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A b s t r a c t

MODIFICATION OF PORPHYRINS UPON ADSORPTION ONTO POROUS VYCOR

GLASS

by

Haupage  W. G o o n a t i l l a k e  

A d v i s o r s :  P r o f e s s o r s  Thomas C. S t r e k a s  and  H a r r y  D. G a fn ey

C o m i n g ' s  c o d e  793 0  p o r o u s  Vyco r  g l a s s  (PVG) p r e t r e a t e d  

a t  550°C i n  a i r  i s  u s e d  a s  t h e  s o l i d  s u p p o r t  f o r  a d s o r p t i o n  

o f  t e t r a p h e n y l p o r p h y r i n  (TPP)  a nd

m e t a l l o t e t r a p h e n y l p o r p h y r i n  c o m p l e x e s  f r om  m e t h y l e n e  

c h l o r i d e  s o l u t i o n s .  I m m e d i a t e  c o l o r  c h a n g e s  and  a b s o r p t i o n  

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

s u g g e s t  c h e m i c a l  m o d i f i c a t i o n s .  T h e s e  m o d i f i c a t i o n s  a r e  

c h a r a c t e r i z e d  v i a  a b s o r p t i o n ,  e m i s s i o n ,  r e s o n a n c e  Raman and  

e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o s c o p i e s .  The a c i d i t y  o f  t h e  

PVG s u r f a c e  ( m e a s u r e d  pH v a l u e  b e t w e e n  3 and *1 > p l a y s  a r o l e  

i n  t h e  p r o t o n a t i o n  phenomena  o f  t h e  a d s o r b a t e s .  The 

f o r m a t i o n  o f  t h e  7 T - c a t i o n  r a d i c a l s  on t h e  s u r f a c e  o f  PVG, 

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

i d e n t i f i e d  u s i n g  e s r  s p e c t r o s c o p y  i n  t h e  a b s e n c e  o f  a i r .  A 

h y p e r f i n e  s t r u c t u r e  s i m i l a r  t o  t h e  r e p o r t e d  h y p e r f i n e  

p a t t e r n  o f  K - c a t i o n  r a d i c a l s  o f  p o r p h y r i n s  i n  s o l u t i o n  i s  

o b s e r v e d .  I n  t h e  p r e s e n c e  o f  a i r  t h e  c a t i o n  r a d i c a l  i s

i v



f u r t h e r  o x i d i z e d  t o  t h e  d i c a t i o n  w h i c h  t h e n  r e a c t s  w i t h  

n u c l e o p h i l i c  s u r f a c e  s i l a n o l  g r o u p s  t o  f o rm  t h e  

i s o p o r p h y r i n s ,  t h e  p o r p h y r i n  d e r i v a t i v e s  i n  w h i c h  t h e  

n u c l e o p h i l e  i s  a t t a c h e d  t o  one  o f  t h e  meso p o s i t i o n s  o f  t h e  

r i n g .  The f o r m a t i o n  o f  t h e  i s o p o r p h y r i n  i s  e v i d e n c e d  by 

a b s o r p t i o n  b a n d s  a t  770  nm and 840 nm and r e s o n a n c e  Raman 

b a n d s .  P r e s e n c e  o f  ox yg e n  i s  f o u n d  t o  be n e c e s s a r y  f o r  t h e  

f o r m a t i o n  o f  t h e  i s o p o r p h y r i n .  P o s s i b l e  m e c h a n i s m s  f o r  t h e  

g e n e r a t i o n  o f  7 1 - c a t i o n  r a d i c a l s  v i a  I n t e r a c t i o n  w i t h  L ew i s  

an d  B r o n s t e d  a c i d  s i t e s  on t h e  s u r f a c e  o f  PVG a r e  d i s c u s s e d .
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1.  INTRODUCTION

A GENERAL INTRODUCTION

I n  n a t u r e  many i m p o r t a n t  c e n t r a l  b i o c h e m i c a l  f u n c t i o n s  

a r e  p e r f o r m e d  by p o r p h y r i n s .  Fo r  e x a m p le  a l l  l i f e  on e a r t h  

r e l i e s  d i r e c t l y  on t h e  c e n t r a l  r o l e  o f  c h l o r o p h y l l s  and  

c y t o c h r o m e s  i n  p h o t o s y n t h e s i s  oy means  o f  w h i c h  e n e r g y  f rom 

s u n l i g h t  i s  c o n v e r t e d  t o  c h e m i c a l  e n e r g y .  I n  mammals ,  

ox y g e n  i s  t r a n s p o r t e d  by h e m o g l o b i n  and  s t o r e d  by m y o g l o b i n .  

D u r i n g  r e s p i r a t i o n  f o x y g e n  i s  r e d u c e d  t o  w a t e r  by t r a n s f e r  

o f  f o u r  e l e c t r o n s  f r o m  c y t o c h r o m e  o x i d a s e  v i a  a s e r i e s  o f  

c y t o c h r o m e s .

D u r i n g  t h e  f i r s t  h a l f  o f  t h i s  c e n t u r y ,  m a s s i v e  

c o n t r i b u t i o n s  t o  o u r  k n o w l e d g e  o f  c h e m i s t r y  o f  p o r p h y r i n s  

and  m e t a l l o p o r p h y r i n s  and r e l a t e d  co mpounds  w e r e  

a c c u m u l a t e d .  A m a j o r  p u b l i c a t i o n  i n  t h e  f i e l d  a p p e a r e d  i n  

1 9 6 4 1 , i n  w h i c h  a l l  t h e  a v a i l a b l e  d a t a  a t  t h a t  t i m e  w e re  

d o c u m e n t e d .  T h i s  b o o k ,  f o c u s e d  on t h e  a v e n u e s  f o r  r e s e a r c h  

open  i n  t h i s  f i e l d .  I n  19 73 ,  a t  a sympos ium h e l d  a t  t h e  New 

York academy o f  s c i e n c e s 2 , i n f o r m a t i o n  a v a i l a b l e  a t  t h e  t i m e  

was  r e v i e w e d  by p r o m i n e n t  s c i e n t i s t s  i n  t h e  f i e l d .

F a l k ' s  m on o g r ap h  was  l a t e r  r e v i s e d  and  e x p a n d e d ^ .  More 

r e c e n t l y ,  s e v e n  v o l u m e s  c o n t a i n i n g  r e v i e w  a r t i c l e s  on a l l  

a s p e c t s  o f  c h e m i s t r y  o f  p o r p h y r i n s  w e r e  e d i t e d  by

D . D o l p h i n 4 .
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B. ELECTRONIC STUCTURE OF PORPHYRINS AND METALLOPORPHYRINS.

The b a s i c  p o r p h y r i n  m a c r o c y c l e  i s  shown be low  ( 1) .
20

NH

c i )
P o r p h y r i n  d e r i v a t i v e s  a r e  commonly fo rm ed  by s u b s t i t u t i o n  

f o r  H a t o m s  on p y r r o l e  r i n g s  ( p o s i t i o n s  2 , 3 , 7 » 8 , 1 2 , 1 3 * 1 7 , 1 8 )  

o r  H a to m s  a t  meso p o s i t i o n s  ( 5 , 1 0 , 1 5 , 2 0 ) .  O c t a e t h y l  

p o r p h y r i n  (OEP) ( e t h y l  g r o u p s  a t  p y r r o l e  p o s i t i o n s )  h a s  b e e n  

f r e q u e n t l y  u se d  ( r e f  5 ) b e c a u s e  t h e  p e r i p h e r a l  s u b s t i t u t i o n  

p a t t e r n  r e s e m b l e s  t h a t  o f  t h e  n a t i v e  p o r p h y r i n s  w h i l e  

p r e s e r v i n g  a h i g h  d e g r e e  o f  s y m m e t r y .  Howeve r ,  i t  i s  n o t  

e a s i l y  p r e p a r e d  and  i s  r a t h e r  e x p e n s i v e .  T h e r e f o r e  t h e  more  

e a s i l y  o b t a i n e d  5 , 1 0 , 1 5 , 2 0 - t e t r a p h e n y l p o r p h y r i n  (TPP)  h a s  

b e e n  more  w i d e l y  u s e d .

The p o r p h y r i n  m a c r o c y c l e  i s  h i g h l y  c o n j u g a t e d ,  and  a 

number  o f  r e s o n a n c e  f o r m s  c a n  be w r i t t e n .  T h e r e  a r e  22 

e l e c t r o n s ,  b u t  o n l y  18 o f  t h e s e  ca n  be i n c l u d e d  i n  any one 

d e l o c a l i z a t i o n  p a t h w a y .  T h i s  c o n f o r m s  w i t h  H u c k e l ' s  4n+2  

r u l e  f o r  a r o m a t i c i t y .
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I n  t h e  f r e e  b a s e  ( 2 ) ,  b e c a u s e  

t h e  p r o t o n  p o s i t i o n s  a r e  f i x e d  

t h e r e  i s  o n l y  a s i n g l e  p a t h  o f  

c o n j u g a t i o n  o f  t h e  18 7T 

e l e c t r o n s  on a n  1 8 - a t o m  r i n g .  

The n i t r o g e n  a t o m s  o f  t h e  f r e e  

b a s e  t h a t  l i e  on t h e  p a t h  o f  

c o n j u g a t i o n  h a v e  l o n e  p a i r  

e l e c t r o n s  w i t h i n  t h e  p l a n e  

t h a t  do n o t  e n t e r  t h e  t t  

s y s t e m .

Each  a tom on t h e  c o n j u g a t i o n  p a t h  c o n t r i b u t e s  one  p 

e l e c t r o n  w h i c h  mak es  i t  an  18 a t o m ,  18 7T e l e c t r o n  s y s t e m .

When a m e t a l l o p o r p h y r i n  i s  f o r m e d  two H a t o m s  f r o m  t h e  

r i n g  a r e  l o s t  w i t h  t h e  f o r m a t i o n  o f  t h e  d l a n i o n  w h i c h  t h e n  

c o m p l e x e s  w i t h  t h e  m e t a l  i o n  C 3» 4 and  5 ) .

( 4 )  ( 5 )

( 2 )
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I n  t h i s  c a s e  t h e  wi m i n o "  n i t r o g e n s  a r e  i n c l u d e d  i n  t h e  

p a t h  o f  c o n j u g a t i o n  w h i c h  means t h e r e  a r e  18 e l e c t r o n s ,  one 

f rom e a c h  member o f  t h e  c o n j u g a t e d  r i n g  and  two e a c h  f r om

two N a t o m s .  T h i s  makes  

s y s t e m .  The o t h e r  p a r e n t  

P h o r b i n  ( 7 ) »  B a c t e r i o c h l o r i n

(6 )

NH
HN

($>

t  a 16 membered 18 e l e c t r o n  

m a c r o c y c l e s  a r e  c h l o r i n  ( 6 ) ,  

( 8) and p o r p h y r i n o g e n  ( 9 )*

NH

07}

H H

09)
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C. PROPERTIES OF PORPHYRINS AND METALLOPORPHYRINS

( a )  A b s o r p t i o n  S p e c t r a

The a b s o r p t i o n  s p e c t r a  o f  a l l  m e t a l l o p o r p h y r i n s  c o n s i s t  

o f  an e x c e e d i n g l y  i n t e n s e  ( 6 ^ 10^ m"1 cm- 1 ) S o r e t  band  ( o r  B 

ba n d )  b e tw e e n  360 and  420 nm and a p a i r  o f  w e a k e r

( f — 104 M"1 cm"1 ) b a n d s  c a l l e d  oo  and  yS ( o r  Q0_0 and

®1-0^ b a n d s .  These  f e a t u r e s  a r e  i l l u s t r a t e d  i n  F i g .  1 f o r  

z i n c  t e t r a p e n y l p o r p h y r i n  (ZnTPP) .  I n  a d d i t i o n ,  t h e r e  c an  be 

w e a k e r  ba nd s  i n  t h e  v i s i b l e  r e g i o n  t h a t  a r e  due t o  c h a r g e  

t r a n s f e r  t r a n s i t i o n s  f rom t h e  p o r p h y r i n  t o  t h e  m e t a l .  I n  

some c a s e s ,  m i x i n g  b e t w e e n  o o , ya o r  S o r e t  and  p o r p h y r i n -  

m e t a l  c h a r g e  t r a n s f e r  c an  o c c u r  , r e s u l t i n g  i n  r a t h e r  

complex  a b s o r p t i o n  s p e c t r a .

U s in g  t h e  p o i n t  g r o u p  f o r  t h e  m e t a l l o p o r p h y r i n

m o l e c u l e ,  m o l e c u l a r  o r b i t a l  s t u d i e s ^  p r e d i c t  t h a t  t h e  

h i g h e s t  f i l l e d  o r b i t a l s  a r e  o f  a ^ u and a 2U symmet ry  and t h a t  

t h e  l o w e s t  empty o r b i t a l  i s  o f  e g symmet ry .  The band i s

due to the a£U( 7T ) ---------eg(7T*) electronic transition and

t h e  S o r e t  band t o  t h e  a l u (TT)  e ft( JT*) t r a n s i t i o n ? .

Both  t r a n s i t i o n s  a r e  o f  Eu symmet ry ,  p o l a r i z e d  i n  t h e  p l a n e  

o f  t h e  m o l e c u l e  and  a r e  a l l o w e d .  C o n f i g u r a t i o n  i n t e r a c t i o n  

be tw ee n  t h e s e  n e a r l y  d e g e n e r a t e  t r a n s i t i o n s  l e a d s  t o  

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

r e s u l t i n g  i n  t h e  i n t e n s e  S o r e t  and  w e a k e r  o o  b a n d s ,  

r e s p e c t i v e l y .
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Figure 1 : Absorption spectrum of ZnTPP In methylene 
chloride solution to show the characteristic features 
of the absorption spectra of porphyrins. The Soret 
band (Fq n) at 419 nm is about 10 times more Intense 
than the oc band CQq _q ) at 585 nm and the jS band CQ^_q ) 
at 545 nm.
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The y3 band i s  a v i b r o n i c  s i d e  band o f  t h e  o© ba nd ,  

i . e . w h i l e  t h e  oo band i s  due t o  a p u r e  e l e c t r o n i c  t r a n s i t i o n  

( w i t h  no chang e  i n  v i b r a t i o n a l  quan tum number )  t h e  

3̂ band i n c l u d e s  one  mode o f  v i b r a t i o n a l  e x c i t a t i o n  and i s  

d e n o t e d  Q^ _q . i n  g o i n g  f rom m e t a l l o p o r p h y r i n s  (16 membered 

c o n j u g a t e d  r i n g )  t o  f r e e  b a s e  p o r p h y r i n  (18 membered r i n g )  

t h e  symmet ry  o f  t h e  m o l e c u l e  c h a n g e s  f rom t o  I>2h* Thus ,

Q (0_o)  ®P l i t s  i n t o  Qy ( o - 0 ) and ® y (0- 0 ) s e p a r a t e d  by a b o u t  

3000 cm”  ̂ f o r  f r e e  b a s e  p o r p h y r i n .  Each  band h a s  a v i b r o n i c

o v e r t o n e ,  Qx ( i _ o )  and  ^ y ( l - O )  r e s p e c t i v e l y .  T h e r e f o r e ,  t h e  

a b s o r p t i o n  s p e c t r u m  o f  f r e e  b a s e  c o n s i s t s  o f  f o u r  b a n d s  i n  

t h e  v i s i b l e  r e g i o n .

M e t a l l o p o r p h y r i n s  have  been  c l a s s i f i e d  i n t o  two b r o a d

c l a s s e s ,  namely  " r e g u l a r "  and  " i r r e g u l a r " ,  d e p e n d i n g  on

a b s o r p t i o n  and e m i s s i o n  p r o p e r t i e s ? .  The r e g u l a r  m e t a l s

c o n t a i n  o n l y  c l o s e d  s h e l l s  w h i l e  t h e  i r r e g u l a r  m e t a l s

c o n t a i n  p a r t l y  f i l l e d  s h e l l s .  The same m e t a l  c an  be r e g u l a r

o r  i r r e g u l a r  d e p e n d i n g  on t h e  o x i d a t i o n  s t a t e .  I n  r e g u l a r

m e t a l l o p o r p h y r i n s  t h e  m e t a l  h a s  o n l y  a s m a l l  e f f e c t  on t h e

r i n g ,  and a b s o r p t i o n  and  e m i s s i o n  s p e c t r a  c an  be e x p l a i n e d
£

i n  t e r m s  o f  p o r p h y r i n  n  -  7T t r a n s i t i o n s .  I n  t h e  c a s e  o f  

i r r e g u l a r  p o r p h y r i n s  m e t a l  o r b i t a l s  have  a s t r o n g e r  e f f e c t  

on a b s o r p t i o n  and e m i s s i o n ,  e i t h e r  t h r o u g h  s t r o n g e r  m i x i n g  

w i t h  t h e  r i n g  o r b i t a l s  o r  t h r o u g h  t h e  i n t r o d u c t i o n  o f  new 

low e n e r g y  o p t i c a l  t r a n s i t i o n s .
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( b )  L u mi n e s c e n c e  o f  p o r p h y r i n s  and  m e t a l l o p o r p h y r i n s .

Hos t  f r e e  b a s e  p o r p n y r i n s  show s t r o n g  f l u o r e s c e n c e  a t  

room t e m p e r a t u r e .  T h i s  p r o v i d e s  a v e r y  s e n s i t i v e  method f o r  

t h e i r  d e t e c t i o n  and  d e t e r m i n a t i o n .  The f i r s t  s y s t e m a t i c  

s t u d y  o f  t h e  i n f l u e n c e  o f  d i f f e r e n t  m e t a l s  on p o r p h y r i n  

f l u o r e s c e n c e  and p h o s p h o r e s e n c e  was  r e p o r t e d  by B e c k e r  and 

Kasha i n  1955®. T a b l e s  1 and 2 sum m ar i ze  t h e  e m i s s i o n  

p r o p e r t i e s  o f  f r e e  b a s e  and m e t a l l o p o r p h y r i n s  a t  room 

t e m p e r a t u r e  i n  f l u i d  medium and a t  l i q u i d  n i t r o g e n  

t e m p e r a t u r e  (77 K)9 .  c i osecj s h e l l  m e t a l s  h a v i n g  empty

o r  f u l l  d s h e l l s  f o r m  c o m p l e x e s  w i t h  o c t a - a l k y l  and  TPP t h a t  

g e n e r a l l y  show o n l y  f l u o r e s c e n c e  a t  room t e m p e r a t u r e  and 

b o t h  f l u o r e s e n c e  and p h o s p h o r e s c e n c e  a t  77 K. E a r l i e r  

s t u d i e s  i n d i c a t e d  o n l y  p h o s p h o r e s c e n c e  f o r  p o r p h y r i n  

c o m p l e x e s  w i t h  d i a m a g n e t i c  t r a n s i t i o n  m e t a l  i o n s  h a v i n g  

p a r t i a l l y  f i l l e d  d s h e l l s  (Mn, Fe ,  Co, and N i ) 1®. 

S u b s e q u e n t  s t u d i e s  have  i n d i c a t e d  t h a t  c o m p l e x e s  o f  Ni and 

Co do n o t  e m i t ^  S t r o n g  p h o s p h o r e c e n c e  i s  o b s e r v e d  i n  Pd and 

P t  (d®) c o m p l e x e s  a t  R.T.  and 77 K. The s m a l l  s i n g l e t -  

t r i p l e t  s e p a r a t i o n ,  a b s o r p t i o n  s p e c t r a l  c h a r a c t e r i s t i c s  and  

room t e m p e r a t u r e  s o l u t i o n  p h o s p h o r e s c e n c e  o f  t h e  Pd, P t  and  

Ru p o r p h y r i n  make them e x t r e m e l y  a t t r a c t i v e  s e n s i t i z e r s  f o r  

u se  i n  s t u d y i n g  p h o t o s e n s i t i z e d  r e a c t i o n s  and e n e r g y  

t r a n s f e r  p r o c e s s e s .  M e t a l l o p o r p h y r i n s  w i t h  p a r a m a g n e t i c  

c e n t r a l  m e t a l  i o n s  show o n l y  p h o s p h o r e s c e n c e  w i t h  r e l a t i v e l y  

s h o r t  l i f e  t i m e s .
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Table 1 : Luminescence properties of porphyrins at 300 K
£in solution.

Non-luminescent Fluorescence Phosphorescence 
only only

Fluores. 
& Phosph

Ni(II),V0,Sn(II) Zn(II),Mg(II) Co(III) Pd(II)
Ru(II)L2rRu(III) Sn(IV),Pb(II) Rh(III),Ir Pt (II)
Cu(II),Ag Al,Cd,Free base Ru(II)C0
Co (II) Si (IV) ,Ge (IV)

Ba, Sr, Be 
Sc(III), Ti(IV) 
Zr(IV),Hf(IV)
Nb (V) ,Ta (V)

a. From ref 9

Table 2 : Luminescence properties of porphyrins 
low temperature in rigid medium .

at

Phosphorescence
only

Phosphorescence Non-luminescent 
and luminescence

Hg,Pb,VO Pb.Pt.Ru.Mg,Zn Ag
Mn(II),Fe(II) Free base,Be,Ca,Sr
Fe(IIl),Co(III) Cd,Sn(IV),Ba,Sc(III)
Ni.Cu,Ir Ti(IV),Zx(IV),

Hf (IV), Nb (V) , Ta (V)

a. From ref 9
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( c )  A c i d - B a s e  P r o p e r t i e s  o f  p o r p h y r i n s .

