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Abs t rac t  - As molecules a re  made up by atoms, supermolecules a re  made 

up by s u i t a b l y  arranged mo lecu la r  components. I n v e s t i g a t i o n s  on t h e  
g rea t  v a r i e t y  o f  supermolecules t h a t  a r e  now a v a i l a b l e  because o f  t h e  
progress  made by s y n t h e t i c  methods o f f e r  t h e  dua l  o p p o r t u n i t y  t o  
broaden ou r  knowledge o f  t h e  fundamental p r i n c i p l e s  o f  photochemis t ry  
and t o  d i s c o v e r  new f u n c t i o n s  and a p p l i c a t i o n s  o f  p h o t o i n d u c e d  
processes. Photochemical s t u d i e s  on some se lec ted  supramolecular 

spec ies ,  i n c l u d i n g  c o v a l e n t l y  l i n k e d  components, i o n  p a i r s ,  hos t -  
guest systems, and cage-type complexes, a re  b r i e f l y  reviewed. 

INTRODUCTION 

Photochemistry i s  a modern branch o f  science, a t  t h e  i n t e r f a c e  between l i g h t  and 
ma t te r  and a t  t h e  c rossroads  o f  chemis t r y ,  phys ics ,  and b io logy .  The s t a t e  o f  t h e  a r t  
i n  t h i s  f i e l d  can be b r i e f l y  summarized as f o l l o w s .  On one hand, t h e  phstochemisal  and 
photophys ica l  processes o f  thousands o f  o rgan ic  molecules,  c o o r d i n a t i o n  compoufids, and 
o rganometa l l i c  complexes have been e l u c i d a t e d ,  and s u i t a b l e  t h e o r e t i c a l  t r e a t w n t s  ace 
now a v a i l a b l e  t o  r a t i o n a l i z e  t h e  s t r u c t u r a l ,  ene rge t i c ,  and dynamic p r o p e r t i e s  o f  t h e  
most impor tan t  e x c i t e d  s t a t e s  o f  severa l  f a m i l i e s  o f  molecules.  On t h e  o t h e r  hand, t h e  
n a t u r a l  photochemical  processes which occur  i n  l i v i n g  organisms a re  r e v e a l i n g  more and 
more t h e i r  i n t r i n s i c  comp lex i t i es  and a re  no t  y e t  comple te ly  understood. I t  seems no:-i 
impor tan t  t o  r e a l i z e  t h a t  i n  between molecu la r  photochemis t ry  and pho toh io logy  t h e r e  
i s  a n  immense a n d  y e t  s c a r c e l y  e x p l o r e d  t e r r i t o r y :  t h a t  o f  s i i i t a m ~ ! e c u ~  

photochemis t ry  ( r e f s .  1 , 2 ) ,  where t h e  knowledge accumulated from molecu la r  photo- 
chemis t ry  can be p r o f i t a b l y  used t o  e l u c i d a t e  t h e  photochemical  beh.svior o f  systems 
more complex than s i n g l e  mzlecules.  Research i n  t h i s  f i e l d  w i l !  be most u s e f u l  f o r  ?, 

b e t t e r  unders tand ing  o f  p h o t o b i o l o g i c a l  processes and a l s o  appears t o  be 3 necessary 
s tep  towards t h e  des ign  o f  a r t i f i c i a l  systems capable o f  per fo rming  u s e f u l  l i g h t -  
induced f u n c t i o n s .  

SUPERMOLECULES 

Any general  d e f i n i t i o n  o f  supermolecule i s  necessa r i l y  a r b i t r a r y  and t h e  word may have 
d i f f e r e n t  meanings depend ing  on t h e  a r e a  t o  w h i c h  i t  i s  a p p l i e d  ( r e f s .  1 - 5 ) .  

Conceptua l l y ,  t h e  f e a t u r e  t h a t  d i s t i n g u i s h e s  a "supermolecule" f rom a " l a r g e  molecu le"  
i s  t h e  p o s s i b i l i t y  t o  s p l i t  t h e  supermolecule i n t o  i n d i v i d u a l  mo lecu la r  subun i t s ,  
components, t h a t  a r e  capab le ,  as such o r  w i t h  m i n o r  m o d i f i c a t i o n s ,  o f  s e p a r a t e  
ex i s tence .  The subun i t s  a re  cha rac te r i zed  by a s e t  o f  i n t r i n s i c  p r o p e r t i e s  which can 
i n  p r i n c i p l e  be de r i ved  f rom t h e  s tudy  o f  t h e  i s o l a t e d  components o r  o f  s u i t a b l e  model 

compounds. Many i n t r i n s i c  p r o p e r t i e s  o f  each component a re  expected t o  be main ta ined 
i n  t h e  supramolecular s t r u c t u r e ,  w i t h  r e l a t i v e l y  minor  changes t h a t  can be asc r ibed  t o  
mutual  p e r t u r b a t i o n s .  However, t h e  p r o p e r t i e s  o f  a supermolecule w i l l  no t  g e n e r a l l y  be 
a s imp le  s u p e r p o s i t i o n  o f  those o f  t h e  component u n i t s .  I n  f a c t ,  i t  i s  p o s s i b l e  t h a t  
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processes i n v o l v i n g  two o r  more components t a k e  p lace  i n  a supermolecule,  such as (i) 
in te rcomponen t  t r a n s f e r  p rocesses  ( e . g . ,  e l e c t r o n  o r  e n e r g y  t r a n s f e r )  o r  ( i i )  
coopera t i ve  e f f e c t s  (e.g., complexat ion o f  o t h e r  spec ies  by two o r  more components). 

