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A B - I N I T I O  AND SEMIEMPIRICAL MO STUDIES ON 
PHOTOCHROMIC MOLECULES 

SHINICHIRO NAKAMURA, A K I N O R I  MURAKAMI, MASAFUMI ADACHI  
Research Center ,  Mi t sub i sh i  Kasei Corporat ion,  1000  
Kamoshida, Midori-ku, Yokohama 2 2 7 ,  Japan 

MASAHIRO I R I E  
I n s t i t u t e  of Advanced Mate r i a l  Study, Kyushu 
U n i v e r s i t y  Kasuga-Koen 6-1 ,  Kasuga, Fukuoka 8 1 6 ,  Japan 

Abs t r a c  t A molecular  o r b i t a l  (MO) s tudy  on o r g a n i c  
photochromic molecules w a s  p r e sen ted ,  where t h e i r  o p t i c a l  
p r o p e r t i e s  such a s  abso rp t ion  wavelengths and 
i n t e n s i t i e s  were examined. The thermal  s t a b i l i t i e s  of 
d i a r y l e t h e n e  and spironaphtoxazine were a l s o  
i n v e s t i g a t e d .  F ina ly ,  an unexpected dependence of 
quantum y i e l d  on t h e  wavelength, i n  photochemical r i n g  
opening r e a c t i o n  of d i a r y l e t h e n e ,  was s t u d i e d  by us ing  
a model s y s t e m .  

INTRODUCTION 

Photochromic molecules have a huge p o t e n t i a l i t y  f o r  v a r i o u s  

a p p l i c a t i o n s  owing t o  t h e i r  remarkable c h a r a c t e r i s t i c  f o r  

l i gh t - induced  changes i n  molecular p r o p e r t i e s .  Examples of 
t h e  a p p l i c a t i o n s  inc lude  o p t i c a l  memory s t o r a g e  media, l i g h t  

modulators ,  and v a r i o u s  o p t i c a l  d e v i c e s .  For t h e  f u t u r e  

development, an understanding on a molecular  l e v e l  i s  of 

c ruc ia l  importance.  I n  t h i s  r ega rds ,  t h e s e  molecules p rov ide  

an unique o p p o r t u n i t y  t o  s tudy t h e  mechanism of t h e  

photochemical r e a c t i o n  by u t i l i z i n g  MO method, because t h e  

important  o p t i c a l  f u n c t i o n s  of  t h e  dev ices  a r e  dependent on 

t h e  s i n g l e  molecule r a t h e r  t han  a g g r e g a t e .  W e  p r e s e n t  i n  t h i s  

paper  t h e  r e s u l t s  of t h e  ab i n i t i o  and semiempir ical  MO 

s t u d i e s .  The focus i s  on ( i)  t h e  p r e d i c t i o n  of t h e  a b s o r p t i o n  

wavelength and i n t e n s i t i e s ,  ( i i)  t h e  thermal  s t a b i l i t y ,  and 

(iii) t h e  wavelength dependence of quantum y i e l d  i n  t h e  r i n g  

opening react i o n .  
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232 S .  NAKAMURA ET AL. 

ABSORPTION WAVELENGTHS AND INTENSITIES 

The p r a c t i c a l  l i g h t  source c o n s i s t s  mostly of t h e  diode l a s e r  

i n  which a v a i l a b l e  wavelength region i s  l i m i t e d .  Therefore ,  

t h e  gu id ing  p r i n c i p l e  toward t h e  adjustment of t h e  molecular  

a b s o r p t i o n  p r o p e r t i e s  i s  i n  o r d e r .  F i r s t ,  t h e  s t r u c t u r e -  

abso rp t ion  r e l a t i o n s h i p  was examined by us ing  INDO/S method 

f o r  non planar1,  hydrogen bonded2, and t r a n s i t i o n  metal  

con ta in ing3  o r g a n i c  dyes .  Then w e  analyzed t h e  s u b s t i t u e n t  

e f f e c t  on t h e  abso rp t ion  wavelength of  d i a r y l e t h e n e  

d e r i v a t i v e s .  The c a l c u l a t i o n  p r e d i c t e d  a remarkable 

bathochromic s h i f t s  by electron-withdrawing s u b s t i t u e n t s .  

Even tua l ly  t h e  r e s u l t s  were confirmed e x p e r i m e n t a l l y 4 .  

THERMAL STABILITY 

Photochromic r e a c t i o n s  of d i a r y l e t h e n e  d e r i v a t i v e s  a r e  

reduced t o  r i n g  opening and r e v e r s a l  c y c l i z a t i o n  r e a c t i o n .  

The thermal  s t a b i l i t y  of t h e  c losed  form i s  an important 

requirement f o r  many a p p l i c a t i o n s .  By u s ing  MNDO method, we 

ob ta ined  t h e  s t a t e  c o r r e l a t i o n  diagram of a c o n r o t a t o r y  

r e a c t i o n  p a t h  and a d i s r o t a t o r y  r e a c t i o n  p a t h  f o r  1,2- 
diphenylethene and l I 2 - d i ( 3 - f u r y l ) e t h e n e .  The 

p h o t o c y c l i z a t i o n  r e a c t i o n  proceeds i n  t h e  c o n r o t a t o r y  mode. 