The f r e e  b a s e  p o r p h y r i n  (PH2 ) c a n  add  p r o t o n s  t o  i t s  

i m i n e  t y p e  ( -N=)  n i t r o g e n  a tom s  t o  form mono- (PH^+ ) o r  

d i c a t i o n s  (PHy2 *)  o r  l o s e  p r o t o n s  f rom i t s  p y r r o l e  t y p e  

( - N H - )  n i t r o g e n s  t o  p r o d u c e  t h e  mono (PH” ) o r  d i - a n i o n s  

(P ) .  The p r o t o n  d i s s o c i a t i o n  e q u i l i b r i a  a r e  d e s c r i b e d  by 

pK v a l u e s  a s  f o l l o w s :

p k 4  p k 3 p k 2  p k x

p H ^ , —  PH3 + ^  ^  PH2 PH“  ^  >  P 2 '

pK^ and pK2 r e f e r  t o  t h e  a c i d i c  e q u i l i b r i a  i n v o l v e d  i n  

t h e  d i s s o c i a t i o n  o f  p r o t o n s  f rom t h e  p y r r o l e  t y p e  n i t r o g e n s ,  

and  pK^ and pK^ r e f e r  t o  t h e  b a s i c  e q u i l i b r i a  a s s o c i a t e d  

w i t h  a d d i t i o n  o f  p r o t o n s  t o  t h e  imine  t y p e  n i t r o g e n s .  For  

H2 (TPP)  t h e  v a l u e s  o f  pK^ and pK^ a r e  ^ . 4  and 3 . 9  

r e s p e c t i v e l y  . When t h r e e  o r  f o u r  p r o t o n s  oc cup y  t h e  

p o r p h y r i n  c e n t r a l  c a v i t y ,  t h e  s t r o n g  Van d e r  Waa l s  and  

c o u l o m b i c  r e p u l s i o n s  t e n d  t o  d i s t o r t  t h e  p l a n a r i t y  o f  t h e  

p o r p h y r i n  r i n g 1^ .  When t h e  m o n o c a t i o n  (PH^*) i s  f o r m ed  t h e  

p y r r o l e  r i n g s  t i l t  a l t e r n a t e l y  upwards  and  downwards  w i t h  

r e s p e c t  t o  t h e  mean p o r p h y r i n  p l a n e .  Such d e f o r m a t i o n  

f a c i l i t a t e s  p r o t o n a t i o n  o f  t h e  r e m a i n i n g  l o n e  p a i r ,  t h u s  

l i m i t i n g  t h e  e x i s t e n c e  o f  t h e  m o n o c a t i o n .  In  t h e  c a s e  o f  

HijCTPP)2+ such  d i s t o r t i o n  f a c i l i t a t e s  t h e  r o t a t i o n  o f  p h e n y l  

r i n g s  w h i ch  become n e a r l y  c o p l a n a r  w i t h  t h e  p o r p h y r i n  r i n g ,  

and l e a d  t o  more e x t e n d e d  c o n j u g a t i o n .  For  t h i s  r e a s o n  

H|j ( T P P ) 2+ i s  more  s t a b l e  t h a n  a l k y l - s u b s t i t u t e d  

p o r p h y r i n s 111.
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( d )  Redox C h e m i s t r y  .

The r e d o x  p r o p e r t i e s  o f  m e t a l l o p o r p h y r i n s  h a v e  b e en  

s t u d i e d  e x t e n s i v e l y  i n  v i ew o f  t h e  f a c t  t h a t  t h e y  d o m i n a t e  

t h e  e l e c t r o n  t r a n s f e r  p r o c e s s e s  o f  l i f e .  The i n i t i a l  f o c u s  

and i n t e r e s t  i n  t h e  o x i d a t i o n  s t a t e s  o f  t h e s e  s y s t e m s  s t e m s  

f ro m t h e  r e d o x  p r o p e r t i e s  o f  c y t o c h r o m e s  ( w h i c h  a r e  en zy m es  

c o n t a i n i n g  i r o n  p o r p h y r i n s  an d  f u n c t i o n  c a t a l y t i c a l l y  v i a  

t h e  Fp ( t t  ) -*!*.■_ F e ( I I I )  c o u p l e )  and  t h e  f u n c t i o n  o f  

h e m o g l o b i n  ( a n  F e ( I I )  p o r p h y r i n  w h i c h  u n l i k e  s i m p l e  F e ( I I )  

p o r p h y r i n s  i s  n o t  o x i d i z e d  by oxy ge n  t o  F e ( I I I )  b u t  

r e v e r s i b l y  b i n d s  ox yg e n  a t  t h e  F e ( l l )  o x i d a t i o n  l e v e l ) .  The 

c e n t r a l  r o l e  o f  i r o n  i n  t h e s e  n a t u r a l l y  o c c u r i n g  s y s t e m s  

l e d  t o  t h e  b e l i e f  t h a t  t h e  m a c r o c y c l i c  p o r p h y r i n  l i g a n d  

s e r v e s  m e r e l y  t o  m o d i f y  t h e  r e d o x  p o t e n t i a l s  o f  t h e  m e t a l ,  

and t o  a c t  a s  a c o n v e n i e n t  b r i d g e  b e t w e e n  t h e  m e t a l  and  t h e  

p r o t e i n .  However ,  i n  196*t when C l o s s  and  C l o s s  i s o l a t e d  and  

c h a r a c t e r i z e d ^  t h e  TT -  a n i o n  ano  T T - d i a n i o n  o f  ZnTPP,  t h e  

a b i l i t y  o f  t h e  p o r h y r i n  7T - s y s t e m  t o  u n d e r g o  r e d o x  

r e a c t i o n s  was  f u l l y  a p r e c i a t e d .

The f o l l o w i n g  s c heme  I l l u s t r a t e s  t h e  r e d o x  r e a c t i o n s  o f  

p o r p h y r i n s .

p2-  p -  ^  p " y  p+ 7  p2+
7 ! - d i a n i o n  7 ! - a n i o n  F r e e  b a se  7T-ca t ion  T T -d ie a t io n

r a d i c a l  r a d i c a l
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The m e t a l l o p o r p h y r i n s  ha ve  low o x i d a t i o n

p o t e n t i a l  ®(Tab l e  3)*  The E-|/2 t h e  n e t a l l o - T P P ’ s and

H2TPP i s  c l o s e  t o  1 v o l t .  The 2 nd o x i d a t i o n  p o t e n t i a l  i s  

a b o u t  0 . 3  v o l t s  h i g h e r .  7 T - c a t i o n  r a d i c a l s  o f

m e t a l l o p o r p h y r i n s  c an  be made q u i t e  e a s i l y  by a n o d i c  

o x i d a t i o n  i n  t h e  p r e s e n c e  o f  an a p p r o p r i a t e  e l e c t r o l y t e .  

Chemica l  o x i d a t i o n  by b r omine  o r  e e r i e  i o n f f o r  e x a m p l e ,  i s

a l s o  e a s i l y  a c h i e v e d ^ 9 »20^

The p o r p h y r i n  T T - c a t i o n  r a d i c a l s  h a v e  a c h a r a c t e r i s t i c  

g r e e n  c o l o r .  They ha v e  m a r k e d l y  r e d u c e d  i n t e n s i t y  o f  

a b s o r p t i o n  i n  t h e  v i s i b l e  r e g i o n  and  t h e  S o r e t  b a n d s  a r e  

l e s s  i n t e n s e  and  b l u e  s h i f t e d  by a b o u t  15 nm^l .  At  room 

t e m p e r a t u r e  t h e  g r e e n  s o l u t i o n s  o f  T T - c a t i o n  r a d i c a l s  

e x h i b i t  h i g h l y  i s o t r o p i c  e s r  s i g n a l s  w i t h  a g v a l u e  o f  

a p p r o x i m a t e l y  2 . 0 0 .  Weak h y p e r f i n e  s p l i t t i n g  c o r r e s p o n d i n g  

t o  n i n e  l i n e s  c o u l d  be s e e n  on t h e  e s r  s p e c t r u m  o f  ZnTPP+ 

C10jj“ i n  b u t y  r o n i t r i l e  a t  room t e m p e r a t u r e ^ .  I n  t h e  

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

h y p e r f i n e  s t r u c t u r e  was l o s t .  Removal  o f  oxygen  r e g e n e r a t e d  

t h e  o r i g i n a l  n i n e  l i n e s .  However ,  t h e  e s r  s p e c t r u m  o f  

MgOEP+ 010^“ was p a r t i a l l y  r e s o l v e d  t o  5 l i n e s .  Th es e  

r e s u l t s  hav e  i n d i c a t e d  t h a t  n - c a t i o n  r a d i c a l s  f a l l  i n t o  

two g e n e r a l  c a t e g o r i e s .  D e p en d i ng  on w h e t h e r  t h e  e l e c t r o n  

i s  r emoved  f rom a 2u o r  a-ju h i g h e s t  o c c u p i e d  o r b i t a l ,  t h e

g r oun d  s t a t e  c o n f i g u r a t i o n  o f  t h e  r a d i c a l  c an  be e i t h e r  2A2u
2

o r  A1u r e s p e c t i v e l y .
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Table 3 : Half-wave potentials of some metalloporphyrins?

Compound R i n g
(2)

O x i d a t i o n * 5
(1)

R ing  P . e d u c t i o n c 
( 1 )  (2)

H.TPP
2

1 . 2 8 0 . 9 5 - 1 . 0 5 - 1 . 4 7

C o ( I I ) T P P 1 . 2 6 1 . 0 6 - 1 . 8 7

C u ( I I ) T P P 1 . 1 6 0 . 9 0 - 1 . 2 0 - 1 . 6 8

F e ( I I I ) T P P C l 1 . 4 - 1 .  65

Fe ( I I I ) T P P . 1 . 3 6

Ru( I I )TPPCO 1 . 2 1 0 . 8 2

Zn ( I I ) T P P 1 , 0 3 0.  71 - 1 . 3 5 - 1 .  80

a .  From r e f  IP

b .  O x i d a t i o n s  a r e  i n  CHjCl j  o r  b u t y r o n i t r i l e

c .  R e d u c t i o n s  a r e  i n  DMF o r  DMSO
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Table 4 : Spin densities in porphyrin cation radicals®

2* 2u

c a l c u l a t e d
2* l u

c a l c u l a t e d

C - l - 0 . 0 0 9 4 0 . 0 9 8 1

C-2 0 . 0 1 3 4 0 . 0 2 6 2

C-5 0 . 1 9 3 2 0 . 0 0 0 .

N 0 . 0 4 9 0 . 0 0 0

a .  From r e f  23
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p
I n  t h e  A^u s t a t e  t h e  s p i n  d e n s i t i e s  a r e  h i g h  a t  meso c a r b o n

2and n i t r o g e n  a to m s  w h i l e  t h e  A^u s t a t e  h a s  low s p i n  

d e n s i t i e s  a t  t h e s e  a t o m s .  I n  t h e  l a t t e r  s t a t e  s p i n  d e n s i t y  

i s  p r i m a r i l y  c o n f i n e d  t o  O O - p y r r o l i c  c a r b o n  a t o m s  ( T a b l e

4 )  T h e r e f o r e  t h e  n i n e  h y p e r f i n e  s p l i t t i n g  l i n e s  i n  t h e  

ZnTPP* e s r  s p e c t r u m  c a n  be e x p l a i n e d  i n  t e r m s  o f  i n t e r a t i o n s  

o f  t h e  u n p a i r e d  e l e c t r o n  w i t h  f o u r  e q u i v a l e n t  n i t r o g e n s  

(1=1)  i n  A2 u s t a t e .  T he s e  a s s i g n m e n t s  hav e  b e en  v e r i f i e d  

by d e u t e r i u m  s u b s t i t u t i o n .

The e s r  s p e c t r u m  o f  ZnTPP* c a t i o n  r a d i c a l  h a s  been  f o u n d  

t o  be s e n s i t i v e  t o  t h e  n a t u r e  o f  t h e  c o u n t e r  i o n  and  t h e  

d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t ^ .  O x i d a t i o n  o f  ZnTPP by 

c o n t r o l l e d - p o t e n t i a l  e l e c t r o l y s i s  i n  CH2 C12 w i t h  

(C^Hy)^NC104 a s  c a r r i e r  e l e c t r o l y t e *  r e s u l t s  i n  a s t a b l e  

71 - c a t i o n  r a d i c a l  ZnTPP* CIO^-  w i t h  n i n e  l i n e  e s r  

s p e c t r u m .  Chemica l  o x i d a t i o n  o f  ZnTPP i n  CH2 C12 o r  CHCl^ 

w i t h  0 . 5  mol o f  B r 2 i s  r e v e r s i b l e  and p r o d u c e s  a r a d i c a l  

w i t h  t h e  same a b s o r p t i o n  s p e c t r u m  a s  ZnTPP* C10lt“ , b u t  w i t h  

f o u r  l i n e  e s r  s p e c t r u m .  The f o u r  l i n e  s p e c t r u m  i s  t h u s  

a s s i g n e d  t o  h y p e r f i n e  i n t e r a t i o n  o f  t h e  ZnTPP* r a d i c a l  w i t h  

one B r ” ( 1 = 3 / 2 ) .

I n  g e n e r a l ,  c a t i o n  r a d i c a l s  o f  o r g a n i c  compounds  a r e  

known t o  r e a c t  w i t h  n u c l e o p h i l e s  and  a l s o  u n d e r g o  e l e c t r o n  

t r a n s f e r  r e a c t i o n s 2 ^ .  E l e c t r o n  t r a n s f e r  r e a c t i o n s  o f  

7 T - c a t i o n  r a d i c a l s  o f  p o r p h y r i n s  a r e  b i o c h e m i c a l l y  

i m p o r t a n t 2 ^ .  Due t o  e x t e n d e d  c o n j u g a t i o n  o f  t h e  p o r p h y r i n
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T T - r i n g ,  p o r p h y r i n  T T - c a t i o n  r a d i c a l s  a r e  known t o  be 

q u i t e  s t a b l e .  7 1 - c a t i o n  r a d i c a l s  o f  ZnTPP h a s  b e e n  f o u n d  

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

c r y s t a l l i n e  f o r m 2 0 . R e a c t i o n s  o f  ZnTPP c a t i o n  r a d i c a l  

p e r c h l o r a t e  (ZnTPP* CIO^")  w i t h  p y r i d i n e ,

t r i p h e n y l p h o s p h i n e , t r i p h e n y l a r s i n e ,  n i t r i t e  i o n ,

t h i o c y a n a t e  i o n ,  m e t h a n o l ,  w a t e r ,  ammonia ,  m e t h y l  a mi ne  an d  

d i m e t h y l  a mi ne  h a v e  b e e n  r e p o r t e d 2 7 - 2 9 #

The r e a c t i o n  o f  n u c l e o p h i l e s  s u c h  a s  m e t h a n o l ,  w a t e r ,  

a c e t a t e  a n d  h a l i d e s  w i t h  t h e  ZnTPP* c a t i o n  r a d i c a l 2 ® o r  t h e  

ZnTPP2 * d i c a t i o n 2 0 , p r o d u c e s  a d a r k  g r e e n  compound i n  w h i c h  

t h e  n u c l e o p h i l e  h a s  a d d e d  a t  t h e  meso p o s i t i o n ,  w h i c h  h a s  

t h e  s t r u c t u r e

[ 5 - ( m e t h o x y ) - 5 , 1 0 , 1 5 , 2 0 - t e t r a k i s ( p n e n y l ) p o r p h i n a t o ] Z n ( I I )

( 1 0 ) .  Such  a compound i s  a l s o  known a s  an  I s o p o r p h y r i n .

Ph

ZnPh

CIO)
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I n  i s o p o r p h y r i n s  T f - c o n j u g a t i o n  i s  d i s r u p t e d  a t  t h e  meso 

p o s i t i o n  w h e r e  t h e  n u c l e o p h i l e  h a s  been  a d d e d  o n .  As a 

c o n s e q u e n c e  o f  t h i s  t h e  o p t i c a l  a b s o r p t i o n  s p e c t r u m  c h a n g e s  

d r a m a t i c a l l y .  F i g .  21 shows  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  

i s o p o r p h y r i n  ( 1 0 ) .  I n  a d d i t i o n  t o  t h e  S o r e t  band  a t  M40 nm 

( €  U X 10**) w h i c h  i s  l e s s  i n t e n s e  t h a n  t h e  S o r e t  band  o f  

ZnTPP ( €  5 X 10 5 f ^ m n w ^ l O  nm  ̂ ( s e e  F i g .  1 on page
lU b  a

6 ) ,  i s o p o r p h y r i n  a b s o r p t i o n  s p e c t r u m  c o n t a i n s  two a b s o r p t i o n  

maxima t o w a r d s  n e a r - I R  r e g i o n  780 nm, € < ^ 1 . 1  x 10** and  850  

n m € ~ 1 . 8  x 10**). The p o s i t i o n s  and  r e l a t i v e  i n t e n s i t i e s  o f  

t h e  n e a r  IR b a n d s  seem t o  be u n i q u e  t o  i s o p o r p h y r i n s .  UV- 

V i s  s p e c t r a  s i m i l a r  t o  t h e  s p e c t r u m  o f  F i g .  21 h a v e  b e e n  

r e p o r t e d  f o r  t h e  f e r r i c  i s o p o r p h y r i n s  f o r m e d  f r om  t h e  

r e a c t i o n  o f  ( m e s o - t e t r a p h e n y 1 p o r p h i n a t o ) - i r o n  ( I I I )

c o m p l e x e s  a n d  cumene  h y d r o p e r o x i d e  o r  m - c h l o r o p e r o x y b e n z o i c  

a c i d 3 ° » 3 1  o r  f rom t h e  r e a c t i o n  o f  TFP tp -OCH^JFeCl  and  t e r t -  

b u t y l h y d r o p e r o x i d e  32^

I n  t h e  c a s e  o f  m e s o - t e t r a p h e n y l  d e r i v a t i v e s  t h e s e  

i s o p o r p h y r i n s  a r e  s t a b l e  and h a v e  be en  i s o l a t e d  and 

c h a r a c t e r i z e d ^ ®  a s  t h e  p e r c h l o r a t e  s a l t s .  W i t h  o c t a e t h y l  

d e r i v a t i v e s ,  h o w e v e r ,  t h e  i n t e r m e d i a t e  i s o p o r p h y r i n  c a n  l o s e  

a p r o t o n  t o  g i v e  t h e  n e u t r a l  m e s o - s u b s t i t u t e d  

m e t a l l o p o r p h y r i n 3 3 # T h i s  i s  b e c a u s e  p h e n y l  i s  a p o o r  

l e a v i n g  g r o u p .
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( e )  R es o na nc e  Raman S p e c t r o s c o p y .

R e so na n ce  Raman s p e c t r o s c o p y  i s  a s u i t a b l e  a n a l y t i c a l  

t o o l  f o r  p o r p h y r i n s  and  m e t s l l o p o r p h y r i n s  b e c a u s e  o f  t h e i r  

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

r e g i o n s .  Raman s p e c t r a  o f  h e m o g l o b i n  w e re  f i r s t  r e p o r t e d  i n  

1972^11»35 _ s i nce  t h e n  t h e  RR s p e c t r a  o f  a l a r g e  number  o f  

p o r p h y r i n s  and  i t s  d e r i v a t i v e s  have  been  p u b l i s h e d .

One m a j o r  p r o b l e m  e n c o u n t e r e d  i n  RR s t u d i e s  o f  p o r p h y r i n s  

i s  t h e  h i g h  b a c k g r o u n d  due  t o  f l u o r e s c e n c e .  F o r t u n a t e l y ,  

Fe ,  Co, Ni and  Cu p o r p h y r i n s  do n o t  f l u o r e s c e  o r  f l u o r e s c e  

e x t r e m e l y  w e a k l y .  T h e r e  a r e  a number  o f  m e t h o d s  o f  

m i n i m i z i n g  t h e  e f f e c t  o f  f l u o r e s c e n c e .  One o f  them i s  t h e  

u se  o f  q u e n c h e r s .  Fo r  t h o s e  c o m p l e x e s  t h a t  e m i t  i n  

s o l u t i o n ,  e f f i c i e n t  q u e n c h i n g  i s  n o t e d  i n  s o l i d  o r  KBr 

p e l l e t  s a m p l e s .  The o t h e r  methoo i s  t o  u se  s h o r t e r  

w a v e l e n g t h s  t o  a v o i d  s c a n n i n g  i n t o  t h e  f l u o r e s c e n t  r a n g e .  

Due t o  h i g h  a b s o r b a n c e  o f  i n c i d e n t  r a d i a t i o n  mo s t  p o r p h y r i n s  

t e n d  t o  decompose  when e x p o s e d  t o  a l a s e r  beam f o r  e x t e n d e d  

p e r i o d s  o f  t i m e .  A s amp le  r o t a t i o n  t e c h n i q u e  h a s  p r o v e d  t o  

be u s e f u l  i n  t h i s  r e s p e c t .  By d e f o c u s i n g  t h e  l a s e r  beam, 

s amp le  o v e r h e a t i n g  c a n  be p r e v e n t e d .

