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ABSTRACT!

KINETICS AND MECHANISM. OF TWO REDOX REACT IONS I

I .  THE OXIDATION OF FORMIC ACID BY SIE V E R (II),

I I .  THE OXIDATION OF OXALIC ACID BY SIL V E R (II).

LEO C. MILLER 

M entort P r o f e s s o r  Jack  I .  Morrow

The k i n e t i c s  and mechanism f o r  t h e  r e a c t i o n  o f  s i l v e r ( I I )  

w it h  fo r m ic  a c id *  a m o n o c a r b o x y l lc  a c id *  and o x a l i c  a c id *  a 

d l a a r b o x y l i c  a c id *  have b e e n  i n v e s t i g a t e d  u s in g  th e  s to p p e d -  

f lo w  t e c h n iq u e .

The s tu d y  o f  th e  o x i d a t i o n  o f  f o r m ic  a c i d  by s i l v e r ( I I )  

i n  0.71M  t o  6 . 3M n i t r i c  a c i d  s o l u t i o n s  r e s u l t s  i n  a r a t e  e x ­

p r e s s i o n  o f  th e  form*

-*  a [ A s < n f l /  a t
{ , +Ko ^ - j } ! y j

a t  25 ®G and c o n s t a n t  i o n i c  s t r e n g t h .  Two p o s s i b l e  r e a c t i o n  

pathw ays r e s u l t i n g  i n  th e  same r a t e  e x p r e s s io n *  c o n s i s t e n t  

w ith  a l l  th e  data*  a r e  d i s c u s s e d .  The mechanisms d i f f e r  in  

t h a t  one i n v o l v e s  th e  f o r m a t io n  o f  an  in te r m e d ia t e  complex  

i o n  and th e  o th e r  does; n o t .

W ith reg a rd  t o  o x a l i c  a c id *  i t s  o x i d a t i o n  by  s i l v e r ( I I )  

i n  2.2M t o  6.0M n i t r i c  a c i d  s o l u t i o n s  r e s u l t s  i n  a r a t e  e x ­

p r e s s i o n  o f  th e  form*

- k  d [ A g ( I I ) ] /  d t  rA8CIlJ1

a t  5 °C and c o n s ta n t  i o n i c  s t r e n g t h .

The d i f f e r e n t  form s o f  th e  r a t e  e x p r e s s i o n s  f o r  th e  two
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r e a c t i o n s  s t u d ie d  i n d i c a t e  s i g n i f i c a n t l y  d i f f e r e n t  m e c h a n is t ­

i c  p athw ays a r e  in v o lv e d  i n  t h e s e  r e a c t i o n s .  P a r t i c u l a r l y  

s t r i k i n g  i s  th e  a b se n c e  o f  a n i t r a t e  i o n  dependence  f o r  t h e  

o x a l i c  a c i d - s i l v e r ( I I ) ;  r e a c t i o n ,  w h i le  th e  fo r m ic  a c i d -  

s i l v e r  ( I I )  r e a c t i o n  e x h i b i t s  a d e f i n i t e  n i t r a t e  i o n  i n h i b i t ­

io n *  In  b o th  s t u d i e s  a f r e e  r a d i c a l  r e a c t i o n  pathw ay i s  i n ­

d i c a t e d .  S i m i l a r i t i e s  and d i f f e r e n c e s  i n  t h e  r e a c t i o n s ' a r e  

d i s c u s s e d .
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IMTRODU CTI OH

A* S l l v e r ( I l )  C hem istry

Aa e a r l y  aa 1809 I t  was known t h a t  a b la c k  m a t e r ia l  waa

produced a t  a p la tin u m  anode d u r in g  th e  e l e c t r o l y a i a  o f  s i l v e r ( I )

sa lt s® *  One hundred and t w e n t y - s i x  y e a r a  l a t e r  Noyes and c o -

w orkers^  used m a g n e tic  s u s c e p t i b i l i t y  m easurem ents t o  show

t h a t  th e  b la c k  m a t e r ia l  d i s s o l v e d  i n  n i t r i c  a c id  s o l u t i o n  was

th e  p a ra m a g n etic  s i l v e r ( I l )  species® . The e l e c t r o n  s p i n

re so n a n c e  s p e c t r a  o f  s l l v e r ( I l )  i n  l i q u i d  and f r o z e n  a c i d i c

s o l u t i o n s  have been  exam ined by  Me M i l la n  and S m a ller* ^  The

e » s * r *  spectrum  o f  s i l v e r ( X l )  i n  n i t r i c  a c i d  s o l u t i o n  i s  a
4s i n g l e  broad l i n e  w i th  a g  v a lu e  o f  2 *1 3 3 ®

The s i l v e r ( I l )  s p e c i e s  in  a c id lc ^ * ^ ® ^ , ®and a l k a l i n e " ^ * * ®  

media has been  e x t e n s i v e l y  i n v e s t i g a t e d  by numerous r e s e a r ­

c h e r s*  In  aqueous n i t r i c  a c id  media a 1 I 1 s l l v e r ( I l ) - n i t -
1 1 1 2  13r a t e  io n  com plex i s  formed* 9 Honig and K u st ln  have found

t h a t  th e  n i t r a t o s l l v e r ( I l )  e q u i l ib r iu m  c o n s t a n t  f o r  th e  r e a c t ­

io n

Ag2 * + H03 “ AgN03 + (1)
1 Oii s  0*94M“ ‘ v i a  s p e c tr o p h o t o m e t r ic  m ethods* S i m i l a r l y ,  Ag^ 

h y d r o ly z e s  i n  aqueous p e r c h l o r i c  a c i d  a c c o r d in g  t o  th e  r e a c t ­

io n

Ag2 * + HOE ■<: v AgOH+ + H+ * (2 )
—1 13The e q u i l ib r iu m  c o n s ta n t  i s  e q u a l  t o  0*72M ,  ;  No e v i d ­

en ce  has b een  found t o  show t h a t  s i l v e r ( I I ) - p e r c h i o r a t e  com-
12 1 *5 1 4  1 *5 1 6 17p l e x a t i o n  occurs, in  aqueous a c i d  s o lu t io n ®  * S t u d ie s  9 9

a t t e m p t in g  t o  show t h i s  ty p e  o f  c o m p le x a t lo n  have b een  i n -

10
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i 2t i o
t e r p r e t e d  on th e  b a s i s  o f  medium e f f e c t s *  O th e r s '° h a v e  

s t u d ie d  th e  s t a b i l i t y  o f  s i l v e r ( I I )  in  a c i d i c  s u lp h a t e  media  

b u t  o n ly  s p e c u la t e  on th e  e x i s t e n c e  o f  s i l v e r ( I l ) - s u l f a t e  

complexes;*

Noyes and c o w o r k e r s ^ * ^ * '9 » 2 0 921among o t ^e r 3 » 5 * 1 5 S1 6®22 

r e s e a r c h e r s  have shown t h a t  s i l v e r ( I I )  i n  m in e r a l  a c id  s o l ­

u t i o n s  w i l l  r a p i d l y  d i s p r o p o r t i o n a t e  t o  y i e l d  s i l v e r ( l )  and 

s i l v e r ( I I I )*

2Ag( I I ) A g ( l )  * Ag(XIX) (3 )

T h is  e q u i l ib r iu m  l i e s  f a r  t o  t h e  l e f t *  The s i l v e r ( I I )  con­

c e n t r a t i o n  i s  o v e r  3*3 x  10^ f o l d  g r e a t e r  th a n  th e  s i l v e r ( I I I )  

c o n c e n t r a t io n * 2^ A d d i t io n a l ly *  (Jordon and Wahl2 ^have i n v e s t i ­

g a te d  th e  ex ch a n g e  r e a c t i o n  b e tw e e n  s i l v e r ( I )  aud s i l v e r ( I I )  

and have p ro p o sed  t h a t  th e  r e a c t i o n  p r o c e e d s  v i a  th e  b im o le -  

c u l a r  r e a c t i o n  o f  a l l v e r ( I l )  p r e v i o u s l y  g iv e n *

S i l v e r ( I I )  io n s  have b een  g e n e r a te d  i n  a c i d  media e i t h e r  

by d i s s o l u t i o n  o f  s i l v e r ( I X )  o x id e  i n  m in e r a l  a c i d  s o l u t i o n  

o r  by th e  a n o d ic  o x i d a t i o n  o f  s l l v e r ( l )  t o  a i l v e r ( I l )  i n  

m in e r a l  a c id  s o lu t i o n *  The p r e p a r a t io n  o f  s i l v e r (II) o x id e  

h a s  b een  r e p o r te d  by many w ork ers*  One method u sed  t o  p r e ­

p a re  s i l v e r ( I l )  o x id e  I n v o lv e s  t h e  o x i d a t i o n  o f  s l l v e r ( I )

I n  s o l u t i o n  by a l k a l i n e  p e r o x o d i s u l f a t a 2 ^*2 ^*2®9^  Numerous 

r e s e a r c h e r s ^ 8*21 s30*3t *3 2 ^ ^  U3e(j e l e c t r o l y t i c  m ethods  

t o  g e n e r a te  s i l v e r  ( I  I); from s i l v e r  ( I )  s a l t s  (e*g* n i t r a t e  p 

p e r c h l o r a t e  and s u l f a t e )  i n  th e  a p p r o p r ia te  m in e r a l  a c id  

s o l u t i o n *  A n oth er  p r e p a r a t iv e  method u sed  t o  g e n e r a t e  s i l v e r ( I I )

i s  th e  o x i d a t i o n  o f  s l l v e r ( l )  i n  n i t r i c  a c i d  s o l u t i o n  by
15* 20, 33  ozone* p * J
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D iam agn etic  s i l v e r ( I I . )  o x id e  has b een  shown t o  be  

A g ( I ) A g ( I I lX 0 2 i n  th e  c r y s t a l l i n e  s t a t e  by n e u tr o n  d i f f ­

ra c t io n © ^  *-^® 35,36 However, s i l v e r ( I I )  o x id e  h a s  b een  shown 

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

e x t e n t  s u l f u r i c  a c id  t o  y i e l d  s i l v e r ( I I )  lo n s© ^ 9^ ® ^  S i l v e r ( I I )  

o x id e  was used i n  t h i s  s tu d y *

S i l v e r ( I I )  h a s  b een  used  In  q u a n t i t a t i v e  a n a l y s i s  a s

an o x id im e t r i c  r e a g e n t  f o r  t r a c e  m e ta l  a n a ly s i s ©  Klmura and 
28 38Murakami and Tanaka have r e p o r te d  t h a t  s i l v e r ( I I )  may be 

u se d  i n  m ic r o a n a ly s i s  i n v o l v i n g  manganese d e t e r m in a t io n s  i n  

b i o l o g i c a l  m a t e r i a l s ,  s i l i c a t e  r o c k s  and n a t u r a l  w aters©  These  

r e s e a r c h e r s  con clu d e  t h a t  u s in g  s i l v e r ( I I )  f o r  m anganese  

a n a l y s e s  overcom es many o f  th e  d i f f i c u l t i e s  p r e v i o u s l y  e n ­

c o u n te r e d  u s in g  sodium b lsm u th a te  and ammonium p e r o x o d is u l f a te ©
3 9L lg a n e  and D avis  s tu d ie d  th e  use o f  s i l v e r ( I I )  a s  an o x i d i ­

m e t r i c  r e a g e n t  f o r  d e te r m in a t io n s  o f  m a n g a n e s e ( I I ) , c e r lu m ( I I I )  

and chrom ium (III)©  These w orkers  o b se rv ed  t h a t  when s i l v e r ( I I )  

o x id e  i s  d i s s o l v e d  i n  c o ld  n i t r i c  a c i d ,  p e r c h l o r i c  a c i d  or  

s u l f u r i c  a c id  s o l u t i o n s  o f  M n ( I l ) , Ca ( I I I )  o r  C r ( I I I )  o x i -
«9 2®®d a t io n  t o  MnO  ̂ , Ga(IV) or  CrgOy o c c u r s  ra p id ly ©  The r e ­

s u l t a n t  s o l u t i o n s  o f  p erm an gan ate , cer iu m (IV )  o r  dichrornate  

a r e  th e n  t i t r a t e d  w i t h  s ta n d a r d iz e d  i r o n ( I l )  s o l u t i o n s  p h o to ­

m e t r i c a l l y  or p o t e n t io m e t r ic a l ly ©

R e a c t io n  k i n e t i c s  I n v o lv in g  s i l v e r ( I I )  h as  b een  found  

o f  i n t e r e s t  by numerous i n v e s t i g a t o r s ©  F i r s t l y ,  s i l v e r ( I l )  

i s  an  e x c e p t i o n a l l y  p o w erfu l  o x i d i z i n g  a g e n t  i n  m in e r a l  a c id  

s o lu t io n s ©  The A g ( I I ) / A g ( l )  c o u p le  i s  +1 ©93V i n  4M n i t r i c
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12
and+!3*97V i n  4M p e r c h l o r i c  a c id  a t  25° G making s i l v e r ( I I )

41one o f  t h e  s t r o n g e s t  one e l e c t r o n  o x id a n ts *  A s id e  from i t s  

e x c e p t i o n a l l y  h ig h  o x i d a t i o n  p o t e n t i a l ,  k l n e t i c a l l y  i t s  r e a c t ­

io n s  a r e  u s u a l l y  ra p id *  The r e a c t i o n  o f  s i l v e r ( I I )  w i t h  h y d ro -
p“5 Ap ho JxC)

gen  p e r o x i d e ,  9 h y d ro q u in o n e , ^ n i t r o u s  i o n ,   ̂ and h y d ra -

z i n e 4 3 i s  e s s e n t i a l l y  com p le te  w i t h in  th e  r e s o l u t i o n  t im e o f  

th e  s t o p p e d - f lo w  a p p a r a t u s (**2 m s e c ) .  P r e v io u s  s t u d i e s  o f  r e ­

dox r e a c t i o n s  i n v o l v i n g  s l l v e r ( I l )  have shown an i n t e r e s t i n g  

v a r i e t y  o f  m e c h a n is t i c  b e h a v io r .  There are g e n e r a l l y  two ways 

i n  w h ic h  s i l v e r ( I I )  can f u n c t io n  a s  an o x id a n t .

I  A g ( I l )  + S  > A g ( l )  + S +

I I  2Ag('II ) v ----- — A g( I ) + A g ( l l l )

Ag( I I l )  + a --------- > AgCl); + S2 +
+ 2 +S r e p r e s e n t s  an y  o x i d i z a b l e  s u b s t r a t e .  I f  S and S a r e  n o t  

t h e  f i n a l  p r o d u c t s  th e n  t h e y  w i l l  p a r t i c i p a t e  in  su b se q u e n t  

r e a c t i o n s  l e a d i n g  t o  f i n a l  r e a c t i o n  p r o d u c t s .  S u b s t r a t e s
44t h a t  r e a c t  v i a  scheme I  w i t h  s i l v e r ( I I )  a r e  F e ( I I ) ,  C o ( I l ) ,  

C a ( I I I ) , 3 9 »44M n ( 'I l ) ,4 4 »4 5 Hg2 ( I l ) ; , 4 % ( I ) , 46947V (IV ) , 4494 8 > 4 9 *50

Gr( I I I ) , 45 * 51KEj1°MH2OH42 and (S2 Qg2 “* ) .3 * In  a d d l t o n  t o  th e  

s t u d i e s  i n v o l v i n g  th e  r e a c t i o n  o f  s i l v e r ( I I )  w i t h  th e  above  

s p e c ie s ,  i t s  r e a c t i o n  w i t h  a q u eou s  p h osp h orou s  a c i d , - ^ n i t r i c  

a c i d , * 9 » 2 0 ,2 3 p e r c h lo r i c  a c i d , * 3s>* ^ 933s u l f u r l c  a c id ,* ^ a n d  

p h o s p h o r ic  a c i d 3 4 s o l u t i o n s  i n d i c a t e  t h a t  th e  predom inant  

r e a c t i o n  pathw ay f o r  t h e s e  s u b s t r a t e s  i s  by way o f  scheme I I
1 9o r  b y  a c o m b in a t io n  o f  r e a c t i o n  schem® I and I I .  N oyes e t  a l .  71 

found  t h e  s t o i c h i o m e t r y  f o r  th e  s lo w  o x i d a t io n  o f  w a te r  in  

th e  p r e s e n c e  o f  s i l v e r  ('I I )  i n  n i t r i c  a c i d  s o l u t i o n  t o  b©
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4A gC ll)  + 2H2 0 ------» 4 A g (I )  + 4H+ + Og • (4 )

I t  i s  i n t e r e s t i n g  t h a t  f o r  t h i s  r e a c t i o n ,  where |A g (I l )J  ^

1 x  t h e  r a t e  law  has th e  form r a t e  = k 0B3D|A g ( I I ) ]  ©

(The term i s  t h e  ob served  p se u d o -o r d e r  r a t e  ' c o n s t a n t , )

Where ( A g ( n l < 1  x  10" \  th e  r a t e  law  has th e  form r a t e  = 

kQBSD[A gC ll)]  i n  th e  ran ge  o f  2 . 0M t o  6.2M n i t r i c  a c i d .  T h is  

i s  an example o f  a  s u b s t r a t e  b e in g  o x id iz e d  th r o u g h  a combin­

a t i o n  o f  r e a c t i o n  p athw ays I and II*

To d a te  o n ly  one r e a c t i o n  i n v o l v i n g  th e  s i l v e r ( I I )  ox­

i d a t i o n  o f  an y  o r g a n ic  s u b s t r a t e  has been  r e p o r t e d © K u st in
Ap

and cow orkers have r e p o r te d  th e  o x id a t io n  o f  O -m e th y lh y d r o x y l-  

am ln e , NHgOGH^, and N -m eth y lh y d ro x y la m in e , CH-jHHOH, i n  aq u e­

ous p e r c h l o r i c  a c i d  media© The mechanism f o r  th e  o x i d a t i o n  o f  

p r o to n a te d  O -m ethylhydroxylam ine in v o lv e d  th e  f o l l o w i n g  e l e ­

m entary steps©

Ag2+ + NH^OCH  ̂ --------» Ag++ *NHOCH3 + 2H+ ^  (5 )

AgOH+ + N H jO C B j  ̂ Ag++*WHOCH5 + k g ( 6 )

A g ( I l )  + •MHOCHj --------$Ag*+  P ro d u cts  k^  (? )

I t  was found t h a t  k ^ k ^  where s t e p s  5 , 6 , and 7 r e p r e s e n t  one 

e l e c t r o n  t r a n s f e r  p r o c e s se s ©  The r a t e  d e te r m in in g  s te p s ,  are  

5 and 6 ,  w h ich  i n v o l v e  the: fo r m a t io n  o f  th e  f r e e  r a d i c a l  

in te r m e d ia te s©  These  r e s e a r c h e r s  compared th e  o x i d a t i o n  o f  

th e  a fo r e m e n t io n e d  s p e c i e s  by s i l v e r  ( I I )  and m anganese ( I I I )©  

They found t h a t  th e  O -m e t h y lh y d r o x y la m in e - s i lv e r ( I I )  r e a c t ­

io n  i s .  c o n s id e r a b l y  f a s t e r  than  t h e  O -m eth y lh y d ro x y la m in e-
55m a n g a n e se ( I I I )  r e a c t io n ©  A t a b l e  i s  p r e s e n te d  t o  compare 

t h e  v a lu e s  o f  th e  r a t e  c o n s t a n t s  f o r  th e  o x i d a t i o n  o f  a a e r i e s

14
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o f  s u b s t r a t e s  by t h e s e  o x i d i z i n g  a g e n t s .

S u b s t r a t e  B e a o ^ v e  SRe o le&  l o x i daj i t s ) .
A g  AgOH Mn5 * MnOH

NEjOH'*' C l o V ^ a e e 1 1 .4x100*1** s e c 1 1 ,4x1  O^M"1 se  S’1 3 ,1 x 1 0 5M-1 s e c 1

NHjOCH  ̂ < 1 0 3 M"1a a c 1 2 .0 x 1 04 M"1 s e c 1 <  0 , 5  M ^ s e ? 1 6 ,1  M"1 s e c 1 

A p p a r e n t ly  th e  AgOH+ and MnOH2 *are s i g n i f i c a n t l y  more r e a c t ­

i v e  th a n  Ag2+ and Mn^+ , r e s p e c t i v e l y .  S in c e  th e  red o x  cou p le  

M h (I I l ) /M n (I I )  i a  +1 »5V"^t,‘̂ t h i s  d e m o n s tr a te s  t h a t  a sub­

s ta n ce . w i th  a h ig h e r  o x id a t io n  p o t e n t i a l  may r e a c t  more 

r a p i d l y  w i t h  a g iv e n  s u b s t r a t e  p a l t h o u g h  t h i s  l a  n o t  a lw a y s  

th e  c a s e .

C om p arative ly  few  s t a b l e  compounds o f  s i l v e r ( I I )  have 

b een  s y n t h e s iz e d  and s i l v e r ( I I )  f l u o r i d e  i s  th e  o n ly  t r u e  

b in a r y  compound o f  s i l v e r ( I l )  known, B l s - ( d l p y r l d y l ) s i l v e r ( I l )  

n l t r a t e »  (A g (d ip y r )2 J(N O j)2 o [Ag ( p y r i d i n e )  4 ]  (N Q j^  and 

j A g ( p y r i d i n e ) ^ 3 2 Og have been  p rep a red  by  G.A. B a rb ler i® * ^

T h is  I t a l i a n  c h e m is t  m a in ta in ed  l e a d e r s h i p  i n  th e  p r e p a r a t io n  

o f  c o o r d in a t io n  compounds o f  s i l v e r ( I l )  f o r  ab o u t fo u r  d e ­

c a d es  b e g in n in g  i n  1 9 0 6 ,  S i l v e r ( I l )  has b een  found t o  c o -
59o r d in a te  w i th  8 -h y d r o x y q u in o l in e  as, w e l l  a s  O »phenanthro-  

l in a (O -p h e n )  t o  form th e  p e r o x o d i s u l f a t e  co m p le x * fA g (0-p h e n )2j  

^2 ^8 ® hydrogen s u l f a t e  com p lexs [A g fO -p h e n ^ l  (HSO^Jg» p lu s
GO

th e  c o r r e sp o n d in g  c h l o r a t e 9 p e r c h l o r a t e  and n i t r a t e  co m p le x es ,

[A g(d i p y r ) ^ ] ( 0-jSCF^ ) 2 has been  r e c e n t l y  p rep a red  by th e

e l e c t r o l y s i s  o f  A g(l)(d lpyrJ^C O jSG F^) i n  aqueous t r i f l u o r o -
61m e th a n e s u l fo n ic  a c i d ,  A s e r i e s  o f  s i l v e r C l l )  com p lexes  o f

p y r id in e  d i c a r b o x y l i e  a c i d s  have b e e n  p rep a red  by B anarjee  
62and Ray w h ich  in c lu d e d  n i c o t i n a t e „ i s o n l c o t l n a t e  9 q u i n o l i n i c ,
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c in e h o m e r o n ic ,  l s o c in c h o m e r o n ic ,  l u t l d i n i c  and d l p l c o l i n l c
63

a c i d s  a s  c o o r d in a t in g  U g a n d a *  W alton  and cow orkers  -'have

s y n t h e s iz e d  v a r io u s , com p lex es  w i t h  a v a r i e t y  o f  mono- and

d i c a r b o x y l l c  a c id s  and have exam ined t h e i r  m a g n e t ic  and
64s p e c t r a l  p r o p e r t i e s ,  Murtha and W alton  have I n v e s t i g a t e d

th e  X-Ray P h o t o e le c t r o n  S p e c tr a  o f  s i l v e r ( I I )  co m p lex es

c o n t a in in g  n i t r o g e n  donor m o le cu le s®  T y p i c a l l y ,  s l l v e r ( I l )

form s n e u t r a l  com plexes ( 1 ) w i t h  u n l n e g a t i v e  c h e l a t i n g

l i g a n d s ,  such  a s  2 - p y r ld i n e  c a r b o x y l a t e ,  and w i t h  n e u t r a l
61 66l i g a n d s  d l p o s i t l v e  com p lexes  v l l ) : a r e  formed® 9 ^

I I I

The com plexes  o f  s i l v e r ( I l )  are  u s u a l l y  p r ep a red  by  

th e  o x i d a t i o n  o f  s i l v e r ( I )  i n  th e  p r e s e n c e  o f  th e  c o o r d in a t ­

in g  l i g a n d s  ( e . g .  p y r i d i n e , o r t  h ophenantfero lin© , d i p y r i d y l
66e t c . ) ®  B a r e f l e l d  and M o c e l la  have shown t h a t  s i l v e r ( I )  can  

d i s p r o p o r t io n a t e  in  the p r e s e n c e  o f  v a r io u s  l i g a n d s  a s  

f o l l o w s  2Ag* + L — > AgL2+ + Ag° ® T h is  g e n e r a l  r e a c t i o n  o ccu r ­

red  when s i l v e r ( I )  s a l t s  r e a c t e d  w ith  a v a r i e t y  o f  m acro-  

c y c l i c  am ines . ^ U t i l i z i n g  t h i s  g e n e r a l  r e a c t i o n  t h e y  were  

a b l e  t o  p rep a re  s i l v e r ( I l )  co m p lex es  w i t h  f o u r  m a c r o c y c l ic  

t e t r a a z a  l ig a n d s®  The g e n e r a l  s t r u c t u r e  f o r  th e  com plex was

g i v e n  a s  f o l l o w s ,  

I I I

2 +

2 ( Gl04“ ) .
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A p p a r e n t ly  th e  s i l v e r ( I I )  s p e c i e s  i s  s t a b i l i z e d  by co ­

o r d in a t io n  t o  donor m o le c u le s*  p a r t i c u l a r l y  n i t r o g e n  c o n t a in -
.  /

in g  h e t e r o c y c l e s  su ch  a s  b i s  and t r i s  °<* <*(. b i p y r i d y l  and 1 ,10

p h e n a n th r o l in e  ®88 S h i s  i s  a t t r i b u t e d  t o  th e  lo w e r in g  o f  th e

A g f l l ) / A g ( l ) ,  c o u p le  brought ab ou t by c o o r d in a t io n *  l«e® i n
8 21 69

th e  c a se  o f  t h e  d ip y r l d y l  f r o m ^ l  ®9V t o  1*45V® * 9

The predom inant geom etry  o f  a l l  th e  s i l v e r C l l )  com plexes  

i s  square p la n a r  and t h e s e  are  laom orphous w i th  p la n a r  copper  