F i g .  I A "supermolecule" (a )  and i t s  mo lecu la r  components (b )  

The above d e f i n i t i o n  o f  supermolecule i s  c l e a r - c u t  when t h e  components a r e  i n d i v i d u a l  
m o l e c u l e s  h e l d  t o g e t h e r  by i n t e r m o l e c u l a r  f o r c e s  ( e . g . ,  t h e  h o s t - g u e s t  s y s t e m s  

discussed l a t e r  on) .  Such a d e f i n i t i o n  can a l s o  be extended t o  systems c o n t a i n i n g  
c o v a l e n t l y  l i n k e d  components which s a t i s f y  s p e c i f i c  c o n d i t i o n s .  For example, f o r  t h e  
sys tem d e p i c t e d  i n  F i g .  l a  ( r e f .  6), t h e  c l a s s i f i c a t i o n  a s  s u p e r m o l e c u l e  i s  
s t r a i g h t f o r w a r d ,  s i n c e  molecu la r  subun i t s  w i th  we l l -de f i ned  i n t r i n s i c  p r o p e r t i e s  can 
be e a s i l y  i d e n t i f i e d  (F ig .  l b ) .  A t  t h e  o t h e r  extreme, t h e  system shown i n  F i g .  2 ( r e f .  
7 )  i s  c l e a r l y  a l a r g e  molecule t h a t  upon f ragmen ta t i on  would comple te ly  loose i t s  
chemical i d e n t i t y .  There a re  systems, however, f o r  which a c lea r -cu t  d e c i s i o n  i s  
d i f f i c u l t .  For example, i n  t h e  case o f  t h e  so -ca l l ed  Creutz-Taube i o n  ( r e f .  8 )  ( F i g .  
3)  i n d i v i d u a l  mo lecu la r  f ragments o r  models t h e r e o f  cou ld  s t i l l  be i d e n t i f i e d ,  b u t  
t h e i r  p r o p e r t i e s  as f r e e  molecules would be remarkably d i f f e r e n t  f rom those found i n  
t h e  whole system. Formal ly ,  such system cou ld  s t i l l  be viewed as a supermolecule i n  
which, however, t h e  mutual p e r t u r b a t i o n  o f  t h e  f ragments i s  so s t r o n g  as t o  make t h i s  

approach r e l a t i v e l y  useless.  

1 5 +  
I 

F ig .  2 A " l a r g e  molecule" F ig .  3 A b o r d e r l i n e  case 

From t h e  above examples, i t  i s  c l e a r  t h a t  t h e  h e a r t  o f  t h e  "supermolecule" vs. " l a r g e  
molecule" problem l i e s  i n  t h e  degree o f  i n t e r a c t i o n  between t h e  e l e c t r o n i c  subsystems 
o f  t h e  component u n i t s .  Prov ided t h a t  t h i s  i n t e r a c t i o n  i s  smal l  w i th  respec t  t o  o t h e r  
r e l e v a n t  energy parameters, any mult icomponent system approaches t h e  i d e a l  concept of 
a supermolecule. 

Looking a t  t h e  c u r r e n t  chemical  l i t e r a t u r e ,  one i s  impressed by t h e  g rea t  number o f  
spec ies  t h a t  can be de f i ned  as supermolecules:  host-guest species,  e l e c t r o n  donor- 
a c c e p t o r  complexes, i o n  p a i r s ,  adduc ts ,  i n c l u s i o n  compounds, s u p e r c o m p l e x e s ,  
po l ynuc lea r  metal  complexes, c o v a l e n t l y  l i n k e d  mo lecu la r  components (d iads ,  t r i a d s ,  
t e t r a d s ,  p e n t a d s ) ,  cage- type compounds, s e c o n d - s p h e r e  c o o r d i n a t i o n  compounds, 
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h e l i c a t e s ,  catenanes, rotaxanes, and a v a r i e t y  o f  o t h e r  systems made up by molecu la r  
components i n  t h e  same way as molecules a re  made up by atoms ( r e f .  9 ) .  I t  i s  a l s o  easy 
t o  f o r e c a s t  t h a t  t h e  f i e l d  o f  supramolecular chemis t ry  w i l l  grow very  r a p i d l y  i n  t h e  
f u t u r e  because o f  t h e  e x t r a o r d i n a r y  p rogress  made by s y n t h e t i c  methcds. I t  f o l l o w s  

t h a t  t h e r e  i s  a l ready  (and t h e r e  w i l l  be even more i n  t h e  f u t u r e )  t h e  p o s s i b i l i t y  t o  
per fo rm photochemical  and photophys ica l  i nves t i ga t i o r ! s  on a g rea t  v a r - e t y  o f  q u i t ?  
i n t e r e s t i n g  sys tems,  w i t h  ample o p p o r t u n i t y  t o  b r o a d e n  c u r  know ledge  o f  t h e  
fundamental aspects o f  t h e  i n t e r a c t i o n  between l i g h t  and ma t te r ,  apd t o  u i s c c v e r  :iew 

f u n c t i o n s  and a p p l i c a t i o n s  o f  photoinduced processes. 

I n  t h e  f o l l o w i n g  s e c t i o n s  we w i l l  b r i e f l y  review ersinples o f  photocnemicai  proces-es 
i n  supramolecular spec ies ,  f ocuss ing  on ;)stems made by a smal l  number c f  d i s c r e t e  
molecu la r  components h e l d  toget t ie r  by cova len t  bonds o r  i n t e r m o l e c u l a r  f a rces .  

COVALENTLY LINKED SYSTEMS:  ELECTRONIC ENERGY TRANSFER 

L i g h t  absorpt.icn by a component o f  a supermolecule generates " l c c a l i z e d  ' e l ec t ron . i c  
energy. For severa l  purposes an impor tan t  f u n c t i o n  i s  represented  by t h e  p o s s i b i l , , t y  
t o  t r a n s m i t  t h i s  e l e c t r o n i c  energy t o  another  comporlent o f  t h e  supermolecule c:er z. 
more o r  l e s s  l ong  d i s tance ,  where t h e  energy w i l l  be used f o r  chemical r e a c t i o n s  o r  
reconver ted  i n t o  l i g h t  ( luminescence).  T h i s  f u n c t i o n  o n l y  o b t a i n s  i;pon e l j b o r a t i i n  c f  
t h e  l i g h t  energy i n p u t  i n  t h e  dimensions o f  energy,  space, and t i m e  i n  a app rop r ia te  
sequence o f  mo lecu la r  components. A supramolecular s t r u c t u r e  capable o f  perforc17ng 
l i g h t  induced f u n c t i o n s  can be c a l l e d  photochemica l -mo lecu la r  dev ice ,  PHD ( r e f .  IQ). 