As e x p l a i n e d  u n d e r  a b s o r p t i o n  s p e c t r a  t h e  symmet ry  g r o u p  

o f  m e t a l l o p o r p h y r i n s  i s  wh ic h  g i v e s  r i s e  t o  two

e x c i t a t i o n s  a ly  ------- ^  eg  an(j a 2 u  w h i c h  by

c o n f i g u r a t i o n  i n t e r a c t i o n  p ro d u c e  a s t r o n g  B band and w e a k e r  

Q ba nd .  The RR s p e c t r a  o f  m e t a l l o p o r p h y r i n s  ha v e  been
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e x p l a i n e d  u s i n g  t h i s  f o u r  o r b i t a l  m o d e l ^  ,37   ̂ These  s p e c t r a  

a r e  d o m i n a t e d  by ba nd s  i n  t h e  r a n g e  1100-1650 cm" 1 , 

c o r r e s p o n d i n g  t o  s t r e t c h i n g  o f  t h e  p o r p h y r i n - r i n g  - b o n d s  

a s  e x p e c t e d  f o r  e n h a n c e m e n t  v i a  7\ -  H * t r a n s i t i o n s .

E x c i t a t i o n  n e a r  t h e  S o r e t  band e n h a n c e s  t o t a l l y  s y m m e t r i c

modes  v i a  A t e r m  s c a t t e r i n g .  Wi th  e x c i t a t i o n  i n  t h e  Qq_q

and Q-|_q b a n d s ,  t h e  A t e r m  e n h a n c e m e n t  i s  much l o w e r ,

b e c a u s e  o f  t h e  s m a l l e r  e l e c t r o n i c  t r a n s i t i o n  moment .  The Q 

band RR s p e c t r a  a r e  g e n e r a l l y  d o m i n a t e d  by t h e  n o n - t o t a l l y -  

s y m m e t r i c  modes  r e s p o n s i b l e  f o r  Q-B m i x i n g  and  t h e

g e n e r a t i o n  o f  t h e  Q ^ q a b s o r p t i o n .  The b a n d s  o f  d i f f e r e n t

symmet ry  ca n  be i d e n t i f i e d  by r e c o r d i n g  s p e c t r a  w i t h

p o l a r i z e r  o r i e n t e d  s u c h  t h a t  t h e  e l e c t r i c  v e c t o r  o f  t h e

s c a t t e r e d  r a d i a t i o n  i s  p a r a l l e l  t o  t h e  e l e c t r i c  v e c t o r  o f

t h e  i n c i d e n t ,  l i n e a r l y  p o l a r i z e d  r a d i a t i o n .  R o t a t i o n  o f  t h e  

p o l a r i z e r  by 90°  a f f o r d s  t h e  p e r p e n d i c u l a r  s p e c t r u m  w i t h

i n t e n s i t i e s  1 ^  . The d e p o l a r i z a t i o n  r a t i o  i s  d e f i n e d  a s

d e n o t e d  a s  p o l a r i z e d  ( p ) ,  p  = 3 / 4  d e p o l a r i z e d  (d p )  and  

y O = 06 i n v e r s e l y  p o l a r i z e d  ( i p ) .  I n  a m o l e c u l e  a s  

c o m p l i c a t e d  a s  a m e t a l l o p o r p h y r i n ,  p o l a r i z e d  o r  d e p o l a r i z e d  

v i b r a t i o n s  w h i c h  a c c i d e n t a l l y  o v e r l a p  an i n v e r s e l y  p o l a r i z e d  

l i n e  w i l l  p r o v i d e  some I n t e n s i t y  t o  I ^  , mak ing  t h e  v a l u e

and  i s  a c h a r a c t e r i s t i c  o f  t h e  m o l e c u l a r  and

v i b r a t i o n a l  sym met ry .  Raman l i n e s  f o r  wh ic h 3 /4  a r e



c a l l e d  a n o m a l o u s l y  p o l a r i z e d

A c c o r d i n g  t o  t h e  D^h symmet ry  a s s i g n e d  t o  

m e t a l l o p o r p h y r i n s  w i t h  H a toms  a t  meso c a r b o n  a to m s  t h e r e  

c an  be 71 i n - p l a n e  modes  c l a s s i f i e d  a s

i n - p l a n e  s 9 A1g + 0 A2g + 9 B1g + 9 B2g + 18 Eu

T h e r e  a r e  35 Raman a c t i v e  b a n d s ,  n i n e  o f  them p o l a r i z e d  

(A ^ g ) ,  18 d e p o l a r i z e d  ^Bi g  an(* B2g^ an<* ® a n o m a l o s l y

p o l a r i z e d  (A2 g )

The o u t - o f - p l a n e  v i b r a t i o n a l  modes  a r e  c l a s s i f i e d  a s :  

o u t - o f - p l a n e  “ 3 + 6 A2u + ^ B2u + 5 B^u + 8 Eg

Only t h e  e i g h t  Eg modes  a r e  R a m a n - a c t i v e  and  t h e i r  

a c t i v a t i o n  r e q u i r e s  v i b r o n l c  c o u p l i n g  b e tw e e n  i n  and  o u t  o f  

p l a n e  e l e c t r o n i c  t r a n s i t i o n s .

In  TPP t h e  RR s p e c t r u m  c o n t a i n s  more  p o l a r i z e d  b a n d s  t h a n  

can  be a c c o u n t e d  f o r  by t h e  p o r p h y r i n  s k e l e t o n .  The 

p o l a r i z e d ,  r e l a t i v e l y  weak bands  a t  15 99 ,  1030 ,  995 and  886 

a r i s e  f r om modes t h a t  a r e  I n t e r n a l  t o  t h e  p h e n y l  r i n g s ^ ® .  

T h e i r  r e s o n a n c e  e n h a n c e m e n t  s u g g e s t s  s i g n i f i c a n t  c o n j u g a t i o n  

o f  t h e  p h e n y l  r i n g s  w i t h  t h e  p o r p h y r i n  7T s y s t e m 3 9 .  T h i s  

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

g ro un d  s t a t e  t h e  l a r g e  p h e n y l  t i l t  a n g l e s  and  b a r r i e r  t o  

r o t a t i o n  by o r t h o  h y d r o g e n  a toms  p r e v e n t s  any c o n j u g a t i o n .

The RR s p e c t r a  ha v e  been  r e p o r t e d  f o r  b a c t e r i o c h l o r o p h y l l  

c a t i o n  r a d i c a l s 4 ®»4  ̂ . R e c e n t l y  RR s p e c t r a  o f  7T - c a t i o n
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r a d i c a l s  o f  Mg, Zn and Cu c o m p l e x e s  o f  TPP i n  t h e  8 0 0 - 1 8 0 0

r e g i o n  we r e  compa red  t o  s p e c t r a  o f  MgTPP, ZnTPP and
UPCuTPP . D i f f e r e n c e s  i n  i n t e n s i t i e s  o f  b a n d s  and 

f r e q u e n c i e s  w e re  o b s e r v e d .  The p h e n y l  modes w e re  u n a f f e c t e d  

a s  e x p e c t e d .  The f r e q u e n c y  s h i f t s  w e r e  n o t  l a r g e ,  and one 

t o  one c o r r e s p o n d e n c e  was p o s s i b l e  b e tw ee n  t h e  Raman b a nd s

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

m e t a l l o p o r p h y r i n s .  Those  f r e q u e n c y  s h i f t s  we re  e x p l a i n e d  i n  

t e r m s  o f  t h e  e l e c t r o n i c  s t r u c t u r e  i n  t h e  g r o u n d  s t a t e  o f  t h e  

m e t a l l o p o r p h y r i n s  and t h e i r  c a t i o n  r a d i c a l s .
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(f). Metalloporphyrins as Catalysts

P e r h a p s  t h e  b e s t  known c a t a l y s t s  a r e  t h e  p r o t e i n  e n z y m e s  

w h i c h  a r e  known t o  c a t a l y z e  n e a r l y  a l l  c h e m i c a l  r e a c t i o n s  i n  

l i v i n g  c e l l s .  N e a r l y  a m i l l i o n  f o l d  o r  more  r a t e  

e n h a n c e m e n t s  h a v e  be en  o b s e r v e d  when s u c h  r e a c t i o n s  a r e

r e m a r k a b l e  s p e c i f i c i t y  w h i c h  e x t e n d s  t o  p a r t i c u l a r  

s t e r e o i s o m e r i c  f o r m s .  Howeve r ,  many m e t a b o l i c  r e a c t i o n s  

c a n n o t  be c a t a l y z e d  a l o n e  by t h e  am i n o  a c i d  s i d e  c h a i n  

f u n c t i o n a l  g r o u p s  o f  t h e  e n z y m e s .  Enzyme c a t a l y s i s  o f  m o s t  

o f  t h e  r e a c t i o n s  a r e  p e r f o r m e d  i n  c o o p o r a t l o n  w i t h  

c o e n z y m e s .  E x a m p l e s  o f  c o e n z y m e s  a r e  heme c o e n z y m e s ,  i r o n -  

s u l f u r  c l u s t e r s ,  f l a v i n  c o e n z y m e s  and  n i c o t i n a m i d e  

c o e n z y m e s .  I n  heme coen zy mes  c h e l a t i o n  o f  t h e  d i a n i o n i c  

f o r m  o f  p r o t o p o r p h y r i n  IX,  one  o f  t h e  m o s t  commonly o c c u r l n g  

o f  a number  o f  p o r p h y r i n  s t r u c t u r a l  v a r i a n t s ,  w i t h  an  i r o n  

a tom p r o d u c e s  p r o t o h e m e  IX ( 1 1 ) .

c a t a l y z e d  by e n z y m e s .  F u r t h e r m o r e  e n z y m e s  d i s p l a y  a

OOC-CH^-rjj c H r CH2"c o ° '

ch2-
c h 3 c h  = -c h 2

U l )
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E x a m p le s  o f  p r o t e i n  m o l e c u l e s  t h a t  i n c o r p o r a t e  heme 

p r o s t h e t i c  g r o u p s  a r e  h e m o g l o b i n ,  m y o g l o b i n  and  c y t o c h r o m e s .  

A l t h o u g h  a l l  t h e s e  m o l e c u l e s  s h a r e  a common p r o s t h e t i c  g r o u p  

t h e y  ha ve  d i f f e r e n t  p r o p e r t i e s  and  s e r v e  d i f f e r e n t  p u r p o s e s ,  

a c c o r d i n g  t o  t h e  t y p e  o f  i n t e r a c t i o n s  b e t w e e n  t h e  heme and  

t h e  p o l y p e p t i d e  c h a i n .  Fo r  e x a m p l e ,  heme i r o n  i n  m y o g l o b i n  

r e v e r s i b l y  b i n d s  o x y g e n  w i t h o u t  i t s e l f  b e c o m i n g  o x i d i z e d .  

I n  c o n t r a s t ,  t h e  heme i r o n  i n  c y t o c h r o m e  c i s  r e v e r s i b l y  

o x i d i z e d  and  r e d u c e d  b e t w e e n  F e ^ + and  F e ^ + . C y t o c h r o m e  

P450 ,  named f o r  t h e  w a v e l e n g t h  c o r r e s p o n d i n g  t o  t h e  m o s t  

i n t e n s e  a b s o r p t i o n  band  o f  t h e  c a r b o n  m o n o x id e  l i g a n d e d  

heme,  i s  t h e  heme p r o t e i n  i n  m u l t i e n z y m e  s y s t e m s  t h a t  

c a t a l y z e  t h e  h y d r o x y l a t i o n s  o f  h y d r o c a r b o n s  s u c h  a s  

s t e r o i d s .  Very  few c h e m i c a l  s y s t e m s  a r e  known t o  

e f f i c i e n t l y  c a t a l y z e  a l k a n e  h y a r o x y l a t i o n  u n d e r  s u c h  m i l d  

c o n d i t i o n s 1*^.  FeTPPCl  n a j  b e e n  s u c c e s s f u l l y  u s e d  t o  

c a t a l y z e  t h e  h y d r o x y l a t i o n  and e p o x i d a t i o n  o f  n o n a c t i v a t e d  

C-H bo nd s  w i t h  i o d o s y  I b e n z e n e  a s  t h e  ox y g e n  s o u r c e 1* ^  ^ 

r e v i e w  o f  u s e  o f  m e t a l l o p o r p h y r i n s  a s  c a t a l y s t s  f o r  d i o x y g e n  

r e d u c t i o n  and  p - 4 5 0  t y p e  h y d r o x y l a t i o n s  h a s  a p p e a r e d  **5. 

T a b l e  5 c o m p a r e s  v a r i o u s  m e t a l l o p o r p h y r i n s  a s  c a t a l y s t s  f o r  

t h e  o x i d a t i o n  o f  c y c l o h e x a n e  w i t h  cumyl  h y d r o p e r o x i d e  

C^H^C(CH^)2OOH a s  t h e  o x y g e n  s o u r c e .
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Tab le  5 : Cyc lohexane  o x i d a t i o n  by cumyl h y d r o p e r o x i d e  w i t h  v a r i o u s  c a t a l y s t s ®

C a t a l y s t  FeTPPCl t p p h 2
o r  FeCl^ 

o r  F e C l j

Co( I l )TPP M(II )TPP M(IV) (TPP)O M(1II)TPPC1 

M-Cu,Ni ,Zn M-Ti ,  V 

o r  Hg

0sTPP(C0)Py

Yie ld (X)  

A f t e r  15 min

Cyc loh ex ano l  40 0 45 0 0 1 
(25 a f t e r  10 days )

5

Cyclohexanone  20 0 23 0 0 0 . 5  
(12 a f t e r  10 days )

2 .5

Cl / 2  o f  1-2 
CgH5C(CH3) 2 -OOH

min 0 . 3  min 3 days 3 . 5  h r s

a. From r e f  47



From t h e s e  r e s u l t s  t h e  m e t a l l o p o r p h y r i n s  s t u d i e d  can  be 

d i v i d e d  i n t o  t h r e e  c l a s s e s .  ( i )  The C u ( I I ) ,  N i ( I I ) ,  Z n ( I I ) ,  

Mg( 1 1 ) ,  V( I V ) and  T i ( I V )  p o r p h y r i n s  a r e  c o m p l e t e l y  i n a c t i v e ,

( i i )  CoTPP and Os(TPP) (CO)Py  a r e  a b l e  t o  c a t a l y z e  

c y c l o h e x a n e  o x i d a t i o n  b u t  a p p e a r  g r e a t l y  m o d i f i e d  a t  t h e  end 

o f  t h e  r e a c t i o n ,  e x h i b i t i n g  d e c r e a s e d  r e a c t i v i t y  upon 

f u r t h e r  h y d r o p e r o x i d e  a d d i t i o n  t o  t h e  r e a c t i o n  m i x t u r e ,

( i i i )  Fe and M n ( I I I ) (TPP)Cl  a r e  t r u e  c a t a l y s t s  f o u nd

u n c h an g e d  a t  t h e  end o f  t h e  r e a c t i o n  and e x h i b i t  a c o n s t a n t

r e a c t i v i t y  when new h y d r o p e r o x i d e  i s  a d d e d .  c a t a l y t i c

o x i d a t i o n s  o f  o r g a n i c  s u b s t r a t e s  by m e t a l l o p o r p h y r i n s  o f  t h e

f o l l o w i n g  t r a n s i t i o n  m e t a l s  have  be en  r e p o r t e d .  Fe1*®- ®0 , 

Mn5 1 - 5 5 f Cr56.

M e t a l l o p o r p h y r i n s  hav e  been  u se d  t o  c a t a l y z e  o t h e r  

r e a c t i o n s  i n  a d d i t i o n  t o  hy d ro x y  l a t i  o n s ^ - 6 1*. 0 f  p a r t i c u l a r  

i n t e r e s t  t o  us  was  t h e  c a t a l y t i c  d e c a r b o n y l a t i o n  o f  

a l d e h y d e s  u s i n g  Ru( I I ) po rphy  r i n  sy s tems®®*®® . S e v e r a l  

a l d e h y d e s  w e r e  c a t a l y t i c a l l y  c o n v e r t e d  t o  t h e  c o r r e s p o n d i n g  

h y d r o c a r b o n  u s i n g  a Ru(TPP) ( P P h ^ ) g / ^ u ^ P  c a t a l y s t  s y s t e m .

The e x a c t  mechan i sm  o f  t h i s  r e a c t i o n  h a s  n o t  been  

e l u c i d a t e d ® ® .  However ,  i n i t i a l  r a p i d  d i s s o c i a t i o n  o f  one  o f  

t h e  PPh^ g r o u p s  a t  low c o n c e n t r a t i o n s  o f  t h e  complex  a p p e a r s  

t o  f o rm a p e n t a c o o r d l n a t e d  s p e c i e s  t h a t  ad d s  a c a r b o n y l  

g r o u p  r a p i d l y  f rom g a s e o u s  CO o r  l e s s  r a p i d l y  f rom an 

a l d e h y d e .
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RuCTPP)(PFh3 ) 2 ■-> RuCTPP) (PPh3 ) + PPh3

Ru(TPP)  (PPh3 ) +  RCHO Ru(TPP)  (CO) (PPh3 ) + RH
a l d e h y d e  a l k a n e

I t  i s  n o t  c l e a r  how t h e  c a t a l y t i c  s p e c i e s  i s  r e g e n e r a t e d *  

C o m p l e x a t l o n  o f  T1P u 3P w i t h  d i s p l a c e m e n t  o f  CO h a s  b e e n  

s u g g e s t e d  a s  a  p o s s i b i l i t y .

RuCTPP)(CO)(n B u ,P )  +  F P h ,/
R u CT PP ) ( CO ) ( PP h , )  +  n Bu ,P

\
RuCTPP)(n Bu3P ) ( P P h 3) +  CO
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D. POROUS VYCOR GLASS AS A SOLID SUPPORT.

( a )  P r o p e r t i e s  o f  p o r o u s  Vycor  g l a s s .

P o r o u s  Vyco r  g l a s s  (PVG),  C o r n i n g  c o d e  7 9 3 0 ,  i s  n e a r l y  a

p u r e  form o f  s i l i c a  w i t h  a s m a l l  amount  o f  b o r i c  o x i d e .  I t

i s  made by a c i d  l e a c h i n g  b o r o s i l i c a t e  g l a s s**? .  T a b l e  6
ft ftl i s t s  t h e  c o m p o s i t i o n  and p r o p e r t i e s  o f  PVGD .

PVG i s  a good s o l i d  s u p p o r t  b e c a u s e  i t  i s  s t r o n g ,  

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

a c t i v a t i o n  and  h i g h  a d s o r p t i o n .  I t  i s  s u p p l i e d  i n  v a r i o u s  

s h a p e s  s u c h  a s  p l a t e s  ( o f  v a r y i n g  t h i c k n e s s ) ,  t u b i n g ,  d i s k s ,  

f i b e r s  o r  g r a n u l e s .  I t  i s  o p a l e s c e n t  i n  a p p e a r e n c e .  On 

s t a n d i n g  i n  a t m o s p h e r e  i t  a b s o r b s  o r g a n i c  m a t t e r  f r o m  a i r  

and t u r n s  y e l l o w .  As d e s c r i b e d  be low u n d e r  Raman s t u d i e s ,  

i t  i s  n e c e s s a r y  t o  p r e t r e a t  PVG b e f o r e  u s i n g  a s  a s o l i d  

s u p p o r t .

The T a b l e  (7)  c o m p a r e s  t h e  p r o p e r t i e s  o f  PVG w i t h  s i m i l a r  

a d s o r b e n t s ^ . a d e f i n i t e  a d v a n t a g e  o f  PVG o v e r  o t h e r  

a d s o r b e n t s  compa red  i s  i t s  p h y s i c a l  s t r e n g t h  and 

t r a n s p a r e n c y  t o  v i s i b l e  l i g h t  wh ich  makes  i t  p o s s i b l e  t o  be 

u se d  f o r  a b s o r p t i o n  s p e c t r o s c o p i c  s t u d i e s .  A b s o r p t i o n  

s p e c t r a  c an  be r e c o r d e d  t o  c a .  240 nm r e l a t i v e  t o  an 

u n t r e a t e d  p i e c e  o f  PVG?®.
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Table 6 : The Composition and Properties of
a

p o r o u s  V y c o r  g l a s s .

P e r c e n t a g e  C o m p o s i t i o n

S10 2 9 6 . 3

B2°3 2 . 9 5

Na2 0

**o
*

o

R2 °3  +  R02 0 . 7 2

App a r  en  t  D en s  1 t y  ( d r y  ) g m / c c 1 . 5

V o i d  S p a c e  7, o f  v o l 28

A v e r a g e  P o r e  D i a m e t e r , nm 70

I n t e r n a l  S u r f a c e  A r e a , m2 /gm 200

A p p e a r a n c e o p a l e s c e n t

a .  From r e f  68
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£
T a b l e  7 : A d s o r b e n t  m a t e r i a l s  an d  t h e i r  p r o p e r t i e s

A d s o r b e n t C o m p o s i t i o n  and  
p h y s i c a l  a p p e a r e n c e

P r e t r e a t m e n t
°C

S u r f a c e  
a r e a ( m  / g

PVG 9 6 . 3  7. S10 2 , 2 . 9  I  B20 3 

1 mm p l a t e s

500
800

170
130

S i l i c a
g e l

S i 0 2 '■'■'20 mesh powder 500 570

S i l i c a * 28 .67. A12 0 3 7 1 . 1 1  S i 0 2 500 510

A lu m in a ^ 6 0 / t m / f  p a r t i c l e s 800

Y - A l u m in a 99.997.  A l 20 3
3 . 8  ^ t t m ^ p a r t i c l e s

500 110

a .  From r e f  69
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( b )  Use o f  PVG f o r  IR and Re so na n ce  Raman s t u d i e s .

