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THE MECHANISM OF INTERSYSTEM CROSSING FOR 

SOME SUBSTITUTED AROMATIC HYDROCARBONS 
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ABSTRACT 

I n  view of  t h e  experimental ly  observed energy l e v e l s  , t h e  mechanism 

of  in te rsys tem c r o s s i n g  f o r  9,10-diphenylanthraceneY 9, lO-dimethylanthra-  

cene,  and lY3,6,8-tetraphenylpyrene i s  d i s c u s s e d  and compared w i t h  t h a t  

f o r  p a r e n t  hydrocarbons. 

changes i n  t h e  photophys ica l  p r o p e r t i e s  upon phenyl  o r  methyl  s u b s t i t u -  

t i o n  a t  t h e  most a c t i v e  c e n t e r s  of an thracene  and pyrene r i n g s .  

The proposed mechanism e x p l a i n s  t h e  d r a s t i c  

INTRODUCTION 

C e r t a i n  t y p e s  of  p e r t u r b a t i o n s  r e s u l t  i n  s i g n i f i c a n t  changes i n  t h e  

photophys ica l  p r o p e r t i e s  of  molecular  systems.  These changes have been 

expla ined  i n  terms of concurren t  a l t e r a t i o n s  i n  t h e  l o c a t i o n  of t r i p l e t  

l e v e l s  wi th  r e s p e c t  t o  t h a t  of t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  of t h e s e  

molecules .  

The h e t e r o c y c l i c  compound, q u i n o l i n e ,  e x h i b i t s  a g r e a t e r  r a t i o  o f  

phosphorescence t o  f luorescence  than  t h e  p a r e n t  hydrocarbon, naphtha lene  

'Pre-doctoral f e l l o w ,  on l e a v e  of  absence from Atat l l rk  U n i v e r s i t y ,  
Erzurum, Turkey 
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A. YILDIZ AND C .  N. R E I L U Y  

The (n,T*) t r i p l e t  l e v e l ,  which i s  absent  i n  naphthalene and l i e s  between 

t h e  lowest (II,IT*) s i n g l e t  and ( I T , F B )  t r i p l e t  l e v e l s ,  enhances t h e  i n t e r -  

system c r o s s i n g  process  i n  quinol ine . ’  

Aromatic aldehydes and ke tones  l i k e  benzaldehyde and benzophenone 

show s t r o n g  phosphorescence and almost no f luorescence  whereas t h e  cor-  

responding a l i p h a t i c  carbonyl  compounds e x h i b i t  bo th .  

compounds, a ( a , n . J )  t r i p l e t  l e v e l  l i es  between t h e  ( n , d # )  s i n g l e t  and 

(n ,I$<) t r i p l e t  l e v e l s .  

t h e  y i e l d  of t r i p l e t  popula t ion .  

c h a r a c t e r ,  no such i n t e r m e d i a t e  t r i p l e t  l e v e l  i s  e x t a n t  s o  t h a t  f luorescence  

can e a s i l y  compete wi th  phosphorescence.’ 

I n  aromatic carbonyl  

T h i s  i n t e r m e d i a t e  t r i p l e t  l e v e l  a g a i n  enhances 

I n  t h e  carbonyl  compounds of a l i p h a t i c  

The high quantum y i e l d  of  t r i p l e t  s ta te  formation (QT) i n  an thracene ,  

which is  0.70 i n  e t h a n o l i c  s o l u t i o n s ,  drops a b r u p t l y  t o  a lmost  z e r o  i f  

t h e  anthracene c r y s t a l  is examined. The f luorescence  quantum y i e l d  (QF) 

becomes 0.99 i n  t h e  c r y s t a l l i n e  s ta te .  

anthracene was i n t e r p r e t e d  as be ing  due t o  t h e  r e d  s h i f t  i n  t h e  p o s i t i o n  

of t h e  first e x c i t e d  s i n g l e t  s ta te  i n  c r y s t a l l i n e  s t a t e  which now l i e s  

1260 cm. 

The h i g h  Q, va lue  f o r  c r y s t a l l i n e  

-1 below t h e  second t r i p l e t  s tate2 (see Figure  1). 