I n  PHDs per fo rm ing  t h i s  f u n c t i o n ,  t h e  i n t e r f a c e  towards l i g h t  nus t  be an energy 
t r a n s f e r  p h o t o s e n s i t i z e r  (Pen), i . e .  a mo lecu la r  species capable qf  aosorb ing  l i g h t  
and dona t ing  e l e c t r o n i c  energy. The requirements needed f o r  a good Pen heve teen 
d iscussed elsewhere ( r e f .  10,111. For  remote t r a n s f e r  o f  t h e  l i g h t  epergy i n p u t ,  t h e  
dev i ce  must c o n t a i n  energy r e l a y  components (Ren), i .e.  spec ies  capable o f  acceo t ing  
and dona t ing  e l e c t r o n i c  energy,  and i t  must be assembled so as t o  have an energy 
cascade a long a cha in  o f  components. Some i n t e r e s t i n g  a p p l i c a t i o n s  o f  PMOS based on 

energy t r a n f e r  ( F i g .  4 )  concern (a )  s p e c t r a l  s e n s i t i z a t i o n ,  ( 5 )  antenna e f f e c t ,  ( c )  
remote p h o t o s e n s i t i z a t i o n  ( long-range energy t r a n s f e r ) ,  and (d )  l i g h t  energy dp- 
conversion. We w i l l  b r i e f l y  i l l u s t r a t e  t h e  case o f  t h e  antenna e f f e c t .  T h i s  e f f e c t  
c o n s i s t s  i n  an enhanced l i g h t - s e n s i t i v i t y  ob ta ined by an inc rease i n  t h e  o v e r e l l  
c ross -sec t i on  f o r  l i g h t  abso rp t i on .  To reach t h i s  r e s u l t ,  energy should be conveyed 
f rom seve ra l  Pens t o  a common component t h a t  represents  t h e  i n t e r f a c e  toward use. 1.1 

t h e  scheme shown i n  F ig .  4b such a component i s  a luminophore ( L ) ,  bu t  zomponents 
p l a y i n g  o t h e r  r o l e s  (e.g. ,  Pe ls ,  v i d e  i n f r a ,  as i n  t h e  n a t u r a l  pno tosyn the t i c  p rocess)  

cou ld  a l s o  be used. Many PHDs per fo rm ing  t h e  antenna e f f e c t  based on c o o r d i n a t i o n  
compounds have been r e p o r t e d  ( r e f . 1 2 ) .  An i l l u s t r a t i v e  c a s e  i s  gi,, ien by  t h e  
t e t r a m e t a l l i c  O s [ ( p - 2 , 3 - d p p ) R ~ ( b p y ) ~ I ~ ~ ~  polychromophoric system (F ig .  5 ; ,  w-iere t h e  
photon energy c o l l e c t e d  by t h e  p e r i p h e r a l  Ru-conta in ing  chromoph3res i s  cmveyed t o  

t h e  c e n t r a l  0s -con ta in ing  luminescent core  ( r e f . 1 3 ) .  F ig .  5 a l s o  r e p o r t s  a schematic 
energy l e v e l  d iagram f o r  t h i s  system. For t h e  sake o f  s i m p l i c i t y ,  o n l y  ove s i n g l e t  and 
t r i p l e t  CT l e v e l  i s  shown f o r  each m e t a l - c o n t a i n i n g  u n i t .  A l t h o u g h  a c o u l o m b i c  
s i n g l e t - s i n g l e t  ene rgy  t r a n s f e r  canno t  be  e x c l u d e d ,  an exchange  t r : p l e : - t r i p l s t  
mechanism i s  more l i k e l y  because in te rsys tem c ross ing  i s  known t o  be ve ry  f a s t  i n  
these systems. The energy t r a n s f e r  process i s  100% e f f i c i e n t  and f a s t  eqough tc, 
prevent  t h e  r a d i a t i v e  and r a d i a t i c n l e s s  decay of t h e  lowest  3CT e x c i t e d  s t a t e  w ' t h i n  
each Ren u n i t .  I n t e r e s t i n g l y ,  when t h e  c e n t r a l  !2s2+ i o n  i s  rep laced by Ru2&, t h e  
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energy l e v e l s  o f  t h e  c e n t r a l  u n i t  become h ighe r  than t h e  corresponding l e v e l s  o f  t h e  
p e r i p h e r a l  u n i t s ,  so t h a t  energy t r a n s f e r  takes p lace  i n  t h e  reverse d i r e c t i o n  ( i . e . ,  
f rom t h e  cen te r  t o  t h e  pe r iphe ry )  ( r e f s .  13,141. Complexes o f  h ighe r  n u c l e a r i c i t y  are 
a l s o  conceivable.  A heptanuclear Ru(I1) complex o f  t h e  2,3-dpp b r idge  l i g a n d  has 
r e c e n t l y  been syn the t i zed  ( r e f .  15).  

a) LIGHT ENERGY CONVERSION 

D' D*A A- 

b) PHOTOINDUCED ELECTRON COLLECTION 
D' D D D' D' D D D' 

C) REMOTE PHOTOSENSITISATION 

d)  PHOTOSWITCHING 

-- Ik4 .- 

h3 

Fig.  4 Block diagrams o f  PMDs based F ig.  5 Antenna e f f e c t  i n  a t e t r a n u c l e a r  
on energy t r a n s f e r  Osmium-Ruthenium complex ( r e f .  13) 

The O ~ [ p - 2 , 3 - d p p ) R u ( b p y ) ~ ] ~ * ~  d e v i c e  m i m i c s  some o f  t h e  f e a t u r e s  o f  n a t u r a l  
pho tosyn the t i c  antennae, w i t h  t h e  hetero-metal  (0s) p l a y i n g  t h e  r o l e  o f  t h e  spec ia l  
p a i r  as an energy t r a p .  