IR s p e c t r a  o f  p y r i d i n e  a d s o r b e d  on PVG have  i n d i c a t e d  t h e  

s h i f t  o f  p y r i d i n e  ba nds  i n  t h e  C-H r e g i o n  due  t o  t h e  

h y d r o g e n  b o n d i n g  t o  t h e  s u r f a c e  SiOH and BOH g r o u p s  v i a  t h e  

r i n g  N a to r a^1 .

A l t h o u g h  PVG i s  a good s o l i d  s u p p o r t  f o r  r e s o n a n c e  Raman 

s p e c t r o s c o p y ,  a p i e c e  o f  PVG t h a t  had  been  i n  c o n t a c t  w i t h  

a m b i e n t  a i r  f o r  s e v e r a l  m on th s  and  had  become y e l l o w  shows 

s t r o n g  f l u o r e s c e n c e .  H e a t i n g  PVG in  a i r  o r  oxy g e n  t h i s  

f l u o r e s c e n c e  c o u l d  be c o m p l e t e l y  e l i m i n a t e d ? 2 , The Raman 

s p e c t r u m  o f  c l e a n  PVG i n d i c a t e s  a s t r o n g  band  a t  3750  cm-1 

a s s i g n e d  t o  OH s t r e t c h i n g  v i b r a t i o n ? ^  U n l i k e  t h e  

c o r r e s p o n d i n g  band  i n  t h e  IR i t  i s  c o m p a r a t i v e l y  weak and  

c a n n o t  be r e s o l v e d  i n t o  c o m p o n e n t s  c o r r e s p o n d i n g  t o  SiOH 

and BOH. I t  d o e s  n o t  change  w i t h  a d s o r p t i o n  o f  s u b s t a n c e s .  

The Raman s p e c t r u m  o f  w a t e r  c o n d e n s e d  i n  p o r e s  o f  a c l e a n e d  

PVG sam p le  rod  was  f o u n d  t o  be I d e n t i c a l  w i t h  t h a t  o f  w a t e r  

i n  t h e  bu l k  i n  t h e  r e g i o n  o f  1000 -4000  cm- 1 , 7 3 > Both

s p e c t r a  c o n t a i n e d  a s t r o n g  band  a t  3440 cm*1 and a weak band 

a t  1645 cm*1
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( c )  C a t i o n  r a d i c a l s  on PVG

C a t i o n  r a d i c a l s  can  be made when a r o m a t i c  and  some 

o l e f i n i c  m o l e c u l e s  a r e  d e p o s i t e d  on s o l i d  s u r f a c e  o f  s i l i c a -  

a l u m i n a  o r  a l u m i n a 2 ^ .  T h es e  t y p e s  o f  c a t a l y s t s  a r e  u s e d  f o r  

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

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

such  s u r f a c e s  w a s ,  a t  one t i m e ,  a s u b j e c t  o f  c o n s i d e r a b l e  

i n t e r e s t .  The c a t a l y s t  h a s  t o  be a c t i v a t e d  by h e a t i n g  i n  a 

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

o f  s u b s t r a t e .

A l t h o u g h  PVG d o e s  n o t  b e l o n g  t o  t h e  above  m e n t i o n e d  

c a t e g o r i e s  o f  s u p p o r t s ,  i t  i s  known t o  p r o d u c e  c a t i o n  

r a d i c a l s ,  a t  l e a s t  i n  a few c a s e s .  When m e t h y l  i o d i d e  was 

a d s o r b e d  on PVG ( p r e t r e a t e d  a t  6 0 0 °  t o  650°  i n  oxygen  and 

c o o l e d  t o  room t e m p e r a t u r e  i n  h e l i u m )  and  t h e  s a m p le  was 

i r r a d i a t e d  w i t h  a l o w - p r e s s u r e  m e r c u r y  l amp,  m e t h y l  r a d i c a l

was ob t a i n e d " ^ 1* * .  The r a d i c a l  was  s t a b l e  f o r  d a y s  i n  t h e  

PVG m a t r i x .

1 , 1 - d i p h e n y l e t h y l e n e  (DPE) ,  when a d s o r b e d  on PVG 

u n d e r g o e s  s p o n t a n e o u s  o x i d a t i o n  t o  p r o d u c e  a c a t i o n  

r a d i c a l ^ ^ " ^ ® . The q u e s t i o n  a r i s e s :  w he r e  on t h e  s u r f a c e  o f  

PVG d o e s  t h e  c a t i o n  r a d i c a l  f o r m a t i o n  o c c u r ?  The s u r f a c e  o f  

PVG i s  c o n s i d e r e d  t o  c o n t a i n  two t y p e s  o f  a c i d i c  s i t e s ,

Lewi s  a nd  B r o n s t e d .  The one  e l e c t r o n  o x i d a t i o n  p r o b a b l y  

o c c u r s  a t  a L ew i s  a c i d  s i t e  w h i c h  may be a b o r o n  a tom.

T h e r e  i s  no k n o w l e d g e ,  howe ve r ,  a b o u t  t h e  f a t e  o f  t h e
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a b s t r a c t e d  e l e c t r o n .  I t  h a s  been  s u g g e s t e d  t h a t  t h e  

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

s u r f a c e  o r  w i t h i n  t h e  c r y s t a l  l a t t i c e  o f  t h e  c a t a l y s t  so  

t h a t  t h e  e s r  s i g n a l  becomes  b r o a d e n e d  and  u n d e t e c t a b l e " ^ .  

T h e re  i s  some e v i d e n c e  t h a t  m o l e c u l a r  oxygen  may be t h e  t r u e  

e l e c t r o n  a c c e p t o r .

The f o l l o w i n g  s cheme i l l u s t r a t e s  t h e  r e a c t i o n  o f  DPE a t  

t h e  two d i f f e r e n t  a c i d  s i t e s .

*

*

\
(

/
:CH2 +

Lewis acid 
site

*

\
C« 

/ *
CH. + A'

* \
C

/
:CH2 + H+A“

B r o n s t e d  
a c i d  s i t e

. /
C CH3' +  A
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E. THE OBJECTIVE

Our i n i t i a l  g o a l  was t o  e v a l u a t e  t h e  p o s s i b i l i t y  o f  u s i n g  

PVG a s  a s o l i d  s u p p o r t  f o r  c a t a l y t i c a l l y  a c t i v e  

m e t a l l o p o r p h y r i n s .  We c h o s e  t o  s t u d y  t h e  RuTPPC PPh^ ) ( CO) 

c a t a l y z e d  d e c a r b o n y l a t i o n  o f  a l d e h y d e s  on PVG. S i n c e  t h e  

i n i t i a l  s t e p  o f  a d s o r b i n g  a m e t a l l o p o r p h y r i n  o n t o  t h e  PVG 

s u r f a c e  was  n o t  a t  a l l  s t r a i g h t f o r w a r d ,  wha t  h a s  e v o l v e d  i s  

a s t u d y  o f  t h e  i n t e r a c t i o n  o f  v a r i o u s  t y p e s  o f  p o r p h y r i n s  

and  m e t a l l o p o r p h y r i n s  su c h  a s  TPP,  ZnTPP and  RuTPP(CO) w i t h  

t h e  PVG s u b s t r a t e .



2 .  EXPERIMENTAL

A. MATERIALS

5 , 1 0 , 1 5 , 2 0 - T e t r a p h e n y l p o r p h y r i n  (HgTPP) and  Ru(TPP)CO 

w e r e  p u r c h a s e d  f r o m  Man-Win C h e m i c a l s  and  u s e d  w i t h o u t  

f u r t h e r  p u r i f i c a t i o n .  Some Ru(TPP)C0 u s e d  was  a l s o  p r e p a r e d  

s t a r t i n g  f ro m  R u ^ C C O ) ^  and H2 TPP®° ' ®  ̂ . ZnTPP was

p r e p a r e d  f r o m  Z i n c  A c e t a t e  and  H^TPP®^. The p r o d u c t s  w e re  

p u r i f i e d  by c h r o m a t o g r a p h y  on a l u m i n a  g r a d e  I I I  w i t h  CH2CI2 
a s  t h e  e l u e n t .  A l l  s o l v e n t s  u s e d  w e r e  s p e c t r o q u a l i t y . Fo r  

d e c a r b o n y l a t i o n  r e a c t i o n s  a l d e h y d e s  w e re  d i s t i l l e d  p r i o r  t o  

u se  and  s t o r e d  u n d e r  a r g o n  a t  0 °C .  P h e n y l a c e t a l d e h y d e  and  

n - t r i b u t y l p h o s p h i n e  w e r e  p u r c h a s e d  f r o m  A l p ha  C h e m i c a l s  and  

w e r e  s t o r e d  i n  r e f r i g e r a t o r  u n d e r  a r g o n .

B PRETREATMENT OF PVG AND ADSORPTION FROM SOLUTION.

PVG was  o b t a i n e d  f r om  C o r n i n g  G l a s s  w o r k s  i n  t h e  fo r m  o f  

p l a t e ' s  o f  t h i c k n e s s e s  1mm and 4mm. The g l a s s  p l a t e s  w e r e  

c u t  on a c a r b i d e  saw i n t o  a p p r o x i m a t e l y  25mm x 25mm p i e c e s .  

The p i e c e s  o f  PVG w e r e  t h e n  e x t r a c t e d  i n  a s o x h l e t  e x t r a c t o r  

w i t h  d i s t i l l e d  w a t e r  and  a c e t o n e  t o  r emov e  any  a d h e r i n g  

s u r f a c e  c o n t a m i n a n t s  and  w a t e r  s o l u b l e  m a t e r i a l s .  The 

e x t r a c t i o n  wa s  u s u a l l y  c a r r i e d  o u t  f o r  a b o u t  24 h o u r s .  The 

p i e c e s  w e r e  t h e n  p l a c e d  i n  a vacuum oven  h e a t e d  t o  a b o u t  

150°C f o r  a b o u t  3 h o u r s  t o  r emove  t h e  b u l k  o f  t h e  s o l v e n t  

a d s o r b e d .  F i n a l l y  t h e y  w e re  h e a t e d  i n  a m u f f l e  f u r n a c e  a t
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5 5 0 ° c  f o r  a b o u t  3 d a y s ,  a t  a t m o s p h e r i c  p r e s s u r e .  T h i s

p r o c e d u r e  r em o v ed  m o s t  o f  t h e  c a r b o n a c e o u s  i m p u r i t i e s  t h a t

c a u s e  h i g h  f l u o r e s c e n c e  i n  u n t r e a t e d  PVG?2 ,73# A f t e r  t h a t  

p i e c e s  o f  PVG w e r e  r em o ve d  f rom t h e  f u r n a c e  and  a l l o w e d  t o  

c o o l  t o  room t e m p e r a t u r e  i n  a vacuum d e s i c c a t o r .  They w e re  

s t o r e d  i n  t h e  d e s s i c a t o r  u n t i l  u s e d .  A b s o r p t i o n  o f  

p o r p h y r i n s  an d  m e t a l l o p o r p h y r i n s  on PVG was  c a r r i e d  o u t  a s  

f o l l o w s ^ * ® 1* >85  ̂ ^ s o l u t i o n  o f  t h e  p o r p h y r i n  was  f i r s t  made

i n  a s u i t a b l e  s o l v e n t .  The s o l v e n t  f r e q u e n t l y  e m p l o y e d  wa s  

m e t h y l e n e  c h l o r i d e .  The c o n c e n t r a t i o n  o f  t h e  s o l u t i o n  had  

t o  be s u c h  t h a t  t h e  op t imum amount  o f  m a t e r i a l  a d s o r b e d  on 

PVG wou l d  a l l o w  s p e c t r o s c o p i c  s t u d i e s .  A p p r o x i m a t e l y  10” ^ m 

s o l u t i o n s  w e r e  f o u n d  t o  be s u i t a b l e .  The p i e c e  o f  PVG i s  

t h e n  im m er s ed  i n  a p o r t i o n  o f  t h e  s o l u t i o n  and  a l l o w e d  t o

r e m a i n  f o r  a b o u t  one  h a l f  h o u r .  The p i e c e  o f  PVG i s  t h e n

t a k e n  o u t  and i m m e d i a t e l y  p u t  i n  a g l a s s  c e l l  made t o  h o l d  a 

p i e c e  o f  PVG v e r t i c a l l y  and s t e a d y  i n s i d e  a r e c t a n g u l a r  

g l a s s  t u b e  s l i g h t l y  b i g g e r  t h a n  t h e  p i e c e  o f  PVG. When t h e  

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

be comes  t u r b i d  when t h e  s o l v e n t  s t a r t s  t o  e v a p o r a t e  and  

f i n a l l y  b eco m es  c l e a r  when a l l  t h e  s o l v e n t  had  b e e n  r e m o v e d .  

I t  i s  n o r m a l l y  a l l o w e d  t o  r e m a i n  l o n g e r  on t h e  vacuum l i n e  

t o  e x t r a c t  any  t r a c e  a m o u n t s  o f  s o l v e n t s  l e f t  on t h e  p i e c e  

o f  PVG.
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C. INSTRUMENTATION.

( a )  A b s o r p t i o n  S p e c t r a .

A b s o r p t i o n  s p e c t r a  we re  r e c o r d e d  on a Cary 14 o r  P e r k i n -  

E lmer  Lambda 3 U V - V i s i b l e  s p e c t r o p h o t o m e t e r .  Some 

m o d i f i c a t i o n s  o f  t h e  s a m p l e  co mpa r tm en t  and s a m p l e  h o l d e r  

we re  n e c e s s a r y  t o  a c c o m o d a t e  t h e  s p e c i a l  s a m p le  c e l l  

d e s c r i b e d  e a r l i e r ,  A box made o f  p l a s t i c  s h e e t  and  p a i n t e d  

i n  b l a c k  and  made t o  p r o p e r l y  s e a l  w i t h  t h e  s am p le  

c o m p a r t m e n t  c a v i t y  was  u s e d  I n s t e a d  o f  t h e  c o m p a r tm e n t  

c o v e r .

( b )  E m i s s i o n  S p e c t r a .

E m i s s i o n  s p e c t r a  we re  r e c o r d e d  on a P e r k i n - E l m e r  H i t a c h i  

MPF-2A s p e c t r o p h o t o m e t e r  e q u i p p e d  w i t h  a r e d  s e n s i t i v e  

Hamamatsu R818 p h o t o m u l t i p l i e r  t u b e .  Fo r  low t e m p e r a t u r e  

e m i s s i o n  s p e c t r a ,  s o l u t i o n s  i n  2 m m - i . d .  q u a r t z  t u b e s  we r e  

p l a c e d  i n  a q u a r t z  Dewar f i l l e d  w i t h  l i q u i d  n i t r o g e n .  As 

f o r  a b s o r p t i o n  s p e c t r a  t h e  s ample  c o m p a r tm e n t  c o v e r  had t o  

be r e p l a c e d  w i t h  a l i g h t p r o o f  box t o  a c c o m o d a t e  t h e  s p e c i a l  

c e l l .  When r e c o r d i n g  t h e  e m i s s i o n  s p e c t r a  o f  a d s o r b e d  

compounds t h e  p i e c e  o f  PVG had t o  be o r i e n t e d  s u c h  t h a t  t h e  

e x c i t a t i o n  r a d i a t i o n  was  n o t  d i r e c t l y  r e f l e c t e d  on t o  t h e  

p h o t o m u l t i p l i e r  t u b e .

The Raman s p e c t r o m e t e r  ( d e s c r i b e d  be low)  was s o m e t i m e s
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u se d  t o  r e c o r d  e m i s s i o n  s p e c t r a .  The a d v a n t a g e s  o f  t h i s  

me thod  we re  a )  t h e  r e d  s e n s i t i v i t y  o f  t h e  p h o t o m u l t i p l i e r  

t u b e  o f  t h e  Raman s p e c t r o m e t e r  was  h i g h e r f ( i t  was  p o s s i b l e  

t o  r e c o r d  e m i s s i o n  s p e c t r a  up t o  850 nm) b)  h i g h e r  

r e s o l u t i o n  o f  e m i s s i o n  b a n d s  c)  h i g h e r  i n t e s i t y  o f  o t h e r w i s e  

w e ak e r  b a n d s .  The main  d i s a d v a n t a g e  o f  t h i s  method  was  t h e  

s amp le  d e c o m p o s i t i o n  u n d e r  i n t e n s e  l a s e r  beam.

c)  R es on an ce  Raman S p e c t r a .

The main  c o m p o n e n t s  o f  t h e  Raman s p e c t r o m e t e r  a re®^ ( s e e  

f i g  2)

( 1 )  Spex model  14018 d o u b l e  m o n o c h r o m a t o r  w i t h  

h o l o g r a p h i c l l y  r u l e d  g r a t i n g s ,

( 2 )  RCA C31034A p h o t o m u l t i p l i e r  t u b e  h a v i n g  e x t r e m e l y  h i g h  

c a t h o d e  r e s p o s i v i t y  and  UV t r a n s p a r e n t  g l a s s  window.  Da rk  

n o i s e  r e d u c e d  by c o o l i n g  t o  a b o u t  - 2 0° C  u s i n g  P a c i f i c  

P r e c i s i o n  I n s t r u m e n t s  p h o t o t u b e  h o u s i n g .

( 3 )  P a c i f i c  P r e c i s i o n  I n s t r u m e n t s  model  126 l a b o r a t o r y  

p h o t o m e t e r  f o r  p h o t o n  c o u n t i n g .

( 4 )  S p e c t r a  P h y s i c s  16 4 - 0 0  a r g o n  i o n  c o n t i n u o u s  wave l a s e r  

and a C o h e r e n t  590 dye  l a s e r .

( 5 )  An Apple  c o m p u t e r  i n t e r f a c e d  w i t h  t h e  p h o t o m e t e r  and 

wavenumber  d r i v e  o f  t h e  m o n o c h r o m a t o r .  The s p e c t r a  we r e  

r o u t i n e l y  r e c o r d e d  and s t o r e d  on f l o p p y  d i s k s .
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Figure 2 : The components of the Raman Spectrometer.
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d)  E l e c t r o n  S p i n  R e s o n a n c e  S p e c t r a .

The ESR s p e c t r o m e t e r  was  a B r u c k e r  £R 200E -  SRC 

e l e c t r o n  s p i n  r e s o n a n c e  s p e c t r o m e t e r  w i t h  B r u c k e r  ER 

0 8 1 ( 9 0 / 3 0  C 5 )  r e f l e x  k l y s t r o n  a s  m i c r o w a v e  s o u r c e  and  

B r u c k e r  ER 041 MR a s  t h e  m ic r o w a v e  b r i d g e *  The ESR 

s p e c t r o m e t e r  was  i n t e r f a c e d  w i t h  an  a p p l e  c o m p u t e r  w h i c h  was  

u s e d  i n  c o m b i n a t i o n  w i t h  " A c q u i r e ” d a t a  a c q u i s i t i o n  s y s t e m ,  

t o  r e c o r d  a n d  s a v e  s p e c t r a  on f l o p p y  d i s k s .
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D. MEASUREMENT OF SURFACE PH OF PVG

The mos t  common and  s a t i s f a c t o r y  p r o c e d u r e  f o r  m e a s u r i n g  

pH v a l u e s  by means  o f  i n d i c a t o r s  i s  t e r m e d  t h e  S o r e n s e n  

m e t h o d .  Equal  amoun t s  o f  a s u i t a b l e  i n d i c a t o r  s o l u t i o n  a r e  

ad ded  t o  e q u a l  vo lu me s  o f  t h e  unknown and  o f  one o r  more 

r e f e r e n c e  s o l u t i o n s  o f  known pH. The c o l o r s  o f  s o l u t i o n s  

a r e  t h e n  compared  u s i n g  a s p e c t r o p h o t o m e t e r .  The pH o f  t h e  

unknown i s  o b t a i n e d  by m a t c h i n g  t h e  a b s o r p t i o n  maxima.  I t  

i s  p o s s i b l e  t o  a p p l y  s u c h  a method t o  m e a s u r e  t h e  s u r f a c e  pH 

o f  PVG a s  i t  i s  t r a n s p a r e n t  t o  v i s i b l e  l i g h t .  F i r s t  a few 

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

o f  a p i e c e  o f  PVG and a l l o w e d  t o  s t a n d  f o r  a b o u t  3 m i n u t e s ,  

so  t h a t  t h e  dye  w i l l  s p r e a d  e v e n l y  on t h e  s u r f a c e s .  T h i s  

p i e c e  o f  PVG i s  t h e n  mounted  i n  t h e  g l a s s  c e l l  d e s c r i b e d  

e a r l i e r  and p l a c e d  i n  t h e  s p e c r o p h o t o m e t e r . The a b s o r p t i o n  

s p e c t r u m  o f  t h i s  p i e c e  i s  t h e n  r e c o r d e d  i n  t h e  v i s i b l e  

r e g i o n  w i t h  a c l e a n  p i e c e  o f  PVG i n  t h e  r e f e r e n c e  

c o m p a r t m e n t .