(II );  analogs®  Most o f  t h e s e  s i l v e r ( I I )  com p lexes  have e f f e c t ­

i v e  m a g n etic  moments i n  th e  range o f  1®75 t o  2»2 Bohr mag-
9 70n e t o n s  c o n s i s t e n t  w i th  th e  d ^ e l e c t r o n i c  c o n f ig u r a t io n ®  Two

e x c e p t io n s  t o  th e  square p la n a r  g eom etry  i s  2 , 3-  and 2 , 6-

p y r id in e  d ic a r b o x y l a t e s  and A g( C7 H4 NQ4 ) 2 Hg 0 w h ich  have a
71d i s t o r t e d  o c ta h e d r a l  geometry®

B* Formic A cid  R e a c t io n s

The o x i d a t i o n  o f  form ic  a c i d  by v a r io u s  in o r g a n ic  o x id ­

a n t s  has, bean in v e s t ig a te d ®  Among th e  o x id a n ts ,  were H g g ( I I ) ,

H g C l l )J>72&73T l ( l I l ) * 7 2 ' 7 4 C o ( l I l ) * 75s>76M n C l I l ) , 7 7 »7 8 »79

VCV),76,>80G eC lV ),81 >8 2 G rCVl),7 8 ®8 3 ®8 4 N p ( V I l ) , 85

(Mn04 “ )* 72 *8 6 -9 °P b C IV ),91 H2 02 , 92 HI03 *9 3 Gig *9 4 Br2 *9 5 X2 ? 6 0 3 »97

and (S2 0§ “ )®98 In  some o f  t h e s e  s t u d i e s  i t  has b een  o b serv ed

t h a t  th e  o x i d a t i o n  o f  fo r m ic  a c i d  can o c c u r  e i t h e r  th ro u g h

two s u c c e s s i v e  o n e - e l e c t r o n  t r a n s f e r  s t e p s 7 2 ®7 3 ®7 3 ®7 8 ®7 9 ®8®”’83898

o r  a l t e r n a t e l y  th ro u g h  a t w o - e l e c t r o n  t r a n s f e r  s t e p ! 4 ®7 8 ®8 7 ®8 8 ® 
90*96 In  some o f  t h e s e  r e a c t i o n s  th e r e  was e v id e n c e  t h a t  a 

com plex io n  in te r m e d ia t e  was formed®748? 8 ®7898® " ^

1?
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A *®3*880f  s t u d i e s  I n d i c a t e s  t h a t  t h e  s t o ­

ic h io m e t r y  f o r  th e  o x i d a t i o n  o f  fo r m ic  a c id  by an  in o r g a n ic  

o x id a n t  I s  2Mn+ + HCOgH— ? 2M n̂ +^“ 1 + C02 + 2 H+ » where Hn+ 

r e p r e s e n t s  th e  o x id a n t *

H a lp e m  and T a y lo r^ 2 s t u d le d  th e  r e a c t i o n  o f  fo r m ic  a c id  

w ith  m ercuryC l) and iM r c u r y ( I l )  i n  p e r c h l o r i c  a c i d  media w h ile  

Topham and W h i t e ^ s t u d i e d  th e  same r e a c t i o n  i n  n i t r i c  a c id  me­

dia*. The e le m e n ta r y  s t e p s  were found  t o  be th e  same r e g a r d ­

l e s s  o f  t h e  media* The p rop osed  r a t e  d e te r m in in g  s t e p s  are

Hg2+ + HCOgH - ---- >Hg+ + hgo2 «+ h+ (8 )

H g |+ + HCOgH ----  ̂Hgg 4- HGOg9+ H+ (9 )

Hg2 + + HGOg" ...Hg 4- HGOg9 ( to)

H g |+ 4- HC02 ~ - ---- >HS2 4- HGOg9 ( I t )

HgOH+ *  HG02 “  —---- > HgOH 4- HGOg* ( 12 )

HggOH++ HGOg”  —---- > Hgg OH 4- HGOg* . (1 3 )

B oth  g ro u p s  o f  w ork ers  p o s t u l a t e d  t h a t  t h e  form yl f r e e  rad­

i c a l  was formed In  t h i s  r e a c t i o n  system * The form yl f r e e  

r a d i c a l  r e a c t s  f u r t h e r  t o  produce carbon  d io x id e *  The f a t e

o f  th e  mercury i n t e r m e d ia t e s  was n o t  d i s c u s s e d  by t h e s e  r e ­

s e a r c h e r s *

In a s tu d y  o f  th e  o x i d a t i o n  o f  fo r m ic  a c id  by t h a l l i u m ( I I I )
74th e  f o l l o w i n g  mechanism was proposed  by H alvorson  and H alpern i  

T l 5+ + HC02 H T1HC02 H3+ (14)

T1 HCOgH3 + ------ > T l + 4- C02 + 2H+ * (15)

The m e c h a n is t i c  scheme in c lu d e s  th e  fo r m a t io n  o f  a complex  

i o n  in te r m e d ia t e  w h ich  i s  l o s t  v i a  a t w o - e l e c t r o n  t r a n s f e r  

(" i .e .  s t e p  15)»  T h is  i s  one o f  th e  few  r e a c t i o n s  i n  which th e
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form yl f r e e  r a d i c a l  I s  n o t  prop osed*

Bawn and W h lte ^ h a v e  I n v e s t i g a t e d  th e  o x i d a t i o n  o f  form io  

a c id  by c o b a l t ( I I I )  i n  IM t o  4M s u l f u r i c  a c id  s o l u t i o n .  The 

r a t e  d e te r m in in g  s t e p s  were found t o  be

Co5+ + HC02 H ------> Co2+ + HG02 * + H+ (1 6 )

Co3+ + HC02 ”  ------ > Co2+ + HGOg* • (1 7 )

In  t h i s  s tu d y  t h e r e  was no e v id e n c e  t o  i n d i c a t e  oom plex io n  

fo rm a tio n *

Beg and Ahm ad^have s t u d ie d  th e  o x i d a t i o n  o f  fo r m ic  a c id  

by m a n g a n e se ( I I I )  I n  4M s u l f u r i c  a c id  medium* w h i le  W e l l s  and 

W hatley"^have s t u d ie d  th e  same r e a c t i o n  i n  0 *5H t o  2 . 5M p e r ­

c h l o r i c  a c id  s o l u t i o n s .  The mechanisms p rop osed  i n  t h e s e  s tu d ­

i e s  were s i g n i f i c a n t l y  d i f f e r e n t .  In  s u l f u r i c  a c i d  medium th e  

r a t e  d e te r m in in g  s t e p s  were

Mn3+ + HCOgH  > Mn2 * + C0g« * K+ (1 8 )

Mn3+ + H C 0g~  > Mn2 * + HC02 ° .  (1 9 )

The fo rm y l f r e e  r a d i c a l s  formed s u b s e q u e n t ly  r e a c t  w i t h  man- 

g a n e s e ( I I I )  t o  form th e  r e a c t i o n  p r o d u c t s .  In  p e r c h l o r i c  a c id  

s o l u t i o n  the. e le m e n ta r y  s t e p s  were

Mn5 * •t- HCOgH 5= -^ M n H C 0 |+ + H+ (2 0 )

Mn3+ + hgo2 b ^ = -*• MnHC02 H3+ ( 2 1 )

MnHC02 2 + ——>Mn2 + + HGOg8 ( 2 2 )

MnHGOgH3 * - —>Mn2+ + HC02 8 + H+ (2 3 )

Mn-*+ + HC02 a — - >  Mn2+ + G0g + H+ * (2 4 )

A com p arison  o f  t h e s e  mechanisms i n d i c a t e  t h a t  th e  r e a c t i o n  

pathw ay f o r  th e  o x i d a t i o n  o f  fo r m ic  a c id  i s  d ep en d en t on th e  

o o u n te r  I o n .
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In  th e  e a s e  o f  th e  o x id a t io n  o f  fo rm ic  a c id  by v a n a d -  

ium('V) t h e r e  i s  e v id e n c e  f o r  th e  fo r m a t io n  o f  a com plex  

io n  in te r m e d ia t e *  HGOgVCOH)** I t  la. p o s t u la t e d  t h a t  t h i s  i n ­

t e r m e d ia te  d ecom p oses  v i a  a o n e - e l e c t r o n  t r a n s f e r  s t e p  t o  form  

a c a r b o x y l  f r e e  r a d i c a l  io n  ( GOg® ) w hich  th e n  r e a c t s  w i th

vanadlum(V) t o  y i e l d  carbon  d io x id e  and v a n a d iu m (IV )» T h is
7 4  77

r e a c t i o n  pathw ay has b een  in d i c a t e d  in  o th e r  s tu d ie s®  9

The k i n e t i c s  and mechanism o f  th e  o x i d a t i o n  o f  f o r m ic

a c id  by th e  aquocerium (TV ) io n  i n  aqueous p e r c h l o r a t e  media
31has b een  I n v e s t i g a t e d  by V/ells. and H usain . A f o u r t e e n  s t e p  

mechanism was p ro p o se d  f o r  t h i s  r e a c t i o n .  The m ajor p o i n t s  o f  

t h i s  com plex mechanism were a ) . ,  complex io n  i n t e r m e d ia t e s  were 

formed ( 1 «e o CeHCQgH^^"* CeHCQg  ̂ * and CeHGOgHg^"  ̂ w ere p o s t ­

u la t e d  i n t e r m e d i a t e s )  * b ) .  th e  r a t e  d e te r m in in g  s t e p s  i n ­

v o lv e d  t h e  d e c o m p o s i t io n  o f  th e  complex io n  I n t e r m e d i a t e s 9 

v ia  o n e - e l e c t r o n  t r a n s f e r  s t e p s 9 t o  form f r e e  r a d i c a l  s p e c ­

i e s  and c ) . th e  su b se q u e n t  r e a c t i o n  o f  th e  a q u ocer iu m (IV )

io n  w i t h  th e  f r e e  r a d i c a l  s p e c i e s  t o  form carbon  d i o x i d e
go

and c e r i u m ( I I I ) . Vasudevan and M athal have a l s o  s t u d i e d  

th e  o x i d a t i o n  o f  fo r m ic  a c id  by aquocerium (IV ) in  p e r c h l o r ­

i c  a c id  m ed ia .  In  0.2M  t o  2.0M p e r c h l o r i c  a c i d  t h e s e  w orkers  

p rop osed  th e  f o l l o w i n g  e le m e n ta r y  s t e p s  5

Ce (H2 0 )q 4+ + HG02 H <r -— * [Ce (HgO ) 7 HC02 h | + HgO (2 5 )

jbe (H2 0 ) 7 HC02 h | 4+ —» [(HgOjyCeHGO^) + H+ ( 26 )

[('H2 0 ) 7 CeHC02] :5+ —» G a ( l^ 0 ) |*  + HG02 o + HgO (2 7 )

hgo2 ® ----- - »  H» + GOg ( 2 8 )

H° + H® ---- (2 9 )

Ii® + Ce ( Hg 0 ) q Ce (HgO)^+ + H+ + 2 ^ 0  e (30)
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T h is  l a  th e  o n ly  r e p o r te d  caae i n  w hich  hydrogen g a s  i s  i n ­

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

e r s  c la im  t h a t  s tep s:  2 8 , 2 9  and 30 were Im portant a l th o u g h  

i t  would seem t h a t  th e  hydrogen atom c o n c e n t r a t i o n  would be 

t o o  low  t o  a l lo w  s t e p  29 t o  o ccu r  t o  any m ea su ra b le  e x t e n t .

The o x i d a t io n  o f  fo r m ic  a c id  by chrom ic a c i d  h as  b een  

p o s t u l a t e d  t o  o ccu r  v i a  th e  r e a c t i o n  o f  p r o to n a te d  chrom ic

a c i d ,  0=Cr0^H^+,  w i t h  fo r m ic  a c id  t o  y i e l d  th e  r e a c t i o n
99p r o d u c ts  w ith o u t  any complex io n  fo rm a tio n *   ̂ A l t e r n a t i v e l y ,

A-* aa
Venkatraman and Rao -'and o t h e r s  s p e c u la t e  t h a t  an in te r m e d -  

i a t e  com plex ,  H-C(OH)-O-GrOg-OH, i s  f i r s t  formed i n  th e  

r e a c t i o n  b etw een  fo rm ic  a c id  and chrom ic a c i d .  T h is  i n t e r ­

m ed ia te  th e n  u n d ergoes  s lo w  d e c o m p o s it io n  t o  form carbon  

d io x id e  and chromium( I V ) *
85Thompson and S u l l i v a n  have s tu d ie d  th e  o x i d a t i o n  o f  

fo r m ic  a c id  by th e  v e r y  s t r o n g  o x id a n t  n ep tu n iu m ( V I I ) .  These  

w ork ers  were n o t  a b le  t o  d i s t i n g u i s h  b etw een  a r e a c t i o n  s c h ­

eme i n v o l v i n g  s u c c e s s i v e  o n e - e q u iv a le n t  s t e p s  o r  a seq u en ce  

su ch  a s

However, no com plex io n  I n te r m e d ia te  fo r m a t io n  was p o s t ­

u la t e d  t o  o ccu r  in  t h i s  r e a c t i o n .  I t  i s  a l s o  i n t e r e s t i n g  

t h a t  a f r e e  r a d i c a l  s p e c i e s  i s  n o t  I n d ic a te d  a s  an  i n t e r ­

m ed ia te  in  t h i s  sy s te m .

The o x i d a t i o n  o f  f o r m ic  a c id  by th e  perm anganate  io n  

has- b een  e x t e n s i v e l y  s t u d ie d  by numerous w o r k e r s . U n f o r -

NpCVIl) + Np(V)  > 2 N p (V I)  ( r a p id ) .

Up( V II) + HG02 H ------ > Hp ( V) + 002 + 2H+ (31)

(32)
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t u n a t e l y ,  th e r e  rem ain  many a m b ig u i t i e s  i n  th e  m e c h a n is t ic  

pathw ay o f  t h i s  o x id a n t  w i t h  fo r m ic  a c i d .  The most commonly 

p ro p o se d  r e a c t i o n  pathw ay i n v o l v e s  th e  t r a n s f e r  o f  a hydride  

i o n  from th e  form a te  io n  t o  th e  permanganate io n ,

Mn04 “  + HCC>2 ~  ------- > HMn04 2 ” +- C02 .  (33)

A l t e r n a t i v e l y ,  i t  has b een  p rop osed  t h a t  th e  f i r s t  s t e p  

I n v o lv e s  th e  t r a n s f e r  o f  two e l e c t r o n s  w i t h  th e  s im u lta n e o u s  

t r a n s f e r  o f  a p r o to n  t o  th e  s o l v e n t ,  i . e .

Mn04 ” + HG02 " ♦ HgO » Mn043 " + C02 + H-jO* e (34)

A hydrogen atom a b s t r a c t i o n  r e a c t i o n  r e a c t i o n  pathway i s  

a l s o  p l a u s i b l e ,

Mn04 “ + HG02 ”---------> HMn04 " + C02 °" .  (35)

T h is  s t e p  may be f o l l o w e d  by

Mn04 “ + C02 «" — [OgGOMnO^2 " ( 3 6 )

[OgGQMnO^]2 " ---------}  Mn042 “ + C02 o (37)

The l o s s  o f  th e  com plex io n  I n t e r m e d ia t e , [p2 C0Mn0^ ]2,“ , 

i s  r a t e  d e t e r m in in g .  The r e a c t i o n  o f  u n io n iz e d  form ic  

a c i d  and th e  perm anganate io n  i n  4M s u l f u r i c  a c id  m e d ia ^ *  

a p p e a r s  t o  f o l l o w  a pathw ay i n v o l v i n g  perm anganic a c i d  a s

a  r e a c t i v e  I n t e r m e d ia t e .

Mn04 ~ + H+ > HMn04  ( 3 8 )

HMn04  + HCOgH -> HMnÔ  + COg + HgO (39)

3Mn(V) v ~ ~ ..S 2K n (I¥ )  + Mn(VII) (40)

I n  > 9M s u l f u r i c  a c i d  s o l u t i o n  th e  r e a c t i o n  r a t a  i s  s i g n ­

i f i c a n t l y  e n h a n ced . T h is  e f f e c t  co u ld  be due t o  th e  form ­

a t i o n  o f  th e  perm anganyl i o n ,  MnÔ * . 102

The r e a c t i o n  b etw een  fo r m ic  a c id  and le a d  t e t r a -
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a c e t a t e ^ l ' i s  u n iq u e  s i n c e  a l l  o t h e r  m o n o ca rb o x y llc  a c i d s  

are k i n e t i c a l l y  s t a b l e  tow ards l e a d ( I V )  s a l t s *  Formic a c id  

i s  r e a d i l y  and q u a n t i t a t i v e l y  c o n v e r te d  t o  carbon  d io x id e  

a t  room te m p era tu re  w h i l e  a l l  o th e r  m o n o ca rb o x y llc  a c id s  

are o x id i z e d  o n ly  a t  e l e v a t e d  te m p e r a tu r e s  ( i* e  *'~ 100° C ).

The r e a c t i o n  b etw een  th e  fo rm a te  io n  and th e  p e r o x o -  

d i s u l f a t e  io n  i n  a q u eo u s  a c i d  s o l u t i o n  has b een  i n v e s t i g ­

a te d  by Klmura*98 The s t o i c h i o m e t r y  was found t o  be

SgOg2 ” + HG02 “ ------ > 2 S 0 42~ + H+ + C02 o (41)

I t  was found t h a t  i n  t h r e e  r a n g e s  o f  form ate  io n  c o n c e n t ­

r a t i o n  th e  r a t e  law  has th r e e  e s s e n t i a l l y  d i f f e r e n t  forma* 

I t  i s  a com plex r e a c t i o n  system * The proposed  mechanism i s  

a c h a in  r e a c t i o n  i n v o l v i n g  30^*“ , OH*, and C02 ° “ f r e e  rad ­

i c a l  s p e c i e s *

C* O x a lic  A c id  R e a c t io n s

The o x i d a t i o n  o f  o x a l i c  a c i d  has n o t  been  a s  e x t e n ­

s i v e l y  or i n t e n s i v e l y  i n v e s t i g a t e d  w i t h  a s  many o x id a n ts  

a s  w i th  fo r m ic  a c id *  The o x i d i z i n g  a g e n t s  used  in c lu d e d  

G o (T II )» 1 0 3 p104M n ( I I l ) , 105 V ( V ) „ 1 0 ? 9 l 0 8 C e ( I V ) , 1 0 9 , 1 10,111

G r (V I ) ,1 0 8 , 112~ 1 1 6 (KnO^**) , 1 1 1 1  8 (3 2 0q2 “ ) j 119"1 21 

P b (IV ) , 108 and H^XeOgCXenlc A c id ) * 122 The preponderance  

o f  mechanisms f o r  th e  o x i d a t i o n  o f  o x a l i c  a c id  i n d i c a t e  

t h a t  complex i o n  i n t e r m e d ia t e s  a r e  formed b e fo r e  th e  a c t ­

u a l  e l e c t r o n  t r a n s f e r  p r o c e s s  t a k e s  p la c e *  U n d ou b tly 9 th e  

ap p a ren t  need f o r  in te r m e d ia t e  io n  fo r m a t io n  in  th e  o x id a ­

t i o n  o f  o x a l i c  a c i d  can  be a s c r ib e d  t o  i t s  a b i l i t y  t o  a c t
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a s  a u n i -  a n d /o r  b l d e n t a t e  l ig a n d , .  I t  l a  n o tew o rth y  t h a t  in  

one s tu d y*  t o  be d i s c u s s e d *  a o n e - s t e p  th r e e  e l e c t r o n  t r a n s ­

f e r  mechanism was proposed®**^ I t  i s  a l s o  s i g n i f i c a n t  t o  

n o te  t h a t  w h i le  a number o f  s t a b l e  m e ta l  l o n - d i c a r b o x y l i o  

a c id  com plexes  are  known i n  aq u eo u s  s o lu t io n ] ^ ^ t h e r e  a r e  no 

exam ples o f  s 11 v e r ( I l ) ' -d  1 e a r b o x y l  1 o  a c i d  com plexes  s t a b l e  in  

s o l u t i o n ,
i

Sthapack  and Ghosh have i n v e s t i g a t e d  th e  r e a c t i o n  o f  

c o b a l t  ( I I I )  w i t h  o x a l i c  acid®  The mechanism t h a t  was p r e ­

s e n te d  in v o lv e d  th e  f o l l o w i n g  s t e p s .

(coCHgO^OHl2 * + HgGgO^ ^ |5o (H2 0 ) 4 (H2 G2 04 }OH]2+ (42 )

(Go (H20)4(H2 C2 04 )0 hJ2+ --------» Co2+ + HG2 04 «» + HgO (43)

Go3+ + HG2 04 °------------------ ---------> Co2+ + 2G02 + H+ (44)

The d e c o m p o s it io n  o f  b l a -  and t r i s -  o x a l t o c o b a l t ( I I I )  com­

p l e x e s  have b een  i n v e s t i g a t e d , * ^  Complex io n  in te r m e d ia t e s  

have been  proposed  i n  th e  m echanism . These in t e r m e d ia t e s  sub­

s e q u e n t ly  r e a c t  t o  form carb on  d io x id e  and th e  c a r b o x y l  rad­

i c a l  io n  s p e c i e s .  T h is  f r e e  r a d i c a l  r e a c t s  f u r t h e r  t o  p r o -
124duce a n o th e r  m o le c u le  o f  carbon  d i o x i d e .  Some r e s e a r c h e r s  

have p o s t u l a t e d  t h a t  io n  p a i r i n g  i s  im p o rta n t  in  th e  r e a c t io n s  

I n v o lv in g  c o b a l t ( I I I )  and ch ro m iu m (III)  co m p le x e s .  In  a 

study* 2 “*of th e  c o m p le x a t io n  o f  o x a l a t e  t o  p en ta m o in ea q u o -  

ch rom ium (III)  th e  f o l l o w i n g  r e a c t i o n s  were found t o  be o f  

im portance s

l0r(MH3 ) 5 H2 q] 3+ + HC^O4 ' . p = ^ ( c r ( N i y 5H2 0 ]  3 fHC2 0" (4 5 )

[ s r O l H j l ^ o ]  3+ * C2 O4 2 - ? = i ( 0 r (H H 3 ) 5 H2 O] ^ 0 ( 4 6 )

Taube ^ h a s  p rop osed  t h a t  com p lexes  o f  th e  ty p e
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Mn(C2 04 )+  were formed i n  th e  r e a c t i o n  o f  o x a l i c  a c id  w ith
127manganese ( I I I ) «. I t  was p rop osed  i n  a s tu d y  o f  th e  c h lo r in e

o x i d a t i o n  o f  o x a l i c  a c id *  c a t a ly z e d  by m an ganese( I I ) » t h a t  the

f o l l o w i n g  s t e p s  were s i g n i f i c a n t ,

Mn3+ + ^==^MnG2 04 + + 2F+ (47)

MnG2 04++ H g C ^  ^ Mn(< ^ 0 4 >g . + 2H+ (48)

MnC2 ° 4 + ------ >Mn2+ + C2 04 *“ (49)

<a2 + C2 04 ““---- -------->01 + C1 “+ 2 G02 (50)

Mn2+ + Cl --------7>Mn3 + + GL~ (51)

The s lo w  s t e p  i s  49 and s t e p s  50 and 51 a r e  n eeded  f o r  the

r e g e n e r a t io n  o f  th e  r e a c t i v e  s p e c i e s .

The o x i d a t i o n  o f  o x a l i c  a c i d  b y  vanadium(V) p r o c e e d s

s t o l c h l o m e t r i c a l l y  a c c o r d in g  t o

2V(V) + H2 C2 04 ------> 2V(IV) + 2G02 + 2 H+ • (52)
107Jon es  and W aters 'h ave  p ro p o sed  t h a t  co m p le x es  o f  th e  f o l ­

lo w in g  ty p e  were in v o lv e d  a s  r e a c t i v e  in t e r m e d ia t e s *

r § - ---- 0 .  OH % -------0. + R
I  >  I X

qP '---- CT X0H qP-------0  R

IV V

O th e r s1°®have i n v e s t i g a t e d  t h i s  r e a c t i o n  and have shown th a t

th e  f o l l o w i n g  s t e p s  were im p o r ta n t .

V02 + + 2H2G2 04 ^ = ^ V 0 H ( G 2 O4 ) 2 + 0^0+  (53)

V0H(C 0 . ) ----- ---------^ voh( g o ) "*" + G? 04 “’  (54)
2 4  2 2 4  ^

The f r e e  r a d i c a l  i o n  s p e c i e s ,  C2 ° 4 *” * r e a c t s  w i t h  a vanad­

ium (V) s p e c i e s  t o  form th e  r e a c t i o n  p r o d u c t s .
109 110

Furman and W il la r d  and Young have e s t a b l i s h e d  the

s t o i c h io m e t r y  f o r  th e  o x i d a t i o n  o f  o x a l i c  a c i d  by cer ium (IV )
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a a  f o l l o w s ,

2H2 C q (G 104 >6  + ^ 2 0 4  > 2 C e ( d 0 4 ) 3  + 6 HGIO4  + 2 C 0 g .  ( 5 5 )

For t h e  r e a c t i o n  o f  o x a l ic -  a c id  w i t h  cerium (IV); no i n t e r ­

m ed ia te  c o m p le x a t io n  was r e p o r t e d ® ^
112

Bakore and J a in  have e s t a b l i s h e d  th e  s t o i c h io m e t r y  

f o r  th e  r e a c t i o n  b etw een  o x a l i c  a c id  and chromium(VI) t o  be

2Cr( VI} + 5 H2 C2 O4 ------ ^ 2 Or ( I I I )  + 6G02 + 6 H+. ( 5 6 )

Bason and Rocak*15 , * ^ h a v e  r e p o r te d  l a  a  r e c e n t  s tu d y  t h e  

t h r e e - e l e c t r o n  r e d u c t io n  o f  chromium(VI) by  o x a l i c  a c i d ,  in  

th e  range o f  ab ou t 0®1K t o  2®4M p e r c h l o r i c  a c id  s o lu t io n *  The 

mechanism p r e s e n te d  was- v e r y  complex® The f i r s t  s t e p  i n ­

v o lv e s ,  th e  fo r m a t io n  o f  a n e u t r a l  com plex in te r m e d ia t e  ( V I ) *

VI I > ^ °
qC- 0  s 0

The seco n d  s t e p  i s  a b lm o le c u la r  r e a c t i o n  r e s u l t i n g  i n  th e  

fo r m a t io n  o f  a d i o x a l a t o  complex* T h is  com plex decom poses  

i n  th e  r a t e  d e te r m in in g  s t e p  t o  y i e l d  a h ex a q u o ch ro m lu m (II l)  

i o n ,  t h r e e  m o le c u le s  o f  carbon  d i o x i d e  and a 0COgH f r e e  

r a d ic a l*  T h is  r a t e  d e te r m in in g  s t e p  i s  a o n e - s t e p  th r e e  

e l e c t r o n  o x id a t io n *  In  th e  a b se n c e  o f  a f r e e  r a d i c a l  s c a ­

v e n g e r ,  a c r y la m ld e ,  th e  f r e e  r a d i c a l  s p e c i e s  w i l l  r e a c t  w i t h  

a chromium(Vl) s p e c i e s  t o  y i e l d  carbon  d io x id e  and a chrom­

ium (V) com plex w h ich  can th e n  r e a c t  f u r t h e r  w i t h  o x a l i c  acid®  

Durham^ ^ h a s  a l s o  s tu d ie d  th e  k i n e t i c s  and mechanism o f  th e  

chromium (V I)' o x i d a t i o n  o f  o x a l i c *  The im p o rta n t  s t e p s  were 

p o s t u l a t e d  t o  in v o lv e  th e  fo r m a t io n  o f  I s  1 and 1 8 2 com­

p l e x  in t e r m e d ia t e s  and th e  d e c o m p o s i t io n  o f  t h e s e  s p e c i e s  t o

2 6
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form th e  p r o d u c t s .  (V I)  P
o vR* — G

QrQ.BT + 3B+ + %Q?C  ^ = =  fir . J + 2HpO (5 7 )
*  ^ ^  0  0 — G.

