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The role of transition metal ions on oxyhalogen 
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A b s t r a c t  - The d e t a i l s  o f  some o f  t h e  r e a c t i o n s  and i n t e r a c t i o n s  o f  many 
o f  t h e  oxyhalogen spec ies  a re  r e p o r t e d  i n  t h e  l i t e r a t u r e .  The fo rma t ion  
o f  h i g h l y  r e a c t i v e ,  complex i n te rmed ia tes  i s  common-place i n  these reac -  
t i o n s .  However, t h e  r o l e  o f  metal  i ons  on t h e  decomposi t ion o f  these 
in te rmed ia tes  i s  l e s s  w e l l  understood. T h e i r  r o l e  i s  a l s o  o f  p r imary  
importance i n  unders tand ing  t h e  mic roscop ic  d e t a i l s  o f  most o s c i l l a t i n g  
r e a c t i o n s  where non-metal t o  t r a n s i t i o n  metal  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  
p l a y  a p i v o t a l  r o l e .  

The r e a c t i o n  between c h l o r i t e  i o n  and c h l o r i n e  and/or hypochlorous a c i d  
t o  fo rm t h e  h i g h l y  r e a c t i v e  C1202 in te rmed ia te  i s  v e r y  r a p i d  i n  a c i d  
s o l u t i o n  f o l l o w e d  by t h e  p r imary  p roduc t i on  o f  c h l o r i n e  d i o x i d e  and under 
somewhat more d i l u t e  c o n d i t i o n s  reasonable concen t ra t i ons  o f  c h l o r a t e  
i o n .  I n  l e s s  a c i d i c  s o l u t i o n s ,  t h e  p r i n c i p a l  pathway i n v o l v e s  t h e  forma- 
t i o n  o f  c h l o r a t e  i o n  by means o f  d i r e c t  e l e c t r o n  t r a n s f e r  between t r a n s i -  
t i o n  metal  spec ies  and t h e  c h l o r i n e  c o n t a i n i n g  i n te rmed ia tes .  I n  t h e  
absence o f  t r a n s i t i o n  metal  i ons  i n  t h e  near n e u t r a l  pH range, t h e  reac -  
t i o n  proceeds n e g l i g i b l y  slow. 

Emphasis w i l l  be on t h e  r o l e  o f  t r a n s i t i o n  metal  i o n s  i n  one- and two- 
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  i n  redox processes i n v o l v i n g  h i g h l y  r e a c t i v e  
non-metal species.  

INTRODUCTION 

The decomposi t ion o f  hydrogen pe rox ide  i n  t h e  presence o f  t r a n s i t i o n  metal  i o n s  demon- 
s t r a t e s  t h e  r o l e  and importance o f  s p e c i f i c  f r e e  r a d i c a l  species.  Fenton's reagent  i s  
ob ta ined by m i x i n g  aqueous i r o n ( I 1 )  and hydrogen pe rox ide  which i s  a s t r o n g e r  o x i d i z i n g  
agent than hydrogen pe rox ide  a lone ( r e f .  1) .  It can o x i d i z e  dihydrogen, i n i t i a t e  po lymer i -  
z a t i o n  and o x i d i z e  o rgan ic  substances t h a t  a re  d i f f i c u l t  t o  o x i d i z e .  
subs t ra te ,  t h e  o v e r a l l  r e a c t i o n  

I n  t h e  absence o f  a 

2FeZ+ t H,O, t 2H+ -L. 2FeS+ t 2H,O 

i s  accompanied by c a t a l y t i c  decomposi t ion o f  hydrogen perox ide .  
e x p l a i n  t h e  enhanced o x i d i z i n g  power. 
r e a c t i o n  has been analyzed i n t o  s imp le r  r e a c t i o n s :  

Th is ,  however, does n o t  
The exp lana t ion  i s  c l e a r  o n l y  a f t e r  t h e  o v e r a l l  

Fez+ t H,O, + FeOH2+ t OH 

OH t H,O, + H,O t HO, 

HO, t H,O, + H,O t 0, t OH 

Fe3+ t H,O, + Fez+ t HO, t H+ 

Fe3+ t HO, -, Fez+ t 0, t H+ 

Fez+ t OH + FeOH2+ 

FeOH2+ + Fe3+ t OH- 

OH t S + Products 

where S denotes t h e  s u b s t r a t e  t o  be o x i d i z e d  (e.g. ,  H2) and Products denotes t h e  produc ts  
o f  t h e  r e a c t i o n .  
0,- which a re  d e r i v e d  by p r o t o n  l o s s  f rom H,O, and HO,. 

