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Summary 

The xanthene dye Rose Bengal disodium salt of 3', 4', 5', 6'-tetrachloro-2, 

4, 5,7-tetraiodofluorescein) has been eovalently bound to alinear (soluble) 

copoly styrene-vinyl benzyl chloride. The chemical union takes place 

through alkylation of the carboxylate anion of the dye by one of the chloro- 

methyl groups grafted on the polymer. The quantum yield of singlet oxygen 

generation results equal to that of the free dye and the photostability seems 

to be improved. 

In t roduct ion  

The use of insoluble polymeric photosensitizers appears as an attractive 

technique in photochemical synthesis (NECKERS, 1978). The potential 

utility of these sensitizers has been also claimed in connection with the 

future development of chemical-based solar energy systems (HAUTALA 

and LITTLE, 1980). A relevant example of this typ~ of sensitizers is 

constituted by the chemical union of a typical photosensitizing dye, Rose 

Bengal, to a cross linked styrene-divinyl benzene copolymer matrix as 

singlet oxygen generator (SCHAAP et al., 1975, 1979). Linear polystyrene, 

conveniently functionalized, is being currently used in our laboratory to 

attach to it different sort of molecular species which are recognized as 

efficient photosensitizers (CATALINA et al., 1982). The linear character 

of such polymeric supports allows the evaluation of their sensitizing 

properties to be effected in homogeneous solution, a condition which 

facilitates in high degree the achievement of quantitative measurements, 

particularly those concerning light absorption (MARTINEZ-UTRILLA and 
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SASTRE, 1982). Previous work with model molecules (AMAT et al.,) had 

shown that the esterification of the carboxylic function in Rose Bengal (RB) 

could be carried out by an alkyl halide without affecting the phenoxide anion: 
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Esterification of  RB 

RB 

s P - R B  

has also been the subject of a recent report 

(LAMBERTS and NECKERS, 1983). We had found out that decarboxylation 

of RB constituted the most serious secondary reaction limiting the ester 

formation. After this previous exploratory work, the chemical binding of 

RB to linear chloromethyl polystyrene was undertaken in the hope of obtain- 

ing a polymeric sensitizer that, being soluble in organic media, would 

retain the singlet oxygen efficiency of the free dye. As it will be shown 

later, our goal has been accomplished although the amount of dye bound to 

the polymer is much less than the stoichiometric one, as calculated from 

the chloromethyl content of the starting polystyrene. The efficiency in 

singlet oxygen generation is analogous to that of the free dye but with the 

advantage of its photostability being significantly better. 

Experimental 

Polystyrene (Mn = 143. 560) was functionalized through a reaction with 

chloromethyl methyl ether. The original procedure (PEPPER et al., 1953), 

modified by us in order to minimize the secondary reactions of the chloro- 

methyl groups, was followed to obtain starting polymers of different chloro- 

methyl contents. The soluble polymer-bound Rose Bengal, thereafter 

designed as sP-RB, was prepared by reacting the para-chloromethyl poly- 

stirene with RB of commercial origin (Fluka). In some cases, the purified 

lactonic form of the dye was employed in order to facilitate the identifica- 
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t ion  o f  p r o d u c t s .  A g e n e r a l  s y n t h e t i c a l  p r o c e d u r e  c o n s i s t e d  in m i x i n g  0.2 g 

of  the  s t a r t i n g  p o l y m e r  and  0 . 2  g of  RB in 50 m l  of  c y c l o h e x a n o n e - w a t e r  

( 49 :  1) o r  in 25 m l  of  d i m e t h y l f o r m a m i d e ,  D M F .  O n c e  a l l  the  d y e  w a s  

d i s s o l v e d ,  the  m i x t u r e  w a s  v i g o r o u s l y  s t i r r e d  and  h e a t e d  a t  65 o. T h e  

a d v a n c e  of  r e a c t i o n  w a s  m o n i t o r e d  b y  T L C  u s i n g  c h l o r o f o r m - e t h a n o l  (2 :1 )  

a s  e l u e n t .  A f t e r  24 h o u r s ,  the m i x t u r e  w a s  p o u r e d  in to  p e n t a n e - m e t h a n o l  