COVALENTLY LINKED SYSTEMS:  PHOTOINDUCED ELECTRON TRANSFER 

The e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  o f  a molecule a re  u s u a l l y  good ox idan ts  and/or 

reductants .  One can take  advantage o f  t h i s  p roper t y  t o  photoinduce charge separa t i on  
o r  v e c t o r i a l  t r a n s p o r t  o f  e l e c t r i c  charge. T h i s  occurs when a l i gh t -abso rb ing  e l e c t r o n  
t r a n s f e r  photosensi tzer  (Pel )  t r a n s f e r s  an e l e c t r o n  t o  a r e l a y  (Rel )  o r  t o  a chain o f  
re lays .  Some i n t e r e s t i n g  a p p l i c a t i o n s  o f  PMDs based on photoinduced e l e c t r o n  t r a n s f e r  
(F ig .  6) concern (a)  l i g h t  energy conversion, (b )  photoinduced e l e c t r o n  c o l l e c t i o n ,  
( c )  remote pho tosens i t i za t i on ,  and (d)  photoswi tch ing.  We w i l l  b r i e f l y  i l l u s t r a t e  t h e  
case o f  l i g h t  energy conversion. 

P a r t i c u l a r l y  e n l i g h t e n i n g  examples are t h e  so-ca l led molecular  t r i a d s  designed t o  
o b t a i n  photoinduced charge separa t i on  i n  a way t h a t  mimics t h e  process o c c u r h g  i n  
n a t u r a l  photosynthes is  ( r e f .  16) .  Such PMDs a re  o f  t h e  type shown i n  F i g  6a. A 

c l a s s i c  example i s  t h a t  s tud ied  by Wasielewski e t  a l .  ( r e f .  17), shown i n  F ig .  7. I n  
such a t r i a d  t h e  e l e c t r o n  t r a n s f e r  pho tosens i t i ze r  i s  a po rphy r in  and t h e  two o t h e r  
components are a n i l i n e  ( e l e c t r o n  donor) and a quinone ( e l e c t r o n  acceptor) .  L i g h t  
e x c i t a t i o n  o f  t h e  p h o t o s e n s i t i z e r  i s  f o l l o w e d  b y  a v e r y  f a s t  ( l e s s  t h a n  10 p s )  
e l e c t r o n  t r a n s f e r  t o  t h e  quinone. The back e l e c t r o n  t r a n s f e r  process f rom t h e  reduced 

quinone t o  t h e  o x i d i z e d  po rphy r in  i s  s lower ( k  = 5 . 6 ~ 1 0  s- ' )  than e l e c t r o n  t r a n s f e r  
f rom a n i l i n e  t o  t h e  o x i d i z e d  po rphy r in  ( k  = 1 . 4 ~ 1 0 ~ ~  s- ' ) ,  so t h a t  one ob ta ins  a 

9 
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charge-separated s t a t e  over a center- to-center  an i  1 ine-quinone d i s tance  o f  2 5  1. The 
back e l e c t r o n  t r a n s f e r  over  such a l a r g e  separat ion i s  r e l a t i v e l y  slow (microsecond 
t ime  sca le ) .  Yore complex ( t e t r a d s )  devices f o r  photoinduced charge separat ion have 
a l s o  beep i n v e s t i g a t e d  ( re f .18 ) .  

a) SPECTRAL SENSITISATION 

h 9 - A  - hJ’  

b) ANTENNA EFFECT 

hJ -w -hJ 

C) REMOTE PHOTOSENSITISATION 

..-Cjr”J?=;ii(, 
d) LIGHT ENERGY UP-CONVERSION 

AE AE 

hJ-----hJ 

hJ’. h J  
I 

Fig.  6 Block diagram o f  PMDs based 
on e l e c t r o n  t r a n s f e r  

AJl AE AE 

en 

t t A I hS I 
15- 

- 
I 
z 

10 - - 

f 51 hJ 

Pen Pen L Pen 

Fig.  7 Photoinduced charge separat ion 
i n  a t r i a d  system ( r e f .  1 7 )  

CONFORMATIONAL CHANGES IN PHOTOFLEXIBLE SUPRAMOLECULAR 
SYSTEMS 

L i g h t  e x c i t a t i o n  can induce conformat ional  changes i n  severa l  c lasses o f  molecules. 

When a photo isomer izable species ( P i )  i s  a component o f  a supramolecular species,  t h e  
l i gh t - i nduced  conformat ional  change o f  t h a t  component can be e x p l o i t e d  f o r  a v a r i e t y  
o f  p o t e n t i a l  u t i l i z a t i o n s ,  such as s w i t c h  o n / o f f  o f  ( a )  e l e c t r i c a l  s i g n a l s ,  ( b )  
recep to r  a b i l i t y ,  ( c )  access t o  c a v i t i e s ,  (d)  cooperat ive e f f e c t s  ( r e f .  10,19) .  

