

c o u n t s  i n  ~ u n i t s ~  S i n c e  ~ i s  f u n c t i o n  o f  ~ o n l y ,  t he  

maximum o f  i n t e n s i t y  o f  g low e f f e c t  i s  d e l a y e d  a c e r t a i n  

amount o f  " i n t e r n a l  seconds "  ( ~ u n i t s ) ~  From t h a t  i t  f o l l o w s  

t h a t  T maximum o c c u r s  e a r l i e r  and because a p p r o x i m a t i o n  

dt =g dT �9 the  maximum o f  g low c u r v e  i s  l o c a t e d  i n  t he  low 

t e m p e r a t u r e  range~  

I t  i s  no t  so s i m p l e  to  e x p l a i n  t he  obse rved  dependence 
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of  the intensity maximum o n l T c l .  U s u a l l y  the reve rse  e f f e c t ,  

so c a l l e d  o v e r h e a t i n g  e f f e c t e  i s  d i scussed  : The lower  Pcl. 
i i 

the l ower  Tf  a t  T < Tg and the h i g h e r  Tma x . But f o r  non- 

l i n e a r i t y  of  eqo2 and 3 , t h e r e  e x i s t s  a sudden r i s e  of  Tf  

near  Tg f o r  low r a t i o s  of  I fcl / ? h e a t i n g  ' r e s u l t i n g  i n  

a s h a r p e n i n g  of  the peak / s e l f  a c c e l e r a t i o n  / o  I f  the i n t e g r a l  

over  the RTL i n t e n s i t y  near  Tg i s  i ndependen t  on ,,l?cl' then 

maximum i n t e n s i t y  f o r  l o w e r l T c l i S ,  o b t a i n e d .  h i g h e r  

No a t t e m p t s  were made f o r  a computer  best  f i t t i n g  of  the 

f u n c t i o n  ~ ( C )  and the m i x i n g  parameter  x o A f i r s t  

a p p r o x i m a t i o n  f o r  the spect rum d ~ ( C  ) / d l n C  can be 

o b t a i n e d  d i r e c t l y  from the glow c u r v e ,  i f  we put  x = l  and 

T i s  t r ans fo rmed  i n t o  ~ a c c o r d i n g  to eq .2  (DONTH a 1982)~ 

As i n d i c a t e d  by p r e l i m i n a r y  mechan ica l  expe r imen ts  (DONTH et 

a l .  1983) , the w i d t h  of  glow curve  near  T co r responds  to the g 
w i d t h  o f  the dynamica l  g l a s s  t r a n s i t i o n  zone (DONTH e t o a l  

1979)o 

We can conc lude  t h a t  RTL glow curve  near  T i n  our  s t a t i s t -  g 
i c a l  PBS copo lymer  can be w e l l  d e s c r i b e d  i n  terms of  g l ass  

t r a n s i t i o n  phenomenology i f  we i n c l u d e  the i n f l u e n c e  o f  c o o l -  

i ng  r a t e  p r i o r  to  e x c i t a t i o n ~  The glow curve  i n  t h i s  r e g i o n  

i s  governed m a i n l y  by g e n e r a l  p r o p e r t i e s  of  the r e l a x a t i o n  

p rocess  and the d e t a i l s  of  the k i n e t i c s  of  the e l e c t r o n  t r a n s -  

p o r t  and of  the n o n r a d i a t i v e  r e c o m b i n a t i o n  p l a y  o n l y  a minor  

role. 
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