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SUMMARY 
T i m e - r e s o l v e d  f l u o r e s c e n c e  s p e c t r a  o f  s o l i d  f i l m s  o f  

l o w - m o l e c u l a r - w e i g h t  p o l y ( N - e p o x y p r o p y l c a r b a z o l e ) ,  PEPCA, 
measured a t  room t e m p e r a t u r e  and a t  1 1 K  a re  r e p o r t e d .  The 
s p e c t r a  r e v e a l  t he  p r e s e n c e  o f  two t ypes  o f  e m i t t i n g  c e n t r a  
i n  t he  p o l y m e r .  Be low 400 nm, n o n i n t e r a c t i n g  c a r b a z o l y Z  s i d e  
g roups  emi t  f l u o r e s c e n c e  t y p i c a l  o f  t he  monomer u n i t .  Above 
400 nm, s t r u c t u r e d  e m i s s i o n  w i t h  peaks a t  410,  430,  and 460 
nm has been o b s e r v e d .  Compar ison o f  t he  d e t e c t e d  s p e c t r a  w i t h  
t h a t  o f  c r y s t a l l i n e  N - i s o p r o p y l c a r b a z o Z e  t o g e t h e r  w i t h  o t h e r  
e v i d e n c e  s u p p o r t s  s t r o n g l y  t he  s u g g e s t i o n  t h a t  t he  l a t t e r  e-  
mission is due to intermolecular arrays o f  the side groups 
arranged in such a way that their molecular planes are paral- 
lel or nearly parallel to each other with antiparallel orien- 
tation of the short in-plane molecular axes of the nearest 
neighbours. The time-resolved spectra and the decay curves 
show that excitation energy is transfered from monomer side 
groups  to  t h o s e  b u i l t  i n  t he  c r y s t a l l i k e  a r r a y s  and t h a t  t h i s  
t r a n s f e r  becomes l e s s  e f f e c t i v e  a t  l ow t e m p e r a t u r e s .  

INTRODUCTION 
PEPCA, as a l i n e a r  po l ymer  w i t h  ca rbazoZyZ  s i d e  g r o u p s ,  

i s  a r e l a t i v e  o f  p o l y ( N - v i n y l c a r b a z o l e ) ,  PVCA, the  most t h o -  
r o u g h l y  s t u d i e d  m a t e r i a l  among t h i s  group o f  p o l y m e r s .  As 
seen from the  c h e m i c a l  f o rmu la  o f  PEPCA, i . e .  

i t s  pendan t  g roups  a re  bound to the  main c h a i n  more l o o s e l y  
than i n  PVCA and t h e l r  mu tua l  d l s t a n c e  a l o n g  the  c h a i n  l s  
a l s o  l a r g e r .  Th• m igh t  l e a d  to  an e x p e c t a t i o n  o f  more s i m p l e  
s p e c t r o s c o p i c  b e h a v i o u r  i n  compar i son  to  t h a t  o f  PVCA. How- 
e v e r ,  e x p e r i m e n t a l l y ,  t h l s  e x p e c t a t i o n  has no t  been c o n f i r m e d .  

A c c o r d i n g  to t he  f i r s t  s p e c t r o s c o p i c  r e p o r t s ,  due to  
GAIDELIS e t  a 1 . ( 1 9 7 6 , 1 9 8 0 ) ,  t he  a b s o r p t i o n  spec t rum o f  PEPCA 
i s  n e a r l y  t he  same as t h a t  o f  PVCA, wh ich  means t h a t  i n d i v i -  
d u a l  c a r b a z o l y l  g roups  a b s o r b ,  bu t  t he  e m i s s i o n  spec t rum o f  
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t h i n  i a y e r s  of PEPCA i s  a r a t he r  compl icated one c o n s i s t i n g  
of a s e r i e s  of peaks (a t  358, 374, 408, 435, 457, and 495 nm) 
and a broad band around 525 nm. In  d i l u t e  s o l u t i o n s ,  they ob- 
served on ly  the maxima below 400 nm, in  more concent ra ted  so- 
l u t i o n s ,  a l l  the maxima observab le  in  the spectrum of l a ye r s  
were p r e s e n t .  They ascr ibed  the emission of PEPCA th i n  f i ims  
to monomer cent ra  ( the  sho r t -wave leng th  p a r t ) ,  to phosphores- 
cence and to an i n t e r m o l e c u i a r  sandwich excimer w i th  a n t i p a -  
r a l l e l l y o r i e n t e d  shor t  molecu lar  i n - p l a n e  axes ( the  broad ma- 
ximum around 525 nm). 