'O

GrOJi” + 3H+ + 2Co 0?" + 2H~0 (5 8 )
H 2 4  <f 0 — Go 0-,~ 2

(V II )  2 3

in t e r m e d ia t e  ( V I )  > C r(IV ) + 2 G02 ( 5 9 )

in t e r m e d ia t e  ( V I I )  » C r (IV )o x .  + 2G02 (60)

However, Hason and R ocek1 1 ^ p o in t  ou t t h a t  Durham8s  c a l c u l ­

a t e d  rate , c o n s t a n t s  d i f f e r  g r e a t l y  from t h o s e  found by  

Bakora and J a i n . 112 T h is  may i n d i c a t e  t h a t  th e  m echanism s  

p r e s e n te d  a r e  q u e s t i o n a b l e .  The k i n e t i c s  and mechanism f o r

t h i s  r e a c t i o n  have b een  s t u d ie d  by o t h e r  w o r k e r s .12®
11 4G ranzow ,W ilson and Ramirez have exam ined th e  chrom­

ium (V I) o x i d a t i o n  o f  th e  dye M a la c h ite  g r e e n  i n  th e  p r e ­

s e n c e  o f  o x a l i c  a c i d .  The f o l l o w i n g  e q u i l i b r i a  were found  

t o  be im p o rta n t  i n  th e  r e a c t i o n  m echanism .

GrO^ET + HOOGGOOH ; N HOOGg-O-^-O” + HgO (61 )

^ .......................................................................................... .. Q  Q

HOOCC-O-Cr-CT H* = = *  \ ^ G r f  + Ho 0 ( 6 2 )

*  a  ^ - 0 V ) 0

The com plex i n t e r m e d i a t e ,  ( V I ) ,  r e a c t s  w i t h  th e  M alach­

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

a c t i o n  scheme p r e s e n te d  by t h e s e  w o rk ers  i s  q u i t e  com plex  

i n  t h a t  many r e a c t i v e  in t e r m e d ia t e s  a r e  form ed .

The o x i d a t i o n  o f  o x a l i c  a c i d  by perm anganate has b een

th e  s u b j e c t  o f  r e s e a r c h  f o r  o v er  a c e n t u r y .  The mechanism
l i vf o r  th e  r e a c t i o n  i s  s t i l l  n o t  c o m p le t e ly  r e s o l v e d .  ' The 

s t o i c h io m e t r y  f o r  th e  r e a c t i o n  i s  g e n e r a l l y  a c c e p te d  t o  be
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2Mn04 “ + S H g C ^ V  6H+ ------- > 2Mn2+ + lOCOg + 81^0 » ( 6 3 )

A ld e r  and N o y e s^ ® 0, s u g g e s t  t h a t  th e  r e a c t i o n  was I n i t i a t e d

by th e  o x i d a t i o n  o f  a m a n g a n e s e ( I I ) - o x a la te  com plex by  th e

perm anganate i o n ,

Mn04 ~ + Mn02 04  » Mn042“  + MnG2 04 + (6 4 )
o

t o  form th e  manganate i o n ,  MnÔ  *% I f  th e  m a n g a n e se (I I )  

s p e c i e s  i s  p r e s e n t  i n  s i g n i f i c a n t  c o n c e n t r a t io n  th e  sub ­

s e q u e n t  s t e p s  are

Mn(Vl) + M n(II) 2Mn(IV) (6 5 )

Mn(IV) + M n (Il)  s 2M n (III)  .  (6 6 )

I f  th e  m a n g a n e se (I I )  io n  i s  n o t  p r e s e n t  i n  a p p r e c ia b le  

am ounts th e  s t e p s  a r e

Mn(Vl) + G2 042 ‘   £  Mn(IV) + 2G02 ( 6 7 )

2Mn(IV) + G204 2 _ ------- > 2 M n (II l)  + 2G02 • (6 8 )

The m an gan ese( I I I ) s p e c i e s  s u b s e q u e n t ly  r e a c t s  a c c o r d in g  t o  

th e  se q u e n c e

Mn( C2 ° 4 ) 2n— > Mn( I I ) + (n-1 ) ( C2 o | “ ) + G02 + G02 °“ ( 6 9 ) 

Mn(G2 ° 4 )n~+n G 0 * ^ F i n ( I l )  + nC2 o | “ + C02 .  (7 0 )

Where n may be 1 ,2  o r  3 * A t v ery  low c o n c e n t r a t io n s  o f  o x ­

a l a t e  th e  permanganate, i o n  can a l s o  r e a c t  a s  f o l l o w s ,

Kn04 “ + K nG gO ^ ---------> Mn042 ~  + MnCr2 0424  . -(71 )

The k i n e t i c s  o f  th e  u n c a ta ly z e d  o x i d a t io n  o f  o x a la t e
1 1 Qby  p e r o x o d l s u l f a t e  h a s  b een  s tu d ie d  b y  Po*  ̂ The r e a c t i o n  

i n v o l v e s  th e  h o m o ly t lc  s c i s s i o n  o f  th e  oxygen  t o  oxygen  

bond o f  th e  p e r o x o d l s u l f a t e  io n  o T h is  p rod u ces  two s u l f a t e  

r a d i c a l  ions, f o r  th e  ch a in  i n i t i a t i n g  s te p *  The c h a in  p r o ­

p a g a t io n  i n v o l v e s  th e  o x id a t io n  o f  w a te r  m o le c u le s  by th e
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s u l f a t e  r a d i c a l  io n s  w ith  th e  f o r m a t io n  o f  a h yd roxy l r a d ­

i c a l #  T h is  f r e e  r a d i c a l  s p e c i e s  s u b s e q u e n t ly  r e a c t s  w i t h  

the  o x a la t e  io n  p ro d u cin g  th e  c a r b o x y l  r a d i c a l  ion #  T h is  

r a d i c a l  i o n  a t t a c k s  a n o th e r  p e r o x o d l s u l f a t e  io n  p ro d u c in g  

a n o th e r  s u l f a t e  r a d i c a l  ion#. The c h a in  t e r m in a t in g  s t e p  

i n v o l v e a  th e  o x id a t io n  o f  th e  c a r b o x y l  r a d i c a l  io n  by th e  

s u l f a t e  r a d i c a l  io n  w ith  th e  p r o d u c t io n  o f  carbon  d io x id e  

and th e  s u l f a t e  ion#. The o x i d a t i o n  o f  o x a l a t e  by p er o x o ­

d l s u l f a t e  has b een  found t o  be c a t a l y z e d  by  s i l v e r ( I )  i o n s .  

Bhakuni and S r i v a s t a v a ^ O  and K alb and A l l e n ^ ^ h a v e  s tu d ie d  

th e  r e a c t i o n  b etw een  p e r o x o d l s u l f a t e  and o x a l i c  a c id  c a t ­

a ly z e d  by s i l v e r ( I ) # .  The c h a in  i n i t i a t i n g  s t e p ( s )  i s  a n a lo g  

ous t o  t h a t  found by Po# The s i g n i f i c a n t  d i f f e r e n c e  i s  t h a t  

th e  s u l f a t e  r a d i c a l  io n  o x i d i z e s  s i l v e r ( I )  t o  s i l v e r ( I I ) #

The s i l v e r f l l ) 1 produced r e a c t s  w i t h  th e  o x a l a t e  d ia n io n ,
2 —

C2 ° 4  » yl e ld l n S s i l v e r  ( I ) / ,  ca rb o n  d i o x i d e  and th e  ca rb o x y l

r a d i c a l  ion# The c h a in  t e r m i n a t i n g  s t e p s  a r e s

d io x id e  b u t  th e  r e a c t i o n  d o es  n o t  go t o  c o m p le t io n  s i n c e  

i n s o l u b l e  l e a d ( I X )  o x a l a t e  p r e c i p i t a t e s # .

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

e x i s t s  a w e a l t h  o f  in fo r m a t io n  a b o u t  th e  r e a c t i o n  pathways

o f  fo r m ic  a c id  and o x a l i c  a c id  w i t h  numerous ox idants©  To
ho

d a t e ,  K u st in  and cow orkers have r e p o r t e d  th e  o n ly  o th e r  

s tu d y  o f  th e  s i l v e r ( ' I l )  o x i d a t i o n  o f  o r g a n ic  s u b s t r a t e s .

2C02 —   >G2 Q42 “

C02 ‘ “  + Ag+-»C 02 + Ag° © 

Lead t e t r a a c e t a t e  * ^ o x io x i d i z e s  o x a l i c  a c id  t o  carbon

(7 2 )

(73)
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nam ely O-me t  h y l  hydroxylam ln a  and N -m ethy l h y d roxy l am in e . I t  

I s  th e  I n t e n t  o f  t h i s  s tu d y  t o  I n v e s t i g a t e  th e  s i l v e r ( I I )  

o x i d a t i o n  o f  a  s im p le  m o n o c a r b o x y llc  a c i d  and a s im p le  

d i c a r b o x y l l c  a c i d .  In  v iew  o f  th e  l i m i t e d  amount o f  k i n e t i c  

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

s u b s t r a t e s ,  t h i s  work w i l l  add c o n s id e r a b le  knowledge t o  

th e  f i e l d  o f  I n o r g a n ic  r e a c t i o n  m echanism s by p r o v id in g  

a d d i t i o n a l  i n s i g h t  I n t o  th 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  i n ­

v o l v i n g  s i l v e r ( I I ) ,
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EXPERIMENTAL SECTION

M a te r ia ls ; !  A l l  c h e m ic a ls  used  were e i t h e r  r e a g e n t  grade or  

o f  c e r t i f i e d  p u r i t y ,  u n le s s  o th e r w is e  n o te d *

High p u r i t y  a l i v e r ( I I )  o x id e  w as o b t a in e d  from A lf a  

I n o r g a n i c s ,  V entron Corp.* Formic a c i d  s o l u t i o n s  ( 9 0 * 3 /0 ,  

n i t r i c  a c i d  s o l u t i o n s  ( 6 9 - 7 1 $ ) ,  and c e r i u m ( l l l )  n i t r a t e  

w ere o b ta in e d  from th e  F i s h e r  Chem ical Co** O x a l ic  a c id  and 

s i l v e r  ( I ) 1 n i t r a t e  were o b ta in e d  from t h e  Amend Drug and 

Chemical Co. •. P e r c h l o r i c  a c id  s o l u t i o n s ( 7 0 - 7 2 $ )  were ob­

t a in e d  from th e  J .T *B aker Chemical C o . .  Sodium n i t r a t e  was 

o b ta in e d  from th e  M a ll in c k r o d t  Chem ical Co.* Sodifiim p e r c h ­

l o r a t e  and cerium  (IY ) ammonium n i t r a t e  were o b ta in e d  from th e  

^ ♦ F r ed er ick  Sm ith Chemical Co.* E l e c t r o p h o r e s i s  grade  

a c r y la m id e  ( Si^sGHGONHg) was o b ta in e d  from  th e  Sigma Chem­

i c a l  C o ..

Methods o f  P r e p a r a t io n !  S i l v e r ( I I )  s o l u t i o n s  ware p repared  

im m e d ia te ly  b e fo r e  use  f o r  a l l  k i n e t i c  d e t e r m i n a t i o n s .  The 

s o l u t i o n s  were prepared  by w e ig h in g  o u t  s i l v e r ( I I )  o x id e  I n ­

t o  t w e n t y - f i v e  m i l l i l i t e r  v o lu m e t r ic  f la s k s ©  The a p p r o p r ia t e ,  

th e r m o s ta te d  s o l v e n t  was th e n  added t o  t h e  f l a s k  and t h e  r e ­

s u l t a n t  c o n c e n t r a t io n  o f  s i l v e r ( I I )  was d e term in ed  j u s t  p r i o r  

t o  th e  k i n e t i c  e x p e r im e n t .

A l l  fo r m ic  a c id  s o l u t i o n s  were p r e p a r e d  from s t o c k  s o l ­

u t io n s  made up J u st  p r i o r  t o  use  i n  t h e  a p p r o p r ia te  s o l v e n t .  

S i m i l a r l y ,  a l l  o x a l i c  a c id  s o l u t i o n s  w ere p rep ared  j u s t  p r i ­

o r  t o  th e  exp er im en t from f r e s h  s t o c k  s o l u t i o n s .  These s to c k  

s o l u t i o n s  were p rep ared  by ad d in g  a c c u r a t e l y  w eigh ed  amounts
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o f  o x a l i c  a o id  i n t o  tha  a p p r o p r i a t e l y . a c i d i f i e d  s o l u t i o n .

In  th e  k i n e t i c  exp er im en ts  where th e  e f f e c t  o f  s i l v e r ( I )  

was examined, s i l v e r ( I )  n i t r a t e  s o l u t i o n s  w ere prepared  i n  th e  

r e q u ir e d  s o lv e n t  and th e  s i l v e r ( I I )  o x id e  was th e n  d i s s o l v e d  

i n  t h e s e  s o l u t i o n s .  The o rd er  o f  a d d i t i o n  o f  s i l v e r ( l )  n i t ­

r a t e  i n  th e  d i f f e r e n t  o x id a t io n  s t u d i e s  w a s  o f  no c o n se q u e n c e .

A l l  a c i d i c  s o l u t i o n s  were p rep ared  u s i n g  p r e v i o u s l y  

s ta n d a r d iz e d  s to c k  s o l u t i o n s  o f  n i t r i c  a c i d  a n d /o r  p e r c h l o r i c  

a c i d . 130

A l l  s o lu t io n s ,  were prepared u s in g  d i s t i l l e d  w a ter  from a 

B a rn stea d  S t i l l  A p p a ra tu s .  V arious e x p e r im e n ts  showed t h a t  

t r a c e  amounts o f  i m p u r i t i e s  such a© d i s s o l v e d  c a r b o n a te s  

a n d /o r  o x y g en , in  th e  d i s t i l l e d  w a te r  had no e f f e c t  on th e  

o b se r v e d  k i n e t i c s  o f  th e  r e a c t i o n s  s tu d ie d ®

D e te r m in a t io n  o f  S i l v e r ( I I )  C o n c e n tr a t io n !  The s p e c t r a  o f  s i l ­

v e r  ( I I ) i n  n i t r i c  a c id  and p e r c h l o r i c  a c i d  s o l u t i o n ,  shown 

i n  F i g .  ( t  ) ,  were o b ta in e d  u s in g  a Cary 14H R eco rd in g  S p ec­

trop h otom eter®  The w a v e le n g th s  used t o  s tu d y  th a  r e a c t i o n  

k i n e t i c s ,  f o r  b o th  s t u d i e s ,  were 365nm ( £  =. 2068 £ 39M“ 1 cm” 1 )

and 685nm ( £ =  269 -  4M“ 1 cm""') .  The m olar  a b s o r p t i v i t i e s
2"5were d eterm in ed  i n  6 . 1 1M n i t r i c  a c id  s o l u t i o n .

The method used t o  d eterm in e  t h e  s i l v e r ( I I )  c o n c e n tr a ­

t i o n  i n  a c i d  m adia , r a p i d l y  and a c c u r a t e l y ,  has b een  p r e ­

v i o u s l y  r e p o r t e d . 1̂ * ^7 The proced u re  i n v o l v e s  t a k in g  a l i q u o t  

p o r t i o n s  o f  s i l v e r f l l )  s o l u t i o n  and a d d in g  t h i s  s o l u t i o n  t o  

a g i v e n  volume o f  0 . 1 5M c e r iu m (I I I )  n i t r a t e  s o l u t i o n .  S l l v e r ( I I )  

o x i d i z e s  cerium  ( I I I ) ,  q u a n t i t a t i v e l y  t o  cerium  (TV) v i a  th e
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Fig*. 1 A b s o r p t io n  S p e c tr a  o f  S i l v e r ( I I )

A« 0 * 2 5  x  1 0 ^  M. 3 i l v a r ( I l )  i n  6*1 K n i t r i c  a c i d  

B* 3*3  x  1 0 -5  m S i l v e r ( I l )  i n  5*9 K p e r c h l o r i c  a c id

3 3
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f o l l o w i n g  r e a c t i o n ©1 5 S44»47

A g (X l)  + C e ( I I l )  --------> A g( I ) + Ce(IV) (7 4 )

Tha r e s u l t a n t  a b s o r b a n c e 9 due t o  th e  cer iu m (IV ) produced  

from t h i s  r e a c t i o n 9 i s  p ro m p tly  m easured on a  s p e c t r o p h o t o ­

m e te r  ( i©e* Beckman DU)© The ab so rb a n ce  r eco rd ed  can  be r e ­

l a t e d  t o  th e  c o n c e n t r a t io n  o f  cer iu m (IV ) th ro u g h  a  B ee rs  Law 

Curve* Once th e  cer iu m (IV ) c o n c e n t r a t io n  i s  d e term in ed  th e  

s i l v e r ( I I ) c o n c e n t r a t io n  i s  b a c k - c a lc u la t e d *

D e te r m in a t io n  o f  S t o ic h io m e t r y t  The s t o i c h io m e t r y  o f  th e  o x ­

i d a t i o n  o f  fo r m ic  a c id  and o x a l i c  a c id  by  a i l v e r ( l l )  was
o

d eterm in ed  u s in g  a Dual B u ret  Gas A n a l y s i s  A pparatus*

T h is  a p p a r a tu s  was u sed  t o  m easure carbon d io x id e  e v o lu t io n *  

The p ro ced u re  I n v o lv e d  a d d in g  s p e c i f i c  vo lum es ( 40*Oml) o f  

e i t h e r  o r g a n ic  a c id  t o  a w eigh ed  p o r t io n  o f  s i l v e r ( I I )  o x id e  

i n  a th e r m o s ta te d  r e a c t i o n  chamber© A l l  g a s  e v o l u t i o n  e x p e r ­

im e n ts  r e p o r te d  w ere r e p e a te d  u s in g  b la n k  s o lu t io n s . (  i* e *  

s o l v e n t  w ith o u t  f o r m ic  a c i d  or  o n a l i c  a c i d )  run a g a i n s t  

s i l v e r  ( I I  )■•■ I t  was found  t h a t  t h e r e  was n e g l i g i b l e  o x i d a t ­

i o n  o f  th e  s o l v e n t  by  s i l v e r ( I I ) d u r in g  th e  t im e  o f  ea ch  

experim ent©

K i n e t i c  I n s t r u m e n t a t io n s  The r a p i d i t y  o f  th e  r e a c t i o n  o f  

s l l v e r ( ' I l )  w i t h  fo r m ic  a c i d  and o x a l i c  a c id  n e c e s s i t a t e d  th e  

u se  o f  a r a p id -m ix in g  t e c h n iq u e *  The r e a c t i o n  k i n e t i c s  r e p o r t ­

ed i n  t h i s  work was s t u d ie d  u s in g  th e  s to p p e d - f lo w  technique©  

The Aminoo -  Morrow Stopped  -  Plow A pparatus 1^ 1 *1^2 i s  schem­

a t i c a l l y  p r e s e n te d  i n  Pig© ( 2 )  © The apparatus; i s  d e s ig n e d  t o  
** A ppendix  I I
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r a p i d l y  mix e q u a l  v o lu m es  o f  two s o l u t i o n s  w ith  an e f f i c i ­

en cy  o f  m ix in g  g r e a t e r  th a n  98$ a t  th e  p o in t  o f  o b s e r v a t io n  

i n  l e s s  th a n  one m i l l i s e c o n d  a f t e r  th e  m ix in g  i s  i n i t i a t e d *

The r e a c t a n t  s o l u t i o n s  a r e  s t o r e d  In  s e p a r a te  d r iv in g  

s y r in g e s *  A n i t r o g e n  g a s  o p e r a te d  p lu n g e r  a l l o w s  th e  s im u l t ­

aneous advancem ent o f  t h e s e  d r i v i n g  s y r in g e s  f o r c i n g  about  

0*1 ml o f  e a c h  s o l u t i o n  th r o u g h  a s p e c i a l l y  d e s ig n e d  m ix in g  

chamber* A f t e r  m ix in g  has o ccu rred  th e  r e a c t i o n  m ixtu re  e n t e r s  

an  0*8 cm o b s e r v a t i o n  c e l l  f i t t e d  w i t h  two q u a r tz  windows* T h is  

c e l l  r e q u ir e s  0 * 0 4  ml o f  s o l u t i o n *  Each tim e a k i n e t i c  run 

i s  com pleted  a t o t a l  o f  0*2 ml o f  s o l u t i o n  has b een  f lu s h e d

th rou gh  th e  c e l l *  1*6* th e  e q u i v a l e n t  o f  f i v e  r i n s i n g s  w ith
*■

th e  r e a c t a n t  s o l u t i o n s  i s  a c h ie v e d  f o r  e a ch  k i n e t i c  run* The 

r e a c t i o n  m ix tu re  f l o w s  th ro u g h  th e  o b s e r v a t io n  c e l l  u n t i l  i t  

e n t e r s  an  e x h a u s t  chamber and a d v a n c e s 1 t h e  p i s t o n  o f  a  s to p p in g  

s y r in g e  t o  a p r e s e t  m ic ro m eter  s to p p in g  b lo c k .  T h is  a c t i o n  

c l o s e s  a s w i t c h  w h ic h  t r i g g e r s  th e  s to r a g e  o s c i l l o s c o p e .  The 

t im e r e q u ir e d  f o r  t h e  r e a c t i o n  m ix tu r e  t o  r e a c h  th e  p o in t  o f  

o b s e r v a t io n  from th e  p o i n t  o f  m ix in g  i s  c a l l e d  th e  dead t im e .  

The dead tim e f o r  t h i s  sy stem  l a  a b o u t  two m i l l i s e c o n d s  a t  

70 p s i  o f  d r i v i n g  p r e s s u r e  and a m icro m eter  s e t t i n g  o f  

A l l  components i n  t h e  s to p p e d - f lo w  a p p a r a tu s  w hich  come in  

c o n ta c t  w i t h  any s o l u t i o n s  a re  made o f  c h e m ic a l ly  i n e r t  

m a t e r i a l s  su c h  as. K s l -F  and t e f l o n . .  The s o l u t i o n s  are  therm­

o s t a t e d  in  th e  d r i v i n g  s y r in g e s  and i n  th a  m ix in g  chamber and 

o b s e r v a t io n  c e l l  by th e  c i r c u l a t i o n  o f  a w a t e r -e th y le n a  g l y c o l

s o l u t i o n  th ro u g h  h o le s ,  d r i l l e d  i n t o  th e  aluminum b lo c k  o f  th e
# In  a l l  c a s e s  e q u a l  vo lum es o f  e a c h  r e a c t a n t  are  mixed b e fo r e  

th e  r e s u l t a n t  s o l u t i o n  r e a c h e s  th e  o b s e r v a t io n  chamber.
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Pig* 2 S ch em a tic  Diagram o f  an  Aminco -  Morrow Stopp ed  
Plow A pparatus (n o t  t o  s c a l e )

A* M icro m eter  ( s e t  a t  3 .5  )
B.. F o u r te e n  v o l t  m in ia tu r e  m ercury b a t t e r y  
C*. T r ig g e r  S w itc h
D. S to p p in g  P i s t o n
E. V alve
F. E xh au st  O u t le t
G. N it r o g e n  Gas I n l e t  (Advance)
H. N i t r o g e n  Gas I n l e t  (R e tr a c t )
I .  P lu n g e r  ( N i tr o g e n  Supply A c t u a to r )
J*. D rive  P i s t o n
K. R e a c ta n t  S o l u t i o n  R e s e r v o ir  S y r in g e s  
L. M ix in g  Chamber and O b se r v a t io n  C e l l
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5

PHOTOMETER

F ig *  3 Schematic? Diagram o f  the; E x p e r im e n ta l  System

1* The l i g h t  s o u r c e  i s  a t u n g s t e n  lamp powered b y  a 
H e w le t t -P a c k a r d  6274  DC Power Supply*

2* The Aminco M inim onochrom ator i s  used  in  t h i s  system *
3* The m ix in g  sy s te m  i s  an  Aminco -  Morrow Stopped  -  Flow 

A pparatus*
4* The d e t e c t o r  i s  an Hamamatsu R- 1 3 6  P h o t o m u l t ip l i e r  

Tube C £MT ) powered by an Aminco P h o t o m u l t i p l i e r  High 
V o lta g e  Pow er Supply*

5* The PMT o u tp u t  s i g n a l  i s ,  f e d  i n t o  an  Aminco L in e a r  -Log  
H igh P erfo rm a n ce  K i n e t i c  P h o to m e te r .  T h is  p h otom eter  
p e r m it s  o f f s e t t i n g *  change o f  b an d w id th , and s e l e c t i o n  
o f  o u tp u t  a s  p e r c e n t  t r a n s m it ta n c e  or  a s  a b so r b a n c e .