F ig .  8 Schematic rep resen ta t i on  o f  l i g h t -  
induced s w i t c h i n g  o f  recep to r  a b i l i t y  ( r e f .  19) 

F ig .  8a shows schemat ica l ly  t h e  
o p e r a t i o n a l  way o f  a PMD f o r  
s w i t c h i n g  o n / o f f  t h e  r e c e p t o r  

a b i l i t y .  On l i g h t  e x c i t a t i o n  a 
p h o t o i s o m e r i z a b l e  c o m p o n e n t  P i  
undergoes a conformat ional  change 
which b r i n g s  two p o t e n t i a l  l i gands  

(ho lde rs ,  H) a t  s u i t a b l e  d i s tance  
t o  enclose a metal  i on .  Such a con- 
fo rma t iona l  change can be obta ined 
by c i s - t r a n s  photo- isomer izat ion,  

and approp r ia te  ho lde r  components 
a re  crown ethers.  F ig .  8b shows a 
c l a s s i c  example o f  photoresponsive 
crown e t h e r  designed by Shinkai  and 

coworkers ( r e f .  19) .  I n  t h e  t r a n s  
conformat ion o f  t h e  azobenzene 
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chromophore t h e  supermolecule has a weak c o o r d i n a t i n g  a b i l i t y  f o r  l a r g e  metal  ions .  
L i g h t  e x c i t a t i o n  causes t h e  t r a n s - - > c i s  i somer i za t i on  o f  t h e  azobenzene component 
y i e l d i n g  a supramolecular con format ion  s u i t a b l e  t o  enclose a metal  i o n  between t h e  two 

crown e the rs ,  w i t h  a l a r g e  i nc rease  i n  t h e  c o o r d i n a t i o n  a b i l i t y .  S u i t a b l e  photoinduced 

conformat iona l  changes can a l s o  mod i fy  t h e  e l e c t r o n i c  conduct ion  i n  a sequence o f  
components and can t h e r e f o r e  s w i t c h  o n / o f f  e l e c t r i c a l  s i g n a l s .  I n  an a t tempt  t g  f i n d  
systems capable o f  pe r fo rm ing  t h i s  f u n c t i o n ,  t h e  a t t e n t i o n  o f  seve ra l  research  groups 
i s  p r e s e n t l y  focussed on molecules w i t h  t w i s t e d  i n t r a m o l e c u l a r  charge t r a v s f e r  s t a t e s  
( t h e  so c a l l e d  T I C T  compounds) ( r e f s .  20-22). 

ION PAIRS 

Many ion -pa i r  systems, i n v o l v i n g  ?norgan ic  ( r e f .  23) o r  o rgan ic  ( r e f .  24) components, 
e x h i b i t  q u i t e  i n t e r e s t i n g  pho tochemica l  and  p h o t o p h y s i c a l  p r o p e r t i e s .  F o r  space  
reasons, o n l y  some i o n  p a i r s  o f  l an than ide  c r y p t a t e s  w i l l  be mentioned here.  

The Eu3' and Tb3+ ions  can be encapsulated i n t o  t h e  2 .2 .1  c ryp tand t o  y i e l d  s t a b l e  and 
luminescent cage-type complexes ( r e f .  2 5 ) .  Mo lecu la r  models show t h a t  i n  t h e  s t r u c t u r e  
o f  t h e  c r y p t a t e  t h e r e  a r e  t h r e e  "ho les "  th rough which, i n  aqueous s o l u t i o n ,  t h r e e  
water  molecules can be coo rd ina ted  t o  t h e  metal  i on .  When F- i ons  a re  added t o  an 
aqueous s o l u t i o n  o f  t h e  c r y p t a t e ,  1 : l  and 1:2 ( c ryp ta te :F - )  adducts a r e  formed where 
one o r  two F- i o n s  rep lace  water molecules i n  t h e  ho les  o f  t h e  c r y p t a t e  s t r u c t u r e  
( r e f s .  26,273. T h i s  causes ( i )  an inc rease i n  t h e  luminescence i n t e n s i t y  and l i f e t i m e  
because t h e  main r a d i a t i o n l e s s  decay pa th  i s  t h a t  i n v o l v i n g  t h e  coup l i ng  w i t h  t h e  h i g h  
frequency 0-H o s c i l l a t o r s ,  ( i i )  a cnange i n  t h e  p a t t e r n  o f  t h e  luminescence spectrum 
because o f  t h e  change i n  t h e  symmetry o f  t h e  c o o r d i n a t i o n  sphere, and ( i i i ) ,  i n  t h e  
case o f  t h e  Eu3' complex, 3 s h i f t  towards h i g h e r  ene rg ies  o f  t h e  l i g a n d ( c r y p t a t e ) - t o -  
metal  charge t r a n s f e r  bands ( r e f .  27). 

I o n  p a i r s  a re  a l s o  formed between t h e  [ L n ~ 2 . 2 . 1 ] ~ '  c r y p t a t e s  and [M(Chi)6]z- complexes 
( r e f .  28).  I n  t h e  case o f  LI Eu3' and M = Fe", Ru2+, o r  Os2+, a broad abso rp t i on  

band appears i n  t h e  v i s i b l e  reg ion .  The displacement o f  t h e  abso rp t i on  maximum towards 
t h e  UV reg ion  as t h e  cyanide complex becomes more d i f f i c u l t  t o  o x i d i z e  suggests t h a t  
t h e  new band i s  due t o  a CT t r a n s i t i o n  w i t h i n  t h e  [ E ~ c 2 . 2 . 1 ] ~ + . [ M ( C N ) ~ l ~ -  i o n - p a i r  
adduct ( r e f .  29).  For  such systems, t h e  [Eu c 2.2.113+ luminescence i s  comple te ly  
quenched. For Ln = Tb3+ and M = C r 3 + ,  Fe2+, Co3+, 0s2', and Ru2+, and f o r  Ln = Eu3' 
and M = C r 3 '  and Co3+, no new low energy band can be observed, i n  agreement w i t h  t h e  
ve ry  h i g h  r e d u c t i o n  p o t e n t i a l  o f  Tb3' and t h e  h i g h  o x i d a t i o n  p o t e n t i a l  o f  C r ( C N ) - ? -  

[Ru(CN),I4-, and [ E u c 2 . 2 . 1 I 3 + .  [Co(CN),I3-, l u m i n e s c e n c e  q u e n c h i n g  by  an  e n e r g y  

t r a n s f e r  mechanism can be expected on energy grounds, bu t  t h i s  process i s  t o o  slow t o  
occur  d u r i n g  t h e  l i f e t i m e  o f  t h e  adduct and it can o n l y  t a k e  p lace  under dynamic 
cond i t i ons .  

and Co(CN16'-.. I n  311 cases, except f o r  [ T S ~ 2 . 2 . 1 ] ~ + . [ 0 s ( C N ) ~ ] ~ - ,  [Tb c 2.2.11 5t . 

