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A b s t r a c t

A New View o f  C u r r e n t  A c id -B ase  Theory* E x p e r im e n ta l  

V e r i f i c a t i o n  and R e c o n c i l i a t i o n  o f  B r /n s te d -L o w ry , L ew is , 

and U sanov ich  T h e o r ie s  

by

A l le n  C a r l  Rychtman 

A dviser*  P r o f e s s o r  Harmon L. F i n s to n

The h i s t o r y  and d ev e lo p m en t o f  a c i d - b a s e  c o n c e p ts  from 

a n c i e n t  t im e s  to  th e  p r e s e n t  i s  c r i t i c a l l y  re v ie w e d ,  and th e  

A r r h e n iu s ,  B r /n s te d -L o w ry ,  s o l v e n t  s y s te m s ,  L ew is , and 

U sanov ich  a c i d - b a s e  t h e o r i e s  a r e  d i s c u s s e d  in  d e t a i l .

A lthough  th e  Br/^nsted-Lowry and Lewis c o n c e p ts  p r e s e n t l y  

p r e d o m in a te ,  th e  m o st i n c l u s i v e  t h e o r y  i s  t h a t  o f  U sano v ich , 

i n  which o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  a r e  e x p l i c i t l y  

r e g a rd e d  a s  a c i d - b a s e  r e a c t i o n s ,  and c a r e f u l  e x a m in a t io n  o f  

th e  p r o t o n i c  and e l e c t r o n i c  t h e o r i e s  r e v e a l s  s u p p o r t  f o r  a 

s t r o n g  c o n n e c t io n  betw een a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

c h e m is t r y .  However, th e  U sanov ich  t h e o r y  o f f e r s  no e x p e r i ­

m e n ta l  e v id e n c e  to  s u b s t a n t i a t e  t h i s  i d e a ,  n o r  d o e s  i t  

s u g g e s t  a  g e n e r a l  mechanism o r  s p e c i f i c ,  s t r u c t u r e - d e p e n d e n t  

phenomena by which o x i d i z i n g  and r e d u c in g  a g e n t s  m a n i f e s t  

t h e i r  r e s p e c t i v e  a c i d i c  and b a s i c  t e n d e n c i e s  t h a t  i s  com par­

a b le  to  p r o t o l y s i s  i n  th e  p r o t o n i c  t h e o r y  and to  c o o r d i n a t i o n  

i n  th e  e l e c t r o n i c  t h e o r y .

The h y p o t h e s i s  t h a t  o x i d i z i n g  a g e n t s  a r e  a c i d s  was 

t e s t e d  by a p p ly in g  c o n v e n t io n a l  m ethods o f  m e a su r in g  a c i d i t y .
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nam ely , pH and o t h e r  p o t e n t i a l  m easu rem en ts ,  and a c i d - b a s e  

t i t r a t i o n s ,  to  aqu eo us  s o l u t i o n s  o f  o x i d i z i n g  a g e n t s .

D ich rom ate  io n  ( o r ,  more c o r r e c t l y ,  th e  d ic h ro m a te -  

b ich ro m a te  m ix tu r e )  behaves  l i k e  a weak a c id  i n  aq ueous  

s o l u t i o n  and a p p a r e n t l y  d e c r e a s e s  pH o n ly  s l i g h t l y  w i th  

i n c r e a s i n g  c o n c e n t r a t i o n ,  b u t  t h i s  v i s i b l e  change  i s  o n ly  

a sm a l l  f r a c t i o n  o f  the  a c t u a l  i n c r e a s e  i n  a c i d i t y ,  which 

m ust be s u f f i c i e n t l y  l a r g e  to  overcome th e  D ebye-H uckel 

e f f e c t  and th e  e f f e c t  o f  c h a n g in g  l i q u i d - j u n c t i o n  p o t e n t i a l ,  

b o th  o f  which would tend  to  r a i s e  th e  pH. P a p e r - s t r i p  

e l e c t r o p h o r e s i s  e x p e r im e n ts  w i th  C r(V I)  s p e c i e s  i n  s u p p o r t ­

in g  m edia  o f  v a r y i n g  pH r e v e a l  th e  e x i s t e n c e  o f  w hat a p p e a r  

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

m o b i l i t y  p re d o m in a n t  a t  low pH ( p H < 2 ) .

I t  i s  p ro p o se d  t h a t  th e  u s u a l  G ro t th u s  mechanism f o r

r a p i d  p r o t o n  t r a n s f e r  i n  aqueous s o l u t i o n s  i s  a l t e r e d  by th e
2 -p r e s e n c e  o f  C r20^ and HCrO^ , and t h a t  "h y d ro n iu m a tio n "  

o f  th e s e  s p e c i e s  o c c u r s .  T h is  phenomenon a c c o u n ts  f o r  b o th  

th e  i n c r e a s e d  a c i d i t y  o b se rv e d  i n  th e  pH m easurem ents  and 

th e  low  m o b i l i t y  o b se rv e d  i n  th e  e l e c t r o p h o r e s i s  e x p e r im e n ts .

F e r r i c  io n  a l s o  i n c r e a s e s  th e  a c i d i t y  o f  aqueous 

s o l u t i o n s  w i th  i n c r e a s i n g  c o n c e n t r a t i o n ,  b u t  th e  e x t e n t  to  

w hich  t h i s  o c c u r s  i s  c o n t r o l l e d  by th e  n a t u r e  o f  th e  a n io n  

p r e s e n t ,  s i n c e  F e ( I I I )  form s com plexes o f  d i f f e r e n t  s t a b i l i t y  

w i th  d i f f e r e n t  a n io n s .
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The a c i d i t y  o f  p e rm an gana te  io n ,  w hich  i s  n o t  e v i d e n t  

from  pH m easu rem en ts ,  may be e x p la in e d  by a n a lo g y  to  th e  

C r^ O ^  -  HCrO^ -  CrO^^“ sy s te m .
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I. Historical Background

F o r  t h r e e  c e n t u r i e s  i n v e s t i g a t i o n  o f  th e  n a t u r e  o f  

a c i d s ,  b a s e s ,  and t h e i r  r e l a t i o n s h i p  h as  been  th e  s u b j e c t  o f  

s c i e n t i f i c  a t t e n t i o n .  I t  i s  hoped t h a t  t h i s  t h e s i s  w i l l  

c o n t r i b u t e  to  th e  r e s o l u t i o n  o f  th e  c o n t i n u i n g  d e b a te  o v e r  

a c i d - b a s e  c o n c e p ts .

A. E a r ly  A cid-B ase  I d e a s

The word " a c id "  was d e r iv e d  from " ac e tu m " , th e  L a t in  

word f o r  a c i d i c  p l a n t  j u i c e s  su ch  a s  v i n e g a r .  " A l k a l i ” , th e  

p r e d e c e s s o r  o f  " b a s e " ,  came from " a l  k a l j a " ,  th e  A ra b ic  word 

f o r  p l a n t  a s h e s .

E a r ly  a c i d - b a s e  c l a s s i f i c a t i o n s  r e s u l t e d  from e x p e r i ­

m e n ta l  o b se rv a t io n s* "" ^ .  A c ids  were r e c o g n is e d  by t h e i r  s o u r  

t a s t e ,  s o l u b i l i t y  i n  w a te r ,  and t h e i r  a b i l i t y  to  d i s s o l v e  

o t h e r  s u b s t a n c e s .  Boyle added to  t h i s  l i s t  th e  a b i l i t i e s  to  

p r e c i p i t a t e  s u l f u r  from s u l f i d e  s o l u t i o n s  and to  t u r n  b lu e  

p l a n t  dyes  r e d .  A c id s  l o s t  th e s e  d i s t i n c t i v e  t r a i t s  on 

c o n t a c t  w i th  a l k a l i e s .  The l a t t e r  a l s o  p o s s e s s e d  i d e n t i f y i n g  

c h a r a c t e r i s t i c s ,  o f t e n  i n  d i r e c t  c o n t r a s t  to  th o s e  o f  a c id s*  

th e y  d i s s o l v e d  s u l f u r  and o i l s ,  f e l t  s l i p p e r y ,  tu rn e d  p l a n t  

dy es  b lu e ,  and l o s t  t h e s e  t r a i t s  on c o n t a c t  w i th  a c i d s .

G la u b e r  i n  1648 r e c o g n iz e d  th e  c o n t r a s t i n g  n a t u r e  o f  

a c id  and a l k a l i  p r o p e r t i e s  a s  th e  co n sequence  o f  a  fu n d a ­

m e n ta l  " o p p o s i t e n e s s "  o f  a c i d s  and a l k a l i e s ^ .  G la u b e r  was 

a l s o  th e  f i r s t  to  s t a t e  t h a t  a  s a l t  was th e  p r o d u c t  o f  an 

a c i d - a l k a l i  r e a c t i o n .  R o u e l le  i n  1744 a p p l i e d  th e  s a l t -
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f o r m a t io n  c o n c e p t  to  r e a c t i o n s  be tw een  a c i d s  and an

e n la rg e d  c l a s s  o f  s u b s ta n c e s  he term ed " b a s e s " ;  th e  new

c a te g o r y  in c lu d e d  a l k a l i e s  ( t h e  h y d ro x id e s  and c a r b o n a t e s

o f  sodium and p o ta s s iu m ) ,  t h e i r  a l k a l i n e - e a r t h  e q u i v a l e n t s ,
1 7m e t a l s ,  and some o i l s  * . The word " b ase"  was d e r iv e d  from 

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

s u b s ta n c e s  w i th  a c i d s  som etim es decomposed on h e a t i n g  to  

a  v o l a t i l e  a c i d i c  com ponent and a n o n v o l a t i l e  b a s i c  ( i n  th e  

s e n se  o f  fu n d a m e n ta l )  re s id u e -^ ,  e . g . ,

Na2C03 ( s )   > Na2 ° ( s )  + C02 (g )  (1 )
Base Acid

Two y e a r s  l a t e r  W ill iam  Lewis a l s o  conc lud ed  t h a t  th e

t y p i c a l  r e a c t i o n  be tw een  a c i d s  and c e r t a i n  o t h e r  s u b s ta n c e s
7

was s a l t  f o r m a t io n  .

B oy le , i n  th e  m id - s e v e n te e n th  c e n t u r y ,  a t te m p te d  to

e x p la in  th e  p r o p e r t i e s  o f  a c i d s ,  e s p e c i a l l y  t h e i r  s o u r  t a s t e ,
#

by a t t r i b u t i n g  them to  w hat he b e l i e v e d  were s h a rp  edges  i n  

th e  shape  o f  a c i d  p a r t i c l e s .  Lemery expanded B o y le 's  id e a  

by v i s u a l i z i n g  b a s e s  a s  p o ro u s  s u b s ta n c e s  and a c i d - b a s e  

i n t e r a c t i o n s  a s  th e  p e n e t r a t i o n  o f  p o ro u s  b a s e s  by s h a rp  

a c i d s .

T here  was a  s h i f t  i n  em phasis  i n  th e  e ig h t e e n t h  c e n tu r y  

from a t t e m p t s  to  i n t e r p r e t  a c id  p r o p e r t i e s  to  th e  s e a r c h  f o r  

an " a c i d i f y i n g  p r i n c i p l e " ,  an e le m e n t  o r  c o m b in a t io n  o f  

e le m e n ts  common to  a l l  a c i d s  . Most c h e m is ts  had a d o p ted  

R o u e l l e ' s  view  o f  b a s e s  a s  s p e c i e s  o f  v a r y in g  c o m p o s i t io n  

h a v in g  l i t t l e  i n  common w i th  each  o t h e r  e x c e p t  th e  a b i l i t y
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t o  r e a c t  w i th  a c i d s  t o  form  s a l t s ,  so  no c o n c u r r e n t  s e a r c h  

f o r  a  " b a s ic  p r i n c i p l e "  was u n d e r  way and r e s e a r c h  i n t o  th e  

n a tu r e  o f  b a s e s  a ro u s e d  l i t t l e  i n t e r e s t  f o r  th e  n e x t  c e n t u r y .

P r i e s t l y  p u t  f o r t h  th e  v iew  i n  177U t h a t  c a rb o n  d io x id e  

( " f i x e d "  o r  " d e p h l o g i s t i c a t e d "  a i r )  was t h e  a c i d i f y i n g  

p r i n c i p l e ,  b a s in g  t h i s  i d e a  on th e  a b i l i t y  o f  COg t o  r e a c t  

w i th  " p h lo g i s to n "  from  th e  c o m b u s tio n  o f  o t h e r  s u b s t a n c e s .

The d i s c o v e r y  t h a t  c a rb o n  and oxygen were c o n s t i t u e n t s  o f  

a l l  o r g a n ic  a c i d s  seemed t o  s u b s t a n t i a t e  P r i e s t l y ' s  v iew ­

p o i n t  b u t  th e  c o n c e p t  fo und  o n ly  l i m i t e d  a c c e p ta n c e .

The f i r s t  w id e ly  a c c e p te d  t h e o r y  o f  a c i d s  emerged from  

th e  o x i d a t i o n  e x p e r im e n ts  o f  L a v o i s i e r ,  who found  t h a t  

common a c i d s  were o f t e n  th e  com b us tio n  p r o d u c t s  o f  n o n m e ta ls  

and  oxygen. He p ro p o se d  i n  1777 t h a t  th e  e le m e n t  oxygen*

was th e  lo n g - s o u g h t  a c i d i f y i n g  p r i n c i p l e  and  a  n e c e s s a r y
1 - 7c o n s t i t u e n t  o f  a l l  a c i d s  . An a c i d  was d e f in e d  a s  am

compound o f  oxygen and a  n o n m e ta l ,  e . g . ,  c a rb o n ,  n i t r o g e n ,  

p h o s p h o ru s ,  o r  s u l f u r .  S a l t  f o rm a t io n  was c o n s id e r e d  t h e  

c h a r a c t e r i s t i c  a c i d - b a s e  r e a c t i o n .

L a v o i s i e r  was s u r e  enough o f  h i s  c o n c lu s io n s  t o  rename 

m u r i a t i c  ( h y d r o c h l o r i c )  a c i d  o x y m u r ia t i c  a c i d  and  t o  i n s i s t  

t h a t  i t  c o n ta in e d  oxygen w i th o u t  any  s u p p o r t in g  e x p e r im e n ta l  

e v id e n c e .  Davy a t t e m p te d  t o  p r o v id e  such  e v id e n c e  i n  

numerous e x p e r im e n ts  p e rfo rm ed  from  1810-1815 b u t ,  n o t  a b le

* The word "oxygen" ( " a c i d - f o r m e r " ) was i n v e n te d  by 
L a v o is ie r^ *
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t o  d e t e c t  any  oxygen, he was c o n v in c ed  t h a t  m u r i a t i c  a c i d  

c o n ta in e d  no oxygen and t h a t  oxygen was n o t  t h e  a c i d i f y i n g  

p r i n c i p l e .  T h is  c o n c lu s io n  was c o n firm ed  by o t h e r s  f o r  a  

v a r i e t y  o f  a c i d s  o v e r  th e  n e x t  few y e a r s  and  by 1830 th e  

e x i s t e n c e  o f  o x y g e n ^ fre e  a c i d s  was w e l l  e s t a b l i s h e d .

D e s p i te  i t s  d i s p r o v a l ,  th e  im p ac t  o f  L a v o i s i e r ' s  e a r l y  

a t t e m p t  t o  s y s te m a t i z e  th e  c h e m is t r y  o f  a c i d s  c a n n o t  be 

m in im ized  o r  d e n ie d .  I n  a  s e n se  th e  oxygen t h e o r y  re m a in s  

w i th  u s  i n  th e  f a c t  t h e  words f o r  " a c id "  and th o s e  f o r  

"oxygen" have t h e  same r o o t  i n  su ch  d i v e r s e  la n g u a g e s  a s  

German ( " S a u re "  and  " S a u e r s t o f f " ) ,  R u ss ia n  ( " k i s l o t a "  and  

" k i s l o r o d " ) ,  and Hebrew ("ch u m tza h ” and "ch a ra tz an " )^ .

D is p r o o f  o f  t h e  oxygen t h e o r y  l e f t  c h e m is ts  a g a i n  

w i th o u t  an  a c i d i f y i n g  p r i n c i p l e  and d u r in g  th e  two d e c a d e s  

f o l l o w in g  D a v y 's  e x p e r im e n ts  th e  n a tu r e  o f  a c i d s  was a  t o p i c  

o f  s h a rp  controversy***^ . Davy# r e a s o n e d  i n  1815 t h a t  a  

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

was a  co n sequ en ce  o f  th e  a r ra n g e m e n t  o f  e le m e n ts  i n  

s u b s ta n c e s  i n s t e a d  o f  th e  p r e s e n c e  o f  a  p a r t i c u l a r  e le m e n t .  

However, he abandoned t h i s  v ie w p o in t  th e  f o l lo w in g  y e a r  w i th  

h i s  r e j e c t i o n  o f  an h y d ro u s  i o d in e  p e n to x id e  a s  an  a c i d .  The 

e l e m e n ta l  c o m p o s i t io n  o f  w a te r  was w e l l - e s t a b l i s h e d  by t h i s  

t im e  and  D a v y 's  r e q u i r e m e n t  t h a t  io d in e  p e n to x id e  combine 

w i th  w a te r  b e f o r e  i t  c o u ld  behave  as  an  a c i d  l e d  him to  

b e l i e v e  t h a t  hydrogen  was th e  n e c e s s a r y  c o n s t i t u e n t  o f  a l l  

a c i d s .  Dulong re a c h e d  th e  same c o n c lu s io n  i n  1815 from  h i s  

d e t e r m i n a t i o n  o f  hyd rogen  i n  o x a l i c  a c i d  and from h i s
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o b s e r v a t i o n  t h a t  h y d r o g e n - c o n ta in in g  a c i d s  r e a c t e d  w i th  

m e t a l l i c  ( b a s i c )  o x id e s  to  form anhyd rou s  s a l t s  and w a te r .

Many d id  n o t  a c c e p t  th e  id e a s  o f  Davy and Dulong 

b ecau se  to  do so  ex c lu d ed  s u b s ta n c e s  w i th  pronounced  a c id  

p r o p e r t i e s ,  e . g . ,  anhydrous  s u l f u r  t r i o x i d e ,  from c l a s s i f i ­

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

a c i d ,  were c o n s id e r e d  a c i d s .  The m o d if ie d  oxygen th e o r y  o f  

G ay-Lussac  a t t r i b u t e d  th e  a c i d i c  p r o p e r t i e s  o f  o x y -a c id s  to  

oxygen, o f  hydrogen  io d id e  to  i o d i n e ,  o f  hydrogen  c y a n id e  to  

c y a n id e ,  e t c .  G ay-Lussac  l a b e l l e d  th e  o x y g e n - f re e  a c i d s  

" h y d r a c i d e s " . B o n sd o r f f  i n  1826 p ro v id e d  p r o o f  f o r  Gay- 

L u s s a c 's  c o n t e n t i o n  t h a t  b e h a v i o r a l  s i m i l a r i t i e s  e x i s t e d  

betw een n o n m e ta l l i c  o x id e s  and h a l i d e s  by d e m o n s t r a t in g  an  

a c i d i c  r e a c t i o n  o f  l i tm u s  tow ards  th e  l a t t e r .  B o n sd o r f f  

a l s o  found t h a t  a l k a l i  c h l o r i d e s  tu rn e d  l i tm u s  b lu e  and

a t t r i b u t e d  l i m i t e d  b a s i c  p r o p e r t i e s  to  them. F u r t h e r  e x p e r i -
0

m ents l e d  him to  p ro p o se  th e  e x i s t e n c e  o f  " a c id - a n a lo g o u s "  

and " b a s e -a n a lo g o u s "  c l a s s e s  o f  s u b s ta n c e s  t h a t  r e a c t e d  w i th  

l i tm u s  i n  a  manner i d e n t i c a l  to  a c i d s  and b a s e s .  M ercu ric  

and p l a t i n i c  c h l o r i d e s  were a c i d - a n a lo g u e s ,  a s  was boron  

t r i f l u o r i d e ,  w h i le  b a s e - a n a lo g u e s  in c lu d e d  th e  a l k a l i  

h a l i d e s .

B e r z e l i u s  a l s o  b e l i e v e d  i n  a  m o d if ie d  oxygen th e o ry  b u t  

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

a  f o r e r u n n e r  o f  th e  i o n i c  th e o r y  t h a t  became p ro m in e n t  a  

h a l f - c e n t u r y  l a t e r .  B e r z e l i u s '  o b j e c t i o n  to  G a y -L u s s a c 's  

id e a s  was based  on th e  a b se n c e  o f  a  s a t i s f a c t o r y  e x p la n a t io n
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f o r  th e  s t r o n g  a c id  p r o p e r t i e s  o f  HC1 compared to  w a te r ,  a  

n e u t r a l  s u b s ta n c e  d e s p i t e  th e  p re s e n c e  o f  th e  more e l e c t r o ­

n e g a t iv e  oxygen a tom . B e r z e l iu s  d e f in e d  an a c i d  a s  a  

s u b s ta n c e  w i th  e x c e s s  n e g a t iv e  e l e c t r i c i t y  and a  b a se  a s  one 

w i th  e l e c t r o p o s i t i v e  c h a r a c t e r ,  d i s p e n s i n g  w i th  B o n s d o r f f 's  

a c id - a n a lo g o u s  and b a s e -a n a lo g o u s  c a t e g o r i e s  and c o n s i d e r i n g  

th e  s u b s ta n c e s  in c lu d e d  t h e r e i n  a c i d s  and b a s e s  i n  t h e i r  own 

r i g h t .  Thus th e  B e r z e l i u s  d e f i n i t i o n  o f  an a c id  in c lu d e d  

th e  h a l i d e s  o f  b o ro n ,  m ercu ry , h yd ro gen , and n o n m eta ls  a s  

w e l l  a s  n o n m e ta l l i c  ox ides*  m e t a l l i c  o x id e s  and h a l i d e s  were 

b a s e s .  A c id -b a se  r e a c t i o n s  were e n v is io n e d  a s  n e u t r a l i z a ­

t i o n  o f  e l e c t r o p o s i t i v e  ( b a s i c )  p a r t i c l e s  by e l e c t r o n e g a t i v e  

( a c i d i c )  p a r t i c l e s t

Na20 + 2 HC1  » 2 NaCl + H.,0 (2 )
Base Acid N e u t r a l

S a l t

o r ,  i n  te rm s o f  th e  atom s a c t u a l l y  c a r r y i n g  th e  e l e c t r o p o s i ­

t i v e  and e l e c t r o n e g a t i v e  c h a r a c te r *

Na + C l --------------> NaCl (3 )

A n o th e r  p r o c e s s  in c lu d e d  i n  B e r z e l i u s '  c o n c e p t  o f  a c id - b a s e

r e a c t i o n s  was th e  c o m b in a t io n  o f  bo ron  h a l i d e s  w i th  a l k a l i  

h a l id e s *

KF + BF3 --------------»KBF^ (*0
Base Acid N e u t r a l  S a l t

The p r o p o s a l s  o f  B e r z e l i u s  f a i l e d  to  s tem  i n c r e a s i n g  

s c i e n t i f i c  a c c e p ta n c e  o f  th e  Davy-Dulong hydrogen  v ie w p o in t



i n  th e  1 8 3 0 's .  L ie b ig  i n  1838  d e f in e d  an a c i d  a s  a  hydrogen

compound i n  w hich th e  hydrogen  c o u ld  be r e p l a c e d  by a  m etal*

and by 1840 t h i s  v iew  was a lm o s t  u n i v e r s a l l y  a c c e p te d ,

re m a in in g  so f o r  more th a n  f o r t y  y e a r s .  No c o r re s p o n d in g

c o n s t i t u t i v e  b a se  t h e o r y  ev o lved  d u r in g  t h i s  p e r i o d » b a se s

were r e g a rd e d  m ere ly  a s  a n t i - a c i d s ,  i . e . ,  s u b s ta n c e s  c a p a b le
6 8o f  r e a c t i o n  w i th  a c i d s  to  form s a l t s  * . In  a d d i t i o n ,  none 

o f  th e  a fo re m e n t io n e d  a c i d  o r  a c i d - b a s e  c o n c e p ts  p r e s e n te d  

a n y th in g  more th a n  a  q u a l i t a t i v e  p i c t u r e  o f  a c i d - b a s e  

b e h a v io r .
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B. E l e c t r o l y t i c  D i s s o c i a t i o n  Theory

The th e o r y  o f  e l e c t r o l y t i c  d i s s o c i a t i o n ,  w hich a t t r i b u ­

te d  r e a c t i o n s  i n  s o l u t i o n  to  th e  p re s e n c e  o f  i o n s ,  was 

l a r g e l y  d e v e lo p ed  by A r rh e n iu s  and Ostw ald i n  th e  d e c a d e '  

be tw een 1880 and 1890. A r rh e n iu s  a p p l i e d  th e  th e o r y  to  

a c i d s  and b a se s  i n  1887. d e f i n i n g  an a c id  a s  a  h y d ro g en -  

c o n ta in i n g  s u b s ta n c e  t h a t  d i s s o c i a t e d  i n t o  hydrogen  io n s  and 

a n io n s  when d i s s o l v e d  i n  w a te r .  A base  was d e f in e d  a s  a  

h y d r o x y l - c o n ta in in g  s u b s ta n c e  d i s s o c i a t i n g  i n t o  h y d ro x id e  

io n s  and c a t i o n s  i n  aqueous s o l u t i o n .  N e u t r a l i z a t i o n ,  th e  

r e a c t i o n  o f  an  a c i d  w i th  a  b a s e ,  became th e  c o m b in a t io n  o f  

hydrogen  and h y d ro x id e  io n s  to  form w a te r ,  accom panied  by 

s a l t  f o r m a t io n .  The exam ples o f  e q u a t io n s  (5 )  -  (7 )  summa­

r i z e  th e  A r rh e n iu s  d e f i n i t i o n s * ' ^ - ^ '*® i

A c id ,  HCl(a q )  ------------- > H+(a q )  ♦ C l - (aq )  (5 )

B ase , NaOH(a q ) -------------»  Na+(a q )  ♦ 0 ]T (a q )  (6 )

N e u t r a l i z a t i o n !  H+( a q) + 0H~ (aq )  H2° ^

The A r rh e n iu s  a c i d - b a s e  th e o ry  r e p r e s e n te d  an im prove­

ment o v e r  p r e v io u s  i d e a s  i n  two r e s p e c t s .  Bases were 

d e f in e d  on a  c o n s t i t u t i v e  p re m ise  and n o t  m e re ly  a s  

s u b s ta n c e s  r e a c t i n g  w i th  a c i d s .  The A r rh e n iu s  c o n c e p t  a l s o  

p r e s e n te d  th e  f i r s t  q u a n t i t a t i v e  p i c t u r e  o f  a c i d - b a s e  

b e h a v io r .  An aqueous s o l u t i o n  c o n ta in i n g  more hydrogen  th a n  

h y d ro x id e  io n  was a c i d i c ,  a  s o l u t i o n  i n  w hich th e  r e v e r s e  

was t r u e  was b a s i c ,  and one w i th  e q u a l  c o n c e n t r a t i o n s  o f  

b o th  io n s  was n e u t r a l .
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The e l e c t r i c a l  c o n d u c t i v i t y  o f  a s o l u t i o n ,  a  r e s u l t  o f  

i o n i c  d i s s o c i a t i o n ,  p ro v id e d  a  c o n v e n ie n t  method f o r  m easu r­

in g  th e  s t r e n g t h s  o f  a c i d s  and b a s e s .  S in c e  c o n d u c t i v i t y  

i n c r e a s e d  w i th  i n c r e a s i n g  d i s s o c i a t i o n ,  a c id  ( o r  b a se )  

s t r e n g t h s  c o u ld  be q u a n t i t a t i v e l y  compared by m ea su r in g  th e  

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

c o n c e n t r a t i o n s .  C o m p le te ly  d i s s o c i a t e d  a c i d s  and b a s e s ,  e . g . ,  

HC1 and NaOH ( e q u a t io n s  (5 ) -  ( 6 ) ) ,  e x h ib i t e d  h ig h  c o n d u c t i ­

v i t i e s  i n  aqueous s o l u t i o n  and w ere  t h e r e f o r e  r e g a rd e d  a s  

s t r o n g  a c i d s  and b a s e s .  The low  c o n d u c t i v i t i e s  o f  s o l u t i o n s  

o f  in c o m p le te ly  d i s s o c i a t e d  a c i d s  and b a s e s  were a t t r i b u t e d  

to  t h e i r  w eak n ess .  A c id -b a se  d i s s o c i a t i o n  was d e p ic te d  a s  a 

dynamic e q u i l i b r i u m  p r o c e s s  i n  w hich th e  r a t e  o f  d i s s o c i a t i o n  

o f  e l e c t r i c a l l y  n e u t r a l  m o le c u le s  e q u a l le d  th e  r a t e  o f  

r e c o m b in a t io n  o f  t h e i r  ions*

HA

MOH

-  H+ + A"

OH

( 8 )

(9 )

A p p l i c a t i o n  o f  th e  m a s s - a c t io n  law  to  e q u a t io n s  (8 )  and (9 )  

y i e l d e d  i o n i z a t i o n  o r  d i s s o c i a t i o n  c o n s t a n t s  (K f o r  a c i d s ,
cl

f o r  b a se s )*

a
H^ A"

K

ha]

[oh-]

mohJ

( 10 )

( 1 1 )

i n  which th e  b r a c k e t s  r e p r e s e n t  th e  c o n c e n t r a t i o n s  o f



th e  b r a c k e te d  s p e c i e s .  E q u a t io n s  (1 0 )  and (11) a r e  r e l a t e d  

to  th e  d e g re e  o f  i o n i z a t i o n  o f  th e  a c id  op base , a, and i t s  

o r i g i n a l  a n a l y t i c a l  c o n c e n t r a t i o n ,  Ci

a  HA CHA ( 12 )

a MOH CM0H
(13)

( 1 “ “ moh^

The a c id  and base  d i s s o c i a t i o n  c o n s t a n t s  d e r iv e d  by r e l a t i n g  

c o n d u c t i v i t y  to  d e g re e  o f  i o n i z a t i o n  f u r n i s h e d  a  q u a n t i t a ­

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

m easu rem en ts ,  t i t r a t i o n s ,  p r e p a r a t i o n  o f  b u f f e r s  ( s o l u t i o n s  

o f  weak a c i d s  o r  b a s e s  and t h e i r  s a l t s ) ,  and c o r r e l a t e d  w e l l  

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

i n d i c a t o r  and c a t a l y t i c  m eth o d s .

The A r rh e n iu s  a c i d - b a s e  c o n c e p t  was a l s o  th e  f i r s t  to  

a c c o u n t  f o r  th e  f a c t  t h a t  s a l t s  p ro duced  a s  a  r e s u l t  o f  a c i d -  

b a se  n e u t r a l i z a t i o n  were o f t e n  n o t  n e u t r a l  b u t  e x h ib i t e d  

a c i d i c  o r  b a s i c  p r o p e r t i e s  i n  w a t e r .  F o r  exam ple , NH^Cl, 

th e  p r o d u c t  o f  HC1 and NH^OH ( u t i l i z i n g  th e  s t r i c t  A r rh e n iu s  

fo rm u la  f o r  th e  b a s e ) ,  m a n i f e s te d  weak a c i d  p r o p e r t i e s  i n  

aqueous s o l u t i o n  w h i le  sodium  a c e t a t e ,  p roduced  by th e  r e a c ­

t i o n  o f  NaOH and a c e t i c  a c i d ,  a c t e d  l i k e  a  weak b a s e .  T ra ­

d i t i o n a l l y  t h e s e  phenomena were e x p la in e d  by th e  p redom inance  

o f  th e  p r o p e r t i e s  o f  one p a r e n t  i n  th e  a c i d - b a s e  p a i r  from 

which th e  s a l t  was fo rm ed , i . e . ,  i n  NH^Cl th e  s t r o n g  a c id
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p r o p e r t i e s  o f  HC1 p re d o m in a te d  o v e r  th e  weak b a s i c  p r o p e r t i e s  

o f  NH^OH, and i n  CH^COONa th e  p r o p e r t i e s  o f  th e  b a s i c  p a r e n t  

were d o m in a n t .  The A r rh e n iu s  c o n c e p t  v i s u a l i z e d  th e s e  

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

o r  b a s i c  s a l t s  w i th  w a te r * to  r e g e n e r a t e  p a r e n t  a c i d s  and 

b a s e s t

" V ^ a q )  *  H 2 °  — *  NV H ( a q )  *  " “ ( a q )  < « >

CH3COONa(a q )  ♦ H20 — » OH3COOH(a q )  ♦ NaOH( a q ) ( l 5 )

These r e a c t i o n s  w ere  th e  r e v e r s e  o f  th e  n e u t r a l i z a t i o n  p r o ­

c e s s  a n d ,  l i k e  n e u t r a l i z a t i o n ,  a l s o  depended on th e  d i s s o c i ­

a t i o n  c o n s t a n t s  o f  w a te r  and o f  th e  a c i d - b a s e  p a i r  i n v o l v e d . 

The p r o p e r t i e s  o f  th e  s t r o n g e r  (more i o n i z e d )  p a r e n t  p red o m i­

n a te d  .

A lthou gh  s u p e r i o r  to  i t s  p r e d e c e s s o r s ,  th e  A r rh e n iu s  

a c i d - b a s e  th e o ry  had many s h o r tc o m in g s t

1. A c id s  and b a s e s  were n o t  d e f in e d  a s  p u re  s u b s ta n c e s  

b u t  i n  te rm s  o f  aqueous s o l u t i o n s  o f  p u re  s u b s t a n c e s .  F o r  

exam ple , p u re  a n h y d ro u s  h yd rog en  c h l o r i d e  was n o t  an a c id  

and m a n i f e s te d  no a c i d i c  p r o p e r t i e s  a c c o rd in g  to  A r r h e n iu s ,  

w h i le  aq ueous  HC1 was r e g a rd e d  a s  an a c i d .  S i m i l a r l y ,  p u re  

ammonia was n o t  c o n s id e r e d  a  base  b u t  aq ueous NH^ ("ammonium 

h y d r o x id e " )  was r e g a rd e d  a s  a  b a s e .

2. A c id -b a se  b e h a v io r  was n o t  acknow ledged i n  nonaqueous 

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

su ch  a s  l i q u i d  a m m o n i a * ' R e a c t i o n s  o c c u r r i n g  i n  th e  g a s
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p h a se  o r  fu se d  s t a t e  were l i k e w i s e  n o t  c o n s id e re d  a c i d - b a s e  

phenomena1

3. The th e o r y  a l s o  r e q u i r e d  t h a t  i o n i z a t i o n  be a  n e c e ­

s s a r y  c h a r a c t e r i s t i c  o f  a c i d s  and b a s e s ,  a  co n sequ en ce  o f  th e  

g e n e r a l  e l e c t r o l y t i c  d i s s o c i a t i o n  th e o r y  view  o f  r e a c t i o n s  i n  

s o l u t i o n .  T h is  cau sed  c o n fu s io n  when th e  q u e s t io n  o f  a c i d i t y  

i n  n o n io n iz in g  s o l v e n t s  a r o s e ,  e . g . ,  a l th o u g h  hydrogen  

c h l o r i d e  io n iz e d  c o m p le te ly  i n  w a te r ,  i t  rem ained  p r a c t i c a l l y  

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

and i n  th e  p u re  l i q u i d  s t a t e ,  making i t  u n c l e a r  i f  HC1 was 

c o n s id e r e d  an a c id  i n  c i r c u m s ta n c e s  o t h e r  th a n  aq ueous 

s o l u t i o n  a c c o rd in g  to  th e  A r rh e n iu s  t h e o r y ,  on th e  b a s i s  o f  

b o th  th e  aqueous s o l u t i o n  and i o n i z a t i o n  l i m i t a t i o n s .

These p o i n t s  em phasize  th e  l i m i t a t i o n  o f  th e  A r rh e n iu s  

t h e o r y  o f  a c i d s  and b a s e s  to  m ere ly  an im b a lan ce  o f  th e  io n s

o f  one p a r t i c u l a r  s o l v e n t ,  c o n t r a r y  n o t  o n ly  to  i n t u i t i o n  b u t
12a l s o  to  e x p e r im e n ta l  o b s e r v a t i o n .  A c id -b a se  r e a c t i o n s  and

28c a t a l y t i c  a c t i v i t y  were e v i d e n t  i n  s o l v e n t s  i n  which v e ry  

l i t t l e ,  i f  any , i o n i z a t i o n  o c c u r r e d .  A s m a l l  m in o r i t y  o f  

c h e m is ts  had n e v e r  a c c e p te d  th e  e l e c t r o l y t i c  d i s s o c i a t i o n  

th e o r y  a s  u n i v e r s a l l y  a p p l i c a b l e  to  i n o r g a n ic  r e a c t i o n s  and 

amassed e v id e n c e  s u p p o r t i n g  t h e i r  p o i n t  o f  v iew  by demon­

s t r a t i n g  t h a t  r e a c t i o n s  betw een  in o r g a n ic  s p e c i e s  i n  n o n ­

i o n i z i n g  s o l v e n t s  were o f t e n  r a p i d 1 1 . The low c o n d u c t i v i t y  

o b se rv e d  th r o u g h o u t  such  p r o c e s s e s  im p l ie d  t h a t  i o n i z a t i o n

was n o t  a  p r e r e q u i s i t e  f o r  a l l  i n o r g a n i c  r e a c t i o n s .  P o l i n  
12and F la n d e r s  i n  1912 e x te n d e d  t h i s  i d e a  d i r e c t l y  to  a c i d -
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base  r e a c t i o n s  by t i t r a t i n g  HC1, HgS, and s e v e r a l  o rg a n ic  

a c i d s  w i th  sodium e th o x id e  o r  sodium a m y la te  to  a  p h e n o l -  

p t h a l e i n  e n d p o in t  i n  benzene  o r  c h lo ro fo rm .  T h e i r  e x p e r i ­

m ents a l s o  in v o lv e d  s o l u t i o n s  o f  low c o n d u c t i v i t y ,  i . e . ,  low 

d e g re e  o f  i o n i z a t i o n ,  y e t  n e u t r a l i z a t i o n  p ro ce ed e d  r a p i d l y  

and e n d p o in t s  were s h a r p ,  c o n v in c in g  F o l i n  and F la n d e r s  t h a t  

i o n i z a t i o n  was n o t  n e c e s s a r y  f o r  a c i d - b a s e  r e a c t i o n s .  How­

e v e r ,  th e  e l e c t r o l y t i c  d i s s o c i a t i o n  th e o r y  was th e n  w id e ly  

a c c e p te d  and th e  s m a l l  body o f  e v id e n c e  i n  c o n t r a d i c t i o n  was 

l a r g e l y  ig n o r e d .

U, A cids rem ained  a  c l a s s  r e s t r i c t e d  to  h y d rogen -  

c o n t a i n i n g  compounds, a s  had been  th e  c a s e  s in c e  th e  t im e  o f  

L ie b ig .  S u b s ta n c e s  w i th  o b v io u s  and som etim es p ronounced  

a c i d i c  p r o p e r t i e s  t h a t  d id  n o t  c o n t a i n  h y d ro g en , e . g . ,  SO-j, 

SnC l^ , C02 » c o n t in u e d  to  be e x c lu d e d .

5 . A lthough  A r r h e n iu s '  d e f i n i t i o n  o f  b a s e s  r e p r e s e n te d  

an advance  o v e r  p r e v io u s  i d e a s ,  many s u b s ta n c e s  c o n t a i n i n g  

no d i s s o c i a b l e  h y d ro x y l  g ro up  were re c o g n iz e d  a s  h a v in g

b a s i c  c h a r a c t e r  and th e  a b i l i t y  to  n e u t r a l i z e  a c i d s .  O rgan ic

c h e m is t s ,  many o f  whom had n e v e r  a c c e p te d  A r r h e n iu s '  d e f i n i ­

t i o n ,  c o n t in u e d  to  d e m o n s t r a te  th e  b a s i c i t y  o f  ammonia,
JO h 4 0

a m in es ,  a n i l i n e  , a l c o h o l s  * , p y r i d i n e  and i t s  d e r i v a -
14 . 15

t i v e s  , q u in o n es  , e t c .  A s t r i c t  i n t e r p r e t a t i o n  o f  th e

A r r h e n iu s  c o n c e p t  e x c lu d e d  even  m e t a l l i c  o x id e s  from c l a s s i -
4

f i c a t i o n  a s  b a s e s  . A d v o ca tes  o f  th e  A r rh e n iu s  t h e o r y  

r a t i o n a l i z e d  th e  b a s i c i t y  o f  m e t a l l i c  o x id e s ,  ammonia, and
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am ines by i n c l u d i n g  h y d r a t i o n  i n  t h e i r  c o n c e p t ,  a l th o u g h  t h i s  

r a i s e d  th e  q u e s t io n  o f  w h e th e r  b a s i c i t y  was a  p r o p e r t y  o f  th e
Q

s u b s ta n c e  i t s e l f  o r  o f  i t s  h y d r a te  »

k 20 + h20 - ----» 2 KOH ( 1 6 )

CaO + H20 ' *— > C a(0H )2 (17)

NH^ + h20 *— > nh4oh (18)

nr3 + h20 .----> NR^HOH (19)

6 .  An i n c r e a s i n g  q u a n t i t y  o f  e v id e n c e  d i s p u te d  th e  

e x i s t e n c e  o f  f r e e  hy d rogen  io n  i n  w a te r  and o t h e r  s o l v e n t s .
a C. 4 n

G o ld sch m id t  * ( o b se rv e d  a  t w e n t y - f i v e - f o l d  d e c r e a s e  i n  th e  

r a t e  o f  H C l-c a ta ly z e d  e s t e r i f i c a t i o n  o f  o r g a n ic  a c i d s  i n  

an h y d ro u s  a l c o h o l  on th e  a d d i t i o n  o f  a  few p e r c e n t  w a te r ,  

and a t t r i b u t e d  t h i s  e f f e c t  to  th e  g r e a t e r  d e g re e  o f  HC1 

d i s s o c i a t i o n  i n  w a te r  compared to  e t h a n o l ,  d e te rm in e d  by 

c o n d u c t i v i t y  m easu rem en ts .  T h e o r i z in g  t h a t  th e  f r e e  hydrogen  

io n  o f  HC1 p r e s e n t  i n  a n h y d ro u s  a l c o h o l  became bound to  

added w a te r  and e x i s t e d  a s  th e  hydronium  ( o r  oxonium o r  

hydroxonium ) i o n ,  H^0+ , G o ld sc h m id t  a c c o u n te d  f o r  h i s  d a t a  

by a ssu m in g  t h a t  th e  hydronium  io n  was th e  c a r r i e r  o f  c a t a ­

l y t i c  and o t h e r  a c id  p r o p e r t i e s  i n  w a te r ,  and t h a t  th e  c a t a ­

l y t i c  power o f  th e  hydronium  io n  was weak compared to  t h a t  

o f  f r e e  hyd rog en  i o n .
18F i t z g e r a l d  and Lapw orth  a g re e d  w i th  G o ld sch m id t  t h a t  

v e ry  l i t t l e ,  i f  a n y ,  f r e e  hydrogen  io n  e x i s t e d  i n  aqueous 

s o l u t i o n ,  b u t  d id  n o t  b e l i e v e  t h a t  H^0+ p o s s e s s e d  any  c a t a ­

l y t i c  pow er, i n t e r p r e t i n g  G o ld sc h m id t’s  o b s e r v a t i o n s  to  be
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cau sed  n o t  by re p la c e m e n t  o f  th e  s t r o n g  c a t a l y s t  H+ by th e  

weak H^0+ b u t  by a s im p le  d e c r e a s e  i n  th e  c o n c e n t r a t i o n  o f  

th e  o h ly  t r u e  c a t a l y z i n g  a c i d ,  th e  f r e e  p r o t o n .  F o rm a tio n  

o f  a  d i s s o c i a t i n g  hydronium  s a l t  s u p e rse d e d  s im p le  d i s s o c i a ­

t i o n  a s  th e  d i s t i n c t i v e  r e a c t i o n  o f  a c i d s  i n  w a te r  (compare 

e q u a t io n s  (5 ) and (8 ) )«

HG1 + H20 — * H30 +C1“ —»  H30 + + C l"  (20 )
Acid Hydronium D is s o c i a te d  Hydronium

S a l t  S a l t

CH-jCOOH + H20 p i  CH3C00"H30 + p ±  CH^OO" + Hy)* (21)

F i t z g e r a l d  and Lapw orth  t h e r e f o r e  r e g a rd e d  c o n d u c t i v i t y

m easurem ents  i n  aqueous s o l u t i o n s  to  be o f  l i m i t e d  v a lu e  i n

d e te r m in in g  a c i d i t y  s i n c e  th e  s p e c i e s  b e in g  d e te rm in e d  i n

such  m easurem ents  was th e  c a t i o n  o f  a  s a l t  (H y )* ) ,  n o t  t h a t

o f  an  a c i d  (H+ ) .

Lapw orth  l a t e r  m a th e m a t i c a l ly  d e m o n s tra te d  t h a t ,  i n

p r i n c i p l e ,  a c id  p r o p e r t i e s  c o u ld  be e x p la in e d  w i th o u t
19r e s o r t i n g  to  th e  f r e e  p r o to n  c o n c e p t  . The p r o p e r t i e s  o f  

an  a c id  d i s s o l v e d  i n  a  b a s i c  s o l u t i o n  d ep ended , i n  g e n e r a l ,  

on th e  e x t e n t  o f  s a l t  f o r m a t io n  ( a c i d - b a s e  c o m b in a t io n ) ,  th e  

e x t e n t  o f  a c id  p a r t i t i o n  betw een  co m p e tin g  b a s e s ,  and th e  

d i s s o c i a t i o n  o f  th e  r e s u l t i n g  s a l t s .  F o r  th e  s p e c i f i c  c a s e  

o f  an a c id  d i s s o l v e d  in  w a te r ,  a c i d i t y  was a  f u n c t i o n  o f  th e  

a c i d ’ s a f f i n i t y  f o r  w a te r  and th e  d i s s o c i a t i o n  o f  th e  r e s u l ­

t a n t  hydronium  s a l t .  Lapw orth  e v e n t u a l l y  co n c lu d ed  t h a t  f r e e  

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

s u g g e s te d  t h a t  u n d i s s o c i a t e d  a c i d s  a l s o  p la y e d  a  r o l e  i n  a c id
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c a t a l y s i s ,  im p ly in g  th e  p o s s i b l i t y  t h a t  f r e e  p r o to n s  d id  n o t

20e x i s t  in  any s o l v e n t

These i d e a s  f u r t h e r  em phasized  th e  w eak n esses  o f  th e
1 17

A rrh e n iu s  t h e o r y .  G o ld s c h m id t 's  p r o p o s a l  t h a t  f r e e  p r o ­

to n s  d id  n o t  e x i s t  i n  w a te r  was a d a p te d  to  o t h e r  i o n i z i n g  
20s o l v e n t s  , w i th  d i s s o c i a t i o n  r e a c t i o n s  f o rm u la te d  a n a lo g o u s ­

l y  to  e q u a t io n s  (20 )  and (21 ) employed to  d e s c r i b e  a c i d - s o l ­

v e n t  i n t e r a c t i o n s .  The hydronium  s a l t - f o r m a t i o n  c o n c e p t  

c l e a r l y  i l l u s t r a t e d  th e  b a s i c  p r o p e r t i e s  o f  w a te r  i n  s h a rp  

c o n t r a s t  to  th e  A r rh e n iu s  d e p i c t i o n  o f  w a te r  a s  a  p e r f e c t l y  

n e u t r a l  s o l v e n t  and i n  c l o s e  a g re e m e n t  w i th  th e  o b s e r v a t i o n s  

o f  H an tsch  ( s e e  s e c t i o n  D ) . The e q u a t io n  f o r  a c id  h y d r o l y s i s  

was m o d if ie d  (com pare e q u a t io n  ( l * 0 ) i

NH^Cl + 2 H20  »H 30 + + C l"  + NHjjOH (22)

A lthough  th e  s h o r tc o m in g s  o f  th e  A r r h e n iu s  th e o r y  were 

w e l l  known a lm o s t  from th e  t im e  o f  i t s  i n c e p t i o n ,  i t  managed 

to  r e t a i n  a  wide f o l lo w in g  u n t i l  th e  a d v e n t  o f  th e  B r/^nsted- 

Lowry th e o r y  in  th e  19 20 ’s ,  m a in ly  b e ca u se  o f  th e  g e n e r a l  

p rom inence  o f  i o n i c  t h e o r i e s  and r e l a t i v e  p a u c i t y  o f  n o n -  

aqueous a c i d - b a s e  s t u d i e s  d u r in g  th e  l a t t e r  p a r t  o f  th e

n i n e t e e n t h  c e n t u r y  and th e  e a r l y  t w e n t i e t h  c e n t u r y .  An
21u n s u c c e s s f u l  a t t e m p t  by V o r la n d e r  to  expand th e  A r rh e n iu s  

d e f i n i t i o n s  to  nonaqueous s o l u t i o n s  r e s t a t e d  them i n  te rm s  o f  

L i e b i g ’s  d e f i n i t i o n !  an a c i d  was a  h y d r o g e n - c o n ta in in g  com­

pound in  w hich a l l  o r  some o f  th e  hy drogen  was r e p l a c a b l e  by 

a  m e ta l ,  and a  b a se  was an  o x id e  o r  a  h y d ro x y l  compound i n  

w hich a l l  o r  some o f  th e  oxygen o r  OH was r e p l a c a b l e  by an  

a c i d  r a d i c a l .
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C. A nhydrobases and A guobases

The c l a s s i c a l  A r rh e n iu s  c o n c e p t  p i c t u r e d  an  a c i d - b a s e  

r e a c t i o n  a s  a  m e t a t h e t i c a l  p r o c e s s  p ro d u c in g  w a te r  and an  

i o n i c  s a l t t

HX + MOH -   M*X~ + H20 (23 )

A cco rd in g  to  A r rh e n iu s  th e  e x t e n t  o f  such  a  r e a c t i o n  

depended on th e  i o n i z a t i o n  o f  th e  r e a c t i n g  a c i d - b a s e  p a i r  

and o f  w a te r  ( e q u a t io n s  (?)  -  ( 9 ) ) -

P f e i f f e r 2 2 ' a n d  W erner2** d i s c o v e r e d  t h a t  e q u a t io n  (23 ) 

d id  n o t  h o ld  t r u e  f o r  h y d r o x y l - c o n t a i n i n g  t r a n s i t i o n  m e ta l  

compounds i n  which th e  h y d ro x y l  g roup  was n o t  i o n i z a b l e t 

a l th o u g h  th e s e  compounds r e a c t e d  w i th  a c i d s .  M oreover, th e  

p r o d u c t s  o f  su ch  r e a c t i o n s  were o f t e n  l e s s  i o n i c  th a n  e x p ec ­

te d  and som etim es were n o t  i o n i c  a t  a l l .  I n  h i s  c o o r d i n a t i o n  

th e o r y  W erner d i s t i n g u i s h e d  be tw een  two ty p e s  o f  b on d in g  i n  

complex compounds 1 n o n io n ic  b o n d in g  o f  l i g a n d s  to  c e n t r a l  

m e ta l  a tom s o r  i o n s  i n  a  p r im a ry  c o o r d i n a t i o n  s p h e re  and 

i o n i c  bo n d in g  o f  s p e c i e s  o u t s i d e  th e  c o o r d i n a t i o n  s p h e r e .  