6 .  The change i n  a b so r b a n ce  w i t h  t im e i s  d i s p la y e d  on a 
T e k t r o n ix  5103N S to r a g e  O s c i l l o s c o p e .

6
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a p p a r a t u s  and oopper. tu b in g  su r ro u n d in g  t h e  m ix in g  chamber 

and o b s e r v a t io n  c e l l®

An Aminco Minimonochromator was u sed  i n  c o n j u n c t i o n  w i t h  

th e  s t o p p e d - f lo w  a p p a ra tu s  t o  m o n ito r  th e  r e a c t i o n  a t  a p r e ­

s e t  w avelength®  The so u r c e  was a tu n g s t e n  lamp w h ic h  was 

powered by  a H ew le tt-P a ck a rd  6274  DC Power Supply® The d e t e c t ­

o r  u se d  t o  f o l l o w  th e  change i n  t r a n s m it t e d  l i g h t  was a 

Hamamatsu R- 1 3 6  P h o t o m u l t ip l i e r  Tube ((PMT), powered by  an  Aminco 

P h o t o m u l t i p l i e r  High V o lta g e  Power Supply® Tha PMT o u tp u t  

s i g n a l  i s  f e d  i n t o  an Aminco L in ea r -L o g  High P erform an ce  

K i n e t i c  Photometer® The l o g a r i t h m i c  s i g n a l ,  w h ic h  i s  d i r e c t l y  

r e l a t e d  t o  th e  ab sorban ce  , i s  d i s p la y e d  on a T e k t r o n ix  5103  H 

S to r a g e  O sc il lo sco p e® . A P o la r o id  O s c i l lo a c o p e  Camera Cmodel 

©-5)' was u sed  t o  p h otograp h  th e  s to r e d  k i n e t i c  t r a c e s  f o r  

f u t u r e  a n a ly s is® . Fig®. (3 )  shows th e  s to p p e d - f lo w  a p p a r a tu s  

and th e  a s s o c i a t e d  e l e c t r o n i c  equipment®

E x p e r im e n ta l  K in e t i c  C o n d itio n s?  A l l  k i n e t i c  e x p e r im e n t s ,  f o r  

th e  fo r m ic  a o i d - s l l v e r (  I I )  r e a c t i o n ,  were p erform ed  a t  25 *0°

0 ® 1°0 , u n le s s  o th e r w ise  s ta ted ®

The c o n c e n t r a t io n  ra n g e s  u sed  i n  v a r io u s  k i n e t i c  e x p e r ­

im e n ts  a t  25 and about 6M i o n i c  s t r e n g t h  were a s  f o l l o w s ?

= O0838 x  10“2M -  47®9 x 1CT2M

= 0®404 x  10”%  -  9 o-74  x  10“5M

= 0®00 -  40®0 x 10"%

= 0®711M -  6®28M 

= 0®00 -  5®50M

= 0®50M -  6®3M
^ n o t e r .  t y p i c a l  k i n e t i c  t r a c e s  a r e  g i v e n  i n  Fig®. 8 - 1 0 ,  19-21®
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A l l  k i n e t i c  experim enta l,  f o r  th e  o x a l i c  a c i d - s i l v e r ( I I ) ,  

were perform ed a t  5 * 0 ° *  0®1°0* u n le s s  o t h e r w is e  s ta ted ©

The c o n c e n t r a t io n  ra n g es  u sed  i n  v a r io u s  k i n e t i c  e x p e r ­

im e n ts  a t  5 °0 and a b o u t 6M i o n i o  s t r e n g t h  were a s  fo llo w s* :

& 2C2 ° J t = 5 .6 0  x  10“5m -  5 .41  x  10“5M

(AgC'H)] = 7 .9 0  x  10” 5m -  2 .5 7  x  10’ 5M

[Ag('l)3 = 0 .0 0  -  1 .7 6  s  10“2M

( hK03 3 = 2©16M -  6.03M

[ d 0 4 - ]  = 0©00 -  5.49M

[N°3 " ]  = 0.500M  -  6.04M

E x p er im en ts  t o  D e te c t  Free R a d ica l  In term ed ia te s ,*  A c r y la m id e ,  

a f r e e  r a d i c a l  s c a v e n g e r ,  was used  t o  d e t e c t  f r e e  r a d io a l  

in t e r m e d i a t e s  produced i n  th e  r e a c t i o n s  s tu d ie d , .  The method 

u se d  i n  t h e s e  e x p e r im e n ts  has b een  r e p o r te d  b y  Hasan and  

Rooek . 1 ^ 5 , ^ 6  p orm^c a c i a  an(j o x a l i c  a c id  s o l u t i o n s  were  

made up w i t h  a c r y la m id e  p r e s e n t  in  v a r y in g  c o n c e n t r a t i o n s .

The e x p e r im e n ts  d e s c r ib e d  i n  th e  D e te r m in a t io n  o f  S t o l o h -  

io m e tr y  s e c t i o n  were th e n  r e p e a te d  w ith  a c r y la m id e  a t  2 5 ° 0 o 

A ttem p ts  were made t o  d e t e c t  f r e e  r a d i c a l  s p e c i e s  p r o ­

duced  i n  th e  r e a c t i o n  o f  s l l v e r ( I l )  w ith  fo r m ic  a c id  and 

o x a l i c  a c id  u s in g  e . s © r .  t e c h n iq u e s .  A JEOL LTD. JE3-SM-1 

C ontinuous Flow System  w i t h  an a q u eou s  f lo w  c e l l  (JES-LC -01)' 

was u sed  i n  c o n j u n c t io n  w i t h  a JES 3X JEOL e . s . r 0 s p e c t r o ­

m e te r .  The C ontinuous Flow System was u sed  t o  a f f e c t  r a p id  

m ix in g  o f  th e  two r e a c t a n t s .  The c o n t in u o u s  f lo w  o f  th e  mixed

r e a c t a n t s  was th e n  m on itored  by t h a  e . s . r .  s p e c t r o m e t e r .  The

e x p e r im e n ts  were perform ed a t  0°®  and 25°®  under a  w ide  range
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o f  k i n e t i c  c o n d i t i o n s ,
/

The. f i e l d  was c a l i b r a t e d  u s in g  0 ( , 0 ( - d i p h e n y l - ^ - p f c r y l -  

h y d r a z y l  ('DPPH),

Tem perature S tud y  E xp er im en ta l For th e  fo r m ic  a c i d - s i l v e r ( I I )  

r e a c t i o n ,  th e  p roced u re  in v o lv e d  p r e p a r in g  p l o t s  o f  th e  

a p p r o p r ia te  r a t e  c o n s t a n t  v e r s u s  1 /  [&*] a t  numerous temp­

e r a t u r e s  (< i . e .  10® 20® 25° 30® 40° C) a t  c o n s t a n t  n i t r a t e
o

io n  c o n c e n t r a t i o n  and i o n i c  s t r e n g t h .

For th e  o x a l i c  a c i d - s i l v e r ( I I )  r e a c t i o n  th e  proced u re  

in v o lv e d  p r e p a r in g  p l o t s  o f  th e  a p p r o p r ia te  r a t e  c o n s ta n t

v e r s u s  1 /  jjIi+J  a t  numerous te m p e r a tu r e s  ( i , e ,  -2® i t  9*
o % *13 G) a t  c o n s t a n t  i o n i c  s t r e n g t h ,

I o n ic  S t r e n g t h  E x p er im en ta l For th a  fo r m ic  a c i d - s i l v e r ( I I )  

r e a c t i o n  t h e  e f f e c t  o f  i o n i c  s t r e n g t h .  I ,  was s t u d ie d  by  

v a r y in g  th e  p e r c h lo r a t e  io n  c o n c e n t r a t io n  a t  c o n s ta n t  n i t ­

r i c  a c i d ,  f o r m ic  a c i d  and s i l v e r ( I I )  c o n c e n t r a t i o n .  The. 

e f f e c t  on th e  o b serv ed  r a t e  c o n s ta n t  w i t h  v a r y in g  i o n i c  

s t r e n g t h  was exam ined 0

For th e  o x a l i c  a c i d - s i l v e r ( I I )  r e a c t i o n  th e  e f f e c t  o f  

i o n i c  s t r e n g t h .  I ,  was s t u d ie d  by v a r y in g  th e  n i t r a t e  io n  

c o n c e n t r a t i o n  a t  c o n s t a n t  n i t r i c  a c i d ,  o x a l i c  a c id  and 

s i l v e r ( I I )  c o n c e n t r a t i o n .  The e f f e c t  on th e  o b se r v e d  r a t e  

c o n s t a n t  w i t h  v a r y in g  i o n i c  s t r e n g t h  was exam ined .

D e te r m in a t io n  o f  th e  E q u il ib r iu m  C o n sta n ts  f o r  O x a l ic  A cid  I

The e q u i l ib r iu m  c o n s t a n t s  f o r  o x a l i c  a c i d  ( 1 , 6 ,  and

K^g) were d eterm in ed  e x p e r i m e n t a l l y  b e c a u se  th e  r e a c t i o n  was  
A ppendix  I I I
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s t u d ie d  under c o n d i t io n s  o f  h ig h  I o n i c  s t r e n g t h s  and low  

t e m p e r a tu r e s .

The e q u i l ib r iu m  c o n s ta n t s ,  f o r  o x a l i c  a c i d  were d eterm in ed  

a t  5°C  and 25 °C and 6 . 3M i o n i c  s t r e n g t h * *  The p r o c e d u r e  i n ­

v o lv e d  a p o t e n t l o m e t r i c  t i t r a t i o n  o f  an  aqueous s o l u t i o n  o f  

0*0255M o x a l i c  a c id  w i t h  a  s t a n d a r d iz e d  sodium  h y d ro x id e  

s o l u t i o n .  A Leeds and N orthrup  pB m e te r  was u sed  i n  c o n ju n c t ­

io n  w i t h  a Thomas C om bination  E l e c t r o d e .  B u f fe r  s o l u t i o n s  

w ere o b ta in e d  frf>m t h e  F i s h e r  S c i e n t i f i c  C o ..  T hese s o l u t i o n s
6 O

were used t o  c a l i b r a t e  th e  pH m eter  a t  5 C and 25  Cl.

*  A ppendix IV
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RESULTS SECTION

I .  THE FORMIC ACID -  SIL V ER (ll)

S t o ic h io m e t r y  s The r e s u l t s  In  Table ( I  ) a r e  c o n s i s t e n t  

w i t h  t h a  r e a c t i o n

2 A g ( l l )  + HC02 H ----- » 2 A g ( l )  + C02 + 2H+ * (7 5 )

The s t o i c h i o m e t r y  was d eterm in ed  under c o n d i t i o n s  s i m i l a r  t o  

t h a t  e s t a b l i s h e d  f o r  th e  k i n e t i c  experim ents,,. In  a l l  d e t e r ­

m in a t io n s  th e  m ole r a t i o  o f  carbon  d io x id e  t o  s i l v e r ( I I )  

consumed was found t o  be 1 t 2* A nalogous s t o i c h i o m e t r i c  

r e s u l t s  have b een  p r e v i o u s l y  found f o r  th e  o x i d a t i o n  o f  

f o r m ic  a c i d  by m ost o th e r  in o r g a n ic  o x i d a n t s > 7 7 - 7 9 » 8 1 , 8 3 ,  

8 8 ,9 8

K i n e t i c s t  The l o s s  o f  s l l v e r ( I I )  was m o n ito red  u s in g  th e

s t o p p e d - f l o w  ap p aratu s*  The r e a c t i o n  was s t u d ie d  under

p s e u d o -o r d e r  c o n d i t io n s * - ^ w l t h  th a  s i l v e r ( l l )  s p e c i e s  i n

l i m i t i n g  q u a n t i t y *  The h a l f - l i f e  method was u sed  i n  th a  a n -
1 I ka l y s l a  o f  th e  k i n e t i c  data*

In  a number o f  c a s e s  th e  k i n e t i c s  were f o l lo w e d  from  

350nm t o  700nm f o r  I d e n t i c a l  r e a c t i o n  m ix t u r e s .  I n v a r ia b l y  

th e  shape o f  th e  k i n e t i c  t r a c e s  and th e  c a l c u l a t e d  r a t e  con ­

s t a n t s  were found t o  be i d e n t i c a l *  T h is  i n d i c a t e s  t h a t  th e  

same p r o c e s s  was b e in g  o b serv ed  a t  a l l  w a v e le n g t h s .

The tem p era tu re  was m a in ta in ed  a t  25*0*& 0*1° 0 f o r  a l l  

k i n e t i c  r u n s ,  u n le s s  o th e r w is e  n o t e d .  The i o n i c  s t r e n g t h  f o r  

a l l  th e  e x p e r im e n ts  was f i x e d  a t  ~6*3M*

S i l v e r ( I I ) .  D ependences Under th e  e x p e r im e n ta l  k i n e t i c  con ­

d i t i o n s  t h e  r e a c t i o n  was found  t o  have c o n s ta n t  h a l f - l i f e s ,
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,  f o r  a t  l e a s t  t h r e e  h a l f - l i f e s *  a t  c o n s t a n t  f o r m ic  a c i d  

c o n c e n t r a t io n  and a c i d i t y .  The c o n s ta n c y  o f  t h e  o b se r v e d  

p s e u d o -o r d e r  r a t e  c o n s ta n t*  ^qB3D• o v er  a t w e n t y - f o u r  f o l d  

c o n c e n t r a t io n  range i n d i c a t e s  t h a t  th e  r e a c t i o n  i s  f i r s t -  

o r d e r  i n  s i l v e r  ( I I ( T a b le ( I I ) ) .  Tha o b se r v e d  p se u d o -o r d e r  

r a t e  c o n s ta n t  i s  d e f in e d  by e q u a t io n (  I  ) •

- a j A s d x ) ] / a t  = k0B3D[A g ( i i ) ]  ( i )

Where ( A g ( l l ) ]  l a  th e  sum t o t a l  o f  a l l  s i l v e r ( I l )  s p e c i e s  i n  

s o lu t io n ®

S l l v e r ( I )  D ependences The r e a c t i o n  r a t e  was n o t  a f f e c t e d  by  

th e  a d d i t i o n  o f  s i l v e r  ( I )  t o  th e  r e a c t i o n  m ix t u r e .  The con­

s t a n c y  o f  th e  k a i n d i c a t e s  t h a t  th e  r e a c t i o n  has a z e r o -  

o r d e r  dependence on  s i l v e r ( I )  c o n c e n t r a t io n  o v e r  a  hundred  

and t w e n t y - f i v e  f o l d  r a n g e .  ( T a b l e ( I I I ) )

Form ic A c id  D apendencei Tha d e f in e d  by  e q u a t io n  ( I  )

w i l l  be shown t o  c o n t a in  th e  fo r m ic  a c id *  h yd rogen  i o n  and  

n i t r a t e  i o n  d e p e n d e n c ie s .

The r e a c t i o n  was found t o  be f i r s t - o r d e r  i n  fo r m ic  a c i d  

o v er  a f i f t y - s e v e n  f o l d  c o n c e n t r a t io n  ran ge  a t  c o n s ta n t  

a c i d i t y  and n i t r a t e  io n  c o n c e n t r a t io n .  The d a ta  i n  T ab le  (IV )  

I n d i c a t e s  t h a t  k - - . , -  i s  l i n e a r l y  d ep en d en t on th e  t o t a l  

f o r m ic  a c id  c o n c e n tr a t io n *  [fioogiCL o T h is  r e l a t i o n s h i p  l a  

shown by  e q u a t io n  ( I I  ) .

k OBSD = kHeK & G02 i3T  
Where kH^  a a e c o n d -o r d e r  r a t e  c o n s t a n t  i n c o r p o r a t in g

b o th  t h e  hydrogen i o n  dependency and n i t r a t e  i o n  d ep en d en cy .

The p l o t  o f  kQBsD v e r s u s  {HCGgKj ^ i s .  l i n e a r  a s  shown i n

F i g .  ( 4 ) .
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The s lo p e *  k^ ,  l a  2*95 M ^ a a c” 1 and th e  i n t e r c e p t  l a  zero®  

A c i d i t y  D ependence* At c o n s ta n t  n i t r a t e  i o n  c o n c e n t r a t i o n  th e  

s e c o n d -o r d e r  r a t e  c o n s ta n t*  kjj ^ * was found t o  be  i n v e r s e l y  

r e l a t e d  t o  th e  hydrogen io n  c o n c e n t r a t io n  ( T a b le  ( V )  ) .

T h is  i n v e r s e  dependency  i s  g iv e n  by e q u a t io n  ( I I I  ) .

k H*K =  A /  Ch+3 ( I 1 ! )

A i s  th e  p r o p o r t i o n a l i t y  c o n s ta n t*  The p l o t  o f  k^ ^ v e r s u s  

1 /  [H+] i a  shown i n  Fig® ( 5  ) .  The s lo p e *  A* l a  19*8 s e e * 1 

and th e  i n t e r c e p t  i a  z e r o  i n  th e  range o f  0 * 7 1 1M t o  6®28M 

n i t r i c  a c id *

N i t r a t e  Ion  D ependences Table (VX) shows th e  e f f e c t  on k^ 

o f  v a r y in g  th a  n i t r a t e  io n  c o n c e n t r a t io n  a t  c o n s t a n t  a c i d i t y .  

The d a ta  was found t o  obey a q u a t io n  ( IV ) i n  th e  n i t r a t e  

i o n  c o n c e n t r a t io n  range o f  0.50M v 6.0M.

kH*N = B / ( I  + K [N0“ ] )  (IV)

B and K a r e  c o n s t a n t s  Independent o f  th e  n i t r a t e  i o n  con ­

c e n t r a t io n *  The l i n e a r  form o f  e q u a t io n  ( IV ) i s

1 /  kH#K = (K/B) [n05 “J +  (1 /B )  * (V)

A p l o t  o f  1 /  kjj K v e r s u s  [ho3 ‘ ]  i s  shown i n  F i g .  ( 6 ) .

The p l o t  i s  l i n e a r  w i th  a s l o p e 9 K/B * eq u a l t o  0 . 0 4 2  s e c  

and an i n t e r c e p t *  1 /B  * o f  0 .0 1 1  M s e c .  The v a lu e  o f  K 

c a l c u l a t e d  from g r a p h ic a l  a n a l y s i s  i s  3*8 -  0 . 7  M"“* » 

Tem perature S tu d y t  In  ord er  t o  d e term in e  th e  therm odynam ic  

p a r a m e te r s  o f  th e  h ea t o f  a c t i v a t i o n *A H * and t h e  e n tr o p y  

o f  a c t i v a t i o n *  & 3 * a tem p eratu re  s tu d y  was u n d e r ta k e n  f o r  

t h i s  r e a c t i o n .  T a b id (V II )  c o n t a in s  a l l  th e  c a l c u l a t e d  r a t e  

c o n s t a n t s  a t  e a ch  tem perature. The d a ta  i s  p l o t t e d  i n  F i g .  ( 1 7 ) .
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TABLE 1 

C02  t A g ( I I )  MOLE RATIcP’b

m o le s  A s (11)' m o le s  C02 m ole r a t i o 0

x  10? x  10* C0a  * A g ( l l )

0*289 0*15

a :

1 * 1 . 9

0*291 0 . 1 5 1 t  1 . 9

0 .2 9 8 0 . 1 6 1 * 1 . 9

0*438 0 .2 1 1 i 2*1

0*954 0*48 1 8 2 . 0

0 * 9 5 4 0 .4 9 1 8 1 .9

0 .9 5 5 0 .4 9 1 8 1 .9

0*955 0 .4 9 1 8 1 .9

1*89 0 . 9 6 1 8 2 .0

1*89 0 . 9 6 1 S 2 . 0

1*89 0 .9 8 1 8 1 .9

a -  A l l  e x p e r im e n ts  were perform ed w i t h  [hNO^J = 6.18M ,

(HCQgHjj = 0 .239M . I = 6 . 3M and a t  25° C.

b -  The t o t a l  volume o f th e  r e a c t i o n  m ix tu r e  f o r e a c h  run

was 40 m l* .

c  -  The a v e r a g e  CGg 8: A g(IX ) mole r a t i o  i s  1 t 2,*0 *■ 0-. 1 .
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TABLE I I

DEPMDENCSE OF k 0B3D ON S I L Y E R ( l l ) a > b

J-0--  k QBSD» a e e “ 1 kH,N> M“ 1 s e c "1

0 *404  0 * 3 6 7  3 . 0 6

0 * 6 7 8  0 * 3 5 7  2 .9 8

1*02 0*340  2*83

1 .9 4  0 .3 8 5  3*21

2*91 0 .3 5 9  2 .9 9

3 .9 2  0 . 4 2 7  3 .5 6

5 .8 6  0 .3 5 2  2*93

6 .4 6  0 .3 6 1  3 .01

8*09 0 .4 2 8  3 .5 7

9 . 7 4  0 .3 4 8  2 .9 0

a -  [m 0 5]  = 6.17M* (BGOg^ t  =  0 * 1 20M and I  = 6 . 3M f o r  a l l  

e x p e r im e n ts .  S l lv e r (X ) '  was n o t  added t o  th e  r e a c t i o n  

m ix tu re  i n  t h e s e  e x p e r im e n ts ,  

to -  The a v e r a g e  v a lu e  o f  kH ^ i s  3*10 -  0 * 2 0  M” * s e e " ^ .
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TABLE 3 1 1  

EFFECT OF SILVER Cl) OH k0B3I)a *b

& g('I lj]  x  103 [AgCljJ x  103 k0B3D>SaC" 1 kH,N

0-581 0 . 0 0 0 .3 6 5 3 * 0 4

0 -5 6 5 0 .3 2 0 0 .3 7 9 3 . 1 6

0 -5 6 5 0 .8 0 0 0 .3 5 9 2 .9 9

0 .5 8 1 1 .6 0 0 .3 4 1 2 . 8 4

0 -5 6 5 3 .2 0 0 .3 6 2 3 . 0 2

0-581 8 .0 0 0 .3 2 1 2 . 6 8

0 .5 8 1 1 2 .0 0 .3 3 6 2 . 8 0

0 -5 6 5 1 6 .0 0 .3 4 0 2 . 8 3

0 .5 8 1 2 4 .0 0 .3 3 0 2 . 7 5

0 .5 8 1 4 0 .0 0 .3 2 4 2 .7 0

a -[HHO^/= 6 . 17M* |H002 h] s  = 0.120M  and I  = 6.3M f o r  a l l  

e x p e r im e n ts .
+ —1 —1b -  The a v era g e  v a lu e  o f  k^ ^ i a  2 .8 8  -  0 . 1 4  M a a c  .
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SABLE 5 2  .

DEPENDENCE OF k 0BgD ON FORMIC A C l l f *15

(Ar m !  x j o 3 Oaao2 H ]i  x  102 k0BSD*s e c  ^ kH.N» M^sec*"1

0 . 7 9 9 0 .8 3 8 0 .0261 3 .11

0 . 8 2 3 1 .2 0 0 .0 3 7 4 3 .1 2

0 . 8 2 3 2 .3 9 0 .0 6 7 7 2 .8 3

0 .8 2 0 4 .7 9 0 .1 4 9 3*11

2 .0 0 4 .7 9 0 .1 5 9 3*32

0 . 8 0 7 5 .9 8 0 .1 7 7 2 .9 6

0 . 8 2 6 9 .5 7 0 . 3 0 0 3 .1 3

2 .0 0 9*57 0 .3 0 4 3 .1 7

0 .8 4 0 1 2 .0 0 .3 3 8 2 .8 2

0 .8 0 7 2 3 .9 0 .7 0 0 2 .9 3

0 . 8 0 7 35*9 1 .0 7 2 .9 8

0 . 8 2 3 4 7 .9 1.41 2 .9 4

a - [hK0 ^ ]=  6.00M  and I  = 6»3M f o r  a l l  e x p e r im e n ts .  S i l v e r ( i )

w as n o t  added t o  t h e  r e a c t i o n  m ix tu re  i n  t h e s e  e x p e r im e n ts ,  

b -  The a v e r a g e  v a lu e  o f  i s  3*04 -  0 . 1 3 M ^ s e c " 1 .
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TABLE V

BEPENDENGE OF k H R GM SHE HXDROOEN IOH COHCBNSBATIQHa

[eNQj T ' k 0B3D* SQC” 1 k g  gy 11 s e c

0 .7 1 1 3 . 3 7 2 8 .1

1 . 1 7 2 . 0 3 1 6 .9

1 .4 2 1 .5 7 13.1

1 .9 8 1 . 2 4 1 0 .3

2 .8 4 0 . 9 6 7 8 .0 6

3 .5 5 0 .7 7 9 6 .4 9

3 .9 7 0 . 6 4 3 5 .3 6

4 .2 7 0 . 4 6 9 3 .91

4 .9 8 0 .4 5 0 3 .7 5

5 .6 9 0 . 3 8 9 3 .2 4

6 .1 7 0 .3 7 1 3 .0 9

6 .2 8 0 . 3 5 3 2 . 9 4

a -  I  = 6 . 3M f o r  a l l r u n s .  The c o n c e n t r a t i o n s c f  fo r m ic  a c id

and s i l v e r ( I l )  w ere h e ld  c o n s t a n t  a t  [HCOp] it o . ro o K

and [a8 ( u 1  = 1 .7 x 1 0 ~ 5M.
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TABLE V I

DEPENDENCE OF kK>N ON

& o A- ]  0 0 3 - 3

THE NITRATE ION CONCENTR 

k 0BSB* **** 1 kH,N

0*00 6 . 0 0 0 a 462 3 .8 5

0 . 9 8 6 4 .9 8 0 . 5 6 8 4 .7 3

2 . 0 0 4 .0 0 0 . 6 3 0 5 .2 5

3 . 0 0 3 . 0 0 0 .8 7 7 7 .31

3 .5 2 2 .4 9 1 .0 5 8 .7 5

4 .0 0 2 . 0 0 1 . 3 5 1 1 . 3

4 .4 6 1 . 5 3 1 . 8 5 1 5 . 4

4 .7 9 1 . 2 2 1 . 9 3 16.1

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

5 . 2 6 0 .7 1 2 2 . 1 7 18.1

5 .5 0 0 . 5 0 0 4 .8 0 4 0 .0

9 M'^see*’ *

a - [ h +7 =  60-OOM and I  = 6 o0 M f o r  a l l  e x p e r im e n ts*  The concen­

t r a t i o n s  o f  fo r m ic  a c i d  and s i l v e r ( l l ) '  were h e ld  c o n s ta n t  

a t  (HG02 H]T = 0 * 120M and § g ( l l £ /  = 1*6 x  10“5W. 

b -  In  th e  ab ove  e x p e r im e n ts  n i t r i c  a c i d  and p e r c h l o r i c

a c i d  w ere b o th  u se d  t o  m a in ta in  c o n s t a n t  a c i d i t y  w h i le  

a l lo w in g  th e  n i t r a t e  i o n  c o n c e n t r a t i o n  t o  be v a r ie d  a t  

c o n s ta n t  i o n i c  s t r e n g t h *
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SABLE VII  

THERMODYNAMIC DATA 

FOR THE FORMIC ACID*- 

SILVER((II); REACTION®

K° a - l bA , s e c ^8 3 * M” l e  c “ 1 C i n /  h
\  k

“ a ?  