Extens ion  o f  these sys temat ic  i n v e s t i g a t i o n s  t o  t h e  quenching o f  t h e  !uminescence o f  
t h e  Ln(H20),3+ and [ L n c  2 . 2 .  l -F2 ]+  spec ies  has suggested t h a t  i o n  a s s o c i a t i o n  occurs  
accord ing  t o  t h r e e  d i s t i n c t  s t r u c t u r e s  ( r e f .  28). For t h e  aquo Ln3' i ons ,  some water  
molecules o f  t h e  c o o r d i n a t i o n  sphere can be rep laced by a cyanide complex an ion  t o  

y i e l d  an i n t i m a t e  i o n  p a i r .  F o r  t h e  [ L n c 2 . 2 . 1 l 3 +  complexes ,  a w a t e r  m o l e c u l e  
coo rd ina ted  t o  t h e  metal  th rough t h e  c ryp tand  ho les  may be rep laced by a CN- l i g a n d  o f  
t h e  cyanide complex, thereby  g i v i n g  r i s e  t o  a CN-bridaed i o n  p a i r .  F i n a l l y ,  f o r  t h e  
[ L n c  2.2.1-F2It spec ies ,  n e i t h e r  i n t i m a t e  no r  CN-bridged i o n  p a i r s  a re  p l a u s i b l e  i n  
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view of t h e  sma l le r  p o s i t i v e  charge and o f  t h e  presence o f  F- i o n s  i n  t h e  c ryp tand 
ho les ,  so quenching can o n l y  occur  v i a  outer-sphere i o n  p a i r s .  

HOST-GUEST SYSTEMS 

Organ iza t i on  i n  b i o l o g i c a l  systems i s  q u i t e  o f t e n  t h e  r e s u l t  of molecu la r  assoc i3 t i on  
phenomena based on noncovalent i n t e r m o l e c u l a r  f o rces  ( e l e c t r o s t a t i c  i n t e r a c t i o n s ,  
hydrogen bonding, donor-acceptor i n t e r a c t i o n s ,  e t c . ) .  Enzymes, genes, ant iood!es,  
ionophores, and o t h e r  b i o l o g i c a l  systems, possess recep to r  s i t e s  t h a t  can s e l e c t i v e l y  
b i n d  s u i t a b l e  s u b s t r a t e s ,  g i v i n g  r i s e  t o  h i g h l y  s p e c i f i c  m o l e c u l a r  r e c o g n i t i n n ,  
t rans fo rma t ion ,  and t r a n s l o c a t i o n  processes which fo rm t h e  chemical b a s i s  o f  l i f e .  

Na tu ra l  recep to rs  (and, sometimes, subs t ra tes )  a r e  ex t remely  c o m p l i c i t e d  mglecu les ,  
b u t  m o l e c u l a r  r e c o g n i t i o n ,  t r a n s f o r m a t i o n ,  and t r a n s l o c a t i o n  p r o c e s s e s  can  be  
performed, i n  p r i n c i p l e ,  by sma l le r  molecules t h a t  a re  s y n t h e t i c a l ! y  access ib le .  T h i s  
concept,  i n t roduced  i n  1967 by t h e  fundamental d i scove ry  o f  t h e  s y n t h e t i c  crcwn e the rs  
( re f .  30),  has s t r o n g l y  s t i m u l a t e d  t h e  imag ina t i on  and i n g e n u i t y  of chemis ts .  

I n v e s t i g a t i o n s  on t h e  i n t e r a c t i o n s  be tween h o s t s  and g u e s t s  o f  known chemica !  
compos i t ion  and s t r u c t u r e  a r e  indeed q u i t e  i n t e r e s t i n g  and u s e f u l  s i n c e  they  can he'ip 

i n  e l u c i d a t i n g  t h e  f a c t o r s  t h a t  c o n t r o l  recep to r -subs t ra te  i n t e r a c t i o n s  i n  b i o l o g i c a l  
systems, and can a l s o  l ead  t o  t h e  c r e a t i o n  o f  nove l  spec ies  and t o  t h e  i nve t i t i on  of  
nove l  chemical processes ( r e f .  31).  S p e c i f i c  hos ts  f o r  severa l  metal  c a t i o n s ,  organi ;  
c a t i o n s ,  o rgan ic  and i n o r g a n i c  an ions ,  and s m e  c lasses  o f  o rgan ic  mc lezu le r  $:id 
c o o r d i n a t i o n  compounds  a r e  a l r e a d y  a v a i l a b l e  b u t  o n l y  a f e w  p h o t o c P e m i c a 1  
i n v e s t i g a t i o n s  have been performed on host-guest systems. I n  t h e  fo l l . jw ing ,  we review 
some r e s u l t s  ob ta ined  f o r  systems i n v o l v i n g  Pt(bpy)(NP3)22t as a guest.  Th i s  conplex 
i s  p a r t i c u l a r l y  s u i t a b l e  t o  be i nvo l ved  i n  host-guest t ype  i n t e r a c t i o n s  because o f  i t s  
e l e c t r i c  charge, a b i l i t y  t o  g i v e  hydrogen bonds, presence o f  ,an aromat ic  g : m p ,  and 
presence o f  a c o v a l e n t l y  unsatura ted  meta l .  Furthermore, i t  e x h i b i t s  lumlnescence ( a t  
low and h i g h  temperature) and p h o t o r e a c t i v i t y  t h a t  can be pe r tu rbed  upon ass ;?c ia t ion  
w i t h  o t h e r  spec ies  ( r e f .  32).  [ P ~ ( ~ P ~ ) ( N H , ) ~ ] ( P F , ) ,  i s  i n s o l u b l e  i n  C H 2 C 1 ? ,  bu t  i t  can 

