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Summary 

The i n c l u s i o n  compounds of l ' , 3 ' , 3 ' - t r i m e t h y l - 6 - n i t r o s p i r o - [ 2 H , l - b e n z o -  
p y r a n - 2 , 2 ' - i n d o l i n e ]  ( N S P )  with 7 - c y c l o d e x t r i n  (7-CD),  2 , 3 , 6 - 0 - p e r -  
me thy la ted  7-C0 (7-MCD), and naphthyl  modif ied  7-CD (7-NCD) showed 
normal photochromism in  the s o l i d  s t a t e  with high l i g h t  s e n s i t i v i t y  com- 
pa rab le  with t ha t  of NSP d i spe r sed  in  polymer ma t r i c e s .  This i s  in  sharp 
c o n t r a s t  with NSP in  the c r y s t a l l i n e  s t a t e ,  which i s  much l e s s  photo- 
s e n s i t i v e .  These r e s u l t s  suggest  t ha t  the host  c a v i t y  o f f e r s  a s u f f i c i e n t  
f r ee  volume for  p h o t o t r a n s f o r m a t i o n  of the gues t  molecule .  The co lored  form 
of the i n c l u s i o n  compounds were found to be more s t a b l e  both chemica l ly  upon 
prolonged UV i r r a d i a t i o n  and t he rma l ly  in  the dark as compared with t h a t  in  
a PI~IMA film. 

I n t r o d u c t i o n  

Organic photochromism i s  now under e x t e n s i v e  i n v e s t i g a t i o n .  Much  a t -  
t e n t i o n  has been focused on sp i robenzopyran  which i s  among popular  photo- 
chromic compounds (1) .  The photochromic r e a c t i o n  of t h i s  f ami ly  i s  the 
r e v e r s i b l e  h e t e r o l y t l c  c leavage of the pyrany l  C{spiro)-O bond, y i e l d i n g  a 
co lo red  open (PMC) form upon exposure to UV l i g h t  and c o l o r l e s s  c losed  (SP) 
form by v i s i b l e  l i g h t  i r r a d i a t i o n  or in  the dark. 
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This photochromic r e a c t i o n  i s  s i g n i f i c a n t l y  i n f l u e n c e d  by env i ronmen ta l  
f a c t o r s  such as p o l a r i t y ,  v i s c o s i t y  or i o n i c  impur i t y .  The photochromic 
p r o p e r t i e s  of sp i robenzopyrans  i s  not  eva lua t ed  on ly  in  s o l u t i o n s  (2) ,  but  
a l so  in  polymer ma t r i ce s  (3) and organized  media l i k e  l i q u i d  c r y s t a l  (4),  
m i c e l l s  (5) ,  l iposomes (6) ,  or Langmuir-Blodget t  f i lms  (7).  The ~a in  pur -  
poses of these  s t u d i e s  are to r e g u l a t e  the photochromic r e a c t i o n  and/or  the 
thermal  r e v e r s i o n  process  and in  t u rn  to use t h i s  compound as a micro-  
env i ronmen ta l  probe.  

This paper de sc r ibes  the photochromism of l ' , 3 ' , 3 ' - t r i m e t h y l - 6 - n i t r o -  
s p i r o [ 2 H , l - b e n z o p y r a n - 2 , 2 ' - i n d o l i n e ]  (NSP) inc luded  by 7 - c y c l o d e x t r i n  ( 7 -  
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CD) and mod i f i ed  7-CDs. The i n c l u s i o n  compounds showed 
chromism in the  s o l i d  s t a t e  wi th  high l i g h t  s e n s i t i v i t y  in 
wi th  much l e s s  p h o t o s e n s i t i v e  NSP in the c r y s t a l l i n e  s t a t e .  

normal photo-  
sharp c o n t r a s t  

Exper imenta l  

NSP (Tokyo g a s e i  Co. L td . )  was p u r i f i e d  by r e c r y s t a l l i z a t i o n  from 
e t h a n o l .  7-CD {Tokyo Kasei Co. L td . )  was used as a v a i l a b l e .  6 -0 -{2-  
N a p h t h a l e n e a c e t y l ) - 7 - c y c l o d e x t r i n  (y-NCD) was p repa red  a c c o r d i n g  to  r e f  
(8) and the  crude p roduc t s  were used wi thou t  p u r i f i c a t i o n .  O c t a k i s ( 2 , 3 , 6 -  
t r i - O - m e t h y l ) - y  - c y c l o d e x t r i n  (~ -MCD) was k i n d l y  g iven  by P ro f .  Odagi r i  of  
the  Kumamoto Univ. 