W erner a l s o  n o te d  th e  g e n e r a l  im p o r ta n c e  o f  h y d r a t i o n  i n  

i n c r e a s i n g  th e  i o n i c  c h a r a c t e r  o f  complex compounds, e . g . ,

[coC1(NH3 ) 5 ] d 2 + H20 ^ = = i [ c o ( H 20)(NH3 ) 5 ]  Cl^ (2*0

and i t s  s p e c i f i c  r o l e  i n  t r a n s f o r m in g  c o o r d i n a t e l y  bound 

hydroxocom plexes i n t o  i o n i c a l l y  bound aquocom plexes , e . g . ,
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Hydroxocomplex Aquocomplex
( n o n d i s s o c i a t i n g  OH) ( d i s s o c i a t i n g  OH)

[co( oh) ( nh3 ) 5 ]  c i 2 + h2o

^  [co(H20)(NH3 ) 5 ]  (0H)C12 (2 5 )

P f e i f f e r  and W erner b o th  used  th e  h y d r a t i o n  model to  

e x p la in  a c i d - b a s e  r e a c t i o n s  i n v o lv i n g  t r a n s i t i o n  m e ta l  

h y d ro x o co m plex es . I n s t e a d  o f  o c c u r r i n g  v i a  i o n i z a t i o n  

fo l lo w e d  by m e t a t h e s i s  ( e q u a t io n  ( 2 3 ))»  t h e s e  p r o c e s s e s  

in v o lv e d  i n c o r p o r a t i o n  o f  th e  e n t i r e  a c i d  m o lecu le  i n t o  th e  

b ase  i n  a  manner s i m i l a r  to  h y d r a t i o n .  The p r o d u c t s  o f  

th e s e  a d d i t i o n  r e a c t i o n s  were o xon ium -type  aq u o m e ta l  s a l t s t

M'OH + HX   v M’0H2+X“ (26)

w hich s u b s e q u e n t ly  e l i m in a te d  w a te r ,  l e a v i n g  a s  a  f i n a l  

p r o d u c t  a  compound o f  low o r  no i o n i c  c h a r a c t e r s

M'0H2+X” M'X + H20 ( 27)

A s p e c i f i c  example o f  e q u a t io n s  (26) -  (2 ? )  f u r t h e r  

e l u c i d a t e s  th e  c o n ce p ts

Co(OH)3 (NH3 ) 3 ]  + 3 HC1 [co (H 20 ) 3 (NH3 ) 3 ] d 3 (28)

c o(h2o )3(n h3)3] c i3 ;=i[coCi3(NH3)3] + 3 h2o (29)

P f e i f f e r  drew  an  a n a lo g y  betw een r e a c t i o n s  su ch  a s  e q u a t io n s  

( 2 6 ) -  (29) and th o s e  o f  o t h e r  b a s i c  s p e c i e s ,  e . g . ,  am iness

RNH2 + HX RNH3+X~ (30)

rnh3+x"  RX + nh3 (31)

The hydroxocom plex  a c i d - b a s e  ( e q u a t io n s  (26) and (2 8 ) )  and
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h y d r a t i o n  ( e q u a t io n  ( 2 5 ) )  p r o c e s s e s  were b e l i e v e d  to  o c c u r

v i a  a  p r o to n  t r a n s f e r  mechanism i n v o lv i n g  d i r e c t  p r o to n

t r a n s f e r  from an u n d i s s o c i a t e d  w a te r  m o le cu le  r a t h e r  th a n

p r o to n  a d d i t i o n  f o l lo w in g  th e  i o n i z a t i o n  o f  w a te r ,  a s  ad vo-
2kc a t e s  o f  th e  A r rh e n iu s  c o n c e p t  b e l i e v e d .  W erner reach ed  

t h i s  c o n c lu s io n  by c o n s i d e r i n g  th e  i m p r o b a b i l i t y  o f  th e  

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

t i o n  c o n s t a n t  o f  w a te r .  D i r e c t  s u b s t i t u t i o n  o f  an  u n d i s s o ­

c i a t e d  w a te r  m o lecu le  f o r  a  h y d ro x y l  l ig a n d  was r e j e c t e d  a s  

u n l i k e l y  i n  v iew  o f  th e  a c i d - b a s e  r e a c t i o n s  ( e q u a t io n s  ( 2 6 ) 

and ( 2 8 ) ) .

The p o s t u l a t i o n  o f  a  p r o t o n - t r a n s f e r  mechanism l e d  b o th
2*5 2k

P f e i f f e r  J and W erner to  d i s r e g a r d  th e  a b i l i t y  t o  p ro d u ce

h y d ro x id e  io n  a s  th e  d e f i n i t i v e  a c i d - b a s e  p r o p e r t y  s i n c e

complex hyd ro x o b ases  o f t e n  c o n ta in e d  no i o n i c  h y d ro x id e ,

a l th o u g h  some p o s s e s s e d  v e ry  s t r o n g  b a s i c  p r o p e r t i e s ,  a s

W erner d e te rm in e d  q u a l i t a t i v e l y  from t e s t s  w i th  l i tm u s  and

a  v a r i e t y  o f  a c i d i c  s p e c i e s ,  e . g . ,  AgNO^, COg, NH^*, CH^COOH,

and m in e r a l  a c i d s .  The a f f i n i t y  o f  a  b a se  f o r  p r o to n s

( o f  w a te r  o r  any  o t h e r  p r o to g e n ic  s u b s ta n c e )  was r e c o g n iz e d

a s  th e  d e c i s i v e  f a c t o r  i n  d e te r m in in g  base  s t r e n g t h s

M'OH + H+ f  J  M'0H2+ (32)

H y d ro ly s is  o f  m e ta l  s a l t s  was no l o n g e r  r e g a rd e d  a s  a  r e a c ­

t i o n  b e tw een  two in d e p e n d e n t  s p e c i e s ,  a  s a l t  and a  w a te r  

m o lecu le  ( e q u a t io n  (2 3 ))»  b u t  a s  th e  d i s s o c i a t i o n  o f  an  

aqu o m e ta l  io n  ( e q u a t io n s  (26 )  and ( 3 2 ) ) .  The i o n i z a t i o n  o f
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w a te r ,  so  im p o r ta n t  i n  A r rh e n iu s  t h e o r y ,  was r e l e g a t e d  to  a

p o s i t i o n  o f  no s i g n i f i c a n c e .
22P f e i f f e r  d i s t i n g u i s h e d  betw een "p u re "  b a s e s  r e a c t i n g  

i n  a cc o rd a n c e  w i th  th e  c l a s s i c a l  A r rh e n iu s  c o n c e p t  ( e q u a t io n  

( 2 3 ) )  and th e  t r a n s i t i o n  m e ta l  b a s e s ,  w hich he named "p seu d o ­

b a se s "  b ecau se  t h e i r  r e a c t i o n  w i th  a c i d s  l e d  to  th e  fo rm a t io n
9|l

o f  n o n io n ic  " p s e u d o s a l t s " .  W erner made no su c h  d i s t i n c ­

t i o n ;  g e n e r a l i z i n g  th e  c o n c e p t ,  he p e rc e iv e d  a l l  b a s e s  a s  

c a p a b le  o f  e x i s t e n c e  i n  an  "anhy d ro"  form and an  "aquo" fo rm . 

A nhydrobases c o n ta in e d  no d i s s o c i a t i n g  h y d ro x id e  and r e a c t e d  

w i th  w a te r  to  form a q u o b a s e s .  The l a t t e r  were a c t i v e  b a s i c  

s p e c i e s ,  c a p a b le  o f  d i s s o c i a t i n g  i n t o  h y d ro x id e  io n  and a  

complex c a t i o n  ( compare e q u a t io n  ( 2 4 ) ) t

A nhydrobase Aquobase
KOH + H20 T

NH„ + H„0

--------*
\

--------\
t--------

]  OH (33)

NHjJ OH (34)

koh2

W erner c o n ce iv e d  o f  a l l  a c i d - b a s e  r e a c t i o n s  a s  p ro d u c in g  

a q u o s a l t s ,  some o f  which were u n s t a b l e  and e l im in a te d  w a te r ,  

e n d in g  up a s  a n h y d r o s a l t s  (com pare e q u a t io n s  ( 2 6 ) -  ( 2 9 ))*

OH + HC1------------- ►[k0H2 ] c 1  + H20 (35)

C l ------------- » KC1 ♦ H20  ( 3 6 )

th u s  a c c o u n t in g  f o r  th e  f a c t  t h a t  many s im p le  s a l t s  c o n ta in e d  

no w a te r  o f  h y d r a t i o n .  W erner by a n a lo g y  e v e n t u a l l y  ex te n d ed  

h i s  an h yd ro -aquo  c o n c e p t  to  a c id s*

HX + H20 F=" . -  H [xH 2o ]  ( 3 7 )

K0H2

koh2
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The h y d r a t io n  o f  s im p le  a c i d s  and b a s e s  may be viewed 

a s  an u n n e c e s s a ry  encum brance t h a t  d id  n o t  c l a r i f y  s im p le  

a c i d - b a s e  phenomena and imposed th e  aqueous s o l v e n t  r e s t r i c ­

t i o n  on a c i d - b a s e  r e a c t i o n s .  However, th e  e s t a b l i s h m e n t  o f  

p r o to n  a f f i n i t y ,  r a t h e r  th a n  th e  a b i l i t y  to  p rod uce  h y d ro x id e  

io n ,  a s  th e  c r i t e r i o n  f o r  d e te r m in in g  b a s i c i t y  r e p r e s e n te d  

an  im p o r ta n t  d eve lopm en t t h a t  was to  s e r v e  a s  a  p a r t i a l  

b a s i s  f o r  th e  B rj/ns ted-L ow ry  t h e o r y  and i s  s t i l l  c o n s id e re d  

s i g n i f i c a n t  i n  s p i t e  o f  th e  a p p e a ra n c e  o f  more g e n e r a l  a c i d -  

b a se  c o n c e p ts .
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D. P s e u d o a c id s
£. Q

H antsch  ' ' D i n  1899 n o t i c e d  t h a t  c e r t a i n  o r g a n ic  

n itro co m p o u n d s  m a n i f e s te d  a c id  p r o p e r t i e s  and were n e u t r a l ­

i z e d  by s t r o n g  b a s e s  i n  aqueous s o l u t i o n  b u t ,  u n l i k e  m ost 

n e u t r a l i z a t i o n  p r o c e s s e s ,  th e s e  r e a c t i o n s  p ro c e e d e d  a t  a  

m e a su ra b ly  s lo w  r a t e . T h is  was e v i d e n t  from th e  g r a d u a l  

i n c r e a s e  i n  c o n d u c t i v i t y  o f  th e  a c i d - b a s e  m ix tu re*  e v e n t u a l l y  

th e  co n d u c tan c e  re a c h e d  a  c o n s t a n t  v a lu e ,  s i g n i f y i n g  com ple­

t i o n  o f  th e  r e a c t i o n .  A s lo w  r a t e  o f  r e a c t i o n  was a l s o  

o b se rv e d  f o r  th e  r e v e r s e  p r o c e s s ,  i . e . ,  th e  a d d i t i o n  o f  

a  s t r o n g  a c id  to  a  s o l u t i o n  o f  a  n i t r o - o r g a n i c  s a l t  to  

r e g e n e r a t e  th e  o r i g i n a l  n i t r o - a c i d .  A g r a d u a l  d e c r e a s e  i n  

s o l u t i o n  c o n d u c t i v i t y  accom panied  t h i s  r e a c t i o n .

These f i n d i n g s  were n o t  r e l a t e d  to  th e  low a c i d  s t r e n g t h  

o f  th e  n i t r o - o r g a n i c s  b e ca u se  o t h e r  weak a c i d s ,  e . g . ,  a c e t i c  

a c i d ,  r e a c t e d  i n s t a n t a n e o u s l y  w i th  b a s e s .  H an tsch  c o n c lu d ed  

t h a t  th e  n i t r o - o r g a n i c  a c i d s  e x i s t e d  i n  two i s o m e r ic  fo rm s , 

an  e l e c t r o l y t e  and a  n o n e l e c t r o l y t e ,  r e l a t e d  to  e a c h  o t h e r  

by th e  i n t r a m o l e c u l a r  s h i f t  o f  a  l a b i l e  hyd rogen  a tom . 

C o n d u c t iv i ty  m easurem ents  i n d i c a t e d  t h a t  m ost n i t r o - o r g a n i c s  

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

th e  hydrogen  s h i f t  c o n v e r t i n g  th e  n o n e l e c t r o l y t e  i n t o  a  

d i s s o c i a t i n g  a c id  o c c u r r e d  p r i o r  to  r e a c t i o n  w i th  a  b a s e  and 

t h a t  th e  s h i f t  was a  s lo w  p r o c e s s ,  a c c o u n t in g  f o r  th e  

o b se rv e d  r a t e  o f  r e a c t i o n .  F o r  n i t r o m e th a n e ,  th e  s i m p l e s t  

n i t r o - o r g a n i c ,  H a n t s c h 's  p r o p o s a l s  may be r e p r e s e n t e d  byi
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N o n e l e c t r o l y t e  E l e c t r o l y t e
( p s e u d o a c id )  ( t r u e  a c i d )
CH^NOg T -  ~  CHgNOOH (s lo w )  (38)

CH^NOOH + OH"— » CHgNOO" + HgO ( r a p i d )  (39 )

H an tsch  r e v e r s e d  e q u a t io n  ( 3 8 ) to  e x p l a i n  th e  s lo w  r a t e  o f  

r e a c t i o n  o f  a  n i t r o - o r g a n i c  s a l t  w i th  a  s t r o n g  a c i d  on th e  

p re m ise  t h a t  hydrogen  s h i f t s  were s lo w  i n  b o th  d i r e c t i o n s .

He r e f e r r e d  to  th e  n o n e l e c t r o l y t e  iso m e rs  a s  " p s e u d o a c id s "  

and employed th e  te rm  " t r u e  a c i d s "  to  d e s c r i b e  th e  r e a c t i v e  

e l e c t r o l y t e  i s o m e r s .  A lthough  h i s  o r i g i n a l  e x p e r im e n ts  

in v o lv e d  m e a su ra b ly  s lo w  r e a c t i o n s #  H an tsch  r e a l i z e d  t h a t  

th e  r e l a t i v e  n a t u r e  o f  s lo w n e ss  p r e c lu d e d  r e a c t i o n  r a t e  a s  

a  c r i t e r i o n  f o r  d i s t i n g u i s h i n g  be tw een  pseudo  and t r u e  a c i d s .  

An i n t r a m o l e c u l a r  s h i f t  was th e  d e c i s i v e  f a c t o r  and th e  

o r i g i n a l  p s e u d o a c id  c l a s s i f i c a t i o n 2^ in c lu d e d  n o t  o n ly  

a c i d i c  s p e c i e s  u n d e rg o in g  s low  n e u t r a l i z a t i o n  b u t  any  a c i d i c  

s p e c i e s  show ing e v id e n c e  o f  an  i n t r a m o l e c u l a r  s h i f t ,  e .g .#  

k e t o - e n o l  tau to m ers#  weak a c i d s  whose s a l t s  h y d ro ly z e d  s lo w ly  

o r  n o t  a t  a l l #  c o l o r l e s s  a c i d s  whose s a l t s  o r  a n io n s  were 

c o lo r e d ,  e t c .

H an tsch  expanded h i s  d e f i n i t i o n s  i n t o  a  g e n e r a l  t h e o r y  

o f  th e  n a t u r e  o f  a c i d i t y  o v e r  th e  n e x t  t h r e e  d e c a d e s .  E x te n ­

s i v e  i n v e s t i g a t i o n s  o f  a c id  b e h a v io r  i n  th e  p u re  s t a t e #  i n  

w ater#  and i n  nonaqueous s o l v e n t s  l e d  him to  c l a s s i f y  a c i d s  

a s  t r u e  o r  pseudo  u n d e r  v a r y in g  s e t s  o f  e x p e r im e n ta l  c o n d i ­

t i o n s  a c c o r d in g  to  th e  f o l lo w in g  d e f i n i t i o n s 2^ * 2^i

1 . An a c id  was a  h y d r o g e n - c o n ta in in g  compound i n  w hich
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hydrogen  was r e p l a c a b l e  by a  m e ta l .  T h is  seem ing  r e g r e s s i o n  

to  L i e b i g ’s c o n c e p t  d e f in e d  a c i d s  i n  te rm s  o f  s a l t - f o r m i n g  

a b i l i t y ,  w hich H an tsch  c o n s id e r e d  th e  d e f i n i t i v e  a c id  p r o ­

p e r t y ,  r a t h e r  th a n  i n  te rm s  o f  th e  e x i s t e n c e  o f  f r e e  o r  

s o l v a t e d  hydrogen  io n .

2. A t r u e  a c i d  was a  h e t e r o p o l a r  hydrogen  compound 

c o n t a i n i n g  i o n i c a l l y  bound, a c t i v e  h ydrogen  and was c a p a b le  

o f  u n d e rg o in g  d i r e c t  s a l t  f o rm a t io n  w i th o u t  any  s t r u c t u r a l  

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

l a y  i n  i t s  s a l t - f o r m i n g  power when u n d i s s o c i a t e d .

3 . A p se u d o a c id  was a  hom opolar hydrogen  compound 

c o n t a i n i n g  n o n i o n i c a l l y  bound, i n a c t i v e  hydrgoen  and was 

a b le  to  undergo  s a l t  f o r m a t io n  o n ly  w i th  s t r u c t u r a l  and 

o p t i c a l  p r o p e r t y  c h an g e s ,  i . e . ,  by f i r s t  i s o m e r i z in g  to  i t s  

t r u e  a c id  form ( e q u a t io n  ( 3 8 ) ) •  P seu d o a c id  s t r e n g t h  co u ld  

n o t  be d i r e c t l y  r e l a t e d  to  s a l t - f o r m i n g  te n d e n c y  and th e  

e x i s t e n c e  o f  an  a c i d  i n  pseudo  form d id  n o t  n e c e s s a r i l y  im p ly  

w eak n ess ,  e . g . ,  H an tsch  found t h a t  hydrogen  h a l i d e s  e x i s t e d  

a s  t r u e  a c i d s  i n  e th a n o l  b u t  t h a t  n i t r i c  a c i d ,  a  s t r o n g e r  

a c i d ,  e x i s t e d  a s  a  p s e u d o a c id  i so m e r  (NOgOH) i n  th e  same 

s o l v e n t 2®.

An im p o r ta n t  r e s u l t  o f  H a n t s c h 's  work was th e  d i s c o v e r y  

t h a t  th e  e x i s t e n c e  o f  an  a c i d  a s  pseudo  o r  t r u e  ( o r  a s  b o th  

i so m e rs  i n  dynamic e q u i l i b r i u m  w i th  eac h  o t h e r )  u n d e r  a  

p a r t i c u l a r  s e t  o f  c o n d i t i o n s  depended on b o th  th e  a c i d  and 

th e  s o l v e n t  i n v o lv e d .  E a r l y  i n v e s t i g a t i o n s  u t i l i z e d  a b s o r p ­

t i o n  s p e c t ro p h o to m e t r y  to  e x p e r i m e n t a l ly  d i s t i n g u i s h  be tw een
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pseudo  and t r u e  a c i d s .  H an tsch  compared th e  a b s o r p t io n  

s p e c t r a  o f  c a r b o x y l i c  a c i d s  i n  v a r i o u s  s o l v e n t s  to  th e  

s p e c t r a  o f  t h e i r  r e s p e c t i v e  c a r b o x y la t e  s a l t s  and t h e i r
07

e s t e r s  i n  th e  same s o l v e n t s  * . I f  th e  a c id  sp e c tru m

resem b led  th e  sp e c tru m  o f  i t s  ( e l e c t r o l y t e )  s a l t ,  i t  e x i s t e d  

a s  a  t r u e  a c i d  i n  th e  s o l v e n t  o f  i n t e r e s t *  i f  th e  a c id  

sp ec tru m  was c lo s e  to  th e  ( n o n e l e c t r o l y t e )  e s t e r  sp e c tru m , 

e x i s t e n c e  o f  th e  p se u d o a c id  iso m er  was e s t a b l i s h e d .  F o r  

exam ple , t r i c h l o r o a c e t i c  a c i d  gave a  t r u e  a c i d  sp e c tru m  i n  

w a te r  and a  p s e u d o a c id  sp e c tru m  i n  d i e t h y l  e t h e r i

0 “
Cl-CC^ V

3 V
CloCC *Na3 ci3cc; ci^cc

True Acid S a l t
I o n i c  Bonding

OH 3 OCH.
P seu d o a c id  E s t e r

C o v a le n t  Bonding

These e x p e r im e n ts  were l a t e r  expanded to  i n o r g a n i c  o x y a c id s ,  

which were found to  e x h i b i t  p se u d o a c id  b e h a v io r  a s  th e  a c id  

• c o n c e n tr a t io n  ap p ro ach ed  100#«

0*  OH.0 . , 0 ..
«; :s . .h

•O' *0
True

, 0 ,  xOH 
H Sx 

**0‘* *0
Semipseudo

S u l f u r i c  Acid

HO 0 
Pseudo,

N O y H no2oh

True Pseudo
N i t r i c  Acid

Even th e  hydrogen  h a l i d e s  behaved a s  p s e u d o a c id s  u n d e r  

c e r t a i n  c i r c u m s ta n c e s . The a b s o r p t i o n  sp ec tru m  o f  p u re  

hy d rogen  brom ide d i f f e r e d  from  th e  b r o m i d e - s a l t l i k e  s p e c t r a  

o f  HBr i n  w a te r ,  e t h e r ,  and e t h a n o l ,  and was i n t e r p r e t e d  by 

H an tsch  a s  e v id e n c e  o f  th e  e x i s t e n c e  o f  a  p se u d o a c id  iso m e r  

o f  HBr2 8 .
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A lthough  th e  s p e c t r o p h o to m e t r i e  m easurem ents  d i s t i n ­

g u ish e d  betw een  pseudo  and t r u e  a c i d s ,  t h e y  c o n ta in e d  no

h i n t  o f  th e  r e s u l t s  o b ta in e d  by H an tsch  i n  c a t a l y s i s  
28s t u d i e s  . S ug ar  i n v e r s i o n  and d i a z o a c e t i c  e s t e r  decom posi­

t i o n ,  two p r o c e s s e s  commonly employed f o r  m e a su r in g  a c i d  

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

which f u r t h e r  t e s t s  o f  th e  p seudo  and t r u e  a c id  h y p o th e s i s  

co u ld  be c a r r i e d  o u t .  S in c e  i t  was b e l i e v e d  t h a t  a c i d  c a t a ­

l y s i s  depended on th e  c o n c e n t r a t i o n  o f  f r e e  o r  s o l v a t e d  

p r o to n s * ^ ” *^, i t  was n o t  s u r p r i s i n g  to  f i n d  l i t t l e  o r  no 

c a t a l y t i c  power i n  a c i d - s o l v e n t  c o m b in a t io n s  w i th  p se u d o a c id  

a b s o r p t io n  s p e c t r a ,  e . g . ,  HC1 i n  d i e t h y l  e t h e r .  However, 

t r u e  a c i d s  i n  n o n io n iz in g  s o l v e n t s  were much s t r o n g e r  c a t a ­

l y s t s  th a n  i n  i o n i z i n g  s o l v e n t s ,  i n  d i r e c t  o p p o s i t i o n  to  

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

i n  c a t a l y z i n g  power be tw een  two a c i d s  d id  n o t  rem a in  c o n s t a n t  

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

s o l v e n t  a l s o  p la y e d  a  r o l e  i n  d e te r m in in g  a c id  s t r e n g t h  a s  

w e l l  a s  th e  iso m er  p r e s e n t .

H an tsch  a r r i v e d  a t  a  s e r i e s  o f  r e v o l u t i o n a r y  c o n c lu s io n s  

c o n c e rn in g  th e  g e n e r a l  n a t u r e  o f  a c i d s  and s o l v e n t  e f f e c t s  

on a c i d i t y  based  on th e s e  e x p e r im e n ts  2^ ” -*°. He p ro p o sed  

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

a t e d  t r u e  a c i d s  i n s t e a d  o f  hy d rogen  i o n s .  The c a t a l y s i s  

e x p e r im e n ts  had d e m o n s tr a te d  l e s s  a c id  c h a r a c t e r  on th e  p a r t  

o f  th e  io n iz e d  th a n  f o r  th e  u n d i s s o c i a t e d  a c i d s .

R easo n in g  by a n a lo g y  to  th e  fo r m a t io n  o f  w eak ly  a c i d i c
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ammonium s a l t s  from  a c i d s  and ammonia, H an tsch  e q u a te d  th e  

i o n i z a t i o n  o f  an  a c id  i n  an i o n i z i n g  s o l v e n t  w i th  s a l t  f o r ­

m a t io n .  The c l a s s i c a l  aqueous i o n i z a t i o n  c o n c e p t  was 

s u p p la n te d  by th e  r e a c t i o n  o f  an a c id  w i th  a  b a se  (w a te r )  to  

form a  w eaker ,  a c i d i c  hydronium  s a l t ,  j u s t  a s  a c i d s  r e a c t e d  

w i th  aqueous o r  p u re  ammonia to  form a n a lo g o u s ,  w eak ly  a c i d i c  

ammonium s a l t s .  The r e p la c e m e n t  o f  i o n i z a t i o n  i n  a  s o l v e n t  

by s a l t  f o r m a t io n  l e d  H an tsch  to  make some r e v i s i o n s  i n  h i s  

t h e o r y .  Both t r u e  and pseudo  a c i d s  were c o n s id e r e d  to  d i s s o ­

c i a t e  d i r e c t l y  i n t o  s a l t s  i n  an i o n i z i n g  s o l v e n t ,  th e  l a t t e r  

no lo n g e r  r e q u i r i n g  th e  i n t e r m e d i a t e  f o rm a t io n  o f  a  t r u e  

a c id  i so m e r .

S t ro n g  a c i d s  were p a r t i c u l a r l y  a f f e c t e d  by i o n i z i n g  

s o l v e n t s  w i th  b a s i c  p r o p e r t i e s  s i n c e  t h e i r  hydronium  s a l t s  

were much w eaker th a n  th e  u n d i s s o c i a t e d  a c i d s ,  w h i le  th e  

hydronium  s a l t s  o f  weak a c i d s  were n o t  much w eaker th a n  th e  

a c i d s  th e m s e lv e s .  I n c r e a s i n g  b a s i c  n a tu r e  on th e  p a r t  o f  

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

e s p e c i a l l y  betw een  s t r o n g  a c i d s .  F o r  exam ple , HC1, HgSO^, 

HNOy and HCIO^ a l l  seemed e q u a l l y  s t r o n g  i n  w a te r  b e ca u se  

each  o f  th e s e  a c i d s  was s t r o n g  enough to  r e a c t  c o m p le te ly  

w i th  w a te r  to  p ro d u ce  e q u a l l y  weak hydronium  s a l t s ,  a l th o u g h  

th e  i n h e r e n t  s t r e n g t h s  o f  t h e s e  a c i d s  d i f f e r e d ,  i . e . ,  w a te r  

" l e v e l l e d "  th e  s t r e n g t h s  o f  a l l  f o u r  a c i d s .  H a n t s c h 's  

l e v e l l i n g  e f f e c t  e x p la in e d  how v a r i a t i o n s  i n  s o l v e n t  b a s i ­

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

m eant g r e a t e r  l e v e l l i n g  and a  d e c r e a s e  i n  o b se rv e d  d iffe r**
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e n ce s  i n  a c i d  s t r e n g t h ;  d e c r e a s e d  s o l v e n t  b a s i c i t y  l e d  to

l e s s  l e v e l l i n g  and in c r e a s e d  s t r e n g t h  d i f f e r e n c e s ,  a  f a c t

c l e a r l y  con firm ed  by C onant and H a l l ^ * ^ ,  who r e l i e d  on th e

i n c r e a s e d  s a l t - f o r m i n g  t e n d e n c ie s  ( " s u p e r a c i d i t y " )  o f

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

(com pared to  t h e i r  a c i d i t i e s  i n  w a te r )  to  t i t r a t e  b a s e s
30to o  weak to  be t i t r a t e d  i n  aqueous s o l u t i o n .  Hammett^ 

d e r iv e d  e q u a t io n s  to  i l l u s t r a t e  th e  s o l v e n t  dependence  o f  

th e  l e v e l l i n g  e f f e c t  from th e  m a s s - a c t io n  law .

I n  a  l a t e r  s tu d y  H an tsch  found t h a t  th e  a b s o r p t i o n  

sp ec tru m  o f  p o ta s s iu m  n i t r a t e  i n  c o n c e n t r a t e d  s u l f u r i c  a c i d  

re sem b led  n o t  th e  e x p e c te d  p s e u d o n i t r i c  a c i d  sp e c tru m  o f  

c o n c e n t r a te d  HNO  ̂ (NOgOH) b u t  th e  sp e c tru m  o f  d i l u t e  aqueous 

n i t r i c  a c i d  ( a c c o r d in g  to  H an tsch ,  hydronium  n i t r a t e ,

Jh^O J  N O ^ ) ^ ' A  s a l t l i k e  sp ec tru m  was a l s o  o b ta in e d  

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

H an tsch  a t t r i b u t e d  th e s e  o b s e r v a t i o n s  to  th e  e x p e c te d  p seu d o ­

n i t r i c  a c id  fo rm a t io n  fo l lo w e d  by a  s a l t  f o r m a t io n  r e a c t i o n  

betw een  th e  s t r o n g e r  a c id  HgSO^ and NOgOH i n  w hich th e  l a t t e r  

p la y e d  th e  r o l e  o f  a  b a s e ,  much th e  same way w a te r  behaved 

a s  a  ba se  i n  hydronium  s a l t  f o r m a t io n i

HgSO^ + N020H  » N0(0H)2 ] [ hS 0 ^ ]  (40 )

2 H2S04 + N020H -----> [n ( ° h >3 ] [ h s ° ^  ]  2 (4 1 )

H an tsch  c a l l e d  th e  s a l t s  formed from p s e u d o a c id s  "pseudo** 

s a l t s ” and c la im ed  t h a t ,  a lo n g  w i th  p s e u d o a c id s ,  th e y  c o n s t i ­

t u t e d  an  i n t e r m e d i a t e  p s e u d o e l e c t r o l y t e  c l a s s  in b e tw e e n  th e
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m ajo r  c l a s s e s  o f  e l e c t r o l y t e s  and n o n e l e c t r o l y t e s ^ .  He

used  th e  c o n c e p t  o f  pseudo  ( o r  " a c id iu m " )  s a l t s  to  e x p la in
37th e  l i m i t e d  c o n d u c t i v i t y  o f  p u re  a n h y d ro u s  a c i d s  and mix­

t u r e s  o f  an hyd ro us  a c i d s ,  e . g . ,  HC10^-HF, BF^-HF, HgSO^- 

H C l ^ .  F o r  p u r  

r e p r e s e n t e d  by*

35HC1-'-'. F o r  p u re  n i t r i c  a c i d  p s e u d o s a l t  f o rm a t io n  may be

N020H + NOgOH

2 NOgOH + N020H

no( oh) 2 

n ( oh) 3 ]

[ noJ  (42 )

.N°3 J 2 <*3>

These f i n d i n g s  cau sed  H an tsch  to  d r a s t i c a l l y  r e v i s e  h i s  

th e o r y  o f  a c i d s 2^ '  C e a s in g  to  b e l i e v e  i n  th e  e x i s t e n c e

o f  t r u e  a c i d s  u n d e r  any  c i r c u m s ta n c e s ,  he m a in ta in e d  t h a t  a l l  

u n d i s s o c i a t e d  a c i d s  were p s e u d o a c id s  i o n i z i n g  o n ly  v i a  s a l t  

f o r m a t io n ,  i . e . ,  s a l t s  were th e  o n ly  t r u e  e l e c t r o l y t e s  and 

a c i d s  were n o n e l e c t r o l y t e s  t h a t  som etim es , e . g . ,  i n  aqueous 

s o l u t i o n ,  seemed to  behave a s  e l e c t r o l y t e s  b u t  t h a t  such  

b e h a v io r  was a c t u a l l y  a  co nsequen ce  o f  s a l t  fo rm a tio n *

P seu d o a c id  + HgO > Hydronium S a l t

Hydronium S a l t  ------ ^ D i s s o c i a t e d  S a l t  ( I o n s )  (44 )

The i d e a  t h a t  a l l  p u re  a c i d s  were p s e u d o a c id s  was
O

s e v e r e l y  c r i t i c i z e d  and w id e ly  c h a l le n g e d  , b u t  one s i d e  

e f f e c t  o f  th e  p o s t u l a t i o n  o f  th e  e x i s t e n c e  o f  p s e u d o s a l t s  

was to  em phasize  th e  r e l a t i v e  n a t u r e  o f  a c i d i t y  and th e  

g e n e r a l l y  a m p h o te r ic  n a tu r e  o f  s u b s t a n c e s ,  even  th o s e  

commonly b e l i e v e d  t o  p o s s e s s  o n ly  a c i d  p r o p e r t i e s ,  e . g . ,  HC1 

and HNO^.

I n  summary, H a n t s c h 's  p s e u d o a c id  c o n c e p t  found  l i t t l e
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a c c e p ta n c e  among c h e m is ts  s u b s e q u e n t  to  h i s  o r i g i n a l  e x p e r i ­

m ents w i th  n i t r o - o r g a n i c s .  Even t h e s e  r e a c t i o n s  a r e  now

b e l i e v e d  to  p ro c e e d  s lo w ly  b e ca u se  o f  e l e c t r o n i c  r a t h e r  th a n
6 8a to m ic  r e a r r a n g e m e n ts  w i t h i n  m o le c u le s  * . Opponents o f  th e  

t h e o r y  a l s o  c i t e d  th e  s p e c t r a l  s h i f t s  upon w hich H an tsch  

based  many o f  h i s  c o n c lu s io n s  a s  too  s m a l l  from  which to  

draw any  s i g n i f i c a n t  c o n c l u s i o n s .  However, many o f  th e  

i d e a s  t h a t  emerged a s  a d j u n c t s  o f  th e  p se u d o a c id  t h e o r y ,  

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

s o l v e n t  e f f e c t s ,  b a s i c i t y  o f  w a te r ,  g e n e r a l  am pho terism  o f  

s u b s ta n c e s ,  s u r v iv e d  and a t t a i n e d  im p o r tan c e  when i n c o r p o r ­

a te d  i n t o  o t h e r  a c i d - b a s e  concepts-^0 .
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I I .  B r^ n s ted -L o w ry  Theory

One m ig h t i n f e r  from m ost c h e m is t r y  t e x t s  t h a t  th e  

B r^nsted -L ow ry  th e o r y  a p p e a re d  su d d e n ly  f o l lo w in g  a  t h i r t y -  

f i v e  y e a r  p e r io d  d u r in g  w hich th e  a c i d - b a s e  c o n c e p t  was 

c o m p le te ly  dom ina ted  by th e  i d e a s  o f  A r r h e n iu s .  I n  f a c t ,  

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

p l e s  d e v e lo p ed  p r e v i o u s l y  by G o ld sc h m id t ,  L apw orth , P f e i f f e r ,  

and W erner ( s e e  C h a p te r  I ) ,  a s  w e l l  a s  th o s e  d e v e lo p e d  by 

H an tsch  s im u l ta n e o u s  w i th  th e  em ergence o f  th e  Br/zfnsted- 

Lowry a p p ro a ch  i n  th e  1 9 2 0 's .

A. A c id -B ase  D e f i n i t i o n s

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

c h a r a c t e r  to  th e  h yd rogen  io n  b e c a u se  o f  i t s  s i n g u l a r  p r o p e r ­

t i e s .  The f r e e  p r o t o n  was th e  “s m a l l e s t ,  m ost m o b ile  io n  and 

p o s s e s s e d  a  h ig h  c h a rg e  d e n s i ty ' . ’ I n  a d d i t i o n ,  among c h e m ic a l  

s p e c i e s  i t  a lo n e  c o n ta in e d  no e l e c t r o n s .  The d e f e c t s  o f  th e  

A r rh e n iu s  a c i d - b a s e  t h e o r y  e v id e n c e d  th e  need  f o r  a  more 

g e n e r a l  a c i d  b a se  c o n c e p t  b u t  d id  n o t  d e t r a c t  from  th e  

b e l i e f  i n  th e  s p e c i a l  n a t u r e  o f  hydrogen  io n  r e l a t i v e  to  

c h em ic a l  s p e c i e s  i n  g e n e r a l  and to  a c i d s  and b a s e s  i n  

p a r t i c u l a r .

Br/zfasted f i r s t  p u b l i s h e d  h i s  c o n c e p t io n  o f  a c i d s  and 

b a s e s  i n  19231 , d e f i n i n g  an  a c i d  a s  a  s u b s ta n c e  c a p a b le  o f  

g i v in g  up a  p r o t o n .  E x c e p t  f o r  th e  o m is s io n  o f  w a te r  a s  a  

r e q u i s i t e  s o l v e n t ,  t h i s  d e f i n i t i o n  d id  n o t  seem to  d i f f e r  

g r e a t l y  from  t h a t  o f  A r r h e n iu s .  However, Brjriisted r e j e c t e d
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th e  c l a s s i c a l  n o t i o n  o f  b a s e s  a s  h y d ro x id e s  a s  to o  n a rro w  and

i n s t e a d  d e f in e d  a  base  a s  a  s u b s ta n c e  w i th  a ten d e n cy  to

a c c e p t  p r o t o n s .  The t h e o r e t i c a l  r e l a t i o n s h i p  be tw een  a c i d s
1-17and b a se s  i s  summarized i n  th e  d e f i n i n g  e q u a t io n  i

Acid Base + H* (1 )

Lowry*®’ in d e p e n d e n t ly  rea ch e d  th e  same c o n c lu s io n  i n  

th e  same y e a r  from h i s  o b s e r v a t i o n  o f  th e  " u n iq u e n e s s  o f  

h y d ro g en "* .  A cco rd in g  to  Lowry, m ost s u b s ta n c e s  were e a s i l y  

c l a s s i f i e d  a s  b e lo n g in g  to  one o f  two m a jo r  c a t e g o r i e s ,  

a c c o r d in g  to  th e  i n t r a m o l e c u l a r  f o r c e s  be tw een  t h e i r  c o n s t i -  

t u n e t  a to m s. Com plete  e l e c t r o n  t r a n s f e r  from one atom to  

a n o th e r  c h a r a c t e r i z e d  i o n i c  s u b s t a n c e s .  E l e c t r o s t a t i c  f o r c e s  

were o p e r a t i v e  betw een  th e  r e s u l t a n t  io n s  and d i s s o c i a t i o n  

d id  n o t  a l t e r  th e  i o n s  th e m se lv e s  o r  th e  n a t u r e  o f  th e  

a t t r a c t i v e  f o r c e s  betw een them*

Na+C l"  ------->> Na+ + C l“ (2 )

E le c t r o n  s h a r i n g  was r e s p o n s i b l e  f o r  bon d in g  i n  c o v a l e n t  

compounds and bond c le a v a g e  co u ld  be e i t h e r  h o m o ly t ic  o r  

h e t e r o l y t i c j  i n  th e  l a t t e r  c a s e  th e  f o r c e s  be tw een  th e  

d i s s o c i a t i o n  p r o d u c t s  d i f f e r e d  from th o s e  be tw een  th e  o r i g i -

—

♦ B e l l^  has  s t a t e d  t h a t  Lowry d e s e r v e s  no c r e d i t  a s  an  o r i g i ­
n a t o r  o f  th e  p r o t o n i c  th e o r y  b e ca u se  o f  h i s  f a i l u r e  to
i n c lu d e  e x p l i c i t  a c i d - b a s e  d e f i n i t i o n s  i n  h i s  o r i g i n a l

1 &
p a p e r  , a l th o u g h  many o f  h i s  i d e a s  i m p l i c i t l y  le a d  to  th e  
B r /n s t e d  a c id  ( b u t  n o t  b a s e )  d e f i n i t i o n .  However, i t  i s  n o t  
th e  p u rp o se  o f  t h i s  work to  a p p o r t i o n  c r e d i t  f o r  th e  form u­
l a t i o n  o f  th e  p r o t o n i c  t h e o r y .
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n a l  a to m s . However, th e  b re a k a g e  p r o c e s s  was c o n c e iv e d  to  

be a b r u p t  r a t h e r  th a n  g r a d u a l ,  so t h a t  th e  n a t u r e  o f  th e  

c o v a l e n t  bond rem ained  unchanged p r i o r  to  th e  i n s t a n t  o f  

a c t u a l  s e p a r a t i o n  and no p r e d i c t i o n  was p o s s i b l e  a s  to  

w h e th e r  h o m o ly t ic  o r  h e t e r o l y t i c  c le a v a g e  would o c c u r i

C l+ + C l” <------  C l iC l   > 2 Cl* (3)

A c ids  were e x c e p t i o n a l  when c o n s id e r e d  from t h i s  v iew ­

p o i n t  b e ca u se  th e y  behaved a s  members o f  n e i t h e r  g ro u p ,  

e x i s t i n g  a s  c o v a l e n t  compounds when u n d i s s o c i a t e d  b u t  

i n v a r i a b l y  d i s s o c i a t i n g  i n t o  i o n s i

 » H+ + C l ” (k)HiCl

Lowry a t t r i b u t e d  th e s e  o b s e r v a t i o n s  to  w hat he term ed th e  

d u a l i s t i c  n a t u r e  o f  h y d ro g en , i . e . ,  th e  u n iq u e  a b i l i t y  o f  

t h i s  e le m e n t  to  assume a s t a b l e  e l e c t r o n i c  c o n f i g u r a t i o n  w i th  

e i t h e r  two o r  no e l e c t r o n s ,  e . g . ,  c o v a l e n t l y  a s  H«C1 and a l s o  

i o n i c a l l y  a s  H+ . A c o m p ar iso n  o f  c a r b o x y l i c  a c i d s  w i th  c a r -

b o x y la te  s a l t s  and e s t e r s ,  s i m i l a r  to  H a n t s c h 's  t r u e - p s e u d o
•  18 a c i d  c o m p a r iso n ,  s e rv e d  to  i l l u s t r a t e  t h i s  d u a l i s m  i

CHoC ’ Na 
* N0

S a l t
I o n i c

C H ,c '  H+ 
J  N0

Acid

CH~C CHoC.
OH 3 s

Acid ■ E s t e r
C o v a le n t

oc2h5

Lowry e n v is io n e d  th e  p r o c e s s  by which a  hyd rogen  bond changed 

from c o v a l e n t  to  i o n i c  a s  a  g r a d u a l  one d u r in g  w hich i o n i c  

c h a r a c t e r  i n c r e a s e d  w i th  i n c r e a s i n g  i n t e r a t o m i c  d i s t a n c e *

HiCl * H 6 + -Cl 6 - H C l ' (5 )
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where 5+ and b -  r e p r e s e n t  p a r t i a l  p o s i t i v e  and n e g a t iv e  

c h a r g e s ,  r e s p e c t i v e l y .  T h e r e in  l a y  th e  e s s e n c e  o f  h y d r o g e n 's  

u n i q u e n e s s .

An a c id  c o u ld  n o t  m a n i f e s t  i t s  a c i d i t y  (g iv e  up a  

p r o to n )  u n l e s s  a  s p e c i e s  c a p a b le  o f  a c c e p t in g  th e  p r o to n  was 

p r e s e n t  b e c a u s e ,  a s  had a l r e a d y  been  e s t a b l i s h e d ,  p r o to n s  

were n o t  c a p a b le  o f  in d e p e n d e n t  e x i s t e n c e .  Lowry t h e r e f o r e  

a l s o  d e f in e d  b a s e s  a s  p r o to n  a c c e p t o r s .

C o i n c i d e n t a l l y ,  i n  1923 G.N. L e w i s ^  a l s o  p ro p o se d  th e  

p r o to n  d o n o r - a c c e p t o r  a c i d - b a s e  d e f i n i t i o n s  b u t  r e g a rd e d  them 

a s  to o  n a rro w  and s o u g h t  a  more e x t e n s i v e  t h e o r y .

The p r o to n  t r a n s f e r  c o n c e p t  c l e a r l y  e x p r e s s e s  th e  r e c i ­

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

t i o n  to  t h e i r  l o n g - e s t a b l i s h e d  fu n d am e n ta l  " o p p o s i t e n e s s "  

th a n  th e  c l a s s i c a l  d e f i n i t i o n ,  which a r b i t r a r i l y  d e c l a r e s  

t h a t  hyd rogen  and h y d ro x id e  io n s  a r e  " o p p o s i t e s " * .  The 

expanded d e f i n i t i o n  o f  b a s e s  rem oves h y d ro x id e  io n  from th e  

u n iqu e  p o s i t i o n  bestow ed on i t  by th e  r e s t r i c t i o n  to  aqu eous 

s o l u t i o n s  i n h e r e n t  i n  th e  A r rh e n iu s  c o n c e p t .  A l k a l i  h y d ro x ­

i d e s  a r e  no l o n g e r  r e g a rd e d  a s  b a s e s  b u t  a s  s a l t s  c o n t a i n i n g

th e  b a se  OH” , i n  th e  same way t h a t  a l k a l i  c h l o r i d e s  a r e  s a l t s
-  1 6 0c o n t a i n i n g  th e  b a se  Cl

Io n s  a r e  a l s o  c l a s s i f i e d  a s  a c i d s  and b a s e s  i f  th e y  

i n d i c a t e  a te n d e n c y  to  e i t h e r  l o s e  o r  g a in  p r o t o n s .  W hereas 

th e  c l a s s i c a l  v iew  l i m i t s  a c i d s  and b a s e s  to  u n c h arg ed  s p e c i e s  

m a n i f e s t i n g  t h e i r  r e s p e c t i v e  p r o p e r t i e s  th ro u g h  i o n i z a t i o n ,  

th e  B r/fnsted-L ow ry  c o n c e p t io n  p e r m i t t e d  th e  e x i s t e n c e  o f  

c a t i o n i c  and a n io n i c  a c i d s  and b a s e s * '^ ’
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Fe(H2°)6] 3+ [Fe(H20)5(0H) ] 2+ + H+ (6)
Fe(H20)5(0H)] 2+ [Fe(H20)4(0H) ]+ + H+ (?)

NH^+i====i NH3  ̂ H+ (8)
H3o+-;., :■ " = ±  H20 + H+ (9)
H20 ■ •"* OH" + H+ (10)
CH3COOH F = = *  CH^COO" + H+ (11)
H2C03 F = = ^  HC03" + H+ (12)
HC03" ^ ----------1 C03= + H+ (1 3 )

01
Br/tfasted and W ynne-Jones s u p p o r te d  t h i s  a s p e c t  o f  th e

th e o r y  by d e m o n s t r a t in g  t h a t  a c i d s  o f  d i f f e r i n g  c h a rg e  ty p e s

c a t a l y z e d  o r t h o e s t e r  h y d r o l y s i s .

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

a p p e a r  o n ly  th ro u g h  i o n i z a t i o n ,  p r e v i o u s l y  c h a l le n g e d  by
22F o l i n  and F la n d e r s  , was d i s c a r d e d  by B r^ n s te d  on th e  b a s i s  

o f  h i s  own o b s e r v a t i o n s  o f  a c i d - b a s e  r e a c t i o n s  i n  benzene^* . 

More e v id e n c e  c o n t r a d i c t i n g  th e  i o n i z a t i o n  p r e r e q u i s i t e  was 

o b ta in e d  by K i l p a t r i c k  and R u sh to n 2- ,̂ who s t u d i e d  th e  r a t e  

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

magnesium i n  aqueous a c i d  s o l u t i o n s .  The e v o l u t i o n  r a t e  

d e p en d s ,  a s  e x p e c te d ,  on th e  hydrogen  (hydron ium ) io n  con­

c e n t r a t i o n  f o r  s t r o n g  a c i d s ,  b u t  f o r  weak a c i d s  th e  r a t e  

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

F u r th e rm o re ,  b u f f e r i n g  t h e  weak a c i d  s o l u t i o n s ,  i . e . ,  d e c r e a ­

s i n g  th e  d e g re e  o f  i o n i z a t i o n ,  r a i s e d  th e  e v o l u t i o n  r a t e .  

T h e re fo re  p r o t o n  d o n o rs  i n  g e n e r a l ,  r a t h e r  th a n  any  p a r t i c u ­

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

l i t y  o f  a  p r o to n  i n s t e a d  o f  th e  a c t u a l  d o n a t io n  p r o c e s s ,  

a l lo w in g  B r^ n s te d  to  u n e q u iv o c a l ly  r e g a r d ,  e . g . ,  HC1 a s  an 

a c id  i n  benzene  s o l u t i o n .

An a c i d - b a s e  p a i r  r e l a t e d  by e q u a t io n  ( 1 ) ,  i . e . ,  two 

c h e m ic a l  s p e c i e s  d i f f e r i n g  from  e a c h  o t h e r  by a  p r o t o n ,  i s  

r e f e r r e d  to  a s  a  c o r r e s p o n d in g  o r  c o n ju g a te  a c i d - b a s e  p a i r* *  

4 ,1 5 ,1 6 ^  e , g , t ammonium io n  and ammonia i n  e q u a t io n  ( 8 ) .

E very  c o n ju g a te  a c i d  h as  o n ly  one c o n ju g a te  b ase  and v i c e  

v e r s a ,  b u t  t h i s  r e s t r i c t i o n  d o e s  n o t  e x c lu d e  a  s u b s ta n c e  

from  s e r v i n g  a s  th e  a c i d  o f  one c o n ju g a te  p a i r  and p l a y i n g  

th e  r o l e  o f  a  b a se  i n  a n o th e r  c o n ju g a te  p a i r .  F o r  exam ple , 

w a te r  i s  a  b a se  i n  e q u a t io n  (9 )  and an  a c i d  i n  e q u a t io n  ( 1 0 ) |  

s i m i l a r  b e h a v io r  i s  a s c r i b e d  t o ,  i n t e r  a l i a ,  h y d ro x o p e n ta -  

a q u o f e r r i c  and b i c a r b o n a t e  i o n s  ( e q u a t io n s  (6 )  -  ( ?)  and 

(12 )  -  (13)* r e s p e c t i v e l y ) .  The Brjrfnsted-Lowry t h e o r y  i s  

th u s  a b le  to  e x p l a i n  am p h o te r ism * , th e  a b i l i t y  o f  a  s u b s ta n c e  

t o  a c t  a s  e i t h e r  an  a c i d  o r  a  b a s e ,  s im p ly  by in v o k in g  

e q u a t io n  ( 1 ) .  The A r rh e n iu s  c o n c e p t  had e n c o u n te re d  d i f f i ­

c u l t i e s  i n  a t t e m p t i n g  to  r a t i o n a l i z e  th e  o b s e r v a t i o n  t h a t  

th e  same s u b s ta n c e  c o u ld  a p p a r e n t l y  d i s s o c i a t e  i n t o  e i t h e r  

h y d rogen  o r  h y d ro x id e  io n s  ( e x c e p t  i f  t h a t  s u b s ta n c e  was 

w a t e r ) .

A r rh e n iu s  d e f in e d  n e u t r a l i t y  a s  th e  c o n d i t i o n  o f  an 

aqueous s o l u t i o n  c o n t a i n i n g  e q u a l  hyd rogen  and h y d ro x id e  io n  

c o n c e n t r a t i o n s ,  b a se d  on th e  d i s s o c i a t i o n  o f  w a te r  ( e q u a t io n  

( 1 0 ) ) ,  b u t  th e  B r /n s te d -L o w ry  v iew  t h a t  h y d ro x id e  h as  no
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s p e c i a l  s i g n i f i c a n c e  a s  a  b a se  r e q u i r e s  a  r e e v a l u a t i o n  o f  

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

s o l v e n t s ,  e . g . ,  m e th a n o l ,  i s  s i m i l a r  to  t h a t  o f  w ater*

ch3oh ch3o“ + H+ (1*0

A m e th a n o l ic  s o l u t i o n  c o n t a i n i n g  e q u a l  hyd rogen  and m ethox ide  

io n  c o n c e n t r a t i o n s  i s  a c i d i c  i n  th e  A r rh e n iu s  v iew  s i n c e  no 

h y d ro x id e  io n  i s  p r e s e n t ,  b u t  a c c o r d in g  t o  B r^ n s te d  su c h  a

s o l u t i o n  m ust be r e g a rd e d  a s  n e u t r a l  s i n c e  m etho x ide  io n  i s

a l s o  a  b a s e .  However, B r^ n s te d  d id  n o t  su p p o se  t h a t  hydrox-? 

id e  and m etho x ide  a r e  e q u a l l y  s t r o n g  b a s e s  and t h e r e f o r e  

c o n s id e r e d  t h a t  t h e r e  c o u ld  be a  d i f f e r e n c e  be tw een  th e  a c i d ­

i t y  o f  a  " n e u t r a l "  aqueous s o l u t i o n  and t h a t  o f  a  " n e u t r a l "  

m e th a n o l ic  s o l u t i o n .  E x te n s io n  o f  t h i s  a rg um en t r e q u i r e s  a  

d i f f e r e n t  p o i n t  o f  " n e u t r a l i t y "  f o r  e v e ry  a c i d  s i n c e ,  i n  

p r i n c i p l e ,  any  a c i d  can  s e r v e  a s  a  s o l v e n t .  The f u t i l i t y  o f  

t r y i n g  t o  f i n d  a  p o i n t  o f  g e n e r a l  n e u t r a l i t y  em p h asize s  th e  

a r b i t r a r y  w a t e r - l i n k e d  n a t u r e  o f  n e u t r a l i t y  h e r e t o f o r e  

a c c e p te d  and l e d  B r^ n s te d  to  d i s c a r d  n e u t r a l i t y  a s  h a v in g  

no p l a c e  i n  any  a c i d - b a s e  th e o ry *

The i n v a l i d i t y  o f  th e  n e u t r a l i t y  c o n c e p t  w i l l  be 

e x p lo re d  i n  d e t a i l  i n  th e  s e c t i o n  on a c i d - b a s e  s t r e n g t h s .
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B. A cid -B ase  R e a c t io n s

The c l a s s i c a l  c o n c e p t  d e p i c t s  an a c i d - b a s e  r e a c t i o n  a s  

one p ro d u c in g  w a te r  and a s a l t .  Brpfasted o b j e c te d  to  b o th  

a s  n e c e s s a r y  co n seq u e n ce s  o f  such  a  r e a c t i o n  a n d , a s  o t h e r s  

b e fo r e  him, was a b le  to  show t h a t  a c i d - b a s e  r e a c t i o n s  ta k e  

p l a c e  w i th o u t  th e  f o r m a t io n  o f  wat er -7 . He a l s o  d e m o n s tra ­

te d  t h a t  s a l t  f o r m a t io n  i s  n o t  n e c e s s a r i l y  c h a r a c t e r i s t i c  

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

r e a c t i o n s  a l s o  p ro d u ce  s a l t s ^ ’ ^ t  •

Na ♦ Cl -----------> Na*Cl“ (15)

( c h 3 ) 3n + c h 3i  > ( c h 3 ) 4n+i "  ( 1 6 )

A s t r i c t  i n t e r p r e t a t i o n  o f  th e  B r /n s te d -L o w ry  a c i d - b a s e  

d e f i n i t i o n s  can  even  be s t r e t c h e d  to  r e g a rd  th e  r e a c t i o n  o f ,  

e . g . ,  aqueous HC1 ( a  hydronium  s a l t  c o n ta in i n g  th e  a c id  Hy)+) 

and NaOH (a  s a l t  c o n t a i n i n g  th e  b ase  0H~) a s  s a l t  d e s t r u c ­

t i o n  r a t h e r  th a n  s a l t  fo rm a tio n *

H30 +C1“ + Na+0H“ -----------> Na+C l"  + HgO (17 )
S a l t  S a l t  S a l t

b ecau se  t h e r e  a r e  two r e a c t a n t  s a l t s  b u t  o n ly  one p r o d u c t  

s a l t ^ .