be d i s s o l v e d  by a d d i t i o n  o f  t h e  a l i p h a t i c  crown e t h e r  18C6 t o  g i v e  a 1:l a d d x t  ( r e f .  
33).  The abso rp t i on  and emiss ion  spec t ra  o f  t h e  adduct i n  CY2C12  a re  p r i c t i c a l l y  
i d e n t i c a l  t o  those o f  f r e e  pt(b~y)(NH,),~+ i n  a c e t o n i t r i l e ,  showing t h a t  t h a r e  i s  3 
n e g l i g i b l e  e l e c t r o n i c  i n t e r a c t i o n  be tween Pt(bpy)(NH,j,*' and  18C6, w h i e h  a r e  

assoc ia ted  by hydrogen bonds. When aromat ic  macrocyc l i c  
po l ye the rs  ( f o r  example, DB30C10) a r e  used i n  t h e  p lace  
o f  18C6, 1 : l  a d d u c t s  a r e  a g a i n  f o r m e d .  F o r  t h e  
Pt (bpy)  (NH3)22+. DB30C10 adduct,  s i n g l e  c r y s t a l  X-ray 

d i f f r a c t i o n  s t u d i e s  have shown ( r e f .  3 3 )  t ? a t  t h e  
recep to r  t akes  a U-shaped c o n f i g u r a t i o n  around t h e  
m e t a l  complex ( F i g .  9). T h i s  s u g g e s t s  t h a t  b e s i d e  
hydrogen bond ing ,  some i n t e r a c t i o n  be tween  t h e  bpy  
l i g a n d  o f  t h e  metal  complex and t h e  aromat ic  u n i t s  o f  
t h e  macrocyc l i c  
We have i n v e s t i g a t e d  i n  d e t a i l  ( r e f s .  3 4 , 3 5 )  t h e  
s p e c t r o s c o p i c ,  p h o t o p h y s i c a l ,  and p h o t o c h e m i c a l  
behav io r  o f  t h e  p t ! b ~ y ) ( N H ~ ) ~ * +  adducts w i th  seve ra l  
d ibenzo and d inaphtho  crown e the rs .  

po l ye the r  a l s o  taKes p lace .  

F i g .  9 X-ray s t r u c t u r e  o f  
t h e  P t ( b p ~ ) ( N H 3 ) 2 ~ '  DB30C10 
adduct ( r e f .  33) 
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The r e s u l t s  obta ined can be summarized as fo l l ows .  Adduct f o rma t ion  causes: ( i )  a 
decrease o f  t h e  crown e t h e r  abso rp t i on  band below 320 nm, ( i i )  a s t r o n g  decrease o f  
t h e  bpy-centered abso rp t i on  bands o f  P t ( b ~ y l ( N H ~ ) ~ ~ '  i n  t h e  260-330 nm region,  ( i i i )  
t h e  appearance o f  a weak and broad abso rp t i on  band i n  t h e  340-450 nm region,  ( i v )  t h e  
complete o r  p a r t i a l  quenching o f  t h e  crown e t h e r  f luorescence and o f  t h e  l igand-  
centered phosphorescence o f  Pt(bpy)(NH3)22', (v)  t h e  appearance o f  a new, broad, and 
s h o r t - l i v e d  luminescence band i n  t h e  550-630 nm region,  ( v i )  t h e  quenching o f  t h e  
p h o t o r e a c t i o n  o f  Pt(bpy)(NH,)22t i n  CH2C12, and ( v i i )  a p e r t u r b a t i o n  i n  t h e  
e lect rochemical  reduc t i on  p o t e n t i a l  o f  P~(~P~)(NH,) ,~ ' .  These r e s u l t s  c l e a r l y  imply  an 
e l e c t r o n i c  i n t e r a c t i o n ,  i n  t h e  ground and e x c i t e d  s t a t e ,  between t h e  bpy l i g a n d  o f  t h e  
P t  complex and t h e  aromat ic r i n g s  o f  t h e  crown. The i n t e n s i t y  o f  such e l e c t r o n i c  
i n t e r a c t i o n  depends on t h e  s i z e  o f  t h e  crown r i n g  and on t h e  na tu re  and s u b s t i t u t i o n  
p o s i t i o n s  o f  t h e  a romat i c  r i n g s  p r e s e n t  i n  t h e  c rown .These  i n v e s t i g a t i o n s  have 
r e c e n t l y  been extended t o  an anthraceno-crown e t h e r  ( r e f .  36).  I n  i t s  host-guest 
adduct w i t h  Pt (bpy)  (NH3)22t,  t h e  two components p r o t e c t  each o the r  toward photo- 
r e a c t i o n  i n  CH2C12 s o l u t i o n .  I n  r i g i d  m a t r i x  a t  7 7  K a broad luminescence band i s  
present  w i th  Amax = 565 nm and V =  30 ps, e t t r i b u t e d  t o  an intercomponent CT 

t r a n s i t i o n .  

The r e s u l t s  o b t a i n e d  w i t h  t h e  hos t -gues t  a d d u c t s  o f  a r o m a t i c  c r o w n - e t h e r s  and 
Pt(bpy)(NH3)22' show t h a t  t h e  assembly o f  a coo rd ina t i on  compound i n t o  an approp r ia te  
supramolecular s t r u c t u r e  can p r o t e c t  t h e  compound towards t h e  pho to reac t i on  and can 
profoundly  change i t s  spect roscopic ,  photophys ica l ,  and e lect rochemical  p r o p e r t i e s .  

CAGE-TYPE COMPLEXES 

For a v a r i e t y  o f  fundamental s t u d i e s  as w e l l  o f  p r a c t i c a l  a p p l i c a t i o n s  t h e r e  i s  a need 
f o r  molecules t h a t ,  when e x c i t e d ,  a re  ab le  t o  g i ve  luminescence ( luminophores) and/or 
t o  t r a n s f e r  energy o r  e l e c t r o n s  (pho tosens i t i ze rs )  w i thou t  undergoing photodecom- 
p o s i t i o n .  From a spect roscopic  and photophys ica l  p o i n t  o f  view, severa l  coo rd ina t i on  
compounds would be q u i t e  s u i t a b l e  t o  p l a y  these r o l e s  ( r e f s .  11,371. I n  most cases, 
however, such compounds do n o t  e x h i b i t  a s u f f i c i e n t  c h e m i c a l  o r  p h o t c c h e m i c a l  

s t a b i l i t y .  