1  /

2 8 3 .1 5 7 .0 5 , VjJ 00 X 105 - 1 7 . 6

2 9 5 .1 5 1 5 .4 3 .01 X 105 —1 6 ,8

298*15 1 9 . 8
t~-000 X 105 - 1 6 , 6

3 0 3 .1 5 3 0 ,5 5 .9 7  x 105 - 1 6 . 2

3 1 3 . 1 5 6 4 .8 12*7 X 105 - 1 5 . 5

a  -  A l l  e x p e r im e n ts  were perform ed w i t h  ^C02 h3<j = 0 , 1 20M,

{AgCll)] = 2*1 x  1 o ”^M and I  = 6.3M* The r u n s  ware made i n  

0,?1M  t o  6.3M n i t r i c  a c id  s o lu t io n s ©  

b -  See e q u a t io n  ( I I I  ) and e q u a t io n  ( X V III ) •

n 0 t i 6  I ’ k g ^  SS k f j^ g  K y y &

d -  n o t e  * h = 6 , 6 2 6  x  10"’̂ e r g  s e e ,  k= 1 , 3 8 1  x  10” ^  e r g  °K""̂  

and T i s  th e  tem p eratu re  i n  K e lv in  d e g r e e s  C K? ) o
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TABLE V I I I

DEPENDENCE OF krtDa_ ON FORMIC ACID
vdSD

IN 1M NITRIC ACID AND AT 1Q*C a »b  

jHCOgH] >u k 0B3D# aaC M a e c

0 .0 4 7 9 0 .2 2 5 4 .7 0

0 .1 2 0 0 .4 4 4 3 .7 0

0 .5 9 8 2 .3 3 3 . 9 0

1 .2 0 4 .3 3 3 .61

2 .3 9 8 .8 3 3 .6 9

3 .5 9 1 5 .8 4 .4 0

4 .7 9 2 1 .0 4 .3 8

a -[H N 0j =  1 *0M ,(A s('II)] = 2 x1Q ~^ an d  I  = 6.3M . S l l v e r ( I )  was 

n o t  added t o  th e  r e a c t i o n  m ix tu r e  i n  t h e s e  e x p e r im e n ts .  

jNadO^J 5.3M  and a l l  r u n s  w ere made a t  10 °C .  

b -  The a v e r a g e  v a lu e  o f  kg  jj i s  4*05 -  0*38 M“ * s e c “ * .
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TABLE

EFFECT' OF ACRYLAMIDE OK TEE 

COa  * AgClI)) MOLE RATItf *b

(ob^ chconhJ m o le s  A g ( I l )  

x 10*

m oles  C02 

x 103

m ole r a t i o  

C02 * A g ( l l )

0 .0 0 0 . 9 5 4 0 .4 7 1 * 0 . 4 9

0 .0 4 9 9 0 .9 4 7 0 .3 3 1 i a .  35

0 .0 9 9 9 0 .9 5 1 0 .2 7 1 t 0 . 2 8

0 .1 5 0 0 .9 5 0 0 . 2 4 1 t 0 . 2 5

0 .2 5 0 0 . 9 5 4 0 .2 1 1 i 0 . 2 2

0 .4 5 0 0 .9 4 9 0 . 1 7 1 l 0 . 1 8

0 .8 4 4 0 . 9 5 4 0 . 1 8 1 s 0 . 1 9

a -  A l l  e x p e r im e n ts  w ere perform ed w i t h  {bNOj]= 6.32M, 

[HC02 HJ t  = 0 ,479m , 1 = 6.3M and a t  25°C.  

t> -  The t o t a l  volume o f  th e  r e a c t i o n  m ix tu re  f o r  e a c h  run  

was 40 m l . .
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TABLE £  

DEPENDENCE OP k0BSD OK 

THE IONIC STRENGTH"&

[ N a a 0 4 ] I» M kOBSD»

o .o o 2 .0 0 3 .2 4

1 .0 0 3 .0 0 4 .2 3

2 .0 0 4 .0 0 5 .7 3

3 .0 0 5 .0 0 6 . 1 3

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

a -  A l l  e x p e r im e n ta  w era  perform ed w ith  (hNO^J= 2.00M ,  

(e C02e] t  = 0 * 1 2 0 M9 and [AgClljJ = 2 .5  x  10’ 5M and a t
O '

25 0 .
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D
;

0*6

0 . 4

0.2

0 5 15 Chc24 h> . o- ^

F i g .  4  P l o t  o f  k 0BSD v a » [hG02h] T

T h is  graph  i s  b a se d  on th e  d ata  i n  T a b le ( I V ) .  The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  by th e  method o f  l e a s t -  

s q u a r e s ,  i s  ^OBSD = {hG02 h |t .

4
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25

15

10

5

0
0 0*3 0 . 6  „ _p.9 1 .2  1 .5

1 /[H+J

F i g * 5 jPlot o f  v s .  1 / [ « * ]

T h is  graph i s  based  on th e  d a ta  i n  T ab le  ( V) .  The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  by  th e  method o f  l e a s t -  

s q u a r e s ,  i a  = 19*8 ( 1 / CH+] ) + 0 .0 3  •
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0*3

0 .2

r>

0.1

o

& 03' ]

F i g .  6 P l o t  o f  1 A h »N v a * j a o j - j

Thia graph i s  baaed on th e  d a ta  i n  T a b le ( V I ) .  The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  b y  th e  method o f  l e a s t  -  

s q u a r e s ,  i s  1 /  kH>N = 0 . 0 4 2 [ hOj ^ ]  + 0 . 0 1 1  .  The s lo p e  i s  

K/B and th e  i n t e r c e p t  i s  1 /B .
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0.4
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< 0.2 0 +

0.1

0
0 0.1 0.90.3 0.5 0.7

ACRYLAMIDE,M
Fig ..  7  E f f e c t  o f  A cry lam id e  on th e  C02 : A g ( l l )  Mole R a t io  

{HC02 H]T= 0 .4 7 9  M» (AgflljJ  =. 2 .7 x 1 0 “2 M, (HNO3]  = 6 .3 2  M
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|aiSi^ M ifc i l f e ^ j j

TXTri
FIG. 8 TYPICAL KINETIC TRACES

S topp ed  -  Flow c o n d i t i o n s :

A b s o r b a n c e /D iv .  
( o r d i n a t e )
0*20

REACTANT A:

t  A g ( I l )  3 
C A g d )  3 
C N a d G 4  3 
C HNO» 3

T im e/D iv .  
( a b s c i s s a )  
0 .0 5  s e c  
0 . 1 0  s e c  
0 . 2 0  s e c  
0 . 5 0  s e d

REACTANT Bt

= 7*93x10"*M  C HC02H I t  
= 0 . 0 0  C NadOA 3
= 4 .0 0  M 
= 2 .0 0 2  M

C h n o3 f  =

0
4
2

T = 25°C»A = 3 6 5 .0  nm» 1  = 6 . 0M

59

Time C on stan t

0 .1  m sec

. 1 1 9 7  M

. 0 0  M 

.0 0 2  M
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FIG. 9 TYPICAL KINETIC TRACES

Stopped -  Flow c o n d l t lo n a

A b s o r b a n c e /D iv .
( o r d i n a t e )
0.01

REACTANT A *

C A g ( n )  3 = 
C NaBO* 3  :
C HNOj'j

1 . 68x 10 
5 * 3 $  M 
1 . 0'OO M

- 4

T im e /D iv .  Time
( a b s c i s s a )  C o n s ta n t
0 .1 0  s e c  1 .0  m sec
0 .2 0  s e c  
0 .5 0  s e c
1 .0  s e c
2 .0  s e c
5 . 0  s e c

REACTANT B *

t HCOpH Jrji = 0.1203M  
C Na^Qi 3  = 5 .3 0  ML
C H N O p  = 1 .0 0 0  M

T s  2 ^ 0 ^ = 6 8 5 . 0  nmrI  = 6 . 3  M
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FIG. 10 TYPICAL KINETIC TRACES

Stopped -  Flow c o n d i t i o n s :

A b so r b a n c e /D iv .
( o r d i n a t e )
0 .1 0

REACTANT A;

C A g ( I l )  1  
C A g d )  3 
C NaN03 3 t  HN05 3

=  5 . 8 1 * 1 0 ” *  

= 2 3 . 9 9 x 1 0 " - 5  

= 0 .1 3 0  M 
=  6 . 1 6 7  M

H
M

T im e /D lv .  Time
( a b s c i s s a )  C onstant
0 . 5 0  s e c  0 . 5  msec
1 .0  s e c
2 . 0  s e c
5 . 0  s e c

REACTANT B:

C H C O g H  3 t  =  0 . 1 1 9 7  M  

C N a N O x  3  =  0 . 1 3 0  K  c H N O j  3 =  6 . 1 6 7  M

T = 2 5 °C» A  = 365*0 nm, 1 =  6.3  M
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The c a l c u l a t e d  thermodynam ic p a ra m eters  a r e 8 A H = 1 2 .3  K ca l/m o le  

and A S *  = 8*6  c a l /m o le  deg* .

I I*  THE OXALIC ACID -  SILVER(II)

S t o i c h i o m e t r y s The r e s u l t s  i n  T ab le  (X I) a r e  c o n s i s t e n t  w i t h  

th e  r e a c t i o n

2Ar C II) + H2 C2 04 ------ >2Ag(X) + 2C02 + 2H+ * (7 6 )

The s t o i c h i o m e t r y  was d e term in ed  under c o n d i t i o n s  s i m i l a r  t o  

t h a t  e s t a b l i s h e d  f o r  th e  k i n e t i c  e x p e r im e n ts .  In  a l l  d e t e r ­

m in a t io n s  th e  mole, r a t i o  o f  carbon d io x id e  e v o lv e d  t o  s i l v e r ( I I )  

consumed was fou nd  t o  be 1 8 1 •  A n alogou s  s t o i c h i o m e t r i c  r e ­

s u l t s  have b een  p r e v i o u s l y  found f o r  th e  o x i d a t i o n  o f  o x a l i c  

a c id  by many o t h e r  in o r g a n ic  oxidants.1 #1 0 7 # 1 0 9 # 1 1 0 ,1 1 2 * 1 1 7  

K i n e t i c s t The l o s s  o f  s i l v e r ( I I )  was m o n ito red  u s in g  th e  

s t o p p e d - f lo w  a p p a r a t u s .  The r e a c t i o n  was s t u d i e d  under p se u d o ­

o r d e r  c o n d i t i o n s 1- ^ w lt h  s l l v e r ( I l )  i n  l i m i t i n g  q u a n t i t y .  The 

h a l f - l i f e  method was used  i n  th e  a n a l y s i s  o f  th e  k i n e t i c  d a t a .

In  a number o f  c a s e s  th e  k i n e t i c s  w are f o l lo w e d  from  

350nm t o  700nm f o r  I d e n t i c a l  r e a c t i o n  m ix t u r e s .  I n v a r ia b ly  

th e  shap e o f  th e  k i n e t i c  t r a c e s  and th e  c a l c u l a t e d  r a t e  con ­

s t a n t s .  were found  t o  be I d e n t i c a l  I n d i c a t i n g  t h a t  th e  same 

p r o c e s s  was b e in g  o b serv ed  a t  a l l  w a v e le n g t h s .

The. tem p era tu re  was m a in ta in ed  a t  5 . 0 ° ±  0 .1 °  0 f o r  a l l  

k i n e t i c  r u n s ,  u n l e s s  o th e r w ise  n o t e d .  The i o n i c  s t r e n g t h  

f o r  a l l  e x p e r im e n ts  was f i x e d  a t /%/6.0M .

S i l v e r ( I X )  D ependence!

A» 3 1 I v o r ( I X )  i n  L im it in g  Q u a n t i t y 8 Under th e  e x p e r im e n ta l
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k i n e t i c  c o n d i t i o n s  th e  r e a c t i o n  waa found t o  have c o n s t a n t  

h a l f - l i f e s  f o r  a t  l e a s t  th r e e  h a l f - l i f e s  a t  c o n s ta n t  o x a l i c  

a c i d  c o n c e n t r a t i o n  and a c i d i t y .  The c o n s ta n c y  o f  th e  o b se r v e d  

p s e u d o - o r d e r  r a t e  c o n s t a n t ,  k Q̂ ^  ,  o v e r  an e i g h t  f o l d  co n ­

c e n t r a t i o n  range I n d i c a t e s  t h a t  th e  r e a c t i o n  i s  f i r s t - o r d e r  

i n  s i l v e r ( I I ) ,  CTable(XII ) )

The o b se r v e d  r a t e  c o n s ta n t  i s  d e f in e d  by e q u a t io n  ( VI ) ,

-a [art x x ) 0 / a t  = l i s d i i ]  (v i)

Where [AgClXjJ r e p r e s e n t s  th e  sum t o t a l  o f  a l l  s l l v e r ( I I )  

s p e c i e s  i n  s o lu t io n ©

B . S i l v e r ( I I )  i n  E x c e s s  Q u a n t i ty  o v er  O x a lic  A cid ! The r e a c t ­

io n  was a l s o  s t u d ie d  where th e  o x a l i c  a c i d  was i n  l i m i t i n g  

q u a n t i t y .  The p u rp o se  o f  t h e s e  e x p e r im e n ts  was t o  g i v e  

in f o r m a t io n  on th e  s t o i c h i o m e t r y  o f  th e  r e a c t i o n .  The d a ta  

i n  Table(XII3) and T ab le(X IV ) show t h a t  th e r e  is .  a l i n e a r  

r e l a t i o n s h i p  b etw een  the o b serv ed  r a t e  c o n s t a n t ,  ^ qbsd » 

and ( A g C l l ) 0 .  The r a t e  o f  r e a c t i o n ,  under t h e s e  c o n d i t ­

i o n s ,  i s  d e f in e d  by a q u a t io n  ( VII ) .

-d  [ h^ O ^  /  d t  = k ^ ^  T (V II )

I f  th e  s t o i c h i o m e t r y  g iv e n  by r e a c t i o n  76 i s  c o r r e c t  i t  

f o l l o w s  t h a t

-£■ d (Ag{'Il)J /  d t  = -d  [HgCr, o J T /  d t  o ( V I I I )

The r e l a t i o n s h i p  b etw een  and [1 g ( I l ) ]  i s  e x p r e s s e d

i n  e q u a t io n  C XX )»

k OBSD = k [A S C II ) ]  < K )

Where k I s  a s e c o n d —o r d e r  r a t e  c o n s t a n t .  The p l o t s  o f

k OBSD v e r s u s  CXX)} i n  6M n i t r i c  a c i d  ( F i g .  (1 1 )  ), and
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i n  11#8M n i t r i c  a c i d  (F ig *  (1 2 )  ) a r e  l i n e a r #  The s lo p e *  k * 

la . 0*58  x  105 M“ ^ s e c “  ̂ i n  6M n i t r i c  a c id  s o l u t i o n  and 

2#.1 x  10 3 M^sec*"1 i n  11 #8M n i t r i c  a c i d  s o lu t i o n #  The i n ­

t e r c e p t  i s  z e r o  i n  b o th  p l o t s  w i t h i n  e x p e r im e n ta l  l i m i t s #

S i l v e r  (I.) Dependences: The r a t e  o f  th e  r e a c t i o n  was n o t  a f ­

f e c t e d  by t h e  a d d i t i o n  o f  s i l v e r ( T )  t o  th e  r e a c t i o n  m ix tu re#

The c o n s ta n c y  o f  th e  k / - - -  ( T a b le  (XV) ) i n d i c a t e s  t h a t  th eUjdSP
r e a c t i o n  has a z e r o - o r d e r  d ep en d en cy  on s i l v e r ( l )  c o n c e n tr a ­

t i o n  o v er  a hundred and n i n e t y - f o u r  f o l d  range#

O x a lic  A cid  D ependences  Under c o n d i t i o n s  o f  l i m i t i n g  s i l v e r ( I I )  

th e  kQB3D d e f in e d  b y  e q u a t io n  ( VI ) w i l l  be shown t o  con­

t a i n  th e  o x a l i c  a c i d  and hydrogen io n  d e p e n d e n c ie s .  The r e a c t ­

io n  was found t o  be f i r s t - o r d e r  i n  o x a l i c  a c id  o v er  a t h i r ­

t e e n  f o l d  c o n c e n t r a t i o n  range a t  c o n s t a n t  a c i d i t y #  The d a ta  

i n  T ab le  (XVI) and T a b le  (XVII) i n d i c a t e s  t h a t  k g ^ ^  i s  

l i n e a r l y  d ep en d en t  on t h e  t o t a l  o x a l i c  a c i d  c o n c e n tr a t io n *

® T h i s  r e l a t i o n s h i p  i s  g iv e n  by e q u a t io n  (X)»

k OBSD = kH & 2 ‘ 2 ° J  T ^
The s e c o n d -o r d e r  r a t e  c o n s ta n t *  kH ’ in c o r p o r a t e s  th e

hydrogen io n  dependency#  The p l o t s  o f  k QB̂  v e r s u s

i n  6M n i t r i c  a c i d  ( F ig #  C13> ) and i n  11#8M n i t r i c  a c id

( F ig #  (1 4 )  ) a r e  b o th  l i n e a r #  The s lo p e *  k^ * i s

I #3 x  105 sec"* i n  6M a c id  and 3®9 x 10^ M ^aec"* i n

II #8M a c id #  The i n t e r c e p t  i s  z e r o  i n  b o th  p l o t s  w i t h in  

e x p e r im e n ta l  l i m i t s #

A com parison  o f  k^ s k , a t  th e  a p p r o p r ia te  a c i d i t y  

(' i . e .  6M o r  11.8M )* I n d i c a t e s  t h a t  k^ /  2 -■ k# T h is
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means t h a t  th e  r e l a t i o n s h i p  R iven  i n  e q u a t io n  ( V III  ) must 

be v a l i d .  I t  i s  n o te w o r th y  t h a t  t h e s e  r e s u l t s  a r e  i d e n t i c a l  

t o  th o s e  o b ta in e d  from th e  g a s  e v o l u t i o n  e x p e r im e n ts  ( i . e .  

used  t o  d e term in e  th e  s t o i c h io m e t r y ) ; .

A c i d i t y  Dependences: The s e c o n d -o r d e r  r a t e  c o n s t a n t ,  , i s

g iv e n  by e q u a t io n  ( XI ) . (See  d a ta  i n  T a b le  ( X V III ) ) .

kH = k /  /  [H+] + k  /  [H+] 2 (XI)

The c o n s ta n t s  k / and k^are in d e p e n d e n t  o f  th e  hydrogen io n

c o n c e n t r a t io n .  The l i n e a r  form o f  e q u a t io n  ( X I ) i s

[H+] = k /  [H+]  + k '  . (X II )

A p l o t  o f  kg  v e r s u s  1 /  [ h+J i a  shown i n  F i g .  ( 1 5 ) .

The p l o t  I s  l i n e a r  w i t h  a s l o p e ,  k / , eq u a l  t o  4 .6 5  x  10^ M s e c

and an i n t e r c e p t ,  k / ,e q u a l  t o  1 .2 2  x  10^ s e c “ ^.  The a c i d i t y

range o f  t h i s  s tu d y  was 2.16M  t o  6.03M n i t r i c  a c i d .  The lo w e r

v a lu e  o f  th e  a c i d i t y  range was s e t  by th e  in s t r u m e n ta t io n  u sed

t o  f o l l o w  th e  r e a c t i o n , s i n c e  th e  r e a c t i o n  was so  r a p id .

N i t r a t e  Ion  Dependences: Table(;$IX ) shows t h a t  i n  th e  range o f

c o n c e n t r a t io n s  s t u d ie d  t h e r e  was no e f f e c t  o f  th e  n i t r a t e  io n

on th e  ob served  r a t e  c o n s t a n t ,  k '  .  The r e a c t i o n ,  t h e r e -
OBSD

f o r e ,  has a z e r o - o r d e r  d ependence  on th e  n i t r a t e  io n  con ­

c e n t r a t i o n .

Temperature S tu d y t  The d a ta  was o b ta in e d  i n  a manner s i m i l a r  

t o  t h a t  f o r  th e  f o r m ic  a c i d - s i l v e r ( I I )  r e a c t i o n .  The c a l c u l ­

a t e d  therm odynam ic p a r a m e te r s  a r e  g iv e n  i n  T ab le  (XX). The 

d a ta  i s  p l o t t e d  i n  F i g .  ( 1 8 ) .  The v a lu e  o f  AH^= 3»2 K ca l/m o le  

and A S* = 7o0 c a l /m o le  d e g .  was c a l c u l a t e d  u s in g  th e  

e q u a t io n  g iv e n  i n  A ppendix  I I I  .
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TABLE XI 

GOg * A g (X l)  MOLE RATIO
a»b

m o le s  A g (I l) ;  

x  103

m o le s  002 

x  105

m ole  r a t  

COg * Ag

O'. 163 0 . 1 6 1 : 1 .0

0 . 1 6 3 0 . 1 7 1 t 0 .9 6

0 .1 6 5 0 . 1 6 1 1 1 .0

0 .4 3 9 0 . 4 6 1 * 0 .9 5

0 .4 4 5 0 . 4 7 1 t  0 . 9 5

0 . 8 7 6 0 . 9 0 1 t 0 . 9 7

0 .8 7 6 0 .9 1 1 * 0 . 9 6

0 .8 7 6 0 .9 1 1 fi 0 . 9 6

0 .8 7 7 0 . 8 3 1 t  1 .1

0 .9 7 3 0 . 9 4 1 ; 1 .0

a -  A l l  ex p er im en ts:  w ere perform ed  w i t h  [hNQj ] 3  6 .31M ,  

Q ig G g O ^  =• 0 .2 2 5 M , I  = 6.3M and a t  25° C. 

b -  The t o t a l  volume o f  th e  r e a c t i o n  m ix tu re  f o r  ea o h  run  

was 40 m l.o

a  -  The a v e r a g e  GOg s: A g ( I l ) '  m ole r a t i o  i s  1 s 0 .9 9  -  0 . 0 3 .
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DtHT.ll! X I I  

DEPEMBEH® OF k jg g j ,  OS S I L V E R ( U ) f 'b

(AgCll)] x 10 ÔBSS* sqc  ̂ kg# 10 8̂"̂  sec

0*790 388  1 .2 9

1 .0 0  3 6 4  1.21

1 .3 6  403  1 .3 4

1*83 385  1 .2 8

2*44  3 5 6  1 .1 8

2 .9 8  376  1 .2 5

3 .51  383  1 .2 7

4*10 391 1 .3 0

4 .7 9  393 1.31

5 .1 7  3 7 7  1*25

6 .0 9  381 1 *27

a -  [HNQ5*]= 5.99M , [ h ^ O ^  = 3 .0 1  x  10"5M and I  s  6*04M f o r  

a l l  e x p e r im e n ts .  S i l v e r  Cl)' was n o t  added t o  th e  r e a c t i o n  

m ix tu r e  In  t h e s e  e x p e r im e n ts *  

b -  The a v e r a g e  v a lu e  o f  = 1*27 *  0*03  x  10^ M"^see~*.
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DEPENDENCE OF k ' ' n ON s ilf f lB R C ll)* ,b

(a s CIX)}] x  103 i ** -1k a s e c  1 
QB30. (^0B3D /  & S (H .

0 .1 3 7 8 .2 7 6 ,0 4

0.441 2 6 .7 6 .0 5

0 .6 2 0 4 0 .3 6 .5 0

0 .7 6 0 4 2 .3 5 .5 7

0 .8 4 3 5 4 .6 6 .4 8

0 .9 5 9 66 .0 6 .8 8

0 .9 5 9 7 0 .7 7 .3 7

1.30 7 3 .7 5 .6 7

1 .5 4 100 6 .4 9

2.01 130 6 .4 7

2 .5 7 144 5 .6 0

a - [ hNO^s  5 .95M , & 2 G2 ° J t = 5o6° x  10“3M and I  =

a l l  e x p e r im e n ts#  S i l v e r C l )  was n o t  added t o  th e  r e a c t i o n  

m ix tu re  i n  t h e s e  e x p e r im e n ts ,  

b -  The a v e r a g e  v a lu e  o f^ k 0gSD / [ A g ( l l ) ] ^ ) =  6 .2 8  * 0 . 4 6
A  » |

x 10 M s e c  •
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TABLE X IV

DEPENDENCE OF ON S IL V E R ('I I J

j A g d l f j x  103 kOBSDp ^ o b s d ^ s e c ” 1

0 .5 3 3 0 . 8 6 3 1 . 6 2

0 .9 8 5 2 . 0 5 2 .0 8

1 .7 3 2 .9 1 1 .6 8

2 .1 5 3 . 9 2 1 .8 2

2 .6 6 4 .8 1 1 .81

3 .2 5 6 . 5 4 2 .0 1

3 .7 9 8 . 5 8 2 .2 6

4 . 2 4 8 . 6 7 2 .0 4

4 . 8 4 l t . 0 2 .2 7

5 .6 5 11 . 9 2 .1 1

6 .3 8 1 2 . 4 1 .9 4

a -jH N Q jjs 11.814,, [ h ^ O ^ / J t  = 5.31 x  10"5M and I  = 12M f o r  

a l l  e x p a r lm e n ta .  S i l v e r  ((I) was n o t  added t o  th e  r e a c t ­

i o n  m ix tu r e  i n  th e a e  experim enta®  

b -  The a v e r a g e  v a lu e .  ^ (^ Q g g jj  / (A g('Il)^) = 1 ®97 * 0®18 

x 1o3 M"1 a e c “ * •
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TABLE X3f.