(1 : 1) and  the  p r e c i p i t a t e d  d a r k  r e d  p o l y m e r  f i l t e r e d  off .  P u r i f i c a t i o n  w a s  

c a r r i e d  out  b y  d i s s o l v i n g  the s o l i d  in t e t r a h y d r o f u r a n e  and  s u b s e q u e n t  r e -  

p r e c i p i t a t i o n  in m e t h a n o l .  T h e  r e c o v e r e d  s P - R B  w a s  f i n a l l y  d r i e d  a t  

v a c u u m  f o r  48 h o u r s  a t  40 o. W h e n  p r e c i p i t a t i o n  w a s  e f f e c t e d  in the  p r e -  

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

to the  a c i d  ( p h e n o l i c )  f o r m  of  the  dye .  The  RB c o n t e n t  of  the  p o l y m e r  w a s  

s p e c t r o p h o t o m e t r i c a l l y  d e t e r m i n e d  in D M F ,  a t  572 nm,  t a k i n g  9.6 104 M -1 
-1 

c m  f o r  the  v a l u e  of  the  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  o f  the  e s t e r i f i e d  RB.  

T h i s  v a l u e  h a d  b e e n  o b t a i n e d  p r e v i o u s l y  w o r k i n g  w i th  the  m o n o m e r i c  

e s t e r s .  
-1 

I n f r a r e d  s p e c t r a  s h o w e d  the  a p p a r i t i o n  of  the  new e s t e r  b a n d  a t  1730 c m  , 

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

b a n d ,  1270 c m  -1,  due  to the  low d e g r e e  of  r e a c t i o n  r e a c h e d  in a l l  the  c a s e s .  

T h e  o r i g i n a l  h igh  s o l u b i l i t y  of  the  c h l o r o m e t h y l  p o l y s t y r e n e  in b e n z e n e  i s  

s t r o n g l y  d i m i n i s h e d  when  the  RB c o n t e n t  in the  s a m p l e  i s  i n c r e a s e d .  

N e v e r t h e l e s s ,  the  s o l u b i l i t y  of  the  s P - R B  r e m a i n s  s u f f i c i e n t  enough  to 

y i e l d  b e n z e n e  s o l u t i o n s  of  h igh  a b s o r b a n c e ,  the  n e c e s s a r y  r e q u i s i t e  to 

c o l l e c t  l i g h t  in an  e f f i c i e n t  way .  K i n e t i c  r u n s  f o r  q u a n t u m  y i e l d  d e t e r m i n a -  

t i o n s  w e r e  c a r r i e d  ou t  e m p l o y i n g  a 55 W t u n g s t e n - h a l o g e n  l a m p  ( O s r a m  

H3) p r o v i d e d  w i th  a l e n s e  and  f i l t e r  g l a s s  (Scho t  S F K  11) in o r d e r  to 

i s o l a t e  a b a n d  c e n t e r e d  a t  552 rim. S a m p l e s  in c o n v e n t i o n a l  p y r e x - g l a s s  

c e l l s  (1 c m  o p t i c a l  pa th)  w e r e  i r r a d i a t e d  in a m e r r y - g o - r o u n d  a p p a r a t u s  

w h i c h  a l l o w e d  the  s i m u l t a n e o u s  i r r a d i a t i o n  of  up  to e i g h t  c e l l s .  1, 3 - D i -  

p h e n y l i s o b e n z o f u r a n e  ( A l d r i c h ) ,  D P I B F ,  h a s  b e e n  u s e d  to s c a v e n g e  the  

s i n g l e t  o x y g e n .  T h e  c o m m e r c i a l  p r o d u c t  w a s  e m p l o y e d  a s  s u c h ,  a l t h o u g h  

a m e a s u r e m e n t  of  the  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  w a s  m a d e  in o r d e r  to 
-1 -1 

c h e c k  i t s  p u r i t y .  T h e  o b t a i n e d  6 - v a l u e  ( 2 3 . 5 0 0  M c m  ), w a s  in 

a c c o r d a n c e  w i th  t ha t  in the  l i t e r a t u r e  a t  410 n m  in m e t h a n o l  (YOUNG 
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et  a l . ,  1973). The r e l a t i v e  p h o t o s t a b i l i t y  of the p o l y m e r i c  p h o t o s e n s i t i z e r s  

was  d e t e r m i n e d  by  i r r a d i a t i n g  the f r e e  RB and the s P - R B  s a m p l e s  with 

the e n t i r e  output  of a 500 W high p r e s s u r e  xenon l a m p  ( O s r a m  XBO) 

f o c a l i z e d  on the c e l l s  wi th  the a id  of an s p e c i a l  e l l i p t i c  m i r r o r .  B e f o r e  

e n t e r i n g  the s a m p l e s ,  the IR p a r t  of the inc iden t  r a d i a t i o n  was  a b s o r b e d  

in a w a t e r - g l a s s  f i t t e r .  