The B rp hsted -L ow ry  c o n c e p t io n  o f  an  a c i d - b a s e  r e a c t i o n  

i s  d e r iv e d  from th e  i n a b i l i t y  o f  th e  p r o to n  to  e x i s t  i n  th e  

f r e e  s t a t e .  An a c id  does  n o t  p e rfo rm  i t s  c h a r a c t e r i s t i c  

p r o t o n - r e l e a s i n g  f u n c t i o n  w i th o u t  th e  p re s e n c e  o f  an  a c c e p ­

t o r  s p e c i e s  and a  ba se  c a n n o t  a c c e p t  a  p r o to n  u n l e s s  an  

a c id  i s  p r e s e n t  t o  d o n a te  o n e * ’ ****®. The f a c t  t h a t  benzene
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l a c k s  b a s i c  p r o p e r t i e s  p r e v e n t s  HC1 from m a n i f e s t i n g  a c id

p r o p e r t i e s  i n  t h a t  s o l v e n t ,  i . e . ,  no i o n i z a t i o n  o c c u r s ,  b u t

th e  a d d i t i o n  o f  a  b a s i c  s o l u t e  to  such  a s o l u t i o n  r e s u l t s  i n
3 16an  im m edia te  a c i d - b a s e  r e a c t i o n ^ ’ . B r^ n s ted  and Lowry

c o n c lu d ed  t h a t  an  a c i d - b a s e  r e a c t i o n  in v o lv e s  th e  t r a n s f e r

o f  a  p r o to n  from th e  a c id  to  th e  b a se  and can  be r e p r e s e n te d
1 -4  Q 12 1*5-17a s  a  d o u b le  c o n ju g a te  a c i d - b a s e  p a i r  r e a c t i o n  •*•*,

Acid^ f—  - -  Base^ H+

B ase2 + H+ x-  -  A cidg

A c id j  + Baseg f~- ■ * Base^ + A cidg  (18)

The p r o d u c t s  o f  an  a c i d - b a s e  r e a c t i o n  a r e  s im p ly  th e  c o n ju ­

g a t e s  o f  th e  o r i g i n a l  a c id  and b a s e .

E q u a t io n  (18 ) em bodies a  p r a c t i c a l  d e f i n i t i o n  o f  a c i d s

and b a s e s  a s  opposed to  th e  t h e o r e t i c a l  one ( e q u a t io n  ( 1 ) ) ,

th e  a d v a n ta g e  o f  th e  fo rm e r  b e in g  t h a t  i t  im p l i e s  p r o to n  

t r a n s f e r  w i th o u t  r e q u i r i n g  f r e e  p r o to n  f o r m a t io n ,  i n  a g r e e ­

ment w i th  e x p e r im e n ta l  o b s e r v a t i o n .  B r^ n s te d  r e f e r r e d  to  

e q u a t io n  (18 ) a s  " p r o t o l y s i s ” and to  th e  a c i d s  and b a s e s  

in v o lv e d  t h e r e i n  a s  " p r o t o l y t e s " ^ '

The p r o t o l y s i s  scheme i n c l u d e s  n o t  o n ly  n e u t r a l i z a t i o n  

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

r e a c t i o n s .  The i o n i z a t i o n  p r o c e s s  f o r  an  a c i d  d i s s o l v e d  i n  

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

HC1 ♦ H20 Cl~ ♦ h 30 + (1 9 )

b u t  by no means a r e  a c i d - b a s e  p r o c e s s e s  l i m i t e d  to  aqueous
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m edia . O th e r  p r o t o n - a c c e p t i n g  s o l v e n t s  may be employed to  

d e m o n s tr a te  th e  a c i d i t y  o f  HC1, e . g . ,

HC1 + C2H5OH t , ? C l"  + C2H50H2+ (20)

R e v e rs in g  th e  s o l u t e  and s o l v e n t  r o l e s  i n  e q u a t io n s  (19 ) and 

(20)  r e t a i n s  th e  a c c o rd  w i th  e q u a t io n  (18 )  and i n d i c a t e s  t h a t  

b o th  w a te r  and e th a n o l  behave a s  b a s e s  i n  l i q u i d  hydrogen  

c h l o r i d e .  The a d v a n ta g e  o f  p r o t o l y s i s  compared to  th e  

A r rh e n iu s  c o n c e p t  i s  c l e a r l y  i l l u s t r a t e d  by c o n s i d e r i n g  th e  

d i f f e r e n t  p e r c e p t i o n s  o f  th e  b a s i c  r e a c t i o n  o f  ammonia i n  

aqueous s o l u t i o n s

Arrheniuss HgO + NH^ j-' ■— l-i NH^OH
i  — ■ OH" + NHjj* (21 )

B r^ n s te d t  HgO + NH^ f ^ 0 H “ + NH^+ (22)

The r e s t r i c t i o n  to  aqu eous s o l u t i o n  a s s o c i a t e d  w i t h  th e  

A r rh e n iu s  c o n c e p t  p r e c l u d e s  r e g a r d i n g  a  r e a c t i o n  betw een 

ammonia and a n o th e r  s o l v e n t ,  e . g . ,  e t h a n o l ,  a s  a  d e m o n s tra ­

t i o n  o f  th e  b a s i c  p r o p e r t i e s  o f  th e  fo rm ers

CgH^OH + NH3 t ■■■-• C2H50’  + NH^+ ( 2 3 )

However, th e  p r o t o n i c  t h e o r y  p e r m i t s  c o n s i d e r a t i o n  o f  a  

r e a c t i o n  su ch  a s  e q u a t io n  ( 2 3 ) a s  a  m a n i f e s t a t i o n  o f  ammo­

n i a ' s  b a s i c i t y  s i n c e  NH^ i s  th e  r e c i p i e n t  o f  a  p r o t o n  (a n d ,  

by a n a lo g y  to  A r r h e n iu s '  r e q u i r e m e n t ,  th e  b a s i c  s o l v e n t  

a n io n  i s  one o f  th e  r e a c t i o n  p r o d u c t s ) .  A r e d e f i n i t i o n  o f  

a c i d s  and b a s e s  i n  each  s o l v e n t  i s  n o t  r e q u i r e d  by th e  

expanded v ie w p o in t  o f  th e  B r^ n s ted -L o w ry  th e o r y ,  e m p h a s iz in g
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th e  c o n s i d e r a t i o n  o f  a c i d i t y  and b a s i c i t y  a s  g e n e r a l  pheno­

mena in d e p e n d e n t  o f  a  p a r t i c u l a r  s o l v e n t .

H y d ro ly se s  (and  s o l v o l y s e s  i n  g e n e r a l )  a l s o  f i t  th e  

p r o t o l y s i s  scheme and a r e  no l o n g e r  r e g a rd e d  a s  r e a c t i o n s  

o f  a c i d i c  and b a s i c  s a l t s  b u t  a r e  i n s t e a d  c o n s id e r e d  a c i d -  

b a se  r e a c t i o n s  i n  t h e i r  own r i g h t i

NH^+ + H20 1 -  ) NH3 + HjO* (24)

h 2o + c h 3co o“ o h '  ♦ c h 3cooh ( 2 5 )

P r o t o l y s e s  a l s o  in c lu d e  a c i d - b a s e  i n d i c a t o r  r e a c t i o n s  s i n c e  

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

v in g  a  c o n ju g a te  p a i r  i n  w hich th e  a c i d  and b a se  a r e  o f  

d i f f e r e n t  c o l o r s .

Thus th e  p r o t o l y s i s  c o n c e p t  s y s t e m a t i z e s  s e v e r a l  

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

a l s o  e x te n d s  th e  c o n c e p t  o f  a c i d s  and b a s e s  to  i n c lu d e  n o t  

o n ly  r e a c t i o n s  t a k i n g  p l a c e  i n  s o l u t i o n  b u t  a l s o  p r o to n  

t r a n s f e r  p r o c e s s e s  i n  th e  g as  p h a se  and i n  m e l t s 2^ ’ 2^ .
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C. A cid -B ase  S t r e n g th s

A c i d i t y  and b a s i c i t y  a r e  i n v e r s e l y  v a r y in g  f u n c t i o n s

a s  d e f in e d  by e q u a t io n  ( l ) .  No co m p ariso n  betw een t h e s e  two

i n n a t e l y  o p p o s i t e  e f f e c t s  i s  p o s s i b l e  b e c a u s e ,  a c c o r d in g  to  
1 UB ro n s te d  ’ , no t r u e  p o i n t  o f  n e u t r a l i t y  e x i s t s .  The d i f f e ­

re n c e  be tw een  t h i s  v ie w p o in t  and th e  c l a s s i c a l  a p p ro a ch  i s  

i l l u s t r a t e d  by th e  d iag ra m s  o f  F ig u r e  I I - l .  The A r rh e n iu s  

th e o r y  d e p i c t s  a c i d i t y  and b a s i c i t y  a s  two sy m m etr ic ,  i n d e ­

p e n d e n t  f u n c t i o n s  c o n v e rg in g  t o  z e ro  a t  a  p o i n t  o f  n e u t r a l ­

i t y .  C om parisons o f  a c i d i t y  a r e  p e r m i t t e d  o n ly  on th e  a c i d  

s id e  o f  th e  n e u t r a l  p o i n t  and co m p a r iso n s  o f  b a se  s t r e n g t h  

o n ly  on th e  b a s i c  s i d e .  However, a l th o u g h  th e  a c i d i t i e s  o f ,  

e . g . ,  a c e t i c  a c i d  and ammonia a r e  n o t  com parab le  u n d e r  t h i s  

scheme, i t  i s  p o s s i b l e  to  s a y  t h a t  th e  a c i d i t y  o f  a c e t i c  

a c id  e q u a l s  th e  b a s i c i t y  o f  ammonia. The l a t t e r  s t a t e m e n t  

i s  o b v io u s ly  p r e d i c a t e d  on th e  c h o ic e  o f  w a te r  a s  a  s o l v e n t  

b u t  e x p e r im e n ta l  e v id e n c e  i n d i c a t e s  t h a t  i t  i s  n o t  t r u e  i n
Q

o t h e r  m edia  . On th e  o t h e r  h an d , t h e  B ro n s te d  a p p ro a c h ,  

d i s c a r d i n g  th e  aqueous r e f e r e n c e  s t a t e  and th e  c o n c e p t  o f  

n e u t r a l i t y ,  e l i m i n a t e s  p r e c i s e l y  t h i s  k in d  o f  a m b ig u i ty  and 

p i c t u r e s  a c i d i t y  and b a s i c i t y  a s  v a r y in g  i n  o p p o s i t e  d i r e c ­

t i o n s  a lo n g  co n tinu um . A c i d i t i e s  o f  s u b s ta n c e s  can  be com­

p a re d ,  a s  can  b a s i c i t i e s ,  b u t  a c i d i t y  can  n e v e r  be compared 

to  b a s i c i t y .

The B r /n s te d -L o w ry  c o n c e p t  t h e r e f o r e  d o e s  n o t  p r e c lu d e  

a  co m parison  o f  th e  a c i d i t i e s  o f  HC1, NHj, and OH", o r  o f
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F ig u re  I I - l i  A c i d i t y  and B a s i c i t y  i n  th e  A r rh e n iu s  and

Brefris ted -L ow ry  T h e o r ie s

A r rh e n iu s  Theory

HC1 GH^COOH H^O NH^ NaOH

I n c r e a s i n g  Aci d i t y  ^  I n c r e a s i n g  Bas i c i t y
* N e u t r a l i t y  ^

(no a c i d i t y  o r  b a s i c i t y )

Br/5nsted-Lowr.v Theory

HC1 C J^C O O H  HgO NH3  O H '

<—  -■ I n c r e a s i n g  A c id i ty -
...-------  —- I n c r e a s in g  B asicity-
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t h e i r  b a s i c i t i e s .  The a s s e r t i o n  o f  p r o t o n - d o n a t in g  te n d e n ­

c i e s ,  a l b e i t  s m a l l ,  f o r  b a s i c  s u b s ta n c e s  l i k e  h y d ro x id e  io n ,  

o r  o f  p r o t o n - a c c e p t i n g  a b i l i t i e s ,  a l s o  s m a l l ,  f o r  a c i d i c  

s p e c i e s  su ch  a s  HC1 i n d i c a t e s  th e  r e c o g n i t i o n  o f  am photerism  

a s  a  g e n e r a l  p r o p e r t y ,  i n  a g re em e n t w i th  H a n ts c h ’s  o b s e r v a ­

t i o n s  i n  m ix tu r e s  o f  p u re  a c i d s .  Only th e  v e ry  s t r o n g e s t  

a c i d s  and b a s e s  p o s s e s s  v i r t u a l l y  no p r o p e r t i e s  o f  th e  

o p p o s i t e  ty p e .

Q u a n t i t a t i v e  a s p e c t s  o f  th e  p r o t o n i c  th e o r y  a r e  d e r iv e d  

from th e  a p p l i c a t i o n  o f  th e  m a s s - a c t io n  law  to  th e  t h e o r e t i ­

c a l  ( e q u a t io n  ( 1 ) )  and p r a c t i c a l  ( e q u a t io n  (1 8 ) )  a c i d - b a s e  

d e f i n i t i o n s .  B r/fnsted  d e f in e d  an a c i d i t y  c o n s t a n t  and a 

b a s i c i t y  c o n s t a n t  Kg i n  te rm s  o f  t h e  c o n c e n t r a t i o n  r a t i o  o f  

th e  p a r t i c i p a t i n g  c o n ju g a te  a c i d - b a s e  p a i r  and th e  hydrogen  

io n  a c t i v i t y ^ '

E q u a t io n s  (2 6 )  and (2 7 )  r e p r e s e n t ,  r e s p e c t i v e l y ,  t h e  te n d e n ­

c i e s  o f  an a c i d  to  l o s e  a  p r o to n  and a  b a se  t o  g a in  one , and 

were re g a rd e d  by B r^ n s te d  a s  m easu re s  o f  i n h e r e n t  a c i d - b a s e

The r e c i p r o c a l  r e l a t i o n s h i p  o f  e q u a t io n s  (26 ) and (2 ? )  

i s  i n  a c c o rd  w i th  th e  g e n e r a l  Brjzfnsted c o n c e p t io n  o f  th e  

n a t u r e  o f  th e  l i n k  be tw een  a c i d s  and b a s e s ,  and c o n s e q u e n t ly

KA ( 26 )

K.B (27 )

s t r e n g t h ,  i n  p r i n c i p l e  in d e p e n d e n t  o f  s o l v e n t  n a t u r e ^ ’



- 4 7 -

p r o v id e s  in f o r m a t io n  c o n c e rn in g  th e  s t r e n g t h s  o f  c o n ju g a te  

a c i d s  and b a s e s .  KA f o r  a  g iv e n  a c id  i s  o b v io u s ly  th e  

i n v e r s e  o f  Kfi f o r  i t s  c o n ju g a te  b a s e ,  l e a d i n g  to  th e  c o n c lu ­

s i o n  t h a t  c o n ju g a te  b a s e s  o f  s t r o n g  a c i d s  a r e  weak and v i c e  

v e r s a .  I t  i s  n o t  d i f f i c u l t  to  e n v i s io n  an  a c id  t h a t  g iv e s  

up a  p r o to n  e a s i l y  a s  one whose c o n ju g a te  b ase  makes no 

g r e a t  e f f o r t  to  a c c e p t  a  p r o t o n ,  o r  an a c i d  t h a t  g iv e s  up 

p r o to n s  o n ly  w i th  d i f f i c u l t y  a s  one whose c o n ju g a te  base  h as  

a  l a r g e  p r o to n  a f f i n i t y .  As one example o f  e x p e r im e n ta l  

c o n f i r m a t io n  o f  t h i s  a s s e r t i o n ,  c o n s i d e r  th e  f a c t  t h a t  

c h l o r i d e  io n ,  th e  c o n ju g a te  b a se  o f  th e  s t r o n g  a c i d  HC1, 

does  n o t  h y d ro ly z e  i n  w a te r ,  b u t  a c e t a t e  io n ,  th e  c o n ju g a te  

b a se  o f  weak a c i d i c  a c i d ,  e x h i b i t s  a  marked te n d e n c y  to  p u l l  

p r o to n s  o f f  w a te r  m o le c u le s .

A b so lu te  m easurem ents  o f  KA and Kfi a r e  im p o s s ib le  

s i n c e  a c i d i t y  i s  n o t  m a n i f e s te d  i n  th e  a b se n c e  o f  a  p ro to n  

a c c e p t o r ,  o r  b a s i c i t y  w i th o u t  a  p r o to n  d o n o r-"  . A c i d i t i e s  

a r e  com parab le  o n ly  w i th  r e g a r d  to  a  r e f e r e n c e  b a se  and 

b a s i c i t i e s  can  be m easured  o n ly  i f  a  r e f e r e n c e  a c i d  i s  

p r e s e n t .  The e x t e n t  o f  such  r e a c t i o n s  i s  d e te rm in e d  by
2 6a p p ly in g  th e  m a s s - a c t io n  law to  p r o t o l y s i s  ( e q u a t io n  (1 8 ) )  1 i 

^B1 *̂A2
K = '  K«  KB2  ( 2 8 )A1 B2

The p r o t o l y s i s  c o n s t a n t  K i s  n o t  a  m easure  o f  i n t r i n s i c  a c i d -  

b a se  s t r e n g t h  b u t  o f  th e  e x t e n t  o f  p r o to n  t r a n s f e r  be tw een  

an  a c i d  and a  b a s e ,  one o f  w hich may be a c t i n g  a s  a  r e f e r e n c e
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s u b s ta n c e .  As a  c o n se q u e n c e ,  o n ly  r e l a t i v e  a c i d i t i e s  and 

b a s i c i t i e s  a r e  o b ta in e d  from e q u a t io n  ( 2 8 ) .

E q u a t io n  (28 ) e x p la in s  th e  s t r o n g  s h i f t  o f  p r o t o l y s i s  

e q u i l i b r i a  to w ard s  th e  fo r m a t io n  o f  w eaker a c i d s  and bases***. 

The s t r o n g e r  th e  r e a c t i n g  a c id  and b a s e ,  th e  l a r g e r  th e  

p r o t o l y s i s  c o n s t a n t  and th e  g r e a t e r  th e  e x t e n t  o f  r e a c t i o n )  

c o n v e r s e ly ,  th e  w eaker  a c id  and b a se  i n  a  p r o t o l y s i s  r e a c ­

t i o n  a r e  c h a r a c t e r i z e d  by a  p r o t o l y s i s  c o n s t a n t  t h a t  i s  th e  

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

th e  fo rm e r  r e a c t  to  a  r e l a t i v e l y  s m a l l  e x t e n t .  The e le m e n t ­

a r y  f o r m u la t io n  o f  t h i s  i d e a  i s  th e  s t a t e m e n t  t h a t  s t r o n g  

a c i d s  and b a s e s  r e a c t  t o  form  weak a c i d s  and b a s e s .
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1. A c i d i t y  and B a s i c i t y  o f  S o lv e n t

S in c e  i o n i z a t i o n  o f  an a c i d  o r  b a se  i n  a  s o l v e n t  i s  a
*1 £ 4 fi

p r o t o l y s i s  p r o c e s s ^ '  ’ '  th e  e x t e n t  o f  su c h  d i s s o c i a t i o n

d ep en ds  on th e  a c i d i t y  o r  b a s i c i t y  o f  b o th  s o l u t e  and s o l ­

v e n t ,  and may be t r e a t e d  q u a n t i t a t i v e l y  by e q u a t io n  ( 2 8 ) .  

P r o t o l y s i s  c o n s t a n t s  i n  w a te r  a r e  i d e n t i c a l  to  th e  A r rh e n iu s  

d i s s o c i a t i o n  c o n s t a n t s 3 '**'®'

Ka (a q )  = KA KB(H20) = Ka ( c l )  (2 9 )

Kb (a q )  = KA(H20) KB * KB ( c l )

where " c l "  i n d i c a t e s  th e  c l a s s i c a l  c o n s t a n t .

The p r o t o l y s i s  c o n c e p t  p e r m i t s  e x te n s io n  o f  a c i d - b a s e  

d i s s o c i a t i o n  i n t o  nonaqueous s o l v e n t s .  The l a t t e r  a r e  g e n e ­

r a l l y  c l a s s i f i e d  a c c o r d in g  to  t h e i r  a c i d i c  and b a s i c  p r o p e r ­

t i e s  r e l a t i v e  to  w a te r .  P re d o m in a n t ly  a c i d i c  s o l v e n t s ,  e . g . ,  

g l a c i a l  a c e t i c  a c id  and an h y d ro u s  s u l f u r i c  a c i d ,  a r e  " p r o t o -  

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

p r o p e r t i e s ,  e . g . ,  ammonia, a r e  " p r o t o p h i l i c " . S o lv e n t s  

e x h i b i t i n g  b o th  ty p e s  o f  b e h a v io r  i n  w hich  n e i t h e r  p red o m i­

n a t e s  a r e  " a m p h i p r o t i c " * t h i s  c a te g o r y  i n c l u d e s  w a te r  and 

e t h a n o l .  F i n a l l y ,  s o l v e n t s  w i th  no o b s e r v a b le  a c i d - b a s e  

p r o p e r t i e s  a r e  r e f e r r e d  to  a s  " a p r o t i c "  o r  " i n e r t "» e . g . ,  

benzene  and c h lo ro fo rm 2**'2® '2 9 .

These s o l v e n t  c a t e g o r i e s  a r e  u t i l i z e d  w i t h i n  th e  co n ­

f i n e s  o f  th e  p r o t o l y s i s  c o n c e p t  to  c o r r e l a t e  a  g r e a t  d e a l  

o f  s u p e r f i c i a l l y  u n r e l a t e d  i n f o r m a t io n  c o n c e rn in g  aqueous 

and nonaqueous a c i d - b a s e  c h e m is t r y .  P r o t o l y s i s  c o n s t a n t s
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i n  a  g iv e n  s o l v e n t  y i e l d  o r d e r s  o f  a c id  and b a se  s t r e n g t h  i n  

9
t h a t  s o l v e n t  . R e v e r s in g  o n e ' s  fram e o f  r e f e r e n c e  and 

r e g a r d i n g  a s o l u t e  a c id  o r  b a se  a s  a  s t a n d a r d ,  r e l a t i v e  

s o l v e n t  a c i d i t i e s  and b a s i c i t i e s ,  a s  w e l l  a s  co m p a r iso n s  o f  

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

o b t a i n e d .

L e v e l l i n g  E f f e c t  and D i f f e r e n t i a t i o n

As an example o f  th e  o b s e r v a t i o n s  e x p la in e d  by the  

B r /n s te d -L o w ry  t h e o r y ,  c o n s i d e r  th e  f a c t  t h a t  a c i d s  seem to  

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

d e g re e  o f  a c id  d i s s o c i a t i o n  i s  ta k e n  a s  a  m easure  o f  a c id  

s t r e n g t h * ^ .  T h is  t r e n d ,  from th e  v ie w p o in t  o f  p r o t o l y s i s ,  

i s  e n v is io n e d  a s  th e  r e s u l t  o f  an  i n c r e a s e  i n  th e  p r o t o l y s i s  

c o n s t a n t  f o r  th e  d i s s o c i a t i o n  o f  a  g iv e n  a c id  a s  Kg o f  th e  

s o l v e n t  i n c r e a s e s .  Thus a c e t i c  a c i d ,  a  weak a c i d  i n  aqueous 

s o l u t i o n ,  behaves  l i k e  a  s t r o n g  a c i d  and d i s s o c i a t e s  com^ - 

p l e t e l y  i n  l i q u i d  ammonia, a  more b a s i c  s o l v e n t .  A nalogous 

r e a s o n in g  e x p la in s  b a s i c  d i s s o c i a t i o n  i n  s o l v e n t s  o f  

i n c r e a s i n g  a c i d i t y .

I n  p r i n c i p l e  th e  o r d e r  o f  a c id  o r  b a se  s t r e n g t h  i s  

i n v a r i a n t  r e g a r d l e s s  o f  s o l v e n t ,  s i n c e  th e  r a t i o  o f  th e  

p r o t o l y s i s  c o n s t a n t s  o f  any  two a c i d s  o r  b a s e s  i n  any  s o l v e n t  

i s  i d e n t i c a l  to  s a i d  r a t i o  i n  any o t h e r  s o l v e n t ,  and to  th e  

r a t i o  o f  th e  a c i d i t y  o r  b a s i c i t y  c o n s t a n t s  o f  th e  s p e c i e s  

u n d e r  c o n s i d e r a t i o n .  In  p r a c t i c e ,  how ever, many p r o t o l y s i s  

c o n s t a n t s  exceed  th e  minimum v a lu e  r e q u i r e d  f o r  e s s e n t i a l l y  

q u a n t i t a t i v e  r e a c t i o n .  Under t h e s e  c o n d i t i o n s  d i f f e r e n t i a -
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t i o n  be tw een  a c id  s t r e n g t h s  ( i n  h i g h ly  b a s i c  s o l v e n t s )  o r  

b a s i c  s t r e n g t h s  ( i n  h i g h ly  a c i d i c  s o l v e n t s )  i s  im p o s s ib l e ,

i . e . ,  H a n t s c h 's  l e v e l l i n g  e f f e c t  a p p e a r s .  H an tsch  u n d e rs to o d  

th e  e f f e c t  q u a l i t a t i v e l y ,  b u t  th e  Br/^nsted-Lowry th e o r y  

p r o v id e s  a  q u a n t i t a t i v e  i n t e r p r e t a t i o n  based  on p r o t o l y s i s  

c o n s t a n t s .

C o n s id e r  th e  exam ple o f  two a c i d s ,  one o f  which ( K ^  = 

10^) i s  i n h e r e n t l y  s t r o n g e r  th a n  th e  o t h e r  (KA2 = 10“ ^ ) .  The 

d i f f e r e n c e  i n  s t r e n g t h  i s  o b v io u s  i n  a  b a s i c  s o l v e n t  o f  Kg = 

10^, i n  w hich th e  fo rm e r  i s  c o m p le te ly  d i s s o c i a t e d  (Ka ^(B) s 

101 0 ) b u t  n o t  th e  l a t t e r  (Ka 2 (B) = I n  a  s ° l v e n 't  much

g r e a t e r  b a s i c i t y  (K0 , = lO*-*) b o th  a c i d s  a r e  q u a n t i t a t i v e l y  

io n iz e d  (Ka i(B * )  = 102°* Ka 2 ( B ')  = and a r e  i n d i s t i n ­

g u i s h a b le  i n  te rm s  o f  s t r e n g t h .

The l e v e l l i n g  e f f e c t  im poses  l i m i t s  on b o th  a c i d i t y  and
P / l p Q  O Q

b a s i c i t y ,  d e p e n d in g  on th e  n a t u r e  o f  th e  s o l v e n t  

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

s o l u t i o n s  by l e v e l l i n g  s o l u t e  a c id  s t r e n g t h s  to  th e  s t r e n g t h  

o f  th e  c o n ju g a te  a c id  o f  th e  s o l v e n t  o r ,  a s  B jerrum ^0 c a l l e d  

i t ,  th e  " lyonium " i o n .  A c ids  s t r o n g e r  th a n  th e  lyon ium  io n  

p o s s e s s  a c i d i t y  c o n s t a n t s  o f  a  m agn itud e  s u f f i c i e n t  to  p r o ­

duce a  v e ry  l a r g e  p r o t o l y s i s  c o n s t a n t  i n  c o m b in a t io n  w i th  th e  

s o l v e n t  Kg and un dergo  q u a n t i t a t i v e  p r o t o l y s i s ,  i . e . ,  no a c id  

s t r o n g e r  th a n  th e  lyon ium  io n  e x i s t s  i n  a  s o l v e n t .  The a f o r e ­

m en tioned  b e h a v io r  o f  a c e t i c  a c i d  i n  l i q u i d  ammonia i s  an  

example o f  su ch  l e v e l l i n g .

A n a lo g o u s ly ,  p r o t o g e n i c  s o l v e n t s  l i m i t  th e  b a s i c i t y  o f  

s o l u t i o n s  by l e v e l l i n g  s o l u t e  b a se  s t r e n g t h s  to  th e  s t r e n g t h
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o f  th e  c o n ju g a te  b a se  o f  th e  s o l v e n t ,  which B jerrum  c a l l e d  

th e  " l y a t e "  i o n .  A m p h ip ro tic  s o l v e n t s  e x e r t  l e v e l l i n g  

e f f e c t s  a t  b o th  en d s  o f  th e  a c i d i t y - b a s i c i t y  sp e c tru m  and

i n e r t  s o l v e n t s  l e v e l  n e i t h e r  a c i d s  n o r  b a s e s .
29Hammett based  a  m a th e m a tic a l  t r e a tm e n t  o f  th e

l e v e l l i n g  e f f e c t  on p r o t o l y s i s .  A s i m p l i f i e d  v e r s i o n  o f  

H am m ett's  t r e a t m e n t  i s  p r e s e n t e d  h e r e .  A c i d i t y  i s  e x p re s s e d  

f o r  an  a c i d  HA i n  a  b a s i c  s o l v e n t ,  S, by e i t h e r  th e  a c i d i t y  

c o n s t a n t  o f  th e  a c i d  o r  th e  a c i d i t y  c o n s t a n t  o f  th e  lyonium  

io n  SH+ (assu m in g  a  c o n s t a n t  s o l v e n t  c o n c e n t r a t i o n ) *

a H ’  ■ KSH °SH
A

E l e c t r o n e u t r a l i t y  r e q u i r e s  t h a t  CA = CSJ{. I f  C i s  d e f in e d  

a s  th e  a n a l y t i c a l  c o n c e n t r a t i o n  o f  HA, th e n

C = CHA + CA = CHA + CSH O ? )

S q u a r in g  e q u a t io n  (3 1 )  and s u b s t i t u t i n g  e q u a t io n  (3 2 )  g iv e s

a H
2 _ KHA KSH CSH CHA

CA

KHA CHA KSH = KHA KSH (C -  °SH*

KHA KSH C “ KHA a H (3 3 )

A p p ly in g  th e  q u a d r a t i c  fo rm u la  to  e q u a t io n  (33 )  g i v e s  a  

s o l u t i o n  f o r  a ^ i
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-KHA * <k ha2 ♦ 4 c k ha k s h>*
H

HA
2

-1  + 1 +
SH

KHA
(3*0

A weak a c id  d i s s o l v e d  i n  a  w eak ly  b a s i c  ( d i f f e r e n t i a t i n g )  

s o l v e n t  does  n o t  undergo  com p le te  p r o t o l y s i s  ( ksh/K hA »  1) 

and in  such  c a s e s  e q u a t io n  (3*0 r e d u c e s  t o t

(C KHA ks h *‘».jj - v« ll«su' (35)

i n d i c a t i n g  th e  dependence  o f  a c i d i t y  on b o th  th e  a c i d  and 

th e  s o l v e n t .  On th e  o t h e r  hand , i n  a  s t r o n g l y  b a s i c  

( l e v e l l i n g )  s o l v e n t  p r o t o l y s i s  o f  even  a  weak a c i d  may be
A

co m p le te  ( ksh^ H A <<: ^  e<lu a ‘fci on (3*0 becomes ( v i a  th e

m a th e m a tic a l  a p p ro x im a t io n  (1 + x )^  ~  (1 + x) a s  x a p p ro a c h e s  

z e r o ) t

a H " c KSH ( 36 >

i n  w hich th e  a c i d i t y  d epend s  o n ly  on th e  s o l v e n t ,  i . e . ,  a  

s o l u t i o n  o f  an a c id  i n  a  l e v e l l i n g  s o l v e n t  b eh av es  a s  i f  i t  

i s  a  s o l u t i o n  o f  th e  lyon ium  i o n .

H am m ett 's  a p p ro a c h  i s  a l s o  u s e f u l  i n  d e te r m in in g  a c i d ­

i t y  and b a s i c i t y  i n  d i f f e r e n t i a t i n g  s o l v e n t s .  E q u a t io n  (3*0 

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

c i t y ,  i n  ag re em e n t w i th  th e  r e s u l t s  o b ta in e d  by H a n tsc h .  A t 

t h i s  p o i n t  th e  d i s t i n c t i o n  be tw een  th e  B rp h s te d  c o n c e p t  o f  

a c i d i t y  ( t h e  te n d e n c y  to  d o n a te  a  p r o to n )  and th e  p r o t o l y s i s  

p r o c e s s  m ust be em phasized  to  a v o id  c o n f u s in g  a c i d i t y ,  which
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i s  d e p e n d e n t  o n ly  on K^, w i th  d i s s o c i a t i o n ,  which depends 

on th e  p r o t o l y s i s  c o n s t a n t  (K^ Kfi) .  F o r  exam ple , th e  h ig h  

a c i d i t y  c o n s t a n t  o f  HC1 r e f l e c t s  th e  f a c t  t h a t  i t  i s  a  s t r o n g  

a c i d ,  b u t  aqueous HC1 s o l u t i o n s  r e f l e c t  t h i s  s t r e n g t h  o n ly  

becau se  th e  p r o t o l y s i s  c o n s t a n t  o f  th e  H C l-w a te r  r e a c t i o n  

i s  h ig h .  P ro to n  t r a n s f e r  may n o t  be co m p le te  i n  a  l e s s  b a s i c  

s o l v e n t  b u t  HC1 i s  s t i l l  a  s t r o n g  a c i d .  I t  i s  t h e r e f o r e  n o t  

c o n t r a d i c t o r y  to  d i s t i n g u i s h  be tw een  i n c r e a s i n g  t r u e  a c i d i t y  

i n  th e  Br/5nsted s e n s e  and i n c r e a s i n g  a p p a r e n t  a c i d i t y ,  w hich 

r e a l l y  s tem s from i n c r e a s i n g  s o l v e n t  b a s i c i t y .  C o n se q u e n tly  

HC1 i s  a  s t r o n g e r  a c i d  i n  g l a c i a l  a c e t i c  a c i d  th a n  i n  w a te r  

even  though  i t  i s  more c o m p le te ly  io n iz e d  i n  th e  l a t t e r .

T h is  i s  due to  th e  red u c ed  e x t e n t  o f  p r o t o l y s i s  i n  th e  more 

a c i d i c  medium, w hich  a l lo w s  f o r  th e  p r e s e n c e  o f  th e  s t r o n g  

a c i d  HC1 i n  i t s  u n d i s s o c i a t e d  fo rm , w h ereas  i n  w a te r  th e  

l e v e l l i n g  e f f e c t  p e r m i t s  th e  p r e s e n c e  o f  o n ly  th e  w eak ly  

a c i d i c  hydronium  i o n .  I n  a d d i t i o n ,  w hat p r o t o l y s i s  t h e r e  i s  

i n  a c e t i c  a c id  r e s u l t s  i n  th e  f o rm a t io n  o f  a  much s t r o n g e r  

lyonium  a c i d  th a n  hydronium  i o n .  C o n s i d e r a t io n s  su ch  a s  

t h e s e  p ro v e  v a lu a b le  i n  c h o o s in g  s u i t a b l e  s o l v e n t s  f o r  

t i t r a t i o n s 2®.

Conant and H a l l ® ' ^ 2 * ^  e x p la in e d  th e  o b se rv e d  " s u p e r -  

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

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

f o r m a t io n  a s  i m p o r t a n t .  B ases to o  weak t o  be t i t r a t e d  i n  

aqueous s o l u t i o n  p ro v ed  am enable  t o  t i t r a t i o n  i n  th e  more 

a c i d i c  s o l v e n t  s i n c e  th e  l a t t e r  d o e s  n o t  compete w i th  th e
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s o l u t e  b a s e s  f o r  p r o to n s  to  th e  e x t e n t  t h a t  w a te r  d o e s .  A 

d i f f e r e n t  i n t e r p r e t a t i o n  o f  s u p e r a c i d i t y  c o n s i d e r s  th e  pheno­

menon from a d i f f e r e n t  r e f e r e n c e  f ram e , nam ely , t h a t  th e  

a c i d i c  s o l v e n t  l e v e l s  weak b a s e s  so  t h a t  th e y  behave a s  s t r o n g  

b a s e s .  A cco rd in g  to  t h i s  c o n c e p t  th e  term  " s u p e r a c i d i t y "  i s  

m is l e a d in g .  The c o n c e p t  o f  s u p e r a c i d i t y  i s ,  i n  e i t h e r  c a s e ,  

a  q u a n t i t a t i v e  r e e v a l u a t i o n  o f  H a n t s c h 's  i d e a s  and a g a in  

u n d e r s c o r e s  am photerism  a s  a  g e n e r a l  p r o p e r t y ,  e . g . ,  even 

a c i d s  behave  a s  b a s e s  tow ards  s t r o n g e r  a c id s * ^ * * ^ .

A n o th e r  f a c t  e x p la in e d  by th e  l e v e l l i n g  e f f e c t  i s  th e  

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

t i o n s  o f  s t r o n g  a c i d s  w ith  s t r o n g  b a s e s  i n  aqueous s o l u t i o n .  

S in ce  s t r o n g  a c i d s  a r e  l e v e l l e d  to  hydronium  io n  and s t r o n g  

b a s e s  to  h y d ro x id e  io n  i n  aqueous medium, t h e s e  io n s  a r e  th e  

a c t u a l  r e a c t i n g  a c id  and b a s e ,  and th e  h e a t  o f  n e u t r a l i z a t i o n  

i s  c o n s t a n t  r e g a r d l e s s  o f  th e  i d e n t i t i e s  o f  th e  s t r o n g  a c id  

and b a s e s t

H3 0 + + OH” ? = *  2  HgO ( 3 7 )

A u t o p r o t o lv s i s

The r e v e r s e  o f  e q u a t io n  (37 ) i s  an  example o f  s o l v e n t

s e l f - i o n i z a t i o n  r e s u l t i n g  i n  th e  f o rm a t io n  o f  lyon ium  and 
t  16

l y a t e  io n s  * . S e l f - i o n i z a t i o n  o r  " a u t o p r o t o l y s i s "  c an

o c c u r  o n ly  i n  a m p h ip ro t ic  s o l v e n t s  b e c a u se  o n ly  t h e s e  

s o l v e n t s  p o s s e s s  b o th  p r o to n  a c c e p t in g  and d o n a t in g  a b i l i - ' .  

t i e s .  S o lv e n t  a u t o i o n i z a t i o n  a l s o  p e r m i t s  th e  e s t a b l i s h m e n t  

o f  a  f d n i t e  a c i d i t y  s c a l e  i n  a  g iv e n  s o l v e n t .  P r o t o p h i l i c
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s o l v e n t s  l e v e l  a c i d i t y ,  b u t  b a s i c i t y  i n  such  s o l v e n t s  i s  

i n d e t e r m i n a t e ,  though  l a r g e .  The c o n v e rse  i s  t r u e  f o r  p r o t o -  

g e n ic  s o l v e n t s ,  and in  i n e r t  s o l v e n t s  bo th  a c i d i t y  and b a s i ^  

c i t y  can  r e a c h  v e ry  l a r g e ,  i n d e t e r m i n a t e  v a l u e s .

A u t o p r o t o ly s i s  i s  q u a n t i t a t i v e l y  c h a r a c t e r i z e d  by an 

a u t o p r o t o l y s i s  c o n s t a n t .  T hese c o n s t a n t s  a r e  o f t e n  sm a ll  

compared to  o t h e r  p r o t o l y s i s  c o n s t a n t s  b e ca u se  a m p h ip ro t ic  

s o l v e n t s  a r e  weak a c i d s  a s  w e l l  a s  weak b a s e s ,  e . g . ,  th e  

a c i d i t y  c o n s t a n t  o f  w a te r  i s  l e s s  th a n  t h a t  o f  hydronium  io n  

and h y d ro x id e  io n  i s  a  s t r o n g e r  base  th a n  w a te r ,  a  c o n s e ­

quence o f  th e  f a c t  t h a t  p r o t o l y s i s  f a v o r s  th e  fo r m a t io n  o f  

weak a c i d s  and b a s e s  from  s t r o n g  o n e s .  Even i n  c a s e s  a t  th e  

f r i n g e s  o f  th e  a m p h ip ro t ic  s o l v e n t  c a t e g o r y ,  where e i t h e r  th e  

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

c o n s t a n t s  rem a in  sm a ll  b e c a u se  th e  o p p o s in g  ten d e n cy  i s  

e x t r e m e ly  weak, a s  e x p la in e d  by th e  B r /n s te d -L o w ry  th e o r y  

r e c i p r o c a l  p i c t u r e  o f  a c i d i t y  and b a s i c i t y .  The weak a c i d i t y  

and b a s i c i t y  o f  a m p h ip r o t ic  s o l v e n t s  i s  a t t e s t e d  to  by t h e i r  

low c o n d u c t i v i t y  i n  th e  p u re  s t a t e ;  th e  p o s t u l a t i o n  o f  s im u l ­

ta n e o u s  s t r o n g  a c id  and s t r o n g  b ase  b e h a v io r  f o r  a  p u re  s o l ­

v e n t  im p l i e s  a  h ig h  p r o t o l y s i s  c o n s t a n t  and a  h ig h  d e g re e  o f  

i o n i z a t i o n  which i s  n o t  i n  a c c o rd  w i th  e x p e r im e n ta l  o b s e rv a ­

t i o n .  A u t o p r o t o ly s i s  c o n s t a n t s  a l s o  depend on th e  d i e l e c t r i c  

c o n s t a n t  o f  th e  s o l v e n t .

The p r e s e n c e  o f  an  a m p h ip r o t ic  s o l v e n t  d o es  n o t  co n cep ­

t u a l l y  a l t e r  t h e  i n v e r s e  r e l a t i o n s h i p  b e tw een  th e  members o f  

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

th e  s o l v e n t  i n  t h e i r  r e l a t i o n s h i p .  A p p ly in g  e q u a t io n s  (29)
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and ( 3 0 ) to  a c o n ju g a te  a c i d - b a s e  p a i r  i n  aqueous 

s o l u t i o n s 5 ,1 3 ,2 5 ,2 8 ,3 ° i

CB CH^0+
Ka(aq>  ■  <38)

CA

K -  °A C0H~
b (a q )  - ( 39)

CB

makes i t  c l e a r  t h a t ,  s i n c e  Kg = 1 f o r  a c o n ju g a te  p a i r  

( e q u a t io n s  ( 26) -  ( 2? ) ) ,  th e  p r o d u c t  o f  th e  aq u eo u s  p r o t o ­

l y s i s  c o n s t a n t s  f o r  th e  members o f  a  c o n ju g a te  p a i r  e q u a l s  

th e  a u t o p r o t o l y s i s  c o n s t a n t  o f  w a te r ,  ( e q u a t io n  ( 3 7 ))«

Ka ( a q ) Kb (a q )  = KA(H20) KB(H20)

= CH^0+ C0H“ = KW

(Note t h a t  r e l a t e s  two d i f f e r e n t  c o n ju g a te  p a i r s  ( e q u a ­

t i o n s  (9 )  and (1 0 ) )  and th u s  i s  n o t  e q u a l  to  u n i t y . )  Equa­

t i o n  (kO) and i t s  r a t i o n a l i z a t i o n  a r e  a p p l i c a b l e  to  am phi­

p r o t i c  s o l v e n t s  i n  g e n e r a l .
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2 . A c id -B ase  Charge Type

The B r^ns ted -L ow ry  a c i d - b a s e  d e f i n i t i o n s  im ply  t h a t  a t  

l e a s t  one member o f  e v e ry  c o n ju g a te  a c i d - b a s e  p a i r  m ust be 

an i o n .  Any f a c t o r  d i f f e r e n t i a t i n g  be tw een  s p e c i e s  o f  

d i f f e r e n t  c h a rg e s  c o n s e q u e n t ly  a f f e c t s  a c i d i t y  and b a s i c i t y .

I n c r e a s i n g  p o s i t i v e  c h a rg e  i n c r e a s e s  a c i d i t y  and

d e c r e a s e s  b a s i c i t y  from  th e  v ie w p o in t  o f  s im p le  Coulombic

f o r c e s .  I n c r e a s i n g  n e g a t iv e  c h a rg e  has  th e  o p p o s i t e  e f f e c t^ *  
25 The r e s i s t a n c e  o f  an  a n io n  to  th e  l o s s  o f  a  p r o t o n  o r  

th e  a t t r a c t i o n  o f  an  a n io n  f o r  a  p r o to n  may be e a s i l y  v i s u ­

a l i z e d .  C o n v e rs e ly ,  th e  r e s i s t a n c e  o f  a  c a t i o n  t o  th e  a d d i ­

t i o n  o f  a  p r o to n  and th e  e a se  w i th  w hich a  c a t i o n  r i d s  

i t s e l f  o f  a  p r o to n  a r e  e a s y  to  e n v i s i o n .  B rpfasted2 ' 

found  t h a t  th e  a c i d i t y  o f  complex aq u o m e ta l  i o n s  i n c r e a s e s  

w i th  i n c r e a s i n g  c h a r g e ,  e . g . ,  £co( H^O) ( NH^) ^ J  i s  a  

s t r o n g e r  a c id  th a n  Ĵ Co (H20)(NH-j )^C1 J 2+ . C om parisons 

be tw een  com plexes o f  e q u a l  c h a rg e  r e v e a l e d  t h a t  th o s e  

c o n t a i n i n g  a  c e n t r a l  m e ta l  atom i n  a  h i g h e r  o x i d a t i o n  s t a t e  

a r e  a l s o  s t r o n g e r  a c i d s ,  e . g . ,  J^Pt(NH^)^Cl J i s  more

r e l a t i v e  a c id  s t r e n g t h ,  m ix in g  i o n i c  and c o v a l e n t  b o n d in g  to  

p ro d u ce  s t r u c t u r e s  l i k e s

a c i d i c  th a n  fcoCNH-)^ 1
*35L o w ry ^  p o s t u l a t e d  i n t r a m o l e c u l a r  i o n i z a t i o n  t o  e x p la in

HO 0 ’ HO 0

-0 OH
and

OH
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and a t t r i b u t i n g  th e  g r e a t e r  a c i d i t y  o f  s u l f u r i c  r e l a t i v e  to  

s u l f u r o u s  a c id  to  g r e a t e r  r e p u l s i o n  o f  p r o to n s  by d i v a l e n t  

s u l f u r .  I n t r a m o l e c u l a r  i o n i z a t i o n  a l s o  p r o v id e s  an  e x p la n a ­

t i o n  f o r  th e  i n c r e a s i n g  a c i d i t y  o b se rv ed  a lo n g  a  row o f  th e  

p e r i o d i c  t a b l e ^ ,  e . g . ,  an o r d e r  o f  a c i d i t y  su ch  a s i

CH^ < NH3 < 0H2 < FH

may be r e g a rd e d  a s  th e  r e s u l t  o f  d e c r e a s i n g  e l e c t r o s t a t i c
L- 3-  ? -  -a t t r a c t i o n  betw een  p r o to n s  and C , N-' , 0 , and F , r e s p e c ­

t i v e l y .  The r e l a t i v e  s t r e n g t h s  o f  th e  c o n ju g a te  b a s e s  o f  

t h e s e  s u b s ta n c e s  s u p p o r t s  t h i s  idea*  m e th id e  io n  i s  e x tre m e ­

l y  s t r o n g ,  amide io n  i s  a l s o  v e ry  s t r o n g ,  o x id e  io n  i s  

s t r o n g ,  and f l u o r i d e  io n  i s  m o d e ra te ly  s t r o n g .

Lowry-' a l s o  advanced  a  d i f f e r e n t  h y p o th e s i s  to  a c c o u n t  

f o r  th e  r e l a t i v e  a c i d i t i e s  o f  su ch  a  s e r i e s .  I n c r e a s i n g  

n u c l e a r  c h a rg e  e x e r t s  an  i n c r e a s i n g  Coulombic a t t r a c t i o n  on 

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

th e  p r o to n s  c l o s e r  to  th e  n u c l e u s .  The c o m b in a t io n  o f  

i n c r e a s e d  n u c l e a r  c h a rg e  w i th  red u c ed  i n t e m u c l e a r  d i s t a n c e  

i n c r e a s e s  th e  i n t e m u c l e a r  r e p u l s i o n ,  c a u s in g  a  r i s e  i n  

a c i d i t y  a lo n g  th e  s e r i e s  from  m ethane to  hydrogen  f l u o r i d e .  

M oreover, t h e s e  e f f e c t s  a r e  n o t  l i m i t e d  t o  atom s d i r e c t l y  

a t t a c h e d  to  p r o to n s  b u t  may be t r a n s m i t t e d  th ro u g h  a  c h a in  

o f  a to m s, e . g . ,  c h l o r o a c e t i c  a c i d  i s  s t r o n g e r  th a n  a c e t i c  

a c i d .  Lowry in v e n te d  th e  te rm s  " a c y lo u s "  and " b a s y lo u s "  t o  

d e s c r i b e  o r b i t a l - c o n t r a c t i n g  ( a c i d i t y - i n c r e a s i n g )  and 

o r b i t a l - e x p a n d i n g  ( b a s i c i t y - i n c r e a s i n g )  a to m s, r e s p e c t i v e l y ,  

th ough  i t  i s  c l e a r  t h a t  w hat he a c t u a l l y  o b se rv e d  was th e



i n f lu e n c e  o f  e l e c t r o n e g a t i v i t y - ^ .

Br/rfnsted d e f in e d  a c i d i t y ,  b a s i c i t y ,  and p r o t o l y s i s  

c o n s t a n t s  ( e q u a t io n s  ( 2 6 ) -  (2 8 ) )  i n  te rm s  o f  c o n c e n t r a t i o n s  

o f  a l l  p a r t i c i p a t i n g  s p e c i e s  e x c e p t  th e  p r o t o n .  These d e f i ­

n i t i o n s  a r e  n o t  f u l l y  i n  a c c o rd  w i th  th e  s t r i c t  therm odyna­

mic v iew  o f  e q u i l i b r i u m ,  i n  which a c t i v i t y  r e p l a c e s  c o n ce n ­

t r a t i o n .  The a c t i v i t y ,  a^, o f  a  s p e c i e s  " i "  i s  r e l a t e d  to  i t s  

c o n c e n t r a t i o n  by an a c t i v i t y  c o e f f i c i e n t ,  7^1

( 1+1 )

and th e  e q u i l i b r i u m  c o n s t a n t s  d e f in e d  by B r / n s t e d  a r e  

r e l a t e d  to  t h e i r  therm odynam ic c o u n t e r p a r t s  K^, Kg, and K* 

by te rra s  composed o f  th e  a c t i v i t y  c o e f f i c i e n t s  o f  th e  p a r t i -
|l C

c i p a t i n g  s p e c i e s

Ka * — -----^ - A (42)

KB *   2 ------  = - 2 ------ S  ( l f 3 )

K

a B 7 A a H ka

aA y B 7 b

aA y B kb 7b

a B 7 A a H

KA1 KB2
KA1 KB2 ^A l 7 B2

yb i 7A2

K< 7 A1 ^B2

7 b i 7 A2
(44)

I n  p r i n c i p l e  th e  therm odynam ic c o n s t a n t s  a r e  more u s e f u l  

th a n  th o s e  d e f in e d  by B r /n s t e d  b e c a u se  t h e y  a r e  in d e p e n d e n t  

o f  c o n c e n t r a t i o n  e f f e c t s ,  b u t  th e  l a t t e r  a r e  a d v a n ta g e o u s
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i n  p r a c t i c e  s in c e  c o n c e n t r a t i o n s  a r e  r e l a t i v e l y  e a s y  to  

d e te r m in e .  On th e  o t h e r  han d , th e  m u l t i p l e  form s o f  th e  

D ebye-H uckel e q u a t io n - ^  a t t e s t  to  th e  f a c t  t h a t  t h e r e  i s  no 

u n i v e r s a l  ag re em e n t o v e r  th e  e x t e n t  to  which p a ra m e te r s  

r e l e v a n t  to  th e  c a l c u l a t i o n  o f  a c t i v i t y  c o e f f i c i e n t s  sh o u ld  

be in c lu d e d  i n  s a i d  c a l c u l a t i o n s .  F u r th e rm o re ,  a v a i l a b l e  

a c t i v i t y  d a t a  i s  l i m i t e d  to  w a te r  and a  h a n d fu l  o f  o t h e r  

s o l v e n t s ,  r e n d e r i n g  therm odynam ic c o n s t a n t s  i n c a l c u l a b l e  and 

u s e l e s s  i n  o t h e r  in s t a n c e s ® .  Hammett2® '2^ ' a l s o  r e a l i z e d  

t h a t  p r a c t i c a l  m easu re s  o f  a c i d i t y  m ust be b ased  on co n cen ­

t r a t i o n s  and d e f in e d  " a c i d i t y  fu n c t io n s " ,  H_ and H^, f o r  

a c i d i c  (H In) and b a s i c  ( I n )  i n d i c a t o r s ,  r e s p e c t i v e l y ,  i n  a  

v a r i e t y  o f  m edia a c c o r d i n g l y i

p % „  ■ - * «
\  HIn /  \  HIn

h _ -  l o g  ( ] ( 4 5 )
\  CHIn

P % n + * ( a ”  " I n  V
\  HIn /  \  HIn

Hc -  l o g  f I (46 )
\  CHIn+

E x p e r im e n ta l  f a c t o r s  c a p a b le  o f  d i f f e r e n t i a t i n g  be tw een  

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

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

I n t r o d u c t i o n  o f  an  i n e r t  e l e c t r o l y t e  ( " s a l t  e f f e c t " )  and
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s o lv e n t  o r  "medium" e f f e c t s  ( d i e l e c t r i c  and s o l v a t i o n  

e f f e c t s )  i n f l u e n c e  a c i d i t y  and b a s i c i t y  by a l t e r i n g  th e  

a c t i v i t y  c o e f f i c i e n t  r a t i o s  o f  e q u a t io n s  (^ 2 )  -  ( W  and 

c o n s e q u e n t ly  c h a n g in g  K^, Kg, and K. Q u a n t i t a t i v e  p r e d i c ­

t i o n s  o f  such  ch an g es  a r e  d i f f i c u l t  t o  c o r r e l a t e  w i th  

e x p e r im e n ta l  o b s e r v a t i o n s  f o r  two r e a s o n s .  Both s a l t  and 

medium e f f e c t s  in v o lv e  some d e g re e  o f  a p p ro x im a t io n  and th e  

l a t t e r  o f t e n  r e s u l t  from th e  s u p e r im p o s i t i o n  o f  s e v e r a l  

f a c t o r s  which a r e  n o t  e a s i l y  s e p a r a t e d .  N e v e r t h e l e s s ,  

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

p ro v e s  v a lu a b le  i n  p r e d i c t i n g  a c i d - b a s e  s t r e n g t h  v a r i a t i o n s  

f o r  p r o t o l y t e s  o f  d i f f e r e n t  c h a rg e  t y p e s .
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a )  S a l t  E f f e c t s

The therm odynam ic a c i d i t y ,  b a s i c i t y ,  and p r o t o l y s i s  

c o n s t a n t s ,  K^, Kg, and K’ , r e s p e c t i v e l y  ( e q u a t io n s  (42 ) ■ 

(44)), may be w r i t t e n  a s  p r o d u c t s  o f  c o n c e n t r a t i o n  and 

a c t i v i t y  c o e f f i c i e n t  terras ( e q u a t io n  (4-1) ) i

= ---  = ------------------------------ * k ; , „ ,    (4 ? )

K ’ =

a H a B CH CB YH 'B
ka ( c )

f H f B

aA CA VA ya

a A CA
k b ( c )

*A

aH a B CH CB yh yb r H rB

a Bl a A2 CB1 °A2 *B1 rA2

aAl a B2 CA1 CB2 TA1 r B2

Kg -    » ----------------- T—  -  K t i / n  \   ( “ 8 )

rBl rA 2

■ K ' ( o  ) ^ ~ r  ( , ,9 >
A1 B2

where and a r e  c o n c e n t r a t i o n  c o n s t a n t s

a s s o c i a t e d  w i th  th e  r e s p e c t i v e  e q u i l i b r i a  from  w hich  equa­

t i o n s  (47 ) -  (49 )  a r e  d e r i v e d .