Phenyl or methyl  s u b s t i t u t i o n  a t  t h e  most a c t i v e  c e n t e r s  o f  an thracene  

and pyrene r i n g s  a l s o  causes  some s i g n i f i c a n t  changes i n  t h e  photophys ica l  

p r o p e r t i e s .  

of f luorescence  and t r i p l e t  s t a t e  formation of an thracene ,  9,lO-diphenyl- 

anthracene,  9,10-dimethylanthracene, pyrene,  and 1,3,6,8-tetraphenylpyrene 

Close examination o f  t h e  ~ a l u e s ~ ’ ~ ’ ~  f o r  t h e  quantum y i e l d s  

revea led  some r a t h e r  d r a s t i c  changes i n  t h e  photophys ica l  p r o p e r t i e s  

accompanying s u b s t i t u t i o n  a t  t h e  most a c t i v e  c e n t e r s  o f  t h e  p a r e n t  hydrocarbons 

The f luorescence  quantum y i e l d  (Q i n c r e a s e s  from about  0.30 f o r  an thracene  

t o  0.89 f o r  9 , lO-diphenylanthracene and 9,10-dimethylanthraceneY a l l  f o r  

e t h a n o l i c  s o l u t i o n s .  The quantum y i e l d  f o r  t r i p l e t  s t a t e  formation (Q 

F 

T 
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MECHANISM OF INTERSYSTEM CROSSING 

i n  t h e  same s o l v e n t  decreases  accord ingly  t o  a va lue  o f  0.03. 

i n  e t h a n o l  i s  0 .72  and Q i s  0.28 a t  21OC. If t h e  most a c t i v e  c e n t e r s  i n  

a pyrene r i n g  a r e  s u b s t i t u t e d  t o  g i v e  lY3,6,8-tetraphenylpyrene, t h e  

f luorescence  quantum y i e l d  a g a i n  approaches u n i t y .  

suggested t h e  p r e s e n t  work on t h e  r e l a t i v e  p o s i t i o n  o f  t h e  first e x c i t e d  

s i n g l e t  s t a t e  v s .  var ious  t r i p l e t  l e v e l s .  

Q, of  pyrene 

T 

These o b s e r v a t i o n s  

The exper imenta l  observa t ion2  '6y o f  t h e  T2  s ta te  i n  an thracene  

provided va luable  i n s i g h t  toward understanding o f  t h e  high i n t e r s y s t e m  

c r o s s i n g  y i e l d  o f  t h i s  hydrocarbon i n  s o l u t i o n .  

i n  s o l u t i o n ,  c l o s e l y  matches t h a t  of  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  s o  

t h a t  an e f f i c i e n t  in te rsys tem cross ing  can occur  t o  popula te  t h e  lowest  

t r i p l e t  l e v e l .  

The energy o f  t h i s  s t a t e ,  

Windsor and NovakY6 u t i l i z i n g  a double-beam n e a r - i n f r a r e d  d e t e c t i o n  

technique ,  have revea led  t h e  e x i s t e n c e  o f  a t h e o r e t i c a l l y  p r e d i c t e d e  

second t r i p l e t  s t a t e  for pyrene which l i e s  1300 cm. above t h e  f i r s t  

e x c i t e d  s i n g l e t .  This  l e v e l  is r e s p o n s i b l e  f o r  t h e  promotion o f  i n t e r -  

system c r o s s i n g  as i n  an thracene ,  bu t  t h i s  t ime w i t h  some a c t i v a t i o n  energy 

a s s o c i a t e d  with i t .  (The a c t i v a t i o n  energy f o r  i n t e r s y s t e m  c r o s s i n g  i n  

pyrene has  been found t o  be  3 k ~ a l / m o l e , ~  corresponding t o  1150 an.-'.) 

-1 

Ting,  l o  using Pariser-Parr c a l c u l a t i o n s  , has o f f e r e d  an e x p l a n a t i o n  

f o r  t h e  d i f f e r e n c e  i n  t h e  f luorescence  quantum y i e l d s  o f  an thracene  and 

9,lO-diphenylanthracene. I n  t h e  l a t t e r  hydrocarbon, t h e  c a l c u l a t e d  

t r i p l e t  s t a t e  e n e r g i e s  a r e  s h i f t e d  upward, wi th  r e s p e c t  t o  t h e  p o s i t i o n  of  t h e  

f i r s t  e x c i t e d  s i n g l e t ,  t o  an e x t e n t  such  as t o  prec lude  an easy  i n t e r s y s t e m  

c r o s s i n g  pathway. The c a l c u l a t e d  AE ( S  +-+ T was found t o  be  less 

than  t h a t  of an thracene  because of t h e  apparent  conjugat ion  wi th  two 

phenyl r i n g s  (which were assumed t o  be p l a n a r  wi th  t h e  an thracene  r i n g )  

and thus  l e s s e n i n g  exchange i n t e r a c t i o n  which determines (S 

energy gap. 