The i n c l u s i o n  compounds were ob ta ined  as p r e c i p i t a t e s  by mixing an 
aqueous s o l u t i o n  of  7-CDs ( l x l O -  M;1 M = 1 mol dm -~ and ace tone  s o l u t i o n  
of NSP ( lx lO -~  M). The s l i g h t l y  c o l o r e d  powders ob t a ined  were washed twice  
wi th  water  and then wi th  methanol  and d r i e d  in vacuo,  The i n c l u s i o n  com- 
p l e x e s  thus o b t a i n e d  were ha rd ly  d i s s o l v e d  in both water  and o rgan ic  s o l -  
v e n t s .  

For e v a l u a t i n g  the  photochromic p r o p e r t y ,  t h e  sample powder was a p p l i e d  
on a whi te  f i l t e r  paper by p r e s s i n g  with  a s p a t u l a .  The amount of  the  sam- 
p l e  a p p l i e d  was so smal l  t h a t  the absorbance of  the  PMC in the  v i s i b l e  
r e g i o n  d id  not  exceed 1.0 in the  
m e t h a c r y l a t e )  (PI~IA) f i l m s  c o n t a i n i n g  
NSP (5 wt~) were p repa red  on g l a s s  
p l a t e s  from t o l u e n e  s o l u t i o n  us ing  a 
s p i n n e r .  

The a b s o r p t i o n  s p e c t r a  and d i s -  
c o l o r a t i o n  r a t e  were measured by us ing  
a Shimadzu UV200 spec t ropho tome te r  
equipped with  an i n t e g r a t i n g  sphere .  
The c i r c u l a r  d i c h r o i c  s p e c t r a  were 
measured wi th  a JASCO J-40 s p e c t r o -  
photometer .  The i r r a d i a t i o n  was done 
wi th  a 500 W high p r e s s u r e  Hg lamp 
through s u i t a b l e  combinat ion  of  c o l o r  
g l a s s  f i l t e r s .  

R esu l t s  and Di scus s ion  

F igu re  i shows X-ray d i f f r a c t i o n  
p a t t e r n s  f o r  the  i n c l u s i o n  complex of  
NSP wi th  7-CD t o g e t h e r  wi th  those  fo r  
the  hos t  and gues t  c r y s t a l s  f o r  the 
sake of comparison.  I t  i s  c l e a r  t h a t  
the  i n c l u s i o n  complex i s  c r y s t a l l i n e  
in n a t u r e ,  showing d i f f e r e n t  c r y s t a l -  
l i n e  s t r u c t u r e  from those  of  the two 
p a r e n t  c r y s t a l s .  No f u r t h e r  X-ray 
s t r u c t u r a l  a n a l y s i s  was done, because 
we were not  ab le  to ob t a in  the mono- 
c r y s t a l  of  the  i n c l u s i o n  complex. 

F igu re  2 shows the  c i r c u l a r  d i ch -  
r o i c  s p e c t r a  of  t h i s  i n c l u s i o n  complex 
d i s p e r s e d  in a t r a n s p a r e n t  KBr p e l l e t .  
Both SP and PMC e x h i b i t  a d e f i n i t e  
induced c i r c u l a r  d ichro i sm,  suppo r t i ng  
the  fo rma t ion  of  the  i n c l u s i o n  com- 

p h o t o s t a t i o n a r y  s t a t e .  Po ly(methy l  
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Fig .  1. The X - r ~  d i f f r a c -  
t i o n  p a t t e r n  of  the  s o l i d  
powder: (a) NSP, (b) y-CD, 
(c) the  i n c l u s i o n  complex. 
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Fig .  2. The c i r c u l a r  d i c h r o i c  s p e c t r a  of (a) SP and (b) PMC in 7-CD 

p l ex .  The a b s o r p t i o n  in the  UV reg ion  
shows n e g a t i v e  c i r c u l a r  d ichro i sm,  whi le  
the  a b s o r p t i o n  of  the PMC in  the v i s i b l e  
r e g i o n  shows p o s i t i v e  c i r c u l a r  d ichro i sm.  
Based on the r e l a t i o n s h i p  between the 
r o t a t i o n a l  s t r e n g t h  and r e l a t i v e  d i r e c t i o n  
of  the  t r a n s i t i o n  moment of  the  gues t  and 
the  molecu la r  ax i s  of  the  c h i r a l  hos t ,  i t  
seems p l a u s i b l e  t h a t  t h i s  i n c l u s i o n  com- 
p l ex  has an a x i a l  c o n f i g u r a t i o n  which 
means t h a t  the  long ax i s  of  the gues t  i s  
n e a r l y  p a r a l l e l  to  the molecu la r  ax i s  of  
the  hos t .  The CPK molecu la r  model sug- 
g e s t s  t h a t  the  hos t  can inc lude  the gues t  