A c t i v i t y  c o e f f i c i e n t s  o f  c h a rg ed  s p e c i e s  i n  s o l u t i o n  

a r e  e f t e n  c a l c u l a t e d  from one o f  two form s o f  th e  Debye- 

H uckel e q u a t i o n 2^ * 2^ ’ The D ebye-H uckel l i m i t i n g  law  i s  

u sed  i n  d i l u t e  s o l u t i o n s  (<  0 .0 1  M)«

lo g  Yi  = -  A ZjL2 I *  (50 )

w h i le  i n  m o d e ra te ly  c o n c e n t r a t e d  s o l u t i o n s  (0 .0 1  -  0 .2 0  M) 

th e  D ebye-H uckel e x p r e s s io n  g i v e s  b e t t e r  a g re e m e n t  w i th  

experim en t*



i n  which z^ = c h a rg e  on s p e c i e s  " i " ,

8 = io n  s i z e  p a ra m e te r ,

A and B = c o n s t a n t s  a t  a g iv e n  te m p e ra tu re  i n  a  g iv e n

s o l v e n t ,

and I  = th e  i o n i c  s t r e n g t h  o f  th e  s o l u t i o n .

I o n i c  s t r e n g t h  depends on th e  c o n c e n t r a t i o n s  and c h a r g e s  o f  

a l l  io n s  p r e s e n t*

I  = i  Z C j  Z j2 (52)

The a c t i v i t y  c o e f f i c i e n t  o f  an  u n charg ed  s o l u t e  i s  a l s o  

a f f e c t e d  by i o n i c  s t r e n g t h 2^

lo g  r N = k I  (53)

where k = a  c o n s t a n t .

E q u a t io n s  (51) -  (53) a r e  u s e f u l  i n  t h e  p r e d i c t i o n  o f  

a c i d i t y  ch an g es  c a u se d  by c h a n g in g  e l e c t r o l y t e  concentra-*  

t i o n s .  The a c t i v i t y  o f  an u n ch arg ed  s p e c i e s  i n c r e a s e s  w i th  

i n c r e a s i n g  i o n i c  s t r e n g t h ,  w h i le  t h a t  o f  a  c h a rg ed  s p e c i e s  

d e c r e a s e s  u n d e r  th e  same c o n d i t i o n s .  One may v i s u a l i z e  

th e  l a t t e r  e f f e c t  a s  a  c o n seq u en ce  o f  i n c r e a s e d  i n t e r i o n i c  

a t t r a c t i o n  a t  h ig h  c o n c e n t r a t i o n .  T h is  a t t r a c t i o n  i n c r e a s e s  

w i th  i n c r e a s i n g  p o s i t i v e  o r  n e g a t i v e  c h a r g e ,  and th e  Debye- 

Huckel e q u a t io n s  c o n f i rm  t h a t  a c t i v i t y  c o e f f i c i e n t s  d e c r e a s e  

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

These c o n s i d e r a t i o n s  p e r m i t  p r e d i c t i o n s  c o n c e rn in g
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chang es  i n  a c i d i t y  and b a s i c i t y  w i th  v a r i a t i o n s  i n  i o n i c  

s t r e n g t h  f o r  a c i d s  and b a s e s  o f  v a r i o u s  c h a rg e  t y p e s .  S in ce  

and Kg a r e  m easu res  o f  a c i d i t y  and b a s i c i t y ,  r e s p e c t i v e l y ,  

any  change i n  a c i d i t y  o r  b a s i c i t y  a s  a  r e s u l t  o f  th e  s a l t  

e f f e c t  m ust be r e f l e c t e d  by a change i n  o r  Kg.

T ak ing  th e  n e g a t iv e  l o g a r i th m  o f  b o th  s i d e s  o f  e q u a t io n  

(^7 )  y i e ld s *

PKA = pKA(C) " l o g  *H " lo g  yB + lo g  /A  (5 *°

A d d i t io n  o f  a  n e u t r a l  e l e c t r o l y t e ,  i . e . ,  a  s a l t  t h a t  n e i t h e r  

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

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

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

A p K ^(g ) ,  o b se rv ed  upon c h an g in g  th e  i o n i c  s t r e n g t h  o f  a  

s o l u t i o n  i s  t h e r e f o r e

ApKA (s)  = A(“ lo g  h  * l o g  yB * lo g  V  (55 )

s i n c e  pka (c ) c ° n s t a n t .  E q u a t io n  (55 ) em p h as ize s  th e

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

An a n a lo g o u s  d e r i v a t i o n  o f  4pK g^s j from e q u a t io n  (^8) 

y i e ld s *

4pKB (s)  * A<lo g  ’ h  * l o g  r B ” l o g  fh)

'  '  ApKA(s) <56)

i n  a c c o rd  w i th  th e  Br/fns ted  -Lowry v iew  o f  th e  r e c i p r o c a l  

n a t u r e s  o f  a c i d i t y  and b a s i c i t y .

A lo g  /g  depends o n ly  on th e  m agn itude  o f  th e  change
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i n  i o n i c  s t r e n g t h  and i s  in d e p e n d e n t  o f  th e  n a t u r e  o f  th e

a c i d - b a s e  c o n ju g a te  p a i r ,  b u t  A iog . ? B and A lo g  depend

on th e  ch a rg e  ty pe  o f  th e  p r o t o l y t e s  i n v o lv e d .  T h is  becomes

c l e a r  i f  th e  a c t i v i t y  c o e f f i c i e n t  o f  a  s p e c i e s  o f  c h a rg e  z^

i s  e x p re s s e d  i n  te rm s  o f  th e  a c t i v i t y  c o e f f i c i e n t ,  >^, o f
29an  " a v e r a g e ” u n i v a l e n t  io n

lo g  *  = z i 2 lo g  r t  (57)

S in c e  zg = zA -  1, s u b s t i t u t i o n  o f  e q u a t io n  (57) i n t o  

e q u a t io n  (55) y i e l d s i

A pKA ( s ) = -  A l o g  + <zA2 -  zfi2 ) A l o g

~ -  A lo g  Yh + (2  zA -  1) A lo g  Y1

= -  A lo g  Yu + (2  zB ♦ 1) A lo g  (58 )

E q u a t io n  (58) i n d i c a t e s  t h a t  i n c r e a s i n g  i o n i c  s t r e n g t h  

d e c r e a s e s  th e  hydrogen  io n  a c t i v i t y  and c o n s e q u e n t ly  

sh o u ld  lo w er  a c i d i t y .  However, s i n c e  A lo g  a l s o  d e c r e a s e s  

u n d e r  t h e s e  c o n d i t i o n s ,  th e  m agn itude  ®£ th e  d e c r e a s e  i n  t h e  

a c i d i t y  o f  n e u t r a l  and a n io n i c  a c i d s  ex ce ed s  t h a t  p r e d i c t e d  

by c o n s i d e r a t i o n  o f  ch an g es  i n  hydrogen  io n  a c t i v i t y  o n ly .  

C a t i o n i c  a c i d s ,  on th e  o t h e r  hand , tend  to  c o u n t e r a c t  th e  

e f f e c t  o f  A l o g  and t h e r e f o r e  any  d e c r e a s e  i n  a c i d i t y  

i s  l i k e l y  to  be s m a l l e r  th a n  e x p e c te d .  E q u a t io n  (58 )  

p r e d i c t s  i n c r e a s e d  a c i d i t y  f o r  zA > l ,  i . e . ,  some c a t i o n i c  

a c i d s  may be e x p e c te d  to  m a n i f e s t  s t r o n g e r ,  r a t h e r  th a n  

w eak e r ,  a c i d i t y  w i th  i n c r e a s i n g  i o n i c  s t r e n g t h .  A n a lo g o u s ly ,  

i n c r e a s i n g  i o n i c  s t r e n g t h  c a u s e s  th e  e x p e c te d  i n c r e a s e  i n
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b a s i c i t y  o f  a n io n i c  b a s e s  to  exceed  t h a t  o f  n e u t r a l  and 

c a t i o n i c  b a s e s  ( e q u a t io n  ( 5 6 ) ) ,  and f o r  h i g h ly  ch a rg ed  

c a t i o n i c  b a s e s  ( z f i > l )  d e c r e a s e d  b a s i c i t y  i s  p r e d i c t e d  by 

an  a n a lo g u e  o f  e q u a t io n  (58)*

The i n f l u e n c e  o f  i o n i c  s t r e n g t h  on p r o t o l y s i s  r e q u i r e s  

c o n s i d e r a t i o n  o f  th e  s a l t  e f f e c t  upon b o th  p a r t i c i p a t i n g  

c o n ju g a te  a c i d - b a s e  p a i r s .  An e x p r e s s io n  f o r  A p K '^ j  i s  

o b ta in e d  by com bin ing  e q u a t io n  (58) f o r  one c o n ju g a te  p a i r  

w i th  an a n a lo g o u s  e q u a t io n  f o rA p K ^ g j f o r  th e  second  c o n ju ­

g a te  p a i r ,  o r  by d i r e c t  d e r i v a t i o n  from e q u a t io n  (^9)*

ApK’ ( s )  = 2 (z Al " ZA2^ A lo g  *1

= 2 ( z B1 -  zB2) A log  Yx (59)

E q u a t io n  (59) i n d i c a t e s  t h a t  p r o t o l y s e s  i n v o lv i n g  two 

c o n ju g a te  p a i r s  o f  th e  same c h a rg e  ty p e  a r e  u n a f f e c t e d  by 

th e  a d d i t i o n  o f  a  n e u t r a l  e l e c t r o l y t e ,  s i n c e  ApKj^g j o f  

one c o n ju g a te  p a i r  i s  c a n c e l l e d  by A p K g ^ j  o f  t h e  o t h e r  

c o n ju g a te  p a i r ,  i . e . ,  th e  t o t a l  c o n c e n t r a t i o n  o f  s p e c i e s  o f  

a  g iv e n  c h a rg e  do es  n o t  change i n  such  a  r e a c t i o n  and t h e r e ­

f o r e  no s a l t  e f f e c t  i s  p r e d i c t e d  ( a l th o u g h  sm a l l  changes  i n  

a c i d i t y  and b a s i c i t y  due to  s o l v a t i o n  e f f e c t s  a r e  o f t e n  

o b se rv e d  even  i n  su ch  c a s e s ) .

Two s p e c i f i c  exam ples o f  wide a p p l i c a b i l i t y  m e r i t  

m e n t io n .  C o n s id e r in g  o n ly  th o s e  p r o t o l y s e s  i n v o lv i n g  a c id  

o r  ba se  d i s s o c i a t i o n  i n  a  s o l v e n t ,  e q u a t io n  (58) i s  red u ced  

to  I

ApKA (s)  = 2 *ZA1 “ ^  A lo g  * 2 ZB1 A l6 g
(60 )
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an d , a n a lo g o u s ly ,

ApKb ( s )  * ‘  2 ( z B2 + 1} A log  *1

=  -  2 z A2 A1° 6  1i

b e ca u se  a  s o l v e n t  b eh av es  a s  a  u n i v a l e n t  c a t i o n  a c id  -  

n e u t r a l  b a se  c o n ju g a te  p a i r  ( r e p r e s e n te d  by th e  symbol A*B°) 

to w ard s  s o l u t e  a c i d s  and a s  a  n e u t r a l  a c id  -  u n i v a l e n t  a n io n  

base  (A°B~) c o n ju g a te  p a i r  to w ard s  s o l u t e  b a s e s .  E q u a t io n s

(60) and (6 1 ) a r e  th e  u s e f u l  p r a c t i c a l  fo rm u la e  f o r  p r e d i c ­

t i n g  s a l t  e f f e c t s  i n  a c i d i c  and b a s i c  s o l u t i o n s .

The second  example i n v o lv e s  a c i d - b a s e  i n t e r a c t i o n s  w i th  

i n d i c a t o r s ,  f o r  w hich i t  was n o t  p r e v i o u s l y  r e c o g n iz e d  t h a t  

t h e  p r e s e n c e  o f  i n e r t  e l e c t r o l y t e s  a f f e c t s  n o t  o n ly  th e  

a c t i v i t y  c o e f f i c i e n t s  o f  th e  p r o t o l y t e s  o f  i n t e r e s t ,  b u t  a l s o  

th o s e  o f  th e  i n d i c a t o r  c o n ju g a te  p a i r ,  m aking o b s e r v a t i o n s  

c o n t i n g e n t  on th e  i n d i c a t o r  c h a rg e  ty p e .  The c o n fu s in g  and 

se e m in g ly  c o n t r a d i c t o r y  r e s u l t s  o f  a c i d i t y  and b a s i c i t y  

m easurem ents  w i th  i n d i c a t o r s  p r i o r  to  t h i s  r e a l i z a t i o n  had 

l e d  many c h e m is ts  to  d i s m is s  th e  te c h n iq u e  a s  w o r t h l e s s ,  

e x c e p t  i n  r e s t r i c t e d  c i r c u m s ta n c e s .

As an  exam ple , c o n s i d e r  th e  p r e d i c t i o n  o f  e q u a t io n  (58) 

t h a t  i n c r e a s i n g  i o n i c  s t r e n g t h  d e c r e a s e s  th e  a c i d i t y  o f  

n e u t r a l  and a n io n i c  a c i d s  b u t  i n c r e a s e s  th e  a c i d i t y  o f  

c a t i o n i c  a c i d s .  An a c i d i c  i n d i c a t o r  (A2 = HIn and zA2 = 0) 

c o n f i rm s  t h i s  f o r  an a c i d  o f  c h a rg e  ty p e  A+B° ( e q u a t io n  (5 9 ) )  

b u t  a  b a s i c  i n d i c a t o r  (A2 = HIn'*’ and zA2 = 1 )  i n d i c a t e s  no 

s a l t  e f f e c t  f o r  th e  same a c i d ,  i . e . ,  th e  a p p a r e n t  a c i d i t y



- 6 9 -

o f  th e  A+B° a c id  i s  l e s s  th a n  i t s  t r u e  a c i d i t y .  L ik e w ise ,

th e  d e c r e a s e d  a c i d i t y  o f  A°B*" a c i d s  u n d e r  th e  same c o n d i t i o n s

i s  c o n firm ed  by b a s i c  i n d i c a t o r s  b u t  n o t  by a c i d i c  i n d i c a t o r s .

C o n se q u e n tly  e q u a t io n s  (58 ) and (59 ) a r e  u s e f u l  i n  p r e d i c t i n g
29i n d i c a t o r  e r r o r s  cau sed  by s a l t  e f f e c t s  .

Hammett*' g e n e r a l i z e d  s a l t  e f f e c t  -  r e l a t e d  i n d i c a t o r  

e r r o r s  by c o n s i d e r i n g  th e  e x p e r im e n ta l  c r i t e r i o n  f o r  indica-»  

t o r  c o l o r ,  i . e . ,  t h e  c o n c e n t r a t i o n  r a t i o  o f  th e  a c i d i c  and 

b a s i c  form s o f  th e  i n d i c a t o r ,  i n  te rm s  o f  i n d i c a t o r  c h a rg e  

ty p e  i

A c id ic  I n d i c a t o r i  c m n

B a s ic  I n d i c a to r *  ^H ln^

Hammett c o n c lu d ed  from e q u a t io n  (62) and ( 6 3 ) t h a t  i n c r e a s e d  

i o n i c  s t r e n g t h  d e c r e a s e s  th e  a p p a r e n t  a c i d i t y  when m easured  

w i th  a c i d i c  i n d i c a t o r s  and i n c r e a s e s  i t  when b a s i c  i n d i c a t o r s  

a r e  u s e d .  He b e l i e v e d  t h a t  th e  a c t u a l  change i n  a c i d i t y  a s  

a  r e s u l t  o f  th e  s a l t  e f f e c t  l i e s  in b e tw e e n  th e  p r e d i c t i o n s  

o f  b o th  i n d i c a t o r  t y p e s .

S a l t  e f f e c t s  a r e  d i f f i c u l t  to  p r e d i c t  i n  c i r c u m s ta n c e s  

i n  w hich  a c t i v i t y  c o e f f i c i e n t s  a r e  n o t  e a s i l y  c a l c u l a t e d .  A t 

h ig h  i o n i c  s t r e n g t h  th e  D ebye-H uckel e q u a t io n s  a r e  i n v a l i d .  

Even a t  m o dera te  i o n i c  s t r e n g t h  th e  io n  s i z e  p a r a m e te r ,  3  

( e q u a t io n  (51)), i s  unknown i n  many c a s e s .  A h ig h  s o l u t e  

c o n c e n t r a t i o n  a p p ro a c h e s  a  change i n  s o l v e n t  n a t u r e ,  s u p e r ­

( ^ I n ) ^ )

(*HIr)(KHIn)

( ^ H l n ^ H I n * )

( 6 2 )

(6 3 )
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im p o s in g  medium e f f e c t s  o n to  s a l t  e f f e c t s .  F i n a l l y ,  some 

ty p e s  o f  m o le c u le s ,  e . g . ,  amino a c i d s ,  p r o t e i n s ,  and c e r t a i n  

l a r g e  i n d i c a t o r  m o le c u le s ,  c o n ta in  d i f f e r e n t  a c i d i c  o r  b a s i c  

s i t e s  f a r  enough a p a r t  i n  th e  m o le c u le  to  behave  in d e p e n d e n t ­

l y  i n  some c i r c u m s ta n c e s  b u t  n o t  i n  o t h e r s .  These h y b r id  

i o n s  o r  " z w i t t e r i o n s "  o f t e n  e x h i b i t  a  v a r i a t i o n  i n  a p p a r e n t  

c h a rg e  ty p e  w i th  c h a n g in g  i o n i c  s t r e n g t h  t h a t  c o m p l ic a te s  

th e  i n t e r p r e t a t i o n  o f  o b se rv e d  s a l t  e f f e c t s .  F o r  ex am p le , 

an  a c i d  o f  c h a rg e  ty p e  A+B“ can  e x h i b i t  A°B“ b e h a v io r  a t  low 

i o n i c  s t r e n g t h  b u t  m ixes A+B° and A~Ba b e h a v io r  a t  h ig h  

i o n i c  s t r e n g t h  b e c a u se  i n  th e  l a t t e r  c a se  i t s  a c i d i c  s i t e s  

behave in d e p e n d e n t ly  o f  each  o t h e r 2^ .

b) Medium E f f e c t s

The a c i d i t y  o r  b a s i c i t y  o f  a  s o l v e n t  d o e s  n o t  d i f f e r e n ­

t i a t e  be tw een  a c i d s  o r  b a s e s  o f  d i f f e r e n t  c h a rg e  ty p e s  b u t  a  

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

a c i d i t y  and b a s i c i t y  c h an g e s  stemm ing from t h e s e  f a c t o r s  a r e  

r e f e r r e d  to  a s  "medium" e f f e c t s .  The medium e f f e c t  i s  

f o r m a l ly  d e f in e d  a s  th e  work r e q u i r e d  to  t r a n s f e r  one mole 

o f  a  s p e c i e s  from  i t s  s t a n d a r d  s t a t e  i n  w a te r  to  i t s  s t a n d a r d  

s t a t e  i n  th e  s o l v e n t  o f  i n t e r e s t 2^ and i n c l u d e s  d i e l e c t r i c  

c o n s t a n t  and s o l v a t i o n  e f f e c t s .

A c t i v i t y  c o e f f i c i e n t s  o f  c h a rg ed  s p e c i e s  a r e  d e p e n d e n t  

on th e  d i e l e c t r i c  c o n s t a n t ,  € ,  b e c a u se  th e  c o n s t a n t s  A and 

B o f  th e  D ebye-H uckel e q u a t io n s  ( e q u a t io n s  (50 )  -  (5 1 ) )  

i n c o r p o r a t e  i t *
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A <e €
B oc € -1/2

(6k)

(65)

The m a j o r i t y  o f  medium e f f e c t s  in v o lv e  a  d e c r e a s e  i n  d i e l e c ­

t r i c  c o n s t a n t  s i n c e  m ost s o l v e n t s  have d i e l e c t r i c  c o n s t a n t s  

lo w e r  th a n  t h a t  o f  w a t e r .  The Debye-H uckel e q u a t io n  

p r e d i c t s  t h a t  a  lo w ered  d i e l e c t r i c  c o n s t a n t  c a u s e s  a  

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

l a t t e r  d ro p p in g  more r a p i d l y  f o r  io n s  o f  g r e a t e r  c h a r g e .

The medium e f f e c t ,  A p K ^ mj ,  may be re g a rd e d  a s  th e  

change i n  a c i d i t y  upon t r a n s f e r  o f  an  a c id  from a  r e f e r e n c e  

medium, R, to  th e  s o l v e n t  o f  i n t e r e s t ,  Xi

S in c e  p ( e q u a t i o n  ( 5k ) )  re m a in s  c o n s t a n t  r e g a r d l e s s  o f  

s o l v e n t ,  an e q u a t io n  o f  a  form  s i m i l a r  to  t h a t  o f  e q u a t io n  

(55) i s  o b ta in e d *

ApKA(m) = A "̂ log rH “ log 7B + log

ApKA(m) = “A1°6 + *2 ZA " 1^A1°e t68)

A lo g  depends o n ly  on th e  m agn itud e  o f  th e  change i n  

d i e l e c t r i c  c o n s t a n t  and i s  in d e p e n d e n t  o f  th e  c h a rg e  ty p e  

o f  th e  a c i d - b a s e  c o n ju g a te  p a i r .  E q u a t io n  (68) i n d i c a t e s  

t h a t ,  a s  i n  th e  c a s e  o f  th e  s a l t  e f f e c t ,  A lo g  and A lo g  

a r e  a f f e c t e d  by th e  c h a r g e s  o f  th e  p r o t o l y t e s  in v o lv e d .

E q u a t io n  (68) p r e d i c t s  t h a t  d e c r e a s i n g  th e  d i e l e c t r i c  

c o n s t a n t  d e c r e a s e s  a c i d i t y  s i n c e  th e  hydrogen  io n  a c t i v i t y

ApKA(m) = pKA(X) “ pKA(R) (66 )

T h e r e f o r e ,  f o l lo w in g  e q u a t io n s  (57 ) and (58)
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i s  lo w e re d ,  b u t  i n  such  a  c a se  A lo g  a l s o  d e c r e a s e s .

Thus e q u a t io n  (68) p r e d i c t s  t h a t  th e  d e c r e a s e  i n  a c i d i t y  

f o r  c a t i o n i c  a c i d s  i s  l e s s  th a n  e x p e c te d  from a  c o n s i d e r a t i o n  

o f  th e  change i n  hyd rogen  io n  a c t i v i t y  o n ly ,  and t h a t  n e u t r a l  

and a n io n i c  a c i d s  d e c r e a s e  i n  a c i d i t y  t o  a  g r e a t e r  e x t e n t  

th a n  e x p e c te d  w i th  d e c r e a s i n g  d i e l e c t r i c  c o n s t a n t .  A n io n ic  

b a s e s  become s t r o n g e r  th a n  e x p e c te d  and c a t i o n i c  o r  n e u t r a l  

b a s e s  do n o t  a t t a i n  th e  l e v e l  o f  s t r e n g t h  p r e d i c t e d  s o l e l y  on 

th e  b a s i s  o f  A lo g  • The medium e f f e c t  m a n i f e s te d  by

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

e f f e c t  m a n i f e s te d  by i n c r e a s i n g  i o n i c  s t r e n g t h .

As i n  th e  c a s e  o f  th e  s a l t  e f f e c t ,  th e  e f f e c t  o f  a  

change o f  s o l v e n t  on p r o t o l y s i s  r e q u i r e s  c o n s i d e r a t i o n  o f  

th e  c h a rg e  ty p e s  o f  b o th  p a r t i c i p a t i n g  c o n ju g a te  p a i r s .  

E q u a t io n  ( 6 9 ) ,  w hich i s  d e r iv e d  by a n a lo g y  to  e q u a t io n  (59)» 

e x p r e s s e s  th e  medium e f f e c t  upon p r o t o l y s i s  e q u i l i b r i a *

APK' ( » )  ■ 2 (zAl -  ZA2> A l 0 « r i

When a p p l i e d  to  th e  s p e c i a l  c a s e s  o f  a c id  and b a se  d i s s o c i a ­

t i o n  i n  a  s o l v e n t ,  e q u a t io n  ( 6 9 ) i s  red u ced  to  ( s e e  e q u a t io n s  

( 6 0 ) -  (6 1 ))»

ApKa(m ) * 2 (z Al * 1} * l o g  r i  (70 )

and A p K ^ )  = -  2 U B2 ♦ 1) A l o g  ^  (71 )

r e s p e c t i v e l y ,  w hich  a r e  o f  p r a c t i c a l  u se  i n  d e te r m in in g  

medium e f f e c t s .  As i n  th e  c a s e  o f  th e  s a l t  e f f e c t ,  e q u a t io n  

( 6 9 ) p r e d i c t s  t h a t  p r o t o l y s e s  be tw een  c o n ju g a te  p a i r s  o f  

th e  same c h a rg e  ty p e  a r e  n o t  a f f e c t e d  by a  change o f  s o l v e n t .
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T h is  i s  n o t  a lw ays i n  a g re e m e n t  w i th  e x p e r im e n ta l  o b s e r v a t i o n  

s i n c e  o t h e r  e f f e c t s ,  e . g . ,  ch an g e s  i n  s o l v a t i o n ,  a l t e r  a c t i ­

v i t y  i n  ways t h a t  th e  f o r e g o in g  e q u a t io n s  c a n n o t  p r e d i c t .

Medium e f f e c t s  a l s o  i n f lu e n c e  th e  r e l i a b i l i t y  o f  i n d i c a ­

t o r  m easurem ents  and were r e s p o n s i b l e ,  a lo n g  w i th  s a l t  

e f f e c t s ,  f o r  i n c o r r e c t  and c o n f u s in g  a s s e s s m e n ts  o f  a c i d i t y  

by i n d i c a t o r  m ethods i n  th e  p a s t .  One may c o n s i d e r  th e  

exam ple o f  an  A+B° a c i d ,  whose i n c r e a s e d  a c i d i t y  i n  a  s o l v e n t  

o f  low d i e l e c t r i c  c o n s t a n t  i s  co n firm ed  by m easurm ents  w i th  

a c i d i c  i n d i c a t o r s  b u t  n o t  w i th  b a s i c  i n d i c a t o r s ,  w hich show 

an a p p a r e n t  a c i d i t y  l e s s  th a n  th e  t r u e  a c i d i t y .  H am m ett 's^*  

t r e a t m e n t  o f  th e  p ro b lem  ( e q u a t io n s  (62) -  (6 3 ) )  showed t h a t  

lo w e r in g  th e  d i e l e c t r i c  c o n s t a n t  c a u s e s  a c i d i c  i n d i c a t o r s  to  

show an  a p p a r e n t  a c i d i t y  l e s s  th a n  th e  t r u e  a c i d i t y  o f  a  

s o l u t i o n ,  w h i le  b a s i c  i n d i c a t o r s  show a  h i g h e r  a p p a r e n t  

a c i d i t y *  th e  t r u e  medium e f f e c t  l i e s  somewhere be tw een  th e s e  

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

A second  a p p ro a c h  to  d e te r m in in g  medium e f f e c t s  i n v o lv e s  

t h e i r  d e r i v a t i o n  from th e  B om  e q u a t io n ,  which m ea su re s  th e  

work n e c e s s a r y  to  c h a rg e  a  s p e c i e s  i n  a  s o l v e n t .  F o r  one 

mole o f  a  s p e c i e s  " i "  o f  c h a rg e  i n  a  s o l v e n t  o f  d i e l e c ­

t r i c  c o n s t a n t  € ,  t h i s  work i s  e x p re s s e d  by >29*^0,

(72)

i n  w hich  e * e l e c t r o n i c  c h a rg e  

N » A v o g a d ro 's  num ber



and = th e  r a d i u s  o f  th e  s p e c i e s  o f  i n t e r e s t ,  a ssum ing  

a s p h e r i c a l  sh a p e .

The f i r s t  te rm  o f  e q u a t io n  (72)  r e p r e s e n t s  th e  work r e q u i r e d  

to  d i s c h a r g e  th e  s p e c i e s  in  vacuum, and th e  second te rm  i s  

th e  work n e c e s s a r y  to  c h a rg e  th e  s p e c i e s  in  th e  s o l v e n t  o f  

i n t e r e s t ;  i s  t h e r e f o r e  th e  s o l v a t i o n  e n e rg y  o f  s p e c i e s
M 1 I tX •

In  a  p r o t o l y s i s  r e a c t i o n  ( e q u a t io n  (1 8 ))*

AG° * Ag° 2 -  Ag° 2 ♦ AG°B1 - A G ^

= -  2 .3  R T lo g  K’ = 2 .3  R T pK’
2N e

2 €
J

/  ZA2 ZB2 ZB1 ZA1 \

\ r A2 r B2 r Bl r Al /

/ ZA22 ZB22 ZB12 ZA12 \

\  r A2 r B2 r Bl r Al /

(73)

o r  ApK ’ = -----  [ — —  -    +   -    1 (?k)
\  n ‘

N e c
where th e  c o n s t a n t  J  = 2jr %"R" t *

At t h i s  p o i n t  th e  Born e q u a t io n  makes an  a s su m p tio n  t h a t

o f t e n  l e a d s  to  th e  d i f f e r e n c e  betw een i t s  p r e d i c t i o n s  and 

e x p e r im e n ta l ly  o b se rv ed  medium e f f e c t s .  S o l v a t i o n  and n o n ­

e l e c t r o s t a t i c  e f f e c t s  a r e  n e g l e c t e d ,  i . e . ,  t h e  a s su m p tio n  i s  

made t h a t  th e  r a d i u s  o f  each  s p e c i e s  rem a in s  unchanged even 

w i th  a  change i n  s o l v e n t .  T h is  d e v ic e  p e r m i t s  th e  a p p r o x i ­

mate d e te r m i n a t i o n  o f  th e  medium e f f e c t  f o r  a  change from a

r e f e r e n c e  s o l v e n t ,  R, to  th e  s o l v e n t  o f  i n t e r e s t ,  X«
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I f  th e  r e f e r e n c e  s o l v e n t  i s  th e  s o l v e n t  o f  h i g h e r  d i e l e c t r i c  

c o n s t a n t ,  th e  d i e l e c t r i c  te rm  o f  e q u a t io n  (75 ) i s  p o s i t i v e .  

F i n a l l y ,  to  s i m p l i f y  e q u a t io n  (75) th e  a s su m p tio n  i s  made 

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

S in c e  zA = z0 + 1 f o r  a c o n ju g a te  a c i d - b a s e  p a i r ,  e q u a t io n

The v a l i d i t y  o f  th e  l a s t  a p p ro x im a t io n  i s  d o u b t f u l  e x c e p t  f o r  

th e  members o f  a  c o n ju g a te  p a i r ,  b u t  i t  d o e s  y i e l d  an  equa­

t i o n  o f  a  form q u a l i t a t i v e l y  p r e d i c t i n g  medium e f f e c t s  in  

a c c o rd  w i th  th e  p r e d i c t i o n s  o f  e q u a t io n  (69)* which i s  

d e r iv e d  d i r e c t l y  from a c t i v i t y  c o e f f i c i e n t s .

The s im p le  Born t r e a tm e n t  d e s c r ib e d  above assum es t h a t

B om  c h a r g in g  a c c o u n ts  e n t i r e l y  f o r  a l l  o f  th e  e l e c t r o s t a t i c

i n t e r a c t i o n s  be tw een  io n s  and th e  s o l v e n t .  A ltho ugh  t h i s  i s

a p p ro x im a te ly  t r u e  f o r  l a r g e  i o n s ,  th e  h ig h  c h a rg e  d e n s i t y

a s s o c i a t e d  w i th  s m a l l  io n s  l e a d s  to  o r i e n t a t i o n  and p o l a r i z a -

o f  s o l v e n t  m o le c u le s  i n  th e  im m ed ia te  v i c i n i t y  o f  th e  io n .

T h is  r e s u l t s  i n  th e  f o rm a t io n  o f  a  p r im a ry  s o l v a t i o n  s h e l l

a roun d  th e  io n ,  fo l lo w e d  by a  s t r u c t u r e - b r o k e n  r e g i o n  and
Anth e n  by th e  b u lk  s o l v e n t  . C o n s e q u e n t ly ,  th e  d i e l e c t r i c  

c o n s t a n t  o f  th e  s o l v e n t  a t  o r  n e a r  th e  s u r f a c e  o f  an  io n  

i s  n o t  i d e n t i c a l  to  th e  b u lk  s o l v e n t  d i e l e c t r i c  c o n s t a n t ,  

and th u s  e q u a t io n  (76 ) h a s  o n ly  a p p ro x im a te ,  q u a l i t a t i v e  

s i g n i f i c a n c e .

(71) becomes^®’
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The f o r e g o in g  d i s c u s s i o n s  o f  medium e f f e c t s  o m it  th e  

f a c t  t h a t  t h e r e  i s  a  l i m i t  to  how sm a ll  a  s o l v e n t  d i e l e c t r i c  

c o n s t a n t  can  be b e fo r e  e l e c t r o l y t i c  d i s s o c i a t i o n  i s  i n h i b i t e d .  

O v e r a l l  d i s s o c i a t i o n  c an  be r e g a rd e d  a s  a  tw o - s te p  p r o c e s s j  

th e  f i r s t  s t e p  i s  th e  a c t u a l  i o n i z a t i o n  p r o c e s s ,  r e s u l t i n g  

i n  th e  f o r m a t io n  o f  io n  p a i r s ,  and th e  secon d  s t e p  i s  th e  

d i s s o c i a t i o n  o f  t h e s e  io n  p a i r s .  T h is  i s  r e p r e s e n t e d  f o r
?o

a c id  d i s s o c i a t i o n  i n  a  s o l v e n t  by »

HA + S ^==i SH+A“ ■- ...=j  SH+ + A” (77)
Io n  P a i r

and f o r  b a se  d i s s o c i a t i o n  byi

B + SH F = *  BH+S~ \ -V BH+ + S" (78)
Io n  P a i r

The l a t t e r  s t e p  i n  each  p r o c e s s  depends on th e  d i e l e c t r i c  

c o n s t a n t ,  w hich i n f l u e n c e s  th e  work r e q u i r e d  to  s e p a r a t e  th e  

i o n s .  The m agn itude  o f  t h i s  work i s  v e ry  sm a l l  i n  s o l v e n t s  

o f  h ig h  d i e l e c t r i c  c o n s t a n t  ( £ > 2 5 ) ,  and i n  such  c a s e s  th e  

i o n i z a t i o n  p r o c e s s  i s  v i r t u a l l y  i d e n t i c a l  w i th  o v e r a l l  

d i s s o c i a t i o n ;  medium e f f e c t s  i n  t h e s e  s o l v e n t s  may be 

p r e d i c t e d  by e q u a t io n s  (69) a n d / o r  ( 7 6 ) .  However, e l e c t r o ­

l y t i c  d i s s o c i a t i o n  i s  r e p r e s s e d  i n  m edia  o f  v e ry  low d i e l e c ­

t r i c  c o n s t a n t  b e c a u se  th e  work o f  io n  s e p a r a t i o n  i s  l a r g e ,

i . e . ,  e q u a t io n s  (77 ) and (78) a r e  e f f e c t i v e l y  h a l t e d  a t  th e  

io n  p a i r  s t a g e .  T h is  i s  t r u e  f o r  i n e r t  s a l t s  a s  w e l l  a s  

p r o t o l y t e s  and t h e r e f o r e  i o n i c  s t r e n g t h  i n  s o l v e n t s  o f  low 

d i e l e c t r i c  c o n s t a n t  may be i n d e t e r m i n a t e ,  c o n s e q u e n t ly  

c o m p l i c a t in g  th e  p r e d i c t i o n  o f  b o th  s a l t  and medium e f f e c t s .
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D. A dvan tages  and D is a d v a n ta g e s  o f  th e  Br</ns ted -L ow ry  Theory

The B r^nsted -L ow ry  t h e o r y  i s  s u p e r i o r  to  th e  A r rh e n iu s  

c o n c e p t  i n  many r e s p e c t s .  The r e c o g n i t i o n  o f  a c i d i t y  and 

b a s i c i t y  a s  g e n e r a l  phenomena r e c i p r o c a l l y  r e l a t e d  to  each  

o t h e r  a l lo w s  e x te n s i o n  o f  a c i d - b a s e  c o n c e p ts  to  nonaqueous 

s o l u t i o n s .  One o f  th e  m ost v a lu a b le  a s p e c t s  o f  th e  p r o t o n i c  

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

c o n c e p ts  w i th  m o d i f i c a t io n  to  r e n d e r  them a p p l i c a b l e  to  

p r o t o l y s i s  i n  g e n e r a l .  Q u a n t i t a t i v e  i n t e r p r e t a t i o n s  o f  

l e v e l l i n g ,  s a l t ,  and medium e f f e c t s  a l s o  stem  from  th e  

c o n c e p t .

On th e  o t h e r  hand , t h e  t h e o r y  i s  n o t  s u f f i c i e n t l y  u n i ­

v e r s a l*  t h e r e  a r e  i n s t a n c e s  o f  a c i d - b a s e  b e h a v io r  t h a t  a r e

n o t  in c lu d e d ,  nam ely  th o s e  i n  which p r o to n s  and p r o t o l y s i s
9 11 12 1*5 17do n o t  p l a y  a  p a r t  * ’ . The th e o r y  r e p r e s e n t s

a lm o s t  no advance  i n  t h i s  r e s p e c t  o v e r  c o n c e p ts  fo r m a l iz e d  

n e a r l y  a  c e n t u r y  p r i o r  to  i t s  a p p e a ra n c e .  A p r o t i c  s u b s ta n c e s  

m a n i f e s t i n g  a c i d  b e h a v io r ,  e . g . ,  SO^, C02 , SiOg, and BCl^, 

a r e  e x c lu d ed  from  c o n s i d e r a t i o n  a s  a c i d s .  Lowry*^ a t t e m p te d  

to  an sw er t h i s  c r i t i c i s m  by d e s c r i b i n g  th e s e  s u b s ta n c e s  a s  

a c id  a n h y d r id e s  t h a t  become B r^ns ted -L ow ry  a c i d s  upon d i s s o ­

l u t i o n  i n  p r o t i c  s o l v e n t s .  However, Lowry’ s 'a p p r o a c h  f a i l s  

to  e x p la in  th e  o b se rv ed  a c i d i c  p r o p e r t i e s  o f  t h e s e  and o t h e r  

s u b s ta n c e s  i n  a p r o t i c  s o l v e n t s ,  m e l t s ,  and i n  th e  s o l i d  o r  

g a se o u s  s t a t e ,  e . g . ,  t h i o n y l  c h l o r i d e  i n  l i q u i d  SOg, A lC l^  

i n  p h o sg e n e ,  e t c .  Exam ples o f  o t h e r  a m b i g u i t i e s  i n c lu d e  th e
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c l a s s i f i c a t i o n  o f  ammonium and mono-, d i - ,  and t r i a l k y l -  

ammonium io n s  a s  a c i d s  b u t  n o t  te traa lk y lam m o n iu m  i o n s ;  a l s o

i n t o  th e  p r o t o n i c  t h e o r y  i n  o r d e r  to  j u s t i f y  th e  i n c l u s i o n  

o f  s p e c i e s  such  a s  th e  aq uo m eta l  io n s  a s  a c i d s ,  s e e k in g  to  

e q u a te  th e  h y g r o s c o p i c i ty  and c o n se q u e n t  i n c r e a s i n g  a c i d i t y  

o f  c o o r d i n a t i o n  com plexes , e . g . ,

w i th  th e  i d e n t i c a l  p r o p e r t i e s  o f  s im p le  a c i d s ,  u t i l i z i n g  

th e  t r u e  a c id  r e p r e s e n t a t i o n  o f  H an tsch  co u p le d  w i th  L ow ry 's  

own i n t r a m o l e c u l a r  i o n i z a t i o n  concep t*

U n f o r t u n a t e ly ,  b o th  th e  i n c l u s i o n  o f  aq u o m e ta l  i o n s ,  b u t  n o t  

b a re  m e ta l  i o n s ,  a s  a c i d s  and f o r m u la t io n s  su ch  a s  e q u a t io n  

(76 ) a r e  b a sed  on th e  e a s e  o f  c o o r d i n a t i o n  o f  w a te r ,  and a r e  

more d i f f i c u l t  to  e n v i s io n  in  o t h e r  s o l v e n t s ,  r e f l e c t i n g  a  

n a rro w  v ie w p o in t  l i m i t e d  to  aqueous s o l u t i o n ,  o r  p r e c i s e l y  

w hat B r^ n s te d  and Lowry in te n d e d  to  d e p a r t  f ro m .

m e ta l  i o n s ,  e . g . ,  and A l^ , a r e  n o t  a c i d s  a l th o u g h  .
19t h e i r  complex aquo m eta l  c a t i o n s  a r e .  Lowry a t te m p te d  to

20i n t e g r a t e  th e  c o o r d i n a t i o n  t h e o r i e s  o f  W erner and o f  Lewis

[ co ( nh3 ) 3c i 3 ]  + h2o ; = f  [c o ( nh3 ) 3 ( h2o )c i 2 ]  Cl (75)

.0 + 2 H
(76)
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I I I .  S o lv e n t  System s Theory

A m a jo r  w eakness o f  th e  A r rh e n iu s  t h e o r y  was r e s t r i c ­

t i o n  o f  a c i d - b a s e  c o n c e p ts  to  aqueous s o l u t i o n ,  i . e . ,  i n  

s p i t e  o f  e x p e r im e n ta l  e v id e n c e  t h a t  a c i d - b a s e  i n t e r a c t i o n s  

o c c u r re d  i n  o t h e r  s o l v e n t s  and even  i n  th e  a b se n c e  o f  a  

s o l v e n t ,  th e  c h a r a c t e r i s t i c  c l a s s i c a l  n e u t r a l i z a t i o n  p r o c e s s  

was

Acid ♦ Base ——> S a l t  + W ater ( l )

The B r /n s te d -L o w ry  t h e o r y  expanded a c i d - b a s e  r e a c t i o n s  to  

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

scheme i n  which n e u t r a l i z a t i o n  was one ty p e  o f  p r o t o l y t i c  

r e a c t i o n .  A n o th e r  co nsequ en ce  o f  p r o t o l y s i s  was th e  

r e p la c e m e n t  o f  s a l t  f o r m a t io n  by c o n ju g a te  a c id  and b a se  

f o r m a t io n  i n  n e u t r a l i z a t i o n  r e a c t i o n s .

However, even  b e f o r e  th e  Br/5nsted and Lowry c o n c e p ts  

were p u b l i s h e d  a n o t h e r  e x te n s i o n  o f  a c i d - b a s e  c o n c e p ts  to  

nonaqueous s o l v e n t s  was b e in g  im p lem en ted . T h is  ap p ro a ch  

was p r e d i c a t e d  on th e  r e t e n t i o n  o f  s a l t  f o r m a t io n  a s  th e  

d e f i n i t i v e  a c i d - b a s e  p r o c e s s  i n  any  s o l v e n t  by g e n e r a l i z i n g  

e q u a t io n  ( l ) i

A cid  + Base -  -  ■> S a l t  + S o lv e n t  (2 )

T h is  c o n c e p t  c o n t in u e d  to  d e v e lo p  d u r i n g  and a f t e r  th e  

em ergence o f  th e  p r o t o n i c  t h e o r y .  E q u a t io n  (2 )  im p l i e s  a  

d i f f e r e n t  A r r h e n iu s - ty p e  a c i d - b a s e  sy s tem  f o r  eac h  s o lv e n t*  

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

s o l v e n t  s y s te m s .
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A. R e a c t io n s  in  L iq u id  Ammonia and O th e r  P r o t o l y t i c  S o lv e n ts

The p h y s i c a l  and c h em ic a l  p r o p e r t i e s  o f  l i q u i d  ammonia 

re sem b le  th o s e  o f  w ater*  ammonia h a s  a  r e l a t i v e l y  h ig h ,  

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

i z a t i o n ,  d i e l e c t r i c  c o n s t a n t ,  s o l v a t i n g  pow er, and i o n i z i n g  

pow er, a s  does w a t e r .  The c h em ic a l  b e h a v io r  o f  s o l u t i o n s  o f  

ammonium io n s  in  ammonia to w ard s  a l k a l i  and a l k a l i n e  e a r t h

m e ta l s  and tow ards  s o l v e n t - i n s o l u b l e  o x id e s  and h y d ro x id e s
2— *5p a r a l l e l s  t h a t  o f  aqueous a c i d  (hydronium  io n )  s o l u t i o n s  i

Mg + 2 H30+  > Mg2* + H2 + 2 HgO (3 )

Mg + 2 NHjj*  » Mg2* ♦ H2 + 2 NH3 (k)

CaO + 2 H30 * ------ > Ca2* + 3 HgO (5 )

CaO + 2 NH^*------» Ca2* + H20 + 2 NJLj (6 )

A lk a l in e  s o l u t i o n s  i n  ammonia im p a r t  a  r e d  c o l o r  to  p h e n o l -

p t h a l e i n  which d i s a p p e a r s  upon th e  a d d i t i o n  o f  a c i d * .
2 3F r a n k l in  r e g a rd e d  w a te r  and ammonia a s  th e  p a r e n t  

compounds o f  a n a lo g o u s  f a m i l i e s  o f  s u b s ta n c e s  and d e v is e d  a  

sy s tem  o f  a c i d s ,  b a s e s ,  and s a l t s  in  ammonia p a r a l l e l i n g  th e  

A r rh e n iu s  th e o r y  i n  w a te r .

Ammonia, l i k e  w a te r ,  i s  c a p a b le  o f  a u t o i o n i z a t i o n  in  

th e  p u re  l i q u i d  s t a t e ^ ’^*

2 H20 f = = *  H30* + OH" (7 )

2 NH3 i --  NH^* + NH2" (8 )

* Pure  ammonia does n o t  im p a r t  a red  c o l o r  to  th e  i n d i c a t o r ,
a s  d o es  an  am m oniacal, aqueous s o lu t io n *  NH3 i s  a  b a se
r e l a t i v e  to  w a te r  b u t  i s  " n e u t r a l "  i n s o f a r  a s  p r o c e s s e s  
w hich  r e s t r i c t  i t s  r o l e  to  a s o l v e n t  a r e  c o n c e rn e d .
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The lyonium  io n s  o f  b o th  s o l v e n t s  a r e  s i m i l a r  i n  t h a t  b o th  

a r e  a c t u a l l y  s o l v a te d  p r o to n s * .  A cids may t h e r e f o r e  be 

d e f in e d  i n  l i q u i d  ammonia a c c o r d in g  to  r e a s o n in g  a n a lo g o u s  

to  th e  A r r h e n iu s  t h e o r y ,  i . e . ,  an a c id  i s  a  h y d ro g en -  

c o n t a i n i n g  s u b s ta n c e  t h a t  s p l i t s  o f f  p r o to n s  i n  ammoniai

ha + h2o r ~  ~ h3o+ + A" (9 )

HA + NH3 i— ■ ' NH^+ + A" (1 0 )

Many o f  th e  c o n c e p ts  a p p l i c a b l e  to  aqueous s o l u t i o n s  o f

a c i d s  may be a d a p te d  to  s o l u t i o n s  o f  a c i d s  i n  ammonia, e . g . ,

any  a c id  s t r o n g e r  t h a t  th e  ammonium io n  i s  l e v e l l e d  to  NH^+ .

A c ids  t h a t  a r e  weak i n  w a te r  o f t e n  behave l i k e  s t r o n g  a c i d s

i n  ammonia b e ca u se  th e  l a t t e r  i s  a  more b a s i c  s o l v e n t ,  e . g . ,

a c e t i c  a c i d  i s  c o m p le te ly  d i s s o c i a t e d  i n  ammonia.

F r a n k l in  d i s t i n g u i s h e d  be tw een  two c a t e g o r i e s  o f  a c i d s

f o r  th e  p u rp o se  o f  m aking c o m p ar iso n s  betw een s o l v e n t s  on

a t h e o r e t i c a l  b a s i s .  On one hand t h e r e  a r e  th e  " s o l v o a c i d s ”

w hich  a r e  s o l v e n t  d e r i v a t i v e s  and on th e  o t h e r ,  a c i d s  which

a r e  n o t  s o l v e n t  d e r i v a t i v e s .
2 3Ammonoacids ' i n c lu d e  th e  ammono a n a lo g u e s  o f  aq uo -  

o r g a n ic  a c i d s  and o f  some n o n m eta l  a q u o - in o r g a n ic  a c i d s  a s  

w e l l  a s  t h e i r  p a r t i a l l y  deammonated p r o d u c t s .  The ammono 

a n a lo g u e  o f  a c e t i c  a c i d ,  CH3C(NH2 )=NH, and th e  anammonide 

c o r r e s p o n d in g  to  a c e t i c  a n h y d r id e ,  (CH^CsNHjgNH, a r e  r e p r e ­

s e n t a t i v e  o f  o r g a n ic  ammonoacids and r e l a t e d  compounds. 

I n o r g a n ic  ammonoacids and anammonides a r e  d e r iv e d  from 

o rth o -am m o n o ac id s , i . e . ,  t h e o r e t i c a l  c o m b in a t io n s  o f  a
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n o n m e t a l l i c  atom w i th  a  number o f  s o l v e n t  a n io n s  e q u a l  to  

th e  v a le n c e  o f  th e  n o n m e t a l l i c  a tom ; d e s o l v a t i o n  o f  th e  

o rtho -am m o noac id s  y i e l d s  th e  c h a r a c t e r i s t i c  ammonoacids and 

anam monides. I n o r g a n ic  a q u o a c id s  and a c id  a n h y d r id e s  a r e  

s i m i l a r l y  d e r i v e d ,  a s  shown below  f o r  t e t r a v a l e n t  c a rb o n ,  

p e n t a v a l e n t  n i t r o g e n ,  h e x a v a le n t  s u l f u r ,  and h e p t a v a l e n t  

c h lo r in e *
-H ,0  -H ,0

C(0H)4 ------ £---- * H2C03 -----------------C02

-2H ,0  +HNO~, -Ho0
n (o h )^ — ~ — » h n o 3 -------=2------- n2o5

-2H«0 -H«0
s ( oh) 6-> h2so^  6— * s o 3

+H S0U, -HpO
 — ------ ^  h2s 207

-3H90 +HC10,,, -H«0
c i ( oh) 7  > h c io 4 --------- 1------- i - ^ c i 2o 7

A n a lg o u s ly ,  f o r  c a rb o n  and n i t r o g e n  in  ammonia*

-2NH~ +NCNH9 , -NH~
c ( n h 2 ) ̂ -------- ^>ncnh2 -------------------- ( NC) 2nh

+2(NC)c)NH, -NHo 
   ^ 2

N(NH2 ) 5 -------- 2 >HN3

T h e re fo re  th e  ammonoanalogue o f  c a rb o n  d io x id e  i s  C3N^ and 

t h a t  o f  n i t r i c  a c i d  i s  h y d ra z o ic  a c id  (HN3 >.