B u f f e r  s o l u t i o n s  w i t h  t h e i r  p H ' s  d i f f e r i n g  by . 5  pH u n i t s  

we re  p r e p a r e d  u s i n g  p o t a s s i u m  h y d r o g e n  p h t h a l a t e  and 

s t a n d a r d  HC1 o r  s t a n d a r d  NaOH s o l u t i o n s  {T a b l e  8 ) ®? .  The pH 

v a l u e s  o f  t h e  b u f f e r  s o l u t i o n s  we re  c h e c k e d  b e f o r e  use  i n  

t h e  e x p e r i m e n t  b u t  t h e  v a r i a t i o n  was  n o t  g r e a t e r  t h a n  £  0 .1  

pH u n i t s ,  f rom t h e  t h e o r e t i c a l  v a l u e  . The i n d i c a t o r s  u sed  

and  t h e i r  pH r a n g e s  and c o l o r  c h a n g e s  a r e  g i v e n  i n  T a b l e  9



Ta b l e  8 : P r e p a r a t i o n  o f  b u f f e r  s o l u t i o n a  and t h e i r  pH v a l u e s .

50 n l  0 . 1  M KH ph tha l a t e  + x ml 

0 . 1  M HC1, d i l u t e d  t o  100 ml .

50 ml 0 . 1  M KH ph th a l a t e  + x ml 

0 . 1  M NaOH, d i l u t e d  t o  100 ml

X pH X pH

38.8 2 .5 8 . 7 4 . 5

22 .3 3 .0 22 .6 5 .0

8 .2 3 .5 36 .6 5 .5

0 . 1 4 . 0 4 3 . 7 6 . 0



Table 9 ; Indicators used, their transition pH ranges and the corresponding

color changes.

Common Name £Transition range(pH) Color Change 
acid base

Cresol Red 0.4 - 1.8 red yellow

Cresol Red*1 7.0 - 8.8 yellow red

Thymol Blue 1.2 - 2.8 red yellow

Thymol Blue^ 8.0 - 9.6 yellow blue

Bromocresol Green 3.8 - 5.4 yellow blue

Methyl Red 4.8 - 6.0 red yellow

a) From Handbook of Chemistry and Physics, CRC press. Inc.

b) Indicator has a dual pH range.



E. CONTROL EXPEIMENTS IN OXYGEN FREE ATMOSPHERE

S u r f a c e  a d s o r b e d  oxy ge n  on PVG was r emoved by c o n n e c t i n g  

a powdered  s a m p le  t o  a vacuum l i n e  o f  p r e s s u r e  10"3 t o r r .  

Sa m p le s  o f  PVG we re  a l s o  p r e p a r e d  by h e a t i n g  i n  a s and  b a t h  

up t o  150°C,  w h i l e  b e i n g  c o n n e c t e d  t o  vacuum l i n e .

For  a d s o r p t i o n  o f  m e t a l l o p o r p h y r i n s  f r om s o l u t i o n s  a

g l o v e  box was  u s e d .  The g l o v e  box was  I n i t i a l l y  p u r ge d  w i t h  

a r g o n  pumped t h r o u g h  F i e s e r ’ s s o l u t i o n  t o  remove any t r a c e s  

o f  ox yge n .  F i e s e r ' s  s o l u t i o n  was  made by d i s s o l v i n g  2g o f  

sod ium a n t h r a q u l n o n e j g - s u l f o n a t e  i n  100 ml o f  201 Cw/v) KOH 

s o l u t i o n  and t h e n  a d d i n g  15g o f  sod ium d i t h i o n i t e .  The

s o l u t i o n  a p p e a r e d  r e d  when f r e s h  and t u r n e d  w h i t e  when

r e a c t e d  w i t h  o x y g e n .  The p o r p h y r i n  s o l u t i o n  was  made oxygen 

f r e e  by b u b b l i n g  a r g o n  t h r o u g h  i t  i n s i d e  t h e  g l o v e  box.  The 

PVG sa m p le  i s  o p e n ed  i n s i d e  t h e  g l o v e  box and  i m m e d i a t e l y  

immersed  i n  t h e  p o r p h y r i n  s o l u t i o n .  A f t e r  a b o u t  15 m i n u t e s  

when t h e  a d s o r p t i o n  i s  c o m p l e t e  t h e  t u b e  i s  c l o s e d  i n s i d e  

t h e  g l o v e  box and  t r a n s f e r r e d  t o  t h e  vacuum l i n e ,  whe re  t h e  

s o l v e n t  i s  r emoved .

The i n t e r i o r  o f  t h e  g l o v e  box a l t h o u g h  oxygen  f r e e  

r e m a i n e d  s a t u r a t e d  w i t h  w a t e r  v a p o r  a s  a r g o n  was  pumped

t h r o u g h  t h e  F i e s e r ' s  s o l u t i o n  w h i c h  c o n t a i n e d  w a t e r  a s  t h e  

s o l  v e n t .
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F.  DECARBONYLATION REACTIONS

Ru (TPP) ( PPh^)  was p r e p a r e d  f rom Ru(TPP)CO u s i n g  t h e  

f o l l o w i n g  procedure®®*®®. 1 mmol o f  RuCTPPJCO p a r t i a l l y

d i s s o v e d  i n  CHgC^  C 50 ml)  was t r e a t e d  u n d e r  n i t r o g e n  w i t h  

an e x c e s s  o f  PPh^ l i g a n d  ( 3 mmol) u n d e r  m a g n e t i c  s t i r r i n g .

An im m e d ia t e  e v o l u t i o n  o f  CO o c c u r s  and  a f t e r  1 h r  t h e  c r u d e  

p r o d u c t  i s  p r e c i p i t a t e d  by d i l u t i o n  w i t h  CH^OH. I t  was 

p u r i f i e d  u s i n g  a column f i l l e d  w i t h  a c i d i c  a l u m i n a  w i t h  

b e n z e n e - C I ^ C ^  a s  t h e  e l u a n t .

The d e c a r b o n y l a t i o n  was  c a r r i e d  o u t  u s i n g  t h e  p r o c e d u r e  

d e s c r i b e d ® ® ,  10“  ̂ mmol o f  Ru(TPP)CPPh^)g was d i s s o l v e d  i n  1 
ml o f  CHgClg and t h i s  was a d d ed  t o  a b o u t  50 ml o f  

a c e t o n i t r i l e  c o n t a i n i n g  t h e  a l d e h y d e  ( b e n z a l d e h y d e  or  

p h e n y l a c e t a l d e h y d e ) ( u p t o  0 . 5  M) and B u ^ P  ( p h o s p h i n e  :Ru 

a p p r ox  1 0 : 1 ) .  The s y s t e m  was a c t i v a t e d  by s t i r r i n g  u n d e r  1 

atm o f  CO f o r  a few s e c o n d s .  CO was  t h e n  r e p l a c e d  by a rg o n  

w h i l e  t h e  r e a c t i o n  t o o k  p l a c e .  The p r o d u c t s  we re  m o n i t o r e d  

on a V a r i a n  model  1400 g a s  c h r o m a t o g r a p h  w i t h  a 6 f t  s t e e l  

column packe d  w i t h  Chromosorb  101 ( p u r c h a s e d  f rom S u p e l c o ,  

I n c . )  The column was h e a t e d  t o  a b o u t  15 0° .
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3 .  RESULTS

(A) MEASUREMENT OF SURFACE PH OF PVG

When t h e  i n d i c a t o r s  m e n t i o n e d  i n  t a b l e  9 we re  a d s o r b e d  on 

PVG t h e  c o l o r  c h a n g e s  d e s c r i b e d  i n  t a b l e  10 were  o b s e r v e d .  

The c o l o r  c h a n g e s  i n  t h e s e  i n d i c a t o r  s o l u t i o n s  s u g g e s t  a 

v a l u e  o f  2 . 8 - 3 .8 f o r  t h e  pH o f  PVG.. For  t h i s  r e a s o n  b u f f e r  

s o l u t i o n s  h a v i n g  pH v a l u e s  c l o s e  t o  t h i s  v a l u e  and d i f f e r i n g  

by 0 . 5  pH u n i t s  w e re  u s e d  w i t h  i n d i c a t o r s  c r e s o l  r e d  and 

b r o m o c r e s o l  g r e e n  t h a t  ha v e  t r a n s i t i o n  r a n g e s  a t  low pH 

v a l u e s .  The a b s o r p t i o n  maxima and t h e i r  o p t i c a l  d e n s i t y  

v a l u e s  o b t a i n e d  w i t h  b u f f e r  s o l u t i o n s  a r e  compa red  w i t h  

t h o s e  o b t a i n e d  w i t h  PVG i n  t a b l e s  11 and 12 f o r  i n d i c a t o r s  

c r e s o l  r e d  and  b r o m o c r e s o l  g r e e n  r e s p e c t i v e l y .



Table 10 : Color changes observed when the indicator 
was applied to a piece of PVG.

Indicator Color in PVG

Cresol Red yellow

Thymol Blue yellow

Bromocresol Green yellow

Nethyl Red red
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Table 11: Spectroscopic absorption maxima observed
for Cresol Red in the buffer solutions and in PVG.

pH o .d .(l)a O.D.<2)b O.D.(23/0.D. (1)

4.0 0.26 0 0

3.5 0.42 0 0

3.0 0.46 0.06 0.13

2.5 0.26 0.235 0.90

PVG 2.0 0 0

a) Optical density at 432 rm.

b) Optical density at 520 nm.



Table 12 : Spectroscopic absorption maxima observed
for Bromocresol Green in the buffer solutions and in PVG

pH O.D.(1)* O.D.(2)b O.D.(l)/O.D.(2)

5.9 0.24 0.07 3.43

5.5 0.22 0.07 3.14

5.0 0.16 0.055 2.91

4.5 0.085 0.065 1.31

4.0 0.035 0.1 0.35

3.5 0 0.11 0

a) Optical density at 615 nm

b) Optical density at 440 nm
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( B ) .  ABSORPTION, EMISSION, RESONANCE RAMAN AND ELECTRON SPIN 

RESONANCE SPECTROSCOPIC STUDIES.

( a )  TPP

P o r p h y r i n s  and m e t a l l o p o r p h y r i n s  form p u r p l e  s o l u t i o n s  i n  

m e t h y l e n e  c h l o r i d e .  F r e e  ba se  m e s o - t e t r a p h e n y l p o r p h y r i n

(HgTPP) shows a s p e c t r u m  w i t h  an i n t e n s e  S o r e t  band a t  416 

and f o u r  bands  i n  t h e  v i s i b l e  r e g i o n  a t  5 1 4 ,  5 4 8 ,  590 and 

646 w i t h  d e c r e a s i n g  i n t e n s i t y  ( F i g .  3 ) .  When t h e  f r e e  b a se  

i s  a d s o r b e d  on PVG t h e  c o l o r  o f  t h e  p i e c e  o f  PVG i m m e d i a t e l y  

t u r n s  g r e e n .  B e f o r e  t h e  a b s o r p t i o n  s p e c t r u m  o f  H2 TPP 

a d s o r b e d  on PVG i s  r e c o r d e d ,  t h e  s o l v e n t  i s  r emoved  i n  

v a c u o .  The p i e c e  o f  PVG f i r s t  becomes  t u r b i d  when t h e  

s o l v e n t  s t a r t s  t o  e v a p o r a t e  and when a l l  t h e  s o l v e n t  h a s  

been  r emoved a p p e a r s  c l e a r  g r e e n .  T h e r e  a r e  t h r e e  m a j o r  

d i f f e r e n c e s  b e t w e e n  t h e  a b s o r p t i o n  s p e c t r a  o f  T F P ( a d s o r b e d ) 

( F i g .  4)  and TPP( s o l  u t i o n )  ( F i g .  3 ) -  F i r s t  t h e r e  i s  an 

e x t r a  S o r e t  band i n  t h e  a d s o r b e d  s p e c i e s  a t  450 nm. Se co nd ,  

t h e  i n t e n s i t y  r a t i o  o f  t h e  f o u r  v i s i b l e  ba nds  a r e  d i f f e r e n t  

f rom t h a t  i n  s o l u t i o n  s p e c t r u m .  The ba nds  a t  512 nm and 660 

nm have  a l m o s t  e q u a l  i n t e n s i t i e s ,  whe re  a s  i n  t h e  s o l u t i o n  

s p e c t r u m  t h e  514 nm band  i s  much more i n t e n s e  t h a n  t h e  band 

a t  646 nm. The t h i r d  d i f f e r e n c e  i s  t h a t  t h e  660 nm band  o f  

t h e  a d s o r b e d  s p e c t r u m  i s  14 nm r e d  s h i f t e d  compa red  t o  646 

nm band .  The e m i s s i o n  s p e c t r u m  o f  t h e  T P P ( a d s o r b e d ) i s  v e r y  

much d i f f e r e n t  f r om t h e  e m i s s i o n  s p e c t r u m  o f  T P P ( s o l u t i o n ) 

( F i g .  5 ) .  The e m i s s i o n  s p e c t r u m  i n  s o l u t i o n  c o n s i s t s  o f  2 

b a n d s  a t  650 nm and 7 1 B nm w h e r e a s  t h e  e m i s s i o n  o f
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T P P ( a d s o r b e d ) c o n s i s t s  o f  s t r o n g  e m i s s i o n  a t  680 nm.

The r e s o n a n c e  Raman s p e c t r a  o f  T P P ( s o l i d )  ( F i g .  6 ) and  

T P P C a d s o r b e d ) ( F i g .  7 )  we re  o b t a i n e d  u s i n g  t h e  e x c i t a t i o n  

w a v e l e n g t h  4 5 7 . 9  nm. As shown i n  t h e  a b s o r p t i o n  s p e c t r a

( F i g .  3 and 4 )  t h e  r e s o n a n c e  e n h a n c e m e n t  o f  t h e  a d s o r b e d  

compound i s  much h i g h e r  b e c a u s e  t h e  w a v e l e n g t h  o f  e x c i t a t i o n  

f a l l s  w i t h i n  t h e  S o r e t  band .  Com par i so n  o f  t h e  RR s p e c t r a  

r e v e a l s  s i m i l a r i t i e s  a s  w e l l  a s  d i f f e r e n c e s  ( T a b l e  1 3 ) .  

T h e r e  i s  a c h an ge  i n  t h e  f r e q u e n c y  o f  t h e  m a j o r  band  a t  

1551 cm“  ̂ o f  T P P ( s o l i d )  by a b o u t  5 wavenumbers  t o  1546 i n  

t h e  TPP( a d s o r b e d ) .  The weak 1440 cm"^ band o f  T P P ( s o l i d )

and weak 1475 cm-1 band o f  T P P ( a d s o r b e d ) a r e  t o o  f a r  a p a r t

t o  be t h e  same band .  The 1294 cm”  ̂ band  o f  T P P ( s o l i d )  and  

711 band  o f  T P P ( a d s o r b e d )  do n o t  have  c o r r e s p o n d i n g  b a n d s  .

The e p r  s p e c t r u m  o f  TPP a d s o r b e d  was t a k e n  a f t e r

d e p o s i t i n g  on PVG powder  f r om 5 X 10~5 ^ s o l u t i o n  i n  a i r  

and s o l v e n t  r emoved i n  v a c u o .  The s p e c t r u m  a t  room

t e m p e r a t u r e  i n  vacuum i s  g i v e n  i n  F i g .  8 . The g v a l u e

c a l c u l a t e d  i s  2 . 00 , and p e a k - t o - p e a k  f i r s t  d e r i v a t i v e  w i d t h

( A Hpt p) i s  3.5 G. No h y p e r f i n e  s t r u c t u r e  was s e e n  on t h e  

s i g n a l .  The s i g n a l  d i s a p p e a r e d  when a i r  was i n t r o d u c e d  i n t o  

t h e  e p r  t u b e  b u t  r e a p p e a r e d  when r e e v a c u a t e d .

F i g .  9 and F i g .  10 show t h e  a b s o r p t i o n  and e m i s s i o n

s p e c t r a  o f  TPP i n  g l a c i a l  a c e t i c  a c i d .  As shown i n  t h e

a b s o r p t i o n  s p e c t r u m  t h e  w a v e l e n g t h  o f  e x c i t a t i o n  u se d  f o r  

t h e  r e s o n a n c e  Raman s p e c t r u m  f a l l s  d i r e c t l y  w i t h i n  t h e  S o r e t
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b a n d ,  w h i c h  g i v e s  r i s e  t o  s t r o n g  r e s o n a n c e  Raman ba n ds  ( F i g .  

11)  The r e s o n a n c e  Raman b a nd s  i n  t h i s  s p e c t r u m  a r e  co m pa re d  

t o  t h e  b a n d s  i n  t h e  RR s p e c t r a  o f  T P P ( s o l i d )  and  

T P P ( a d s o r b e d )  i n  T a b l e  13 .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  

t h e  s t r o n g e s t  ba n d  a t  1546 cm-1 shows  t h e  downward  s h i f t  o f  

5 cm"1 s i m i l a r  t o  t h a t  i n  T P P ( a d s o r b e d )  f r om T P P ( s o l i d ) .  

The 1475 c m " 1 ba nd  o f  T P P ( a d s o r b e d ) c o r r e s p o n d  t o  1478 cm"1 

ban d  o f  T P P C a c e t i c  a c i d ) .  S i m i l a r l y  711 cm" 1 ba nd  o f  

T P P ( a d s o r b e d ) c o r r e s p o n d s  t o  t h e  701 c m " 1 b a n d  o f  T P P ( a c e t i c  

a c i d ) .  B o t h  t h e s e  b a n d s  do n o t  h a v e  c o r r e s p o n d i n g  b a n d s  i n  

T P P ( s o l i d ) .

A n o t h e r  i n t e r e s t i n g  p o i n t  i s  t h a t  i n  a c e t i c  a c i d  t h e  

e m i s s i o n  o c c u r s  a t  t h e  same w a v e l e n g t h  a s  i n  T P P ( a d s o r b e d ) .  

T h i s  l e a d s  t o  a s t r o n g  p o s s i b i l i t y  t h a t  some TPP u n d e r g o e s  

d i p r o t o n a t i o n  when a d s o r b e d  o n t o  PVG.
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Figure 3 : Absorption spectrum of meso-tetraphenyl
-*5porphyrin in methylene chloride solution (5 x 10 M 

solution, Soret region 1 mm cell, other 10'mm cell) 
The arrow marks the excitation wavelength used for 
the resonance Raman spectrum in Figure 6.
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Figure 4 : Absorption spectrum of meso-tetraphenyl
-8porphyrin adsorbed on PVG. (10 moles adsorbed on a 

piece of FVG 25 mm x 25 mm x 4 mm) The arrow marks 
the excitation wavelength used for the resonance 
Raman spectrum in Figure 7.
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Figure 5 ; Emission spectra of meso-tetraphenyl 
porphyrin at 25°C. (a) Adsorbed on PVG
(b) In methylene chloride solution. Wavelength 
of excitation * 410 nm.

58



Int
ens

ity
660

6 5 0

718

800700600
n m

WAVELENGTH

59



Figure 6 : Resonance Raman spectrum of solid TPP 
mixed with iCEr at room temperature. Excitation 
wavelength 457.9 nm (ca. 50 mW) . Approximate 
spectral slit width 5 cm- .̂ The spectrum was 
corrected for luminescence.
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Figure 7 : Resonance Raman spectrum of TPP adsorbed 
on PVG. Excitation wavelength 457.9 nm (ca. 30 mW) 
Approximate spectral slit width 5 cn"^. The laser 
beam was defocussed to avoid sample decay. The spectrum 
was recorded at room temperature, in air and was 
corrected for luminescence.
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Figure 8 : Electron paramagnetic resonance spectrum, 
at 9.67 GHz, of TPP adsorbed onto powdered FVG, then 
evacuated. Spectrum was obtained with 20.2 mW 
microwave power using 100 kHz modulation (0.5 Gpp) 
and a gain of 10 x 10’’.
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Figure 9 : Absorption spectrum of TPP dissolved 
in glacial acetic acid. (10-  ̂M solution, Soret 
region 1 mm cell, other lOtmt cell) The arrow 
marks the excitation wavelength used for the 
resonance Raman spectrum in Figure 11.
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Figure 10 : Emission spectrum of TFP dissolved in 
glacial acetic acid at room temperature.
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Figure 11 : Resonance Raman spectra of TPP dissolved 
in glacial acetic acid. (A) perpendicularly polarized
(B) Parallel polarized. Excitation wavelength 457.9 
nm. (ca. 50 mW) Approximate spectral slit width 5 cm’ .̂ 
The spectrum was corrected for luminescence.
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Table 1 3 ; Comparison of the principal resonance Raman 
bands ( cm-^) of TPP(solid), TPP(adsorbed) and TPP 
in acetic acid.
Band TPP(solid) TPP(adsorbed) TPP( acid)

1 1600 (w) 1601(w) 1599(m)
2 1551(vs) 1546 (vs) 1546(vs)
3 1475(w) 1478 (m)
4 1440(w)
5 1380(w) 1385(a) 1372(m)
6 1331(w)
7 1294<m)
8 1237(s) 1238(s) 1239(s)
9 1080(m) 1085(m) 1082(m)

10 1005(s) 1011(m) 1007(m)
11 966(s) 966(w) 95 7 (w)
12 895(m)
13 839(w) 821 (w)
14 711(m) 701(m)
15 639 (m) 635 (m) 630(a)

w ” weak, m - medium, s - strong, vs - very strong
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<b) ZnTPP

A d s o r p t i o n  o f  ZnTPP o n t o  t h e  PVG s u r f a c e  f o l l o w e d  by 

r em ov a l  o f  s o l v e n t  i n  v a c u o ,  r e s u l t s  i n  c o n v e r s i o n  o f  t h e  

r e d - p u r p l e  ZnTPP ( i n  s o l u t i o n )  t o  a g r e e n  m a t e r i a l  

( a d s o r b a t e ) .  When t h e  a b s o r p t i o n  s p e c t r u m  o f  ZnTPP a d s o r b e d  

on PVG ( F i g .  13) i s  compa red  t o  t h e  a b s o r p t i o n  s p e c t r u m  i n  

m e t h y l e n e  c h l o r i d e  s o l u t i o n  ( F i g .  12) i t  i s  c l e a r  t h a t  ZnTPP 

h a s  r e a c t e d  ( d e c r e a s e  o f  5**5 nm ba n d )  f o r m i n g  p r o d u c t ( s )  

t h a t  a b s o r b  t o w a r d s  r e d .  S i g n i f i c a n t  i n i t i a l  s p e c t r a l  

c h a n g e s  a r e  f o u n d  w i t h i n  t h e  t i m e  r e q u i r e d  t o  a b s o r b  f rom 

s o l u t i o n  and pump o f f  t h e  s o l v e n t  ( ~ 3 0  r a i n ) ,  b u t  a s  shown 

i n  F i g .  1M, t h e s e  c h a n g e s  c o n t i n u e  f o r  s e v e r a l  d a y s .  A 

n o t a b l e  f e a t u r e  o f  t h e s e  s p e c t r a  a r e  ba n d s  a t  a b o u t  850 nm 

and 770 nm w h i c h  s t e a d i l y  i n c r e a s e  w i t h  t i m e  o v e r  s e v e r a l  

day s .