Table 1. The a b s o r p t i o n  
maxima ( i  max ) of  PMC in 
the v i s i b l e  r eg ion  and 
the h a l f - l i f e  (v 1/2 ) 
upon to UV l i g h t  

4 max/nm v 1/2/rain 

7 -CD 555 90 
7 -NCD 555 120 
7 -MCD 590 150 
PlqMA 575 25 

more deep ly  fo r  l e s s  bulky benzopyranyl  moie ty  than f o r  i n d o l y l  moie ty ,  
though no ev idence  fo r  molecu la r  c o n f i g u r a t i o n  has been ob ta ined  a t  t h i s  
s t age  of  i n v e s t i g a t i o n .  

The a b s o r p t i o n  s p e c t r a  of PMC were dependent on the  p r o p e r t y  of  mat- 
r i c e s .  The va lue  of  1 in the v i s i b l e  r e g i o n  i n c r e a s e d  in the  o rder  of  

-CD, P~1h, and 7-MCD. mT~ r e s u l t s  a re  l i s t e d  in Table 1. The a b s o r p t i o n  
spectrum in 7-NCD was i d e n t i c a l  to t h a t  in 7 -CD. The ma t r ix  dependence of 
4 max may r e f l e c t  mic roenv i ronmenta l  p o l a r i t y :  7-CD i s  a s c r i b a b l e  to 
a l c o h o l  (4 = 560 nm), whi le  7 -MCD to hexane (4 max = 590 nm). The 
h a l f - w i d t h  ~ X t h i s  band f o r  the i n c l u s i o n  complexes was brpader  than t h a t  
f o r  the  a b s o r p t i o n  in s o l u t i o s  and in the  PMMA f i l m ,  s u g g e s t i n g  the e x i s -  
t ence  of  v a r i o u s  conformers  of  PMS in  the i n c l u s i o n  complexes.  We b e l i e v e  
t h a t  t h e r e  are  few p o s s i b i l i t i e s  f o r  mo]ecular  a s s o c i a t i o n  of  the pigment in  
t he se  i n c l u s i o n  systems.  
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Fig .  3. The photochromic response  of NSP: (e) in 7 -CD, (&) in ~ - 
MCD, {A) in PMMA f i l m ,  and (o) in the c r y s t a l l i n e  s t a t e .  The UV 
l i g h t  was tu rned  on at  t ime ze ro .  The arrows show the t u r n - o f f  of  
the  UV l i g h t  and subsequent  t u rn -on  of  the v i s i b l e  l i g h t .  
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Fig .  4. The p h o t o d u r a b i l i t y  e v a l u a t i o n  of  NSP upon exposure  to the  
UV l i g h t :  (o) in 7-CD, (a) in 7-NCD, (A) in 7-~CD, and ( o )  in 
P~IA. The arrows i n d i c a t e  the d i s c o l o r a t i o n  brought  about r e v e r -  
s i b l y  by the  v i s i b l e  l i g h t  i r r a d i a t i o n .  
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Figure  3 shows the absorbance changes of  the i n c l u s i o n  complexes a t  
max of PMC upon exposure  to UV l i g h t  and subsequen t ly  to v i s i b l e  l i g h t s .  

The UV i r r a d i a t i o n  of  the  i n c l u s i o n  complex g ive s  r i s e  to PMC with  compara- 
b l e  y i e l d  to t h a t  ob t a ined  fo r  the  P~qA f i l m .  The r e v e r s i o n  to SP by the  
v i s i b l e  l i g h t  i r r a d i a t i o n  occurs  wi th  high e f f i c i e n c y  except  f o r  7-MCD, f o r  
which the  c o l o r e d  form i s  r e l a t i v e l y  s t a b l e ,  and d i s c o l o r e d  e v e n t u a l l y  a f t e r  
p ro longed  i r r a d i a t i o n .  This i s  in sharp c o n t r a s t  wi th  much l e s s  p h o t o r e s -  
pons ive  NSP in the  c r y s t a l l i n e  s t a t e .  The high performance of photochromic 
r e a c t i o n  of  the  i n c l u s i o n  complexes in the s o l i d  s t a t e  can be c a r r i e d  out 
owing to  s u f f i c i e n t  f r e e  volume supp l i ed  by the host  c a v i t y .  