Depending on t h e  pH, f u r t h e r  r e a c t i o n s  can be w r i t t e n  i n v o l v i n g  H0,- and 
Even these r e a c t i o n s  may be 

873 



a74 G. GORDON 

g e n e r a l l y  analyzed i n  more d e t a i l ,  b u t  even t h i s  l i m i t e d  a n a l y s i s  a lone i n d i c a t e s  t h a t  t h e  
enhanced o x i d i z i n g  power o f  Fenton's reagent  i s  due ma in l y  t o  t h e  i n te rmed ia te  OH r a d i c a l s  
which a r e  generated as a r e s u l t  o f  t h e  Fez+ - Fe3+ coup le  a c t i n g  as a one -e lec t ron  redox 
coup1 e. 

The o x i d a t i o n  o f  square-p lanar  complexes o f  p l a t i n u m ( I 1 )  by c h l o r i n e  o r  bromine i n  aqueous 
s o l u t i o n  r e s u l t s  i n  a t r a n s - d i h a l o  p la t inum(1V)  complex as a f i n a l  r e a c t i o n  p roduc t .  Th is  
i s  a c l a s s i c a l  method used t o  p repare  p la t inum(1V)  complexes which i n v o l v e s  t h e  o x i d a t i v e  
a d d i t i o n  o f  d iha logen  t o  t h e  p l a t i n u m ( I 1 )  complex as i s  shown below ( r e f .  2 -5 ) :  

f a s t  t x -  
PtL, t X, - X-PtL,-OH, __* X-PtL,-X 

Aqueous s o l u t i o n s  o f  c h l o r i n e  c o n t a i n  C1, and HOCl  i n  e q u i l i b r i u m .  
o x i d i z e  p l a t i n u m ( I 1 )  complexes q u a n t i t a t i v e l y .  
o rders  of  magnitude f a s t e r  than t h a t  by H O C l  a l though f r e q u e n t l y  d i f f e r e n t  r e a c t i o n  p r o -  
duc ts  a re  observed. 

Another p o i n t  o f  mechan is t i c  i n t e r e s t  i n  halogen r e a c t i o n s  i s  t h e  r e l a t i v e  r e a c t i v i t y  o f  X, 
and X,- when t h e y  o x i d i z e  a common reduc ing  agent. I n  most cases t h e  halogen i t s e l f  i s  t he  
b e t t e r  o x i d i z i n g  agent w i t h  t h e  d i f f e r e n c e  i n  r a t e  g e n e r a l l y  be ing  due t o  d i f f e r e n c e s  i n  
t h e  a c t i v a t i o n  e n t h a l p i e s .  A r i c h  d i v e r s i t y  o f  metal  i ons  have been s t u d i e d  as reduc tan ts  
i n c l u d i n g  t r a n s i t i o n  metal  i o n s  such as i r o n ,  c o b a l t ,  manganese and copper and o t h e r  metal  
i o n  spec ies  c o n t a i n i n g  f e l e c t r o n s  such as europium(I1) and uranium(1V) ( r e f .  6 - 9 ) .  I n  
genera l ,  t h e  ques t i on  o f  i n n e r  sphere versus o u t e r  sphere mechanism has o n l y  been reso lved  
i n  a few o f  t h e  halogen r e a c t i o n s  i n  t h a t  t h e  obs tac les  i n c l u d e  l a b i l i t y  o f  t h e  f i n a l  p ro -  
duc ts  and t h e  p o s s i b i l i t i e s  t h a t  t h e  r e a c t i o n s  may proceed by a s e r i e s  o f  u n i - v a l e n t  
changes. 