The e m i s s i o n  s p e c t r u m  i n  s o l u t i o n  c o n s i s t  o f  two b a n d s  a t  

590 and 6^5 nm, w h e r e a s  t h e  e m i s s i o n  o f  ZnTPP ( a d s o r b e d )  

c o n s i s t s  o f  a s t r o n g  e m i s s i o n  a t  670 nm ( F i g .  1 5 ) .  As b o t h  

TPP ( a d s o r b e d )  and ZnTPP ( a d s o r b e d )  e m i t  a t  a p p r o x i m a t e l y  

t h e  same w a v e l e n g t h  i t  i s  p o s s i b l e  t h a t  t h e  s p e c i e s  t h a t  

e m i t s  i s  t h e  same i n  b o t h  i n s t a n c e s .

The r e s o n a n c e  Raman s p e c t r u m ,  i n  a i r ,  o f  t h e  ZnTPP on PVG 

u s i n g  45 7 -9  nm l a s e r  e x c i t a t i o n  ( F i g .  17) i s  q u i t e  d i f f e r e n t  

f r om t h e  s p e c t r u m  o f  s o l i d  ZnTPP ( F i g .  1 6 ) .  T a b l e  14 

p r o v i d e s  a c o m p a r i s o n  o f  m a j o r  RR b a n d s .  A m a j o r  d i f f e r e n c e  

i s  t h e  a p p e a r a n c e  o f  t h e  mos t  p r o m i n e n t  band i n  t h e  h i g h
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f r e q u e n c y  r e g i o n  o f  ZnTPP ( s o l i d )  a t  1552 cm~1 end  t h a t  o f  

ZnTPP ( a d s o r b e d )  a t  1596 cm“ ^ , ZnTPP ( s o l i d )  shows  s e v e r a l  

s t r o n g  bands  a t  1359 ,  1238 and 1008 cm“  ̂ w h i ch  do n o t  have  

c o r r e s p o n d i n g  b a nd s  i n  t h e  s p e c t r u m  o f  ZnTPP ( a d s o r b e d ) .  

F i g .  18 shows t h e  t i m e  d e p e n d e n c e  o f  t h e  r e s o n a n c e  Raman 

s p e c t r a  o f  ZnTPP a d s o r b e d  on PVG. A l t h o u g h  s i g n i f i c a n t  

c h a n g e s  i n  t h e  a b s o r p t i o n  w e re  o b s e r v e d  d u r i n g  t h i s  t i m e  

p e r i o d  ( F i g ,  14) no c o n s i d e r a b l e  c h a n g e s  i n  t h e  r e s o n a n c e  

Raman s p e c t r a  we re  n o t e d .

The e s r  s p e c t r u m  o f  ZnTPP a d s o r b e d  on PVG was  r e c o r d e d  

u s i n g  t h e  same method  d e s c r i b e d  e a r l i e r  f o r  TPP and  i s  g i v e n  

i n  F i g .  19 The g v a l u e  c a l c u l a t e d  i s  2 . 0 0  and  t h e  p e a k - t o -  

peak  f i r s t  d e r i v a t i v e  w i d t h  i s  2 . 5 5  G. The e s r  s i g n a l  i n  

t h i s  c a s e  i s  n o t  a smooth  c u r v e .  The s y m m e t r i c a l  p a t t e r n  on 

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

I n  s o l u t i o n  t h e  e s r  s p e c t r u m  o f  ZnTPP c a t i o n  r a d i c a l  c o n s i s t  

o f  n i n e  l i n e s ^ .  The p a t t e r n  h e r e  when c l o s e l y  ex am in e d  i s  

c o n s i s t e n t  w i t h  n i n e  l i n e s  and s u g g e s t s  t h e  p r e s e n c e  o f  

ZnTPP c a t i o n  r a d i c a l  on PVG. The a t t e m p t s  made t o  e n h a n c e  

t h e  h y p e r f i n e  s t r u c t u r e  o f  t h e  s i g n a l  we re  n o t  s u c c e s s f u l .  

At  l i q u i d  n i t r o g e n  t e m p e r a t u r e  t h e  h y p e r f i n e  s t r u c t u r e  was 

l o s t  ( F i g .  20)  due  t o  f a s t  r e l a x a t i o n  o f  t h e  r a d i c a l .  The 

e s r  s i g n a l  d i s a p p e a r s  i m m e d i a t e l y  when a i r  i s  I n t r o d u c e d  t o  

t h e  s a m p l e ,  b u t  c an  be r e g e n e r a t e d  by e v a c u a t i n g  t h e  s am p le  

f o r  s e v e r a l  m i n u t e s .  T h i s  c y c l e  was  r e p e a t e d  s e v e r a l  t i m e s  

w i t h  some l o s s  o f  t h e  s i g n a l  i n t e n s i t y .
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Figure 12: Absorption spectrum of ZnTPP in methylene 
chloride solution (5 x 10-  ̂M solution, Soret region 
1 mm cell, other 10 mm cell) The arrow marks the 
excitation wavelength used for the resonance Raman 
spectrum in Figure 16.
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Figure 13 : Absorption spectrum of ZnTPP adsorbed 
on PVG immediately upon the removal of the solvent. 
(1Q~® moles adsorbed on a piece of PVG 25 mm x 25 mm 
x 4 mm) The arrow marks the excitation wavelength 
used for the resonance Raman spectrum in Figure 15.
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Figure : Absorption spectra of ZnTPP in the Visible
region (Soret band excluded) at various times after 
adsorption onto PVG:

(a) Solution spectrum in CHjC^ (for comparison)
(b) 30 min after adsorption
(c) 2 days after adsorption
(d) 7 days after adsorption

The sample was stored in air.
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Figure 15 : Emission spectra of ZnTPP at 25°C. 
(a) Adsorbed on PVG (b) In methylene chloride 
solution.
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Figure 16 : Resonance Raman spectrum of solid ZnTPP 
mixed with KBr at room temperature. Excitation 
wavelength 457.9 nm (ca. 30 mW)* Approximate spectral 
silt width 5 cm’*-. The spectrum was corrected for 
luminescence.
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Figure 17 : Resonance Raman spectrum of ZnTFP adsorbed 
on PVG 7 days after adsorption. The sample was 
stored in air. Excitation wavelength 457.9 nm (ca.30 mV) 
Approximate spectral slit width 5 cm"\ The laser 
beam was defocussed to avoid sample decay. The spectrum 
was recorded in air at room temperature and was 
corrected for luminescence.
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Figure 18 : Resonance Raman spectra of ZnTFP at various
times after adsorption onto PVG. (A) 30 min
(B) 2 days (C) 7 days. Wavelength of excitation
657.9 nm (ca. 30 mW). Approximate spectral slit
width 5 cm- .̂ The laser beam was defocussed to
avoid sample decay. The spectra were recorded in air
at room temperature and were corrected for luminescence.
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Figure 19 ; Electron paramagnetic resonance spectrum, 
at 9.78 GHz, of ZnTPP adsorbed onto powdered PVG, then 
evacuated at 25°C. Spectrum was obtained with 4 mW 
microwave power using 100kHz modulation (0.25 Gpp) 
and a gain of 2 x 10'*.
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Figure 20 : Electron paramagnetic resonance spectrum, 
at 9.46 GHz, of ZnTPP adsorbed onto powdered PVG, then 
evacuated, at 77 K. Spectrum was obtained with 8.1 mW 
microwave power using 100 kHz modulation (0.25 Gpp) 
and a gain of 1.25 x 10^.
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Table 14 : Comparison of the principal RR bands (cm-*)
of ZnTPP(solid), ZnTPP(adsorbed), MeO-ZnTPP-isoporphyrin 
(solution) and EtO-ZnTFP-isoporphyrin(solution).

Band ZnTPP
(solid)

ZnTPP
(adsorbed)

MeO-ZnTPP
isoporphyrin

EtO-ZnTPP 
isoporphyrin

1 1598(w) 1596 (s) 1590(s) 1588 (s)
2 1552 (s ) 1558(vw) 1556(vw)
3 1536 (m) 1534(m)
4 1523 (w) 1515 (w)
5 1501(w) 1500(m) 1497(m) 1489(m)
6 1452(m) 1449(a)
7 1430(w) 1424(m) 1417(s) 1415 (s)
8 1359 (s) 1368 (w) 1366(w)
9 1328(m) 1342(s) 1340(s)

10 1293 (s) 1291 (s)
11 1238 (s) 1223 (m)
12 1186 (w)
13 1122(w)
14 1075 (m) 1078(m) 10 79 (m) 1077(a)
15 1040(m) 1037(m) 1033(w)
16 1024(m) 1018 (s) 1018 (s)
17 1008 (s)
18 964 (m) 966 (m)
19 891(w) 883(v)

w»very weak, w—weak, m*tQ«dium^.s*strong
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Cc) I s o p o r p h y r i n s

I s o p o r p h y r i n s  we re  p r e p a r e d  s t a r t i n g  f rom ZnTPP u s i n g  t h e  

c o r r e s p o n d i n g  a l c o h o l  o f  t h e  n u c l e o p h i l e  a s  t h e  s o l v e n t .  

Fo r  e x a m p l e ,  i f  methoxy  i s o p o r p h y r i n  i s  t o  be made,  a b s o l u t e  

m e t h a n o l  was  u se d  a s  t h e  s o l v e n t .  F o r  e t h o x y  i s o p o r p h y r i n  

a b s o l u t e  e t h a n o l  was u s e d .  ZnTPP i s  o n l y  s l i g h t l y  s o l u b l e  

i n  e i t h e r  o f  t h e s e  a l c o h o l s .  However ,  enough  m a t e r i a l  g o e s  

i n t o  s o l u t i o n  t o  g i v e  a r e d - p u r p l e  c o l o r e d  s o l u t i o n .  To 

t h i s  s o l u t i o n  a v e r y  s m a l l  amount  o f  s o l i d  e e r i e  ammonium 

n i t r a t e  i s  a d d e d .  A f t e r  a b o u t  30 s e c o n d s ,  when e e r i e  s a l t  

s t a r t s  t o  d i s s o l v e  and r e a c t ,  a d e e p  g r e e n  c o l o r  a p p e a r s .  

T h i s  g r e e n  c o l o r  l a s t s  f o r  a m i n u t e  o r  so and  t h e n  t u r n s  t o  

a l i g h t  g r e e n  c o l o r  wh ic h  i s  p e r m a n e n t .  The a p p e a r a n c e  o f  

d e e p  g r e e n  c o l o r  p r o b a b l y  c o r r e s p o n d s  t o  t h e  i n i t i a l  

o x i d a t i o n  o f  ZnTPP t o  t h e  c a t i o n  r a d i c a l .  The l i g h t  g r e e n  

c o l o r  c o r r e s p o n d s  t o  t h e  f o r m a t i o n  o f  i s o p o r p h y r i n .  The 

a b s o r p t i o n  s p e c t r a  o f  i s o p o r p h y r i n s  ( F i g .  21 and 22)  a r e  

v e r y  much d i f f e r e n t  f rom t h e  a b s o r p t i o n  s p e c t r a  o f  mos t  o f  

t h e  p o r p h y r i n s  i n  t h a t  t h e y  have  a b s o r p t i o n  b a nd s  a t  770  and 

840 nm. The S o r e t  band t o o  i s  r e d  s h i f t e d  and a p p e a r s  a t  

4 40 nm.

The r e s o n a n c e  Raman s p e c t r a  o f  i s o p o r p h y r i n s  ( F i g .  23)  

a r e  e x p e c t e d  t o  be s t r o n g l y  r e s o n a n c e  e n h a n c e d  w i t h  4 5 7 . 9  nm 

e x c i t a t i o n  b e c a u s e  t h e  w a v e l e n g t h  o f  e x c i t a t i o n  f a l l s  

w i t h i n  t h e  S o r e t  band .  A p a r t  f r om m i n o r  d i f f e r e n c e s  t h e  

r e s o n a n c e  Raman s p e c t r a  o f  methoxy and e t h o x y  i s o p o r p h y r i n s
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a r e  s i m i l a r .  T h e r e  a r e  many ba nds  i n  t h e  9 0 0 - 1 6 0 0  cm'"'

r a n g e  t h a t  a r e  n o t  p r e s e n t  i n  t h e  RR s p e c t r u m  o f  ZnTPP.  

T a b l e  14 p r o v i d e s  a c o m p a r i s o n  o f  m a j o r  RR ba n d s  s e e n  i n  

Z n T P P ( s o l i d ) ,  Z n T P P ( a d s o r b e d ) , M e t h o x y - Z n T P P - i s o p o r p h y r i n  

( s o l u t i o n )  and  E t h o x y - Z n T P P - i s o p o r p h y r i n t s o l u t i o n )  I t  i s  

e v i d e n t  t h a t  mos t  o f  t h e  s t r o n g  and  medium b a n d s  i n  

Z n T P P ( a d s o r b e d )  s p e c t r u m  i n c l u d i n g  t h e  bands  a t  1596 cm-1 

a g r e e  w i t h  t h e  b a n d s  i n  t h e  RR s p e c t r u m  o f  i s o p o r p h y r i n s .

For  t h e  p u r p o s e  o f  v e r i f i c a t i o n  t h a t  t h e s e  b a n d s  a r e  

i n d e e d  f rom t h e  i s o p o r p h y r i n  and n o t  f r o m t h e  a l c o h o l  o r  i t s  

o x i d a t i o n  p r o d u c t s ,  a r e s o n a n c e  Raman s p e c t r u m  o f  a b s o l u t e  

e t h a n o l  w i t h  t h e  same c o n c e n t r a t i o n  o f  c e r r i c  ammonium 

n i t r a t e  u s e d  i n  t h e  p r e p a r a t i o n  o f  i s o p o r p h y r i n s ,  was 

r e c o r d e d  ( F i g .  2 4 ) .  The Raman b a n d s  o b s e r v e d  we re  q u i t e  

d i f f e r e n t  f r om t h e  ba nds  i n  t h e  i s o p o r h y r i n  s p e c t r u m .
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Figure 21 : Absorption spectrum of MeO-ZnTPP-isoporphyrin 
in methanol solution, solution". (6.75 x 1 0 M solution)
The arrow marks the excitation wavelength used for the 
resonance Raman spectrum in Figure 23.
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Figure 22 : Absorption spectrum of EtO-ZnTPP-isoporphyrin
- 4in ethanol solution. (6.4 x 10 M solution) The arrow 

marks the excitation wavelength used for the resonance 
Raman spectrum in Figure 23.
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Figure 23 : Resonance Raman spectra of isoporphyrins.
(A) Methoxy-ZnTPP-isoporphyrin in methanol solution
(B) Ethoxy-ZnTPP-isoporphyrin in ethanol solution 
Excitation wavelength 457.9 nm (ca. 50 mW). Approximate 
spectral slit width 5 cm“ .̂ Both spectra were 
corrected for luminescence.
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Figure 24 : Raman spectrum of ethanol mixed with cerlc 
ammonium nitrate. Wavelength of excitation 457.9 nm 
(ca. 100 mW) Approximate spectral silt width 5 cm”^.
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(C) CONTROL EXPERIMENTS IN OXYGEN FREE ATMOSPHERE

The s a m p le  o f  PVG made by a d s o r b i n g  p o r p h y r i n s  i n  an

oxyge n  f r e e  a t m o s p h e r e  d i d  n o t  show any g r e e n  c o l o r  o r  an

e p r  s i g n a l  a s  l o n g  a s  i t  was  a l l o w e d  r e m a i n  u n d e r  vacuum.  

When e x p o s e d  t o  a i r  t h e  e p r  s i g n a l  s l o w l y  i n c r e a s e d  and  

a f t e r  a b o u t  12 h a s i g n a l  e q u a l  i n  i n t e n s i t y  t o  a s i g n a l  o f

a s a m p le  w h i ch  was  n o t  d e g a s s e d  was  o b t a i n e d .  The c o l o r  o f

t h e  s a m p le  g r a d u a l l y  t u r n e d  g r e e n .  However i f  t h e  s a m p le  o f  

PVG h e a t e d  t o  l e s s  t h a n  60°C i n  t h e  vacuum c e r t a i n  amoun t  o f  

g r e e n  c o l o r  a p p e a r e d  w i t h  an a s s o c i a t e d  weak e p r  s i g n a l .

The A b s o r p t i o n  s p e c t r a  r e c o r d e d  i n  oxygen  f r e e  a t m o s p h e r e  

showed o n l y  t h e  i n i t i a l  c h a n g e s  d e p i c t e d  i n  f i g .  1 4 - b .  I f  

s t o r e d  i n  oxygen  f r e e  a t m o s p h e r e  t h e  g r o w t h  o f  b a n d s  a t  770 
and  850 nm was n o t  o b s e r v e d  f o r  a p e r i o d  o f  t h r e e  w e e k s .  A 

s i m i l a r  s i t u a t i o n  was  o b s e r v e d  w i t h  r e s o n a n c e  Raman s p e c t r a .  

I f  t h e  s a m p l e s  we re  s t o r e d  i n  oxygen  f r e e  a t m o s p h e r e  i n  an 

e p r  t u b e  t h e  Raman ba nds  o b s e r v e d  we re  m a i n l y  t h o s e  of  

Z n T P P ( s o l i d ) .
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CD) DECARBONYLATION REACTIONS

D e c a r b o n y l a t i o n  r e a c t i o n s  we r e  c a r r i e d  o u t  a number  o f  

t i m e s ,  b u t  d i d  n o t  p r o c e e d  c a t a l y t i c a l l y . When mixed  w i t h  

r e a c t a n t s  i n  t h e  r e a c t i o n  m i x t u r e  b e nz e n e  ( t h e  p r o d u c t  

e x p e c t e d  f rom b e n z a l d e h y d e ) and  t o l u e n e  ( t h e  p r o d u c t  

e x p e c t e d  f rom p h e n y l a c e t a l d e h y d e ) y i e l d e d  a s i g n i f i c a n t  

r e s p o n s e  on ga s  c h r o m a t o g r a p h  i n  mmol q u a n t i t i e s .  However ,  

t h e s e  h y d r o c a r b o n s  w e re  n e v e r  o b s e r v e d  i n  t h e  r e a c t i o n  

m i x t u r e  a s  p r o d u c t s .  Minor  m o d i f i c a t i o n s  o f  t h e  p r o c e d u r e  

and  p u r i f i c a t i o n  o f  s o l v e n t s  by d i s t i l l a t i o n  p r i o r  t o  u se  

f a i l e d  t o  p r o d u c e  any r e s u l t s .  I t  was  e v i d e n t ,  ho we ve r ,  

t h a t  b i s - p h o s p h i n e  F u T P P ^ P h ^ l g  i s  c o n v e r t e d  t o  t h e  mono- 

p h o s p h i n e  RuTPP^Ph^JCO i n  t h e  p r e s e n c e  o f  CO g a s  or  

a l d e h y d e .  K o n o - p h o s p h i n e  compound was  fo und  t o  be u n s t a b l e ,  

f o r m i n g  RuTPPCO on s t a n d i n g  and on d i l u t i o n .  The a b s o r p t i o n  

s p e c t r a  o f  t h e s e  s p e c i e s  a r e  i l l u s t r a t e d  i n  F i g  25

RuTPP(PBu^n>2 i s  e a s i l y  f o rmed  on a d d i t i o n  o f  

s t o i c h i o m e t r i c  a m o u n t s  o f  PBu^n t o  RuTPPCO. The a b s o r p t i o n  

s p e c t r u m  o f  t h i s  s p e c i e s  ( F i g  26)  d i d  n o t  c ha nge  upon 

a d d i t i o n  o f  a l d e h y d e  o r  p a s s a g e  o f  CO, wh ic h  d e m o n s t r a t e d  

t h e  s t a b i l i t y  o f  t h i s  s p e c i e s .
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Figure 25 : Absorption spectra of RuTPPCPFh^j
and RuTPP(PPh3)CO (— — ) in benzene.
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Figure 26 : Absorption spectra of RuTPP^Bu^^
and RuTPPCO (- “ ) in methylene chloride.
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4 .  DISCUSSION

( a )  S u r f a c e  a c i d i t y  o f  PVG

The r a t i o s  o f  o p t i c a l  d e n s i t i e s  g i v e n  i n  t a b l e s  11 and  12 

c a n  be u s e d  t o  o b t a i n  an  a p p r o x i m a t e  v a l u e  f o r  t h e  s u r f a c e  

pH o f  PVG. Wi th  c r e s o l  r e d  i n d i c a t o r  f o r  b u f f e r  s o l u t i o n s  

h a v i n g  pH v a l u e s  g r e a t e r  t h a n  3 . 0  t h e  a b s o r p t i o n  maximum a t  

520 nm i s  a b s e n t .  Fo r  PVG a s t r o n g  a b s o r p t i o n  band a t  432 

nm was  o b t a i n e d  b u t  none  a t  520 nm. T h e r e f o r e  b a s e d  on 

t h e s e  r e s u l t s  i t  i s  r e a s o n a b l e  t o  a s sume  t h a t  t h e  s u r f a c e  pH 

o f  PVG i s  more  t h a n  3 * 0 .  Wi th  b r o m o c r e s o l  g r e e n  b u f f e r  

s o l u t i o n s  h a v i n g  pH v a l u e s  l e s s  t h a n  4 . 0  d i d  n o t  show any 

a b s o r p t i o n  a t  615 nm. PVG w i t h  t h e  same i n d i c a t o r  d i d  n o t  

show any a b s o r p t i o n  a t  615 nm even  t h o u g h  i t  showed some 

a b s o r p t i o n  a t  440 nm. T h e r e f o r e  u s i n g  t h e s e  two i n d i c a t o r s  

we a r e  a b l e  t o  s e t  a p p r o x i m a t e  u p p e r  and l o w e r  l i m i t  v a l u e s  

f o r  t h e  s u r f a c e  pH o f  t h e  PVG s a m p l e ,  4 and 3 r e s p e c t i v e l y .  