R e s u l t s  and D i s c u s s i o n  

The r e s u l t s  s u m m a r i z e d  in Tab le  I show that  the amoun t  of RB l inked  to 

the p o l y s t y r e n e ,  th rough  r e a c t i o n  with  the c h l o r o m e t h y l  func t ions ,  i s  f a r  

f r o m  the s t o i c h i o m e t r i c  one. The two f i r s t  s a m p l e s  have  d y e - c o n t e n t s  

i nd i ca t i ng  that  only  a 10 % of the r e a c t i v e  c h l o r i d e  has  f o r m e d  the e s t e r  

with the c a r b o x y l a t e  anion of the RB, the r e s t  r e m a i n i n g  in tac t .  P r e l i m i -  

n a r y  r e s u l t s  ob t a ined  us ing  eos in  ( d i s o d i u m  s a l t  of t e t r a c h l o r o - 2 ,  4, 5, 7 -  

t e t r a b r o m o f l u o r e s c e i n )  i n s t e a d  of RB, i nd i ca t e  a l s o  a s i m i l a r  b e h a v i o u r .  

T h e s e  r e s u l t s  can be i n t e r p r e t e d  a s s u m i n g  that  the vo luminous  and e l e c t r i -  

c a l l y  c h a r g e d  dye m o l e c u l e  e x e r t s  a kind of u m b r e l l a  e f fec t  h i n d e r i n g  the 

a p p r o a c h  of new m o l e c u l e s  to the r e a c t i v e  s i t e s  of the p o l y m e r i c  f r a m e -  

work .  Consequen t ly ,  the f o r m a t i o n  of new e s t e r - b o n d s  i s  p r e v e n t e d .  It is  

T A B L E  I 

Pho toox ida t i on  of 1, 3 - D i p h e n y l i s o b e n z o f u r a n e  in DMF 

with p o l y m e r - b o u n d  Rose  Benga l  and E o s i n  

Photosensitizer 

s P - R B  1 

s P - R B  2 

s P - R B  3 

s P - E o s i n  

P-CH2C1 
(%) 

7 

14 

54 

7 

Dye content 

(%) 
~max 
(nm) 

0 .8  

1 .8  

3 .2  

0 .71  

572 

572 

572 

544 

R e l a t i v e  
quantum 

y i e l d  * 

0 .99  

0 .80  

1 

* Average of at least six experiences. 
* * A similar relative quantum yield was obtained when benzene was used 

as solvent. 
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worth  noting that a t t empts  to i n c r e a s e  the dye content  by r eac t ing  a sample  

of s P - R B  with RB, under  the s t andard  expe r imen ta l  condi t ions ,  were  un-  

frui t ful .  T h e r e f o r e ,  one can infer  that the dye -con ten t  of the sample  was 

the m a x i m u m  at ta inable  or ,  at leas t ,  v e r y  n e a r  to it. F u r t h e r m o r e ,  no 

i n c r e a s e  is o b s e r v e d  on working at h igher  t e m p e r a t u r e s .  Under  these  

condi t ions ,  the e s t e r i f i c a t i on  ra te  g rows  as expected,  but the d e c a r b o x y l -  

at ion p r o c e s s  b e c o m e s  then an impor tan t  de t r imen t a l  r eac t ion .  