On t h e  o t h e r  hand, r e a c t i o n s  o f  t h e  oxyhalogen species a re  n o t  ve ry  w e l l  documented i n  t e x t  
books except f o r  t h e  d i s p r o p o r t i o n a t i o n  r e a c t i o n s  o f  c h l o r i n e  t o  fo rm hypochlorous a c i d  and 
c h l o r i d e  i o n  o r  t h a t  o f  i o d i n e  where i o d a t e  i o n  i s  r e a d i l y  formed a t  room temperature ( r e f .  
10-12).  However, t h e  chemis t ry  o f  species such as c h l o r i n e  d i o x i d e ,  c h l o r i t e  i on ,  bromate 
i o n  and bromine d i o x i d e  r e c e i v e  cons ide rab le  a t t e n t i o n  i n  t h e  l i t e r a t u r e  because o f  t h e  
ease w i t h  which they  undergo e l e c t r o n  t r a n s f e r / o x i d a t i o n  r e d u c t i o n  r e a c t i o n s .  

Both o f  these molecules 
However, i n  genera l  t h e  o x i d a t i o n  by C1, i s  

OXYHALOGEN INTERMEDIATES 

The oxyhalogen spec ies  - -  bromate, ioda te ,  o r  c h l o r i t e  i o n  - -  a re  i nd i spensab le  c o n s t i t u -  
en ts  o f  a l l  known homogeneous iso thermal  chemical o s c i l l a t o r s  i n  s o l u t i o n  ( r e f .  13-19).  
Al though t h e  f i r s t  o s c i l l a t i n g  r e a c t i o n  repo r ted ,  t h e  Bray-L iebhafsky  r e a c t i o n  ( r e f .  13), 
i s  an i o d a t e  i o n  system, t h e  overwhelming m a j o r i t y  o f  o s c i l l a t o r s  r e p o r t e d  t o  d a t e  c o n t a i n  
e i t h e r  bromate i o n  o r  c h l o r i t e  i o n .  

Bromate i o n  o s c i l l a t o r s  have been by f a r  t h e  most tho rough ly  s t u d i e d  and cha rac te r i zed  - -  
w i t h  t h e  Be lousov -Zhabo t insk i i  system, which was d iscovered almost t h i r t y  yea rs  ago, becom- 
i n g  t h e  bes t  understood p r o t o t y p e  w i t h  ex tens i ve  bodies o f  exper imenta l  and t h e o r e t i c a l  
work which a r e  i n  remarkab ly  good agreement. I n  genera l ,  ou r  unders tand ing  o f  c h l o r i t e  i o n  
o s c i l l a t o r s  i s  a t  a more p r i m i t i v e  stage i n  t h a t  these systems were f i r s t  r e p o r t e d  l e s s  
than t e n  yea rs  ago. I n v a r i a b l y ,  these h i g h l y  compl ica ted  redox systems i n v o l v e  species 
such as XO,, HXO,, HOX, X, and X -  a long w i t h  va r ious  metal  i ons .  
i n n e r  sphere versus o u t e r  sphere s u b s t i t u t i o n  r e a c t i o n s  and t h e  cor respond ing  one-e lec t ron  
versus t w o - e l e c t r o n  t r a n s f e r  processes p l a y  an impor tan t  p a r t  i n  a d e t a i l e d  exp lana t ion  o f  
these systems ( r e f .  20-26).  

For t h a t  reason, some comment w i t h  respec t  t o  t h e  r e a c t i o n s  and i n t e r a c t i o n s  o f  t h e  c h l o -  
r i n e  c o n t a i n i n g  oxyhalogen spec ies  i s  app rop r ia te  i n  o rde r  t o  app rec ia te  t h e  complex i ty  o f  
t h e  d e t a i l e d  mechanism assoc ia ted  w i t h  t h e  examples c i t e d  above. 