I t  s h o u l d  be m e n t i o n e d ,  howe ve r ,  t h a t  d i f f e r e n t  s a m p l e s  o f  

PVG t e n d  t o  have  s l i g h t l y  d i f f e r e n t  s u r f a c e  a c i d i t i e s .  Such 

v a r i a t i o n s  a r e  n o t  v e r y  s i g n i f i c a n t  and  i t  was  f o u n d  t h a t  

mos t  o f  t h e  s a m p l e s  u s e d  i n  o u r  s t u d y  have  pH v a l u e s  w i t h i n  

t h e  ab ove  m e n t i o n e d  r a n g e .  The s u r f a c e  a c i d i t y  o f  PVG p l a y s  

an i m p o r t a n t  r o l e  i n  i t s  s u r f a c e  c h e m i s t r y .
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(b) TPP

The a b s o r p t i o n  s p e c t r u m  o f  TPP c h a n g e s  when a d s o r b e d  o n t o  

PVG ( F i g s .  3 and  4 ) .  A p p e a r a n c e  o f  a S o r e t  band  a t  450 nm 

c l e a r l y  i n d i c a t e s  t h e  f o r m a t i o n  o f  a d i f f e r e n t  compound.  

The i n t e n s i t y  p a t t e r n  o f  t h e  f o u r  b a n d s  i n  t h e  v i s i b l e  

r e g i o n  o f  t h e  s p e c t r u m  o f  TPP i n  s o l u t i o n  h a s  been  c h a n g e d .  

T h i s  ch an g e  can  be a s s o c i a t e d  w i t h  a s t r o n g  a b s o r p t i o n

maximum a t  660 nm o f  t h e  s e c o n d  s p e c i e s  w i t h  a S o r e t  band  a t  

450  nm. The s o l u t i o n  a b s o r p t i o n  s p e c t r u m  o f  H1(TPP^+ 

c o n s i s t s  o f  a S o r e t  band a t  445 nm, a s t r o n g  band a t  661 nm 

and a weak  band  a t  608  nm®9t T h e r e f o r e  t h e  a b s o r p t i o n

s p e c t r a l  e v i d e n c e  i n d i c a t e s  t h a t  t h e  TPP u n d e r g o e s  

p r o t o n a t i o n  on t h e  s u r f a c e  o f  PVG t o  form t h e  d i a c i d .  The 

p r o t o n s  a r e  p r o v i d e d  by t h e  s i l a n o l  g r o u p s  o f  t h e  s u r f a c e .  

The e m i s s i o n  s p e c t r a  p r o v i d e  f u r t h e r  p r o o f  o f  t h i s  f a c t .

The e m i s s i o n  maximum a t  680 nm ( f i g .  5)  o f  TPP a d s o r b e d  on 

PVG c o r r e s p o n d s  t o  t h e  e m i s s i o n  maximum o b s e r v e d  o f  TPP i n  

g l a c i a l  a c e t i c  a c i d  ( f i g .  1 0 ) .  A l t h o u g h  t h e  a b s o r p t i o n

s p e c t r u m  ( f i g .  4)  i n d i c a t e s  t h a t  t h e r e  i s  u n p r o t o n a t e d  TPP 

on t h e  s u r f a c e  o f  PVG, t h e  s t r o n g  e m i s s i o n  f ro m t h e  

p r o t o n a t e d  TPP c o m p l e t e l y  masks  t h e  e m i s s i o n  f rom t h e  f r e e  

b a s e .

The f o r m a t i o n  o f  t h e  d i p r o t o n a t e d  TPP on t h e  s u r f a c e  o f  

PVG can  be e x p l a i n e d  u s i n g  t h e  pK v a l u e s  o f  H^TPP g i v e n  

e a r l i e r  ( p a g e  1 1 ) .  The v a l u e s  o f  4 . 4  and  3 . 9  hav e  been  

o b s e r v e d  f o r  pK^ a n d r e s p e c t i v e l y 1 2 . A c c o r d i n g  t o  t h e
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s cheme  i n t r o d u c e d  by P h i l l i p s ^ 1 t h e  pK^ and  pK^ a r e  d e f i n e d  

a s :

pK3 s  pH -  l o g  [PH2 3 / [ P H 3 ,,‘]

pK^ = pH -  l o g  [PH3+ ] / t P H u2 + ]

T h e r e f o r e  i f  p r e s e n t  i n  a medium o f  pH 3 ( w h i c h  i s  t h e  

m e a s u r e d  l o w e r  l i m i t  o f  s u r f a c e  pH o f  PVG) t h e  f o l l o w i n g  

c a l c u l a t i o n  shows  t h a t  HgTPP s h o u l d  be r e a d i l y  p r o t o n a t e d  t o  

t h e  mono and  d i c a t i o n s ,  a t  e q u i l i b r i u m .

From t h e  e q u a t i o n  ( 1 )  a b o v e  u s i n g  t h e  v a l u e s  o f  pK3 = n . q

and  pH = 3

l o g  [PH2 ] / [ p h 3+] = - 1 . 4 .

T h e r e f o r e  a t  e q u i l i b r i u m ,  t h e  c o n c e n t r a t i o n  o f  PH3+ c o u l d  be 

a s  much a s  3 9 . 8  t i m e s  t h e  c o n c e n t r a t i o n  o f  PH2 . S i m i l a r  

c a l c u l a t i o n  u s i n g  t h e  e q u a t i o n  ( 2 ) w i l l  show t h a t  t h e  

c o n c e n t r a t i o n  o f  PH^2+ c o u l d  be u p t o  7*9 t i m e s  t h a t  o f  PH3 * 

F o r  PVG s a m p l e s  w i t h  s l i g h t l y  h i g h e r  s u r f a c e  pH v a l u e s  t h e  

e x t e n t  o f  p r o t o n a t i o n  c o u l d  be l e s s .

The  r e s o n a n c e  Raman s p e c t r a  p r o v i d e  f u r t h e r  e v i d e n c e  o f  

t h i s  r e a c t i o n  ( t a b l e  1 3 ) .  The TPP ( a d s o r b e d )  s p e c t r u m  

c o n t a i n s  b a n d s  common t o  b o t h  TPP ( s o l i d )  an d  T P P ( a c i d ) .  

E s p e c i a l l y  t h e  band  a t  1475 cm"1 h a s  a c o r r e s p o n d i n g  band  i n  

TPP ( a c i d )  b u t  n o t  i n  TPP ( s o l i d ) .  S i m i l a r l y  t h e  ba nd  a t  

711 cm“  ̂ h a s  a c o r r e s p o n d i n g  band  i n  TPP ( a c i d ) .  T h i s  shows  

t h e  p r e s e n c e  o f  TPP and  HjjTPP^'*' on PVG.
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The e s r  s i g n a l  o f  TPP on PVG ( f i g .  8 ) i n d i c a t e s  t h e

f o r m a t i o n  o f  a r a d i c a l  on t h e  s u r f a c e .  The p o r p h y r i n s  and  

m e t a l l o p o r p h y r i n s  a r e  known t o  p r o d u c e  s t a b l e  c a t i o n

r a d i c a l s  by a n o d i c  o x i d a t i o n  i n  t h e  p r e s e n c e  o f  an 

a p p r o p r i a t e  e l e c t r o l y t e  o r  by c h e m i c a l  o x i d a t i o n .  However ,  

t h e r e  h a s  n o t  been  any r e p o r t  o f  f o r m a t i o n  o f  c a t i o n  

r a d i c a l s  o f  m e t a l l o p o r p h y r i n s  m e r e l y  by d e p o s i t i n g  on a 

s u p p o r t .  Many m o l e c u l e s  c o n t a i n i n g  7T **e l ec t ro ns  and  

h e t e r o a t o m s  w i t h  u n s h a r e d  p a i r s  a r e  known t o  be o x i d i z e d  t o  

c a t i o n  r a d i c a l s  when d e p o s i t e d  on a c i d i c  s u r f a c e s ^ .  t h e

s u r f a c e  o f  PVG i s  a c i d i c  and  p o r p h y r i n s  b e l o n g  t o  t h e  a b o v e  

m e n t i o n e d  g r o u p  o f  m o l e c u l e s  i t  can  be s t a t e d  w i t h  c e r t a i n t y  

t h a t  TPP u n d e r g o e s  o x i d a t i o n  t o  p r o d u c e  7 T - c a t i o n  r a d i c a l s  

when a d s o r b e d  on PVG. The e s r  s i g n a l  o b s e r v e d  i s  weak e v en  

a t  a g a i n  o f  10^ w i t h  20 mW power .  A s t r o n g  e s r  s i g n a l  was

o b s e r v e d  f o r  ZnTPP a t  a low g a i n .  T h i s  i n d i c a t e s  t h a t  TPP

u n d e r g o e s  o x i d a t i o n  o n l y  t o  a l e s s e r  e x t e n t  on PVG t h a n  

ZnTPP. T h i s  c o u l d  be m a i n l y  due t o  t h e  h i g h e r  f i r s t  

o x i d a t i o n  p o t e n t i a l  o f  TPP ( 0 . 9 5  V o l t s )  comp a red  t o  ZnTPP 

( 0 . 7 1  V o l t s )  ( t a b l e  3 ) .

113



(c) ZnTPP

The a b s o r p t i o n  s p e c t r a l  c h a n g e s  o b s e r v e d  when ZnTPP i s  

a d s o r b e d  on PVG a r e  d r a m a t i c .  I m m e d i a t e l y  upon  r e m o v a l  o f  

t h e  s o l v e n t  t h e  PVG a p p e a r s  g r e e n  c o m p a r e d  t o  t h e  r e d - p u r p l e  

c o l o r  i n  s o l u t i o n .  The a b s o r p t i o n  s p e c t r u m  shows  i n c r e a s e d  

a b s o r p t i o n  i n  t h e  6 0 0 - 7 0 0  nm r e g i o n .  I f  t h i s  p i e c e  o f  PVG 

i s  s t o r e d  i n  a i r  t h e  a b s o r p t i o n  s p e c t r u m  c o n t i n u e  t o  c h a n g e  

( f i g .  1 4 ) .  Of p a r t i c u l a r  i n t e r e s t  t o  u s  was  t h e  a p p e a r e n c e  

o f  t h e  a b s o r p t i o n  maxima  a t  770  nm and  850 nm a f t e r  a b o u t  24 

h o u r s  w h i c h  c o n t i n u e d  t o  i n c r e a s e  o v e r  a p e r i o d  o f  7 d a y s .  

Only a few p o r p h y r i n s  and  t h e i r  d e r i v a t i v e s  show a b s o r p t i o n  

t h i s  f a r  t o w a r d s  r e d .  The e s r  s p e c t r u m  o f  ZnTPP a d s o r b e d  on 

PVG i n d i c a t e s  ( f i g .  19) t h e  p r o d u c t i o n  o f  a T l - c a t i o n  

r a d i c a l .  F o r  ZnTPP t h i s  f i r s t  r i n g  o x i d a t i o n  o c c u r s  a t  a 

c o m p a r a t i v e l y  low p o t e n t i a l  i e .  0 . 7 1  v o l t s  ( t a b l e  3 ) .  The 

s e c o n d  r i n g  o x i d a t i o n ,  r em ov a l  o f  an  e l e c t r o n  f ro m  t h e  

7T - c a t i o n  r a d i c a l  t o  p r o d u c e  t h e  d i c a t i o n ,  a l s o  o c c u r s  a t  a 

f a i r l y  low p o t e n t i a l  i e .  1 . 0 3  v o l t s .  T h e r e f o r e  i f  t h e  

H - c a t i o n  r a d i c a l  u n d e r g o e s  o x i d a t i o n  t o  t h e  s t r o n g l y  

e l e c t r o p h i l i c  d i c a t i o n 2 0 , i t  c o u l d  r e a c t  w i t h  any 

n u c l e o p h i l e  p r e s e n t  on t h e  s u r f a c e .  The s i l a n o l  g r o u p s  

p r e s e n t  on t h e  s u r f a c e  o f  PVG p r o v i d e  t h e  n u c l e o p h i l i c  S i - 0 “ 

g r o u p .  I f ,  a s  m e n t i o n e d  f o r  methoxy  and e t h o x y  g r o u p s ,  t h i s  

s l l o x y  g r o u p  r e a c t s  w i t h  t h e  d i c a t i o n  i n  t h e  same m an n e r  i t  

c o u l d  fo r m  t h e  s i l o x y - Z n T P P - i s o p o r p h y r i n  on t h e  s u r f a c e  o f  

PVG. T h e s e  r e a c t i o n s  a r e  su m m ar i ze d  b e lo w :
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Z n T P P ( s o l u t i o n )  ---------- ► Z n T P P ( a d s o r b e d )  ................... (1)

Z n T P P ( a d so r b e d )  -  e --------- ► Z n T P P * ( a d s o r b e d )  ................( 2)
c a t i o n  r a d i c a l

ZnTPP*!*(adsorbed) -  e ------------------ ZnTPP2*1* ( a d s o r b e d ) ............ ( 3 )
c a t i o n  r a d i c a l  d l c a t l o n

ZnTPP2+ ( a d s o r b e d )  +  S i - 0 ~ ------ > ( S i - O - Z n T P F - I s o p o r p h y r i n ) *
d i c a t i o n  PVG surfaee  ( 4)

The c o m p a r i s o n  o f  t h e  a b s o r p t i o n  maxima s e e n  a t  770  nm 

and 840 nm w i t h  t h e  p u b l i s h e d  s p e c t r a  o f  I s o p o r p h y r i n s ^0 *^2 
shows t h a t  t h e s e  ba nd s  a r e  due t o  t h e  i s o p o r p h y r i n s  f o r m e d  

on t h e  s u r f a c e  o f  PVG. The r e a c t i o n s  ( 3 )  and  (4 )  t a k e  p l a c e  

s l o w l y  on PVG. As I n d i c a t e d  i n  t h e  a b s o r p t i o n  s p e c t r a ,  we 

do n o t  s e e  any a b s o r p t i o n  i n  7 0 0 - 9 0 0  nm r e g i o n  w i t h i n  t h e  

f i r s t  24 h o u r s  o f  a d s o r p t i o n .  The b a n d s  a t  310 ,  545 and  590 

nm a r e  due t o  t h e  u nc han ge d  ZnTPP.  These  bands  t o o  c o n t i n u e  

t o  change  w i t h  t i m e .  I n  t h e  f i n a l  s p e c t r u m  t h e r e  a r e  b a n d s  

a t  5 0 5 ,  590 and 645 nm. T he s e  b a n d s  , wh ich  a r e  n o t  due  t o  

t h e  i s o p o r p h y r l n  c o u l d  be due  t o  o t h e r  o x i d a t i o n  p r o d u c t s  o f  

t h e  7 T - r i n g  o r  d e m e t a l l a t e d ,  d l p r o t o n a t e d  s p e c i e s .  However ,  

t h e  p r o d u c t ( s )  t h a t  a b s o r b  a t  5 0 5 ,  590 and 645 nm seem t o  be 

s t a b l e ,  a s  no f u r t h e r  c ha nge  i n  t h e  a b s o r p t i o n  s p e c t r u m  was  

o b s e r v e d  even  a f t e r  30 d a y s .

The r e s o n a n c e  Raman s p e c t r a  p r o v i d e  f u r t h e r  p r o o f  o f  t h e  

f o r m a t i o n  o f  I s o p o r p h y  r i n s  on t h e  s u r f a c e  o f  PVG. The
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w a v e l e n g t h  o f  e x c i t a t i o n  u s e d  i n  a l l  o f  o u r  Raman s p e c t r a

was  4 5 7 . 9  nm l i n e  w h i c h  i s  t h e  l i n e  c l o s e s t  t o  t h e  l)V

a v a i l a b l e  on Ar+ i on  l a s e r .  A l t h o u g h  f a i r l y  good r e s o n a n c e

e n h a n c e m e n t  was  s e e n  f o r  TPP wh ic h  h a s  t h e  S o r e t  band  a t  4 16

nm i n  s o l u t i o n ,  when a d s o r b e d  on PVG g r e a t e r  e n h a n c e m e n t  o f

t h e  ba nd s  due t o  HilTPP^+ i s  o b s e r v e d  s i n c e  i t  h a s  t h e  S o r e  
t

band a t  450 nm. A s i m i l a r  s i t u a t i o n  o c c u r s  i n  t h e  c a s e  o f  

ZnTPP.  The S o r e t  band o f  ZnTPP o c c u r s  a t  419 nm ( f i g .  1 2 ) .  

The i s o p o r p h y r i n s  ha v e  t h e i r  S o r e t  b a n d s  a t  450 nm. 

T h e r e f o r e  t h e  b a n d s  due  t o  i s o p o r p h y r i n s  a r e  e x p e c t e d  t o  be 

h i g h l y  r e s o n a n c e  e n h a n c e d  w i t h  457*9  nm e x c i t a t i o n .  The 

c o m p a r i s o n  o f  RR s p e c t r a  o f  ZnTPP ( s o l i d )  w i t h  ZnTPP 

( a d s o r b e d )  ( t a b l e  14) r e v e a l s  t h e  p r e s e n c e  o f  t h e  ba n ds  due 

t o  i s o p o r p h y r i n s  on PVG when compared  t o  b a n d s  due  t o  

rae thoxy and e t h o x y  i s o p o r p h y r i n s .  The band  a t  1 596 cm“  ̂

wh ich  i s  t h e  s t r o n g e s t  band i n  t h e  a d s o r b e d  s p e c t r u m  

c o r r e s p o n d s  t o  t h e  1590 cm"^ band  o f  me thoxy  and 1588cm-  ̂

band o f  e t h c x y  i s o p o r p h y r i n s  s h i f t e d  up f rom t h e  1552 cm"^ 

ba nd  s e e n  f o r  ZnTPP ( s o l i d ) .  T h i s  band  i s  a l m o s t  c e r t a i n l y  

due t o  t h e  s i l o x y - i s o p o r p h y r i n  p r e s e n t  on PVG.

The a s s i g n m e n t  o f  Raman b a n d s  t o  p o r p h y r i n  v i b r a t i o n a l  

modes  i s  u s u a l l y  on t h e  b a s i s  o f  p o l a r i z a t i o n  and d e u t e r i u m  

s h i f t  m e a s u r e m e n t s .  When a d s o r b e d  on PVG t h e  movement  o f  

t h e  p o r p h y r i n  m o l e c u l e  a s  a w h o l e  i s  s e v e r e l y  r e s t r i c t e d .  

T h e r e f o r e  t h e  p o l a r i z a t i o n  s p e c t r a  w i l l  n o t  be u s e f u l .  The 

a s s i g n m e n t  o f  ba nd s  t o  s e v e r a l  r e s o n a n c e  e n h a n c e d  p h e n y l  

modes i n  RR s p e c t r a  o f  (FeTPP>2o^® and MgTPP, ZnTPP and
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CuTPP and t h e i r  7T - c a t i o n  r a d i c a l s 1*^ c a n  be u s e d  h e r e .  

