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AN ORGANIC CRYSTAL AS A MATRIX FOR SPECTROSCOPY A N D  
MECHANISTIC STUDIES I N  PHOTOCHEKISTRY 

GARRY E. EERKOVIC and Z V I  LUDMER 
Department of  Structural  Chemistry, Weimann I n s t i t u t e  
of Jcience,  Rehovot, ISRAEL 76100. 

Abstract Advantages i n h e r e n t  i n  studying photochemical 
react ion mechnanisms i n  the so l id - s t a t e  a r e  discussed. 
It is proven t h a t  the heterophotodimerization of  
9 -cya noan t hr ac e ne and 9-me thox ya n t hr acene proceed s v i a 
an exciplex. The organic c r y s t a l  matrix a l so  permits 
extensive spectroscopic studies of  the exciplex. 

INTRODUCTION 

The organic solid s t a t e ,  such as a doped organic c r y s t a l ,  
can be a most convenient matrix f o r  spectroscopy and 
mechanistic studies of  photochemical addi t ion react ions.  
This matrix has the following a t t r a c t i v e  f ea tu res  : 

( a )  Geometries o f  i n t e rac t ing  molecules a r e  fixed and 

may be accurately determined by various techniques such a s  
X-ray crystallography. 

( b )  Studies  may b e  performed over a wide temperature 
range (including very  low temperatures) without s i g n i f i c a n t  
change i n  t h e  nature of the matrix. 

(c)  Electronic energy t r ans fe r  t o  t h e  r eac t ive  s i te  is 
usually v e r y  eff ic ient  i n  organic c r y s t a l s .  

I n  t h i s  communication t h e  r o l e  of a metastable intermediate 
(exciplex) in t he  cycloaddition (heterophotodimerization) of 
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18 G.  E. BERKOVIC and Z. LUDMER 
two anthracene d e r i v a t i v e s  i s  a sce r t a ined  by i n v e s t i g a t i n g  
t h e  photophysical and photochemical p r o p e r t i e s  o f  a mixed 

c r y s t a l  o f  t h e  two comwnents.  
The problem of  exc ip lex  (or  excimer) intermediacy i n  

hetero- (o r  homo-) photochemical add i t ion  r e a c t i o n s  has  been 

s tudied  previous ly  i n  so lu t ion  using two methods. I n  t h e  

f irst  methodla an add i t iona l  quencher is added t o  t h e  

r eac t ion  mixture  and i ts  effect  on exc ip lex  formation and 
y i e ld  o f  photoproduct is studied a s  the quencher 
concent ra t ion  is var ied .  If t h e  t w o  processes  a r e  always 
quenched t o  the same extent t h e  exc ip lex  i s  n e c e s s a r i l y  an 
in te rmedia te  i n  t h e  photoreaot ion,  This approach, a p a r t  from 
be ing  somewhat indirect ,  s u f f e r s  from t h e  following 
1 i m i t a t i o n s  : 

( a )  The exciplex may o f t e n  be d i f f i c u l t  t o  observe as a 
r e s u l t  o f  inefficient formation and/or low fluorescence 
e f f i c i e n c y  . 

( b )  Temperature dependence studies (e.g. f o r  
determinat ion o f  a c t i v a t i o n  ene rg ie s )  a r e  problematic  a s  
cool ing  t h e  so lu t ion  i n h i b i t s  k ine t i c  processes  such a s  
d i f f u s i o n  and u l t i m a t e l y  causes  f r eez ing  and/or 
p r e c i p i t a t i o n  o f  r e a c t a n t s .  

The second method, used by Ferguson e t  a17-9 overcomes these 

l i m i t a t i o n s  by reducing t h e  system t o  a monomolecular one. 
The photoreact ion is s t u d i e d  a s  a nphotoisomerationll  o f  
l i n k e d  bichromophoric molecules8 r 9  o r  sandwich dimers7 
dissolved i n  a glass-forming so lvent .  Mechanistic 
information i s  obtained from t h e  temperature  dependence of  
t h e  f luorescence decay times and quantum y i e l d s  f o r  
r a d i a t i v e  and non-radiat ive processes .  