Ch lo r ine  i s  a s t r o n g  o x i d i z i n g  agent and r e a c t s  w i t h  a wide v a r i e t y  o f  compounds and i n  
p a r t i c u l a r  those t h a t  a re  cons idered reduc ing  agents. 
o f  t h e  r e a c t i o n s  which occur  between c h l o r i n e  and i n o r g a n i c  reduc ing  m a t e r i a l s .  However, 
i t  shou ld  be no ted  t h a t  t h e  ac tua l  r e a c t i o n s  ( i n  terms o f  s to i ch iomet ry ,  k i n e t i c s  and de- 
t a i l e d  mechanisms) a re  g e n e r a l l y  cons ide rab ly  more complex than t h e  i l l u s t r a t i o n s :  

Mn(I1) t H O C l  t 30H- = Mn(1V) t C1- t 2H,O 

2Fe( I I ) ,  t H O C l  t H,O = 2 F e ( I I I )  t C1- t H' 

The a c i d  c a t a l y z e d  d i s p r o p o r t i o n a t i o n  o f  ch lo rous  a c i d  has been s t u d i e d  under a v a r i e t y  o f  
pH va lues  and i o n i c  s t r e n g t h s  ( r e f .  11, 27-30).  Hydrogen i o n  a f f e c t s  t h e  r a t e  o f  c h l o r i n e  
d i o x i d e  p roduc t i on  g i v i n g  r i s e  t o  t h e  o v e r a l l  s to i ch iomet ry :  

5HC10, --c 4C10, t C l -  t H+ t 2H,O 

C l e a r l y ,  t h e  r o l e  o f  

The f o l l o w i n g  r e a c t i o n s  a re  t y p i c a l  
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A t  pH 2.5 about 20% o f  t h e  c h l o r i t e  i o n  undergoes d i s p r o p o r t i o n a t i o n  i n  l e s s  than 10 min- 
u tes .  
a c i d  ca ta l yzed  d i s p r o p o r t i o n a t i o n  o f  c h l o r i t e  i o n  o n l y  as a r e s u l t  o f  i m p u r i t i e s  such as 
f e r r i c  i o n .  Furthermore, t hey  have shown t h a t  t h e  r e a c t i o n :  

Schmitz and Rooze ( r e f .  31) have c l e a r l y  shown t h a t  c h l o r a t e  i o n  i s  formed from t h e  

k, 
HC10, t HC10, ---+ HOCl t H' t C10,- 

i s  n o t  an elementary r e a c t i o n  i n  t h e  decomposi t ion o f  a c i d  s o l u t i o n s  o f  c h l o r i t e  i o n ,  

I n  a c i d i c  s o l u t i o n s  (pH l e s s  than 3) ,  t h e  p r i n c i p l e  pathway f o r  t h e  fo rma t ion  o f  c h l o r i n e  
d i o x i d e  i s  c a t a l y z e d  by c h l o r i d e  i on :  

k, 
HC10, t C1- - [HC1,0,-] 

[HC1,0,-] t C1- + products  ( p r i m a r i l y  C10,) 

I n  o t h e r  words, i n  a c i d  s o l u t i o n ,  hydrogen i o n  and c h l o r i d e  i o n  and va r ious  t r a n s i t i o n  
metal  i ons  enhance t h e  fo rma t ion  o f  C10, f rom t h e  d i s p r o p o r t i o n a t i o n  o f  c h l o r i t e  i o n .  

Ch lo r ine  and/or hypochlorous a c i d  r e a d i l y  o x i d i z e  c h l o r i t e  i o n  t o  fo rm c h l o r i n e  d i o x i d e .  
On t h e  o t h e r  hand, i n  d i l u t e  s o l u t i o n ,  mos t l y  c h l o r a t e  i o n  i s  formed w i t h  t h e  fo rma t ion  o f  
l i t t l e  o r  no c h l o r i n e  d i o x i d e .  I n  a c i d  s o l u t i o n ,  these r e a c t i o n s  occur  on t h e  seconds t ime 
sca le .  However, a t  pH 7 w i t h  s o l u t i o n s  c o n t a i n i n g  1 mg/L o f  each r e a c t a n t ,  t h e  h a l f - l i f e  
i s  r e p o r t e d  t o  va ry  f rom many hours t o  days, p o s s i b l y  depending on t h e  c h l o r i d e  i o n  con- 
c e n t r a t i o n .  Trace amounts o f  f e r r i c  i o n  enhance t h e  r a t e  such t h a t  even i n  n e u t r a l  so lu -  
t i o n  t h e  r e a c t i o n  i s  completed i n  j u s t  a few seconds. 