A l t e r n a t i v e  exp lana t i on  was suggested by TRCHOV~ et a i .  
(1981) on the bas is  of the s tudy of temperature changes in  
the luminescence spectrum of t h i n  f i l m s  of PEPCA at tempera- 
tu res  between 103 and 383 K. Dur ing the temperature changes, 
the peaks at 362 and 376 nm changed t h e i r  he igh t  s imu l taneous-  
l y  as one group, the peaks at 410, 436, and 450 nm as another  
group and the band around 500 nm behaved l i k e  a t h i r d  sepa ra t -  
ed pa r t  of the emiss ion .  I r r e v e r s i b l e  changes of the l a s t  men- 
t ioned emission above the g lass temperature of PEPCA lead 
them to the conc lus ion  tha t  t h i s  emission was due to a product  
of a pho to reac t i on  in  the po lymer.  The sho r t -wave leng th  emis- 
s ion was the monomer one and the c e n t r a l  peaks were suggested 
to beiong to a centrum c o n s i s t i n g  of two c a r b a z o i y l  groups 
arranged s a n d w i c h l i k e l y  w i th  a n t i p a r a l l e l  sho r t  molecu lar  i n -  
-p lane  axes.  S i m i l a r  arrangement may be expected in  the c r y s -  
t a l s  of N - v i n y l c a r b a z o l e  in  which SAN0 and MATSUDA(1976) ob-  
served the i n t r i n s i c  emission spectrum c o n s i s t i n g  of th ree 
maxima p o s i t i o n e d  at the same waveiengths as observed in  
PEPCA. 

The measurement of t i m e - r e s o l v e d  spec t ra  of PEPCA in  d i -  
l u t e  a i r - e q u i l i b r a t e d  s o l u t i o n  in  benzene (HRSTKA and KLIM0- 
VI~ 1981) has revealed on ly  monomer emission w i th  p o s s i b l e  
smal l  t races  of emission above 400 nm at longer  t ime a f t e r  
the e x c i t a t i o n .  At 360 nm, the decay was monocomponental w i th  
l i f e t i m e  equal to 8,7 ns.  

Here, the r e s u l t s  of a more d e t a i i e d  s tudy  of t h i n  f i i m s  
of PEPCA are presented~ 

EXPERIMENTAL 

M a t e r i a l s  
The c a t a l y t i c a l l y  prepared PEPCA ( k i n d l y  donated by p r o f .  

G a i d e l i s )  of molecu lar  weight  of about 2000 was used~ This  
o l igomer  was d i s so l ved  in  benzene and p r e c i p i t a t e d  by metha- 
no l .  Th is  was done two t imes .  

Po l ys t y rene  of M w 70 000 (l<au~uk, ~SSR) was p u r i f i e d  by 
four  s i m i l a r  p r e c i p i t a t i o n  p rocedures .  No emission from the 
p o l y s t y r e n e  mat r i ces  was observed under the exper imen ta l  con- 
d i t i o n s .  

N - i s o p r o p y l c a r b a z o l e ,  NIPCA, (Eastman Kodak, wh i te  l a b e l )  
was r e c r y e t a l i z e d  th ree  t imes from i s o p r o p y l  a l c o h o I .  About 
10 mm long wh i te  n e e d l e l i k e  c r y s t a l s  were ob ta ined .  

Solvents 
Benzene p.a. and methanol p.a.(both Lachema, ~SSR) and 

isopropyi aicohoi and chioroform(both Baker-Instra-Analyzed) 



633 

were used as r e c e i v e d .  

P r e p a r a t i o n  o f  samples 
A l l  samples were p r e p a r e d  on o p t i c a l l y  f l a t  1 mm t h i c k  

round s a p p h i r e  d i s c s .  The PEPCA f i l m s  were c a s t  from a s o l u t -  
i on  i n  chloroform at  room t e m p e r a t u r e .  PEPCA i n  p o l y s t y r e n e  
m a t r i x  ( a t  t he  c o n c e n t r a t i o n  o f  5 x l O - 4 m o l e / m o l e  o f  monomer 
u n i t s  o f  PS) was p r e p a r e d  i n  the  same way.  The o b t a i n e d  f i l m s  
were homogeneous and o p t i c a l l y  c l e a r .  