Ammonoacids a r e  g e n e r a l l y  to o  weak to  m a n i f e s t  a c i d i c  

t e n d e n c ie s  i n  aq ueous  s o l u t i o n ;  i n  f a c t  th e y  a r e  o f t e n  

b a s i c  i n  aqueous s o l u t i o n .  T h e i r  a c i d i t y  i s  enhanced  and 

becomes a p p a r e n t  o n ly  i n  a  more b a s i c  s o l v e n t  such  a s  

ammonia.

( 11 )

( 1 2 )

(13)

(1«0

(15)

( 16 )
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The nonammonoacids behave no d i f f e r e n t l y  i n  ammonia 

from th e  ammonoacids. They may a l s o  be e i t h e r  o r g a n ic  o r  

i n o r g a n i c .  O rgan ic  a q u o a c id s  t h a t  a r e  weak in  aqueous 

s o l u t i o n  behave l i k e  s t r o n g  a c i d s ,  i . e . ,  a r e  c o m p le te ly  

d i s s o c i a t e d  i n  l i q u i d  ammonia, e . g . ,  a c e t i c  a c i d .  Hydrogen 

and ammonium h a l i d e s  (which a r e  a c t u a l l y  i d e n t i c a l  i n  

ammonia) a l s o  a r e  n o t  ammonoacids} i t  may be n o te d  t h a t  

th e y  a r e  a l s o  n o t  a q u o a c id s .  The ammonoanalogue o f  th e  

a q u o ac id  n i t r i c  a c i d  ( e q u a t io n  (1 2 ) )  i s  n o t  ammonium n i t r a t e  

b u t  h y d ra z o ic  a c id  ( e q u a t io n  ( 1 6 ) ) ,  which may a l s o  be 

r e f e r r e d  to  a s  am m onon itr ic  a c i d .  The r e l a t i o n s h i p  betw een 

HNO  ̂ and HN^ i s  more th a n  mere fo rm u la  j u g g l i n g .  H y drazo ic  

a c id  p e r fo rm s  a l l  o f  th e  f u n c t i o n s  i n  ammonia t h a t  n i t r i c  

a c id  i s  c a p a b le  o f  i n  w ater*  i t  o x i d i z e s  f e r r o u s  io n  to  

f e r r i c  i o n ;  i n  c o m b in a t io n  w i th  HC1 i t  d i s s o l v e s  gold} and 

i t s  s a l t  KN^ i s  a  n i t r i d i z i n g  a g e n t ,  j u s t  a s  KNO  ̂ i s  an 

o x i d i z i n g  a g e n t .  I t  i s  p r o b a b le  t h a t  t h i s  r e l a t i o n s h i p  

would have been o v e r lo o k e d  in  a  l e s s  r i g o r o u s  a p p ro a ch  n o t  

d i s t i n g u i s h i n g  betw een  ammono and nonamm onoacids.

A c id ic  p r o p e r t i e s  a r e  a l s o  e x h ib i t e d  by n o n m e ta l l i c  

h a l i d e s  u n d e rg o in g  am m onolysis com parab le  to  aqueous h y d ro -  

l o s i s ,  b u t  th e s e  s u b s ta n c e s  a r e  n o t  a c i d s  i n  th e  F r a n k l in  

s e n s e t

AsC13 + 6 H20  >A s (OH)3 + 3 HC1 (1 7 )

As C13 + 6 NH3 -------------- ^  As (NH2 ) 3 + 3 NH^Cl (1 8 )

Ammonobases in c lu d e  m e t a l l i c  am id es , im id e s ,  and n i t r i d e s ,  

e . g . ,  KNH2 » KgNH, and K3N, which a r e  a n a lo g u e s  o f  th e  aquo -
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b a s e s  h y d ro x id e  and o x id e ,  e . g . ,  KOH and K20 .  Ammonobases

p o s s e s s  i n d i c a t o r ,  s o l u b i l i t y ,  and s o l i d - s t a t e  c o n d u c t io n
2 3 < 7

p r o p e r t i e s  s i m i l a r  to  th o s e  o f  t h e i r  aquo a n a lo g u e s  r .

Bases s t r o n g e r  th a n  th e  amide io n  a r e  l e v e l l e d  to  NH2“ .

Bases t h a t  a r e  r e l a t i v e l y  s t r o n g  i n  aqueous s o l u t i o n  a r e  

o f t e n  r e l a t i v e l y  weak in  th e  more b a s i c  s o l v e n t .

N e u t r a l i z a t i o n  p r o c e s s e s  i n  l i q u i d  ammonia a l s o  p a r a l l e l  

th o se  i n  aqueous s o lu t io n *

H^OCl + NaOH ------^  NaCl + HgO (19)

NHjjCl + NaNH2  > NaCl + 2 NH^ (20 )

CH3C00H + NaOH ----- > CH^OONa + HgO (21 )

CH3C(NH2 )=NH + NaNHg

------------- »  CH3C(NHNa)=NH + (22)

Ammonoacids and ammonobases ( e q u a t io n  ( 2 2 ) )  can  r e a c t  to  

form am m onosa lts ,  a l th o u g h  n o t  a l l  a c i d - b a s e  r e a c t i o n s  i n  

l i q u i d  ammonia r e s u l t  i n  am m onosalt f o rm a t io n  ( e q u a t io n  ( 2 0 ) ) ,  

Amphoterism i s  o b se rv e d  i n  th e  am ides o f  e le m e n ts  whose
O O

h y d ro x id e s  a r e  a m p h o te r ic  i n  w ater^*  *

Zn(NH2 ) 2 + 2 KNH2 ------->  K2Zn(NH2 )^  (23)

Zn(NH2 ) 2 + 2 NHjjCl -------> ZnClg + 2NH3 (2*0

These c o n c e p ts  can  be e x te n d e d ,  a t  l e a s t  i n  p r i n c i p l e ,

to  o t h e r  p r o t i c  s o l v e n t s ,  e . g . ,  H2S, HF, CH3C00H, HgSO^, and 
3 5 6even  . E x p e r im e n ta l  c o n s i d e r a t i o n s ,  such  a s  s o l u ­

b i l i t y  and h y d r o l y s i s  by t r a c e s  o f  w a te r ,  o f t e n  make i t  

d i f f i c u l t  to  v e r i f y  F r a n k l i n ' s  a p p ro a ch  i n  g e n e r a l .  A c i d i t y  

and b a s i c i t y  o f  s o l v e n t s  may be compared by c o n s i d e r i n g  th e
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b e h a v io r  o f  a  s i n g l e  s o l u t e  i n  a  v a r i e t y  o f  m edia , e . g . ,  

u r e a  i s  a c i d i c  i n  ammonia, w eak ly  b a s i c  i n  w a te r ,  and i s  a  

s t r o n g  b a se  i n  g l a c i a l  a c e t i c  acid**.

Among th e  c r i t i c i s m s  o f  F r a n k l i n ' s  a p p ro a ch  i s  i t s  

r e s t r i c t i o n  to  p r o t i c  s o l v e n t s .  A lthou gh  more g e n e r a l  th a n  

th e  A r rh e n iu s  t h e o r y ,  th e  F r a n k l i n  c o n c e p t  d o e s  n o t  a c c o u n t  

f o r  a p r o t i c  a c i d - b a s e  b e h a v io r  and i n  t h i s  r e s p e c t  o f f e r s  no 

a d v a n ta g e  o v e r  th e  B r /n s te d -L o w ry  t h e o r y .  On th e  c o n t r a r y ,  

i t  i s  s im p le r  to  t r e a t  p r o t o n i c  a c i d - b a s e  b e h a v io r  w i th  th e  

s i n g l e  a c i d - b a s e  d e f i n i t i o n  o f  th e  l a t t e r  c o n c e p t  th a n  to  

d e f in e d  a  s e p a r a t e  a c i d - b a s e  sy s tem  i n  each  s o l v e n t .

In  a d d i t i o n ,  F r a n k l i n ' s  d i s t i n c t i o n  betw een s o lv o  and

n o n s o lv o a c id s  i m p l i e s  t h a t  t a u t o m e t i c  s u b s ta n c e s  a r e  s im u l ­

t a n e o u s ly  members o f  two s o lv o a c id  c l a s s e s *  he r e g a rd e d  

a c e ta m id e  a s  a  mixed aquoammonoacid^i

-  0 ^ OH
CH3C -NH2 ^ CH3C »  NH < « >

and k e t o - e n o l  ta u to m e rs  and n i t r o - o r g a n i c s  a s  mixed aqu o -  

m e th a n o a c id s i

^ 0  . ^0H
Ch C ' C H j ^ = ^  CH3C =CH2 (26>

CH3N02 " t  CHgNOOH (2 7 )

The l a s t  exam ple c o i n c i d e n t a l l y  s e rv e d  a s  H a n t s c h 's  s t a r t i n g  

p o i n t  i n  th e  d ev e lo p m en t o f  p s e u d o a c id  t h e o r y ,  w hich  began 

a b o u t  th e  same t im e  t h a t  F r a n k l i n  i n i t i a l l y  f o rm u la te d  th e  

s o l v e n t  sy s te m s  t h e o r y .
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B. A p r o t ic  A c id -B ase  R e a c t io n s  

9 10Germann7 ' a g re e d  w i th  F r a n k l i n  t h a t  h y d ro x id e  io n  

was n o t  th e  o n ly  b a s i c  s p e c i e s  b u t  f e l t  t h a t  th e  r e s t r i c t i o n  

o f  a c i d i c  s p e c i e s  to  h y d r o g e n - c o n ta in in g  s u b s ta n c e s  and th e  

c o n se q u e n t  v iew  o f  a c i d - b a s e  p r o c e s s e s  a s  p r o t o n - a n i o n  

r e a c t i o n s  was o n ly  a p a r t i a l  im provem ent o v e r  th e  A r rh e n iu s  

t h e o r y .  Germann q u e s t io n e d  th e  b e l i e f  t h a t  hy d rogen  was th e  

o n ly  c a r r i e r  o f  a c i d i c  p r o p e r t i e s ,  w h e th e r  i n  a m o le cu le  o r  

a s  a  f r e e  o r  s o l v a te d  io n ,  and p o in te d  o u t  s i m i l a r i t i e s  

be tw een th e  b e h a v io r  o f  s u l f u r  t r i o x i d e  i n  w a te r  and aluminum 

c h l o r i d e  i n  phosgene  (COClg) to  i l l u s t r a t e  h i s  p o i n t  (T a b le  

I I I - l ) .  He c o n c lu d ed  t h a t  p h o sg e n e ,  l i k e  w a te r ,  ammonia, 

and o t h e r  p r o t i c  s o l v e n t s ,  i s  an i o n i z i n g  s o l v e n t  d e s p i t e  

th e  f a c t  t h a t  i t  does  n o t  c o n ta in  h y d ro g en , a l th o u g h  he d id  

n o t  s p e c i f y  th e  m anner o f  i o n i z a t i o n ^ ' ^ i

C0C12 p = = ? C 0 2+ + 2 C l"  (28 )

c o m 2 _■ :■■■? co m  * + ci" (29)
2 C0 C1 2 f ST C0 C1 * +. COCl-j" ( 3 0 )

A c co rd in g  to  Germann, th e  s i m i l a r i t i e s  i n  c h e m ic a l  b e h a v io r  

betw een  i o n i z i n g  s o l v e n t s  i n d i c a t e  t h a t  any  i o n i z i n g  s o l v e n t  

can  s e r v e  a s  th e  " p a r e n t  s o l v e n t "  o f  an a c i d - b a s e - s a l t  

sy s te m , l e a d i n g  to  a  g e n e r a l i z e d  s e t  o f  a c i d ,  b a s e ,  and 

s a l t  d e f i n i t i o n s ^ ' * 0 .

A s o lv o a c id  i s  d e f in e d  a s  a  s u b s ta n c e  t h a t  com bines 

w i th  one o r  more m o le c u le s  o f  th e  p a r e n t  s o l v e n t  t o  p ro d u ce  

an  a d d i t i o n  compound w i th  t h e  f o l lo w in g  p r o p e r t i e s *



T ab le  I I I - l :  Com parison  o f  P r o p e r t i e s  o f  SO^ i n  H^O and A lC l^  i n  COClg

P r o p e r t y  SOg i n  HgO A1C13 i n  C0C12

S o l v a t i o n  SO^ + H20 _______H2S0^ 2 A1C13 + C0C12 -----^ C 0 A l2Clg

E l e c t r o l y t i c  H?SO. ---------^  2 H+ + SO^2’
C o n d u c t iv i ty

C0Al2Clg  -----^  C02+ + A12C1q2"

E l e c t r o l y s i s  H? + ^  0 .  
P ro d u c ts

CO + c i 2

R e a c t io n  w i th  H^SOr + Mg/ >
M e ta ls  ' s '

------------- ^  MgSO^ ♦ H2 (g )

COAlgClg + ^ S ( s )

R e a c t io n  w i th  H?SOj, + Na?CO~
M eta l Compounds

-------------> Na2S0^ + H20 + C02 (g

C0A12C1q + Na2C03

Na2A12C18 + 2 C02 (g )

A c id -B ase  H^SOi, + Na^O 
N e u t r a l i z a t i o n

-------------^  Na2S04 + H20
( s a l t )  ( s o l v e n t )

C0A12C1q + 2 NaCl
--------------> NaAlgClg + C0C12

( s a l t )  ( s o l v e n t )
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a )  i t  i s  an e l e c t r o l y t e  c a p a b le  o f  d i s s o c i a t i n g  i n t o  

a c a t i o n  i d e n t i c a l  to  th e  s o l v e n t  c a t i o n  and a 

complex a n io n  composed o f  a tom s from b o th  th e  s o lv o -  

a c id  and th e  p a r e n t  s o lv e n t*

b) m e ta l s  and m e ta l  compounds r e a c t  w i th  th e  a d d i t i o n  

compound to  p ro d u ce  s a l t s ;  w i th  m e t a l s ,  a  g a s  

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

c )  th e  s o lv o a c id  i s  n e u t r a l i z e d  by a  s o lv o b a s e ,  

p ro d u c in g  a  s a l t  and p u re  s o l v e n t .

The r e a c t i o n s  o f  aqueous SO^ and A lC l^  i n  phosgene  e x e m p li fy  

th e  c h a r a c t e r i s t i c  b e h a v io r  o f  a c i d s  a c c o rd in g  to  Germann.

S o lv o b a se s  a r e  m e t a l l i c  d e r i v a t i v e s  o f  th e  p a r e n t  

s o l v e n t  t h a t  d i s s o c i a t e  i n t o  m e ta l  i o n s  and a n io n s  i d e n t i c a l  

to  th e  s o l v e n t  a n io n .  S o lv o b a se s  a r e  good c o n d u c to r s  and 

n e u t r a l i z e  s o l v o a c i d s .  S o l v o s a l t s  a r e  th e  p r o d u c t s  o f  s o lv o -  

a c i d - m e t a l ,  s o l v o a c i d - m e t a l  compound, o r  s o l v o a c i d - s o l v o b a s e  

r e a c t i o n s .  They a r e  good c o n d u c to r s  and may u ndergo  s o l v o l y -  

s i s .

Germann’s d e f i n i t i o n s  r e s t  on th e  f o r m a t io n  o f  c h a r a c -  

t e r i s t i c  s o l v e n t  i o n s .  S u b s ta n c e s  which i n c r e a s e  th e  CO 

c o n c e n t r a t i o n  i n  phosgene  a r e  a c i d s  and th o s e  which i n c r e a s e  

th e  C l“ c o n c e n t r a t i o n  a r e  b a s e s .  These d e f i n i t i o n s  r e t a i n  

F r a n k l i n ’s s o lv o a c id - n o n s o lv o a c id  d i s t i n c t i o n  i n  name b u t  

a l t e r  i t s  m eaning to  r e f l e c t  G erm ann 's  em ph as is  on s o l v a t i o n  

p r i o r  to  i o n i z a t i o n .  Hydrogen c h l o r i d e  i s  a  s o lv o a c id  i n  

w a te r  by t h i s  d e f i n i t i o n  s i n c e  th e  hydronium  io n  c o n c e n t r a ­

t i o n  o f  an  aqueous HC1 s o l u t i o n  e x c e e d s  t h a t  o f  p u re  w a te r ,
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w hereas  F r a n k l in  d id  n o t  r e g a rd  HC1 a s  an a q u o a c id .  However, 

HC1 i s  n o t  a  s o lv o a c id  i n  p h o sg en e j i n  f a c t ,  one o f  th e  am bi­

g u i t i e s  o f  G erm ann 's  d e f i n i t i o n s  i s  t h a t  HC1 i n  phosgene  may 

be r e g a rd e d  a s  a  b a se  s i n c e  i t  c o n t a i n s  th e  c h l o r i d e  i o n .  On 

th e  o t h e r  h and , th e  e a r l y  s o lv o a c id  d e f i n i t i o n  o f  Germann d o es  

o f f e r  an e x p la n a t i o n  o f  m e ta l  io n ,  e . g . ,  Al^ , a c i d i t y ,  based  

on s o l v a t i o n ,  t h a t  i s  a n a lo g o u s  to  th e  B r^n s ted -L o w ry  co n cep ­

t i o n  o f  aq u o m e ta l  io n  a c i d i t y .
11-1*3T r a c e r  s t u d i e s  w i th  r a d i o a c t i v e  c h l o r i n e  J i n d i c a t e

t h a t  th e  exchange r a t e  be tw een  A1C1- and phosgene  i n  s o l u t i o n

i s  v e ry  s lo w . H e te ro g en e o u s  c h l o r i n e  exchange be tw een  th e

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

p h o sg e n e ,  i s  a l s o  e x t r e m e ly  s lo w . I o n i c  c h l o r i d e s  exchange

r a p i d l y  w i th  a  p hosgene  s o l u t i o n  o f  aluminum c h l o r i d e  b u t  t h i s

exchange seems to  o c c u r  d i r e c t l y  be tw een th e  s o l u t e  and th e

s o l i d  p h ase  s i n c e  no a c t i v i t y  i s  found in  s o l v e n t  d i s t i l l e d

from such  s o l u t i o n s .  Thus th e  e v id e n c e  i s  t h a t  phosgene  i s

n o t  an i o n i z i n g  s o l v e n t ,  s i n c e  exchange o f  c h l o r i d e  w i th  A lC l^

and i o n i c  c h l o r i d e s  would o th e r w is e  be r a p i d .  H uston  and 
12Lang a t t r i b u t e d  th e  c o n d u c t i v i t i e s  m easured by Germann t o  

r e a c t i o n s  i n  which th e  s o l v e n t  p l a y s  no r o l e ,  e . g . ,

2 A1C13 ;=■■=? A1C12+ + A lC ljj” ( 3 1 )

However, G erm ann 's  u n f o r t u n a t e  c h o ic e  o f  s o l v e n t  was n o t  

d i s c o v e r e d  t i l l  much l a t e r  and c o n s e q u e n t ly  d id  n o t  a f f e c t  

o t h e r  a t t e m p te d  s o l v e n t  sy s te m  d e f i n i t i o n s  b a sed  on h i s  w ork . 

Cady and E l s e y * ' ^ ’ r e a c he d  s i m i l a r  d e f i n i t i o n s ,
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d e s c r i b i n g  an a c id  a s  a  s o l u t e  t h a t ,  by d i r e c t  d i s s o c i a t i o n  

in  o r  r e a c t i o n  w i th  an  i o n i z i n g  s o l v e n t ,  i n c r e a s e s  th e  s o l v e n t  

c a t i o n  c o n c e n t r a t i o n .  A b a se  i n c r e a s e s  th e  s o l v e n t  a n io n  

c o n c e n t r a t i o n  i n  an a n a lo g o u s  m anner. N e u t r a l i z a t i o n  

( e q u a t io n  ( 2 ) )  was amended by th e  C ad y -E lsey  d e f i n i t i o n s  

to  em phasize  th e  s o l v e n t  ro le *

A c id ic  S o lu t io n  + B a s ic  S o lu t io n

—  )  S a l t  + S o lv e n t  (32)

Thus a c i d s  do n o t  r e a c t  w i th  b a s e s  d i r e c t l y ,  b u t ,  i n s t e a d ,  

s o l v e n t  c a t i o n s  and a n io n s  a r e  th e  a c t u a l  r e a c t i n g  e n t i t i e s  

i n  n e u t r a l i z a t i o n .  Cady and E ls e y  d e f in e d  s a l t s  a s  e l e c t r o ­

l y t e s  d i s s o c i a t i n g  i n t o  a t  l e a s t  one c a t i o n  and a t  l e a s t  

one a n io n  d i f f e r e n t  from th e  s o l v e n t  i o n s .  A c id ic  and b a s i c  

s a l t s  d i s s o c i a t e  to  form  th e  s o l v e n t  c a t i o n  and a n io n ,  

r e s p e c t i v e l y ,  i n  a d d i t i o n  to  th e  n o n s o lv e n t  c a t i o n  and a n io n .  

O th e r  s a l t s  a r e  c o n s id e r e d  n e u t r a l ,  a l th o u g h  s o l v o l y s i s  o f  

such  s a l t s  may r e s u l t  i n  s o l u t i o n  t h a t  a r e  n o t  n e u t r a l .

T h e o r e t i c a l l y  any s o l v e n t  may be t r e a t e d  i n  th e  same 

manner a s  w a te r  by t h i s  a p p ro a c h ,  s t a r t i n g  w i th  th e  d e t e r ­

m in a t io n  o f  an a u t o i o n i z a t i o n  c o n s t a n t  Kg and th e  e s t a b l i s h ­

ment o f  a  s c a l e  a n a lo g o u s  to  th e  pH s c a l e  w i th  a  p o i n t  o f  

n e u t r a l i t y  a t  £ pKg*

Cady and E ls e y  r e t a i n e d  th e  s o lv o a c id  and s o lv o b a s e  

c o n c e p t  o f  F r a n k l in  i n  t h e i r  d e f i n i t i o n s  b u t  th e  c o m p le x i t i e s  

in v o lv e d  i n  th e  d e t e r m i n a t i o n  o f  s o l v o a c i d s  and b a s e s  i n  th e  

wide v a r i e t y  o f  s o l v e n t s  c o v e red  by t h e i r  c o n c e p t  and th e
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f u n c t i o n a l  u s e l e s s n e s s  o f  d i s t i n g u i s h i n g  betw een  s u b s ta n c e s  

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

sy s tem s  th e o r y  to  a  p o s i t i o n  o f  m a rg in a l  s i g n i f i c a n c e .  By th e  

1 9 3 0 's ,  when J a n d e r ^ ’ ^ ’ ®’ a p p l i e d  th e  C a d y -E lse y  s o l v e n t  

sy s tem s  c o n c e p t  to  l i q u i d  s u l f u r  d i o x i d e ,  th e  i d e a  o f  

m a in t a in in g  such  a  d i s t i n c t i o n  was o b s o l e t e .

The low c o n d u c t i v i t y  o f  p u re  l i q u i d  SOg, i t s  good 

s o l v a t i n g  pow er, and th e  h ig h  c o n d u c t i v i t y  o f  i t s  s o l u t i o n s  

caused  J a n d e r  to  v iew  SOg a s  an i o n i z i n g  s o l v e n t  whose e x a c t  

m anner o f  i o n i z a t i o n  i s  unknown*

SO g r ~  * S0 2+ + 0 2" ( 3 3 )

2 so2r --  — S0 2+ + so32" ( 3*0

3 so2 =* s o s o 22+ + so32" ( 3 5 )

However, h i s  o b s e r v a t i o n  t h a t  t h i o n y l  compounds behave l i k e

a c i d s  and s u l f i t e s  l i k e  b a s e s  i n  t h i s  s o l v e n t  l e d  him to

c o n c lu d e  t h a t  th e  s o l v e n t  c a t i o n  i s  th e  f r e e  o r  s o l v a te d  
2+t h i o n y l  (SO ) io n  and t h a t  th e  s o l v e n t  a n io n  i s  th e  s u l f i t e  

i o n .  Thus t h i o n y l  c h l o r i d e  i s  an a c id  i n  l i q u i d  SOg*

S0C l2 F = = = i  S02+ + 2 C l"  ( 3 6 )

and n e u t r a l i z a t i o n  i n  t h i s  s o l v e n t  i s  r e p r e s e n t e d ,  i n  th e  

J a n d e r  v iew , by , e . g . ,

S0C12 + Cs2S03-------------> 2 CsCl + 2 SOg (37 )

S u b s ta n c e s  o t h e r  th a n  s u l f i t e s  t h a t  a r e  c a p a b le  o f  i n t e r ­

a c t i n g  w i th  th e  s o l v e n t  to  i n c r e a s e  th e  s u l f i t e  io n
Q

c o n c e n t r a t i o n  a r e  a l s o  c o n s id e r e d  b a s e s  , e . g . ,
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2 NH3 + 2 S02  ----- (NH3 ) 2S02+ + S032'  (38 )

O th e r  c h a r a c t e r i s t i c  a c i d - b a s e  phenomena a r e  a l s o  o b se rv ed  i n  

t h i s  s o l v e n t ,  e . g . ,  A12 (S 0 ^ ) 3 i s  a m p h o te r ic  i n  S02 , j u s t  a s  

aluminum h y d ro x id e  i s  i n  w a te r .

Exchange e x p e r im e n ts  w i th  l a b e l l e d  s u l f u r  and oxygen

i n  t h i s  medium have d i s p u t e d  th e  v a l i d i t y  o f  th e  C ad y -E lsey
e. i q _22

and J a n d e r  c o n c e p ts  . T h io n y l  c h l o r i d e  and brom ide

exchange oxygen and s u l f u r  w i th  th e  s o l v e n t  v e ry  s lo w ly ,  i n  

c o n t r a d i c t i o n  w i th  th e  a s s u m p t io n s  o f  e q u a t io n s  (3 3 )  -  (35) 

and e q u a t io n  ( 3 8 ) .  On th e  o t h e r  h and , s u l f i t e  exchange i s  

so  r a p i d  i n  t h i s  s o l v e n t  t h a t  i t  seems u n l i k e l y  t h a t  th e  

l i m i t e d  s o l v e n t  d i s s o c i a t i o n  a lo n e  can  a c c o u n t  f o r  i t .  The 

i d e n t i t y  o f  th e  s o l v e n t  c a t i o n  i n  S02 i s  t h e r e f o r e  u n c e r t a i n  

a l th o u g h  th e  s o l v e n t  a n io n  i s . s u l f i t e .

The f a i l u r e  o f  th e  Germann and C ad y -E lsey  c o n c e p ts  i n  

p h o sg e n e ,  s u l f u r  d i o x id e ,  and i n  o t h e r  s o l v e n t s  r a i s e d  th e  

q u e s t i o n  w h e th e r  a c i d s  and b a s e s  were to  be r e g a rd e d  a s  

s u b s ta n c e s  whose c h a r a c t e r i s t i c  p r o p e r t i e s  a r e  l i n k e d  to  th e  

e x i s t e n c e  o f  i o n s  o f  a  s o l v e n t  w i th o u t  s e e k in g  a  t r a i t  common 

to  and i n h e r e n t  i n  th e  a c i d s  and b a s e s  th e m s e lv e s .  L e w i s ^  

to u ch ed  on th e  i d e a  o f  c o n s i d e r i n g  an a c id  a  s u b s ta n c e  l e a d i n g  

to  s o l v e n t  c a t i o n  p r o d u c t io n  o r  a  s u b s ta n c e  com bin ing  w i th  

s o l v e n t  a n io n s ,  and r e g a r d i n g  a  b a se  a s  c a p a b le  o f  s o l v e n t  

a n io n  p r o d u c t io n  o r  c o m b in a t io n  w i th  s o l v e n t  c a t i o n s .  He 

c r e d i t e d  t h i s  a p p ro a c h  w i th  b e in g  more g e n e r a l  th a n  th e  p r o to n  

d e f i n i t i o n  b u t  a t  th e  same tim e  n o te d  th e  a t te m p te d  r e s t r i c ­
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t i o n  o f  w hat he f e l t  were s o l v e n t - i n d e p e n d e n t  phenomena. On 

th e  o t h e r  hand , t h e r e  were ex trem e  a d h e r e n t s  o f  th e  s o l v e n t  

sy s te m s  th e o r y  a s  p r e s e n t e d  by Cady and E ls e y  who, d e s p i t e  

e v id e n c e  to  th e  c o n t r a r y ,  i n s i s t e d  t h a t  a c i d i t y  and b a s i c i t y  

were s o l u t i o n  p r o p e r t i e s .  They r e j e c t e d  th e  i d e a  o f  a c i d - b a s e  

r e a c t i o n s  i n  th e  a b se n c e  o f  o r  w i th o u t  th e  p a r t i c i p a t i o n  o f  a  

s o l v e n t ,  a t t r i b u t i n g  such  p r o c e s s e s  to  i o n i c  o r  p o l a r  cov a ­

l e n t  f o r c e s ,  and m a in ta in e d  t h a t  th e  o n ly  t r u e  a c i d - b a s e

r e a c t i o n s  were th o s e  betw een  s o l v e n t  c a t i o n s  and s o l v e n t  
2ba n io n s  . A cco rd in g  to  t h i s  v ie w p o in t ,  aqueous h y d r o c h l o r i c  

and s u l f u r i c  a c i d s  a r e  a c i d s  b u t  p u re  hydrogen  c h l o r i d e  and 

hydrogen  s u l f a t e  a r e  n o t j  t h i s  r e p r e s e n t s  a  r e g r e s s i o n  to  th e  

days  o f  A r rh e n iu s  and i s  r e c o g n iz e d  a s  such  to d a y .
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C. E l e c t r o n i c  S t r u c t u r e  and th e  S o lv e n t  System s Theory

8  17 2 5̂W ic k e r t  ’ fo rm u la te d  an a c i d - b a s e  t h e o r y  c o u p l in g

n e u t r a l i z a t i o n  ( e q u a t io n  ( 2 ) ) ,  w hich he c o n s id e r e d  th e  d e f i ­

n i t i v e  a c i d - b a s e  p r o p e r t y ,  w i th  a  c l a s s i f i c a t i o n  o f  a c i d s  and 

b a se s  founded  upon th e  e l e c t r o n i c  s t r u c t u r e s  o f  t h e i r  i o n s .  

C r i t i c i z i n g  th e  B r /n s te d -L o w ry  a p p ro a c h  f o r  i t s  i n v a l i d i t y  

o u t s i d e  p r o t i c  s o l v e n t s ,  W ic k e r t  c o n c e iv e d  o f  h i s  t h e o r y  a s  

a p p l i c a b l e  to  m ost i o n i z i n g  s o l v e n t s ,  which he term ed " w a te r ­

l i k e " .  W a te r - l ik e  s o l v e n t s  d i s s o c i a t e  i n t o  c a t i o n s  w i th o u t  

and a n io n s  w i th  c lo s e d  e l e c t r o n i c  c o n f i g u r a t i o n s ,  e . g . ,

H20 } H+ + OH" (39 )

SbC l3 ^ = = ?  Sb3+ + 3 C l"  (40 )

(See  a l s o  e q u a t io n s  (33 ) -  ( 3 5 ) . )  W ic k e r t ’ s d e f i n i t i o n  o f  

w a t e r - l i k e  s o l v e n t s  e x c lu d e s  m o lte n  s a l t s  and b a s e s  b e ca u se  

t h e i r  c a t i o n s ,  a s  w e l l  a s  t h e i r  a n io n s ,  have c lo s e d  c o n f ig u ­

r a t i o n s ,  e . g . ,

N a C l ^ j  p .- - - .:11* Na+ + C l"  ( 4 l )

NaOH(1 )  r -   ■ Na+ + OH" (42 )

Thus W ic k e r t  d i f f e r e n t i a t e d  be tw een  w a t e r - l i k e  s o l v e n t s  on 

one hand and s a l t s  and b a s e s  on th e  o t h e r  s o l e l y  on th e  b a s i s  

o f  th e  e l e c t r o n i c  c o n f i g u r a t i o n s  o f  t h e i r  c a t i o n s .

The d i f f e r e n c e  betw een s a l t s  and b a s e s  i s  re d u c e d  to  a  

c o m parison  o f  s o l u t e  and s o l v e n t  a n io n s  i n  t h i s  c o n c e p t io n .

A s o l u t e  t h a t  i s  a  s a l t  i n  m ost s o l v e n t s  i s  a  b a se  i n  th o s e  

s o l v e n t s  t h a t  d i s s o c i a t e  to  form  an  a n io n  i d e n t i c a l  t o  th e  

s o l u t e  a n io n ,  e . g . ,  sodium h y d ro x id e  i s  a  b a se  i n  aq ueous
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s o l u t i o n  b u t  a  s a l t  i n  l i q u i d  s u l f u r  d i o x i d e .  W ic k e r t  a l s o  

n o te d  t h a t  a c id  d i s s o c i a t i o n  r e s u l t s  i n  th e  f o rm a t io n  o f  open 

s h e l l  c a t i o n s  and c l o s e d - s h e l l  a n io n s ,  j u s t  a s  i n  th e  d i s s o c i  

a t i o n  o f  w a t e r - l i k e  s o l v e n t s .  An a c i d - b a s e  t h e o r y  emerged 

from th e s e  c o n s i d e r a t i o n s  which p i c t u r e s  s a l t s  and b a s e s  a s  

one p a i r  o f  c l o s e l y  r e l a t e d  c a t e g o r i e s ,  and a c i d s  and w a te r ­

l i k e  s o l v e n t s  a s  a n o t h e r .  The n a t u r e  o f  th e  s o l v e n t  a n io n  

d i s t i n g u i s h e s  a  b a se  from a  s a l t }  an a c id  d i f f e r s  from a  

w a t e r - l i k e  s o l v e n t  s im p ly  b e c a u se  th e  fo rm e r  i s  a  s o l u t e  and 

th e  l a t t e r  a  s o l v e n t ,  i . e . ,  a l l  a c i d s  i n  th e  p u re  s t a t e  a r e  

w a t e r - l i k e  s o l v e n t s .

C o n se q u e n tly ,  W i c k e r t ' s  v iew  o f  n e u t r a l i z a t i o n  a p p e a r s  

to  be an a n a lo g u e  o f  B r ^ n s t e d 's  d o u b le  c o n ju g a te  p a i r  a c i d -  

ba se  e q u i l i b r i u m  p r e d i c a t e d  upon e l e c t r o n i c  c o n f i g u r a t i o n !

Acid + Base ■ ■ ■> S a l t  + S o lv e n t  (^3 )
C losed

e l e c t r o n i c
c o n f i g u r a t i o n !  a n io n  c a t i o n  c a t i o n  a n io n  

o n ly  and and o n ly
a n io n  a n io n

The i n t e r c h a n g e a b i l i t y  o f  a c i d s  and s o l v e n t s ,  o r  o f  b a s e s  and 

s a l t s ,  im p l i e s  no d i s t i n c t i o n  on th e  p a r t  o f  t h i s  t h e o r y  

be tw een  n e u t r a l i z a t i o n  and s o l v o l y s i s ,  j u s t  a s  i n  th e  p r o t o ­

l y s i s  c o n c e p t .  W ic k e r t  c o n s id e r e d  h i s  d e f i n i t i o n s  a b s o l u t e ,  

s o l v e n t - i n d e p e n d e n t ,  and e x t e n d i b l e  to  p r o c e s s e s  o u t s i d e  th e  

l i q u i d  s t a t e .  One o f  th e  c o r o l l a r i e s  d e r iv e d  from  W ic k e r t ' s  

d e f i n i t i o n s  i s  th e  s t i p u l a t i o n  t h a t  any  s u b s ta n c e  th a n  i s  an

a c i d  i n  one w a t e r - l i k e  s o l v e n t  and d i s s o c i a t e s  i n  th e

same manner i n  a n o th e r  w a t e r - l i k e  s o l v e n t  i s  a l s o  an  a c i d
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i n  th e  l a t t e r  s o l v e n t .  T h is  p r i n c i p l e  c l a r i f i e s  th e  c o n fu s io n  

caused  by Germann and C a d y -E lse y  c o n c e p ts  i n  w hich , f o r  _ 

i n s t a n c e ,  HC1 i s  c o n s id e r e d  a  b a se  i n  p hosgene  b e ca u se  i t  

d i s s o c i a t e s  to  form th e  s o l v e n t  a n io n .  The e l e c t r o n i c  

s t r u c t u r e  o f  th e  d i s s o c i a t i o n  p r o d u c t s  o f  HC1 make i t  u n e q u i ­

v o c a l l y  an a c id  i n  th e  W ic k e r t  s e n s e .  However, r e t e n t i o n  o f  

th e  W ic k e r t  d e f i n i t i o n s  c a u se  a  r e a c t i o n  such  a s

SbBr3 + 3 HC1 --------- > 3  HBr + SbCl^ (kk)

to  be r e g a rd e d  a s  a  m e t a t h e t i c a l  a c i d - a c i d  r a t h e r  th a n  a c i d -  

b a se  p r o c e s s  i n  SbCl^ s o l v e n t .

W ic k e r t ' s  t h e o r y ,  a l th o u g h  fo rm u la te d  on a  s o l v e n t -  

sy s te m s  b a s i s ,  d o es  n o t  l i m i t  a c i d s  and b a s e s  to  s u b s ta n c e s  

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

an a c id  rem a in s  an a c id  no m a t t e r  w hat th e  s o l v e n t  (a ssu m in g  

th e  m anner i n  which th e  a c i d  d i s s o c i a t e s  i s  unchanged) i s  an  

a f f i r m a t i o n  o f  th e  g e n e r a l  n a t u r e  o f  a c i d i t y  phenomena and o f  

th e  in h e r e n c e  o f  a c id  p r o p e r t i e s  i n  th e  a c i d s  th e m s e lv e s .

On th e  o t h e r  hand , W ic k e r t  im p l i e s  t h a t  i o n i z a t i o n  i s  

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

r e l e g a t e s  am pho terism  to  n o t h in g  more th a n  d i f f e r e n c e s  i n  th e  

m anner o f  i o n i z a t i o n .  In  a d d i t i o n ,  a  number o f  s u b s ta n c e s  

w i th  a c i d i c  p r o p e r t i e s  f a l l  i n t o  th e  c a t e g o r y  o f  W ic k e r t  

b a s e s  b e c a u se  t h e i r  c a t i o n s  have open e l e c t r o n i c  c o n f i g u r a ­

t i o n s ,  e . g . ,  A lB r^ , i n d i c a t i n g  t h a t  t h e s e  d e f i n i t i o n s  a r e

n o t  g e n e r a l  enough®. 
l8C ruse  p o in te d  o u t  t h a t  W i c k e r t ' s  i d e a s  a l s o  l e a d  to



n e u t r a l i z a t i o n  p r o c e s s e s  i n  which th e  p u re  s o l v e n t  i s  n o t

a p r o d u c t  and t h a t  th e  W ic k e r t  t h e o r y  i s  t h e r e f o r e  n o t  a  t r u e

s o l v e n t  sy s te m s  c o n c e p t ,  e . g . ,  i n  l i q u i d  S02

2 HC1 + K 2 S 0 3 __________ ^  2 KC1 + H g S O ^  ( 4 5 )

C ruse  b e l i e v e d  t h a t  W ic k e r t  e r r e d  i n  r e g a r d i n g  n e u t r a l i z a t i o n  

a s  th e  s o l e  d e f i n i t i v e  a c i d - b a s e  p r o p e r t y  from a  s o l v e n t  

sy s te m s  p o i n t  o f  v iew  ( e q u a t io n  ( 2 ) )  b e ca u se  a c i d s  and b a s e s  

a r e  c a p a b le  o f  r e a c t i o n  i n  i n e r t  s o l v e n t s  such  a s  b e n ze n e .  

However, i n d i c a t o r  c o l o r  changes  may be o b se rv ed  f o r  a c i d - b a s e  

r e a c t i o n s  i n  i n e r t  a s  w e l l  a s  i n  i o n i z i n g  m ed ia ,  and C ruse  

used  i n d i c a t o r s  to  d e m o n s t r a te  w hat he b e l i e v e d  was B r /fn s ted -  

ty p e  b e h a v io r  in  l i q u i d  s u l f u r  d i o x i d e .  When a n i l i n e  i s  

d i s s o l v e d  i n  S02 a y e l lo w  c o l o r  a p p e a r s  t h a t  i s  a t t r i b u t e d  to  

th e  f o r m a t io n  o f  a  s o l u t e  s o l v e n t  a d d u c t i

c6h5nh2 + so2-------- > c6h5nh2so2 (46)

C ruse  p o s t u l a t e d  t h a t  th e  a d d u c t  form s a s  a  r e s u l t  o f  e l e c t r o n  

exchange  betw een a n i l i n e  and SC>2 , and t h a t  a c i d s  b ind  b a s e s  

v i a  an e l e c t r o n  exchange m echanism . The d e c o l o r i z a t i o n  o f  

an a n i l i n e  s o l u t i o n  i n  S02 by a  hydrogen  a c i d i

C6H5NH2S02 + HA---------> C 6H5NH3+ + A“ + S02 ( 4 7 )

r e p r e s e n t s  a  d o u b le  a c i d - b a s e  e q u i l i b r i u m  i n  w hich th e  

e l e c t r o n  exchange mechanism o f  a n i l i n e  i s  t r a n s f e r r e d  from 

S02 to  H+ . T h is  r e p r e s e n t e d  B r ^ n s te d - ty p e  b e h a v io r  to  C ruse  

and c o n firm ed  w hat he p e r c e iv e d  a s  th e  g e n e r a l  v a l i d i t y  o f  

th e  B r^h s ted -L ow ry  th e o r y  even in  a  s o l v e n t  such  a s  s u l f u r
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d i o x id e ,  whl'*> bas n e i t h e r  p r o to n  d o n a t in g  n o r  p r o to n  a c c e p ­

t i n g  proper f
■ * ■ f . 0*7

Smith *' '* a l s o  d e v is e d  a  s e t  o f  s o l v e n t  sy s te m s  a c i d -  

b a se  d e f i n l  t j </iis founded on e l e c t r o n i c  s t r u c t u r e .  An a c i d  i s

a  n e u t r a l  <>i < h a rged  s o l u t e  a c t i n g  a s  an e l e c t r o n  p a i r  

a c c e p t o r  tow ards a  m o lecu le  o r  io n  o f  th e  s o l v e n t ,  and a  b a se  

i s  a  n e u t r u l  o r  c h a rg ed  s o l u t e  a c t i n g  a s  an e l e c t r o n  p a i r  

d o n o r  tow arir: a s o l v e n t  m o le cu le  o r  i o n .  S m i t h 's  d e f i n i t i o n s  

g iv e  th e  same r e s u l t s  a s  th e  B r^ns ted -L ow ry  t h e o r y  in  p r o t i c  

s o l v e n t s i

C1H ♦ «0H2 f = ^ G l ” ♦ HtOHg* (kQ)

H2N«" ♦ HOH j ■■■— • HgNtH + 0H~ (A9)

b u t  th e y  a r e  e q u a l ly  a p p l i c a b l e  to  a p r o t i c  s o l v e n t s  such  a s  

se len iu m  o x y c h lo r id e ,  r e g a rd e d  by Sm ith  a s  th e  p a r e n t  s o l v e n t  

o f  a  so lv o sy s te m  o f  a c i d s ,  b a s e s ,  and s a l t s 2**'2^«

SeOCl2 —  r  J  SeOCl+ + C l"  (50)

A cids ( e l e c t r o n  p a i r  a c c e p t o r s )  i n c r e a s e  th e  s o l v e n t  c a t i o n  

c o n c e n t r a t i o n ,  e . g . ,

SO^ ♦ SeOCl2 S03C1" + SeOCl* (51)

SnCli4 f 2 SeOCl2 r = = ^ S n C l 6 2" + 2 SeOCl+ (52 )

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

c o n c e n t r a t i o n  S m i th 's  d e f i n i t i o n s  t h e r e f o r e  i n c lu d e  th o s e  

o f  Germann nn-1 o f  Cady and E l s e y .  Sm ith  drew  a  d i s t i n c t i o n  

between ln*M ilpntal and o t h e r  b a s e s .  The fo rm e r  a r e  b a s e s  

c o n ta in in g  * 'lr»ctron p a i r  d o n a t in g  g ro u p s  i d e n t i c a l  to  th e
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s o l v e n t  a n io n ,  e . g . ,  m e t a l l i c  c h l o r i d e s  i n  SeOClg. Sm ith  

found t h a t  th e s e  b a s e s  a r e  weak compared to  th o s e  i n  th e  

l a t t e r  c a t e g o r y ,  e . g . ,

C ^ N  + SeOCl2 C^H^NSeOGl+ + C l“ (53)

N e u t r a l i z a t i o n  r e s u l t s  i n  s a l t  and s o l v e n t  f o rm a t io n  

( e q u a t io n  (2 ) )»

SeOCl+ + S03C1" + C^H^NSeOCl* + C l"

--------------» C5H5NS03 + 2 SeOClg (5*0

The c o m b in a t io n  o f  e l e c t r o n i c  s t r u c t u r e  w i th  th e  s o l v e n t  

sy s te m s  t h e o r y  r e p r e s e n t e d  an  a t t e m p t  to  d e s c r i b e  a c i d s  and 

b a se s  i n  f u n c t i o n a l  r a t h e r  th a n  in  c o n s t i t u t i v e  ( s o l v e n t  

c a t i o n - a n i o n  o r  p r o t o n i c )  t e r m s .  I t  found a c c e p ta n c e  n o t  

w i th in  th e  s o l v e n t  sy s tem s  t h e o r y  b u t  a s  a  c o r o l l a r y  o f  

th e  e l e c t r o n i c  a c i d - b a s e  t h e o r y  o f  L ew is , which d o e s  n o t  

d i s t i n g u i s h  betw een s o l u t e  and s o l v e n t .  Most a d h e r e n t s  o f  

th e  s o l v e n t  sy s te m s  th e o r y  d id  n o t  r e g a r d  e l e c t r o n i c  

s t r u c t u r e  a s  s i g n i f i c a n t  i n  e x p l a i n i n g  a c id  base  b e h a v io r  

and s t i l l  m a in ta in e d  t h a t  s o l v e n t  io n  f o rm a t io n ,  w h a te v e r  

th e  m eans, was th e  d e f i n i t i v e  a c i d - b a s e  t r a i t .
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D. A cids and B ases i n  M elts  

28Lux b e l i e v e d  t h a t  m e l t s  co u ld  a c t  a s  s o l v e n t s ,  a l b e i t  

i n  a  h ig h  te m p e ra tu re  r a n g e ,  and began th e  d ev e lo p m e n t o f  an  

a c i d - b a s e  t h e o r y  f o r  o x id e  m e l t s  a n a lo g o u s  to  th e  p r o t o n i c  

t h e o r y .  A cco rd in g  to  Lux, th e  o x id e  io n  s e r v e s  th e  same 

p u rp o se  i n  o x id e  m e l t s  t h a t  th e  p r o to n  do es  i n  aq ueous  s o l u ­

t i o n ,  i . e . ,  i t s  c o n c e n t r a t i o n  i s  c h a r a c t e r i s t i c  o f  th e  s t a t e  

o f  th e  m e l t .  The n e g a t iv e  c h a rg e  o f  th e  o x id e  io n  r e q u i r e s  

a  r e v e r s a l  o f  d o n o r - a c c e p t o r  a b i l i t i e s  o f  a c i d s  and b a se s  

r e l a t i v e  to  th e  p r o t o n ,  i . e . ,  a  b a se  i s  an o x id e  d o n o r  and 

an a c id  i s  any  o x id e  a c c e p to r '* '  28 -31 ,

Base r  .. — Acid + 0 2“ (55)

Lux t h e r e f o r e  p o s t u l a t e d  th e  same k in d  o f  i n v e r s e  a c i d - b a s e  

r e l a t i o n s h i p  f o r  o x id e  m e l t s  t h a t  B r^ n s te d  d id  f o r  p r o t o l y t e s  

and was a b le  to  u t i l i z e  some o f  th e  i d e a s  a s s o c i a t e d  w i th  th e  

p r o t o n i c  t h e o r y .  F o r  exam ple , sodium o x id e  i s  a  b a se  whose 

c o n ju g a te  a c id  i s  th e  sodium i o n ,  and s u l f u r  t r i o x i d e  i s  an  

a c i d  whose c o n ju g a te  base  i s  th e  s u l f a t e  ion*

Na20 2 Na+ + 0 2~ (56 )

SÔ + o2" " - sOjj2- (57)

An a c i d - b a s e  r e a c t i o n  i s  an  o x id e  io n  t r a n s f e r  be tw een  two 

c o n ju g a te  a c i d - b a s e  p a i r s  a n a lo g o u s  to  p r o t o l y s i s  *

Na20 + SC?3 j s-l„ :■) 2 Na* + S0^2“ (58 )

M elt a c i d i t y  and b a s i c i t y  depend  on th e  p o s i t i o n  o f  e q u i l i b r i a  

su c h  a s  e q u a t io n  ( 5 8 ) .  A sodium  s u l f a t e  m e l t  i s  c o n s id e r e d  to
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be i n  th e  n e u t r a l  r e g io n  o f  o x id e  c o n c e n t r a t i o n  s i n c e  v e ry

th e  s t r o n g  a c i d i t y  o f  th e  fo rm e r  ( o r  th e  weak b a s i c i t y  o f  

i t s  c o n ju g a te  b a s e ) .  A sodium  c a rb o n a te  m e l t  i s  s l i g h t l y  

a l k a l i n e  s in c e  c a r b o n a te  i s  a  s t r o n g e r  b a se  th a n  s u l f a t e  

and th e  d e c o m p o s i t io n  e q u i l i b r i u m  i s  s l i g h t l y  s h i f t e d  

to w ard s  COg and NagO f o r m a t io n .  A sodium o x id e  m e l t  i s  

v e ry  b a s i c  ( s i n c e  sodium io n  i s  an e x t r e m e ly  weak c o n ju g a te  

a c i d ) .

Lux d e f in e d  a  c o n c e n t r a t i o n  s c a l e  f o r  o x id e  io n  i n  

m e l t s .  L ack in g  any  i n f o r m a t io n  a b o u t  a c t i v i t y  c o e f f i c i e n t s  

i n  t h e s e  c i r c u m s ta n c e s ,  he s e t  b o th  a c t i v i t y  and c o n c e n t r a ­

t i o n  o f  o x id e  io n  e q u a l  to  th e  a n a l y t i c a l  c o n c e n t r a t i o n  o f  

d i s s o l v e d  o x id e ,  w hich , i n  m e l t s  o f  known c o m p o s i t io n ,  i s  

th e  mole f r a c t i o n  o f  o x id e i

and , i n  m e l t s  o f  unknown c o m p o s i t io n ,  i s  th e  number o f  m oles 

o f  o x id e  p e r  hundred  grams o f  m e l t i

Lux s u g g e s te d  t h a t  a  pO s c a l e  be d e v e lo p ed  f o r  o x id e  m e l t s  

a n a lo g o u s  to  th e  pH s c a l e s

l i t t l e  d e c o m p o s i t io n  to  SO^ and Na20 o c c u r s  a s  a  r e s u l t  o f

n
nNa20

( 5 9 )

n i o o  =
nNa20

( 6 0 )
100 g

pO -  l o g  n (6 1)
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I t  may be n o te d  t h a t  pO v a r i e s  i n  a  d i r e c t i o n  o p p o s i t e  from

pH* a  d ro p  i n  pO accom pan ies  an i n c r e a s e  i n  m e l t  b a s i c i t y .
29-31Flood and cow orkers  J showed t h a t  th e  r e l a t i o n s h i p  

betw een  th e  B r /n s te d -L o w ry  and Lux d e f i n i t i o n s  i s  more th a n  

fo rm a l ,  c i t i n g  a s  an example th e  f a c t  t h a t  th e  p r o to n  dona­

t i n g  s t r e n g t h s  o f  HgSO^ and HgCO^ p a r a l l e l  th e  o x id e  a c c e p ­

t i n g  s t r e n g t h s  o f  SO^ and C02 , i . e . ,  s t r o n g e r  B ro n s ted  a c i d s  

a r e  r e l a t e d  to  s t r o n g e r  Lux a c i d s .  F lood a l s o  drew  an 

a n a lo g y  betw een p o l y p r o t i c  a c i d s  and a s i m i l a r  phenomenon 

i n  o x id e  m e lts*

-H+ -H* ,  -H+
H3P04 f = f  H2P04 - f = !  HP04 2" f = = i  P 0 ^ “ (62 )

+° 2"v 9_ +° 2'  L
S i0 2 r = = =  S i0 3^ f = = *  S i O ^  ( 6 3 )

P o t e n t i o m e t r i c  and i n d i c a t o r  m ethods have been  a d a p te d  to

th e  d e t e r m i n a t i o n  o f  o x id e  a c t i v i t i e s .  Chromate i o n ,  whose 

d e c o m p o s i t io n  to  chrom ic  io n  a t  c o n s t a n t  oxygen p a r t i a l  

p r e s s u r e  i s  a  f u n c t i o n  o f  o x id e  a c t i v i t y ,  s e r v e s  a s  an 

o x id e  m e l t  a c i d i t y - b a s i c i t y  i n d i c a t o r *

2 CrOu2~ 2 C r3+ + 1 .5  0 2 + 5 0 2 '  (6*0

Therm al d e c o m p o s i t io n  and d i s p la c e m e n t  r e a c t i o n s  a l s o  

f u r n i s h  a  q u a l i t a t i v e  i d e a  o f  a c id  and base  s t r e n g t h ,  e . g . ,

MC03 f i  : ■■ — MO + C02 (g )  (65)

mco3 + s o 3 ( g ) ^ = = f  MSO  ̂ + c o 2 (g )  (66 )

F lood  employed th e  fo rm e r  te c h n iq u e  to  o b t a i n  a  q u a l i t a t i v e  

o r d e r  o f  o x id e  b a s i c i t y ,  f i n d i n g  ( a s  e x p e c te d )  t h a t  th e  m ost
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s t r o n g l y  b a s i c  o x id e s  ( t h o s e  w i th  th e  w e ak e s t  c o n ju g a te  a c id  

m e ta l  io n s )  a r e  th o s e  o f  th e  a l k a l i  and a l k a l i n e  e a r t h  

m e t a l s .  F lood  o b ta in e d  an o r d e r  o f  a c id  s t r e n g t h  i n  

o x id e  m e l t s  from d i s p la c e m e n t  r e a c t i o n s .