The s t o i c h i o m e t r y  o f  c h l o r i n e  d i o x i d e  fo rma t ion  f rom t h e  r e a c t i o n  o f  excess aqueous hypo- 
ch lo rous  a c i d  o r  gaseous c h l o r i n e  w i t h  d i s s o l v e d  c h l o r i t e  i o n  i s  as f o l l o w s :  

k, 

2c10,- t Cl,(g) --c 2c10, t 2c1- 

2C10,- t HOCl  2C10, t C1- t OH- 

These r e a c t i o n s  i n v o l v e  t h e  fo rma t ion  o f  t h e  unsymmetrical i n te rmed ia te  C1 ,02: 

c1, t c10,- -c [Cl,O,] t c1-  (1 )  

A t  h i g h  concen t ra t i ons  o f  reac tan ts ,  t h e  i n te rmed ia te  i s  formed v e r y  r a p i d l y .  
formed i n  Eqn. 2 i s  r e c y c l e d  by means o f  Eqn. 1. Thus, p r i m a r i l y  c h l o r i n e  d i o x i d e  i s  p ro -  
duced as a r e s u l t .  

Ch lo r ine  

2[Cl,O,] 4 2c10, t c1, (2 )  

[Cl,O,] t c10,- 4 2c10, t c1-  (3 )  

o r  

On t h e  o t h e r  hand, a t  low i n i t i a l  r e a c t a n t  concen t ra t i ons  o f  bo th  r e a c t a n t s ,  p r i m a r i l y  
c h l o r a t e  i o n  i s  formed due t o  t h e  f i r s t  o rde r  decomposi t ion o f  t h e  Cl,O, i n te rmed ia te :  

[Cl,O,] t H,O + C10,- t C1- t 2H' ( 4 )  

Thus, h i g h  concen t ra t i ons  f a v o r  t h e  second o rde r  r e a c t i o n s  (Eqns. 2 ,  3 )  and c h l o r i n e  d i o x -  
i d e  i s  formed. A t  low concen t ra t i ons ,  t h e  second o rde r  process becomes un impor tan t  and t h e  
f i r s t  o rde r  r e a c t i o n  (Eqn. 4 )  produces c h l o r a t e  i o n  r a t h e r  than c h l o r i n e  d i o x i d e .  The rea -  
sons a re  c l e a r l y  r e l a t e d  t o  presence o f  h i g h  concen t ra t i ons  o f  i n i t i a l  r e a c t a n t s  and t h e  
r a p i d  fo rma t ion  o f  t h e  Cl,O, i n te rmed ia te  which i n  t u r n  i s  respons ib le  f o r  t h e  fo rma t ion  o f  
c h l o r i n e  d i o x i d e .  

C10,- t C1, t H,O -c C10,- t 2C1- t 2H' 

Ch lo r ine  d i o x i d e  d i s p r o p o r t i o n a t e s  i n  base by t h e  r e a c t i o n :  

2C10, t 20H- -.c H,O t C10,- t C10,- 

A t  20°C w i t h  an i n i t i a l  hydrox ide  i o n  concen t ra t i on  o f  1 x lo- ,  M t h e  r a t e  law reduces t o :  

-d[ClO,]/dt = O.O017[ClO,] t 10.0[C10,]2 

I f  t h e  i n i t i a l  c h l o r i n e  d i o x i d e  concen t ra t i on  i s  1 x M, 85% o f  t h e  t o t a l  r a t e  o f  
decomposi t ion occurs  v i a  t h e  pathways g i ven  by t h e  second-order te rm o f  t h e  r a t e  law. 
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The base d i s p r o p o r t i o n a t i o n  o f  c h l o r i n e  d i o x i d e  i s  dependent n o t  o n l y  on t h e  c h l o r i n e  d i o x -  
i d e  and hydrox ide  i o n  concen t ra t i on  b u t  a l s o  t h e  presence o f  o t h e r  bases such as phosphate 
i on ,  carbonate i on ,  b o r a t e  i on ,  and a wide v a r i e t y  o f  metal  complexes. These r e a c t i o n s . a r e  
f a s t  and c l e a r l y  comp l i ca te  ou r  unders tand ing  o f  t h e  d e t a i l s  o f  t h e  e l e c t r o n  t r a n s f e r  steps 
and t h e  r o l e  o f  metal  i o n s  i n  t h e  d i s p o r p o r t i o n a t i o n  process: 

k, 
C10, t Base + [ In te rmed ia te ]  