The photooxidat ion e f f ic ienc ies  of the synthe t ized  s P - R B  samp le s  were  

evalua ted  by m e a s u r i n g  the re la t ive  quantum yie lds  of s ingle t  oxygen gene-  

ra t ion ,  taking the f ree  RB as r e f e r e n c e .  The ra te  of d i s a p p e a r a n c e  of the 

t rapping  agent,  in the p r e s e n t  case  DPIBF,  is r e l a t ed  to the quantum yield  

of s inglet  oxygen genera t ion  (~102 by the gene ra l  e x p r e s s i o n  (1) 

dC 
dt - IaEISEO2 E t r  =- Iaq0102 E t r  (1) 

where  I a s tands  for  the l ight  in tens i ty  a b s o r b e d  (e ins te ins  s - l L  -1) and EIS, 

EO2 and E t r  a re  the e f f ic ienc ies  of the fol lowing p r o c e s s e s :  i n t e r s y s t e m  

conve r s ion ,  e n e r g y  t r a n s f e r  to m o l e c u l a r  oxygen and t rapping of s inglet  

oxygen. Mult ipl icat ion of the two f o r m e r  give the quantum yield  of s inglet  

oxygen genera t ion ,  which is the p a r a m e t e r  n o r m a l l y  used  to c h a r a c t e r i z e  

the e f fec t iveness  of a s e n s i t i z e r  when the m e c h a n i s m  is of the Type II. 

The above e x p r e s s i o n  is t r a n s f o r m e d  into (2), sui table fo r  use  in our  

p a r t i c u l a r  case :  
dC C (2) 

I m F ~ I o  2 ~ + C dt 

where  I m r e p r e s e n t s  the m a x i m u m  in tens i ty  of l ight  which a sample  in the 

m e r r y - g o - r o u n d  appa ra tu s  is able to abso rb  i .e. ,  when the dye c o n c e n t r a -  

tion is high enough to abso rb  all  the wavelenghts  conta ined in the incident  

l ight.  We use  the p a r a m e t e r  F to take into account  the d i f fe ren t  absorban-  

ces  of the i r r a d i a t e d  s am p le s  and the values  of the t r a n s m i s s i o n  coefficient 

of the f i l t e r  at seven wavenlenghts  (see F ig .  1). In this way, I m t imes  F 

gives  the ac tua l  l ight abso rbed  fo r  a p a r t i c u l a r  sample .  The changes  

o c c u r r i n g  in the absorp t ion  s p e c t r u m  dur ing i r r ad i a t i on  of a sample  a r e  
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shown  in F i g .  1. T h e  f u n c t i o n a l  f o r m  of  the t r a n s m i s s i o n  c o e f f i c i e n t  of  the  

f i l t e r  and  the  w a v e n l e n g t h s  s e l e c t e d  to c a l c u l a t e  F a r e  a l s o  i n c l u d e d .  
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F i g .  1: A b s o r p t i o n  s p e c t r a  e v o l u t i o n  u n d e r  i r r a d i a t i o n  a t  552 
n m  of  m i x t u r e  of  s P - R B  ( 1 . 3 5 x 1 0 - 5 M ) a n d  D P I B F  
( 4 . 3 x 1 0 - 5 M )  in D M F .  

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

RB d e m o n s t r a t e d  t ha t  the  B - v a l u e  f o r  D P I B F  w a s  the  s a m e  in b o t h  s o l -  

v e n t s .  T h u s ,  we  f i n a l l y  a d o p t e d  the l i t e r a t u r e  v a l u e  of  7 . 3  x 10 -5  M 

r e p o r t e d  f o r  m e t h a n o l ,  (YOUNG et  a l . ,  1973). T h e  r e l a t i v e  q u a n t u m  y i e l d  

of  s i n g l e t  o x y g e n  f o r m a t i o n  f o r  a p o l y m e r i c  s e n s i t i z e r  i s  r e f e r r e d  to t he  

m o n o m e r i c  u n b o u n d  s e n s i t i z e r  t h r o u g h  e x p r e s s i o n s  (3) and  (4): 