NIPCA c r y s t a l s  were p l a c e d  on the  s u r f a c e  o f  t he  s a p p h i r e  
d i s c  and f i x e d  t h e r e  by a s m a l l  amount o f  c h l o r o f o r m .  I n  t h i s  
way, good c o n t a c t  w i t h  t he  d i s c  was a c h i e v e d .  The samples 
were opaque due to  t he  p r e s e n c e  o f  some n o n c r y s t a l l i n e  mate-  
r i a l .  

S e v e r a l  hours  b e f o r e  the  measurement (as  w e l l  as d u r i n g  
the  measu remen t ) ,  the  samples were kep t  i n  vacuum b e t t e r  than 
10 - ~  Pao 

S p e c t r o m e t e r  
The t r a n s i e n t  f l u o r e s c e n c e  measurements  were made u s i n g  

a t i m e - c o r r e l a t e d  s i n g l e - p h o t o n - c o u n t i n g  sys tem s i m i l a r  to  
t h a t  o f  WARE e t  a 1 . ( 1 9 7 1 ) .  A ga ted  f l a s h l a m p  ( A p p l i e d  P h o t o -  
physics L t d . )  f i l l e d  w i t h  a i r  a t  1 arm s e r v e d  as the  e x c i t a t -  
i o n  s o u r c e ~  The lamp,  o p e r a t i n g  a t  5 kV, y i e l d e d  p u i s e s  o f  
about  3 ns FWHM at  a r e p e t i t i o n  r a t e  o f  30 kHzo The e x c i t a t i o n  
l i n e  313 nm was i s o l a t e d  by a n a r r o w - b a n d  i n t e r f e r e n c e  f i l t e r  
( M e l l e s  G r i o t  I n c o ) .  

The d i s c  w i t h  t he  sample was p l a c e d  i n t o  the  sample h o l -  
de r  on the  top  o f  t he  CS-202 o p t i c a l  r e f r i g e r a t o r  ( A i r  P r o -  
d u c t s  and Chemica l s  I n c . ) o  The e m i s s i o n ,  v i ewed  at  t he  a n g l e  
o f  145 ~ to  t he  e x c i t a t i o n  l i g h t  beam, wh ich  e n t e r e d  t he  samp- 
l e  t h r o u g h  t he  s a p p h i r e  d i s c ,  was focused  on to  the  e n t r a n c e  
slit o f  t he  H-20 UV g r a t i n g  monochromator  (Uob in  Yvon)  and 
d e t e c t e d  by a RCA 8850 p h o t o m u l t i p l i e r  o p e r a t e d  a t  2 . 8  kV and 
c o o l e d  to  OOC. The e l e c t r o n i c  sys tem was assembled o f  NIM mo- 
d u l e s  from O r t e c  I n c .  and Canber ra  I n c . ,  t ~  d e t a i l s  w i l l  be 
d e s c r i b e d  e l s e w h e r e .  Data was accumu la ted  and s t o r e d  i n  a 
Canbe r ra  Model  3000 p u l s e - h i g h t  a n a l y z e r  and punched on TTY. 
F u r t h e r  t r e a t m e n t  was made u s i n g  the  Hew le t  Packard  9830 A 
c a l c u l a t o r .  

A l l  t he  s p e c t r a  were taken  under  t he  same c o n d i t i o n s ,  
i . e .  4 nm b a n d w i d t h  o f  t he  monochromato r ,  1 nm s t e p  and t he  
same number (2  x 1 0 4 ) o f  e x c i t a t i o n  p u l s e s  f o r  each c h a n n e l , a n d  
have no t  been c o r r e c t e d  f o r  t he  s p e c t r a l  r esponse  o f  t he  de -  
t e c t i o n  s y s t e m .  For each s p e c t r u m ,  the  t ime  window was se t  
by the  a i d  o f  a s i n g l e  c h a n n e l  a n a l y z e r .  As the  z e r o  t i m e ,  
t he  onse t  o f  s t e e p  r i s e  o f  t he  i n t e n s i t y  o f  t he  e x c i t a t i o n  
l i g h t  p u l s e  has been chosen .  For t he  measurement o f  t o t a l  
s p e c t r a ,  t he  upper  l i m i t  o f  t he  t ime  window was s h i f t e d  to  
500 ns and the  l o w e r  l i m i t  j u s t  b e f o r e  the  z e r o  t i m e .  