C10, t [ I n te rmed ia te ]  - C10,- t C10,- 

C10, t - Zero o rde r  l o s s  o f  C10, 

k3 

k 0 

Thus a t  h i g h  concen t ra t i ons  o f  c h l o r i n e  d i o x i d e  t h e  process becomes pseudo f i r s t  o rde r  i n  
c h l o r i n e  d i o x i d e  and markedly dependent on t h e  concen t ra t i on  and t y p e  o f  base o r  anion 
and/or metal  complex p resen t  i n  t h e  s o l u t i o n  under cons ide ra t i on .  

Ha lpe r in  and Taube ( r e f .  32) conducted oxygen-18 atom t r a c e r  exper iments on t h e  base decom- 
p o s i t i o n  o f  c h l o r i n e  d i o x i d e  d u r i n g  t h e  fo rma t ion  o f  c h l o r a t e  i o n  and c h l o r i t e  i o n .  
i s o t o p i c  compos i t ion  was almost i d e n t i c a l  w i t h  t h e  o r i g i n a l  c h l o r i n e  d i o x i d e  a l though minor 
d i l u t i o n  by s o l v e n t  oxygen was observed. 
Bray ( r e f .  27), t hey  proposed t h a t  t h e r e  e x i s t e d  an unsymmetr ical  c o n f i g u r a t i o n  o f  [ClO,], 
i n  t h e  t r a n s i t i o n  s t a t e  as shown below: 

The 

By us ing  t h e  r a t e  law as p r e v i o u s l y  r e p o r t e d  by 

0 

( 5 )  

According t o  H a l p e r i n  and Taube, t h e  hydrox ide  i o n  would p r e f e r a b l y  a t t a c k  t h e  more p o s i -  
t i v e  c h l o r i n e  such t h a t  i n  t h e  m a j o r i t y  o f  cases t h e  s o l v e n t  oxygen would r e s i d e  i n  t h e  
c h l o r a t e  i o n  p roduc t .  I f  i n  a smal l  percentage o f  events t h e  hydrox ide  i o n  a t tacked  t h e  t1 
c h l o r i n e ,  a smal l  amount o f  s o l v e n t  oxygen would be observed i n  t h e  c h l o r i t e  i o n  produc t .  

The r e d u c t i o n  o f  c h l o r i n e  d i o x i d e  by i o d i d e  i o n  occurs r a p i d l y  i n  bas i c  s o l u t i o n ,  p roduc ing  
c h l o r i t e  ion ,  which i s  reduced o n l y  very  s l o w l y  under n e u t r a l  c o n d i t i o n s .  However, a t  low 
pH va lues  ( i . e .  pH <2) c h l o r i t e  i o n  and c h l o r i n e  d i o x i d e  a re  bo th  r a p i d l y  reduced by i o d i d e  
ion .  I o d i n e  (and t h e  accompanying t r i i o d i d e  i o n )  i s  formed i n  each case. I n  a l l  cases, 
most t r a n s i t i o n  metal  i o n s  c a t a l y z e  these processes ( r e f .  11, 20-31).  

OSCILLATING REACTIONS 

I n t e r e s t i n g l y  enough, t h e  r e a c t i o n s  and i n t e r a c t i o n s  o f  t h e  va r ious  o x y c h l o r i n e  species are  
t h e  bes t  understood o f  a l l  o f  t h e  oxyhalogen r e a c t i o n s .  
p r i s i n g  t h a t  t h i s  l a c k  o f  a d e t a i l e d  unders tand ing  o f  t h e  i n t e r a c t i o n  o f  t h e  oxyhalogen 
species themselves has l e d  t o  cons ide rab le  d i f f i c u l t y  i n  t o t a l l y  unders tand ing  t h e  mecha- 
nism o f  o s c i l l a t i n g  r e a c t i o n s .  

One o f  t h e  bes t  examples i s  t h e  Be lousov-Zhabot insk i i  ( r e f .  14-19) r e a c t i o n  i n  t h a t  i t  
i l l u s t r a t e s  some ve ry  unusual chemical behav io r  and because i t s  t o t a l  e l u c i d a t i o n  prov ides  
bo th  a chemical cha l l enge  t o  o b t a i n  t h e  necessary thermodynamic and k i n e t i c  i n f o r m a t i o n  
about t h e  va r ious  spec ies  and a computa t iona l  cha l l enge  t o  s imu la te  t h e  exper imenta l  r e -  
su l  t s .  