EFFECT OF S I L U E R ( l )  ON k ^

[a s C H )3 x  10 * 10 * a kH*

2*71 0 .0 0 181 1 .50

1 .4 5 0 .9 0 7 176 1 .4 5

2*70 0 .9 0 7 190 1 .5 7

3 .8 2 0 .9 0 7 183 1.51

2 .7 7 1.81 196 1 .6 2

2 .8 0 2 .7 2 178 1 .4 7

2 .7 5 4 .5 4 201; 1 .6 6

2 .8 0 9 .0 7 213 1 .7 6

2 .7 6 2 2 .7 196 1 .6 2

2 .7 4 4 5 .4 205 1 .6 9

2 .7 3 9 0 .7 210 1 .7 4

2 .7 0 176 201 1 .6 6

a -[m J03I =  5 .74M , (HgCgOj rj — 1 .21 X 10 and ,

f o r  a l l  experim ents;*
+ p

b -  The a v e r a g e  v a lu e  o f  kgr = 1 .6 0  -  0 . 0 9  x  10 M

M**1 sec"*

6.02M

1 -1s e c  •
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SABLE X H I

DEPENDENCE OF ON OXALIC A C ID  & #b

f e ° 2 ° j T  x  ' ° 3 k 0BaB* aac_V
kjj* 10“5 M“lec“^

0 .4 2 0 52 1 .2 4

0*841 114 1 .3 6

1 .2 0 154 1 .2 8

• 00 o 235 1*31

2 .4 0 325 1 .3 5

3 .0 0 385 1 .2 8

3*43 447 1 .3 0

3 .6 0 447 • to •fc-

4 .0 0 558 1 .4 0

4 .2 0 578 1 .3 8

5 .41 660 1 .2 2

a « [ hN03] =  6*02M, jAg(Ol))| = 1 .1  x  10*”\  and I  = 6.02M f o r  a l l  

e x p e r im e n ta l  S i l v e r  (I)) was n o t  added t o  th e  r e a c t i o n  

m ix tu r e  i n  t h e s e  ex p e r im e n ts*
+ 5 .1  -1

b -  The a v e r a g e  v a lu e  o f  k^ = 1 .31 -  0 * 0 5  x  10 M s e c  •
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TABLE X V II

JBEPENDEHCE OF k g g g j j  OH QXALIG A C ID

f e c f e o J i  X 102 kOBSD* S e 0 ‘ l kB>

0 .2 2 5 8 . 9 9 4 .0 0

0 .3 7 5 1 6 .2 4 .3 2

0.751> 3 2 .1 4 .2 7

1 .1 3 4 5 . 9 4 .0 6

1 .4 3 5 9 . 2 4 .1 4

1 .5 0 6 0 .3 4 .0 2

1 .8 8 7 6 . 2 4 .0 5

2 .2 5 9 5 .1 4 .2 3

2 .6 3 9 9 . 9 3 .8 0

3 .0 0 118 3 .9 3

3 .7 5 148 3 .9 5

a - [ W 0 j ] =  1 1 .8M9 ^ g ( l l ) ]  = 1 .9  x  W~*M and I  = 12M f o r

a l l  ex p er im en ts ..  S l l v e r ( l )  was n o t  added t o  th e  r e a c t ­

i o n  m ix tu re  In  t h e s e  ex p e r im e n ts ; ,

b -  The a v era g e  v a lu e  o f  k g  = 4 . 0 7  *  0 . 1 2  x  10^ M” ^ se c “ ^ .
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SABLE X V I I I

DEPENDENCE OF kH ON THE HYDROGEN LON CONCENTRATION'
ta , b

[HNO ]  (h^ ^ 0 4] t x  103 kOBSD*
86 0:- 1 kH» 10“ M̂"’ ^see

2 .1 5 5 0 .4 1 3 433 1 0 .5
2 .3 3 6 0 .4 1 3 365 8 . 8 4
2 .5 8 6 0 .4 1 3 287 6 .9 5
2 .7 ^ 0 1 .21 770 6 .3 6
2 .7 4 6 1 .2 0 722 6 .0 2
2 .7 9 9 1 .21 7 3 7 6 .0 9
2 .8 3 5 0 .4 1 3 245 5 .9 3
2 .8 5 2 1 .2 0 654 5 .4 5
2 .9 0 5 1 .2 0 609 5 .0 8
2 .9 5 8 1 .1 9 679 5.71
3 .011 1 .2 2 666 5 .4 6
3 .0 3 7 1 .21 609 5 .0 3
3 .0 9 0 1 .1 9 550 4 .6 2
3 .1 1 8 1 .1 9 513 4 .3 1
3 .1 4 3 1 .2 0 559 4 .6 6
3 .2 2 0 1 .21 533 4 .4 0
3 .3 7 7 1.21 481 3 .9 8
3 .6 8 9 1 .21 433 3 .5 8
3 .7 4 4 1.21 439 3 .6 3
4 .0 5 3 1 .1 9 3 5 4 2 .9 7
4 .1 9 7 0 .4 1 3 112 2.71
4 .261 1 .2 0 318 2 .6 5
4 .4 6 9 1.21 291 2 .4 0
4 .7 3 4 1 .2 0 2 3 4 1 .9 5
5.251 1 .1 9 213 1 .7 9
5 .671 0 .4 1 3 6 7 . 0 1 .6 2
5 .7 3 8 1.21 177 1 .4 6
5 .7 6 7 1 .1 9 168 1.41
5 .9 4 9 1.21 153 1 .2 6
6 . 0 2 6 1 .1 9 154 1 .2 9
6 .0 2 7 1 .21 154 1 .2 7

a -  I : = 6.03M f o r  a l l r u n s .  The c o n c e n t r a t io n

was h e ld  c o n s t a n t  a t  { A g ( l l ) ] *  1 *0 x  10“^M. S i l v e r ( I )  

was n o t  added t o  th e  r e a c t i o n  m ix tu r e  i n  t h e s e  e x p e r ­

im e n t s .
o

b -  The tem p era tu re  was f i x e d  a t  5 0*
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TABLE XIX

EFFECT OF THE NITRATE ION ON J  a , b , c  
0B3D

( a o 4-J | o £ ] . /  -1
OBSD* s e a

«*5 a i a i
kH, 10 J M ‘ s e c  1

0 .0 0 5 .9 5 152 1 . 2 4

0 .9 8 6 5 .0 0 144 1 .1 7

2 .0 2 4 .0 0 129 1 .0 5

3 .01 3 .0 0 119 0 . 9 6 7

3 .9 9 2 .0 0 130 1 .0 6

5 .0 3 0 .9 9 9 144 1 .1 7

5 .4 9 0 . 5 0 0 149 1.21

a - D f l  = 6.00M and I  := 6.0M  f o r  a l l e x p e r im e n ts .  The c o n e a n -

t r a t lo n ®  o f  o x a l i c a c i d  and s i l v e r ( I I )  were h e ld  c o n s t a n t

a t  jjkj1®2®4-^T  ̂*^5 x 10*"^M a n d j A g ( I l ) ]  = 1 . 4  x  10”^N.

b  -  In  th e  above e x p e r im e n ts  n i t r i c  a c id  and p e r c h l o r i c  

a c id  were b o th  u se d  t o  m a in t a in  c o n s ta n t  a c i d i t y  w h i le  

a l lo w in g  th e  n i t r a t e  I o n  c o n c e n t r a t io n  t o  be v a r ie d  a t  

c o n s ta n t  I o n i c  s t r e n g t h .
5 —1 —1

© -  The a v era g e  v a lu e  o f  kjj I s  1 .1 2  * 0 . 0 8  x  10 M s e c  •

7 4
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TABLE XX 

THERMODmMIG DATA 

FOR THE OXALIC ACID-

a iL V E R (ll)  REACTION & ^

1 ^ ^8 9 * °  I n f  h  ^89.^
' --------------------  { k T J

271 .15 3 .8 3 X 10* 4 .3 0 X >on - 2 . 5 8

274 .15 4 . 3 5 X 10* 4 .8 9 X i o n - 2 . 4 6

2 78 .15 4 . 6 5 X 10* 5 .2 2 X i o n -2 .4 1

282 .15 5 .0 0 X 10* 5 .6 2 X t o " - 2 . 3 5

286 .15 5 .6 9 X 10* 6 .3 9 X . o " - 2 .2 3

a -  A l l  e x p e r im e n ts  were perform ed with(figCgO^^, =

4 .1 3  x  10"4!*, [A g('Il)J  = 0 . 8 5  x  10“4M and I  = 6.03M .

The runs w ere made I n  3.4M t o  5.9M n i t r i c  a c id  s o l u t ­

i o n s .

b -  See  e q u a t io n  ( X I ) and e q u a t io n  ( XXVIII ) .  

c -  n o t e *  The therm odynam ic p a ra m eters  f o r  th e  kg^ c o u ld  

n o t  b e  d e te r m in e d  b e c a u se  o f  l a r g e  e r r o r s  i n  th e  v h lu e  

o f  th e  I n t e r c e p t  f o r  p l o t s  o f  k^{~H+̂ ] v e r s u s  1 

(See  e q u a t io n  ( X II  ) ) .  

d -  n o te ?  h = 6 . 6 2 6  x  10“2 ^ e r g . a e c 9 k = 1 .381  x  10“ 1 ^ e r g  

and T i s  t h e  tem p era tu re  i n  K e lv in  d e g r e e s  ( K ° ) .
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TABLE X X I

EFFECT OF AOR^AMIDE OK THE 

C02 * Ag('Il)j MOLE RATIO &,b

(CH^CHCONH ]̂ m o les  A g ( I l )  

x 105

m o le s  C02 

x  105

m ole r a t i o  

C02 t A g ( I I )

0 .0 0 0 . 9 7 4 0 . 9 4 1 * 0 . 9 7

0 .0 2 5 0 0 .9 7 3 0 . 6 8 1 i 0 .7 0

0 .0 5 0 7 0 .9 7 6 0 .6 2 1 s 0 . 6 4

0 .1 5 1 0 .9 7 8 0 .5 0 1 t 0 .5 1

0 .2 5 3 0 .9 7 6 0 .3 9 1 * 0 .4 0

0 .4 5 0 0 .9 7 6 0 . 3 4 1 : 0 .3 5

0 .9 0 1 0 .9 7 6 0 . 3 2 1 * 0 .3 3

a -  A l l  e x p e r im e n ts  were perform ed wlth[HNOj}= 6 . 32M, 

[H gC gO jj  = 0 .450M , I  = 6o3M and a t  25° C. 

b -  The t o t a l  volume o f  th e  r e a c t i o n  m ix tu re  f o r  e a c h  run  

was 40 m l .*
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TABLE XXII  
/

DEPENDENCE OF k , ^ -  ON 
OBSB

THE IONIC STRENGTH :a

^  k 0 B3 p - 8 9 0 - 1

0*00 5*00 866

1 ,0 1  4 .0 1  770

2 .0 0  5 .0 0  541

3 .0 0  6 .0 0  385

a -  A l l  e x p e r im e n ts  were perform ed  with[HN.0^3 -  3*00M#

= ° * 63 5 x  10“3M, and | I g ( I l f ] =  1 .2  x  10"*M 

and a t  5° Co

77
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125

9  too

' f  7 5

50

25

0
0 0 . 5  1 .0  1 .5  2 . 0

[ a s  ext)] X 105
ff —J

P i g .  11 P l o t  o f  k QB3D v s .  [ A g ( l l ) j

T h is  grap h  I s  baaed  on t h e  d a ta  i n  T a b l e ( X I Z l ) . ’The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  by th e  method o f  l e a s t  -  

s q u a r e s ,  l a  ^OBSD = 5 .8 3  xIO ^jA gC llj]  •
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15

10

5

0

( A s C lI ^ x  103

F i g .  12 P l o t  o f  ^Qg3jj TO® ( A g C l lJ

T h is  graph  i a  b a se d  on th e  d a ta  i n  TablefXIU)» The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e  * c a l c u l a t e d  by th e  method o f  l e a s t  -  

squ are  a ,  i s  &QBSD = 2 . 1 4  x  1 0 ^ [A g (I l ) ]  •
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7

6o

o

X  4
oOJm k o

2

1

0
64 5310 2

(H2C204^jc103 

F i g . 13 P l o t  o f  k 0BSD v s .  0^2

T h is  graph i s  b a sed  on th e  d a ta  i n  Table(X V I). The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  by th e  method o f  l e a s t  -  

s q u a r e s ,  i s  kQBS® = 1*28 x  lO^jligGgO^^ •
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150

100

2xIO

F i g - 14 P l o t  o f  k(OBSD Va*
T h ia  graph  i s  b a se d  on th e  d a ta  i n  T ab le  (XVXXj.o, The e q u a t io n  

f o r  th e  s t r a i g h t  l i n e *  c a l c u l a t e d  by  th e  method o f  l e a s t  -  

sq u a re s*  i s  k '  = 3 .9 0  x  l O ^ O ^ ^ O ^  •
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t

20

m

0 0.1 0.2 i

[h +]
F l g J 5  P l o t  o f  1ch (h J  v s .

0 .3 0 .4

T h is  graph  i s  b ased  on th e  d a ta  i n  T a b le (X V III ) ; The e q u a t ­

i o n  f o r  th e  s t r a i g h t  l i n e ,  c a l c u l a t e d  by th e  method o f  

l e a s t  -  s q u a r e s ,  i s  4*65 x  10** /  0*+J +  1*22 x  1 o \
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1.0

UJ 0.8

0.6

O 0.2

0.90.70.50.3

ACRYLAMIDE ,M
F i g .  16 E f f e c t  o f  A crylam ide on th e  COgtAgClI} Mole R a t io  

Hh2 C 2 °4 ] t=  0*450  M, (A g (I lj )  = 2 .4 x 1 0 “2 M, (iUfOjJ = 6 .3 2  K
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- 1 5 Form ic A c i d - S i l v e r ( I I )  R e a c t lo i .

- 1 7

-1 8
3 . 4 3 . 63 . 53 . 3

£ “ 1x10 3
F i g .  17 P l o t  o f  I n  C kk83 /  W)- v a .  \ / \

T h is  graph  i a  baaed on th e  d a ta  i n  Table(V I3). The e q u a t io n  
f o r  th e  a t r a i g h t  l i n e ,  c a l c u l a t e d  by th e  method o f  l e a a t  -  
a q u a r e a ,  l a  I n  ( h k g j  /  kT) = - 6 .2 1 x 1o3/HK + 4 . 3 2 .

• 2 .0 0
O x a l ic  A c i d - S i l v e r ( I I )  R e a c t lo i

AS - 2 . 2 5

- 2.50

3 . 5  3 . 6  3 . 7

E"1 x l  0 3
F i g .  18 P l o t  o f  I n  (hk8 9 /  kT ) v a .  \ / \

T hia  graph l a  baaed on th e  d a ta  i n  T ab le(X X ) .  The e q u a t io n  
f o r  th e  a t r a i g h t  l i n e , c a l c u l a t e d  by th e  method o f  l e a a t  -  
aquarea* l a  I n  (h k g ^ / kT ) = -1 . 6 x 1 0 5/° K  + 3 . 5 .

8 4
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FIG. 19 TYPICAL KINETIC TRACES

S topp ed  -  Flow c o n d i t i o n s  s

A b s o r b a n c e /D iv .  T lm e/D lv .
C o r d i n a t e ) ( a b s c i s s a )
0 . 0 4  2 msec

5 msec

REACTANT A t REACTANT B

C A s C lI )  3  = 1 .83X 10"4 .  M C HoC2 04 3 t
C A g ( I )  3 = 2 .5 1 3 x 1 0  M g H N O f f
C HNO3 3  = 5 * 9 9 7  M

T = 3* C#X =  3 6 5 .0  nm„I = 6 .0 0  M

T im e
C o n s t a n t
0 .1  m s e c

1 2 . 0 7x 10 " 4  
5 .9 9 7  M
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F i d .  20 TYPICAL KINETIC TRACES

Stopped -  Flow c o n d i t i o n s  ;

A b so r b a n c e /D iv .
( o r d in a t e )
0.02

T lm e/D lv .  
( a b s c i s s a )  
5 msec  

10 msec

REACTANT A:

C A g ( I I )  3  = 1 .59X 10"4 M 
C HCIOa 3 = 4 .0 0 0  M
t  HNO, 3  = 2 .0 0 0  M

REACTANT B S

C HpCpOA 3 T • 
I  HQIOa 1  =
C HNO5 3 :

T =  5 ° 0 » A =  365*0 nm ,I  = 6 .0 0  M

T im e
C o n s t a n t .
0 . 3  m s e c

1 2 .0 6 x 1 0 “*
4 .0 0 0  M
2 .0 0 0  M
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FIG. 21 TYPICAL KINETIC TRACES

Stopped -  Flow c o n d i t i o n s  t

Aba o r b a n c e /D iv . 
( o r d in a t e )

0*02

REACTANT A I

£ A g ( I l )  3 = 1 .0 4 x 1 0
C NaNO, 3 = 0 .3 0 0  M
£ HNO^J = 5*728 M

T im e/D iv .
( a b s c i s s a )
5 msec  

10 m sec  
20 m sec

REACTANT B S

T im e
C o n s t a n t
0 * 5  m s e c

£H p  Op 04  1T = 4*129x10  
£ MNO3 J = 0 .3 0 0  M 
C HNOj 1 .  = 5 .7 2 8  M

- 4

T = 5° ^ 5 6 5 . 0  nm»I=* 6 .0 3  M

8 7
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MECHANISM AND DISCUSSION 

I* THE FORMIC ACID -  SILVER(II)

A m echanism c o n s i s t e n t  w i t h  our r e s u l t s  i s

Ag2 * + HC02 “  AgHC02* K ^ f a s t  (77>

AgHCOg* --------> Ag* + HCOg* k y g , r . d , s i 7 8 )

Ag2 * + HG02 ° -------- > Ag+ + C02 + H* k7 9 , f a s t  (7 9 )

where s t e p  78  i s  th e  r a t e  d e te r m in in g  s t e p  ( r .d . s ) ®  Two 

e q u i l i b r i a  a l s o  in v o lv e d  i n  t h i s  r e a c t i o n  a re  th e  i o n i z a t ­

io n  o f  f o r m ic  a c i d  i n  aq u eou s  s o l u t i o n ,

HCOgH ^  HC02 “  + K* Kq0  ( 8 0 )

and th e  s i l v e r ( l l )  c o m p le x a t lo n  w i th  th e  n i t r a t e  i o n ,

Ag2 * + N03 “ AgNOj* Kt o (1 )

A p p ro p r ia te  c o m b in a t io n  o f  th e  above s t e p s  p lu s  th e  u s e  o f
#

th e  s t e a d y - s t a t e  a s su m p tio n  y i e l d s  th e  f o l l o w i n g  r a t e  la w .

-§■ d p ig  (11)1 /  d t  = . - 7 8 -^77— 80—& s ---------- .. & gqRh3 t-------------
£ l  + K, (n03 “J  4- K77 gaQ [hC02B ] ^ M

^  (X I I I )
The term [HCOgH]^ ( = [hGC^hJ + (hC02 "J ) r e p r e s e n t s  t h e  t o t a l  

fo r m ic  a c id  co n cen tra tio n ® . The t o t a l  s i l v e r ( I I )  c o n c e n t r a t ­

i o n ,  | A g ( H ) ] ,  i s  g iv e n  by

[ A g ( u ) ] =  [a s 2 *] + [a sn o3 * ]  * [ a s hco2 *]® (XIV)

The p a r t i c i p a t i o n  o f  s i l v e r ( I I I )  has been  r u led  o u t  b y  t h e  

f a c t  t h a t  s i l v e r  (I); had no m easurab le  a f f e c t  on th e  o b se r v e d  

r a te  c o n s t a n t ® ^  I f  Kjy i s  l e s s  th a n  ab ou t 10^ t h e n  th e  

KjY KQo JhG02 b] t~\ term  ( e q u a t io n  X I I I  term), ^ t h a n  (1 + Kj (hO^]

M

^ A ppendix  I -A
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OBSD

term  and can  be n e g le c t d d .  The l i t e r a t u r e  v a lu e s  f o r  Kj and 

Kqq a r e  0.94M ” 1 ^  and 1 o-TT x 10“%  1 ^ r e s p e c t i v e l y ,  making 

th e  p r e v io u s  I n e q u a l i t y  r e a s o n a b le .  E q u a tio n  ( X I I I  ) th en  

s i m p l i f i e s  t o  th e  o b served  r a te  law  C XV ) ,  w h ich  p r e d ic t s  

a l l  th e  d e p en d e n c ie s  p r e v io u s ly  n o te d  and fo u n d ,

-i a { x g d i ) ) /  at = k78 k77 %> & e(n Q  &gogH] i  (XV)

{ i  + K, [M O j-]} | h+]

One may now deduce t h a t  kQgSD d e f in e d  b y  e q u a t io n  ( I  ) i s

k__ *. 2 k78 K77 K80 (?GQ2 HJ t  (XVI)

{ l  ♦ K, [ llO j-jJ  [H+]

and

k =  2 k78 *77 ^ 0  =  k 0BSD „ (XVII)
B,M { t  t £ ,  [NO3 - ] }  [H+J  QlP02 l i]T

A ls o ,  a t  c o n s ta n t  n i t r a t e  io n  c o n c e n t r a t io n  th e  p r o p o r t io n ­

a l i t y  c o n s ta n t  A from e q u a t io n  (' I I I  ) i s

A = 2  k78 &77 %t> (X V III)
f l  + K, [hOj * ] }

w h ile  a t  c o n s ta n t  a c i d i t y

B =  2  k 7R g 77 K80 (XIX)

[h +3
and K = K1 ,  I t  i s  im p o s s ib le  t o  s e p a r a te  ou t th e  v a lu e  o f  

k^g and K jy  from e q u a t io n  ( X V III ) ,  o n ly  th e  p ro d u ct o f  

th e  two term s I s  a t t a i n a b l e .  The e x p e r im e n ta l v a lu e  o f  kyg K ^  

was. found t o  be 3 ,9  -  0 o3 x  10  ̂ M ^ s e c ! 1

I t  i s .  p o s s ib le  t o  c o n c e iv e  o f  o th e r  m echanism s th a t  

g iv e  I d e n t i c a l  m a th em a tica l form s f o r  th e  r a ta  la w . The f o l ­

lo w in g  e q u ilib r iu m  8 1 , f o r  ex a m p le , may be im p o r ta n t .
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Ag2+ + HC02 H ? = = *  AgHCOg* + H+ (81 )

I t  I s  Jhowever* k i n e t l c a l l y  i n d i s t in g u i s h a b le  from  r e a c t io n s  

77 and 80 » I f  th e  AgHC02 + com plex  in te r m e d ia te  th e n  r e a c t s  

v ia  s t e p s  78 and 79 th e  d e r iv e d  r a t e  law  ( i f  e q u il ib r iu m  

81 was in v o lv e d ))  w ould be

-4  d[AK( u ) ] /  a t =  k78 %  & S(JI)3 &ooâ 3 i ( (Jfl0

( t  + K, [M O ,-]} [H+]

w h ere th e  v a lu e  o f  *77  =80 e q u a ls  Kg,j® S i m i l a r l y ,  one can  

c o n c e iv e  o f  o th e r  r e a c t io n  p athw ays in v o lv in g  th e  fo r m a tio n  

o f  c o o r d in a te d  fo rm ic  a c i d ,

Ag2+ + HG02 H v AgHG02 H2+ (8 2 )

fo llo w e d  by th e  e l e c t r o n  t r a n s f e r  s t e p  has n o t  b een  c o n s id ­

ered  a s  s i g n i f i c a n t  due to  th e  la c k  o f  a  hydrogen  io n  i n ­

d ep en d en t term  in  th e  r a te  e x p r e s s io n *  I f  t h i s  e q u il ib r iu m  

was im p o rta n t th e  form o f  e q u a t io n  ( I I I  ) w ould  have t o  be 

kH0N =  A /  [H+]  + G * (XXI)

Where C i s  a c o n s ta n t  g r e a t e r  th a n  z e r o  ( l » e .  p o s i t i v e  

in t e r c e p t  f o r  th e  p l o t  o f  k^ ^ v e r s u s  1 /  [ h+3 ) ® E v id en ce

f o r  a G term  in  e q u a t io n  ( I I I  )/ w as n o t  observed®

An a l t e r n a t e  two s te p  m echanism  can be p rop osed  w h ich  

d o es  n o t In v o lv e  th e  fo r m a tio n  o f  an in te r m e d ia te  s i l v e r ( I l )  

-fo rm a te  io n  com plex £

Ag2+ + HG02 “  -------> Ag+ + HGOg® kQ^9rodo.S8 (8 3 )

Ag2 ++ HG02 ®  > Ag+ + C02 + H+ k8 4 , f a s t  (8 4 )

s u i t a b le  co m b in a tio n  o f  r e a c t io n s  83  and 8 4  p lu s  th e  

e q u i l i b r i a  i n  r e a c t io n s  80 and 1 r e s u l t  i n  th e  f o l lo w in g  r a te  

law®
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- *  a |A g (H j | /  at « k8 ;  gs o  f c s * 1 1 !! § o o aH]T (XX1I)

[ l  ♦ K, [M O j-]} [H+ ]

X q u a tio n  C X X II ) l a  I d e n t i c a l  In  form  t o  e q u a t io n  ( XV ) 

d e r iv e d  f o r  th e  f l r a t  m echanlsm 0 The v a lu e  o f  kg^ can  be

d eterm in ed  and l a  found  t o  have the. same v a lu e  a s  th e  

k?8  * 7 7  term  p r e v io u s ly  d i s c u s s e d .  Had th e  1 * 7 7 * 8 0  fH<?08HV
L  n

term  n o t  b een  n e g l i g i b l e  In  e q u a t io n  ( XIII ) t h e  r e s u l t i n g  

r a t e  e x p r e s s io n  f o r  th e  two r e a c t io n  p ath w ays w ould have b een
7 7  7 A  o i

d i f f e r e n t & a s  w as found  In  o th e r  s tu d ie s©  9 9 In  an  a t ­

tem p t t o  I n c r e a s e  th e  Im p ortan ce o f  th e  [ K [HGOgHjr

[h+]
term  t h e  r e a c t io n  was reru n  a t  10° C and th e  [HCOgH]^ was 

v a r ie d  from  0.048M  t o  4©8M i n  1 ©OM n i t r i c  a c id  s o l u t i o n  a t  

a c o n s ta n t  i o n i c  s t r e n g t h  o f  6©3M m a in ta in e d  u s in g  sodium  

p e r c h lo r a te ©  C T ab le  ( f i l l ) ) /  The r e a c t io n  rem ain ed  s t r i c t l y

f i r s t - o r d e r  In  fo r m ic  a c id  th r o u g h o u t th e  e n t i r e  ran ge i n d l -
r

e a t in g  t h a t  th e *77 % 0 & « > 2 BV |  J term  rem ain ed  n e g l ig ib le ©