RESULTS AND DISCUSSION 
I n  F i g . 1  a re  p l o t t e d  the  t i m e - r e s o l v e d  s p e c t r a  o f  a t h i n  

f i l m  o f  PEPCA measured a t  295 K. From the  t ime  changes o f  the  
s p e c t r a  i s  c l e a r l y  seen t h a t  t he  e m i s s i o n  i s  due to  two d i s -  
t i n c t  s p e c i e s .  The s h o r t - w a v e l e n g t h  p a r t ,  t he  monomer em is -  
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F i g . l .  T i m e - r e s o l v e d  s p e c t r a  o f  a PEPCA f i l m  a t  295 K 
( - - - - - - 0  t o  1 n s , - - 9  to  10 ne ,  . . . .  17 to  1 9 . 5  ns )  
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F i g o 2 .  T i m e - r e s o l v e d  s p e c t r a  o f  PEPCA f i l m  a t  1 1 K  
( ~ - - 6  t o  7 n s , ~ 9  t o  10 n s ,  . . . .  35 t o  3 7 . 5  he )  
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s i o n ,  decreases r a p i d l y  i n  respect  to the second emiss ion .  
The t i m e - r e s o l v e d  spec t ra  of  the same sample taken at  

1 1 K  are p l o t t e d  in  F i g . 2 .  In  t h i s  case, the shape of the two 
pa r t s  of the spectrum i s  almost the same as tha t  of the room 
temperature spectrum, but the monomer f l uo rescence  decreases 
much more s l o w l y .  As such a la rge  temperature change in  the 
ra te  cons tan t  of r a d i a t i o n l e s s  t r a n s i t i o n s  from the exc i t ed  
to the ground s t a t e  of the monomer seems ex t rem ly  improbableS,  
one i s  lead to suspect  the processes of e x c i t a t i o n  energy 
t r a n s f e r  from the monomer to the second centrum to be respon- 
s i b l e  f o r  the observed a l t e r a t i o n  in  the s p e c t r a l  behav iou r .  
Complementary i n f o r m a t i o n  to t h i s  ques t ion  may be got from the 
decay curves of the emission of the monomer and of the second 
centrum. Because of the smal l  ove r lap  of the two pa r t s  of the 
s p e c t r a ,  t h i s  i n f o r m a t i o n  may be obta ined e a s i l y  by proper  
choose of  the wavelengths of  measurement o f  the two decays.  

The decay curves of the two emiss ions (a t  370 nm and at  
460 nm, resp . )  measured at  300 K are p l o t t e d  in  F ig .3  and 
those taken at 11 I< in  F i g . 4 .  Semi l oga r i t hm ic  p l o t  has been 
Used in  both cases w i th  the t ime sca le  of 390 ps per channe l .  
At room tempera ture ,  the monomer decay curve f o l l ows  nea r l y  
the shape of the f a l l i n g  pa r t  of the e x c i t a t i o n  pu lse  and the 
decay t ime may be es t imated as less  than i n s .  The emission 
at 450 nm i s  nonexponen t ia l  at the beg inn ing but i t  soon be- 
g ins to f a l l  e x p o n e n t i a l l y  w i th  the decay t ime of 16 ns (as 
determined from the ~ l o p e ) .  Th is  behav iour  i s  t y p i c a l  f o r  an 
acceptor  of e x c i t a t i o n  energy at  high e f f i c i e n c y  of the t r a n s -  
fe r  from the donor .  At 11 I<, the l i f e t i m e  of e x c i t a t i o n  i s  
much longer  in  both the c e n t r a .  The decay curves are nonexpo- 
n e n t i a l  th roughout  the whole i n t e r v a l  of  d e t e c t i o n .  Th is  may 
be exp la ined  by a much less  e f f e c t i v e  m ig ra t i on  of e x c i t a t i o n  
energy in  the polymer at low tempera tu re .  The s i t u a t i o n  may 
be in  genera l  understood w i t h i n  the terms of the F o r s t e r  mo- 
del  of resonance energy t r a n s f e r  between molecu les .  Accord ing 
to t h i s  model (e.g.F6RSTER 1948), the e x c i t a t i o n  energy t r a n s -  
fe r  r a t e  i s  determined by the mean i n t e r m o l e c u l a r  d i s t a n c e ,  
the average o r i e n t a t i o n  f a c t o r  and the s p e c t r a l  over lap  in  the 
system. R is ing  the tempera ture ,  a l l  these v a r i a b l e s  change in  
such a way as to enhance the t r a n s f e r  r a t e .  