F lood a l s o  s u g g e s te d  t h a t  th e  Lux th e o r y  can  be 

g e n e r a l i z e d  to  s u l f i d e ,  f l u o r i d e ,  and o t h e r  m e l t s  by 

s im p le  a n a lo g y .
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E. D o n o r-A ccep to r  A c id s -B a se s  and Ionotrop .v

E b e r t  and K onopik^’ in t r o d u c e d  a  c o n c e p t  t h a t

d i f f e r e n t i a t e s  betw een  two k in d s  o f  a c i d s  and two k in d s  o f  

b a s e s  i n  a u t o i o n i z i n g  s o l v e n t s  i n  19^9* Donor a c i d s  (Ag)  

a r e  c a p a b le  o f  r e l e a s i n g  s o l v e n t  c a t i o n s  o r  any  o t h e r  a c id  

upon d i r e c t  d i s s o c i a t i o n  and may a l t e r n a t i v e l y  m a n i f e s t  

t h e i r  a c i d i t y  by r e a c t i n g  w i th  th e  s o l v e n t  to  form s o l v e n t  

c a t i o n s ,  e . g . ,

HC1 + H20 ~  H30 + + C l '  (67)

Donor b a s e s  (Bg) s p l i t  o f f  s o l v e n t  a n io n s  o r  any  o t h e r  b a se  

i n  t h e i r  d i s s o c i a t i o n  and may a l s o  r e a c t  w i th  th e  s o l v e n t  to  

p ro d u ce  s o l v e n t  a n i o n s «

NaOH(a q )  > Na + + OH' (68)

A c c e p to r  a c i d s  (AA) a r e  c a p a b le  o f  b in d in g  s o l v e n t  a n io n s  o r  

any  o t h e r  b a s e i

C02 + H20 f~ ......-  HC03" + H+ ( 6 9 )

and a c c e p t o r  b a s e s  (BA) can  b in d  s o l v e n t  c a t i o n s  o r  any  

o t h e r  ac id *

NH3 + H20 f=-~ NH^+ + 0H‘  (70 )

S a l t  fo rm a t io n  rem a in s  th e  c h a r a c t e r i s t i c  n e u t r a l i z a t i o n  

p r o c e s s  i n  t h i s  c o n c e p t ,  b u t  a  co m parison  o f  r e a c t i o n s  

be tw een  th e  d i f f e r e n t  ty p e s  o f  a c i d s  and b a s e s  r e v e a l s  a  

fu n d am e n ta l  a l t e r a t i o n  i n  th e  r o l e  o f  th e  s o l v e n t  compared 

to  th e  c l a s s i c a l  n e u t r a l i z a t i o n  p r o c e s s  ( e q u a t io n  ( 2 ) .  I t  i s
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no l o n g e r  n e c e s s a r y ,  a c c o rd in g  to  t h i s  v ie w p o in t ,  t h a t  th e  

s o l v e n t  a lw ays be a  r e a c t i o n  p r o d u c t .  On th e  c o n t r a r y ,  i t  

may be a  p r o d u c t ,  r e a c t a n t ,  o r  n e i t h e r ,  d e p en d in g  on th e  

r e a c t i n g  a c id  and b a s e i

Aq + Bd ------------- ^  S a l t  + S o lv e n t

e . g . ,  HC1 + NaOH------------- > NaCl + HgO

Aa + Ba + S o lv e n t  -------------- S a l t

e . g . ,  H20 + 2 NH3 + S02  ^ (N H ^gS O ^

Aa +----Ba -------------^  S a l t

e . g . ,  BC1 3 + (CH3 ) 3N---------- > C 1 3BN(CH3 ) 3

Aq + Ba  S a l t

e . g . ,  HC1 + NH3  »  NH^Cl

Aa + Bq -------------> S a l t

e . g . ,  Zn(0H) 2 + 2 NaOH — > Na [z n (O H )J

The E b e r t-K o n o p ik  c o n c e p t  p o s s e s s e s  two a d v a n ta g e s  o v e r  

th e  Germann and C a d y -E lse y  d e f i n i t i o n s !  i t  do es  n o t  r e s t r i c t  

a c i d s  and b a s e s  to  s u b s ta n c e s  l in k e d  to  s o l v e n t  io n  concen ­

t r a t i o n ,  and i t  r e c o g n iz e s  th e  r e l a t e d  f a c t  t h a t  th e  s o l v e n t  

do es  n o t  a lw ays p a r t i c i p a t e  i n  a c i d - b a s e  r e a c t i o n s ,  e . g . ,  

e q u a t io n  (7 ^ -b )  i n  b e n ze n e .  However, th e  d o n o r - a c c e p to r  

a c i d - b a s e  scheme i s  l i t t l e  more th a n  a  c o n v e n ie n t  method f o r  

c l a s s i f y i n g  c e r t a i n  ty p e s  o f  r e a c t i o n s  and o f f e r s  no th e o ­

r e t i c a l  f o u n d a t io n  on which to  l i n k  d o n o r  and a c c e p t o r  

a c i d s  ( o r  b a s e s ) .  I t  i s  t h e r e f o r e  a  s t e p  back  from  th e  

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

( 7 1 -a )

(7 1 -b )

( 7 2 -a )

(7 2 -b )

(7 3 -a )

(7 3 -b )

W - a )

W - b )

( 7 5 -a )  

(7 5 -b )



-109-
q u a l i t y  o r  q u a l i t i e s  r e s p o n s i b l e  f o r  th e  c h a r a c t e r i s t i c  

p r o p e r t i e s  o f  a l l  a c i d s  and b a s e s .  T here  i s  no r e a s o n  to  

c r e a t e  an  a r t i f i c i a l  d i s t i n c t i o n  betw een s u b s ta n c e s  t h a t  

behave i d e n t i c a l l y ,  f o r  exam ple , to w ard s  i n d i c a t o r s .

Gutmann and L in d q v i s t ^ ’ ^2 p o in te d  o u t  t h a t  th e  t r a n s f e r  

o f  io n s  from one s p e c i e s  to  a n o th e r  form s th e  b a s i s  f o r  

s e v e r a l  a c i d - b a s e  t h e o r i e s .  P ro to n  t r a n s f e r  i s  th e  d e f i n i n g  

p r o c e s s  i n  th e  B ro nsted -L ow ry  th e o r y ,  th e  L ux-F lood th e o r y  

i s  based  on o x id e  t r a n s f e r ,  and E b e r t  and Konopik i m p l i c i t l y  

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

b a se  r e a c t i o n ,  e . g . ,  e q u a t io n s  ( 6 9 ) and ( 75 -b )  may be 

re g a rd e d  a s  exam ples o f  h y d ro x id e  t r a n s f e r .  Gutmann and 

L in d q v i s t  u n i t e d  and g e n e r a l i z e d  t h e s e  i d e a s  i n t o  an  a c i d -  

b a se  t h e o r y  founded  on io n  t r a n s f e r  o r  " i o n o t r o p y " , which 

th e y  b e l i e v e d  was c r u c i a l  to  th e  e x i s t e n c e  o f  a c i d i t y  and 

b a s i c i t y  i n  i o n i z i n g  s o l v e n t s  and i n  m e l t s .

I o n o t r o p ic  s o lv o s y s te m s  a r e  c l a s s i f i e d  a c c o r d in g  to

w h e th e r  a  c a t i o n  o r  a n io n  i s  t r a n s f e r r e d .  I n  c a t i o n o t r o p i c

s o l v e n t s  a c i d s  a r e  c a t i o n  d o n o rs  and b a s e s  c a t i o n  a c c e p t o r s !

c a t i o n  t r a n s f e r  t a k e s  p l a c e  from a c i d  to  b a s e .  I n  a n io n o -

t r o p i c  s o l v e n t s  th e  d i r e c t i o n  o f  io n  t r a n s f e r  i s  r e v e r s e d *

an a c id  i s  an a n io n  a c c e p t o r  and a  b a se  an  a n io n  d o n o r^ * ^ 2 ’ 
34 35

% The G u tm an n -L in d q v is t  d e f i n i t i o n s  may be summarized

by 1

C a t i o n o t r o p y % Acid 7 : — ') Base + C a t io n  ( 7 6 )

A n io n o tro p y i  Base 1 » Acid + Anion (77)
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The i o n o t r o p i c  view  o f  n e u t r a l i z a t i o n  com bines th e  c l a s s i c a l  

form  ( e q u a t io n  ( 2 ) )  w i th  th e  d o u b le  c o n ju g a te  p a i r  c o n c e p t .  

Hence th e  p ro d u c t s  o f  a  n e u t r a l i z a t i o n  r e a c t i o n  rem ain  a  

s a l t  and p u re  s o l v e n t  b u t  th e  io n s  o f  th e s e  p r o d u c t s  a r e  

r e c o g n iz e d  a s  h a v in g  weak a c i d - b a s e  p r o p e r t i e s .

The o n ly  known c a t i o n o t r o p i c  s o l v e n t s  a r e  th e  p r o t o ­

t r o p i c  s o l v e n t s ,  i . e . ,  s o l v e n t s  in  which a u t o i o n i z a t i o n  

i n v o lv e s  p r o to n  t r a n s f e r .  On a p r a c t i c a l  b a s i s  c a t i o n o -  

t r o p y  i s  t h e r e f o r e  i d e n t i c a l  w i th  th e  B r /n s te d -L o w ry  and 

F r a n k l in  c o n c e p t s .  S e v e r a l  ty p e s  o f  a n io n o t r o p i c  s o l v e n t s  

and m e l t s  a r e  in c lu d e d  in  th e  G u tm an n -L in d q v is t  a p p ro a c h .

The a n io n  t r a n s f e r r e d  may be f l u o r i d e ,  c h l o r i d e ,  b rom ide , 

i o d i d e ,  o x id e ,  o r  s u l f i d e ^ ’^ ’ 3 5 -3 7 , T y p ic a l  r e a c t i o n s

in  t h r e e  d i f f e r e n t  a n io n o t r o p ic  m edia a r e  shown in  T ab le  

I I I - 2 .  O x id o tro p y  e x p la in s  th e  exchange o f  oxygen betw een 

s u l f i t e  io n  and s u l f u r  d io x id e  s o l v e n t ,  i n  w hich a u t o ­

i o n i z a t i o n  i s  to o  l i m i t e d  to  be r e s p o n s i b l e  f o r  th e  ob se rv ed
20 21r a p i d  exchange r a t e  * . Gutmann and L i n d q v i s t  b e l i e v e d

t h a t  t h e i r  d e f i n i t i o n s  can  a l s o  be ex te n d ed  to  s o l v e n t l e s s  

io n  t r a n s f e r s ^ ’

P o t e n t i o m e t r i c ,  c o n d u c t im e t r i c ,  and s p e c t r o p h o to m e t r i e  

m ethods have been a d a p te d  to  a c i d - b a s e  s t u d i e s  i n  a n io n o ­

t r o p i c  s o l v e n t s ^ ’ p a r t i c u l a r l y  by Gutmann and c o -  
< 324. 38 39

w o rk e rs^ * v , who employed th e s e  m ethods t o  p r o v id e

e x p e r im e n ta l  c o n f i r m a t io n  o f  i o n o t r o p y  u s i n g  th e  s o l v e n t  

p h o sp h o ru s  o x y c h lo r id e i
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Tab’l e  I I I - 2 »  R e a c t io n s  in  S e le c te d  A n io n o t ro p ic  Media

F lu o r i d o t r o p y i

S o lv e n t  a u t o i o n i z a t i o m  2 BrF 

A c id ic  r e a c t i o n !

B a s ic  r e a c t i o n !  KF + BrF 

N e u t r a l i z a t i o n !

-  BrF2+

SbF,. + BrF^ SbF.

[B rF 2j  [sbF6 ]  + KBrF^ 

 >  KSbF6 + 2 BrF.

C h lo r id o t r o p y !

S o lv e n t  a u t o i o n i z a t i o n !  2 AsCl

A c id ic  r e a c t i o n !  FeCl^  ♦ 

B a s ic  r e a c t i o n !  C^H^N +

3 r
AsC13 *

2 AsCl.,

AsCl,

FeCli

C ^ N A s C lg 1 

N e u t r a l i z a t i o n !  ^AsCl., 1 (* FeCl

AsCl^'

, J  £  PeOl^J + fCjHjNAsCl.

[Oj Hj NAsC I j ]  f  F e C l J  .

B rom ido tropy i

M elt a u t o i o n i z a t i o m  2 HgBr2 - HgBr+

A c id ic  r e a c t i o n !  HgCClO^Jg + HgBr2

V- -  — '  2 HgBr+ ♦ 2 CIO^'

B a s ic  r e a c t i o n !  NaBr + HgBr2 v - Na+

N e u t r a l i z a t i o n s  [HgBrJ £ CIO^J + NaHgBr^

------------- ^  NaClO^ + 2 HgBr2

♦ BrF^

♦ BrF2* 

BrFu~

+ AsCl^ 

+ AsClg

: ] [AsC1/J
2 AsCl^

♦ HgBr^-"

HgBr3_
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2 P0C13 ‘ P0C12+ + POCl^" (78)

o r ,  f o r  s h o r t ,

P0C13 F = = *  P0C12+ ♦ C l"  (79 )

i n  which th e  c h l o r i d e  io n  i s  i m p l i c i t l y  s o l v a t e d  ( j u s t  a s  

th e  symbol H+ in  a  p r o t i c  s o l v e n t  im p l i e s  a  s o l v a te d  p r o t o n ) . 

Gutmann d e te rm in e d  o r d e r s  o f  a c i d i c  and b a s i c  s t r e n g t h  i n  

t h i s  s o l v e n t .

F e r r i c  c h l o r i d e  i s  e x p e c te d  to  m a n i f e s t  i t s  a c i d i t y  i n  

P0C1 3 v i a  th e  c h a r a c t e r i s t i c  c h l o r i d o t r o p i c  r e a c t i o n !

F eC l3 + P0Cl3 ? = = i  FeC l^"  + P0C12+ (80)

w hich i s  co n firm ed  s p e c t r o p h o t o m e t r i c a l l y  and by th e  y e l lo w  

c o l o r  o f  th e  t e t r a c h l o r o f e r r a t e  io n  i n  d i l u t e  o r  a l k a l i n e  

s o l u t i o n s .  However, t h e  r e d d is h -b ro w n  c o l o r  o f  F eC l3 i s  

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

s p e c t ro p h o to m e t r y  y i e l d s  no e v id e n c e  o f  F e C l^ " .  X -ray  

d i f f r a c t i o n  shows t h a t  F eC l3 i s  c o o r d in a te d  w i th  th e  oxygen 

atom o f  a  s o l v e n t  m o le c u le  i n  c o n c e n t r a t e d  o r  s t r o n g l y  

a c i d i c  P0C13 s o l u t i o n s ,  n o t  w i th  a  c h l o r i d e  i o n .  Gutmann 

r a t i o n a l i z e d  t h i s  b e h a v io r  by p o s t u l a t i n g  c o m p e t i t io n  f o r  

th e  a c id  betw een c h l o r i d e  and oxygen s i t e s  i n  PO C ly

C l3FeOPCl3V=- ~ ~ '■ FeCljj" + PO C l^ (81)

S o lu t io n  a c i d i t y ,  b a s i c i t y ,  and c o n c e n t r a t i o n  d e te rm in e  th e  

p o s i t i o n  o f  e q u i l i b r i u m  i n  e q u a t io n  ( 8 1 ) .  The p re s e n c e  o f  

a  s t r o n g e r  a c i d ,  e . g . ,  SbC l^, o r  o f  F eC l3 i n  h ig h  c o n c e n t r a ­

t i o n  s h i f t s  th e  e q u i l i b r i u m  to w ard s  c o o r d i n a t i o n  o f  th e
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f e r r i c  c h l o r i d e  w ith  oxygen . E q u a t io n  (81 ) i s  s h i f t e d  

tow ards  F eC l^ “ f o rm a t io n  i n  a l k a l i n e  o r  d i l u t e  FeC l^  s o l u ­

t i o n s  becau se  no s t r o n g e r  a c i d  i s  p r e s e n t  to  compete f o r  

c h l o r i d e  i o n .  Gutmann compared t h i s  c o m p e t i t io n  to  an 

a n a lo g o u s  s i t u a t i o n  in  w ater*  d i l u t i o n  o f  an aqueous 

s o l u t i o n  o f  FeC l^  i n  HC1 l e a d s  to  th e  g r a d u a l  d i s a p p e a r a n c e  

o f  y e l lo w  FeCljj" a s  w a te r  ( v i a  oxygen) r e p l a c e s  c h l o r i d e  

io n  th e  c o o r d i n a t i o n  s p h e re  o f  th e  f e r r i c  i o n .

Meek and Drago^*^® c r i t i c i z e d  i o n o t r o p y  w i th  p a r t i c u l a r  

r e f e r e n c e  to  G utm ann 's  e x p e r im e n ts  i n  p h o sp h o ru s  o x y c h lo r id e .  

They o b ta in e d  s p e c t r o p h o to m e t r i c  and t i t r i m e t r i c  r e s u l t s  f o r  

f e r r i c  c h l o r i d e  i n  t r i e t h y l p h o s p h a t e ,  (CgH^Oj^PO, a s o l v e n t  

in c a p a b le  o f  c h l o r i d o t r o p y ,  t h a t  were s i m i l a r  to  G u tm ann 's ,  

and c o n s e q u e n t ly  s u g g e s te d  t h a t  s o l u t e  d i s s o c i a t i o n  i s  

i d e n t i c a l  i n  b o th  s o l v e n t s ,  i . e . ,  t h e  a s su m p tio n  o f  s o l v e n t  

i o n o t r o p y  i s  i n c o r r e c t  and th e  s o l v e n t  p l a y s  no r o l e  i n  

d i s s o c i a t i o n *

2 F eC l3 ?   - - F eC l2+ + F eC l^"  (82)

Gutmann^ r e t o r t e d  t h a t  d i c h l o r o f e r r i c  io n  e x i s t s  o n ly  i n  

c o n c e n t r a t e  o r  s t r o n g l y  a c i d i c  POCl^ s o l u t i o n s  b u t  n o t  i n  

d i l u t e  o n e s ,  and t h a t  c o n s e q u e n t ly  e q u a t io n  (82) i s  v a l i d  

o n ly  o v e r  a  l i m i t e d  a c i d i t y  r a n g e .  Huheey^'*4’* c o n s id e r e d  

th e  c o n t r o v e r s y  se m a n t ic  and w i th o u t  f o u n d a t io n ,  d e c l a r i n g  

t h a t  c i r c u m s ta n c e s  i n  b o th  s o l v e n t s  d i f f e r  w i th  r e g a r d  to  

th e  p o s s i b i l i t y  o f  l e v e l l i n g  F eC l2+ . H u h eey 's  v iew  i s  t h a t  

t r i e t h y l p h o s p h a t e  i s  u n a b le  t o  l e v e l  th e  d i c h l o r o f e r r i c  io n
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b u t  t h a t  POCl^ may be a b le  to  do so  i f  i t s  s o l v e n t  c a t i o n  i s  

a  w eaker a c id  th a n  FeClg*!

F eC l2+ + POCl^ r , Fe Cl 3 + P0C12+ <8 3)

11 11The l a c k  o f  s o l u t e - s o l v e n t  c h l o r i d e  exchange i n  phosgene  ^

a l s o  a rg u e s  a g a i n s t  i o n o t r o p y ,  a t  l e a s t  i n  t h i s  s o l v e n t .

F . A dvan tages and D isa d v a n ta g e s  o f  th e  S o lv e n t  System s Theory

The u n q u e s t io n a b le  a d v a n ta g e  o f  th e  s o l v e n t  sy s tem s  

c o n c e p t  compared to  th e  p r o t o n i c  c o n c e p t  i s  t h a t  th e  fo rm e r  

e x te n d s  a c i d - b a s e  p r o c e s s e s  to  a p r o t i c  s p e c i e s * .  There  a r e ,  

how ever, s e v e r a l  p ro b lem s  a s s o c i a t e d  w i th  th e  t h e o r y .

D e f in in g  a c i d s  and b a s e s  i n  te rm s o f  s o l v e n t  c a t i o n s  and 

a n io n s  p r o v id e s  no i n f o r m a t io n  a b o u t  g e n e r a l  p r o p e r t i e s  o f  

a c i d s  and b a s e s ,  e . g . ,  b e h a v io r  to w ard s  i n d i c a t o r s  and 

c a t a l y s i s .  A g r e a t  d e a l  o f  r e l i a n c e  i s  p la c e d  upon i o n i z a ­

t i o n  a s  a r e q u i s i t e  p r o p e r t y  o f  a c i d s  and b a s e s  and o n ly  l i p  

s e r v i c e  i s  p a id  to  i n h e r e n t  a c i d i t y  and b a s i c i t y ,  i . e . ,

i n t e r a c t i o n s  i n  th e  n o n io n iz e d  s t a t e * ’ and r e a c t i o n s  i n  th e
1 7a b sen c e  o f  a  s o l v e n t  * . E x te n s io n  o f  th e  d e f i n i t i o n s  i n t o  

s o l v e n t s  l i k e  phosgene  and s u l f u r  d i o x i d e ,  i n  which th e  

i d e n t i t i e s  o f  some o f  th e  s o l v e n t  io n s  a r e  u n c e r t a i n ^ ,  l e a d s  

to  e r ro n e o u s  p r e d i c t i o n s .  F i n a l l y ,  a l th o u g h  a c i d i t i e s  and 

b a s i c i t i e s  o f  p r o t i c  s o l v e n t s  may be com pared, t h e r e  i s  no 

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

th e  s o l v e n t  sy s tem s  th e o r y .
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IV . Lewis Theory

N e i th e r  th e  p r o t o n i c  n o r  th e  s o l v e n t  sy s te m s  c o n c e p ts

p ro v id e d  an e x p la n a t i o n  f o r  a c i d - b a s e  b e h a v io r  o b se rv e d  f o r

a p r o t i c ,  n o n io n ic  s o l u t e s  i n  a p r o t i c ,  n o n io n iz in g  s o l v e n t s .

Meyer* found t h a t  th e  c o l o r s  and a b s o r p t io n  s p e c t r a  o f

qu inone  i n d i c a t o r s  i n  th e  p re s e n c e  o f  s u l f u r i c ,  n i t r i c ,  and

h y d r o c h lo r i c  a c i d s  d i s s o l v e d  i n  benzene o r  c h lo ro fo rm

resem b led  th e  c o l o r s  and s p e c t r a  o f  SnC l^, ZnClg* SbCl^,

A lC l^ , HgClg, F eC l^ , and S02 i n  th e  same s o l v e n t s .  F o l in  
2 1and F la n d e r s  n o t e d ,  d u r i n g  t h e i r  i n v e s t i g a t i o n  i n t o  th e  

n e c e s s i t y  o f  an i o n i z a t i o n  p r e r e q u i s i t e  f o r  th e  r e a c t i o n  o f  

hydrogen  a c i d s  and b a s e s ,  t h a t  HgClg in  50$ e th a n o l  -  50$  

benzene s o l u t i o n  can  be t i t r a t e d  a lm o s t  q u a n t i t a t i v e l y  to  

a  p h e n o lp t h a l e in  e n d p o in t  w i th  sodium e th o x i d e .  These 

o b s e r v a t i o n s ,  co up led  w i th  th e  m u tua l  e x c l u s i v e n e s s  o f  

c e r t a i n  a s p e c t s  o f  th e  B r /n s te d -L o w ry  and s o l v e n t  sy s tem s  

t h e o r i e s ,  i n d i c a t e d  th e  need f o r  a more i n c l u s i v e  a c i d - b a s e  

c o n c e p t .

A. Lewis A cid -B ase  D e f i n i t i o n s

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

i n  1923^, th e  same y e a r  i n  which th e  B r^ns ted -L o w ry  th e o r y  

a p p e a re d .  Lewis a g re e d  w i th  B r^ h s ted  t h a t  h y d ro x id e  io n  i s  

n o t  th e  s o l e  m a n i f e s t e r  o f  b a s i c  p r o p e r t i e s  b u t  saw no 

r e a s o n  to  l i m i t  a c i d s  to  h y d r o g e n - c o n ta in in g  compounds, 

p o i n t i n g  o u t  th e  re sem b lan c e  be tw een  r e a c t i o n s  o f  p r o t i c  

and a p r o t i c  s u b s ta n c e s  w i th  b a s e s ^ i
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H+ + OH” ;..........H20 (1 )

Ag* + OH"-1 AgOH (2 )

H20 + NH^r .. NH^OH (3 )

AgOH + NH3 i  H^NAgOH (4 )

Lewis a l s o  o b je c te d  to  th e  d e f i n i t i o n  on th e  b a s i s  o f  s o l v e n t  

c a t i o n s  and a n io n s  a c c o r d in g  to  th e  s o l v e n t  sy s te m s  th e o r y  

b e ca u se  a c i d s  and b a se s  a r e  t h e r e b y  r e s t r i c t e d  to  i o n i z a b l e  

( a m p h o te r ic )  s o l v e n t s ,  a l th o u g h  a c i d - b a s e  phenomena a r e  

o b se rv ed  in  n o n io n iz in g  s o l v e n t s  o f  b o th  th e  i n e r t ,  e . g . ,
o £ ry

b en zen e ,  and th e  r e a c t i v e  t y p e s ,  e . g . ,  p y r id in e - 7’ * ' t

HC1 + C ^ N  ^ i n C ^ N H *  + C l"  (5 )

AsCl^ + C^H^N r  C ^ N A s C lg *  + C l"  (6 )

I t  may be n o te d  t h a t  i n  e q u a t io n s  (5 )  and (6 )  no c h a r a c t e r ­

i s t i c  s o l v e n t  c a t i o n  i s  fo rm ed , w hereas  i n  an a m p h o te r ic  

s o l v e n t ,  such  a s  w a te r ,  a  c h a r a c t e r i s t i c  s o l v e n t  c a t i o n  i s  

form ed by s o l v e n t  i n t e r a c t i o n  w i th  any  a c i d i c  s u b s t a n c e «

HC1 + H20 f = ? H 30 + + C l"  (? )

As C13 + 6 H20 f = £  As (OH)3 + 3 H30 + + 3 C l"  (8 )

Lewis b e l i e v e d ,  a s  d id  B ro n s te d ,  t h a t  i o n s  were overem pha­

s i z e d  a s  th e  c a r r i e r s  o f  a c i d - b a s e  p r o p e r t i e s  to  th e  n e g l e c t  

o f  n e u t r a l  m o le c u le s  d e s p i t e  th e  f a c t  t h a t  many io n s  p o s s e s s  

n e g l i b i g l e  a c i d - b a s e  p r o p e r t i e s ,  e . g . ,  p e r c h l o r a t e  o r  t e t r a -  

alkylammonium i o n s ,  and t h a t  c o n s e q u e n t ly  any  a c i d - b a s e  

d e f i n i t i o n  fo rm u la te d  i n  te rm s o f  io n s  was i n c o r r e c t  and 

i n a d e q u a t e .  A ltho ugh  f a i r l y  a c c u r a t e  c a l c u l a t i o n s  o f  h e a t s  

o f  n e u t r a l i z a t i o n  based  on e l e c t r o s t a t i c  a t t r a c t i o n  a r e
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p o s s i b l e ,  Lewis m a in ta in e d  t h a t  th e  c o n s i d e r a t i o n  o f  a c i d -  

b a se  p r o c e s s e s  a s  phenomena d e p e n d e n t  on Coulombic f o r c e s  i s  

i n c o r r e c t  b ecau se  th e s e  f o r c e s  a r e  p red o m in an t  o n ly  a t  l a r g e  

i n t e r i o n i c  s e p a r a t i o n  and a r e  i n  p a r t  s u p p la n te d  by o t h e r  

f a c t o r s  i n  a  c lo s e  c o n t a c t  p r o c e s s  l i k e  n e u t r a l i z a t i o n ^ .

Lewis p ro p o sed  a  g e n e r a l i z e d  a c i d - b a s e  d e f i n i t i o n

founded  upon a  m e c h a n i s t i c  a p p ro a ch  to  c h em ic a l  b e h a v io r

i n s t e a d  o f  s t r u c t u r e  o r  c o n s t i t u t i o n ^  . A base  i s  a

s u b s ta n c e  w i th  a  lo n e  e l e c t r o n  p a i r  a v a i l a b l e  to  co m p le te

th e  s t a b l e  e l e c t r o n i c  c o n f i g u r a t i o n  ( o c t e t  o r  o t h e r )  o f

a n o th e r  atom , th e r e b y  i n c r e a s i n g  th e  s t a b i l i t y  o f  th e  l a t t e r .

An a c i d  employs a  lo n e  e l e c t r o n  p a i r  from a n o th e r  m o lecu le

to  com ple te  th e  s t a b l e  e l e c t r o n i c  c o n f i g u r a t i o n  o f  one o f

i t s  own a to m s. I n  o t h e r  w ords , a  b a se  i s  an  e l e c t r o n  p a i r
7 8d o n o r  and an a c id  i s  an e l e c t r o n  p a i r  a c c e p t o r .  S idgw ick  ' * 

1 3 *1 5 .1 6  r e a c he(i i d e n t i c a l  c o n c lu s io n s  on th e  b a s i s  o f  

W ern e r’s c o o r d i n a t i o n  th e o r y  and fo rm u la te d  an a c i d  (A) -  

b a se  (B) r e a c t i o n  a s i

A + »B AtB ( 9 )

An im p o r ta n t  consequence  o f  th e  e a r l y  L ew is-S idgw ick  

d e f i n i t i o n s  i s  th e  e x p a n s io n  o f  th e  a c id  c a t e g o r y  to  in c lu d e  

a  w ide ran g e  o f  s u b s ta n c e s  n o t  p r e v i o u s l y  re c o g n iz e d  a s  

a c i d s .  Many o f  t h e s e ,  e . g . ,  SO^, SiOg, COg, BCl^, and SnCl^, 

had been  c o n s id e r e d  a c i d s  p r i o r  to  th e  a d v e n t  o f  any t h e o r y ,  

when a c i d s  were c l a s s i f i e d  s o l e l y  on th e  b a s i s  o f  ex p e r im en ­

t a l  o b s e r v a t i o n ^ - ®. Sidgw ick*® ’ c l a s s i f i e d  e l e c t r o n  p a i r  

a c c e p t o r s  i n t o  f o u r  s u b c a t e g o r i e s 1
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1. Atoms w i th  e l e c t r o n  s e x t e t s ,  w hich a r e  u n s t a b l e  and 

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

( 10 )tO + sN(C2H5 ) 3 - ±  »5 i N(c 2h5 ) 3

2 .  Compounds c o n t a i n i n g  atom s w i th  in c o m p le te  o c t e t s ,  

e . g . ,  B C ly

tC l t
M

iC liB  + iNH 
i C l i

<Cli
i Cl t B t NH,— n

(Cl i
( 1 1 )

3 . M etal io n s  w i th  s t a b l e  c o n f i g u r a t i o n s ,  whose p o s i t i v e  

c h a rg e  a b e t s  c o o r d i n a t i o m

3+ ( 12 )A l3* + 6 tOH2 f  A1(*0H2 ) 6 -

4 .  S u b s ta n c e s  w hich a l r e a d y  have a  s t a b l e  e l e c t r o n i c  

c o n f i g u r a t i o n  b u t  a r e  c a p a b le  o f  e x p an d in g  to  l a r g e r  o n e s i

(Ft
M M M

(F sS isF i
••  M M

(F»
2 (Ft

— sFi
<E' s i  >!•

'?■ iF i ' ? •

2 -

(13 )

I t  may be n o te d  t h a t  t h e s e  c a t e g o r i e s  som etim es o v e r l a p .  

S idgw ick  in c lu d e d  h yd rogen  a c i d s  i n  th e  f o u r t h  g roup  s in c e  

he b e l i e v e d  t h a t  hydrogen  expanded i t s  s t a b l e  c o n f i g u r a t i o n  

from two to  f o u r  e l e c t r o n s  upon r e a c t i o n  w i th  a  b a s e ,  

fo rm in g  tw o -c o v a le n t  hy d ro g en t

C1H :0H

HOH + (NH, v
2 r

3

ClHiOH,

HOHiNH,

Cl

OH"

+ HiOH, 

+ HtNH,

(14)

(15)‘3 '  ............................3

The bond h o ld in g  th e  new ly  c o o rd in a te d  p r o to n  i n  e q u a t io n s  

(14 )  and (15 ) i s  i n d i s t i n g u i s h a b l e  from th o s e  p r e v i o u s l y  

p r e s e n t  i n  th e  c a t i o n s  formed and th u s  Hi OH2* i s  w r i t t e n  a*
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H30^ and H*NH3+ a s  NH^+

A f i f t h  s u b c a te g o r y  may be added t

5* M u l t ip ly  bonded a c i d i c  c e n t e r  compounds w hich s h i f t  

one o f  t h e i r  own e l e c t r o n  p a i r s  to  accom odate  a  s i m u l t a n e o u s ­

l y  e n t e r i n g  e l e c t r o n  p a i r .  Carbon d io x id e  i s  an example o f  

t h i s  g r o u p »

a r e  c a p a b le  o f  a c i d i c  b e h a v io r ,  e x c e p t  f o r  th e  h e a v i e r  

a l k a l i  and a l k a l i n e  e a r t h  m e ta l s  and th e  r a r e  g a s e s .  B ases 

a r e  r e s t r i c t e d  to  s u b s ta n c e s  c o n t a i n i n g  e le m e n ts  i n  p e r i o d i c  

g ro u p s  VA -  VIIA (and som etim es c a r b o n ) ;  Lewis b a s e s  a r e  th u s  

e s s e n t i a l l y  i d e n t i c a l  to  B ro n s te d  b a s e s .
kThe i n i t i a l  p u b l i c a t i o n  o f  t h e s e  i d e a s  d id  n o t  a t t r a c t  

much a t t e n t i o n  and Lewis t h e o r y  was v i r t u a l l y  ig n o re d  f o r  

f i f t e e n  y e a r s  by th e  b u lk  o f  th e  s c i e n t i f i c  community, 

m a in ly  b e ca u se  i t  r e p r e s e n t e d  a  r a d i c a l  d e p a r t u r e  from 

a c c e p te d  view s o f  th e  n a t u r e  o f  c h e m ic a l  b o n d in g  a s  w e l l  a s  

a  new view  o f  a c i d s  and b a s e s .  The t h e o r y  o f  c o v a l e n t  

b o n d in g ,  a l s o  d ev e lo p ed  l a r g e l y  by L ew is, was o n ly  se v en  

y e a r s  o ld  a t  th e  t im e  h i s  a c i d - b a s e  c o n c e p t  f i r s t  em erged, 

and s c i e n t i s t s  who s t i l l  h e ld  t o  p u r e l y  i o n i c  b o n d in g  

t h e o r i e s  ( o u t s i d e  o f  W e rn e r 's  c o o r d i n a t i o n  com p lex es)  were 

r e l u c t a n t  to  a c c e p t  any  t h e o r y  p r e d i c a t e d  on c o v a le n c e  

The a d v e n t  o f  th e  v a le n c e  bond and m o le c u la r  o r b i t a l  t h e o r i e s  

i n  th e  1 930 ' s ,  i n  which a l l  bond ty p e s  were r e g a rd e d  n o t  a s

sOt :
K J

L ew is^ ’ ^ b e l i e v e d  t h a tb e l i e v e d  t h a t  a l l  e l e m e n t s ,  i n  one form o r  a n o th e r
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i n n a t e l y  d i f f e r e n t  b u t  a s  d i f f e r e n t  d e g re e s  a lo n g  a con tinuum , 

l e d  to  i n c r e a s e d  a c c e p ta n c e  o f  c o v a l e n t  bo nd ing  and s u b s e ­

q u e n t l y  o f  Lewis a c i d - b a s e  t h e o r y .  A n o th e r  g ro u p  o f  t r a d i ­

t i o n a l i s t s  o b j e c te d  to  any th e o r y  which removed hydrogen  

from i t s  c e n t u r y - o ld  p o s i t i o n  a s  th e  " a c i d i f y i n g  p r i n c i p l e " .

A p a r t i a l  r e a s o n  f o r  th e  e a r l y  i n a t t e n t i o n  g iv e n  th e s e  i d e a s
if. 10

l a y  i n  th e  m anner in  which Lewis f i r s t  p r e s e n te d  them .

They were m ere ly  s t a t e d  i n  p a s s i n g ,  w i th o u t  e l a b o r a t i o n  o r  

s u p p o r t i n g  e x p e r im e n ta l  e v id e n c e .  When Lewis a g a in  p u t  

f o r t h  h i s  v iew s in  1938^ he in c lu d e d  e x p e r im e n ta l  e v id e n c e  

to  s u p p o r t  h i s  d e f i n i t i o n s .

The s u p p o r t i n g  e v id e n c e  c i t e d  by Lewis i s  d iv id e d  

a c c o r d in g  to  f o u r  c r i t e r i a  c o n s id e r e d  to  be d e f i n i t i v e  a c i d -  

base  c h a r a c t e r i s t i c s *  n e u t r a l i z a t i o n ,  d i s p la c e m e n t ,  i n d i ­

c a t o r  r e a c t i o n s ,  and c a t a l y s i s ^ ’ 1 2 - 1 ^ ,1 6 - 1 8 ^

1. N e u t r a l i z a t i o n  -  The t y p i c a l  a c i d - b a s e  r e a c t i o n  i s  

r a p id  n e u t r a l i z a t i o n  ( e q u a t io n  (9 ) )»  w hich , i n  th e  Lewis 

s e n s e ,  c o n n o te s  c o m p le t io n  o f  th e  s t a b l e  e l e c t r o n i c  c o n f ig u ­

r a t i o n  o f  th e  a c c e p t o r  atom o f  th e  a c id  by an e l e c t r o n  p a i r  

( o r  p a i r s )  from th e  b a s e .  The c o v a l e n t  bond th u s  formed 

d i f f e r s  from o r d i n a r y  c o v a l e n t  bonds i n  th e  m anner o f  i t s  

f o r m a t io n ,  i . e . ,  b o th  b o n d in g  e l e c t r o n s  i n  th e  fo rm e r  c a se  

a r e  s u p p l i e d  by th e  b a se  ( e q u a t io n s  (9 )  -  ( 1 6 ) ) ,  w hereas  

o r d i n a r y  c o v a l e n t  bonds r e q u i r e  each  r e a c t a n t  to  p r o v id e  one 

o f  th e  bon d in g  e l e c t r o n s ,  e . g . ,

2 *C1- p r 's s"  ) iC l tC l*  (17)
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The p r o d u c t  o f  a  Lewis a c i d - b a s e  r e a c t i o n  i s  c a l l e d  a  c o o r ­

d i n a t i o n  compound, c o o r d i n a t i o n  com plex, o r  a d d u c t* 0 .

N e i th e r  s a l t  n o r  c o n ju g a te  a c i d - b a s e  fo rm a t io n  i s  a  r e q u i r e ­

ment o f  n e u t r a l i z a t i o n ,  a l th o u g h  some a c i d - b a s e  p r o c e s s e s  

p ro d u ce  an e l e c t r i c a l  s t r a i n  t h a t  c a u s e s  d i s s o c i a t i o n  o r  

r e a r r a n g e m e n t  to  accompany th e  n e u t r a l i z a t i o n  p r o c e s s ,  e . g . ,  

a l t e r a t i o n  o f  th e  g e o m e tr ie s  o f  BCl^ and S iF ^  i n  e q u a t io n s

(11 ) and (13)# r e s p e c t i v e l y ,  o r  d i s s o c i a t i o n  o f  th e  a d d u c ts
8 Qformed in  e q u a t io n s  (14 ) and (15 )  •

The p r e d e c e s s o r s  o f  th e  e l e c t r o n i c  t h e o r y ,  w i th  th e  

n o t a b l e  e x c e p t io n  o f  H a n t s c h 's  p se u d o a c id  c o n c e p t ,  n e v e r  

e x p l i c i t l y  o r  i m p l i c i t l y  c o n s id e r e d  th e  speed  o f  n e u t r a l i z a ­

t i o n  to  be o f  any  im p o r ta n c e ,  b e c a u se  a l l  th e  a c i d - b a s e  

r e a c t i o n s  r e c o g n iz e d  by th e  A r r h e n iu s ,  B ro n s ted -L ow ry , and 

s o l v e n t  sy s te m s  t h e o r i e s  a r e  i n s t a n t a n e o u s .  T h is  i s  n o t  

t r u e  f o r  a l l  Lewis n e u t r a l i z a t i o n  p r o c e s s e s ,  some o f  which 

a r e  e x t r e m e ly  s lo w .  F o r  exam ple , F o l i n  and F la n d e r s  

i n f e r r e d  t h a t  c a rb o n  d io x id e  was n o t  an a c id  o u t s i d e  aqueous 

s o l u t i o n  s i n c e  i t  c o u ld  n o t  be t i t r a t e d  i n  benzene o r  c h l o r o ­

form? i t  may be n o te d  t h a t  t h e s e  s o l v e n t s  a r e  i n e r t  (no n ­

l e v e l l i n g )  , so t h a t  th e  l a c k  o f  a p p a r e n t  a c i d i t y  on th e  p a r t  

o f  C02 i s  n o t  due to  a  l e v e l l i n g  o f  i t s  s t r e n g t h  t o  t h a t  o f  

a  s o l v e n t  c a t i o n .  Lewis r e c o g n iz e d  and a d d re s s e d  t h i s  p ro b ­

lem i n  th e  second  p u b l i c a t i o n  o f  h i s  a c i d - b a s e  i d e a s ,  

a t t e m p t in g  to  i n t e g r a t e  s low  n e u t r a l i z a t i o n  p r o c e s s e s  i n t o  

th e  e l e c t r o n i c  c o n c e p t  by d i s t i n g u i s h i n g  be tw een  "p r im a ry "
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3 < 7 9and " se c o n d a ry "  a c i d s  and b a s e s  . P r im ary  a c i d s  and

b a se s  p o s s e s s  e l e c t r o n i c  c o n f i g u r a t i o n s  c o n d u c iv e  to  d i r e c t  

c o m b in a t io n  ( e q u a t io n s  (9 )  -  (1 3 ) )?  no s t r u c t u r a l  a l t e r a t i o n

o r  a c t i v a t i o n  e n e rg y  i s  r e q u i r e d  f o r  th e  r e a c t i o n  o f  a

p r im a ry  a c id  w i th  a  p r im a ry  b a s e .  S eco ndary  a c i d s  and b a s e s  

a r e  n o t  r e a c t i v e  i n  th e  s t a t e  o f  lo w e s t  e n e rg y  and c a n n o t  

combine d i r e c t l y ,  b u t  become r e a c t i v e  i f  s u f f i c i e n t  a c t i v a ­

t i o n  e n e rg y  i s  s u p p l i e d  to  c au se  i n t e r n a l  e x c i t a t i o n  and 

changes  i n  e l e c t r o n i c  s t r u c t u r e .  S o lv a t io n  i s  one way o f  

s u p p ly in g  th e  r e q u i r e d  a c t i v a t i o n  e n e rg y  i f  th e  s o l v e n t  i s  

a b le  to  n e u t r a l i z e  th e  a c i d  o r  b a s e j  th e  accom panying  s h i f t  

i n  e l e c t r o n  d e n s i t y  makes th e  s o l u t e  r e a c t i v e  tow ard s  n e u t r a ­

l i z a t i o n  by a  s t r o n g e r  base  o r  a c i d ,  a s  a p p r o p r i a t e .  Lewis 

s t a t e d  t h a t  some a c i d - b a s e  r e a c t i o n  o c c u r  o n ly  i n  th e  

p re s e n c e  o f  a s u i t a b l e  s o l v e n t .  F o r  a  s e c o n d a ry  a c id  th e  

e f f e c t  o f  s o l v a t i o n  i s  r e p r e s e n te d  by am ending e q u a t io n  (9)*

AtB'  + iB I — • AtB + i B'  (18)

where B’ i s  a  b a s i c  s o l v e n t .  A n a lo g o u s ly ,  an a c i d i c  s o l v e n t  

A' may r e n d e r  a  s e c o n d a ry  b a se  r e a c t i v e «

A ' t B  + A t -    AtB + A* (19)

E x c i t a t i o n  e n e rg y  may a l s o  a c t i v a t e  a  s e c o n d a ry  a c id  o r  

base  by p ro m o tin g  a  s h i f t  i n  e l e c t r o n  d e n s i t y  th ro u g h  bond 

b re a k a g e ,  a s  i n  th e  c a se  o f  CO,, ( e q u a t io n  ( 1 6 ) ) ,  which Lewis 

b e l i e v e d  becomes r e a c t i v e  by b r e a k in g  a  bond and p ro d u c in g  an  

a c i d i c  c a rb o n  atom i
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S eco ndary  Acid P r im ary  Acid

15 1iC 10 1 ( 20 )• Ot iCt iOt + E 
V* a c t

where Ea c .̂ r e p r e s e n t s  th e  a c t i v a t i o n  e n e rg y .  E q u a t io n  (20)  

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

r e a c t i v e  by c h an g in g  them i n t o  p r im a ry  s p e c i e s .  Lewis t h e r e ­

f o r e  p o s t u l a t e d  th e  e x i s t e n c e  o f  e l e c t r o m e r s  f o r  s e c o n d a ry

m erism  i n  w hich th e  atom s o f  a  m o lecu le  r e t a i n  t h e i r  r e l a t i v e  

p o s i t i o n s  and o n ly  e l e c t r o n s  s h i f t  i n  a r ra n g e m e n t ,  e . g . ,  

e q u a t io n  ( 2 0 ) .  E le c t ro m e r ism  d i f f e r s  from re s o n a n c e ,  

a c c o r d in g  to  L ew is , i n  t h a t  e l e c t r o m e r s ,  l i k e  i s o m e rs ,  

p o s s e s s  d i f f e r e n t  p h y s i c a l  and ch em ic a l  p r o p e r t i e s  w h i le  

r e s o n a n c e  s t r u c t u r e s  do n o t .  F o r  exam ple, th e  n e u t r a l i z a t i o n  

p r o d u c t  o f  th e  ground s t a t e  ( se c o n d a ry )  e l e c t r o m e r  o f  th e  

t r i s ( ii—n i t r o p h e n y l ) m e th id e  io n  w i th  hydrogen  a c i d s  i s  c o l o r ­

l e s s :

S eco ndary  a c i d s  and b a s e s  may a l s o  be i d e n t i f i e d  by th e  

n o t i c e a b l e  d ro p  i n  n e u t r a l i z a t i o n  r a t e s  w i th  d e c r e a s i n g  

t e m p e r a tu re  ( d e c r e a s i n g  a c t i v a t i o n  e n e r g y ) .  P r im ary  a c i d -  

b a se  r e a c t i o n s  rem ain  i n s t a n t a n e o u s  r e g a r d l e s s  o f  te m p e ra -

19 20a c i d s  and b a s e s  . E le c t ro m e r ism  i s  an a n a lo g u e  o f  i s o -

( p - 0 2NC6H4 ) 3C ."  + H* f = . ~ '  ( p - 0 2NC6H4 ) 3CH (21)

20w h ile  t h a t  o f  i t s  e x c i t e d  (p r im a ry )  e l e c t r o m e r  i s  o ran g e  «

N00Hr ( 2 2 )

T rip h e n y lm e th id e  io n  d e r i v a t i v e s  a r e  th e  o n ly  b a s e s
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d e s c r ib e d  a s  s e c o n d a ry  by L ew is . S eco ndary  a c i d s  i n c l u d e ,  

in  a d d i t i o n  to  COg, t r ip h e n y lm e th y lc a rb o n iu m  io n  and i t s  

d e r i v a t i v e s ,  a c id  a n h y d r id e s ,  and n i t r o - o r g a n i c s ,  e . g . ,  

n i t r o r a e t h a n e . O b je c t io n s  to  th e  e x i s t e n c e  o f  tw o -c o v a le n t  

hydrogen  ( e q u a t io n s  (1*0 and ( 1 5))> to  be d i s c u s s e d  in  

d e t a i l  l a t e r ,  caused  Lewis to  a l s o  c l a s s i f y  hydrogen  a c i d s  

a s  s e c o n d a ry  a c i d s .  A cco rd in g  to  t h i s  v i e w p o in t ,  a l l  

hydrogen  a c i d s  c o n ta in  th e  p r im a ry  a c id  H+ . The t y p i c a l  

B ronsted -L ow ry  a c i d - b a s e  r e a c t i o n  may be r e p r e s e n te d  by 

e q u a t io n  ( 1 8 ) ,  in  which A i s  th e  p r o to n  and B' i s  no l o n g e r  

n e c e s s a r i l y  th e  s o l v e n t .  The s e c o n d a ry  a c id  c a te g o r y  i s  

t h e r e f o r e  s t r e t c h e d  to  in c lu d e  s u b s ta n c e s  t h a t  a r e  s t r i c t l y  

Lewis a c i d - b a s e  a d d u c t s ,  i . e . ,  hydrogen  a c i d s .  There  i s  a  

b a s i s  f o r  t h i s  s in c e  th e  p r o to n  do es  n o t  e x i s t  i n  th e  f r e e  

s t a t e ,  and t h e r e f o r e  d i r e c t  a c i d - b a s e  r e a c t i o n  v i a  e q u a t io n  

(9 )  i s  n o t  p o s s i b l e .

L a t e r  r e c o g n i t i o n  t h a t  th e  m a j o r i t y  o f  Lewis a c i d - b a s e  

p r o c e s s e s  ta k e  p l a c e  v i a  e q u a t io n s  ( 1 8 ) ,  ( 1 9 ) ,  o r

AiB'  + A'  sB f  — AtB + A’ i B* (23)

i n s t e a d  o f  d i r e c t  c o m b in a t io n ,  r e n d e re d  th e  d i s t i n c t i o n  

betw een p r im a ry  and se c o n d a ry  a c i d s  and b a s e s  o b s o l e t e ,  b u t  

i t s  rem a rk ab le  re sem b lan c e  to  th e  p s e u d o - t r u e  a c id  t h e o r y  o f  

H an tsch  may be n o t e d .

2 . D isp la ce m e n t  -  Weak a c i d s  a r e  d i s p l a c e d  from a d d u c ts  

by s t r o n g  a c i d s  and weak b a s e s  by s t r o n g  b a s e s ,  e . g . ,  th e  

b a s i c  d i s p la c e m e n t  t y p i f i e d  by e q u a t io n  (1 8 )  and th e  a c i d i c
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d i s p la c e m e n t  c h a r a c t e r i z e d  by e q u a t io n  ( 1 9 ) .  B ro ns ted -L ow ry

p r o t o l y s e s  a r e  c o n c e iv e d  o f ,  i n  th e  Lewis v iew , a s  r e a c t i o n s

i n  w hich a  s t r o n g  b a se  d i s p l a c e s  a  w eaker b a se  from  c o o r d i -
10n a t i o n  w i th  th e  p r o to n  , e . g . ,  th e  r e p la c e m e n t  o f  c h l o r i d e  

io n  by w a te r  i n  e q u a t io n  (1 * 0 . The r e a c t i o n  o f  BCl^ o r  SnCl^ 

w i th  sodium  c a r b o n a te  i n  mixed C C l^ -a c e to n e  s o l v e n t  i s  an 

example o f  a c i d  d i s p l a c e m e n t .  The weak a c id  COg i s  e v o lv ed  

and th e  base  sodium o x id e  form s a  c o o r d i n a t i o n  com plex w i th  

th e  s t r o n g e r  a c i d .  Double d i s p la c e m e n ts  ( e q u a t io n  ( 2 3 ) )  

o c c u r r i n g  be tw een  two c o o r d i n a t i o n  compounds a r e  s im u l ta n e o u s  

a c i d  and b a se  d i s p l a c e m e n t s .