A way t o  remedy t h i s  drawback i s  t o  l i n k  t h e  l i gands  toge the r  so as t o  make a cage 
around t h e  metal  i on .  As discussed elsewhere ( r e f .  381, t h i s  e f f e c t  may be considered 
a supramolecular p e r t u r b a t i o n  e f f e c t  t h a t  does n o t  change the  composi t ion and symmetry 
o f  t h e  f i r s t  c o o r d i n a t i o n  sphere o f  t h e  m e t a l  i o n  ( a n d  t h u s ,  t h e  s p e c t r o s c o p i c  
p r o p e r t i e s ) ,  b u t  prevents  processes r e q u i r i n g  ex tens i ve  nuc lear  mot ion such as l i g a n d  
d i s s o c i a t i o n  o r  e x c i t e d  s t a t e  r a d i a t i o n l e s s  decay v i a  s t r o n g l y  d i s t o r t e d  s t r u c t u r e s .  

The photochemical and photophys ica l  p r o p e r t i e s  o f  severa l  cage-type complexes have 
been r e c e n t l y  reviewed ( r e f .  11 ) .  For space reasons, we w i l l  o n l y  ment ion here an 
i n v e s t i g a t i o n  concerning Ru complexes. 

I n  t h e  l a s t  15 years Ru( I1 ) -po l ypy r id ine  complexes have a t t r a c t e d  g rea t  a t t e r t t i o n  
because they e x h i b i t  a unique combinat ion o f  ground and e x c i t e d  s t a t e s  p r o p e r t i e s  
( r e f .  39 ) .  The p r o t o t y p e  o f  t h e s e  complexes i s  t h e  famous R ~ ( b p y ) ~ ' +  t h a t  i s  

e x t e n s i v e l y  used as photoluminescent compound and s e n s i t i z e r  i n  t h e  i n te rconvers ion  o f  
l i g h t  and chemical energy. Comparison between t h e  p r o p e r t i e s  o f  t h i s  complex and t h e  
requirements needed f o r  luminophores and s e n s i t i z e r s  shows t h a t  t h e  main drawbacks o f  
R ~ ( b p y ) ~ ~ '  a re  (i) t h e  r e l a t i v e l y  f a s t  r a d i a t i o n l e s s  decay o f  t h e  luminescent t r i p l e t  

charge t r a n s f e r  e x c i t e d  s t a t e  v i a  a c t i v a t e d  c ross ing  t o  a t r i p l e t  metal-centered l e v e l  



Photochemistry of supramolecular species 1465 

( w i t h ,  as a consequence, a r e l a t i v e l y  s h o r t  e x c i t e d  s t a t e  l i f e t i m e  and a s m a l l  
luminescence e f f i c i e n c y ) ,  and ( i i )  t h e  o c c u r r e n c e  o f  a l i g a n d  p h o t o s u b s t i t u t i o n  
r e a c t i o n .  I f  t h e  bpy l i g a n d s  a r e  l i n k e d  toge the r  t o  make a cage around t h e  ruthenium 
ion ,  l i g a n d  pho tod issoc ia ton  can be prevented. A s u i t a b l e  cage l i g a n d  can a l s o  con fe r  

more r i g i d i t y  t o  t h e  molecule,  s low ing  down r a d i a t i o n l e s s  decay processes and thereby  
making s t r o n g e r  t h e  luminescence emiss ion  and longer  t h e  e x c i t e d  s t a t e  17 fe t ime.  I t  
cou ld  a l s o  happen, however, t h a t  t h e  cage l i g a n d  does no t  a l l o w  t h e  metal  t o  a t t a i n  an 
approp r ia te  oc tahedra l  c o o r d i n a t i o n  geometry and/or s u i t a b l e  Ru-N bond d is tances ;  i n  
such a case, t h e  t r i p l e t  metal  cen tered  l e v e l  would go down i n  energy and t h e  e x c i t e d  
s t a t e  d e a c t i v a t i o n  would be f a c i l i t a t e d .  Mo lecu la r  models show t h a t  t h e  cage-type 
l i g a n d  o f  F i g .  10 i s  q u i t e  a p p r o p r i a t e  because  i t s  
l a r g e r  spacers a l l o w  t h e  bpy m o i e t i e s  t o  bend, making 
an almost i d e a l  oc tahedra l  c o o r d i n a t i o n  environment. 

I n  p r a c t i c e ,  t h e  bes t  way t o  o b t a i n  t h e  Ru2' complex 
shown i n  F i g .  10 r e s u l t e d  t o  be a templa te  r e a c t i o n  
s t a r t i n g  f rom a d e r i v a t i v e  o f  R ~ ( b p y ) ~ ~ +  ( r e f .  40). 
Photochemical and photophys ica l  s t u d i e s  ( r e f .  41) have 
shown t h a t  t h i s  c a g e d  R u ( I 1 )  c o m p l e x  e x h i b i t s  
abso rp t i on  and emiss ion  spec t ra  ve ry  s i m i l a r  t o  those 
o f  t h e  p a r e n t  R ~ ( b p y ) ~ ~ ' ,  a l o n g e r  e x c i t e d  s t a t e  
l i f e t i m e  and, as expected, a much g r e a t e r  (about lo4 
t imes)  s t a b i l i t y  towards l i g a n d  photosubs t i tZJ t ion .  The 
l a s t  p r o p e r t y  shou ld  assure a q u i t e  h i g h  tu rnove r  

number when t h i s  complex i s  used as a p h o t o s e n s i t i z e r .  

I 

F ig .  10 Cage-type Ru(I1)-bpy 

complex ( re " .  40) 
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