In  o rder  to b e t t e r  understand the na ture  of the cent ra  
r espons ib l e  f o r  the second emission of PEPCA f u r t h e r  e x p e r i -  
ments were per formed.  In  F ig .5  are p l o t t e d  the t o t a l  spec t ra  
of  a PEPCA f i l m ,  of  PEPCA molecules p resent  at  low concen t ra -  
t i on  in  p o l y s t y r e n e  m a t r i x ,  and of c r y s t a l l i n e  NIPCA. The s i -  
m i l a r i t y  of the spec t ra  of the PEPCA f i l m  and of the NIPCA 
c r y s t a l s  i s  apparen t .  Monomer f luo rescence  in  the spectrum of 
NIPCA c r y s t a l s  i s  due to the presence of a smal l  amount of 
the n o n c r y s t a l l i n e  m a t e r i a l  in  the sample. The s t r u c t u r e  of 
NIPCA c r y s t a l s ,  to the au tho rs ' know ledge ,  has not ye t  been 
determined,  however, one may expect  s i m i l a r i t y  w i th  the s t r u c -  
tu re  of similar materials which is known, e.g. of carbazole 

@ For comparison, the lifetim~ of carbazole molecules pre- 
sent at the concentration of iD-~mole/mole of monomer units 
in a matrix of polystyrene is equal to II.7 na at 300 I< and 
to 12.2 ns at ii K (HRSTI<A and KLIMOVI~ 1982). 
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c r y s t a l s  (LAHIRI 1968) and of  d i b e n z o t h i o p h e n e  c r y s t a l s  
(SCHAFFRIN and TROTTER 1970, BREE and ZWARICH 1971) .  I n  both  
these cases ,  pronounced tendency  towards the ar rangement  of  
n e i g h b o u r i n g  mo lecu les  w i t h  the s h o r t  i n - p l a n e  m o i e c u l a r  axes 
a n t i p a r a l l e l  appears ,  s t r o n g e r  i n  the l a t t e r  case.  Judg ing  
from t r i a i s  w i t h  m o i e c u l a r  models ,  a n t i p a r a l l e l  sandwich a r -  
rangement of  c a r b a z o l y l  groups i n  PEPCA i s  e a s i l y  a t t a i n a b l e  
no t  o n l y  between two d i f f e r e n t  c h a i n s  but  a l s o  between s u f f i -  
c i e n t l y  d i s t a n t  p a r t s  of  the same c h a i n ~  Due to the s t a t i c  
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Fig.5. Luminescence spectra~--PEPCA thin film, 
PEPCA in PS (5 x 10 -~ mole/mole of monomer 

units of PS), crystalline NIPCA 

dipole moments of the carbazolyl groups, the sandwichiike ar- 
rangement of the neighbours with antiparailei short axes 
should lead to a gain in the intermolecular interaction ener- 
gy (compared to the structure of the sandwichiike excimer in 
PVCA) in the ground state of the side groups and even, as no- 
ticed by ~OHNSON (1975), in their excited state. This is in 
line with the observed red shift of the emission. 

All the gathered experimentai data and the above given 
arguments as.well as the shape of the luminescence spectra 
of N-vinylcarbazoie and of ethylcarbazoie crystals (SAN0 and 
MATSUDA 1976) seem to support the suggestion that the long- 
wavelength emission of PEPCA films is due to a physical trap 
ofenergyconsisting of an array of paraiIel (or nearly pa- 
raiIei) carbazoiyi side groups with antiparaileiiy oriented 
short molecular in-plane axes. The reguiarity in the arrange- 
ment of the side groups may be responsibie for the simiIarity 
in iuminescence behaviour with the crystals. It should be 
mentioned here, that all the known facts may be compietely 
expiained in a different manner, by assuming the presence of 



638 

the same chemical impurity in all the studied materials which 
might act as an acceptor of the excitation energy and the 
source of the observed emission. However, it does not look 
likely that the same impurity might be present in the NVCA 
and ethylcarbazole of SAN0 and HATSUDA(1976), in PEPCA from 
Vilnius and in NIPCA of Eastman Kodak, whilst the similarity 
in the structural arrangement does look so. 

The absence of the emission of PEPCA films above 500 nm, 
mentioned in the previous papers (GAIDELIS et ai.1976,1980, 
and TRCHOV~ et ai.1981), in the present measurements has been 
caused without any doubt by careful purification of the mate- 
rials, excellent vacuum, and low intensity excitation of the 
samples during the course of the present work. 
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