3* I n d i c a t o r  r e a c t i o n s  -  The common i n d i c a t o r  m ethods 

o f  m ea su r in g  a c i d i t y ,  b a s i c i t y ,  and th e  d e g re e  o f  n e u t r a l i ­

z a t i o n  a r e  a p p l i c a b l e  to  Lewis a c i d s  and b a s e s .  The c o l o r  

chang es  o f  a  g iv e n  i n d i c a t o r  o f t e n  v a ry  w i th  s o l v e n t ,  b u t  

i n d i c a t o r  c o l o r  i s  in d e p e n d e n t  o f  th e  n a t u r e  o f  s o l u t e  a c i d s

and b a s e s  i n  a  g iv e n  s o l v e n t ,  i . e . ,  i t  i s  im m a te r ia l  w h e th e r
21th e  a c id  i s  p r o t o n i c  o r  a p r o t i c .  Lewis and B i g e l e i s e n  , 

w ork ing  a lo n g  th e  same l i n e s  a s  Meyer*, found th e  c o l o r s  and 

s p e c t r a  o f  v a r i o u s  i n d i c a t o r s  i n  th e  p r e s e n c e  o f  BCl^, SnC l^ , 

and hydrogen  a c i d s  to  be a lm o s t  i d e n t i c a l .  I t  may be n o te d  

a t  t h i s  p o i n t  t h a t  t r a c e s  o f  Lewis a c id  i m p u r i t i e s  som etim es 

r e a c t  w i th  i n d i c a t o r s  to  p ro d u ce  c o l o r s  l e a d i n g  to  i n c o r r e c t  

e s t i m a t i o n s  o f  a c i d i t y .  F o r  i n s t a n c e ,  a  sm a l l  amount o f  

m e ta l  io n  i m p u r i t y  p r e s e n t  i n  a  n e u t r a l  o r  s l i g h t l y  a l k a l i n e  

aqueous s o l u t i o n  may r e a c t  w i th  an  a c i d - b a s e  i n d i c a t o r  and 

c o n v e r t  i t  to  i t s  a c i d  fo rm , g i v in g  th e  s o l u t i o n  a  c o l o r
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c h a r a c t e r i s t i c  o f  an  a c i d i c  s o l u t i o n  o f  th e  i n d i c a t o r .

4 .  C a t a l y s i s  -  Lewis a c i d s  and b a s e s  c a t a l y z e  iw o ig a n ic

and o r g a n ic  r e a c t i o n s .  A c id ic  c a t a ly s + o  g e n e r a l l y  d i s p l a c e

a  Lewis b ase  from  on® or th e  r e a c t a n t s ,  l e a v i n g  a  p o s i t i v e l y
22c h a rg e d ,  e l e c t r o p h i l i c  ( a c i d i c )  f ra g m e n t  . O c c a s io n a l ly  th e  

c a t a l y s t  s im p ly  com bines w i th  a  r e a c t a n t  to  s h i f t  i t s  e l e c ­

t r o n  d e n s i t y  so  t h a t  an e l e c t r o n  d e f i c i e n c y  i s  l o c a l i z e d  on 

a  p a r t i c u l a r  r e a c t a n t  atom , which th e n  s e r v e s  a s  th e  r e a c t i o n  

s i t e .  F o r  exam ple , Hubbard and L u d e r2^ n o te d  t h a t  th e  

r e a c t i o n  o f  m e ta l s  w i th  t h i o n y l  c h l o r i d e  to  p ro d u ce  m e t a l l i c  

c h l o r i d e s ,  s u l f u r ,  and SOg i s  c a t a l y z e d ,  i n  i n c r e a s i n g  o r d e r ,

by SnC l^ , F eC l^ , and A lC l^ .  The r e a c t i o n  i s  b e l i e v e d  to
2+p ro c e e d  v i a  f o r m a t io n  o f  th e  t h i o n y l  (SO ) io n  and  th e  

c a t a l y s i s  by Lewis a c i d s  i s  e x p la in e d  by th e  d i s p la c e m e n t  o f  

c h l o r i d e  from th e  r e a c t a n t  to  th e  c a t a l y s t ,  t h e r e b y  i n c r e a s ­

in g  th e  t h i o n y l  io n  c o n c e n t r a t i o n !

2 A1C13 + S0C12 ? = *  2 AlCljj” + S02+ (2*0

The mechanism o f  th e  F r i e d e l - C r a f t s  a l k y l a t i o n  o f  benzene  by 

a l c o h o l s  o f f e r s  a n o th e r  exam ple o f  Lewis a c id  c a t a l y s i s ,  w i th  

BF^ s e r v i n g  a s  th e  c a t a l y s t !

ntr n u  +

c h 3c h 2+ ♦ c6H6 ? = !  [  X “ CH2OK3 <26>

CHj CH20H + BPj ; 1 CHjOHg <■ F,B0H" (25)

O i

£ ^ H 2CH3 „♦ + o6H5CH2CH3 (27 )

H+ + F3B0H~ ^ -------- P3B0H2 <28)
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The c a t a l y s t  i s  r e c o v e re d  th ro u g h  d e h y d r a t io n .  The mechanism

i s  no d i f f e r e n t  i f  a  hydrogen  a c i d ,  e . g . ,  HF i s  employed a s

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

B a s ic  c a t a l y s i s  o c c u r s  a n a lo g o u s ly *  th e  c a t a l y s t

d i s p l a c e s  an a c id  from a  r e a c t a n t ,  l e a v i n g  a  n e g a t i v e l y

c h a rg e d ,  n u c l e o p h i l i c  ( b a s i c )  f r a g m e n t ,  o r  th e  c a t a l y s t  may

s im p ly  combine w i th  th e  r e a c t a n t ,  s h i f t i n g  i t s  e l e c t r o n

d e n s i t y  to  l o c a l i z e  an e l e c t r o n  e x c e s s  on a  p a r t i c u l a r
22r e a c t a n t  atom , w hich th e n  s e r v e s  a s  th e  r e a c t i v e  s i t e

Not a l l  a c i d - c a t a l y z e d  and b a s e - c a t a ly z e d  r e a c t i o n s  a r e

c a t a l y z e d  by a l l  Lewis a c i d s  and b a s e s ,  r e s p e c t i v e l y .  Many

r e q u i r e  a  s p e c i f i c  c a t a l y s t ,  e . g . ,  th e  r e a c t i o n  betw een

s u l f u r  d io x id e  and a lk o x id e  io n s  to  p ro d u ce  s u l f o n a t e  io n s

i s  c a t a l y z e d  s p e c i f i c a l l y  by io d id e  and by t h io c y a n a t e  i o n s ^ .

The p o ly m e r iz a t io n  o f  i s o b u te n e  i s  n o t  c a t a l y z e d  by a p r o t i c

Lewis a c i d s  u n l e s s  a  t r a c e  amount o f  hydrogen  a c i d  i s  p r e s e n t
17a s  a  c o - c a t a l y s t  to  i n i t i a t e  th e  r e a c t i o n  . A com prehens iv e

s u rv e y  o f  Lewis a c i d - c a t a l y z e d  and b a s e - c a t a ly z e d  o r g a n ic
o p2

r e a c t i o n s  has  been  g iv e n  by L uder and Z u f f a n t i ^ 1 .

L ew is ' i n c l u s i o n  o f  e x p e r im e n ta l  c r i t e r i a ,  co u p le d  w i th  

i n c r e a s i n g  a c c e p ta n c e  o f  c o v a le n c e  and p a r a l l e l  d ev e lo p m en ts  

i n  th e  s o l v e n t  sy s te m s  th e o r y  d u r in g  th e  1 9 3 0 's  and 19^0 ' s ,  

r e s u l t e d  i n  th e  e l e c t r o n i c  a c i d - b a s e  t h e o r y  becom ing th e  

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

c h e m is t r y .

L ew is ' d e f i n i t i o n s  a r e  fo rm u la te d  w i th o u t  s p e c i a l  

c o n s i d e r a t i o n  o f  s o l v e n t s ,  i . e . ,  s o l v e n t s  a r e  c l a s s i f i e d  a s
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Lewis a c i d s  o r  b a s e s ,  a c c o r d in g  to  t h e i r  e l e c t r o n  p a i r

a c c e p t i n g  and d o n a t in g  t e n d e n c i e s ,  j u s t  a s  o t h e r  s u b s ta n c e s

a r e .  E a r l y  o p p o n e n ts  o f  th e  Lewis c o n c e p t  f e a r e d  t h a t  i t s

a c c e p ta n c e  would d e s t r o y  th e  s i g n i f i c a n c e  o f  d i s s o c i a t i o n
2bc o n s t a n t s  and i n d i c a t o r  m easurem ents  i n  a  g iv e n  s o l v e n t

•a 7
L uder and Z u f f a n t i ^ ’ b e l i e v e d  such  f e a r s  to  be g r o u n d le s s ,  

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

and i n d i c a t o r  m easurem ents  i s  enhanced and c l a r i f i e d ,  r a t h e r  

t h a n  d im in i s h e d ,  by c o n s i d e r i n g  th e  s o l v e n t  a  r e f e r e n c e  

Lewis a c id  o r  b a s e .

The e l e c t r o n i c  t h e o r y  r e c o g n iz e s  t h r e e  s o l v e n t  c l a s s e s
6 7 i n e r t ,  i o n i z i n g ,  and n o n io n iz in g  r e a c t i v e .  One may 

c o n s i d e r  th e  e f f e c t  o f  each  ty p e  o f  s o l v e n t  upon a  n e u t r a ­

l i z a t i o n  p r o c e s s  t a k i n g  p l a c e  betw een a  s o l u t e  a c i d  and 

s o l u t e  b a s e ,  e . g . ,  BCl-j and t r i e t h y l a m i n e ,  to  i l l u s t r a t e  th e  

d i s t i n c t i o n  betw een  th e  t h r e e  c l a s s e s »

1. I n e r t  s o l v e n t s ,  e . g . ,  b en zen e ,  ta k e  no p a r t  i n  th e

n e u t r a l i z a t i o n  p r o c e s s ,  s e r v i n g  o n ly  a s  d i l u e n t s .  A c id -b a se  

c o m b in a t io n  i s  d i r e c t i

C13B + N(C2H5 ) 3 C13BN(C2H5 ) 3 (29)

2 . I o n i z i n g  ( a m p h o te r ic )  s o l v e n t s ,  e . g . ,  w a te r  o r

se le n iu m  o x y c h lo r id e ,  behave a s  b a s e s  to w ard s  Lewis a c i d s  

and a s  a c i d s  to w ard s  Lewis b a s e s ,  fo rm in g  s o l v e n t  io n s  and 

i n t e r m e d i a t e  d i s p la c e m e n t  p r o d u c t s  w i th  b o th .  C o m bina tion

o f  an  a c i d i c  s o l u t i o n  w i th  a  b a s i c  s o l u t i o n  y i e l d s  th e  a d d u c t  

o f  e q u a t io n  (29) and p u re  s o l v e n t i
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BCl^ * SeOClg   A BCl^" + SeOCl+ (30)

SeOCl2 + N(C2H5 ) 3 *==* (C2H5 ) 3NSeOCl* + C l"  (31)

BCl^" + (C2H5 ) 3NSeOCl+ + SeOCl+ + C l"

T=--.. - 7  > C13BN(C2H5 ) 3 + 2 SeOClg (32 )

The a b i l i t y  to  behave e i t h e r  a s  an a c id  o r  a  b a se  a l s o

a c c o u n ts  f o r  th e  h ig h  d e g re e  o f  a s s o c i a t i o n  i n  t h e s e  s o l v e n t s  

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

p o i n t .

The s o l v e n t s  o f  t h i s  c l a s s  a r e  th e  o n ly  ones  i n  which 

th e  s o l v e n t  sy s te m s  t h e o r y ,  p r e d i c a t e d  on th e  e x i s t e n c e  o f  

s o l v e n t  c a t i o n s  and a n io n s ,  i s  v a l i d .  L uder and Z u f f a n t i ^ ’ ^ 

em phasized  th e  f a c t  t h a t  th e  am photerism  o f  m ost o f  th e  

common s o l v e n t s ,  e . g . ,  w a te r ,  a l c o h o l ,  and ammonia, i s  th e  

r e a s o n  f o r  th e  m is c o n c e p t io n  o f  g e n e r a l  a p p l i c a b i l i t y  o f  th e  

s o l v e n t  sy s tem s  c o n c e p t .  They a l s o  con ten d ed  t h a t  many s o -  

c a l l e d  " t y p i c a l "  a c i d - b a s e  p r o p e r t i e s ,  such  a s  th e  a b i l i t y  

o f  a c i d i c  s o l u t i o n s  to  d i s s o l v e  m e ta l s  and th e r e b y  p rod uce  

g a s e s  c h a r a c t e r i s t i c  o f  s o l v e n t  c a t i o n s ,  e . g . ,  H2 and CO, 

a r e  a c t u a l l y  p r o p e r t i e s  o f  s o l v e n t  i o n s .  A cco rd in g  to  L uder 

and Z u f f a n t i ,  th e  d i s s o l u t i o n  o f  m e t a l l i c  magnesium i n  an 

aqueous a c id  s o l u t i o n  depends n o t  on th e  i d e n t i t y  o f  th e  

a c id  b u t  on th e  hydronium  io n  c o n c e n t r a t i o n .  Any a c id  

d i s s o l v e d  i n  w a te r  i n c r e a s e s  th e  H30+ c o n c e n t r a t i o n ,  be i t  

p ro  t o n i c  l i k e  HC1 o r  a p r o t i c  l i k e  S03 and B C l^  However, 

no r e a c t i o n  t a k e s  p l a c e  be tw een  a c i d s  and m e ta l s  i n  th e  i n e r t  

s o l v e n t  benzene  b e ca u se  no s o l v e n t  i o n s  e x i s t .  L uder and
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Z u f f a n t i  t h e r e f o r e  r e j e c t e d  a c i d - b a s e  p r o p e r t i e s  a p p a r e n t  

o n ly  i n  i o n i z i n g  s o l v e n t s  a s  v a l i d  c r i t e r i a  f o r  a c i d - b a s e  

c l a s s i f i c a t i o n s  th e y  em phasized  th e  more g e n e r a l  ex p er im en ­

t a l  c r i t e r i a  p ropo sed  by L ew is .

3. N o n io n iz in g  r e a c t i v e  s o l v e n t s ,  e . g . ,  p y r i d i n e  o r  

e t h y l  e t h e r ,  co m prise  a  c l a s s  i n t e r m e d i a t e  betw een i n e r t  and 

a m p h o te r ic  s o l v e n t s .  T h is  c l a s s  i s ,  i n  p r i n c i p l e ,  an  

expanded v e r s i o n  o f  B r / n s t e d ' s  p r o t o p h i l i c  and p r o to g e n ic  

s o l v e n t  c a t e g o r i e s .  A n o n io n iz in g  r e a c t i v e  s o l v e n t  i s  

c a p a b le  o f  fo rm in g  an i n t e r m e d i a t e  d i s p la c e m e n t  p r o d u c t  w ith  

e i t h e r  th e  s o l u t e  a c id  o r  b a s e ,  b u t  n o t  w i th  bo th !

C13B + NC^H  ̂ f = Cl^BNĈ H,- (33)

ci3bnc5h5 + n(c2h5 ) 3

v —  c i 3 b n (c 2h5 ) 3 + c 5 h5n ( 3*0

The a d d u c t  formed i s  i d e n t i c a l  r e g a r d l e s s  o f  th e  n a tu r e  

o f  th e  s o l v e n t  ( e q u a t io n s  ( 2 9 ) ,  ( 3 2 ) ,  and (3*0# assum ing  

t h a t  b o th  th e  s o l u t e  a c i d  and b a se  a r e  s t r o n g e r  th a n  th e  

s o l v e n t ) , b u t  o f  a l l  th e  a c i d - b a s e  t h e o r i e s  advanced  up to  

t h i s  p o i n t ,  o n ly  th e  e l e c t r o n i c  t h e o r y  i s  v a l i d  i n  c irc u m ­

s t a n c e s  i n  which th e  s o l v e n t  i s  n e i t h e r  a m p h o te r ic  n o r  

p r o to g e n ic  and th e  s o l u t e  i s  a p r o t i c .

E q u a t io n  (33 ) a l s o  s e r v e s  to  i l l u s t r a t e  th e  g e n e r a l  

v a l i d i t y  o f  H a n t s c h 's  l e v e l l i n g  e f f e c t  when a p p l i e d  to  

a p r o t i c  p r o c e s s e s  which o c c u r  i n  n o n io n iz in g  s o l v e n t s .  A 

s t r o n g  a c id  i s  th u s  n o t  n e c e s s a r i l y  l e v e l l e d  to  a  c a t i o n  i n  

a  b a s i c  s o l v e n t ,  and a  s t r o n g  b a se  i s  n o t  a lw ays  l e v e l l e d  to
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an  a n io n  i n  an a c i d i c  s o l v e n t ,  a l th o u g h  io n s  a r e  f r e q u e n t l y  

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

t i o n  o f  th e  l e v e l l i n g  e f f e c t  a l s o  c l a r i f i e s  th e  ambiguous 

p o s i t i o n  a s s ig n e d  m e ta l  i o n s  and aq u o m eta l  io n s  i n  th e  

B r /n s te d -L o w ry  th e o r y  by r e g a r d i n g  th e  l a t t e r ,  e . g . ,  

A lfH gO )^-^ , a s  p r o d u c t s  o f  th e  l e v e l l i n g  o f  s t r o n g  Lewis 

a c i d s ,  e . g . ,  A l^ * , by w a te r  ( e q u a t io n  ( 1 2 ) ) .

An a d d i t i o n a l ,  i n d i r e c t  e f f e c t  to  be c o n s id e r e d  a s  p a r t  

o f  th e  s o l v e n t  i n f lu e n c e  on Lewis a c i d - b a s e  p r o c e s s e s  i s  th e  

a c t i o n  o f  th e  s o l v e n t  i n  p ro m o tin g  o r  i n h i b i t i n g  th e  i o n i z a ­

t i o n  t h a t  som etim es accom pan ies  o r  fo l lo w s  th e  fo rm a t io n  o f  

a  c o o r d in a te  c o v a l e n t  bond. I t  was m en tio n ed , i n  th e  d i s ­

c u s s io n  o f  L ew is ' e x p e r im e n ta l  a c i d - b a s e  c r i t e r i a ,  t h a t  

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

The d i e l e c t r i c  c o n s t a n t  o f  th e  s o l v e n t  may augm ent o r  oppose 

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

and a  low one i n h i b i t s  it***.

Amphoterism i s  n o t  r e s t r i c t e d  to  s o l v e n t s  by th e  

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

a c i d s  and b a s e s  * - > • - > * ,  F o r  i n s t a n c e ,  HC1, which c o n t a i n s  

t h r e e  u n sh a re d  e l e c t r o n  p a i r s ,  b eh av es  a s  a  b a s e  to w ard s  th e  

s t r o n g e r  a c i d s  SnCl^ and SO y

SnCl^ + 2 HC1 f = £  H2SnCl6 (35)

S03 + HCl r = —  C1S03H ( 3 6 )

In  s u l f u r  t r i o x i d e  th e  S atom i s  s t r o n g l y  a c i d i c  and th e  

oxygen atom s a r e  w eak ly  b a s ic ?  i n  HC1 th e  H atom i s  a c i d i c
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and th e  Cl atom b a s i c .  E q u a t io n  ( 3 6 ) can  t h e r e f o r e  be 

r e w r i t t e n  to  i l l u s t r a t e  th e  a m p h o te r ic  t e n d e n c ie s  o f  b o th  

r e a c t a n t s *

D evelopm ents i n  th e  s o l v e n t  sy s te m s  th e o r y  in  th e  l a t e  

1 9 3 0 's  and e a r l y  1 9 ^ 0 's  p a r a l l e l e d  th e  Lewis c o n c e p t io n  i n  

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

a c i d - b a s e  c l a s s i f i c a t i o n ,  b u t  d id  n o t  o f f e r  a s  co m prehens ive  

a  t r e a tm e n t  o f  a s  v a r i e d  a  g roup  o f  c h e m ic a l  phenomena. 

W ickert-^ ' * * * ^  d e f in e d  a c i d s  a s  s u b s ta n c e s  d i s s o c i a t i n g  

i n t o  c a t i o n s  w hich  l a c k  c lo s e d  s h e l l  c o n f i g u r a t i o n s  and 

a n io n s  w i th  c lo s e d  s h e l l  c o n f i g u r a t i o n s ;  b a s e s  were d e f in e d  

a s  s u b s ta n c e s  d i s s o c i a t i n g  i n t o  c a t i o n s  and a n io n s  b o th  

p o s s e s s i n g  c lo s e d  s h e l l  c o n f i g u r a t i o n s .  I m p l i c i t  i n  th e s e  

d e f i n i t i o n s  i s  th e  p o t e n t i a l  c a p a b i l i t y  o f  a c i d s  to  a c c e p t  

and b a s e s  to  d o n a te  e l e c t r o n s ,  b u t  W ic k e r t  d id  n o t  em phasize  

t h i s  a s p e c t ,  c h o o s in g  i n s t e a d  to  a t t r i b u t e  im p o r ta n c e  to  

i o n i z a t i o n  a s  a  c h a r a c t e r i s t i c  a c i d - b a s e  p r o p e r t y .  W ic k e r t  

a l s o  c la im ed  t h a t  b a s e s  a r e  i n h e r e n t l y  l in k e d  to  s a l t s  and 

a c i d s  to  " w a t e r - l i k e "  s o l v e n t s ,  a  r e s t r i c t e d  g roup  o f  media 

o u t s i d e  o f  which h i s  c o n c e p t  has  v e ry  l i m i t e d  v a l i d i t y .  

F i n a l l y ,  W ic k e r t  gave am ph o te r ism  s h o r t  s h r i f t ,  and h i s  

d e f i n i t i o n  o f  a c i d s  e x c lu d e s  many s u b s ta n c e s  w i th  a c i d i c

p r o p e r t i e s .
27C ruse  r e g a rd e d  a c i d s  a s  s p e c i e s  a b le  to  b in d  b a s e s  by

tOi

( 3 7 )
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a c c e p t i n g  e l e c t r o n s ,  b u t  c o n s id e r e d  t h i s  " e l e c t r o n  exchange"

p r o c e s s  an a p r o t i c  a n a lo g u e  o f  p r o t o l y s i s  i n s t e a d  o f  a  more

e x te n s i v e  phenomenon. The s o l v e n t  sy s tem s  d e f i n i t i o n

c l o s e s t  to  th e  e l e c t r o n i c  t h e o r y  d e f i n i t i o n  was e n u n c ia te d  
11 28by Sm ith  ' , who d e f in e d  a c i d s  and b a s e s  a s  n e u t r a l  o r

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

tow ards  io n s  o r  m o le c u le s  o f  a  s o l v e n t ,  a  q u a l i f i c a t i o n

t h a t  r e s t r i c t s  h i s  d e f i n i t i o n s  t o  i o n i z i n g  s o l v e n t s .
29Gutmann and L in d q v i s t  ^ c o n ten d ed  t h a t  t h e i r  i o n o t r o p i c  

( i o n i c  t r a n s f e r )  t h e o r y  o f  a c i d s  and b a s e s  i s  f u n d a m e n ta l ly  

i n  ag re em e n t w i th  th e  e l e c t r o n i c  t h e o r y ,  th e  d i f f e r e n c e  

b e in g  th e  fram e o f  r e f e r e n c e  from  which an a c i d - b a s e  r e a c ­

t i o n  i s  v iew ed . Lewis t h e o r y  em p h as ize s  c o o r d in a te  c o v a l e n t
30bond f o r m a t io n  and i o n o t r o p y  s t r e s s e s  i o n i z a t i o n ^  , e .g*  i n  

th e  s o l v e n t  AsCl^,

Lewis a c i d -  I o n o t r o p i c  a c i d -  
b a se  r e a c t i o n  b a se  r e a c t i o n  ^

C ^ N  + AsC13 C5H5NAsC1 3 C ^ N A s C l ^  + C l"

Gutmann and L in d q v i s t  a l s o  b e l i e v e d  t h a t  th e  m a jo r  f a u l t  o f

Lewis t h e o r y  l i e s  i n  th e  f a c t  t h a t  i t  do es  n o t  r e c o g n iz e  th e
29s p e c i a l  i n f l u e n c e  o f  s o l v e n t s  on a c i d - b a s e  p r o c e s s e s  .

T r a c e r  s t u d i e s  i n  p hosgene  and i n  s u l f u r  d io x id e ^ * *  

p o in te d  to  th e  a p p a r e n t  l a c k  o f  s o l v e n t  i o n i z a t i o n  i n  th e  

fo rm e r  and th e  i n a b i l i t y  to  c h a r a c t e r i z e  a  d e f i n i t e  s o l v e n t  

c a t i o n  i n  th e  l a t t e r  medium a s  e v id e n c e  f a v o r i n g  th e  a p p l i ­

c a b i l i t y  o f  th e  e l e c t r o n i c  t h e o r y  o v e r  io n o t r o p y ,  a t  l e a s t  

i n  t h e s e  s o l v e n t s .  I o n o t r o p y  i s  c o n s id e r e d  a  p o s s i b i l i t y
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o n ly  i n  s o l v e n t s  i n  which d e f i n i t e  s o l v e n t  c a t i o n i c  and 

a n io n i c  e n t i t i e s  a r e  known. Meek and D ra g o -^ ’ - ^  w ent even 

f u r t h e r ,  q u e s t i o n i n g  th e  e x i s t e n c e  o f  i o n o t r o p y .  Having 

o b ta in e d  s p e c t r o p h o to m e t r i c  and t i t r i m e t r i c  r e s u l t s  f o r  

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

t r i e t h y l p h o s p h a t e  t h a t  were a lm o s t  i d e n t i c a l  to  th o s e  

o b ta in e d  by Gutmann f o r  th e  same s o l u t e  i n  th e  s u p p o s e d ly  

c h l o r i d o t r o p i c  s o l v e n t  p h o sp h o ru s  o x y c h lo r id e ,  th e y  p ro p o se d  

t h a t  th e  i n t e r a c t i o n s  i n  b o th  s o l v e n t s  a r e  i d e n t i c a l ;  s i n c e  

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

mechanism m ust be o p e r a t i v e  i n  th e s e  and a l l  ( e x c e p t  i n e r t )  

s o l v e n t s .

The Lewis c o n c e p t  was a l s o  employed to  i n t e r p r e t  r e a c ­

t i o n s  i n  a p r o t i c  m e l t s - ^ .  Lewis a c i d s  i n  su ch  m edia in c lu d e  

c o o r d i n a t e l y  u n s a t u r a t e d  i o n s ,  e . g . ,  m e tap h o sp h a te  (P 0^“ ) and 

m e ta b o ra te  (BOg- ) ,  and m ac ro m o lecu les  w i th  c o o r d i n a t e l y  

u n s a t u r a t e d  i n d i v i d u a l  u n i t s ,  e . g . ,  s i l i c a  and t i t a n i a ;  

o x id e ,  f l u o r i d e ,  and s u l f i d e  i o n s  a r e  Lewis b a s e s  i n  m e l t s .

The f o r e g o in g  d i s c u s s i o n  in c lu d e d  s o l v e n t  sy s te m s  

t h e o r i e s  i n s o f a r  a s  th e y  r e l a t e  to  th e  e l e c t r o n i c  t h e o r y .  A 

more d e t a i l e d  d i s c u s s i o n  o f  s o l v e n t  sy s te m s  c o n c e p ts  i n  t h e i r  

own r i g h t  a p p e a rs  i n  C h a p te r  I I I .

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

s u b s ta n c e s  and c o n c e p ts  c o v e red  by th e  A r r h e n iu s ,  B r /fn s ted -  

Lowry, and s o l v e n t  sy s te m s  t h e o r i e s ,  a s  w e l l  a s  s p e c i e s  and 

i d e a s  n o t  in c lu d e d  i n  any  o f  th e  o t h e r  c o n c e p ts ^ ' ^ , 

L e w is ’ a p p ro a c h  in c o r p o r a te s  c o o r d i n a t i o n  c h e m is t r y  i n t o
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a c i d - b a s e  c h e m is t r y  and e x p l a i n s  th e  o b s e r v a t i o n  t h a t  

e l e c t r o n - w i th d r a w i n g  s u b s t i t u e n t s  i n c r e a s e  th e  a c i d i t y  

and d e c r e a s e  th e  b a s i c i t y  o f  o r g a n ic  s p e c i e s ,  w h ile  

e l e c t r o n - r e l e a s i n g  s u b s t i t u e n t s  have th e  o p p o s i t e  e f f e c t .  

Even re s o n a n c e  s t r u c t u r e s  may be i n t e r p r e t e d  by Lewis 

t h e o r y  a s  c a s e s  o f  i n t r a m o l e c u l a r  n e u t r a l i z a t i o n ^ !

NOj NOj-

6  *=> i
NH2   ̂ NHj+

( Q )  ( § )  <i»o)
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B. D isa d v a n ta g e s  o f  th e  E a r ly  Lewis F o rm u la t io n

L ew is ' th e o r y  was c r i t i c i z e d  f o r  s e v e r a l  r e a s o n s ,  b u t  

m o s t ly  becau se  o f  i t s  g e n e r a l i t y .  C r i t i c s  a rg u e d  t h a t  th e  

c o n c e p t  p r a c t i c a l l y  e q u a te d  " a c id "  and "b ase"  w i th  " r e a c ­

t a n t " ,  and t h a t  th e  t h e o r y ' s  c o r r e l a t i o n  o f  a  wide ran g e  o f  

ch em ic a l  phenomena, a l th o u g h  v a l i d ,  d id  n o t  j u s t i f y
13 l b  36r e f e r r i n g  to  a c i d s  and b a s e s  i n  such  a g e n e r a l  s e n s e  .

A m ajo r  p o i n t  o f  c o n t e n t i o n  was th e  p o s i t i o n  acc o rd e d  

th e  hydrogen  a c i d s  by th e  e l e c t r o n i c  t h e o r y .  S idgw ick* '’ , in  

th e  e a r l y  f o r m u la t io n  o f  th e  c o n c e p t ,  p o s t u l a t e d  d o u b ly -  

c o o rd in a te d  hydrogen  i n  o r d e r  to  in c lu d e  hydrogen  a c i d s  i n  

th e  e l e c t r o n  p a i r  a c c e p t o r  c a t e g o r y .  Lewis assumed t h a t  

such  c o o r d i n a t i o n  p ro d u ce s  a  l a r g e  d e g re e  o f  e l e c t r i c a l  

s t r a i n ,  f o r c i n g  i o n i z a t i o n  o f  th e  a c id - b a s e  a d d u c t  ( e q u a t io n s  

(1*0 -  ( 1 5 ) ) .  However, o t h e r s ^ ’ ***’ ^  ^  p o in te d  o u t  t h a t

th e  f i r s t  s t e p  i n  th e  r e a c t i o n  o f  hydrogen  a c i d s  w i th  b a s e s  

in v o lv e s  th e  f o r m a t io n  o f  an i n t e r m o l e c u l a r  hydrogen  bond 

w hich may be u n s t a b l e  and c o n s e q u e n t ly  u n d e rg o e s  im m edia te  

r e a r r a n g e m e n t ,  i . e . ,  t r a n s f e r  to  th e  b a s e ,  b e f o r e  any  c o o r ­

d i n a t i o n  o c c u r s .  The i n t e r m o l e c u l a r  hydrogen  bond i s  a  

l a r g e l y  e l e c t r o s t a t i c ,  r a t h e r  th a n  c o v a l e n t ,  e n t i t y  which 

c a n n o t  be e q u a te d  w i th  th e  c o o r d i n a te  c o v a l e n t  bonds o f  

Lewis t h e o r y .  T h e r e fo r e ,  s i n c e  th e  i n i t i a l  n a t u r e  o f  th e  

bond betw een a b a se  and a B ro n s te d  a c id  d i f f e r s  s u b s t a n ­

t i a l l y  from  t h a t  o f  th e  bond betw een  a  b a se  and a  Lewis 

a c i d ,  th e  p o s t u l a t i o n  o f  tw o - c o v a le n t  hydrogen  i s  i n c o r r e c t
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and th e  v a l i d i t y  o f  th e  e l e c t r o n i c  t h e o r y  f o r  hydrogen  a c i d s  

( m o le c u la r  o r  i o n i c ,  e . g . ,  NH^+) ,  a s  w e l l  a s  f o r  any  a c i d s  

l a c k in g  e l e c t r o n  d e f i c i e n c i e s ,  i s  i n  d o u b t .  In  f a c t ,  many 

B ro n s ted  a c i d s ,  e . g . ,  th e  hydrogen  h a l i d e s ,  a r e  more e a s i l y  

c l a s s i f i e d  a s  b a s e s  in  th e  s t r i c t  Lewis s e n s e  b e c a u se  th e y  

c o n ta in  a v a i l a b l e  e l e c t r o n  p a i r s  b u t  no e l e c t r o n  d e f i c i e n ­

c i e s .  An a l t e r n a t e  i n t e r p r e t a t i o n  o f  t h i s  l i m i t a t i o n  o f  th e  

e l e c t r o n i c  t h e o r y  r e g a r d s  hydrogen  a c i d s  n o t  a s  t r u e  a c i d s
+  i l l  l "7b u t  a s  a d d u c ts  o f  th e  a c id  H and a  b ase  ' .

A dvocates  o f  th e  Lewis a p p ro a ch  resp ond ed  to  th e s e  

a rg um en ts  by a d v a n c in g  a  s l i g h t l y  d i f f e r e n t  v iew  o f  B ro n s te d  

a c i d s  a s  p r o to n - b a s e  a d d u c t s .  A cco rd in g  to  t h i s  v ie w p o in t ,  

hydrogen  a c i d s  a r e  s e c o n d a ry  a c i d s  which c o n ta in  th e  p r im a ry  

a c id  H+ . The c h a r a c t e r i s t i c  r e a c t i o n  o f  t h e s e  a c i d s  w i th
OQ

b a s e s  i s  a  Lewis b ase  d i s p la c e m e n t  ( e q u a t io n  ( 1 8 ) ) .  Luder 

con ten ded  t h a t  th e  s t r e s s  p la c e d  by th e  B r /n s t e d  th e o r y  on 

p r o t o l y s i s  (Lewis b ase  d i s p la c e m e n t )  em p h asize s  d i s p la c e m e n t  

to  th e  n e g l e c t  o f  L ew is ' t h r e e  o t h e r  i d e n t i f y i n g  a c i d - b a s e  

c r i t e r i a .  Opponents o f  th e  Lewis c o n c e p t  d id  n o t  a c c e p t  

t h i s  v ie w p o in t  and c o n t in u e d  to  i n s i s t  on a  d i s t i n c t i o n  

betw een  B rj/n s ted  and Lewis a c i d s  to  th e  e x t e n t  o f  p ro p o s in g  

o t h e r  te rm s ,  such  a s  " p r o t o a c i d " , " se c o n d a ry  a c i d " ,  " a n t i ­

b a s e " ,  " p s e u d o a c id " ,  and " a c c e p to r "  to  d e s c r i b e  th e  l a t t e r  

w h i le  r e t a i n i n g  " a c id "  f o r  hydrogen  a c i d s ^ ' ^ * ^ * ^ .

A r e l a t e d  a rgum en t c o n c e d e s  t h a t  B r /n s t e d  a c i d s  c o m p rise  

a  s u b c l a s s  o f  Lewis a c i d s  b u t  d i s t i n g u i s h e s  be tw een  B r /n s t e d  

a c i d i t y  ( p r o t o n - d o n a t in g  te n d e n c y )  and Lewis a c i d i t y  ( e l e c -



-141-
t r o n  p a i r  a c c e p t in g  tendency)**0 . A c o n s i d e r a t i o n  o f  th e

hy d rogen  h a l i d e s  r e v e a l s  t h a t  t h e i r  B r /n s t e d  a c i d i t i e s

i n c r e a s e  i n  th e  o r d e r  HP< HC1 < H 3 r < HI, b u t  th e  d e c r e a s i n g

e l e c t r o n e g a t i v i t y  a lo n g  t h i s  s e r i e s  i n d i c a t e s  t h a t  th e

l i g h t e r  h a l i d e s  im p a r t  more i o n i c  c h a r a c t e r  to  th e  H-X

bond and t h e r e f o r e  Lewis a c i d i t y  i n c r e a s e s  in  th e  o p p o s i t e

d i r e c t i o n ,  i . e . ,  HF i s  a  b e t t e r  a c c e p t o r  o f  b a s e s ,  e s p e c i a l l y
4 lF , th a n  th e  o t h e r  hydrogen  h a l i d e s .  L uder b e l i e v e d  t h i s  

a rgum en t t o  a l s o  be a  con sequence  o f  w hat he term ed th e  

B r^ n s te d  t h e o r y ' s  e x c e s s iv e  p r e o c c u p a t io n  w i th  d i s p l a c e m e n t .  

The r e v e r s i b i l i t y  and r a p i d i t y  o f  a lm o s t  a l l  p r o t o n i c  a c i d -  

ba se  r e a c t i o n s  ( b a r r i n g  th o se  i n v o lv i n g  i n t r a m o l e c u l a r  

r e a r r a n g e m e n t  a s  p o s t u l a t e d  by H an tsch )  h a s  a l s o  been  

c o n t r a s t e d  w i th  Lewis a c i d - b a s e  r e a c t i o n s ,  some o f  which a r e  

n e i t h e r  r a p i d  n o r  r e v e r s ib le * * 2 .

P ro b a b ly  th e  m ost o f t - c i t e d  c r i t i c i s m  o f  th e  Lewis 

t h e o r y  i s  th e  i n a b i l i t y  to  a r r a n g e  a c i d s  ( o r  b a s e s )  i n t o  a  

s i n g l e  o r d e r  o f  s t r e n g t h .  T h is  p rob lem  and a t t e m p t s  to  

d e a l  w i th  i t  w i l l  be d i s c u s s e d  i n  d e t a i l  i n  th e  s e c t i o n  on 

q u a n t i t a t i v e  a s p e c t s  o f  th e  e l e c t r o n i c  t h e o r y .
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C . Quantum M echan ica l F o rm u la t io n s  o f  th e  Lewis T heory

Lewis^ r e c o g n iz e d  t h a t  h i s  em phasis  on e l e c t r o n i c  

s t r u c t u r e  a s  th e  d e f i n i t i v e  a c i d - b a s e  t r a i t  made h i s  t h e o r y  

th e  o n ly  a c i d - b a s e  c o n c e p t  am enable  to  quantum m e c h a n ic a l  

t r e a t m e n t ,  b u t  d id  n o t  u n d e r ta k e  su ch  a  t r e a t m e n t  h i m s e l f ,  

M u ll ik e n  was th e  f i r s t  t o  fo rm u la te  th e  e l e c t r o n i c

t h e o r y  i n  a quantum m ec h an ica l  c o n t e x t ,  d e v e lo p in g  a g e n e r a l  

m o le c u la r  o r b i t a l  (M.O.) c o n c e p t  from an  a t t e m p t  to  p r e d i c t  

th e  s p e c t r a l  a b s o r p t io n  bands and o b se rv ed  c o l o r s  o f  c h a rg e  

t r a n s f e r  com plexes , a  c l a s s  o f  weak Lewis a c i d - b a s e  a d d u c t s ,  

e . g . ,  io d in e  i n  w a te r .

The wave f u n c t i o n ,  4 ^ ,  o f  a  1*1 a d d u c t  may be r e p r e ­

s e n te d  a s ^ ' ^ ' ^ i

*AB = a  * (A ,B ) + b *(A"B+) (41)

in  which ^ (A ,B ) i s  a  s o - c a l l e d  "no bond" wave f u n c t i o n  

a c c o u n t in g  f o r  a l l  e l e c t r o s t a t i c  i n t e r a c t i o n s  be tw een  A and 

B, e . g . ,  i o n i c ,  p e rm an en t d i p o l e ,  and in d u ce d  d i p o le  a t t r a c ­

t i o n s .  No e l e c t r o n  t r a n s f e r  from B to  A h a s  ta k e n  p l a c e  i n  

th e  * (A ,B )  s t a t e .  4'(A~B+) i s  th e  wave f u n c t i o n  o f  th e  

sy s tem  a f t e r  com p le te  t r a n s f e r  o f  one e l e c t r o n  from B to  A. 

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

betw een  th e  p u re  ^ (A ,B ) and ^ (A 'B ^ )  s t a t e s  i n  m ost a d d u c t s ,  

and i s  d e te rm in e d  by th e  s q u a re  o f  th e  r a t i o  o f  th e  w e ig h t in g  

c o e f f i c i e n t s  a  and b j  b  / a  v a r i e s  from z e ro  (no e l e c t r o n  

t r a n s f e r )  to  i n f i n i t y  (co m p le te  e l e c t r o n  t r a n s f e r ) ,  i . e . ,  

a l l  d e g re e s  o f  d o n a t io n  a r e  p o s s i b l e .  The p r e v io u s  s t a t e -
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ment i s  one o f  th e  im p o r ta n t  r e s u l t s  o f  th e  quantum m echan i­

c a l  t r e a tm e n t  b e ca u se  i t  p r o v id e s  a  c l e a r  n o t i o n  o f  th e  

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

c o o r d in a te  c o v a l e n t  bond fo r m a t io n  i n  L e w is ’ o r i g i n a l  

f o r m u la t i o n  o f  th e  e l e c t r o n i c  a c i d - b a s e  t h e o r y .  M u ll ik e n  

n o te d  t h a t ,  w i th  r e g a r d  to  t h i s  a s p e c t  o f  h i s  f o r m u la t io n ,  

th e  B r^nsted -L o w ry  c o n c e p t io n  o f  p r o to n  t r a n s f e r  i s  red u ced  

to  a mere f o r m a l i t y ,  s i n c e  th e  a c t u a l  i n t e r a c t i o n  betw een  a 

p r o t i c  a c id  and a b a se  i n v o lv e s  a  d e c r e a s e  i n  th e  d e g re e  o f

e l e c t r o n  t r a n s f e r  to  th e  p r o to n  from  th e  w eaker base  and a

s im u l ta n e o u s  i n c r e a s e  i n  th e  d e g re e  o f  e l e c t r o n  t r a n s f e r  to  

th e  p r o to n  from th e  s t r o n g e r  b a s e ,  i . e . ,  th e  p r o to n  i s  n e v e r  

f r e e ,  n o t  even a t  th e  i n s t a n t  o f  t r a n s f e r .

A p p l i c a t io n  o f  p e r t u r b a t i o n  t h e o r y  to  e q u a t io n  (*H) 

y i e l d s  an  e x p r e s s io n  o f  th e  e n e rg y  o f  an a c i d - b a s e  complex 

i n  te rm s o f  th e  sum o f  e l e c t r o s t a t i c  and c h a rg e  t r a n s f e r  

( c o v a l e n t )  c o n t r i b u t i o n s * ^

( ^oi “ Eosoi>2
E = E0 -    (^2 )

<E1 -  V

where EAB = th e  e n e rg y  o f  th e  A»B a d d u c t ,

Eq = th e  e n e rg y  o f  th e  'k (A .B ) ,  i n c l u d i n g  th e  e n e r g i e s

o f  th e  i s o l a t e d  a c id  and b ase  a s  w e l l  a s  th e  

e n e rg y  o f  e l e c t r o s t a t i c  i n t e r a c t i o n s ,

E^ = th e  e n e rg y  o f  th e  >k(A“B+) s t a t e ,

0q i  = th e  re s o n a n c e  i n t e g r a l  be tw een th e  two s t a t e s ,

and SQ1 = th e  o v e r l a p  i n t e g r a l .
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The f i r s t  term  o f  e q u a t io n  (42 )  i s  a  f u n c t i o n  o f  th e  n e t  

c h a rg e  d e n s i t i e s  o f  th e  d o n o r  and a c c e p t o r  s i t e s .  The 

second  te rm  d ep ends on th e  v a le n c e  s t a t e s  o f  th e  i n t e r a c t i n g  

s p e c i e s ,  th e  i o n i z a t i o n  p o t e n t i a l  ( I . P . )  o f  th e  d o n o r  M.O. 

( p r e f e r a b l y  s m a l l ) ,  th e  e l e c t r o n  a f f i n i t y  (E .A .)  o f  th e  

a c c e p t o r  M.O. ( p r e f e r a b l y  l a r g e ) ,  and th e  e x t e n t  o f  o r b i t a l  

o v e r l a p .  To a  r e a s o n a b le  a p p ro x im a t io n

Et  -  E0 | I . P . | B -  |E .A | A (lO>

The n u m e ra to r  o f  th e  second  te rm  o f  e q u a t io n  (42 ) a l s o  

i n c l u d e s  o r i e n t a t i o n a l ,  g e o m e tr ic  f a c t o r s  c o n t r i b u t i n g  to  a  

lo w e r in g  o f  th e  a c t i v a t i o n  e n e rg y  f o r  a d d u c t  f o r m a t io n .

The M u ll ik e n  f o r m u la t io n  d i f f e r s  from L ew is ' e a r l i e r  

c o n c e p t io n  i n  t h a t  th e  M.O. t r e a t m e n t  o f  th e  fo rm e r  r e q u i r e s  

no l o c a l i z a t i o n  on a  p a r t i c u l a r  atom o f  e l e c t r o n  d e n s i t y  

e x c e s s  o r  d e f i c i e n c y  f o r  a  s p e c i e s  to  behave a s  a  ba se  o r  

a c i d ,  r e s p e c t i v e l y .  Hence th e  i n t e r a c t i o n  o f  i o d in e  w i th  

th e  it - e l e c t r o n  r i n g  o f  b enzene  may be re g a rd e d  a s  an  a c i d -  

b a se  p r o c e s s .  M u ll ik e n  p ro c e e d e d  to  c l a s s i f y  a l l  d o n o r -  

a c c e p t o r  r e a c t i o n s  a c c o rd in g  to  e l e c t r o s t a t i c  ( c h a rg e )  and 

c o v a l e n t  ( * , w-M .O .) d o n o r - a c c e p t o r  p r o p e r t i e s ,  p ro d u c in g

a  s y s te m a t i z e d  and expanded Lewis a p p ro a c h  to  r e a c t i v i t y .

A nalogous r e s u l t s  were o b t a in e d  by Klopman and Hudson*^*
46-48 , who based  a  quantum m e c h a n ic a l  t r e a tm e n t  o f  r e a c t i v i t y  

betw een atom s i n  d o n o r  and a c c e p t o r  s p e c i e s  on an  e s t i m a t i o n  

o f  th e  d e g re e  o f  p e r t u r b a t i o n  o f  r e a c t a n t  ground s t a t e  M .O . 's ,  

* A and caused  by th e  i n t e r a c t i o n  o f  A w i th  B»
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*AB * a ’ *A  * b ' >l'B  (M‘>

where a ’ and b '  a g a in  r e p r e s e n t  w e ig h t in g  c o e f f i c i e n t s .  The 

Klopman-Hudson ap p ro a ch  d i s t i n g u i s h e s  betw een  two ty p e s  o f  

i n t e r a c t i o n *

1. The n e ig h b o r in g  o r  i o n i c  e f f e c t  i s  com prised  o f  

lo n g - ra n g e  e l e c t r o s t a t i c  i n t e r a c t i o n s  b u t  n o t  e l e c t r o n  

t r a n s f e r .  The fo rm er  a r e  f u n c t i o n s  o f  th e  c h a rg e  d e n s i t i e s ,  

q g and q ^ , o f  th e  d o n o r  and a c c e p t o r  a tom s, s and t ,  o f  B 

and A, r e s p e c t i v e l y ;  o f  th e  d i s t a n c e  betw een th e s e  a tom s,

Rs t  (which i s  d e p e n d e n t  on th e  r a d i i  o f  A and B)» and o f  

th e  s o l v e n t  d i e l e c t r i c  c o n s t a n t ,  « .

2. The e f f e c t  o f  p a r t i a l  c h a rg e  t r a n s f e r  i n c r e a s e s  th e

c o v a le n t  n a tu r e  and d e c r e a s e s  th e  i o n i c i t y  o f  th e  f o r c e s

betw een A and B. T h is  i s  a cco m p lish e d  by s h o r t - r a n g e  M.O. 

o v e r l a p ,  and dep ends on th e  i n d i v i d u a l  M.O. symmetry and 

o v e r l a p  p r o p e r t i e s ,  a s  w e l l  a s  th e  o r b i t a l  e n e r g i e s  o f  A 

and B a s  m o d if ie d  by s o l v a t i o n .

The t o t a l  e n e rg y  change on a d d u c t  f o r m a t io n ,  A E, i s  

th e  sum o f  th e  i o n i c  and c o v a l e n t  c o n t r i b u t i o n s *

w 2 _ _  < ° " ' ; * s t > 2
A E  -------------  + 2 E E  — -----------—  (*5)

Rs t '  m n (Em -  V
where e = th e  e l e c t r o n i c  c h a r g e ,

P s .̂ = th e  re s o n a n c e  i n t e g r a l ,

csj = th e  o r b i t a l  c o e f f i c i e n t  o f  th e  j - t h  M.O. a t  

atom i ,
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*

Em = the enerSy o f  th e  M.O., ra, o f  B i n  th e  f i e l d  o f  A,

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

in g  th e  l o s s  o f  an e l e c t r o n ,  and
*

En = th e  e n e rg y  o f  th e  M.O., n ,  o f  A i n  th e  f i e l d  o f  B,

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

in g  th e  g a in  o f  an e l e c t r o n .

The f i r s t  summation i s  o v e r  th e  o c cu p ied  o r b i t a l s ,  m, o f  B, 

th e  se co n d , o v e r  th e  u n o ccu p ied  o r b i t a l s ,  n ,  o f  A, and th e  

f a c t o r  2 i n d i c a t e s  t h a t  two e l e c t r o n s  a r e  t r a n s f e r r e d  i n  a  

Lewis a c i d - b a s e  i n t e r a c t i o n .  E q u a t io n  (45 ) may be s i m p l i ­

f i e d  by assu m ing  t h a t  c o v a l e n t  i n t e r a c t i o n s  a r e  dom inated  by 

th e  h i g h e s t  o c cu p ied  m o le c u la r  o r b i t a l  (HOMO) o f  th e  base  

(d o n o r)  and th e  lo w e s t  u n o ccu p ied  m o le c u la r  o r b i t a l  (LUMO) 

o f  th e  a c id  ( a c c e p t o r ) ;  th e  sum m ations o f  e q u a t io n  (45 ) a r e  

th u s  red u ced  to  a  s i n g l e  te rm . The re sem b lan c e  o f  th e  HOMO- 

LUMO c o n c e p t  to  L ew is ' c l a s s i c a l  f o r m u la t io n  may be n o te d .

The HOMO and LUMO a r e  r e f e r r e d  to  a s  " f r o n t i e r "  o r b i t a l s .

The r e l a t i v e  m ag n itu d es  o f  th e  n u m e ra to r  and d e n o m in a to r  

o f  th e  l a t t e r  term  o f  e q u a t io n  (45) d e te rm in e  th e  e x t e n t  o f  

p e r t u r b a t i o n  and th e  ty p e  o f  r e a c t i v i t y .  When 2(c™c+ 0„ + )^S X S X
# *

<< (E^ -  En ) ,  t h e  Coulombic te rm  o f  e q u a t io n  (45) i s

p re d o m in a n t  and th e  a c i d - b a s e  i n t e r a c t i o n  i s  s a id  to  be 

"c h a r g e - c o n t r o l l e d " .  Very l i t t l e  c h a rg e  t r a n s f e r  o c c u r s ,  

and th e  M.O. p e r t u r b a t i o n  i s  s m a l l .  C h a r g e - c o n t r o l l e d  

p r o c e s s e s  a r e  f a v o re d  by h i g h ly  p o l a r  a c c e p t o r s  and d o n o r s ,  

i n  which th e  r e a c t i v e  a tom s have h ig h  p o s i t i v e  and n e g a t iv e  

c h a rg e  d e n s i t i e s ,  r e s p e c t i v e l y ;  by s m a l l  i n t e r a c t i n g  s p e c i e s ;
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and by v e ry  s m a l l  i n t e r m o l e c u l a r  d i s t a n c e s .  These f a c t o r s

i n c r e a s e  th e  m agn itude  o f  th e  Coulombic term  in  e q u a t io n  (U-5) •

C irc u m s ta n c e s  which f a v o r  c h a r g e - c o n t r o l  by d e c r e a s i n g  th e

d e g re e  o f  c o v a l e n t  b o n d in g  i n c lu d e  s i t u a t i o n s  i n  which th e

d o n o r  b a se  i s  h i g h ly  e l e c t r o n e g a t i v e  (h ig h  I . P . )  and th e

a c c e p t o r  a c i d  has a  low E.A. ( s e e  e q u a t io n  (^ 3 ) )»  i . e . ,
* *

(Em -  En ) i s  l a r g e ;  i n  th e s e  c a s e s  th e  s t a b i l i t y  g a in e d

upon c h a rg e  t r a n s f e r  i s  s m a l l ,  and c o v a le n t  i n t e r a c t i o n  i s

t h e r e f o r e  n o t  f a v o re d  ( F ig u re  I V - l - a ) .  A low d e g re e  o f

o v e r l a p  ( s m a l l  0 a l s o  f a v o r s  c h a r g e - c o n t r o l .