I t  l a  n o tew o rth y  t h a t  I t  I s  p o s s i b l e  t o  c o n c e iv e  o f  a 

m echanism  in v o lv in g  u n d ls s o c la t e d  fo r m ic  a c id  a s  th e  r e a o t -  

i v e  s p e c i e s  w ith  AgS+ » The f o l lo w in g  e q u il ib r iu m  w ould have 

t o  be c o n s id e r e d  9 HGOgH + H* HGQgHg* ©

A m echanism  t h a t  d o e s  n o t  in v o lv e  th e  fo r m a t io n  o f  a  

f r e e  r a d ic a l  I n te r m e d ia te  Is; g iv e n  In  s t e p s  85 and 8 6  ©

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AS2+ + HC02 “  AgH00g+ k ,  ka>85 (8 5 )

Ag2 ”4, + AgHGOg* > 2Ag+ f  G02 *. H+ kQg (8 6 )

I f  one assumes; t h a t  kgg>^ k ^ ^  th e  form  o f  t h e  d e r iv e d  r a t e  

la w  I s  I d e n t i c a l  t o  t h a t  I n  e q u a t io n  ( XV ) 0 As w i l l  be 

show n» th e  r e a c t io n  pathw ay n e c e s s a r i l y  i n v o l v e s  th e  form® 

a t l o n  o f  a f r e e  r a d ic a l  in ter m ed ia te®  Hence * t h i s  In fo rm a t­

io n  e lim in a te s ;  th e  a fo r em e n tio n e d  m echanism  a s  reason ab le®

K u atin  a t  a l .  * ^have e s t a b l i s h e d  t h a t  t h e  s i l v e r ( I I ) '  io n
o + +

i n  n i t r i c  a c id  m edia c o n s i s t s  p r im a r ily  o f  th e . Ag and AgHOj 

sp ecies.®  In p e r c h lo r ic  a c id  s o lu t i o n  th e  AgOH+ s p e c ie s  h a s  

b een  in d ic a te d  a s  im portant®  The v a lu e  o f  Kj ( i® e .  f o r  

e q u il ib r iu m  1 ) w h ich  was o b ta in e d  i n  t h i s  s tu d y  i s  

3o8 -  0®7 M"* w h erea s th e  p r e v io u s ly  r e p o r te d  v a lu e  I s  

^ 0 ® 9 4  A fo u r  f o l d  d i f f e r e n c e  b etw een  e q u il ib r iu m  v a lu e s

i s  n o t  uncommon n o r  unreasonab le®  F or exam ple*  Baker* le w to n  

and Kahn* ^ h a v e  o b ta in e d  a  v a lu e  o f  K^12M» f o r  th e  f i r s t  

h y d r o ly s is ;  c o n s ta n t  o f  cerium  (IV ) * w h ile  O ffn e r  and Skoog* 37 

fou nd  t h a t  K<«0®2M® T h is  r e p r e s e n t s  a  s i x t y  f o l d  d i f f e r e n c e  

i n  r e p o r te d  e q u ilib r iu m  c o n s ta n ts  f o r  th e  same r e a c tio n ®

I t  i s  n o tew o rth y  t h a t  in te r m e d ia te  m e ta l io n -fo r m a te  io n  

co m p lex es  s im i la r  t o  t h a t  p r e s e n te d  In  t h i s  work have b een  

p r e v io u s ly  p rop osed  f o r  M n ( I I l ) * ^ {,̂ G a(IV ))^* ° ^ a n d  G r(V I)® ^  

A d d it io n a lly ®  e v id e n c e  f o r  th e  e x i s t e n c e  o f  m e ta l io n - fo r m ic
7  A 7 7  70 On

a c id  com p lexes h a s  a l s o  b een  reported®  p 9 9

The in h ib i t o r y  e f f e c t  o f  th e  n i t r a t e  io n  i s  a t t r ib u t e d  

t o  i t s  c o m p e t it io n  w ith  th e  fo rm a te  io n  f o r  a  c o o r d in a t io n  

s i t e  on th e  aquom etal c a t io n  Ag& 5 t h e r e f o r e *  a s  th e  n i t r a t e
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Io n  c o n c e n t r a t io n  I n c r e a s e s  th e  a c t u a l  c o n c e n t r a t io n  o f  

AgBCOg* d e c r e a s e s  and th e  o b serv ed  r a te  o f  r e a c t i o n  d e c r e a s e s .  

The i n h i b i t o r y  e f f e c t  o f  th e  n i t r a t e  Io n  a l s o  p r e c lu d e s  

c o n s id e r a t io n  o f  th e  MOj® fr e e  r a d ic a l  s p e c ie s  as, a  p o s s i b l e  

r e a c t i v e  I n te r m e d ia te  i n  th e  r e a c t io n  p a th w a y . ̂ 7 j t  i s  i n t e r ­

e s t i n g  t h a t  w here th e  n i t r a t e  io n  was found  t o  p a r t i c i p a t e  

In  o t h e r  r e a c t io n s  i t  had an en h an cin g  e f f e c t  r a t h e r  th a n  

an I n h i b i t i n g  e f f e c t . ^
ftc

Thompson and S u l l i v a n  ^faave r e p o r te d  t h a t  th e  o x id a t ­

io n  o f  fo r m ic  a c id  by n ep tu n iu m (V II) p r o c e e d s  a t  a  r a t e  more 

r a p id  th a n  t h a t  o f  an y  a n a lo g o u s  sy stem  s tu d ie d  (n o te  I up t o  

1972)o. T h ese  r e s e a r c h e r s  in d ic a te d  t h a t  t h i s  f a c t  w as con ­

s i s t e n t  w it h  th e  id e a  t h a t  an  I n c r e a se  in  o x id a t io n  p o t ­

e n t i a l  o f  th e  m e ta l io n  co u p le  n e c e s s a r i l y  m eant an  in c r e a s e  

i n  th e  r e a c t io n  r a t e .  The UpCVTI)/MpCVX) c o u p le  i s  ~ 2 .0 V ’* '^  in  

aqueous: p e r c h l o r i c  a c i d .  A com parison  o f  th e  r a t e  c o n s ta n t s  

f o r  th e  fo r m ic  a c id  -  neptunium ('V II)  r e a c t io n  t o  t h o s e  f o r  

th e  fo r m ic  a c id  — s l l v e r ( I I )  r e a c t io n  in d ic a t e  t h a t  th e  l a t t e r  

r e a c t io n  i s  c o n s id e r a b ly  f a s t e r .  T h is  means t h a t  a s im p le  

c o r r e l a t i o n  b e tw een  th e. r a te  c o n s ta n t  and th e  o x id a t io n  

p o t e n t i a l  o f  a m e ta l io n  s p e c i e s ,  f o r  th e  o x id a t io n  o f . f o r m ic  

a c i d ,  i s  n o t  g e n e r a l ly  p o s s i b l e .

A tte m p ts  t o  m o n ito r  any f r e e  r a d ic a l  s p e c ie a  p rod u ced  

in  t h e  r e a c t io n  u s in g  c o n tin u o u s  f lo w  te c h n iq u e s  i n  co n ­

j u n c t io n  w ith  th e  e . s . r .  sp e c tr o m e te r  were u n s u c c e s s f u l .  

R e a so n s  f o r  t h i s  f a i l u r e  t o  d e t e c t  a f r e e  r a d ic a l  s p e c i e s  

v ia  e . s . r .  t e c h n iq u e s  w i l l  be d is c u s s e d  l a t e r 0 A s e r i e s  o f
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e x p e r im e n t a  w ere con d u cted  which, in d ic a te d  t h a t  a  f r e e

r a d ic a l  s p e c ie s  was p roduced  i n  th e  r e a c t io n ®  A c r y la m id e ,

a  f r e e  r a d ic a l  s c a v e n g e r , was u sed  t o  d e t e c t  th e  p r e se n o e

o f  f r e e  r a d ic a l  in t e r m e d ia t e s .  The e x p e r im e n ts  u n d erta k en

t o  d e te rm in e  th e  s to ic h io m e tr y  v ia  th e  Gas B u ret A n a ly z e r

A p p aratu s were r e p e a te d  e x c e p t  t h a t  now a c r y la m id e  was

added t o  th e  fo r m ic  a c id  s o l u t i o n s .  In  th e  p r e s e n c e  o f

a c r y la m id e  th e  m ole r a t i o  o f  GOg 8 A gC ll)' sh o u ld  d e c r e a s e

i f  a  f r e e  r a d ic a l  s p e c i e s ,  su ch  a s  HGOg® , i s  p r e s e n t .*  * 5*116

The r e s u l t s  in  T ab le  (IX)' con firm  th e  p r e s e n c e  o f  a  f r e e

r a d ic a l  in t e r m e d ia t e .  The d a ta  i s  p lo t t e d  i n  F i g .  C 7  ) •

A s tu d y  o f  th e  i o n i c  s t r e n g t h  e f f e c t  ( T a b le  ( X ) )>

on t h i s  r e a c t io n  i s  n o t  c o n c lu s iv e  b u t i s  i n d i c a t i v e ,  s in c e

th e  c o n c e n tr a t io n s  u sed  w ere f a r  o u t s id e  th e  ran ge c o n s id e r e d

by th e  Debye -  K uckel l i m i t i n g  la w .* -^  F or a th r e e  f o ld

change i n  th e  i o n i c  s t r e n g t h  th e r e  i s  a  co m p a ra tiv e  sm a ll

change i n  th e  o b serv ed  r a t e  c o n s ta n t  C w h ich  may be ca u sed

by o t h e r  medium e f f e c t s ) .  A s th e  i o n i c  s t r e n g t h  in c r e a s e s

t h e  o b se rv ed  r a t e  o f  r e a c t io n  i n c r e a s e s .  T h is  i n d i c a t e s

t h a t  th e  r e a c t i v e  s p e c ie s  may be c h a r a c t e r iz e d  a s  an io n

and a n e u tr a l  m o le c u le  o r  two m o le c u le s  w h ich  have form ed
1 4 0a p o la r  in t e r m e d ia t e .

I I .  T ffl OXALIC ACID -  SIL ¥E B (Il)'

F or c l a r i t y  o f  p r e s e n t a t io n ,  th e  r a t e  d e te r m in in g  

s t e p s  ( r . d . a . ) o f  a m echanism  c o n s i s t e n t  w it h  th e  r e s u l t s  

a r e  p r e s e n te d  f i . e .  s t e p s  87* 8 8 ,  8 9  and 90)© The d e t a i l e d
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m echanism  and m a th em a tica l tr e a tm e n t a r e  g iv e n  i n  A ppendix  I -B

Ag2+ + HC2 0 j  ------ » Ag* + KGg04® kg^grodofie ( 8 7 )

AgKO| + HGgOj------> Ag+ + HC2 04 °+ 1 0 ” k8Q,r ® d .s .  (88)

Ag2 * + < ^ o |“ ------ >Ag + * C2 04 «” k3 9>r .d .a « , ( 8 9 )

AgNQ* + C2 C^“  >Ag+ + C2 64 ®-+ NO” k9 0 , r . d . s .  (9 0 )

The b in o x a la t e  r a d ic a l  s p e c i e s , HCgO^* , and th e  o x a la t e  

r a d i c a l  io n ,.  C2 04 °”  f produced  r e a c t  w ith  s i l v e r ( I I )  t o  

form th e  r e a c t io n  products®  The f o l lo w in g  e q u i l i b r i a  a r e  

a l s o  I n v o lv e d  i n  th e  r e a c t io n  mechanism®

% C2 ° 4  5 = *  H0S ° 4  + H* K95  (9 5 )
HOjOj f = = ^ C ^ o |~  + H+ K (9 6 )

A p p r o p r ia te  co m b in a tio n  o f  th e  r e a c t io n  s t e p s  ( A p p en d ix  I -B )

in c lu d in g  e q u i l i b r i a  95 and 96 y i e l d  th e  f o l lo w in g  r a t e  law®

- i  d (A g « II )]  /  d t  =  / ^ § i 3 5 + i g 9 3 § _ ^ 9 6  ^ g d u j j ^ O g O ^ !

-j (X X III)[H+] M -

T h is  r a t e  law  p r e d ic t s  a l l  th e  d ep e n d e n c ie s  p r e v io u s ly  

n o te d  and found® The term  r w d , <  =EP202 0J + ^ 02 ° a ] + 

C W 1 >  r e p r e se n ts :  th e  t o t a l  o x a l i c  a c id  c o n ce n tra tio n ®

The t o t a l  s i l v e r ^ ! ! )  c o n c e n tr a t io n s  [A g (I I )J  * i n  n i t r i c  

a c id  s o l u t i o n  i s  e x p r e s se d  i n  e q u a t io n  ( XXIV )®

( A g C l l ) }  = j i g 2 * ]  + [AgNO^*! (XXIV)

A d d it io n a l  s i l v e r ( I I )  s p e c ie s , ,  su ch  as. a llv e r (I I ) ;« * o x a la te  

com plex io n  in t e r m e d ia t e s , have b een  o m itte d  s in c e  t h i s  

w ould p r e d ic t  a n i t r a t e  io n  dependency w h ich  was n o t  found®

In  th e  m echanism  p r e s e n te d  Ag2 * and AgNO^* have s i m i l a r » i f  

n o t  i d e n t i c a l 8 r e a c t i v i t i e s ®  This is r e a s o n a b le  and e x p e c te d  

i f  th e  r e a c t io n  i s  d i f f u s i o n  c o n t r o l le d 12*1 (i®e® a p r o d u c t  is

9 5
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*0B3D =  2 f~al  \  + - S9 ‘ « V |  • <*»>
i  rH+ i [h+ i j

k„ = g / k87 ^95 **89*95 *96
I  & * ] +  & + 12 J

form ed as: a  r e s u l t  o f  e a c h  c o l l i s i o n ) , ,  w ith  r e s p e c t  t o  b o th  

s i l v e r C l l ) !  s p e c ie s *  T h is  w ould a l s o  im p ly  t h a t  th e  r a te  con­

s t a n t s  w ould  be in d ep en d en t o f  th e  n i t r a t e  io n  c o n c e n tr a t io n ,  

a s  was fo u n d • The p a r t i c ip a t i o n  o f  s i l v e r C l I l )  has been  r u le d  

ou t by th e  f a c t  t h a t  s i lv e r ( ' l ) ;  has no m easu rab le  a f f e c t  on 

th e  r a t e  c o n s ta n t*  ( T ab le  (XV) I

I t  may now be s e e n  t h a t  k OBS0 , d e f in e d  by e q u a t io n  ( VI )

I s

/  -  2  J ZG
[a * ] ' [h+] 2

The v a lu e  o f  k g  ,  a  s e c o n d -o r d e r  r a te  c o n s ta n t ,  i s  g iv e n  by 

e q u a t io n  ( XXVI )®
/

kOBSD (XXVI)

f t /  , 4
The c o n s ta n t s  k and k p r e s e n te d  in  e q u a t io n  ( X I ) w ere  

found t o  h ave  th e  f o l lo w in g  v a lu e s  ( s e e  Fig© (1 5 )  )»

k ' ~  2 k8 ?  K95 = 1 .2 2  x  104  s e c ”*1 (XXVII)

k^= 2 kQ9 K95  K96 = 4*65 x  106 M s e c ”*1 (XXVIII)

B ark en 1 s  v a lu e  f o r  1© O®0541i and Harned

V \ k a2 % l  )
and F a l lo n  ba v a lu e  f o r  f=  jH+J I ^ O ^ J V ls  5*8x10*"9m a tI & o2 oA-;j /

o o 142 143
25 0 and 5  C, r e s p e c t iv e ly ®  9 The calculated v a lu e  o f

kg7 I s  1 «2 *  0®3 x  10 5 M“*1 s e c " 1 and th e  v a lu e  o f  kg9 i s

5*3 -  2 o7 x  1 0 1 1 Mra>1s e c “ 1 o Thee© values w ere calculated u s in g  

th e  v a lu e  s ; f o r  and d eterm in ed  e x p e r im e n ta l ly  (A ppendix IV).

(The. v a lu e s  p r e s e n te d  w i l l  be d is c u s s e d  in  th e  General D is ­

c u s s io n  Section).
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UThe m echanism  p r e s e n te d  i s  m ost c o n s i s t e n t  w ith  a l l  th e  d a t a .

The m agn itu d e o f  th e  r a te  c o n s ta n t  kg^ and th e  lo w  h e a t  o f  a c t ­

i v a t i o n  a re  in d i c a t i v e  o f  a d i f f u s i o n  c o n t r o l le d  r e a c t io n  pathway*..

I t  i s  d i f f i c u l t  t o  c o n c e iv e  o f  an y  m e c h a n is t ic  schem e 

f o r  th e  r e a c t io n  w h ich  w ould b e k i n e t i c a l l y  i n d i s t i n g u i s h ­

a b l e .  I f  one c o n s id e r e d  t h e  AgOB* s p e c i e s  in  th e  r e a c t io n  

pathw ay a n i t r a t e  io n  d ep en d en ce w ould  be found i n  th e  

d e r iv e d  r a t e  la w . I f  one c o n s id e r e d  an  e q u il ib r iu m  b etw een  

Ag2 * and AgKOj* w i t h  th e  a p p r o p r ia te  o x a l i c  a c id  s p e c i e s ,  

a g a in  a  n i t r a t e  io n  d ep en d en ce w ould  b e o b serv ed  i n  th e  

d e r iv e d  r a t e  law * how ever* a s  p r e v io u s ly  m en tio n ed , no  

n i t r a t e  io n  e f f e c t  was found e x p e r im e n t a l ly .

The com plex a c i d i t y  d ep en d en ce  g iv e n  i n  e q u a t io n  ( X I ) 

in d ic a te ®  t h a t  th e  r e a c t iv e  o x a l i c  a c id  s p e c ie s  a r e  th e  

b in o x a la te  io n *  HCg.Ô "’ * and th e  o x a la t e  d ia n io n ,  CgO^2 "* .

I t  sh o u ld  be n o ted  t h a t  e q u a t io n  ( X I  ) may a c t u a l l y  have  

th e  form*

There I s  no way t o  d e term in e  i f  k i s  s i g n i f i c a n t  from  

g r a p h ic a l  m eth o d s..

V a r io u s  a t te m p ts  t o  d e t e c t  a n y  f r e e  r a d ic a l  i n t e r ­

m e d ia t e ' s )  produced  i n  t h i s  r e a c t io n  u s in g  c o n tin u o u s  f lo w  

t e c h n iq u e s  i n  c o n ju n c t io n  w it h  th e  e . s . r .  s p e c tr o m e te r  w ere  

u n s u c c e s s f u l .  H owever, a c r y la m id e  was u sed  t o  d e t e c t  th e  

p r e s e n c e  o f  th e  f r e e  r a d ic a l  s p e c i e s  p roduced  in  th e  '’s lo w 1 

s t e p s  8 7 ,  88* 89 and 9 0 . As i s  shown i n  A ppendix I -B  

t h e s e  f r e e  r a d ic a l s  are. consum ed i n  s t e p s  91 * 9 2 ,9 3  and 9 4 .

k (XXIX)
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A s waa found In  th e  fo r m ic  a c id  -  a i l v e r ( I l )  r e a c t io n  th e  

m ole r a t i o  o f  GQg * A g ( I l )  d e c r e a s e d  s i g n i f i c a n t l y  i n  th e  

p r e s e n c e  o f  acry la m id e* . The d a ta  i a  p r e s e n te d  i n  T ab le(X X I)  

and p l o t t e d  in  F ig *  (16)' » T h is  in fo r m a t io n  i s  s u p p o r ta t iv e  

o f  a  f r e e  r a d ic a l  r e a c t io n  p ath w ay .

The io n i c  s t r e n g t h s  u sed  i n  t h i s  k i n e t i c  i n v e s t i g a t i o n  

w ere f a r  o u t s id e  th e  Debye -  S h e k e l l i m i t i n g  law * A s th e  

i o n i c  s t r e n g t h  in c r e a s e s  th e  o b se rv ed  r a t e  o f  r e a c t io n  

d e c r e a s e s *  The r e s u l t s  o f  th e  i o n i c  s t r e n g t h  s tu d y  a r e  

a g a in  i n d i c a t i v e 9 r a t h e r  th a n  c o n c lu s iv e 9 t h a t  th e  r e a c t ­

iv e  s p e c ie s  a re  o f  o p p o s i t e  c h a rg es*  ( T a b le  (XX II) )
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QEBEBAS DISCUSSION

The o x id a t io n  o f  o r g a n ic  s u b s t r a t e s  b y  s l l v e r C l l )
4 2has b een  n e g le c t e d  b y  a l l  b u t  one grou p  o f  re sea rch ers®

The mechanism  f o r  th e  o x id a t io n  o f  two c a r b o x y l ic  a c id s  by  

s i l v e r ( I I ) '  has b een  p r e s e n te d  In  t h i s  t h e s i s .  I t  i s  th e  I n t e n t  

o f  t h i s  s e c t i o n  t o  make a  co m p a r iso n  o f  th e  r e a c t io n  p a th ­

ways s t u d ie d ,  n o t in g  s i m i l a r i t i e s  and d i f f e r e n c e s .  T h is  

s e c t i o n  w i l l  a l s o  a tte m p t t o  p r o v id e  j u s t i f i c a t i o n s  f o r  

some o f  th e  m e c h a n is t ic  i n t e r p r e t a t i o n s  p r e s e n te d  In  t h i s  

t h e s i s .

S i m i l a r i t i e s .  Form ic a c id  r e a c t e d  w it h  th e  Ag2+ s p e c i e s  and
O4, f

o x a l i c  a c id  r e a c te d  w ith  b o th  th e  Ag and AgNOj s p e c i e s ,  in  

n e i t h e r  s tu d y  was th e r e  e v id e n c e  t o  show t h a t  AgOH* or s i l ­

v e r  ('III); p a r t ic ip a t e d  in  th e  r e a c t io n  sch em e. I t  i s  i n t e r ­

e s t i n g  t o  p o in t  o u t t h a t  a lth o u g h  th e  Ag2+ Io n  and th e  AgNO^*

io n  have d i f f e r e n t  n e t  c h a r g e s  t h e i r  o x id a t io n  p o t e n t i a l s
12 40a re  a lm o st  i d e n t i c a l .  p I t  w as fou nd  t h a t  th e  r e a c t io n  

m echanism  f o r  b o th  o r g a n ic  a c id s  p r o c ee d e d  v ia  two o n e -  

e le c t r o n  t r a n s f e r  s t e p s  t o  y i e l d  carb on  d io x id e  and s i l v e r ( I ) ®  

I t  i s  n o tew o rth y  t h a t  th e  v a lu e s  f o r  th e  r a t e  c o n s ta n ts  

f o r  th e  r e a c t io n  pathw ays in v o lv in g  th e  b in o x a la te  io n  

s p e c ie s  and th e  form ate Io n  s p e c i e s  a r e  a lm o s t  I d e n t ic a l  

(' i . e .  1 ,2  x  105 s e c “ * and 3®9 x  10^ a a c ” |  r e s p e c t i v e l y ) .  

This; i n d ic a t e s  t h a t  th e s e  s p e c i e s  have a lm o st  id e n t i c a l  

r e a c t i v i t i e s  w ith  a i l v e r ( I l ) .  U n f o r tu n a t e ly ,  th e  h ea t o f  

a c t i v a t i o n  co u ld  n o t  be o b ta in e d  f o r  th e  r e a c t io n  pathway  

in v o lv in g  th e  b in o x a la te  io n  s p e c i e s ,  n o r  co u ld  a p o s s ib le
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n i t r a t e  Io n  d ependence be d e t e c te d  b e c a u se  o f  th e  r a p id i t y  

o f  t h e  r e a c t io n  o f  s ilv er ((IX ))  w ith  th e  o x a la t e  d ia n io n .

The e f f e c t  o f  a c r y la m ld e , i n  b o th  th e  fo r m ic  a c id  

and o x a l i c  a c id  r e a c t io n s  w ith  s i l v e r ( I I ) s p r o v e s  t h a t  a 

f r e e  r a d ic a l  in te r m e d ia te  must have b een  p r o d u c e d . I t  sh o u ld  

b e n o te d  t h a t  th e  m ole r a t i o  o f  OOg t  A g (I l) ;  l e v e l s  o f f  a t  

a v a lu e  o th e r  th a n  z e r o  in  th e  p r e s e n c e  o f  a c r y la m ld e ( i . e .  

f o r  th e  fo rm ic  a c id  -  s ilv e r (X X ); r e a c t io n  the. GCt, t A g ( I l )  

m ole r a t i o  l e v e l s  o f f  a t  ab ou t 0 .2  and f o r  th e  o x a l i c  a c id  -
\/ 4 I i ^

a i l v e r ( I l ) }  r e a c t io n  a t  a b o u t 0 . 4 ) .  H asan and R ocek 39 

found t h a t  th e  COg t Cr(Vl); r a t i o  d id  n o t  go t o  z e r o  in  

th e  p r e s e n c e  o f  a c r y la m ld e  b u t w ere u n a b le  t o  e x p la in  t h i s  

o b s e r v a t io n .

The e . s . r .  e x p e r im e n ts  perform ed  t o  d e t e c t  th e  p r e se n c e  

o f  a f r e e  r a d ic a l  in te r m e d ia t e (a )  w ere u n s u c c e s s f u l  b eca u se

a ) ,  th e  s te a d y  s t a t e  c o n c e n tr a t io n  o f  the. f r e e  r a d i c a l ( s )  

s p e c i e s  was b elow  th e  d e t e c t io n  l i m i t s  o f  th e  e . s . r .  

a p p a ra tu s  o r  b ) .  th e r e  was no f r e e  r a d ic a l  s p e c ie s  p r e s e n t .  