The Belousov r e a c t i o n  mechanism can be bes t  understood by r e c o g n i z i n g  t h e r e  a re  two d i f f e r -  
en t  o v e r a l l  processes t h a t  can occur  i n  t h e  system. There i s  l i t t l e  c r o s s - t a l k  between the  
two processes because one i n v o l v e s  o n l y  s i n g l e t  species and t h e  o t h e r  i s  b a s i c a l l y  a r a d i -  
c a l  process as i s  shown below: 

I n  t h i s  con tex t ,  i t  i s  n o t  s u r -  

Process I B r -  t Br0,- t 2H' -c HBrO, t HOBr 

B r -  t HBrO, t H+ 2HOBr 

B r -  t HOBr t H+ + Br, t H,O 

Br, t CH,(COOH), -c BrCH(COOH), t B r -  t H' 

2Br-  t Br0,- t 3H' t 3CH2(COOH),-r3BrCH(COOH), t 3H,O 
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Process I 1  

Br0,- t HBrO, t H+ -+ 2Br0, t H,O 

C e ( I I 1 )  t BrO, t H+ --.c Ce(1V) t H,O t HBrO, 

2 C e ( I I I )  t Br0,- t HBrO, t 3H+-r2Ce( IV)  t H,O t t 2HBr0, (11) 

and 

ZHBrO, -c HOBr t Br0,- t H' (D)  

Above a c e r t a i n  c r i t i c a l  bromide i o n  concen t ra t i on ,  Process I occurs  w h i l e  below t h i s  
c r i t i c a l  bromide i o n  concen t ra t i on  Process I 1  i s  dominant. O s c i l l a t i o n s  occur  because 
Process I consumes bromide i o n  and thus  i n e v i t a b l y  leads  t o  t h e  onset o f  Process I 1  which 
by i n d i r e c t l y  p roduc ing  bromide ion ,  r e t u r n s  t h e  system t o  c o n t r o l  by Process I. 

The r a t e  de te rm in ing  s tep  f o r  Process I i s  t h e  r e d u c t i o n  o f  bromate i o n  by bromide i o n  
th rough a s e r i e s  o f  oxygen t r a n s f e r  o r  two-e lec t ron  processes. 
s i n g l e t  oxybromine spec ies  present  d u r i n g  Process I are  thermodynamical ly p l a u s i b l e  as s i n -  
g l e  e l e c t r o n  ox idan ts  such as a re  r e q u i r e d  t o  o x i d i z e  c e r i u m ( I I 1 )  t o  cer ium(1V).  
very  l i t t l e  o x i d a t i o n  o f  c e r i u m ( I I 1 )  t o  cerium(1V) occurs d u r i n g  Process I. 

A t  low bromide i o n  concen t ra t i ons ,  t h e  system s h i f t s  t o  Process I 1  where bromate i o n  and 
bromous a c i d  produce BrO, which behaves very  s i m i l a r l y  t o  C10,. 
cer ium(1V).  The n o n - l i n e a r  k i n e t i c  behav io r  o f  Process I 1  p rov ides  t h e  feedback t h a t  i s  
one o f  t h e  requ i rements  f o r  t h e  sus ta ined  o s c i l l a t o r y  behav io r .  

Subsequently, i t  has been shown t h a t  manganese(I1) and i r o n ( I 1 )  behave s i m i l a r l y  i n  t h a t  
they  a1 so i n v o l v e  one-e lec t ron  t r a n s f e r  processes. 
by p o t e n t i a l l y  m u l t i - e q u i v a l e n t  reduc ing  agents such as Br - ,  H,O?, HN,! and vanadium(I1) 
r e s u l t  i n  s imple,  mixed second o rde r  r a t e  laws which e x h i b i t  no i n d u c t i o n  pe r iods .  
C l e a r l y ,  t h e  d i s t i n c t i o n  between one-e lec t ron  and two-e lec t ron  t r a n s f e r  processes determine 
t h e  o s c i l l a t o r y  behav io r  o f  t h e  bromate system. 