The method discussed here, namely t h e  use of  a mixed 

organic  c r y s t a l ,  is very  s imple  and r e t a i n s  t h e  advantages 
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AN ORGANIC CRYSTAL AS A MATRIX IN PHOTOCHEMISTRY 19 

o f  t h e  l a t t e r  approach while l e a v i n g  t h e  i n t e r a c t i n g  s p e c i e s  

a s  ” f r e e ”  molecules  i n  t h e  electronic e x c i t e d  s t a t e .  

RESULTS AND DISCUSSION - 
9-Cyanoanthracene (g-C#A) and 9-methoxyanthracene (9-PeOA) 

have been repor ted  to  photodimerize i n  s o l u t i o n  g i v i n g  t h e  

head-to-head heterodimer”.  No concurren t  e x c i p l e x  
f luorescence  was observed’: I n  9-CNA c r y s t a l s  doped w i t h  

g-FeCA, however, both e x c i p l e x  f l u o r e s c e n c e  and 
h e t e r o p h o t o d i n e r i z a t i o n  were observed’ ’ a t  room t empera ture .  

The observa t ion  o f  t h e  same dimer” a s  from solution’o is 
consistent with t h e  head-to-head c r y s t a l  structure o f  

g-CNA12 and recent f o r c e - f i e l d  c a l c u l a t i o n s  which have 

shown13 t h a t  t h e  9-MeOA molecules  r e p l a c e  9-CNA molecules 
s u b s t i t u t i o n a l l y .  

The two p o s s i b l e  r e a c t i o n  mechanisms ( t h a t  

photodimerizat ion proceeds v i a  t h e  exc ip lex  or t h a t  i t  d o e s  

not )  a r e  shown i n  Scheme 1. The c o r r e c t  mechanism can b e  

determined from the tempera ture  dependence of t h e  e x c i p l e x  

f luorescence  quantun y i e l d  (OF) and decay time ( T I .  

A. Photodimsrization PrOWRds v ia  the 8. Photodilariaation prowed. indep- 
sxcip1ex endsntly of exciplax f o m t i o n  

kD 
OD - kF + kNR + kD k + kD 

kF - rate constant of exciplax fluorascsna, 
relaxation proceaeee. 

formation, 

N o t e  : (a) The excited eta- of 9-OIA which d i f f w e s  through the crystal is the exci-r” 

SR - rate of ncm-radiative exdplex  
kD - rate of formation of photoaimr, \ - rat. of exciplax 

0, - quantum yie ld  for foxmation of photodi-r. 

lb) The quenching of (9-CNAi by 4% 9-mOA i a  practically 
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20 G. E. BERKOVIC and Z. LUDMER 

A .  P h o t o d i m e r i z a t i o n  p r o c e e d s  v ia  t h e  e x c i p l e x  

Under t h i s  mechanism it was shown14 t h a t  
- 

@F = kF (kF + kNR + kD = kFT ( 1 )  

If k N R  is d i v i d e d  i n t o  t e m p e r a t u r e  i n d e p e n d e n t  ( k t R  1 and 

t e m p e r a t u r e  dependen t  ( k i R  1 p a r t s ,  upon n o r m a l i z i n g  w i t h  

r e s p e c t  t o  t h e  l i m i t i n g  low t e m p e r a t u r e  v a l u e s  ('I' , 4 ) 

when kD and kNR a r e  zero, we g e t  t 14 

'I OF - kF + . = I -  kh + k D  7 = = -  
kF + kKR + kC k~ + k~~ + k~ 

t 
c 'I 

= 1 - +NR - +D (2) 

E. Pho td i rne r i za t ion  does not p roceed  v i a  the e x c i p l e x  
I n  t h i s  case it was t h a t  
- 

T = ( k F  + kKR I-' 

$F= kE (kF + kD 1- 1 ky T 

(3)  

(4) 

Normal i z ing  ss b e f o r e  , we g e t  

Thus ,  a 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  fo r  

d i s t i n g u i s h i n g  between t h e  two mechanisms,  a s  shown by  (2) 
and (51, is t h a t  4D be l a r g e r  a t  some t e m p e r a t u r e  than t h e  

e x p e r i m e n t a l  error i n  d e t e r m i n i n g  t h e  r e l a t i v e  f l u o r e s c e n c e  
quantun  y i e l d  and l ifetime. 