H ow ever9 th e  a c r y la m ld e  e x p er im en ts  have r u le d  o u t th e  l a t t e r  

p o s s i b i l i t y .  T h is  i s  c o n s i s t e n t  w ith  th e  p ro p o se d  m echan ism s. 

D if f e r e n c e s !  A s i g n i f i c a n t  d i f f e r e n c e  i n  th e  o x id a t iv e  p a th ­

ways f o r  th e  two c a r b o x y l1 c  a c id s  i s  th e  p r e s e n c e  o f  a 

n i t r a t e  io n  d ep en d en cy  i n  th e  fo r m ic  a d d  -  s l l v e r ( H )  

r a a c t io n  w h ile  t h i s  i s  n o t  th e  c a se  f o r  th e  o x a l i c  a c id  -  

s i l v e r ((11) r e a c t i o n .  T h is  I s  a t t r ib u t e d  t o  c o m p e t it io n  b etw een  

th e  r a t e  o f  c o m p le x a tlo n  and th e  r a te  o f  e l e c t r o n  t r a n s f e r .

In  t h e  c a s e  o f  th e  fo r m ic  a c id  -  s i l v e r ( I I )  r e a c t io n  co m p lex -
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a t io n  seam s t o  be more r a p id  th a n  t h e  a c t u a l  e l e c t r o n  

t r a n s f e r  p r o c e s s ., W h ereas, In  th e  o x a l i c  a c id  -  s i l v e r C l l )  

r e a c t io n  th e  a c t u a l  e l e c t r o n  t r a n s f e r  p r o c e s s  i s  much more 

r a p id  th an  a n y  c o m p le x a tlo n  r e a c t io n *  I t  i s  s i g n i f i c a n t  t o  

p o in t  o u t t h a t  th e  p rep on d eran ce o f  r e a c t i o n s  in v o lv in g  

o x a l i c  a c id  i n d i c a t e  t h a t  c o m p le x a tlo n  i n  s o lu t i o n  i s  

common* I f ,  f o r  ex a m p le , th e  o x a la t e  d ia n lo n  i s  in v o lv e d  in  

th e  r e a c t io n  a  s t a b le  f i v e  c o o r d in a te  in te r m e d ia te  co u ld  be 

form ed*

A d d it io n a l  i n s i g h t  a s  t o  why t h e  e l e c t r o n  t r a n s f e r  

r e a c t io n  i s  more r a p id  f o r  o x a l i c  a c id  th a n  f o r  fo r m ic  a c id

w it h  s i l v e r ( l l )  may be s e e n  from  a  co m p a riso n  o f  t h e i r
144h a l f - c e l l  o x id a t io n  p o t e n t ia l s *

HCOgHCaq. )) -------» C02 + 2H* + 2©*° a  0®20V (9 7 )

H2 G2 V a q ^ '  >2Q%  * 2H+ + 2 0 “  %  -  (9 8 )
On th e  b a s i s  o f  th e s e  h a l f - c e l l  p o t e n t i a l s  o x a l i c  a c id  

i s .  th erm o d y n a m ica lly  fa v o r e d  o v e r  fo r m ic  a c id  t o  be o x id ­

iz e d  ( v ia  a two e l e c t r o n  t r a n s f e r  s t e p  ) •  H ow ever, t h i s  

d o e s  n o t  n e c e s s a r i l y  in d ic a t e  t h a t  o x a l i c  a c id  would  

have t o  be more r a p id ly  o x id iz e d  th a n  fo r m ic  a c id  by o th e r  

ox id an ts®  The extrem e r a p id i t y  o f  th e  o x a l i c  a c id  -  s i l v e r  

('II)} r e a c t i o n ,  compared t o  th e  fo r m ic  a c id  -  s i l v e r ( I l ) ,  

r e a c t i o n ,  i s  su p p o rted  b o th  by i t s  la r g e  r a t e  c o n s ta n ts  

( s e e  eq u a tlo n sC  XXVII), and ( XXVIII); )' and th e  low  h ea t  

o f  a c t i v a t i o n  ( l®e* a b o u t th r e e  K ca l/m o la  ) » A h ea t

o f  a c t i v a t i o n  around 2 - 3  K c a l/m o le  i s  u s u a l ly  in d ic a t iv e
141

o f  a  d i f f u s i o n  c o n t r o l le d  re a c tio n ®
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I t  sh o u ld  be p o in te d  o u t t h a t  th e  r a te  c o n s ta n t  f o r  th e

d i f f u s i o n  c o n t r o l le d  r e a c t io n  p a th w a y s. I . e .  kg^ and k^Q,  i s  a t

th e  h ig h  end o f  th e  t y p ic a l  d i f f u s i o n  c o n t r o l le d  r e a c t io n

( i . e .  t y p i c a l l y  th e  s e c o n d -o r d e r  r a te  c o n s ta n ts  a re  i n  th e

ran ge o f  a b o u t 10^ t o  1 0 ^ ) .  T h is  r e s u l t  may be e x p la in e d  i f

one c o n s id e r s  t h a t  th e r e  a re  la r g e  in s tr u m e n ta l e r r o r s  in
1 4*io b t a in in g  d a ta  f o r  v e r y  f a s t  r e a c t io n s .  - 'A lso , i f  th e  e q u i l i ­

brium  c o n s ta n t s  a r e  in  s i g n i f i c a n t  e r r o r  t h i s  w ould c o n tr ib u te
146t o  t h e  v a lu e  f o r  th e  r a t e  c o n s t a n t .  E ig en  has shown t h a t  

th e r e  a r e  r e a c t io n s  w h ich  may p ro ceed  more r a p id ly  th an  a  

d i f f u s i o n  c o n t r o l le d  r e a o t lo n ,  nam ely  by way o f  an  e l e c t r o n  

' t u n n e l l i n g '  e f f e c t  (a  n o n - c la s s i c a l  e l e c t r o n  Jump th rou gh  a 

p o t e n t i a l  b a r r i e r ) 0 As an  i l l u s t r a t i o n ,  E ig en  d i s c u s s e s  th e  

r e a c t io n  o f  th e  p r o to n  w ith  th e  h yd roxy l io n  a t  2 5 ° G and a t  

i c e  te m p e r a tu r e . The r a te  c o n s ta n t  i s  . 4  x  10^ sec"** a t
|  3  o a |  o a f

25*G» how ever in  i c e  th e  r a te  c o n s ta n t  i s  -*■'10 M s e c  .  T h is

l a t t e r  v a lu e  i s  s i g n i f i c a n t l y  l a r g e r  th an  c l a s s i c a l  th e o r y  on
147

d i f f u s i o n  c o n t r o l le d  r e a c t io n s  w ould a l lo w .

F u r th e r  s t u d ie s  in v o lv in g  th e  s i l v e r ( I I )  o x id a t io n  o f  

o th e r  m ono- and d ic a r b o x y l ic  a c i d s  (a s  w e l l  a s  o th e r  o r g a n ic  

s u b s tr a te s .)  co u ld  a ) ,  i n v e s t i g a t e  s i m i l a r i t i e s  and d i f f e r e n c e s  

in  m e c h a n is t ic  pathw ays and r e l a t i v e  r e a c t i v i t i e s  and b ) .  

a tte m p t t o  d e v e lo p  a l i n e a r  f r e e  en erg y  r e l a t i o n ( s )  f o r  a 

s e r i e s  o f  th e s e  r e a c t io n s  w ith  d i f f e r e n t  f u n c t io n a l  g r o u p s .
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APPENDIX I-A

KINETIC EQUATIONS FOR

THE FORMIC AG1B~SILVER( I I ) REACTION

The l o s s  o f  s i l v e r ( I I )  oan he r e p r e s e n te d  a s

- a ( A g ( n ) ] /  a t = i^ g  ^ SHCOj]+ 15̂ 9 [ a s 2 '3Ihgo2 «1 .  (XXX).

T h is  can  he s i m p l i f i e d ,u s i n g  r e a c t io n  77» t o  y i e l d

- d ( A g ( l l j ] /  d t  = k7 8 &7 7 [Ag2 ^][HC02] + k7 9 (Ag2 3[HC02^ X X X l)

In  o rd er  t o  s o lv e  f o r  HG02 * onQ may  aP P ly  th e  s t e a d y - s t a t e  
a ssu m p tio n  a s  f o l l o w s ,

-d  (hG02 ®] /  d t  = +d|]iC02 3 /  d t  * (XXXII)

The l o s s  o f  th e  fo rm y l f r e e  r a d ic a l  w ith  tim e i s

-d  | ia o 2 * ] /  dt = ^ 9 (a s 2 +][hco2 3  .  ( x x x m )

The g a in  o f  th e  fo rm y l f r e e  r a d ic a l  w ith  tim e i a

+d jHCOg /  d t  = [AgHCOgJ* (XXXIV)

S e t t in g  e q u a t io n  ((XXXII) e q u a l t o  e q u a t io n  (XXXIV) r e s u l t s  
in  a s o lu t i o n  f o r  th e  (KC02 oJ ®

§ 002 { J = ( ^ a (XXXV)

E q u a tio n  (XXXI) now s i m p l i f i e s  t o

-d jA g (I l [ ) /  d t = 2 i^ Q  K y y (Ag2 (hCQ2 3 . (XXXVI)

S o lv in g  e q u a t io n  (XIV) i n  term s o f{A g 2 * } y ie ld s  th e  f o l lo w ­
in g  e q u a t io n .

(Ag2+1 = _______________ f e g ( I l j ) _____________ (XXXVII)
Ky7 Kqq [BCOgH] l|^

M  J

S u b s t i t u t in g  e q u a t io n  (XXXVII) and th e  r e l a t i o n s h i p  in  
e q u a t io n  (X X X V III),

[11005] = % 0 [h so2 h] $  /  [ h +] ,  (x x x v i i i )

I n to  e q u a t io n  (XXXVI) y i e l d s  th e  r a t e  law  g iv e n  In  
e q u a t io n  (X III)®  E q u a tio n  (X I I I )  can be s im p l i f i e d  t o  
y ie ld  th e  o b se rv ed  r a t e  la w .
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APPENDIX 3T-B

KINETIC EQUATIONS FOR

THE OXALIC ACID-SILVER(II) REACTION

The d e t a i l e d  mechaniam f o r  th e  r e a c t io n  o f  o x a l i c  a c id  
w ith  a i l v e r ( l l )  l a  aa f o l l o w s ,

— > Ag+ + HC2 04 ® kQ (8 7 )

—^  Ag+ + HC2 04 * + NO  ̂ kQ8 (8 8 )

■— >Ag+ + C2 0 j °  kQ (8 9 )

— ^A g* * C2 04 ° + NO" k9Q (9 0 )

— >Ag+ + 2C02 + H+ k9 l (9 1 )

— >Ag+ + 2C02 + NO" + H+ k92 (9 2 )

— } A g + + 2C02 k (9 3 )

■— }A g *  + 2C02 + NO" k94  (9 4 )

Ag2+ h02 ° 4
AgNOJ + hc2 o4

Ag2+ + g2 o| "

AgNOj + ° 2 ° r
Ag2+ + hc2 04

AgNO^ hc2 04

a s 2+ + C2 ° 4 °
AgNOj g2 o4 °

S tep a  8 7 ,8 8 ,8 9  and 90 a r e  th e  r a t e  d e te r m in in g  step s©  The 
1 o b 8  o f  s l l v e r ( I l )  can  be r e p r e s e n te d  aa

-a (a s ( i i )D / dt = k87[Ag2+] | a 2o‘ ] f  k88 |asno3] |hc2o; ]

+ k89 [ Ae 2 3 & 2 01 %  k9 0 [A gu o^ [c2 o^ '] * k91[A g a 3[H c2 o4 «]

♦ k92(A8K0|ljH ^045! + k93[Ag2+][c20;D -  ^ [ ^ 0*]^-] .

r  i  r  - 1  Cxxxix)
In o rd er  t o  s o lv e  f  or  (HCUO^J and [GgO^J one may a p p ly  th e  
a t e a d y - s t a t e  a p p r o x im a tio n  t o  t h e s e  s p e c i e s ,  i . e »

-d fH C g O ^ ^ / d t  = +d jliG2 04 ®J/ d t  and (XL)

-d fC gO j0]  /  d t  = +d [C2 0 ^ ]  /  d t  .  (X Ll)

The l o s s  o f  [HG2 04 o] c a n  be e x p r e s s e d  a s

-d fH C g O ^ ]/ d t  = k91 M & w ]  + k9 2 (ASN 0^ |[C 2 04 l x L I l )

The g a in  o f  | ho2 o4 ’]  can be e x p r e s s e d  a s

+a[HO2 oA0 /  a t  = k8 7 [AS2 t ! i a 2 o"3+ k8 8 |AgH o ^ o 2 o ; 3 . ( ' x L i n )

S e t t in g  e q u a t io n  (X L II) e q u a l t o  e q u a t io n  (X L IIl)  and s o l ­
v in g  forj_HG2 04 f / y i e l d s ,
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c  1 =

2 4  k g , [Ag2+J  ♦ k92  [AgHO;]

S in c e  th e r e  i s  no n i t r a t e  io n  e f f e c t  on th e  r e a c t io n  r a t e  
th e  Ag and AgNO** s p e c ie s  m ust have th e  same r e a c t i v i t i e s  
w ith  th e  a p p r o p r ia te  o x a la t e  s p e c i e s .  I t  f o l lo w s  th a t
* 8 7  = *8 8 ' *89 =  *90* *91 = *92  and *93  = * 9 4 * SquaM on (XLIV)

may now be s im p l i f i e d  t o  y i e l d

[hc2 o4 -] = (k 8 7  / k g , ) [ hc2 0a ' ]  .  (XLV)

S im i la r ly ,  th e  l o s s  o f  [G2 04 °]m ay be e x p r e s s e d  a s

- d ) > 2 0; • ] /  a t  = O(XLVXJ

The g a in  o f  [p2 04 o7  can  be e x p r e s s e d  a s

i - a & a o ; * ] /  a t  = k8 9 |AS2 tJ[G2 o |'i]  + k g o C A g H O ^ e l ' ] .  ( x l v i i )

S e t t i n g  e q u a t io n  (XLYI) e q u a l t o  e q u a t io n  (XLVII) y i e l d s

[a0 o : - J  = ■ *89 ♦  *90  _ (XLV111)
k g j ^ S 2 ^  + * 9 4  M ° 3 ]

E q u a tio n  (XLVIII) can  be s i m p l i f i e d ,  n o t in g  t h a t  kA =kor> 
and k95=k9 4 , t o  y i e l d  yu

&2°46-]= e*89 /  *93)[°204 ']*  exr-lx)
The r a te  law  i n  e q u a t io n  (XXXIX) may now be r e w r it t e n  a s
f o l l o w s ,

-d  [ A g ( I l ) J /  d t  = 2k8 7 [Ag2 3& G2 04 "] + 2k8 ? [AgNC^]^G2 0 j ]

+ 2k8 9 CAg2 3 rG 2 0 ^ 1  ♦ 2k8 9 [ A g N 0 ^ 0 | “] e

CL)

S u b s t i t u t in g  e q u a t io n  (LI)®, o b ta in e d  from  r e a c t io n  1 ,

[AgNO^] = K, [a6 2+]  j i o j ]  (L I)

in t o  th e  r a t e  e x p r e s s io n  (L ) y i e l d s  th e  f o l lo w in g  e q u a t io n .  

- d j A g d lJ )  /  d t  = 2*[k8 7 (Ag2 3[H 02 04']+ * 8 9 & S 2 3 & 2 o |" ]  j

x  £1 *  Kt [ n o ; ]  }  ( L I l)

The total silver( I I ) concentration, [A g (II  j] , from 
equation (XXIV) can be expressed in terms of (Ag J0
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LAS J = 7 —   r ^ r r  (L I1I>
L { i  + h  [N O jJ j

S u b s t i t u t in g  e q u a t io n  (X .III) I n to  th e  r a te  e q u a t io n  (L I I )  
y i e l d s ,

- a & a d i ) ] /  a t  = s{k8 7 Ca^oH * k a g  [o2o |- ] jA g ( i i )  ( t iv )

The e q u i l i b r i a  i n  r e a c t io n s  95  and 96 oan be u sed  t o  s o lv e  
fo r  th e  (HOgO^Jand 0 ^ 0 ^  J  y i e l d i n g

[H C ^ ;] = (LV)
L ^  [ B  J

and r  -j

f e o f ]  = -K?- 96̂ 4 g0^ -  • d v i )

S u b s t i t u t in g  th e  v a lu e s  f o r  HG2 ° 4  and ° 2 04*" •>-n't0  ®9u a t io n  U*IV)
y i e l d s  th e  o b se rv ed  r a t e  la w  (X X III ) . The o b served  r a t e  law  
in d ic a t e s  t h a t  th e  Ag2+ and AgN0*+ io n s  m ust have i d e n t i c a l  
r e a c t i v i t i e s  w lt b  t h e  b in o x a la t e  io n  and th e  o x a la t e  d ia n io n  
s p e c i e s .
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APPENDIX I I  

DUAL BURET GAS 

ANALYSIS APPARATUS 

A Dual B u ret Gas A n a ly z e r  A p p a r a t u s s h o w n  i n  F ig .  ( 2 2 ) ,  

was u sed  t o  d eterm in e  th e  s t o ic h io m e t r y  o f  th e  r e a c t io n s  

s tu d ie d *  I t  a l lo w s  one t o  m ix th e  two r e a c t a n t s  t o  any d e e i r -  

ed r a t i o  and th en  t o  c o l l e c t  th e  carb on  d io x id e  e v o lv e d  a t  

a known p r e s su r e  and tem p era tu re  In  o rd er  t o  d e term in e  th e  

number o f  m o les  o f  g as l i b e r a t e d .  A w eigh ed  amount o f  s i l v e r  

( I I )  o x id e  on an aluminum pan i s  p la c e d  in  f l a s k  A . The form ic  

a o id  s o lu t i o n  or  o x a l i c  a c id  s o l u t i o n  ( b o th  run w ith o u t  and 

w ith  a c ry la m ld e  p r e s e n t )  i s  c o n ta in e d  in  b u r e t  B . W ith s to p ­

c o c k s  #3  and # 4  open and s to p c o c k  #1 c l o s e d ,  h eliu m  was th en  

a llo w e d  t o  f lo w  th ro u g h  s to p c o c k  § 2  in t o  f l a s k  A and th e e n t ir e  

s y s te m • T h is  p ro ced u re  p u rg es  t h e  a p p a ra tu s  o f  a i r  and r e ­

p la c e s  i t  w ith  h eliu m  a t  a tm o sp h e r ic  p r e s s u r e .  A f t e r  p u r g in g , 

s to p c o o k  # 4  was tu rn ed  t o  p e r m it  th e  g as b u r e t ,  G, to  commun­

i c a t e  w ith  f l a s k  A and s to p c o c k s  # 2  and #3  rem ained c lo s e d .

The h eliu m  was th e n  a d ju s te d  t o  a tm o sp h er lo  p r e s su r e  by m atch­

in g  th e  h e ig h ts  o f  th e  l i q u i d  i n  th e  gas b u r e t ,  G, and th e  

l e v e l i n g  b u lb ,H *  The c o n te n ts  o f  b u r e t  B w ere a d m itted  in t o  

f l a s k  A th rou gh  s to p c o c k  # 1 .  I f  no carb on  d io x id e  was e v o lv ed  

th e  volum e o f  l iq u id  e n t e r in g  f l a s k  A would d i s p la c e  an e q u i­

v a le n t  volume o f  g a s  back in t o  b u r e t  B and th e  l iq u i d  l e v e l  in  

th e  g a s  b u r e t  Q w ould rem ain u n ch an ged . The l i q u i d  l e v e l  in  

b u r e t  G w ould change o n ly  i f  g a s  was e v o lv e d  i n  th e  rea ctio n ®  In  

t h i s  manner th e  volum e o f  g a s  l i b e r a t e d  a t  c o n s ta n t  tem p eratu re  

and p r e s s u r e  was d e te r m in e d .
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B G

Flg-,22 Dual B u ret Gas A n a ly s i s  A p p aratu s
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APPENDIX I I I

DETERMINATION OF

THERMODYNAMIC PARAMETERS
A n a ly a is  o f  th e  e f f e c t  o f  tem p era tu re  on th e  r a t e  o f

149r e a c t io n  was made in  term s o f  th e E y r ln g  eq u a tio n *

k OBSD = (k  T /  h) ex P<4 s * /  exp ((-AH*/ RT) *  (L V Il)

F or th e  fo r m ic  a c i d - s i l v e r ( I I )  r e a c t io n  and f o r  th e  

o x a l i c  a c i d - s i l v e r ( I I )  r e a c t io n  th e  e f f e o t  o f  tem p era tu re  

on k8 j  ( - k 7 8 KT 7) and kg^ w ere s tu d ie d ,, r e s p e c t i v e l y .

F or th e  fo rm ic  a c i d - s i l v e r ( I I )  r e a c t io n  p l o t a  o f  

kH N v e r a u s  * /  [R+lw a re  d eterm in ed  a t  v a r io u s; t e m p e r a tu r e s .

At e a c h  tem p era tu re  a v a lu e  f o r  kQ_ was c a l c u l a t e d ,

k g j  = (k  I  /  h) exp  ( A S  /  R) e x p ( -A  H /  RT) (L V III)

E q u a tio n  ( L l l  IX.)1 can be r e a r  ranged  t o  y i e l d

l n (  _ - 2 U * /  RT -4- A S * / R ,  CLIX)
V k  T /

A p l o t  o f  l n (  kg_ h /  kT) v e r s u s  (l /  T ^ is  l i n e a r  w ith  a

s lo p e  o f  -AH /  R and an in t e r c e p t  o f  AS /  Ro (S ee  F ig ,  17)®

S im ila r ly ®  f o r  th e  o x a l i c  a c i d - s i l v e r ( I I )  r e a c t io n  p lo t©

o f  k ^ H * ]  v e r s u s  1 / Q i +Jw ere d eterm in ed  a t  v a r io u s , te m p e r a tu r e s .

At e a c h  tem perature: a v a lu e  f o r  kg^ was c a l c u l a t e d ,

k89 = ('k T /  h) exp ( A S * /  R )exp (-A H */ RT) (IX )

E q u a tio n  (IX ) can be rea rra n g ed  t o  y i e l d  a form  i d e n t i c a l  to

eq u ation (L IX )* , A p l o t  o f  I n /  —^ —  ) v e r s u s  (l /  T ) i s  l i n e a r
I k T  /

w ith  a s lo p e  o f  -AH /  R and an  in t e r c e p t  o f  AS /  R, (S ee  

Fig® 1 8 ) ,  (n o te ?  R = 1 ,9 8 7  c a l /  mole°K);
■^AH ând AS* a r e  th e  e n th a lp y  o f  a c t i v a t i o n  and th e  e n tr o p y  o f  
a c t iv a t io n *  r e s p e c t iv e ly ®  The o th e r  sy m b o ls  have t h e i r  u su a l  
m ea n in g s«
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APPENDIX I\f  

THE DETERMINATION OF THE EQUILIBRIUM 

CONSTANTS FOR OXALIC ACID 

A method t o  c a l c u la t e  th e  I o n iz a t io n  c o n s ta n t s  o f  d i ­

b a s i c  a c id s  from  t i t r a t i o n  c u r v e s  h as b een  d e s c r ib e d  by
150 151

N oyes and B ritton ®  The d e t a i l s  o f  th e  co m p le te  d e r i ­

v a t io n  a r e  c o n ta in e d  i n  t h e s e  paper® , o n ly  th e  im p o rta n t  

e q u a t io n s  and d e f i n i t i o n  a c t u a l l y  u sed  w i l l  be p resen ted ®

A d ib a s i c  a c id ', n am ely  o x a l i c  a c i d ,  w i l l  be d en o ted  a s  

HgR® The HgR> s p e c i e s  i o n i z e s  in  aq u eou s medium a s  fo llo w s®

\ R
HgR + HR" Kj

HR" ^==^H + *8- R2 ~ Kgjj

L et (cD = "the t o t a l  c o n c e n t r a t io n  o f  o f  o x a l i c  a c id  
b e in g , t i t r a t e d  

( n o te s  [GJ = [HgR]* (HR“]+  [R*J>
L et p£l = th e  t o t a l  c o n c e n t r a t io n  o f  sodium  h y d ro x id e  added  
L et CfrJ = th e  t o t a l  c o n c e n t r a t io n  o f  hydrogen io n s  i n  

s o lu t i o n  (d e te rm in e d  from pH m easurem ents)
The f o l lo w in g  r e l a t i o n s h i p s  a r e  o f  im p ortan ce*
L et x p  = B t f R ,  -  Ch^ C c ] *  t o x )

L e t z ;  = [H+K  [B]h + 0 iT3h)' (L X IIl)

The s u b s c r ip t  n r e f e r s ,  t o  th e  d a ta  ta k e n  from s p e c i f i c  p o in t s  

on th e  t i t r a t i o n  curve® HSsnce, by ta k in g  any p a ir  o f  r e a d in g s  

s e le c t e d  from o p p o s i t e  s i d e s  o f  th e  i n f l e c t i o n  p o in t  ( or  

m id -p o in t )  o f  th e  t i t r a t i o n  curves: whose p a ra m eters  a r e  Xj ,

Yj , Zy and X g, Yg, Zg® th e  v a lu e s  o f  V and can  be 

c a lc u la t e d  u s in g  th e  f o l lo w in g  eq u ation s®

KH2R = S t Z2 * *2Z1 > /  <*1*2 -  X2 I ,  ) (LXZV)

£na = f  X1Z2 -  X2z l > /  ( *1Z2 ’  X2Z1 >
The c a lc u la t e d  v a lu e s  f o r  th e  e q u il ib r iu m  c o n s ta n ts  a re  

Kp5 = O0O5 I 4 0®013M and = 8®2 4  4®1 x  10“ 5M. The d a ta  

i s  p l o t t e d  i n  F ig® ( 2 3 ) 0
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m l.  NaOH

F ig .  2 3  T i t r a t i o n  curve f o r  o x a l i c  a c i d .  T i t r a t io n  o f  

100 m l. o f  0 .0 2 5 5 0  M o x a l i c  a c id  w ith  0 .1 0 7 3  N NaOH, 

♦  d a ta  a t  5 ° 0  

x  d a ta  a t  25° 0

H otel: The i o n i c  s t r e n g t h  f o r  a l l  d e te r m in a t io n s  i s  
6.0  M.
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