1 1 

1 - 
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A. YILDIZ AND C. N. REILUY 

The exper imenta l  energy l e v e l s  f o r  t h e  above s u b s t i t u t e d  an thracenes  and 

f o r  1,3,6,&tetraphenylpyrene were not  known. It  i s  t h e  purpose o f  t h i s  

communication t o  p r e s e n t  t h e  exper imenta l ly  observed energy l e v e l s  of  such 

s u b s t i t u t e d  hydrocarbons and compare them w i t h  t h a t  of t h e  corresponding 

parent  hydrocarbon and t o  d i s c u s s  t h e i r  i n f l u e n c e  on t h e  e f f i c i e n c y  o f  

c rossover  from t h e  s i n g l e t  t o  t r i p l e t  manifolds .  

EXPERIMENTAL RESULTS 

The p o s i t i o n s  of t h e  first t r i p l e t  l e v e l s  o f  t h e  s u b s t i t u t e d  compounds 

were es t imated  from t h e  maximum of  t h e  s h o r t e s t  wavelength band of  t h e  

phosphorescence spectrum i n  EPA a t  7 7 O K . ,  and from t h e  induced s i n g l e t  - 
t r i p l e t  d i r e c t  a b s o r p t i o n  spectrum a t  25OC. i n  E t B r  as a heavy-atom s o l v e n t  

and (CH3COCHCOCH ) Cu a s  paramagnetic p e r t u r b i n g  s p e c i e s .  T r i p l e t - t r i p l e t  

absorp t ion  s p e c t r a  ( i n  a c e t o n i t r i l e  a t  25OC.I were obta ined  with a k i n e t i c  

spectrophotometer .  The unimolecular  l ifetimes o f  t r i p l e t s  i n  a c e t o n i t r i l e  

a t  25OC. under an argon atmosphere were found t o  be 1.11, 0.91, and 1.05 

msec. for 9,10-diphenylanthracene, 9,10-dimethylanthracene, and 1 ,3 ,6 ,8-  

te t raphenylpyrene ,  r e s p e c t i v e l y .  F igure  1 and Figure  2 summarize t h e  

energy l e v e l s  of t h e  an thracenes  and of t h e  pyrenes.  

3 2  

DISCUSSION 

The r e s u l t s  ob ta ined  i n  t h i s  s tudy  of 9 , lO-diphenylanthracene and 

9,lO-dimethylanthracene show t h a t ,  upon s u b s t i t u t i o n  o f  t h e  most a c t i v e  

c e n t e r s  i n  t h e  an thracene  r i n g  with e i t h e r  phenyl  or methyl groups,  AE 

(S1 c.--, T 

s p l i t t i n g  of  t h e  parent  hydrocarbon. 

t o  t h e  exchange i n t e r a c t i o n .  

s p l i t t i n g  is g r e a t l y  decreased w i t h  r e s p e c t  t o  t h e  same 1 

Ting” has  a t t r i b u t e d  t h e  s p l i t t i n g  

It is clear  from t h e  exper imenta l  va lue  of 
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MECHANISM OF INTERSYSTEM CROSSING 
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S T  
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Figure 1. Estimated energy levels of anthracene, 9,10-diphenylanthracene, and 
9,lO-dimethylanthracene. 

Energy levels of anthracene are taken from the literature (2,6,7,16) 

So - TI induced absorption bands a 
First singlet level of crystalline anthracene ---- 
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A. Y I L D I Z  AND C. N. REILLEX 

S T  

I PYRENE 

I 

S T  

Figure 2. Estimated energy levels of pyrene and 
1,3,6,8-tetraphenylpyrene, Energy levels 
of pyrene are taken from the literature (6,16). 

So - T1 induced absorption bands la 
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MECHANISM OF I N T E R S Y S T E M  C R O S S I N G  

AE (S1 - T 

i n d i c a t e .  

t h a t  t h e  exchange i n t e r a c t i o n  is l e s s  t h a n  h i s  c a l c u l a t i o n s  1 

The r e a c t i v i t i e s  of  t h e  c a t i o n  r a d i c a l  i o n s ”  and t h e  esr h y p e r f i n e  

s p l i t t i n g  o f  t h e  c a t i o n  and anion r a d i c a l  i o n s  o f  t h e s e  

two s u b s t i t u t e d  an thracenes  are q u i t e  s i m i l a r .  It is a l s o  e s t a b l i s h e d  

t h a t ,  i n  9,10-diphenylanthracene, t h e  phenyl  s u b s t i t u e n t s  are t w i s t e d  