Y 1 [Ao-A Ao] 
q~r = ~- (3) ; Y (or X) -- ~-L~ + in A J (4) 
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w h e r e  Y s t ands  f o r  the p o l y m e r i c  and X f o r  the f r e e  s e n s i t i z e r  s o l u t i o n s  

which a r e  s i m u l t a n e o u s l y  i r r a d i a t e d  in the m e r r y - g o - r o u n d  a p p a r a t u s .  A 
o 

and A r e p r e s e n t  the a b s o r b a n c e s ,  b e f o r e  and a f t e r  i r r a d i a t i o n ,  of each  

so lu t ion  m e a s u r e d  at  the a b s o r p t i o n  m a x i m u m  of D P I B F ,  ~ be ing  the 

m o l a r  ex t inc t i on  c o e f f i c i e n t  of th is  compound.  M e a s u r e m e n t s  a t  d i f f e r e n t  

d o s e s  of i r r a d i a t i o n  w e r e  taken  fo r  e ach  s a m p l e .  In a l l  the c a s e s ,  l i n e a r  

p lo t s  of Y v e r s u s  :K w e r e  ob ta ined .  The r e s u l t i n g  ~ - v a l u e s  a r e  given in 
r 

T a b l e  I. It can be o b s e r v e d  that  only  the s a m p l e  with the h i g h e s t  d y e - c o n -  

tent  has  a l o w e r  e f f e c t i v e n e s s  in s i n g l e t  oxygen g e n e r a t i o n  than the f r e e  

dye.  DMF was  u sed  in a l l  the e x p e r i m e n t s ,  but one r e s u l t  c o r r e s p o n d i n g  

to benzene  is  a l s o  inc luded .  Th i s  one i s  only  a p p r o x i m a t e d  b e c a u s e  of the 

rough  e x t r a p o l a t i o n  m a d e  f r o m  l i t e r a t u r e  va lue s  (YOUNG et a l . ,  1973) in 

o r d e r  to e s t i m a t e  ~.  

F i n a l l y ,  s o m e  e x p l o r a t o r y  work  on the p h o t o s t a b i l i t y  of the bound dye was  

c a r r i e d  out. The a b s o r b a n c e  d e c r e a s e  o c c u r r i n g  at  the dye a b s o r p t i o n  

m a x i m u m  (562 and 572 nm f o r  RB and s P - R B ,  r e s p e c t i v e l y )  was  fo l lowed  

a f t e r  i r r a d i a t i n g  the s a m p l e s  with a l l  the v i s i b l e  and UV output  of a 500 W 

high p r e s s u r e  xenon l a m p .  A s  i n s p e c t i o n  of F i g .  2 shows ,  the l i g h t f a s t -  

1.0- 

Abs/Abs o 

0.5 

Fig. 2: 

0 I I I I I I 

1 2 S 4 5 6 

Irradiation time (hours) 

P h o t o b l e a c h i n g  u n d e r  UV-VIS high i n t e n s i t y  
i r r a d i a t i o n :  o f r e e  RB; �9 s P - R B  ( 1 .8% ) .  
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n e s s  of the l inked RB a p p e a r s  to be g r e a t e r  that  the one c o r r e s p o n d i n g  to 

the f r e e  dye. 

Conc lus ions  

A l i n e a r  p o l y m e r - b a s e d  R o s e  Benga l  has  been  obta ined  which is so luble  in 

o rgan i c  med i a .  Th is  p o l y m e r i c  p h o t o s e n s i t i z e r  has  the s a m e  o r  ana logous  

e f f e c t i v e n e s s  in s ens i t i z i ng  s ing le t  oxygen f o r m a t i o n  to the unbound Rose  

Bengal .  On the o the r  hand,  this so luble  p o l y m e r i c  p h o t o s e n s i t i z e  presents  

r e m a r k a b l e  a d v a n t a g e s  with r e g a r d  to i ts  inso luble  and c r o s s l i n k e d  coun-  

t e r p a r t  such as:  a) an e a s i e r  p r e p a r a t i o n ,  pu r i f i ca t ion  and a n a l y s i s ;  b) a 

m o r e  p r e c i s e  eva lua t ion  of i ts  s ing le t  oxygen pho togene ra t i on  e f f ic iency ;  

c) the p o s s i b i l i t y  of be ing  used  in so lven t s  w h e r e  both f r e e - R B  and c r o s s -  

l inked P - R B  a r e  inso lub le  and t h e r e f o r e  unable  to s e n s i t i z e  s ing le t  oxygen 

f o r m a t i o n  in such  an e f f ic ien t  way.  L a s t  but not l e a s t  it p o s s e s e s  a h ighe r  

pho tos t ab i l i t y  than the f r e e - R B .  

F i n a n c i a l  aid by C . A . I . C . Y . T .  is g r a t e f u l l y  a p p r e c i a t e d .  
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