F igu re  4 shows p h o t o d u r a b i l i t y  e v a l u a t i o n  of NSP in v a r i o u s  m a t r i c e s  
upon exposure  to  the UV l i g h t .  I t  i s  remarkable  t h a t  the  ahsorbance in the  
v i s i b l e  r e g i o n  h a r d l y  dec rease s  fo r  the i n c l u s i o n  complexes upon pro longed  
i r r a d i a t i o n .  This i s  p a r t l y  due to i r r e v e r s i b l e  c o l o r a t i o n  of the samples.  
Upon UV i r r a d i a t i o n ,  the samples became y e l l o w i s h  or l i g h t  brownish even-  
t u a l l y  and could  not be d i s c o l o r e d  by subsequent  i r r a d i a t i o n  with  the  v i s i -  
b l e  l i g h t .  The i r r e v e r s i b l e  a b s o r p t i o n  may a r i s e  from f a t i g u e  r e a c t i o n s  
whatever  they  a re .  The c o n t r i b u t i o n  of the a b s o r p t i o n  due to r e v e r s i b l e  
c o l o r a t i o n  was e v a l u a t e d  by s u b t r a c t i n g  the a b s o r p t i o n  of i r r e v e r s i b l e  com- 
ponents  from the t o t a l  a b s o r p t i o n .  The va lues  of the h a l f - l i f e  {v 1 ) fo r  /2 
the  r e v e r s i b l e  component are  l i s t e d  in Table 1. I t  i s  c l e a r  t h a t  the  i n c l u -  
s ion  by 7-CDs improve the  f a t i g u e  r e s i s t a n c e  of  the photochromic gues t  
molecu le .  Recent s t u d i e s  on the photochromic mechanism of NSP in s o l u t i o n s  
i n d i c a t e  t h a t  t h e r e  are  v a r i o u s  rou t s  to f a t i g u e ,  which i nc lude  pho todegra -  
d a t i o n  mainly  through the t r i p l e t  s t a t e ,  pho tooxyda t ion ,  d i s c o l o r a t i o n  by 
a c i d i c  d e g r a d a t i o n  p roduc t s ,  and molecu la r  a s s o c i a t i o n  in l e s s  po l a r  s o l -  
ven t s  (2) .  7-CDs may i n t e r r u p t  some of them to p r o t e c t  the gues t  from 
f a t i g u e .  The e f f e c t  appears  g r e a t e s t  fo r  7-MCD in which the i r r e v e r s i b l e  
c o l o r a t i o n  i s  much l e s s .  I t  seems u n l i k e l y  t h a t  the f a t i g u e  i s  dependent on 
the env i ronmen ta l  p o l a r i t y  of the i n c l u s i o n  complex as in the case of  s o l u -  
t i o n s .  The naphthyl  moie ty  i s  a t r i p l e t  quencher of  NSP and conven ien t  f o r  
e l o n g a t i n g  v 1/2" 7 -NCD may has such an a d d i t i o n a l  e f f e c t .  
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Fig .  5. The thermal  d i s c o l o r a t i o n  of P~IC in the dark at  room tempe- 
r a t u r e :  (*) in 7-CD, (A) in 7-}4CD, and (0) in PMMA f i l m .  
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Figure  5 shows thermal  d i s c o l o r a t i o n  in  the dark.  The co lored  form of 
the i n c l u s i o n  complex i s  s i g n i f i c a n t l y  s t a b l e  in  the dark. This may be the 
consequence t h a t  the c o n f i g u r a t i o n  of the co lo red  form has a good f i t  with 
the host  c a v i t y .  Thus, NSP in  the i n c l u s i o n  complex i s  s t a b i l i z e d  s p a t i a l l y  
i n  the host  c a v i t y  for  both SP and PMC c o n f i g u r a t i o n s .  

Conc lu s ive ly ,  the i n c l u s i o n  complexes of NSP with 7-CDs showed normal 
photochromism in  the c r y s t a l l i n e  s o l i d  s t a t e ,  be ing  chemica l ly  and t he r ma l l y  
s t a b l e .  These i n c l u s i o n  complexes can be used as i n s o l u b l e  photochromic 
pigment with c o n s i d e r a b l y  high p h o t o d u r a b i l i t y .  
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