The s t a b i l i t y  of t h e  c losed  r i n g  form w a s  found t o  depend on 

t h e  d i f f e r e n c e  of a r o m a t i c i t y  i n  open and c l o s e d  forms5. Not 

t h e  s t e r i c  hindrance but  e l e c t r o n i c  p r o p e r t y  c o n t r o l l e d  t h e  

the rma l  s t a b i l i t y .  

Spironaphtoxazine e x h i b i t s  a deep b l u e  c o l o r  by UV 

i r r a d i a t i o n .  For a long t i m e ,  t h e  exact  s t r u c t u r e  of t h e  open 

form which was r e s p o n s i b l e  f o r  t h e  deep b lue  c o l o r  was 

unknown. By means of ab i n i t i o  c a l c u l a t i o n ,  t h e  most s t a b l e  

s t r u c t u r e  was determined among va r ious  p o s s i b l e  isomers6.  The 

r e s u l t  was confirmed by IH NMR NOE spec t roscopy .  D
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AB-INITIO AND SEMIEMPIRICAL MO STUDIES 233 

DEPENDENCE OF OUANTUM Y I E L D  ON THE WAVELENGTH 

The d i a r y l e t h e n e  shows an unexpected dependence of quantum 

y i e l d  on t h e  wavelength, i n  t h e  r i n g  opening photochemical 

r e a c t i o n 7 .  This  i s , a n  apparent  v i o l a t i o n  of Kasha 's  r u l e .  

This  i n t e r e s t i n g  experimental  r e s u l t  motivated u s  t o  s tudy  

t h e o r e t i c a l l y  t h e  mechanism. We executed t h e  ab i n i t i o  

c a l c u l a t i o n  on t h e  c o n r o t a t e  r i n g  opening p a t h :  1,3- 
cyclohexadiene t o  c i s - h e x a t r i e n e .  The ground s t a t e  geometr ies  

(So) were opt imized by R H F  energy g r a d i e n t  method. The f i r s t  

e x c i t e d  s t a t e  geometr ies  ( S i )  were ob ta ined  by U H F  energy 

g r a d i e n t  method a t  t h e  3-21G b a s i s  s e t ,  t a k i n g  each C-C bond 

a s  a r e a c t i o n  c o o r d i n a t e .  Other geomet r i ca l  parameters  were 

opt imized w i t h i n  C2 symmetry. Using t h e s e  Si geomet r i e s ,  with 

more extended b a s i s  se t  of M I D 1 4  (w i th  d i f f u s e  f u n c t i o n s ) ,  

t h e  s t a t e  adhoc i t e r a t i v e  n a t u r a l  o r b i t a l s  ( I N O )  were 

ob ta ined  f o r  Si and S2 s t a t e s ,  adopt ing f i v e  dominant 

r e f e r e n c e s  by JAMOL4 ( f o r  i n t e g r a l s )  and MICA3 ( f o r  C I ) .  The 

CSF amounted t o  about 5500 .  Then MRSDCI was performed f o r  Si 
and S2 s t a t e s ,  about 5 6 0 0  CSFs were s e l e c t e d  through 

p e r t u r b a t i o n  method, w i th in  30m Har t r ee  (about  1 1 7 0 0 0  CSFs).  

The c h a r a c t e r  of t h e  f i r s t  e x c i t e d  s t a t e  Si f o r  

cyclohexadiene ( C - C = l .  541 f o r  opt imized s t r u c t u r e  of So) i s  

d e s c r i b e d  mainly by HOMO-LUMO c o n f i g u r a t i o n  having a d i f f u s e d  

Rydberg c h a r a c t e r .  T h i s  c h a r a c t e r  i s  s t i l l  r e t a i n e d  a t  1 . 7 5 i .  

However, a t  2.00;, b e f o r e  t h e  t r a n s i t i o n  s t a t e  of So, two 

e l e c t r o n  e x c i t e d  c o n f i g u r a t i o n  appears  t o  be dominant r a t h e r  

than HOMO-LUMO c o n f i g u r a t i o n .  The ob ta ined  p o t e n t i a l  s u r f a c e  

i s  shown i n  F igu re  1 .  

Although w e  have not y e t  examined o t h e r  f a c t o r s  such a s  

t h e  v i b r o n i c  i n t e r a c t i o n ,  t h e  p r e s e n t  r e s u l t  i n d i c a t e s  t h e  

i n t e r v e n t i o n  of t h e  two e l e c t r o n  e x c i t e d  s t a t e  which could be 

t h e  reason f o r  t h e  wavelength dependence. F u r t h e r  c a l c u l a t i o n  

i s  i n  p r o g r e s s 8 .  
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FIGURE 1 P o t e n t i a l  Ene rgy  S u r f a c e  o f  c y c l o h e x a d i e n e  
( l e f t )  t o  1 , 3 ,  5 - h e x a t r i e n e r  o b t a i n e d  by  MRSDCI. 
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