The c h l o r i t e  i o n  o s c i l l a t o r s  p rov ide  an even l a r g e r  d i v e r s i t y  o f  o x y c h l o r i n e  i n te rmed ia tes  
and more comp l i ca t i ons  i n  u n r a v e l l i n g  t h e  d e t a i l s  o f  t h e  i n d i v i d u a l  mechan is t i c  processes. 
Our unders tand ing  becomes even more l i m i t e d  when i o d i d e  i o n  and/or i o d a t e  i o n  are  a l s o  
i nvo l  ved. 

A p r e l i m i n a r y  c l a s s i f i c a t i o n  scheme can be proposed i n  v iew o f  t h e  obse rva t i on  t h a t  
C r  O,,-, Mn0,-, H,AsO,, and Fe(CN),,- a l s o  show o s c i l l a t o r y  behav io r  i n  t h e  C10,- - -  I- and 
~ 1 6 , -  - -  10,- systems. 

The major  o v e r a l l  processes t a k i n g  p lace  i n  systems c o n t a i n i n g  c h l o r i t e  i on ,  i o d i d e  ion ,  
i o d i n e  and/or i o d a t e  i o n  appear t o  be t h e  f o l l o w i n g  ( r e f .  3 3 ) :  

Furthermore, none o f  t h e  

Thus, 

The produc ts  a re  HBrO, and 

However, t h e  r e d u c t i o n  o f  bromate i o n  

I ( V )  t 51- -+ 6I(O) 

41- t C l ( I I 1 )  + 4I(O) t C1- 

41- t 5 C l ( I I I )  -+ 4 I (V)  t C1- 

The d e t a i l s  o f  these i n d i v i d u a l  r e a c t i o n s  have been w e l l  s t u d i e d  and a f a i r l y  ex tens i ve  
body o f  exper imenta l  d a t a  and mechan is t i c  specu la t i on  i s  a v a i l a b l e  f o r  these processes. 

If, i n  a d d i t i o n  t o  c h l o r i t e  i o n  and i o d i d e  ion ,  a system con ta ins  a one -e lec t ron  an o x i d i z -  
i n g  s u b s t r a t e  (des ignated  Ox) then t h e  f o l l o w i n g  processes may a l s o  be expected t o  occur:  

Ox t I -  -+ Red t I ( 0 )  

50x t I (0)  -+ 5Red t I ( V )  

Ox t C l ( I I 1 )  + Red t C l ( 1 V )  

Ox t C l ( I V )  -+ Red t Cl (V)  

where Red rep resen ts  t h e  reduced fo rm o f  t h e  species Ox. 

C l e a r l y ,  even t h i s  s i m p l i f i e d  s t o i c h i o m e t r y  neg lec ts  k i n e t i c a l l y  impor tan t  oxyhalogen spe- 
c i e s  such as HOC1, C1,0, and Cl,O, which have been shown t o  be impor tan t  i n  t h e  correspond- 
i n g  d i s p r o p o r t i o n a t i o n  and redox r e a c t i o n s  o f  c h l o r i t e  i o n  and c h l o r i n e  d i o x i d e .  
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I n  many ways, ou r  unders tand ing  o f  t h e  oxyhalogen o s c i l l a t o r y  systems i s  g r e a t l y  hampered 
by t h e  l a c k  o f  d e t a i l e d  i n f o r m a t i o n  a v a i l a b l e  on i n t e r a c t i o n s  between t h e  oxyhalogen spe- 
c i e s  themselves. Most l i k e l y ,  t h e  r a t e  laws which have been pub l i shed  c o r r e c t l y  desc r ibe  
t h e  broad f e a t u r e s  o f  t h e  r e a c t i o n s ,  b u t  t hey  do n o t  c o r r e c t l y  desc r ibe  t h e  mic roscop ic  
d e t a i l s  o f  t h e  i n d i v i d u a l  r e a c t i o n s  a c t u a l l y  i nvo l ved  i n  t h e  one- and two-e lec t ron  t r a n s f e r  
processes which cause o r  e l i m i n a t e  t h e  o s c i l l a t o r y  behav io r .  
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