T h e r e  a r e  m a j o r  d i f f e r e n c e s  i n  t h e  s p e c t r a  o f  T P P ( s o l i d )  and 

T P P t a d s o r b e d ) f rom m e t a l l o p o r p h y r i n  s p e c t r a .  The ba nds  

a s s o c i a t e d  w i t h  p h e n y l  r i n g  a t  1600 ,  1030 ,  995 and 890

' 3® a r e  e i t h e r  a b s e n t  (890 cm"1 ) o r  s h i f t e d  (1080 and 

1005 c m ' b  i n  TPP. A c o m p a r i s o n  o f  t h e  b a n d s  o b s e r v e d  i n  RR 

s p e c t r a  o f  ZnTPP ( t a b l e  14) w i t h  t h e  r e p o r t e d  a s s i g n m e n t s  i s  

g i v e n  i n  t a b l e  15.

The a s s i g n m e n t s  made i n  t a b l e  15 h e l p  t o  a s s i g n  t h e  1596 

cm*'  band  o f  Z n T P P ( a d s o r b e d )  t o  t h e  same mode a s  1552 cm"1 
band  o f  ZnTPP ( s o l i d ) ,  a r i n g  s t r e t c h  c o u p l e d  w i t h  a C-H

wag.  T h i s  r e p r e s e n t s  an  i n c r e a s e  i n  f r e q u e n c y  o f  40 

wavenumber s  when t h e  i s o p o r p h y r i n  i s  f o r m e d .  S i m i l a r l y  t h e  

band  a t  1328 cm"1 o f  ZnTPP( a d s o r b e d ) c a n  be a s s i g n e d  t o

c o r r e s p o n d  t o  t h e  band a t  1359 cm"1 o f  Z n T P P ( s o l i d ) .  T h i s

r e p r e s e n t s  a d e c r e a s e  o f  31 waven um be r s .  As t h e  v i b r a t i o n  

a t  1552 cm"1 r e f e r s  t o  t h e  s t r e t c h  and t h e  v i b r a t i o n

a t  1359 cm-1 r e f e r s  t o  t h e  C^-N s t r e t c h  t h e s e  a s s i g n m e n t s  

mean t h a t  when t h e  i s o p o r p h y r i n  i s  f o rm ed  t h e  -C^ bond i s  

s t r e n g t h e n e d  and  C—-N bond i s  w e a k e n e d .
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Table 15: Comparison of the assigned RR bands of ZnTPP 
(solution) with the observed RR bands of ZnTPP (solid) 
and ZnTPP (adsorbed).

ZnTPP*
(solution)

ZnTPP
(solid)

ZnTPP
(adsorbed)

assignment

4 -  ^  * 1596

1550 1552 VCC*- C4)+S(Cf- H

1490 1501 1500 V(C/- C/) (Blg)

1354 1359

1328

V(C„- N)+S«j,- H)

1235 1238 1223 v
1068 1075 1078 S(Cj- H)

1004 1008 phenyl.VCC,- C J

882 891 883 phenyl

a) from ref. 42.
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The o t h e r  i n t e r e s t i n g  f e a t u r e  i s  t h e  a b s e n c e  o f  t h e  1008 

cm"1 b and  due t o  p h e n y l  mode i n  t h e  s p e c t r u m  o f  

Z n T P P ( a d s o r b e d ) ,  A s i m i l a r  s i t u a t i o n  was o b s e r v e d  w i t h  RR 

s p e c t r a  o f  TPP. I n  t h e  RR s p e c t r u m  o f  T P P ( s o l i d )  a s h a r p  

band a t  1005 cm"1 was o b s e r v e d ,  b u t  i n  t h e  s p e c t r u m  o f

T P P ( a d s o r b e d )  t h i s  band i s  a b s e n t .  As t h e  1008 cm"1 band  o f

Z n T P P ( s o l i d )  and 1005 cm-1 b and  o f  T P P ( s o l i d )  a r e  b o t h  due 

t o  t h e  p h e n y l  modes i t  may be p o s s i b l e  t h a t  t h e s e  b a n d s  a r e  

n o t  r e s o n a n c e  e n h a n c e d  when t h e  compound i s  a d s o r b e d  on PVG. 

The a p p e a r e n c e  o f  Raman b a n d s  a s s i g n a b l e  t o  t h e  i n t e r n a l  

modes o f  t h e  ph e n y l  r i n g s ,  i n  r e s o n a n c e  w i t h  t h e  p o r p h y r i n  

7T -  7 t  * t r a n s i t i o n ,  d e m o n s t r a t e s  t h e  i n t e r a c t i o n  b e tw ee n  

t h e  p h e n y l  and p o r p h y r i n  K - s y s t e m s .  I n  t h e  g r o u n d  s t a t e

t h e  p h e n y l  r i n g s  a r e  known t o  be t i l t e d  by a n g l e s  f r om 21 t o

90°  and  t h e r e  i s  s u b s t a n t i a l  b a r r i e r  t o  r o t a t i o n .  

7T - o v e r l a p  i n  t h e  g ro un d  s t a t e  i s  t h e r e f o r e  e x p e c t e d  t o  be 

s l i g h t ^ ® .  R e s o n a n t  e n h a n c e m e n t  o f  Raman i n t e n s i t i e s  d e p e n d s  

on F r a n k -C o n d o n  o r  V i b r o n i c  f a c t o r s  i n  t h e  r e s o n a n t  e x c i t e d  

s t a t e .  C o n s e q u e n t l y ,  p h e n y l  i n t e r a c t i o n  i n  t h e  e x c i t e d  

s t a t e  i s  s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  r e s o n a n c e  e n h a n c e m e n t  

o f  t h e  p h e n y l  modes .  However ,  i f  when a d s o r b e d  on PVG, 

t h e r e  i s  a c o n s i d e r a b l e  i n t e r a c t i o n  o f  p h e n y l  g r o u p s  w i t h  

t h e  p o r p h y r i n  T f - s y s t e m  i n  t h e  g ro un d  s t a t e  t h e  r e s o n a n c e  

e n h a n c e m e n t  o f  t h e  p h e n y l  modes may be e i t h e r  r e d u c e d  o r  

c o m p l e t e l y  a b s e n t .

The e m i s s i o n  s p e c t r u m  o f  ZnTPP a d s o r b e d  on PVG c a n n o t  be 

e x p l a i n e d  on t h e  b a s i s  o f  f o r m a t i o n  o f  i s o p o r p h y r i n s  ( f i g
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1 5 ) .  The i s o p o r p h y r i n s  do n o t  e m i t  a t  t h i s  w a v e l e n g t h .  The 

s i m i l a r i t y  t o  t h e  e m i s s i o n  s p e c t r u m  o f  TPP a d s o r b e d  on PVG 

( f i g  5 ) s u g g e s t s  t h a t  h e r e  t o o  t h e  e m i t t i n g  s p e c i e s  i s  t h e  

d i p r o t o n a t e d  H^ tp p2 * .  I t  i s  p o s s i b l e  t h a t  some ZnTPP 

u n d e r g o e s  d e m e t a l a t i o n  when a d s o r b e d  on PVGf and  s u b s e q u e n t  

d i p r o t o n a t i o n .

The r e s o n a n c e  Raman s p e c t r a  r e c o r d e d  o f  t h e  same p i e c e  o f  

PVG w i t h  a d s o r b e d  ZnTPP a t  d i f f e r e n t  t i m e  i n t e r v a l s  ( f i g  18) 

d i d  n o t  r e f l e c t  a l l  t h e  c h a n g e s  o b s e r v e d  i n  t h e  a b s o r p t i o n  

s p e c t r a .  The r a t i o  o f  i n t e n s i t i e s  o f  t h e  b a n d s  r e m a i n e d  t h e  

same.  No i n c r e a s e  i n  t h e  1596 cm-1 b and  w i t h  r e s p e c t  t o  t h e  

o t h e r  bands  was o b s e r v e d .  I t  i s  p o s s i b l e  t h a t  some 

i s o p o r p h y r i n s  a r e  f o r m ed  i m m e d i a t e l y  a f t e r  a d s o r p t i o n  o f  

ZnTPP on PVG, a l t h o u g h  n o t  d e t e c t a b l e  i n  t h e  a b s o r p t i o n  

s p e c t r a .  B e ca u se  o f  t h e  S o r e t  a t  450 nm, i t  wou l d  be 

s t r o n g l y  r e s o n a n c e  e n h a n c e d  w i t h  4 5 7 .9  nm e x c i t a t i o n .  The 

d i f f i c u l t y  o f  m o u n t i n g  t h e  PVG i n  t h e  Raman s p e c t r o m e t e r  and 

a l i g n i n g  t h e  l a s e r  beam su c h  t h a t  t h e  same s p o t  o f  t h e  PVG 

i s  ex ami ne d  e v e r y  t i m e  a s p e c t r u m  i s  r e c o r d e d ,  may a l s o  ha ve  

c o n t r i b u t e d  t o  t h e  n a t u r e  o f  t h e  r e s u l t s  o b t a i n e d .  The 

b r oa d  n a t u r e  o f  t h e  bands  a l s o  may mask any c h a n g e s  i n  t h e  

I n t e n s i t y .

The h y p e r f i n e  s t r u c t u r e  o f  t h e  ZnTPP+ CIO^ c a t i o n  r a d i c a l  

e s r  spec rum shows n i n e  l i n e s  due t o  t h e  c o u p l i n g  o f  

f o u r  N (1 =1 )  a t o m s 2 2 . The c a l c u l a t e d  r a t i o  o f  i n t e n s i t y  o f  

t h e s e  n i n e  l i n e s  i s  1 : 4 : 1 0 : 1 6 : 1 9 : 1 6 : 1 0 : 4 : 1 .  These  l i n e s
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c o u l d  be f u r t h e r  s p l i t  by t h e  e i g h t  e q u i v a l e n t  h y d r o g e n s  a t  

p  p o s i t i o n s .  I n  s o l u t i o n  a ^ s i . 5 8  G and a H= 0 .3 1 6  G. The 

computed  w i d t h  o f  t h e  s i g n a l  ( b e t w e e n  t h e  two s m a l l e s t  

p e a k s )  i s  t h e r e f o r e  1 . 5 8  X 8 = 1 2 . 6 4  G. The w i d t h  o f  t h e  

s i g n a l  on PVG i s  much b r o a d e r  and t h e  s m a l l e s t  p e a k s  a r e  n o t  

c l e a r l y  v i s i b l e .  I t  i s  n o t  s u r p r i s i n g  t h a t  t h e  two s m a l l e s t  

p e a k s ,  w h i ch  a r e  e x p e c t e d  t o  hav e  o n l y  1 / 1 9  t h  o f  t h e  h e i g h t  

o f  t h e  l a r g e s t  p e a k s ,  c a n n o t  be c l e a r l y  s e e n .  However ,  

t h e i r  p o s i t i o n s  c an  be e s t i m a t e d  i n  c o m p a r i s o n  t o  t h e  

p o s i t i o n s  o f  t h e  o t h e r  p e a k s .  The s p l i t t i n g s  due t o  p r o t o n s  

c a n n o t  be r e s o l v e d .  The m e a s u r e d  w i d t h  o f  t h e  s i g n a l  on PVG 

( e s t i m a t i n g  t h e  p o s i t i o n s  o f  t h e  two s m a l l e s t  p e a k s )  i s  24 G 

and t h e r e f o r e  t h e  a^ = 3.0 G.

The p o s i t i o n s  and s p l i t t i n g s  o f  t h e  l i n e s  ( s p e c i f i e d  by 

t h e  g - v a l u e s  and  h y p e r f i n e  c o n s t a n t s )  dep end  on t h e  

d i r e c t i o n  o f  t h e  m a g n e t i c  f i e l d  r e l a t i v e  t o  t h e  m o l e c u l a r  

a x e s 9 2 # T h i s  t y p e  o f  s p e c t r a l  a n i s o t r o p y  i s  n o t  s e e n  i n  

s o l u t i o n s ,  s i n c e  i n  t h e s e  s y s t e m s  t h e  f r e e  e l e c t r o n  i s  

e x t e n s i v e l y  d e l o c a l i z e d  and t h e r e f o r e  t h e  a n i s o t r o p y  i s  

s m a l l ,  and a l s o  b e c a u s e  t h e  r a p i d  random m o t i o n  o f  t h e  

r a d i c a l s  i n  s o l u t i o n  a v e r a g e s  o u t  a l l  t h e  r e m a i n i n g  

a n i s o t r o p i c  s p l i t t i n g s  and s h i f t s .  T h i s  k i n d  o f  r a p i d  

a v e r a g i n g  g i v e s  r i s e  t o  t h e  c h r a c t e r i s t i c a l l y  na r ro w  

l i n e w i d t h s  i n  wh ic h  t h e  h y p e r f i n e  s p l i t t i n g s  a r e  w e l l  

r e s o l v e d .  I f  t h e  random m o t i o n  o f  t h e  m o l e c u l e s  a r e  

s e v e r e l y  r e s t r i c t e d ,  a s  i n  a s o l i d  s a m p le  o r  when a d s o r b e d  

on a s u p p o r t ,  t h e  a n i s o t r o p y  o f  t h e  s p e c t r a  b e t w e e n  t h e
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t h r e e  p r i n c i p a l  d i r e c t i o n s  i s  c l e a r l y  s e e n ,  b o t h  i n  t h e  

h y p e r f i n e  s p l i t t i n g s  and i n  t h e  g - v a l u e  p o s i t i o n s  a b o u t  

w h i ch  t h e  l i n e s  a r e  c e n t e r e d .  I n t e r m e d i a t e  s p e c t r a  a r e  

o b t a i n e d  f o r  t h e  o r i e n t a t i o n s  b e tw e e n  t h e  p r i n c i p a l

d i r e c t i o n s .  The s p e c t r a l  a n i s o t r o p y  i s  n o r m a l l y  c o m p l e t e l y  

s p e c i f i e d  by t h e  t h r e e  g - v e l u e s  U 2 Z , g xx and gy y ) and  

h y p e r f i n e  s p l i t t i n g s  o b t a i n e d  p a r a l l e l  t o  t h e  p r i n c i p a l  a x e s  

(A2 Z ,Axx and Ay y ) .  As ZnTPP i s  a x i a l l y  s y m m e t r i c a l  t h e  

p r i n c i p a l  v a l u e s  a r e  d e s i g n a t e d  a s  k ^  = Az z :  k ±  -  Axx s Ayy 

and g y / = gz 2 ; gj(x = gy y . As k n  and  Ax  c a n  be v e r y

d i f f e r e n t  t h e  A v a l u e  o f  a p p r o x i m a t e l y  3 G o b s e r v e d  on PVG, 

compared  t o  1 . 5 8  G c a n  be a t t r i b u t e d  t o  t h e  s p e c t r a l  

a n i s o t r o p y  due t o  t h e  above  m e n t i o n e d  r e a s o n s .  The

d i f f e r e n c e  i n  peak  h e i g h t s  f rom t h e  c a l c u l a t e d  v a l u e s  i s  due 

t o  t h e  o v e r l a p  o f  t h e  p e a k s  wh ich  a r e  b r o a d e r  t h a n  u s u a l .

I t  i s  n o t  c l e a r  why t h e  e s r  s i g n a l  d i s a p p e a r  when a i r  i s  

i n t r o d u c e d  and  r e a p p e a r s  when pumped o f f .  A l t h o u g h  l i n e

b r o a d e n i n g  due  t o  p a r a m a g n e t i c  m o l e c u l a r  oxy ge n  i s  known t o  

b r o a d e n  t h e  e s r  s i g n a l s ,  i t  d o e s  n o t  make t h e  s i g n a l  

d i s a p p e a r .  A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  i s  a c h e m i c a l  

i n t e r a c t i o n  o f  t h e  r a d i c a l  w i t h  a i r  t h e r e b y  r e d u c i n g  t h e  

c o n c e n t r a t i o n  o f  t h e  r a d i c a l  t o  a v e r y  low l e v e l .  The low 

t e m p e r a t u r e  (77 K) s p e c t r u m  o f  ZnTPP a d s o r b e d  on vacuum d i d  

n o t  r e v e a l  any a d d i t i o n a l  e v i d e n c e .  The l i n e  i s  s l i g h t l y  

b r o a d e r  t h a n  t h e  room t e m p e r a t u r e  s i g n a l .  The h y p e r f i n e

s t r u c t u r e  was  l o s t  p r o b a b l y  due t o  t h e  f a s t  r e l a x a t i o n s .
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( d )  C o n t r o l  e x p e r i m e n t s

As t h e  f o r m a t i o n  o f  t h e  c a t i o n  r a d i c a l s  on t h e  s u r f a c e  o f  

t h e  PVG can  be i n h i b i t e d  by t h o r o u g h  d e g a s s i n g , t h e r e  i s  no 

d o u b t  t h a t  m o l e c u l a r  oxygen  p l a y s  a p a r t  i n  t h e  o x i d a t i o n  o f  

t h e  p o r p h y r i n s  on t h e  s u r f a c e  o f  PVG. However ,  i f  PVG i s  

n o t  h e a t e d  t o  more  t h a n  6 0 °  w h i l e  b e i n g  c o n n e c t e d  t o  t h e  

vacuum l i n e  some o f  t h e  s u r f a c e  a d s o r b e d  oxygen  w i l l  r e m a i n .  

T h i s  amount  o f  oxygen  c o u l d  b r i n g  a b o u t  t h e  o x i d a t i o n  o f  

some o f  t h e  p o r p h y r i n s  a d s o r b e d  on t h e  s u r f a c e .  The L e w i s -  

a c i d  s i t e s  p r e s e n t  on t h e  s u r f a c e  o f  PVG c an  form weak 

c h a r g e  t r a n s f e r  b o n d i n g .  These  s i t e s  may n o t  be 

s u f f i c i e n t l y  s t r o n g  a c c e p t o r s  f o r  c o m p l e t e  e l e c t r o n  t r a n s f e r  

a s  d e m o n s t r a t e d  by t h e  e x p e r i m e n t s  done  i n  t h e  a b s e n c e  o f  

ox yg e n .  M o l e c u l a r  oxygen  c o m p l e x e s  w i t h  t h e s e  s i t e s ,  and 

h a v i n g  done  s o ,  p r o v i d e  a p a t h  f o r  c o m p l e t e  e l e c t r o n  

t r a n s f e r  f rom t h e  p o r p h y r i n .  A n o t h e r  p o s s i b i l i t y  i s  f o r  t h e  

m o l e c u l a r  oxygen  t o  a c t  a s  t h e  d i r e c t  e l e c t r o n  a c c e p t o r .  

The e l e c t r o n  c a n  t h e n  be t r a n s f e r r e d  t o  a Lewi s  a c i d  s i t e  or  

t o  a B r o n s t e d  a c i d  s i t e .
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( e )  D e c a r b o n y l a t i o n  R e a c t i o n s

The d i f f i c u l t y  e x p e r i e n c e d  i n  c a r r y i n g  o u t  t h e  

d e c a r b o n y l a t i o n  r e a c t i o n  c a t a l y t i c a l l y  c an  be a t t r i b u t e d  

m a i n l y  t o  t h e  s t a b i l i t y  o f  Ru ( TPP) ( PBun^ ) 2 wh ich  i s  e a s i l y  

f o rm ed  u n d e r  t h e  r e a c t i o n  c o n d i t i o n s .  T h i s  compound once  

fo r med  d o e s  n o t  s u b s t i t u t e  one o f  i t s  PBu11̂  l i g a n d s  f o r  CO 

f ro m a l d e h y d e  u n d e r  r e a c t i o n  c o n d i t i o n s .  T h e r e f o r e  t h e  

c a t a l y t i c  c y c l e  i s  n o t  c o n t i n u e d .  The c o r r e s p o d e n c e  t o  t h e  

a u t h o r s  I n d i c a t e d  t h a t  t h e y  t o o  had d i f f i c u l t y  r e p r o d u c i n g  

d a t a .

C f ) C o n c l u s i o n s

Only a few p u b l i c a t i o n s  a r e  a v a i l a b l e  on s t u d i e s  o f  

p o r p h y r i n s  a d s o r b e d  on s o l i d  s u p p o r t s .  A r e c e n t  

p u b l i c a t i o n ^  d e s c r i b e s  t h e  r e s o n a n c e  Raman s p e c t r a  o f  

p o r p h y r i n s  a d s o r b e d  on gamma-a lumina  and  s i l i c a .  As 

p o r p h y r i n s  have  s t r o n g  a b s o r p t i o n s  i n  t h e  v i s i b l e  r e g i o n  

t h e y  a r e  b e i n g  u s e d  a s  a p ig me n t  f o r  i n i t i a l  h a r v e s t  o f  

e n e r g y  f rom s u n l i g h t  and s u b s e q u e n t l y  t r a n s f e r  t o  su ch  

s e m i c o n d u c t o r s  a s  t i t a n i u m  o x i d e  w h i ch  do n o t  a b s o r b  

s u n l i g h t  d i r e c t l y .  Such u s e s  w i l l  r e q u i r e  t h e  a d s o r p t i o n  o f  

p o r p h y r i n s  on s o l i d  s u r f a c e s .  T h i s  s t u d y  i s  an  a t t e m p t  t o  

u n d e r s t a n d  t h e  n a t u r e  o f  c h a n g e s  t h a t  t h e s e  i m p o r t a n t  

c h e m i c a l  compounds u n d e rg o  when a d s o r b e d  on a s o l i d  s u p p o r t .
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