The e x c i p l e x  f l u o r e s c e n c e  d e c a y  time and quan tun  y i e l d  

have been measured l 4 * l 5  o v e r  t h e  t e m p e r a t u r e  r a n g e  5 - 360 K 
(see Fig. 1) .  */$ and T/T' show t h e  same b e h a v i o u r  o v e r  

t h e  e n t i r e  t e m p e r a t u r e  r a n g e  w i t h i n  e x p e r i m e n t a l  error (31). 
This v a l u e  is s m a l l  compared t o  t h e  measured  v a l w l ' l  of 0.12 
for  + D  a t  293 K : t h u s  i t  is unequ ivocab ly  conc luded  t h a t  
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AN ORGANIC CRYSTAL AS A MATRIX IN PHOTOCHEMISTRY 

photodirnerization proceeds v i a  the excfplex .  

21 

FIGURE 1. Temperature dependence of t he  fluorescence 

quantum y i e l d  and decay time f o r  the 9-CNA - 9-MeOA 

exciplex. 4 =0.3 and T =78ns 0 0 14,15 
F 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
18

 2
1 

Fe
br

ua
ry

 2
01

3 



22 G .  E. BERKOVIC and Z. LUDMER 

Determination of Act iva t ion  Energies  
\r’e have shown’4 from t h e  temperature  dependence o f  
t h a t  there a r e  two thermal ly  a c t i v a t e d  processes  quenching 
t h e  exciplex s t a t e ,  w i t h  ene rg ie s  o f  a c t i v a t i o n  o f  5.4 and 
0.95 kcal/mol. The former is  assigned a s  t h e  a c t i v a t i o n  
energy f o r  photodimerirat lon because it is s i m i l a r  t o  va lues  
determined f o r  analogous photoaddi t ions proceeding v i a  
e x c i p l e x e ~ ~ * ~ ~  l6 and p r e d i c t s  O D  and i t s  temperature 
dependence i n  s a t i s f a c t o r y  agreement w i t h  experiment14 . 
Exciplex spectroscopy 
The organic  c r y s t a l  matr ix  enables  u s  to s tudy  t h e  

spectroscopy o f  t h e  exciplex a t  very  low tempera tures ,  
something which is  no t  possible in normal so lu t ion  s tud ie s .  
We have reported” t h a t  i n  t h e  9-CNA - 9-MeOA mixed c r y s t a l  
system the  exciplex may be d i r e c t l y  excited a t  77 K o r  below 
v i a  a weak absorp t ion  band t o  t h e  red of t h e  pure c r y s t a l  
absorpt ion edge. The r e s u l t a n t  emission (see Fig.  2) 

conta lns  some weak structure’’ (corresponding t o  a t y p i c a l  
anthracene v ibronic  progress ion) ,  something not  observed a t  
room temperature o r  I n  so lu t ion .  Poth these r e s u l t s  a r e  
c o n s i s t e n t  w i t h  t h e  exciplex ground s t a t e  being less 
repu l s ive  than t h a t  of excimers due to  some weak charge- 
t r a n s f e r  s t a b i l i z a t i o n  i n  the  former” . 
CONCLUSION 

We have demonstrated t h e  advantages of s tudylng t h e  

mechanism of a photochemical reaction i n  t h e  so l id - s t a t e .  
This approach should be a p p l i c a b l e  t o  a wide range o f  so l id-  
s t a t e  r eac t ions .  Spectroscopic  studies o f  t h e  exciplex have 
been performed i n  more d e t a i l  than is poss ib l e  i n  so lu t ion .  
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AN ORGANIC CRYSTAL AS A MATRIX IN PHOTOCHEMISTRY 23 

WAVELENGTH ( NM) 

F I G U R S  2 .  Structured mixed crystal excipfex emission 
from 9-CNA - 9-MeOA after direct excitation with 450 nm 
l i g h t  at  4 .2  K .  
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