(by about 6 0 ° )  from t h e  p lane  o f  t h e  an thracene  r i n g  both  i n  t h e  ground 

s t a t e 1 3  and i n  t h e  e x c i t e d  s i n g l e t  s t a t e 1 5  due t o  s t e r i c  h indrance  by 

t h e  a hydrogens. The s i m i l a r i t i e s  n o t i c e d  i n  t h e  v a l u e s  o f  QF/Q, and 

i n  t h e  observed o p t i c a l  energy l e v e l s  of  t h e  two s u b s t i t u t e d  an thracenes  

also i n d i c a t e  t h a t  cont ra ry  t o  t h e  assumption o f  t h e  t h e o r e t i c a l  work,1° 

t h e  r e d i s t r i b u t i o n  of  t h e  e l e c t r o n  d e n s i t y  upon s u b s t i t u t i o n  occurs  

p r i m a r i l y  w i t h i n  t h e  an thracene  r i n g .  

The examination of  t h e s e  energy l e v e l  diagrams f o r  the s u b s t i t u t e d  

hydrocarbons f u r t h e r  impl ies  t h a t ,  f o r  an e f f e c t i v e  i n t e r s y s t e m  c r o s s i n g  

and t r i p l e t  s t a t e  popula t ion ,  not  only j, 

l y i n g  (whose e n e r g i e s  c l o s e l y  match w i t h  t h a t  of  S1 l e v e l )  t r i p l e t  l e v e l s  

r e q u i r e d  but  a l s o  needed 

energy from i n t e r m e d i a t e  t r i p l e t s  ( a f t e r  c rossover  h a s  occurred)  v i a  a very 

t h e  e x i s t e n c e  o f  t h e  h i g h e r  

is a low l y i n g  t r i p l e t  s ta tes  which can t a k e  

f a s t  i n t e r n a l  conversion process .  F o r  p a r e n t  hydrocarbons (an thracene  and 

pyrene)  t h e  presence of a c l o s e  l y i n g  T 2 ,  coupled w i t h  t h e  r a p i d  i n t e r n a l  

conversion w i t h i n  t h e  t r i p l e t  manifold,  r e s u l t s  i n  a much more s i g n i f i c a n t  

l o s s  of  s i n g l e t  e x c i t a t i o n  energy v i a  i n t e r s y s t e m  c r o s s i n g .  

t h e  s h i f t  i n  t h e  p o s i t i o n  of t h e  t r i p l e t  l e v e l s  i n  t h e  s u b s t i t u t e d  hydro- 

carbons such as 9,10-dimethylanthracene, 9,10-dipheny1anthraceney and 

1,3,6,8-tetraphenylpyrene , one important  pathway1 for  t h e  i n t e r s y s t e m  

c r o s s i n g  processes  (i .  e . ,  from S1 t o  T ) is now removed, reducing  t h e  

e f f i c i e n c y  of t r i p l e t  popula t ion .  

Owing t o  
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A. YILDIZ AND C. N. REILLEX 

The importance of  t h e  p o s i t i o n  o f  t h e  h i g h e r  l y i n g  t r i p l e t  l e v e l s  

i n  popula t ing  t h e  first t r i p l e t  s ta te  of a romat ic  hydrocarbons v i a  i n t e r -  

system c r o s s i n g  appears  t o  be  far g r e a t e r  t h a n  t h a t  of s o - c a l l e d  d e n s i t y -  

o f - s t a t e s  argument. 

p r o p e r t i e s  of  two p l a n a r  molecules  whose AE (S1 - T1) s p l i t t i n g s  are 

i d e n t i c a l  (phenanthrenel*:  

QT = 0.06). 

t h e  same f o r  t h e  two molecules) ,  Q 

almost i d e n t i c a l .  

y e t  unobservedY6 T 

is probably r e s p o n s i b l e  for t h i s  e f f i c i e n t  i n t e r s y s t e m  c r o s s i n g .  

be noted t h a t  t h i s  T2 l e v e l  has  been de tec ted21 f o r  4,5-dihydropyrene 

(which i s  a s u b s t i t u t e d  phenanthrene r i n g  where t h e  s u b s t i t u t i o n  is n o t  

at t h e  most a c t i v e  s i t e s ) .  

T h i s  can be  i l l u s t r a t e d  by comparing t h e  photophys ica l  

QF 2 0.15,  QT 0.80 vs.  perylene19:  QF 2 0.89,  

If t h e  d e n s i t y - o f - s t a t e s  argument were o p e r a t i v e  (which i s  

and Q v a l u e s  o f  t h e s e  would a l s o  be F T 

The t h e o r e t i c a l l y  p r e d i c t e d Y 2 '  b u t  exper imenta l ly  as 

s t a t e  which l i es  c l o s e  i n  energy t o  t h e  S1 o f  phenanthrene 2 

I t  should  
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