On th e  o t h e r  hand , when 2(c™c+ (E* -  E *),s v s x m n
th e  c o v a l e n t  te rm  becomes p re d o m in a n t  and a " f r o n t i e r -  

c o n t r o l l e d "  i n t e r a c t i o n  r e s u l t s ;  i n  such  c a s e s  th e  e x t e n t  

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

F r o n t i e r - c o n t r o l l e d  p r o c e s s e s  a r e  f a v o re d  by c o n d i t i o n s  

i n i m i c a l  to  c h a r g e - c o n t r o l ,  i . e . ,  f a c t o r s  w hich  m in im ize  

th e  e l e c t r o s t a t i c  te rm  o f  maximize th e  c h a rg e  t r a n s f e r  

c o n t r i b u t i o n  o f  e q u a t io n  ( ^ 5 ) .  These i n c lu d e  th e  p r e s e n c e  

o f  w eak ly  p o l a r  s p e c i e s  l a c k in g  h ig h  ch a rg e  d e n s i t y  b u t  

p o s s e s s i n g  r e a c t i v e  a tom s w i th  h ig h  b ase  HOMO and a c id  LUMO 

d e n s i t i e s ;  s p e c i e s  w i th  l a r g e  o r b i t a l  r a d i i  ( a l th o u g h  ^ 

i n c r e a s e s  a t  s m a l l  d i s t a n c e s ,  th e  c o r r e s p o n d in g  i n c r e a s e  i n  

th e  Coulombic term  i s  much g r e a t e r ) > b a s e s  o f  low e l e c t r o ­

n e g a t i v i t y  ( lo w  I . P . )  and a c i d s  o f  h ig h  E .A .;  h ig h  d e g re e s  

o f  o v e r l a p  and symmetry; and n e a r  d e g e n e ra c y  o f  HOMO and 

LUMO, i . e . ,  (Em -  En ) 0 .  Charge t r a n s f e r  o c c u r r i n g  i n  

f r o n t i e r - c o n t r o l l e d  p r o c e s s e s  l e a d s  to  a  l a r g e  g a in  i n
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F ig u re  I V - l t  Charge T r a n s f e r  (C o v a le n t  I n t e r a c t i o n )  i n  

C h a rg e -C o n t r o l le d  and F r o n t i e r - C o n t r o l l e d  P r o c e s s e s

M.O.
Energy

Acid

a )  C h a r g e - c o n t r o l l e d  p r o c e s s  -  th e  s t a b i l i t y  
g a in e d  upon c h a rg e  t r a n s f e r  i s  s m a l l ;  hence  
c o v a l e n t  i n t e r a c t i o n  i s  n o t  f a v o re d .

M.O.
Energy

Acid Base

b) F r o n t i e r - c o n t r o l l e d  p r o c e s s  -  th e  s t a b i l i t y  
g a in e d  upon c h a rg e  t r a n s f e r  i s  l a r g e ;  hence  
c o v a l e n t  i n t e r a c t i o n  i s  f a v o r e d .
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s t a b i l i t y  (F ig u re  I V - l - b ) .

A cids  which f a v o r  c h a r g e - c o n t r o l l e d  i n t e r a c t i o n s  ten d  

to  r e a c t  w i th  b a s e s  which f a v o r  th e  samej an  a n a lo g o u s  

s t a t e m e n t  h o ld s  f o r  a c i d s  and b a s e s  i n c l i n e d  tow ard s  

f r o n t i e r - c o n t r o l l e d  r e a c t i o n s .  A dducts formed a c r o s s  

c h a r g e - f r o n t i e r  l i n e s  l a c k  b o th  th e  s t a b i l i t y  a s s o c i a t e d  

w i th  c h a r g e - c o n t r o l  and w i th  f r o n t i e r - c o n t r o l ,  and th u s  a r e  

v e ry  weak.

S in ce  most s p e c i e s  (w i th  th e  e x c e p t io n s  H+, He^+ , L i^ + , 

e t c . )  c o n t a in  b o th  a  HOMO and a  LUMO ( o r  c o r r e s p o n d in g  

a to m ic  o r b i t a l s  i n  th e  c a se  o f  monatomic s p e c i e s ) ,  any  

s u b s ta n c e  can  be a m p h o te r ic ,  i n  p r i n c i p l e T h e  r e l a t i v e  

e n e r g i e s  o f  th e  HOMO'S and LUMO's o f  two i n t e r a c t i n g  

s u b s ta n c e s  m ust be c o n s id e r e d  to  d e te rm in e  which beh av es  a s  

an  a c id  and which a s  a  b a s e ,  m in d fu l  t h a t  o r b i t a l s  c lo s e  i n  

e n e rg y  ten d  to  dom in a te  c o v a l e n t  i n t e r a c t i o n s  ( e q u a t io n  (^ 5 ))»  

The HOMO's and LUMO's o f  t h r e e  h y p o t h e t i c a l  s u b s t a n c e s ,

X, Y, and Z, a r e  compared on an a r b i t r a r y  e n e rg y  s c a l e  i n  

F ig u r e  IV -2  to  i l l u s t r a t e  th e  r e l a t i v e  n a t u r e  o f  a c i d i t y  

and b a s i c i t y .  (HOMO)y i s  much c l o s e r  to  (LUMO)^ i n  e n e rg y  

th a n  (HOMO)^ i s  to  (LUMO)y; c o n s e q u e n t ly  Y i s  more l i k e l y  to  

behave a s  a  b a se  to w ard s  X th a n  X to w ard s  Y. On th e  o t h e r  

h an d , th e  e n e rg y  d i f f e r e n c e  be tw een  (HOMO)x and (LUMO)z i s  

l e s s  th a n  th e  c o r r e s p o n d in g  d i f f e r e n c e  be tw een  (H0M0)z and 

(LUMO)^} th u s  X b ehaves  a s  a  b a se  to w ard s  Z . I n  c a s e s  where 

th e  e n e rg y  d i f f e r e n c e  be tw een  th e  HOMO o f  one s p e c i e s  and 

th e  LUMO o f  a  second  a p p ro x im a te s  th e  d i f f e r e n c e  be tw een  th e
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F ig u re  IV -2 :  Amphoterism a s  a G e n e ra l  A c id -B ase  P r o p e r ty

from a  M o le c u la r  O r b i t a l  V iew p o in t  

(C om parison  o f  th e  HOMO'S and LUMO's o f  t h r e e  h y p o t h e t i c a l  

s u b s t a n c e s ,  X, Y, and Z, to  d e te rm in e  r e l a t i v e  a c i d i t y  and

b a s i c i t y )

500

M.O.
Energy  ^00

200

100

X Y Z
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LUMO o f  th e  f i r s t  and th e  HOMO o f  th e  se co n d , phenomena such  

a s  "backbond ing"  a p p e a r .

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  f o r e g o in g  d i s c u s s i o n  

makes no a s su m p tio n  a b o u t  th e  n a t u r e  o f  a HOMO o r  o f  a  LUMO. 

T h is  i s  a  d e p a r t u r e  from  th e  e a r l y  Lewis f o r m u la t io n  b e ca u se  

th e  r e q u i r e m e n t ,  i m p l i c i t  i n  L ew is ' e l e c t r o n  d o t  s t r u c t u r e s ,  

t h a t  b o th  th e  d o n o r  and a c c e p t o r  o r b i t a l s  be nonbond ing  i s  

d i s c a r d e d .  A HOMO may be b ond ing  o r  n onbond ing  and a  LUMO
13

may be nonbond ing  o r  a n t ib o n d in g  . T h is  a s s e r t i o n  o f f e r s  

an  e x p la n a t i o n  o f  th e  " e l e c t r i c a l  s t r a i n "  p o s t u l a t e d  by 

Lewis to  e x p la in  th e  i o n i z a t i o n  o f  some a c i d - b a s e  a d d u c t s .  

and a  method o f  p r e d i c t i n g  su ch  s t r a i n .  There  a r e  f o u r  

p o s s i b l e  HOMO-LUMO c o m b in a t io n s t

1. Nonbonding HOMO -  nonbo nd ing  LUMO -  No e l e c t r i c a l  

s t r a i n  i s  p roduced  and no su b s e q u e n t  d i s s o c i a t i o n  o c c u r s .

2. Bonding HOMO -  n on bon d ing  LUMO -  I f  th e  l o s s  o f  

e l e c t r o n  d e n s i t y  by th e  HOMO upon c o o r d i n a t i o n  i s  s u f f i c i e n t ,  

th e  base  becomes d e s t a b i l i z e d  and s im u l t a n e o u s ly  o r  su b ­

s e q u e n t l y  d i s s o c i a t e s ,  s i n c e  a  bond has  been b ro k e n .

A c id -b a se  a d d u c t  f o r m a t io n  i s  th u s  a c t u a l l y  an a c id  d i s p l a c e ­

m ent r e a c t i o n  ( e q u a t io n  ( 1 9 ) ) .

3 . Nonbonding HOMO -  a n t ib o n d in g  LUMO -  L ik e w ise ,  a  

l a r g e  g a in  i n  e l e c t r o n  d e n s i t y  by th e  LUMO upon c o o r d i n a t i o n  

may r u p t u r e  th e  a c i d ,  s i n c e  th e  f i l l i n g  o f  an  a n t ib o n d in g  

o r b i t a l  c a u s e s  d e s t a b i l i z a t i o n .  The r e a c t i o n  th e n  becom es, 

e s s e n t i a l l y ,  a  b a se  d i s p la c e m e n t  ( e q u a t io n  ( 1 8 ) ) .

I*. Bonding HOMO -  a n t ib o n d in g  LUMO -  Both  a c i d  and base
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may i o n i z e  upon c o o r d i n a t i o n  i n  t h i s  c a s e ,  r e s u l t i n g  i n  a  

d o u b le  d i s p la c e m e n t  p r o c e s s  ( e q u a t io n  ( 2 3 ) ) .

The M u ll ik e n  and Klopman-Hudson e q u a t io n s  ( e q u a t io n s  

(^2 )  and (^5)»  r e s p e c t i v e l y )  b o th  c o n ta in  s e p a r a t e  e l e c t r o ­

s t a t i c  and c h a rg e  t r a n s f e r  te rm s  b u t  d i f f e r  i n  t h a t  th e  

fo rm e r  d e s c r i b e s  th e  t o t a l  e n e rg y  o f  an a c i d - b a s e  sy s tem  

w h i le  th e  l a t t e r  y i e l d s  o n ly  th e  change i n  e n e rg y  upon

a d d u c t  f o r m a t io n .  The f o l lo w in g  a p p ro x im a t io n s  r e l a t e  th e  
13two a p p ro a c h e s  «

Eq -  (Ea + Eg) ^  -----------  ( It6 )

Rs t «

( ^ 0 1  " Eo i s o i )2 2 <c s ° nt  0 s t )2

<E1 -  E0 ) <Em -  En>
(^7)

where and Eg a r e  th e  e n e r g i e s  o f  th e  i s o l a t e d  A and B 

s p e c i e s ,  r e s p e c t i v e l y .

The quantum m e c h a n ic a l  f o r m u la t i o n  o f  th e  e l e c t r o n i c  

a c i d - b a s e  t h e o r y  e x te n d s  th e  scope  o f  th e  c o n c e p t  to  a l l  

c lo s e d  s h e l l  -  c lo s e d  s h e l l  i n t e r a c t i o n s ,  i . e . ,  a l l  p r o c e s s e s  

e x c e p t  o x i d a t i o n - r e d u c t i o n  and f r e e  r a d i c a l  r e a c t io n s ^ *

I n  th e  m ost g e n e r a l  s e n s e ,  b a s e s  a r e  s u b s ta n c e s  i n i t i a t i n g  

r e a c t i o n s  u s i n g  d o u b ly -o c c u p ie d  o r b i t a l s ,  w h i le  a c i d s  employ 

empty o r b i t a l s  to  p a r t i c i p a t e  i n  r e a c t i o n s .  Charge t r a n s f e r  

p r o c e s s e s ,  hyd rogen  b o n d in g ,  weak i n t e r m o l e c u l a r  f o r c e s ,  

c h e m is o r p t io n ,  and a  m u l t i t u d e  o f  o t h e r  phenomena a r e  

in c lu d e d  i n  t h i s  expanded t r e a t m e n t  a lo n g  w i th  a l l  c a s e s
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c o v ered  by L ew is ' e a r l i e r  f o r m u la t i o n .  A re v ie w  by 

13J e n s e n  i s  a  th o ro u g h  p r e s e n t a t i o n  o f  e a r l y  and contem ­

p o r a r y  Lewis t h e o r y  w i th  em p hasis  on i t s  quantum m echan i­

c a l  a s p e c t s .
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D. Q u a n t i t a t i v e  A sp e c ts  o f  th e  Lewis Theory

A m ajo r  l i m i t a t i o n  o f  th e  p r o t o n i c  and s o l v e n t  sy s te m s  

c o n c e p ts ,  a c c o rd in g  to  Lew is^, was t h e i r  n a rro w  p i c t u r e  o f  

a c i d - b a s e  s t r e n g t h .  The r e s t r i c t i o n  o f  a c i d s  and b a s e s  to  

i o n i z i n g  s o l v e n t s ,  c o u p led  w i th  th e  l e v e l l i n g  e f f e c t ,  was 

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

te n d e n c y  to  l i b e r a t e  s o l v e n t  i o n s .  The in a d e q u a c y  o f  t h i s  

c r i t e r i o n  in  n o n i o n iz i n g  s o l v e n t s  i s  c l e a r ,  and th e  a p p l i ­

c a b i l i t y  o f  th e  e l e c t r o n i c  t h e o r y  in  such  c a s e s  r e q u i r e s  a  

more g e n e r a l  v iew  o f  a c i d - b a s e  s t r e n g t h .  An o r d e r  o f  Lewis 

a c id  s t r e n g t h  can  be d e te r m in e d ,  i n  p r i n c i p l e ,  by m ea su r in g  

th e  r e l a t i v e  s t a b i l i t i e s  o f  a d d u c ts  formed w i th  a  r e f e r e n c e  

Lewis b a s e .  C o n v e r s e ly ,  a  r e l a t i v e  o r d e r i n g  o f  Lewis b ase  

s t r e n g t h s  may be o b ta in e d  u s i n g  a  r e f e r e n c e  Lewis a c i d .

S in c e  a l l  s o l v e n t s ,  e x c e p t  i n e r t  s o l v e n t s ,  can  a c t  a s  Lewis 

a c i d s  a n d / o r  b a s e s ,  th e  B r /n s te d -L o w ry  and s o l v e n t  sy s te m s  

c o n c e p t io n s  o f  s t r e n g t h  a r e  in c lu d e d  i n  th e  more g e n e r a l  

Lewis a p p ro a ch  by r e g a r d i n g  th e  s o l v e n t  a s  a  r e f e r e n c e  

s u b s ta n c e .

A lthough  t h e o r e t i c a l l y  so und , t h i s  a p p ro a ch  f a i l s  

e x p e r im e n ta l ly  b e ca u se  th e  o r d e r  o f  Lewis a c i d  ( b a s e )  

s t r e n g t h  i s  n o t  i n v a r i a n t  when th e  r e f e r e n c e  s u b s ta n c e  i s  

chang ed ^”®’ * 2 - 1 4 ,1 7 ,3 6 ,4 2 .  Levri.s  b e l i e v e d  t h a t  a  s i n g l e

o r d e r  o f  a c id  o r  b a se  s t r e n g t h  d id  n o t  e x i s t ,  f i n d i n g  wide 

s u p p o r t  f o r  t h i s  v ie w p o in t  from b o th  p r o p o n e n ts  and o p p o n e n ts  

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

a c i d - b a s e  t h e o r y ;  Br/ins ted -L ow ry  a c i d s  and b a s e s  f o l lo w ,  i n

g e n e r a l ,  i n v a r i a n t  o r d e r s  o f  s t r e n g t h  ( b a r r i n g  th e  l e v e l l i n g

e f f e c t )  b e ca u se  a l l  s t r e n g t h s  a r e  r e l a t e d  to  th e  r e f e r e n c e

a c id  H+ . A co m parison  o f  th e  r e l a t i v e  b a s i c i t i e s  o f  h a l i d e
2 +io n s  to w ard s  th e  p r o to n  and to w ard s  th e  Lewis a c id  Hg

i n d i c a t e s  t h a t  a change o f  r e f e r e n c e  s u b s ta n c e  may n o t  o n ly

a l t e r  b u t  may som etim es c o m p le te ly  i n v e r t  o r d e r s  o f
ZlQ

s t r e n g t h  7 t

H+ a f f i n i t y *  F“ > C l"  > B r” > I "

Hg2+ a f f i n i t y *  F” < C l"  < B r” < I "

Thus, f o r  exam ple , HI i s  a  s t r o n g e r  a c id  th a n  HC1 b u t  Hgl+ 

i s  a  w eaker a c id  th a n  HgCl+ .

Brown and c o w o r k e r s '^ ” '*2 a c c o u n te d  f o r  some o f  th e  

v a r i a t i o n s  i n  r e l a t i v e  a c i d - b a s e  s t r e n g t h s  by n o t i n g  t h a t  

s t e r i c  f a c t o r s  som etim es i n t e r f e r e  w i th  a d d u c t  f o r m a t io n .

F o r  exam ple , t r im e th y la m in e  i s  a p p a r e n t l y  a s t r o n g e r  base  

th a n  p y r i d i n e ,  b e ca u se  (CH^)^N d i s p l a c e s  C^H^N from a d d u c ts  

w i th  BH^, B F y  HC1, and HBr. . However, p y r i d i n e  i s  n o t  d i s ­

p la c e d  from (CH^)^B; th e  a p p a r e n t  r e v e r s a l  i n  b a se  s t r e n g t h  

a r i s e s  a s  a  r e s u l t  o f  s t e r i c  h in d r a n c e  be tw een  th e  m ethy l 

g ro u p s  o f  t r im e th y lb o r o n  and t r im e th y la m in e .  B row n 's  i d e a s  

a c c o u n t  f o r  a  f r a c t i o n  o f  th e  o b se rv e d  o r d e r s  o f  s t r e n g t h  

b u t  do n o t  e x p l a i n ,  f o r  i n s t a n c e ,  th e  abovem en tioned  

d i f f e r e n c e  betw een  th e  p r o to n  and m e rc u r ic  io n  a f f i n i t i e s  

o f  th e  h a l i d e s .

L u d e r '  d i s a g r e e d  w i th  L ew is , c o n te n d in g  t h a t  a  s i n g l e
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o r d e r  o f  a c id  o r  b a se  s t r e n g t h  was o b t a i n a b l e  s im p ly  by 

d e te r m in in g ,  from d i s p la c e m e n t  r e a c t i o n s ,  th e  e l e c t r o n  p a i r  

d o n a t in g  and a c c e p t in g  t e n d e n c i e s  o f  b a s e s  and a c i d s ,  

r e s p e c t i v e l y ,  w i th o u t  r e l y i n g  on r e f e r e n c e  a c i d s  o r  b a s e s .  

S t r o n g  a c id  -  s t r o n g  b ase  a d d u c ts  a r e  r e c o g n iz e d  by t h e i r  

h ig h  s t a b i l i t y ;  a d d u c ts  o f  weak a c i d s  and s t r o n g  b a s e s ,  o r  

o f  weak b a s e s  and s t r o n g  a c i d s ,  p o s s e s s  m odera te  s t a b i l i t y ;  

and weak a c id  -  weak b a se  c o m b in a t io n  a r e  n o t a b l e  f o r  th e  

e a se  w i th  which th e y  undergo  a c id  o r  b a se  d i s p l a c e m e n t .

L uder i n s i s t e d  t h a t  th e  u n i v e r s a l  o r d e r  o f  s t r e n g t h  th u s  

d e te rm in e d  i s  s u b j e c t  to  o n ly  two l i m i t a t i o n s .  The f i r s t  i s  

th e  l e v e l l i n g  e f f e c t ,  and th e  second  i s  a  c o n c e n t r a t i o n  

e f f e c t  which seems to  v a ry  th e  o r d e r  o f  a c i d - b a s e  s t r e n g t h .  

F o r  exam ple , h y d ro x id e  i s  a  s t r o n g e r  b a se  to w a rd s  th e  p r o to n  

th a n  ammonia i s ,  b u t  Ag+ seems to  p r e f e r  NH^ to  OH", i . e . ,  a  

p r e c i p i t a t e  o f  s i l v e r  h y d ro x id e  d i s s o l v e s  e a s i l y  i n  ammonia- 

c a l  s o l u t i o n .  A c co rd in g  to  L uder ,  th e  h ig h  c o n c e n t r a t i o n  o f  

NH^, r e l a t i v e  to  OH", i s  r e s p o n s i b l e  f o r  t h i 3  e f f e c t ,  r a t h e r  

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

i n  r e f e r e n c e  a c i d .  K o l th o f f * ^  d i s a g r e e d  w i th  t h i s  p o i n t  o f  

v iew , n o t i n g  t h a t  no AgOH p r e c i p i t a t e  form s from  a  s o l u t i o n  

o f  s i l v e r  io n  when th e  h y d ro x id e  c o n c e n t r a t i o n  i s  v e ry  low , 

b u t  t h a t  th e  s i l v e r  io n  -  ammonia complex d o e s  form a t  an 

e q u a l l y  low ammonia c o n c e n t r a t i o n .
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1. A c id -B ase  S t r e n g th  i n  C lo s e ly  R e la te d  System s

One p o s s i b l e  a p p ro a ch  to  q u a n t i f y i n g  Lewis a c i d i t y  and 

b a s i c i t y  i s  by a n a lo g y  to  th e  B r /n s t e d  c o n c e p t ,  i . e . ,  th e  

d e t e r m i n a t i o n  o f  o r d e r s  o f  s t r e n g t h  i n  c l o s e l y  r e l a t e d
53sy s te m s  o r  r e l a t i v e  to  c l o s e l y  r e l a t e d  r e f e r e n c e  s u b s ta n c e s  . 

Such sy s te m s  may be chosen  so  t h a t  i n t e r f e r e n c e s  a r e  n e g l i ­

g i b l e  o r  c o n s t a n t ,  a l lo w in g  a  c l e a r  r a n k in g  o f  a c i d s  and 

b a s e s  by s t r e n g t h .

S a t c h e l l  and S a t c h e l l ' ^ ’’ ^  c o r r e l a t e d  a  l a r g e  amount o f  

s t a n d a r d  f r e e  e n e rg y  ( e q u i l i b r i u m  c o n s t a n t )  d a t a  to  o b t a i n  

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

A lth oug h  c o o r d i n a t e  c o v a l e n t  bond s t r e n g t h s  a r e  more d i r e c t l y  

r e l a t e d  to  e n t h a l p i e s  th a n  to  f r e e  e n e r g i e s  o f  a d d u c t  

f o r m a t io n ,  S a t c h e l l  and S a t c h e l l  a rgued  t h a t  th e  l a t t e r  a r e  

o f  g r e a t e r  p r a c t i c a l  im p o r ta n c e  and i m p l i c i t l y  assumed t h a t  

e n t r o p y  e f f e c t s  i n  c l o s e l y  r e l a t e d  sy s tem s  a r e  r e l a t i v e l y  

c o n s t a n t .

The f a c t o r s  i n f l u e n c i n g  th e  a c i d i t y  o f  a  c o v a l e n t  m e ta l  

h a l i d e ,  MXn , i n c l u d e i

a )  E l e c t r o n i c  c o n f i g u r a t i o n  -  When n < 4 ,  MXn i s  a 

s t r o n g  a c id  i f  o n ly  one e l e c t r o n  p a i r  i s  r e q u i r e d  to  

co m p le te  th e  o c t e t  o f  M, b u t  i s  o n ly  m o d e ra te ly  s t r o n g  

i f  more th a n  one e l e c t r o n  p a i r  i s  r e q u i r e d ,  s i n c e  th e  

e n e rg y  g a in e d  upon th e  a d d i t i o n  o f  one e l e c t r o n  p a i r  

i s  sm a l l  i n  th e  l a t t e r  c a s e ,  and th e  a ccu m u la ted  

e l e c t r o n  d e n s i t y  from th e  c o o r d i n a t i o n  o f  th e  f i r s t  

e l e c t r o n  p a i r  weakens th e  a c i d  to w ard s  f u r t h e r  r e a c t i o n .
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W ith in  a  p e r i o d i c  g roup  th e  a c i d i t y  o f  M d ro p s  w i th  

i n c r e a s i n g  a to m ic  number ( i n c r e a s i n g  s i z e ) ,  s i n c e  

e l e c t r o n  p a i r s  a r e  l e s s  s t r o n g l y  a t t r a c t e d  by more 

s h i e ld e d  n u c l e i .  T h is  e f f e c t  i s  p a r t i a l l y  c a n c e l l e d  

by a  s im u l ta n e o u s  i n c r e a s e  i n  th e  e a se  o f  h y b r i d i z a ­

t i o n  o f  o r b i t a l s  o f  th e  h e a v i e r  e le m e n ts ,  which te n d s  

to  i n c r e a s e  r e a c t i v i t y .

b) S u b s t i t u e n t  e f f e c t s  -  S u b s t i t u e n t s  p r e s e n t  on 

M p r i o r  to  c o o r d i n a t i o n  w i th  a  base  e x e r t  b o th  p o l a r  

and s t e r i c  e f f e c t s .  The fo rm e r  may be summarized by 

s t a t i n g  t h a t  e l e c t r o n - w i th d r a w in g  and r e l e a s i n g  

s u b s t i t u e n t s  i n c r e a s e  and d e c r e a s e  a c i d i t y ,  r e s p e c ­

t i v e l y .  S t e r i c  e f f e c t s  become p ro m in e n t  when sm a ll  

m e ta l  io n s  a r e  a t t a c h e d  to  l a r g e ,  b u lk y  g ro u p s .

c)  E f f e c t  o f  ba se  s t r u c t u r e  -  The m ost im p o r ta n t  

c o n s i d e r a t i o n  a s  f a r  a s  th e  s t r u c t u r e  o f  th e  b a se  i s  

co n ce rn e d  i s  th e  e l e c t r o n i c  s t a t e  o f  th e  d o n o r .  Some 

d o n o rs  ( n o t a b l y  th o s e  w i th  N, 0 ,  and P d o n a t in g  a tom s) 

form o n ly  s i n g l e  <r-bonds upon c o o r d i n a t i o n  w i th  a c i d s ,  

i n  a c c o rd  w i th  th e  c l a s s i c a l  Lewis f o r m u la t i o n .  O th e r  

b a s e s  p o s s e s s  ir -b o n d -fo rm in g  c a p a b i l i t i e s  i n  a d d i t i o n  

to  th e  a b i l i t y  to  form o -b o n d s ,  and s t i l l  o t h e r s  may 

a c t  a s  i r - a c c e p to r s  i n  "back d o n a t i o n " .  I t  i s  o f  

p a r t i c u l a r  im p o r ta n c e  t h a t  th e  d e t e r m i n a t i o n  o f  an  

o r d e r  o f  b a s i c i t y  r e l a t i v e  to  a  r e f e r e n c e  a c i d  in v o lv e  

a  s e t  o f  b a s e s  w i th  th e  same ty p e  o f  b o n d in g  c a p a b i l i ­

t i e s ,  i . e . ,  c l o s e l y  r e l a t e d  s y s te m s .  O th e rw is e ,  a
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change o f  r e f e r e n c e  a c i d ,  e . g . ,  from one w i th  no b a ck -  

bo nd in g  a b i l i t i e s  to  one w i th  such  t e n d e n c i e s ,  a l t e r s  

and i n v a l i d a t e s  th e  o r d e r  o f  b a s i c i t y .  I f  one m o le cu le  

o f  a c id  i s  l i k e l y  to  r e a c t  w i th  more th a n  one m o le cu le  

o r  io n  o f  b a s e ,  th e  e f f e c t s  o f  s u c c e s s iv e  c o o r d i n a t i o n  

m ust be c o n s i d e r e d .  The a d d u c t  formed betw een  th e  a c i d  

and th e  f i r s t  b a s i c  p a r t i c l e  c a n n o t  be e x p e c te d  to  

r e t a i n  p r o p e r t i e s  i d e n t i c a l  to  th o se  o f  th e  o r i g i n a l  

a c i d .  On th e  c o n t r a r y ,  th e  p o s s i b l e  s t e r i c  h in d ra n c e  

o f  th e  e x t r a  s u b s t i t u e n t  and th e  a ccu m u la ted  e l e c t r o n  

d e n s i t y  from th e  f i r s t  c o o r d i n a t i o n  g e n e r a l l y  weaken 

th e  a c id  to w a rd s  f u r t h e r  r e a c t i o n .  O th e r  b a s e - r e l a t e d  

f a c t o r s  r e q u i r i n g  c o n s i d e r a t i o n  a r e  th e  p r e s e n c e  o f  

b u lk y  s u b s t i t u e n t  g ro u p s  on th e  base  ( s t e r i c  f a c t o r s )  

and c h e l a t i o n ;  no m e a n in g fu l  com p arison  o f  s t r e n g t h  

can  be made betw een  m onoden ta te  and m u l t i d e n a te  l i g a n d s .

d )  S o lv e n t  e f f e c t s  -  S in c e  s o l v e n t s  a r e  a l s o  Lewis 

a c i d s  a n d / o r  b a s e s ,  s o l u t e - s o l u t e  a d d u c t  f o r m a t io n  i s  

more l i k e l y  to  be a  d i s p la c e m e n t  p r o c e s s ,  r a t h e r  th a n  

a  s im p le  a c i d - b a s e  c o m b in a t io n  (com pare e q u a t io n s  (29 )

-  ( 3 * 0 ) .  and may be in f lu e n c e d  by th e  a c i d - b a s e  s t r e n g t h  

o f  th e  s o l v e n t .  S o lv e n ts  o f  h ig h  c o o r d i n a t i n g  power 

may r e v e r s e  th e  a p p a r e n t  r e l a t i v e  s t r e n g t h s  o f ,  e . g . ,  

two a c i d s ,  whose s t r e n g t h s  were i n i t i a l l y  d e te rm in e d
•

r e l a t i v e  to  a  r e f e r e n c e  s o l u t e  b a se  i n  a  w eak ly  c o o r d i ­

n a t i n g  s o l v e n t ,  by h o ld in g  o n to  th e  s t r o n g e r  a c i d  v i a  

a  l e v e l l i n g - t y p e  e f f e c t ,  t h u s  lo w e r in g  i t s  a c i d i t y .



S a t c h e l l  and S a t c h e l l  p r e d i c t e d  t h a t  th e  b e h a v io r  o f  a  

s e r i e s  o f  r e l a t e d  b a s e s  tow ards  a c o v a l e n t  m e ta l  h a l i d e  

r e f e r e n c e  a c id  p a r a l l e l s  th e  b e h a v io r  o f  th e  same b a s e s  

to w ard s  any o t h e r  c o v a l e n t  m e ta l  h a l i d e  o r  tow ards  th e  

p r o to n ,  i . e . ,  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  betw een b a s i c i t y  

to w ard s  c o v a l e n t  m e ta l  h a l i d e s  and tow ards  th e  p r o t o n * ^ ' ^ ’

55 ,

PKAB * a  ( PKa>HB + b (k8)

where = the  d i s s o c i a t i o n  c o n s t a n t  o f  AiB u n d e r  th e

e x p e r im e n ta l  c o n d i t i o n s  g iv e n ,

(Ka ) HB = ^ e  aqueous a c id  d i s s o c i a t i o n  c o n s t a n t  o f  

HB, and

a  and b = c o n s t a n t s  d e p e n d e n t  on th e  r e f e r e n c e  a c i d .  

E q u a t io n  (48 ) i s  v a l i d  when th e  c o o r d i n a t i o n  o f  o n ly  one 

e l e c t r o n  p a i r  t a k e s  p l a c e  and no s t e r i c  o r  T-bond e f f e c t s  

i n t e r f e r e .  D e te rm in a t io n s  o f  r e l a t i v e  s t r e n g t h  a l s o  f i t  

e q u a t io n  (48 ) in  m u l t i p l y  c o o r d in a te d  a d d u c ts  i n  w hich th e  

jr -bond e f f e c t s  a r e  c o n s t a n t  i n  d i r e c t i o n  and m ag n itu d e .

O th e r  s t u d i e s  have y i e l d e d  l i m i t e d  o r d e r s  o f  Lewis a c id  

o r  ba se  s t r e n g t h  u n d e r  r e s t r i c t e d  c o n d i t i o n s ,  i . e . ,  r e l a t i v e  

to  a  r e f e r e n c e  s o l u t e  o r  s o l v e n t .  The v a r io u s  t e c h n iq u e s  

employed to  o b t a i n  t h e s e  o r d e r s  i n c l u d e i  c o l o r i m e t r i c  

m easu rem en ts ,  i n d i c a t o r  and p o t e n t i o m e t r i c  t i t r a t i o n s ^ ® } 

i n f r a r e d  s p e c t r o p h o to m e t r y ,  i n  which th e  v i b r a t i o n a l  f r e ­

quency  o f  th e  r e f e r e n c e  s u b s t a n c e ' s  i n t e r a c t i n g  g roup  

d e c r e a s e s  l i n e a r l y  w i th  th e  e n th a lp y  o f  a d d u c t  f o r m a t io n
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(bond s t r e n g t h ) 3 3 # 5 ^ ,5 9 ,6 0 { n u c i e a r  m ag n e tic  r e s o n a n c e ,  i n

which th e  c o u p l in g  c o n s t a n t s  be tw een  p r o to n s  and ^ ^ S n ,  ^ P ,  
1 9o r  F i n  a  r e f e r e n c e  s u b s ta n c e  i n c r e a s e  l i n e a r l y  w i th

e n t h a l p i e s  o f  a d d u c t  f o r m a t i o n - ^ ' a n d  c a t a l y s i s  e x p e r i -  
21m ents .
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2. The S ea rch  f o r  a  G e n e ra l  Approach to  A c id -B ase

S t r e n g th

A c id -b a se  s t r e n g t h  r a n k in g s  i n  c l o s e l y  r e l a t e d  sy s te m s  

a r e  u s e f u l ,  b u t  th e y  do n o t  p r o v id e  a  g e n e r a l  t h e o r e t i c a l  

b a s i s  f o r ,  o r  an o v e r a l l  a p p ro x im a t io n  o f ,  r e l a t i v e  a c i d -  

b a se  s t r e n g t h s .  E f f o r t s  have been d i r e c t e d  tow ards  th e  

a t t a i n m e n t  o f  t h i s  o b j e c t i v e ,  e s p e c i a l l y  d u r in g  th e  l a s t  

q u a r t e r  c e n t u r y .

The in f lu e n c e  o f  c h a rg e  and s i z e  upon a c i d i t y  and 

b a s i c i t y  was re c o g n iz e d  even b e fo r e  Lewis p ro m u lg a te d  a  

f u l l y  d e v e lo p e d  e l e c t r o n i c  a c i d - b a s e  t h e o r y .  B r^ns ted ^® ’ 

n o te d  t h a t  i n c r e a s i n g  p o s i t i v e  c h a rg e  c o r r e s p o n d s  to  

i n c r e a s e d  a c i d i t y  and d e c re a s e d  b a s i c i t y ,  w h i le  i n c r e a s i n g  

n e g a t iv e  c h a rg e  h as  th e  o p p o s i t e  e f f e c t .  Both th e  c h a rg e  

o f  th e  com plex and th e  o x i d a t i o n  s t a t e  o f  th e  c e n t r a l  m e ta l  

atom a f f e c t  a c i d i t y  o f  a q u o m e ta l  i o n s .

C a r t l e d g e  c o r r e l a t e d  p r o p e r t i e s  o f  th e  e le m e n t  w i th

o x i d a t i o n  s t a t e ,  o r  v a le n c e ,  and s i z e ,  d e f i n i n g  a f u n c t i o n

he c a l l e d  " i o n i c  p o t e n t i a l " ,  , a s  th e  v a le n c e  s t a t e  o f  an
66e le m e n t ,  Z, d iv id e d  by i t s  i o n i c  r a d i u s ,  r  «

Z
<t> =   (49)

r

The p r o t o n i c  a c i d - b a s e  t h e o r y  was p re d o m in a n t  a t  th e  t im e  o f  

t h i s  f o r m u la t i o n ,  so  C a r t l e d g e  fo rm u la te d  th e  a c i d i c  r e a c t i o n  

o f  m e ta l  io n s  a s  aq u o m eta l  io n  d i s s o c i a t i o n  and o f  n o n -  

m e t a l l i c  s u b s ta n c e s  a s  a c i d  h y d r o ly s i s *
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Mm+ + n H20 F==^ M(H20 ) nm+

f = = = J  [ M(H2O)n - l (0H) ]  (m~1)+ + H+ (50 )

The h y d r a t i o n  e n e rg y  o f  th e  f i r s t  s t e p  o f  e q u a t io n  (50)

ex ce ed s  th e  h e a t  o f  i o n i z a t i o n  o f  w a te r  f o r  an Mm+ s p e c i e s

o f  h ig h  i o n i c  p o t e n t i a l ,  i . e . ,  h ig h  i o n i c  p o t e n t i a l  im p l i e s

h ig h  a c i d i t y .  C o n v e rse ly ,  s p e c i e s  o f  low i o n i c  p o t e n t i a l

a r e  w eak ly  a c i d i c .  C a r t l e d g e  p ro ce ed e d  to  c l a s s i f y  th e
6 7v a r io u s  v a le n c e  s t a t e s  o f  t h e  e le m e n ts  a s  f o l lo w s  i

i f  ( 4> )^  < 2 .2 ,  th e  s p e c i e s  i s  b a s ic *

i f  ( $ ) a > 3 - 2 ,  th e  s p e c i e s  i s  a c id ic *  and
4

i f  2 .2  < ( ♦  )* < 3 .2 ,  th e  s p e c i e s  i s  a m p h o te r ic .

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

m a n i f e s t a t i o n  o f  a c i d - b a s e  p r o p e r t i e s  i n  th e  Lewis th eo ry *  

c o n s e q u e n t ly  C a r t l e d g e ' s  c l a s s i f i c a t i o n  may be a p p l i e d  

d i r e c t l y  to  th e  e lem ents*® . An e x p e r im e n ta l  c o r r e l a t i o n  o f  

c h a rg e  and s i z e  w i th  r e a c t i v i t y  c o n firm ed  C a r t l e d g e ' s  p r e ­

d i c t i o n  t h a t  h i g h ly  c h a rg e d ,  sm a l l  c a t i o n s  a r e  h i g h ly  
68a c i d i c  . F o r  exam ple , th e  s t r o n g  b a se  sodium s u l f i d e

d i s s o l v e s  th e  s u l f i d e s  o f  A s ( I I I ) ,  S b ( I I I ) ,  and S n (IV ) ,  b u t

n o t  th o s e  o f  C u ( I I ) ,  C d ( I I ) ,  and B i ( I I I ) .  Aqueous ammonia-

c a l  s o l u t i o n  p r e c i p i t a t e s  t r i v a l e n t  chromium, m anganese, and

i r o n ,  b u t  n o t  d i v a l e n t  m anganese, c o b a l t ,  o r  n i c k e l .
69B jerrum  s o u g h t  to  compare Brjdnsted b a s i c i t y  ( p r o to n  

a f f i n i t y )  to  Lewis b a s i c i t y  ( n u c l e o p h i l i c i t y )  i n  o r d e r  to  

d e te rm in e  i f  th e  fo rm e r  was a s u f f i c i e n t  s t a n d a r d  by which 

to  c o r r e l a t e  l ig a n d  s t r e n g t h  i n  t r a n s i t i o n  m e ta l  co m plexes . 

He compared th e  r e l a t i v e  b a s i c i t i e s  o f  th e  h a l i d e  io n s
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to w ard s  m e ta l  io n s  and found a  g r e a t e r  d e g re e  o f  o r d e r  th a n  

had o r i g i n a l l y  been  s u p p o s e d . C o n t r a r y  to  th e  a rgum en t o f  

o p p o n e n ts  o f  th e  e l e c t r o n i c  t h e o r y  t h a t  num erous o r d e r s  o f  

b a s i c i t y  e x i s t e d ,  d e p e n d in g  on th e  r e f e r e n c e  a c i d ,  B jerrum  

was a b le  to  d i v id e  m e ta l  io n s  i n t o  two d i s t i n c t  c l a s s e s .

One c l a s s  e x h i b i t s  a c i d i c  b e h a v io r  s i m i l a r  to  t h a t  o f  th e  

p r o to n ,  i . e . ,  th e  h a l i d e  b a s i c i t i e s  i n c r e a s e  i n  th e  o r d e r  

I**< B r”< C l" <  F“ . Most o f  th e  Lewis a c i d s  i n  t h i s  g roup  

( th o u g h  n o t  a l l )  have i n e r t  g a s  e l e c t r o n i c  c o n f i g u r a t i o n s  

and a r e  h ig h ly  e l e c t r o p o s i t i v e  s p e c i e s  whose a c i d i t y  i s  

in f lu e n c e d  by t h e i r  h ig h  i o n i c  c h a rg e  and s m a ll  i o n i c  r a d i u s ,  

e . g . ,  A l^ , Fe^ . These m e ta l  io n s  b in d  p r i m a r i l y  e l e c t r o ­

s t a t i c a l l y  to  s m a l l ,  h i g h ly  e l e c t r o n e g a t i v e ,  n o n p o l a r i z a b l e  

b a s e s ,  e . g . ,  f l u o r i d e  i o n ,  i n  p r e f e r e n c e  to  b a s e s  w i th  

th e  o p p o s i t e  c h a r a c t e r i s t i c s ,  e . g . ,  i o d id e  i o n .

The second  c l a s s  i s  c h a r a c t e r i z e d  by b e h a v io r  p r e v i o u s -
49l y  a t t r i b u t e d  to  m e rc u r ic  io n ,  i . e . ,  th e  o r d e r  o f  i n c r e a ­

s i n g  h a l i d e  b a s i c i t y  i s  r e v e r s e d .  These Lewis a c i d s  a r e  

more e l e c t r o n e g a t i v e  them th o s e  o f  th e  f i r s t  g ro u p ;  th e y  

c o n ta in  l a r g e  numbers o f  o u t e r  s h e l l  d e l e c t r o n s  and o x id a ­

t i o n  p o t e n t i a l  i s  g e n e r a l l y  a  good m easure  o f  r e l a t i v e  

a c i d i t y  f o r  th e  members o f  t h i s  g ro u p .  These m e ta l  i o n s  

p r e f e r  to  b in d  to  l a r g e  b a s e s  o f  low e l e c t r o n e g a t i v i t y  and 

h ig h  p o l a r i z a b i l i t y ,  e . g . ,  i o d id e  i o n .
1*5 r? Q -r?'\

Edwards J i n c o r p o r a te d  th e  two ty p e s  o f  b a s i c i t y

q u a l i t a t i v e l y  n o te d  by B jerrum  i n t o  a  f o u r - p a r a m e t e r  eq u a ­

t io n s



where K = a r a t e  o r  e q u i l i b r i u m  c o n s t a n t ,

Kq = th e  same c o n s t a n t  i n  a  r e f e r e n c e  s t a t e  ( w a te r  a t  

25°C),

a and /3 = s u b s t r a t e - ( L e w i s  a c i d ) - d e p e n d e n t  c o n s t a n t s ,  

H = th e  p r o to n  b a s i c i t y  o f  a s u b s ta n c e ,  i n  te rm s  o f  

th e  d i s s o c i a t i o n  c o n s t a n t  o f  i t s  c o n ju g a te  a c i d ,  

r e f e r r e d  to  th e  d i s s o c i a t i o n  c o n s t a n t  o f  th e  

hydronium  io n  ( (PKa ) q* = - 1 . 7 * 0 *

H = pKa  + 1.7** (52)

(H i s  d e f in e d  a s  ze ro  a t  25°C i n  w a t e r ) ,  and 

En = n u c le o Phi 1i c i ‘ty  o f  a  s u b s ta n c e ,  i n  te rm s  o f

i t s  o x i d a t i o n  p o t e n t i a l ,  r e f e r r e d  to  th e  f o l lo w in g

red o x  c o u p le i

H40 2 , > H„022+ t  ! ( ■  (53)

E° = -  2 .6 0  V

Thus En = E®x> + 2 .6 0  (5**)

(En i s  a l s o  d e f in e d  a s  z e ro  a t  25°C i n  w a t e r . )

E q u a t io n  (51)* th e  Edwards e q u a t io n ,  may be used  to  

c o r r e l a t e  r a t e  and e q u i l i b r i u m  c o n s t a n t s  o f  d i s p la c e m e n t ,  

c o m p le x a t io n ,  s o l u b i l i t y ,  and o t h e r  p r o c e s s e s  w i th  p r o to n  

b a s i c i t y  and n u c l e o p h i l i c i t y .  R e a c t io n s  o f  Lewis b a s e s  w i th  

h ig h  p r o to n  b a s i c i t i e s  a r e  i n f lu e n c e d  p r i m a r i l y  by H, 

w hereas  r e a c t i o n s  o f  b a s e s  w i th  low p r o to n  b a s i c i t i e s  

depend m o s t ly  on En< S i m i l a r l y ,  Lewis a c i d s  m a n i f e s t i n g
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p r o t o n - l i k e  a c i d i t y  a r e  c h a r a c t e r i z e d  by h ig h  0 and low a 

v a lu e s ;  m e rc u r ic  i o n - l i k e  Lewis a c i d s  p o s s e s s  th e  o p p o s i t e  

c h a r a c t e r i s t i c s .

Edwards l a t e r *-̂ ’ 1 ^ 2 amended e q u a t io n  (51) t o  s e p a r a t e  

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

En = a  P + b H (55)

The l i n e a r  r e l a t i o n s h i p  be tw een  p o l a r i z a b i l i t y  and n u c le o -  

p h i l i c i t y  becomes o b v io u s  upon r e w r i t i n g  e q u a t io n  (55)*

En

H \  H
a  [ ------ ) + b (56)

and En  v a lu e s  c a l c u l a t e d  from p o l a r i z a b i l i t i e s  a g re e  w e l l  

w i th  experimi 

e q u a t io n  i s i

w i th  e x p e r im e n ta l  En v a l u e s .  Hence th e  m o d if ie d  Edwards

A P + B H

( <* a )  P + ( 0 + « b ) H  (57)

R e v e r s a l s  i n  th e  o r d e r  o f  h a l i d e  a f f i n i t i e s  f o r  

d i f f e r e n t  m e ta l  io n s  were n o t i c e d  a l s o  by S c h w a r z e n b a c h ^ ’
7  If, o c

* , who l a b e l l e d  th e  p r o t o n - l i k e  m e ta l  io n s  " c l a s s  A" and

th e  Hg2+- l i k e  m e ta l  i o n s  " c l a s s  B" a c i d s .  A h r la n d ,  C h a t t ,  

and D a v ie s* 2 * - ^ ’ ^ 2 * ^ ” ^  found t h a t  th e  d i f f e r e n c e s  betw een 

w hat th e y  c a l l e d  " c l a s s  ( a ) "  and " c l a s s  (b ) "  m e ta l  io n s  

h o ld  n o t  o n ly  f o r  h a l i d e  l i g a n d s  b u t  a l s o  f o r  l i g a n d s  

c o n t a i n i n g  d o n o r  a tom s i n  p e r i o d i c  g ro u p s  VA and VIA. They 

s t a t e d  t h a t ,  i n  g e n e r a l ,  c l a s s  ( a )  m e ta l  io n s  a r e  th o s e  t h a t
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form t h e i r  m ost s t a b l e  com plexes w i th  l i g a n d s  in  which th e  

d o n o r  atom i s  th e  f i r s t  member o f  a  p e r i o d i c  g roup  (N, 0 ,  o r  

F ) ,  and c l a s s  Xb) m e ta l  io n s  a r e  th o s e  t h a t  form t h e i r  m ost 

s t a b l e  com plexes w i th  l i g a n d s  i n  which th e  d o n o r  a tom s a r e  

h e a v i e r  members o f  t h e s e  g r o u p s .  T h e re fo re  th e  o r d e r  o f  

m e t a l - l i g a n d  complex s t a b i l i t y  ( b a r r i n g  s t e r i c  h in d r a n c e )  i s :

f o r  c l a s s  ( a )  m e ta l  io n s :  

N »  P > As > Sb > Bi 

0 »  S > Se > Te 

F »  Cl > Br > I

f o r  c l a s s  (b )  m e ta l  i o n s :  

N «  P > As > Sb > Bi 

0 <j( S ~  Se ~  Te 

F < Cl < Br < I

C la s s  ( a )  c h a r a c t e r  i n c r e a s e s  w i th  o x i d a t i o n  s t a t e  and m e ta l  

io n s  b e lo n g in g  to  t h i s  g roup  p r e f e r  to  b in d  to  s m a l l ,  h ig h ly  

e l e c t r o n e g a t i v e  l i g a n d s  ( b a s e s ) .  The o p p o s i t e  i s  t r u e  f o r  

c l a s s  (b )  m e ta l  i o n s .  Thus th e  s t a b i l i t y  o f  a d d u c ts  w i th

c l a s s  (b )  a c i d s  d e c r e a s e s  w i th  i n c r e a s i n g  l ig a n d  e l e c t r o ­

n e g a t i v i t y :

C S > I  > Br > C l N > 0 > F

The o r d e r  above i s  a lm o s t  ( b u t  n o t  c o m p le te ly )  i n v e r t e d  f o r

a d d u c ts  i n v o lv i n g  c l a s s  (a )  m e ta l  i o n s .

A h rlan d , C h a t t ,  and D av ies  p o s t u a l t e d  back bon d in g  

t e n d e n c ie s  f o r  th e  c l a s s  (b )  m e ta l  i o n s ,  which c o n t a i n  l a r g e  

num bers o f  d e l e c t r o n s ,  to  e x p la in  th e  p r e f e r e n c e  o f  th e s e  

m e ta l  i o n s  f o r  l a r g e  b a s e s ,  which o f t e n  have weak a c c e p t o r  

t e n d e n c i e s .  They a l s o  r e c o g n iz e d  th e  e x i s t e n c e  o f  a  b o r d e r ­

l i n e  c l a s s  o f  m e ta l  i o n s  p o s s e s s i n g  p r o p e r t i e s  i n t e r m e d i a t e  

be tw een  c l a s s  ( a )  and c l a s s  ( b ) .
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3. Hard and S o f t  A c ids  and B ases

A c id -b a se  s t r e n g t h  i s  n o t  a s  im p o r ta n t  a s  a c id - b a s e  

r e a c t i v i t y  on a  p r a c t i c a l  b a s i s .  S e v e ra l  a p p ro a c h e s  tow ards  

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

on th e  d e t e r m i n a t i o n  o f  f a c t o r s  a f f e c t i n g  r e a c t i v i t y ,  o f  

which a c i d - b a s e  s t r e n g t h  ( e l e c t r o n  p a i r  d o n a t in g  and a c c e p ­

t i n g  t e n d e n c i e s )  i s  o n ly  o n e .  The f i r s t  f o r m u la t io n  o f  Lewis 

a c i d - b a s e  r e a c t i v i t y  came from P e a r s o n ^ , ^ , ^ , ^ , ®^, who 

l in k e d  c l a s s  (a )  and c l a s s  (b )  m e ta l  io n  a c i d i t y  to  th e  more 

g e n e r a l  i m p l i c a t i o n s  o f  th e  Edwards e q u a t io n  ( e q u a t io n  ( 5 7 ) ) t 

i . e . ,  th e  e x i s t e n c e  o f  two c l a s s e s  o f  n u c l e o p h i l e s  o r  b a s e s ,  

one o f  which i n c l u d e s  s u b s ta n c e s  whose r e a c t i v i t i e s  p a r a l l e l  

t h e i r  r e l a t i v e  p r o to n  b a s i c i t i e s ,  and th e  second  encom passing  

s p e c i e s  whose r e a c t i v i t i e s  p a r a l l e l  t h e i r  r e l a t i v e  p o l a r i z a -  

b i l i t i e s .  P e a rs o n  c a l l e d  th e  p o l a r i z a b l e  b a s e s  " s o f t "  b a s e s  

and th e  b a s e s  f o l lo w in g  a  p r o to n  b a s i c i t y  o r d e r  o f  r e a c t i v i t y  

"h a rd "  b a s e s .  S o f t  b a s e s  i n c o r p o r a t e  t r a i t s  co n d u c iv e  to  

h ig h  p o l a r i z a b i l i t y *  l a r g e  s i z e ,  low o x i d a t i o n  s t a t e ,  h ig h  

o x i d a t i o n  p o t e n t i a l ,  low e l e c t r o n e g a t i v i t y ,  and e a s i l y  

d i s t o r t e d  o r  removed v a le n c e  e l e c t r o n s .  Hard b a s e s  a r e  sm a ll  

and h i g h l y  e l e c t r o n e g a t i v e ,  have low o x i d a t i o n  p o t e n t i a l s ,  

and h o ld  v a le n c e  e l e c t r o n s  t i g h t l y .

C la s s  ( a )  m e ta l  io n s  ten d  to  b in d  more e f f e c t i v e l y  to  

ha rd  th a n  to  s o f t  b a s e s  and a r e  t h e r e f o r e  r e g a rd e d  a s  "h a rd "  

a c i d s .  C la s s  (b )  m e ta l  i o n s  ( " s o f t "  a c i d s )  e v id e n c e  th e  

o p p o s i t e  te n d e n c y .  P e a rs o n  d id  n o t  l i m i t  h a rd  and s o f t  a c i d s  

to  m e ta l  io n s  b u t  e x te n d e d  t h e s e  c a t e g o r i e s  to  i n c lu d e  a l l
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Lewis a c i d s  by c o r r e l a t i n g  e x p e r im e n ta l  r a t e ,  s t a b i l i t y ,
72e q u i l i b r i u m ,  and o t h e r  d a t a  w i th  h a rd n e s s  and s o f t n e s s  *

7 0  o i
. Any Lewis a c i d  e x h i b i t i n g  a  p r e f e r e n c e  f o r  h a rd  

b a s e s  i s  a  h a rd  a c i d ;  su ch  a c i d s  a r e  c h a r a c t e r i z e d  by t r a i t s  

co n d u c iv e  to  low p o l a r i z a b i l i t y i  sm a ll  s i z e ,  h ig h  p o s i t i v e  

c h a rg e ,  low o x i d a t i o n  p o t e n t i a l ,  and no e a s i l y  d i s t o r t e d  o r  

removed v a le n c e  e l e c t r o n s .  S o f t  a c i d s  a r e  g e n e r a l l y  l a r g e ,  

have l i t t l e  o r  no p o s i t i v e  c h a r g e ,  and c o n ta in  e a s i l y  

d i s t o r t e d  o r  removed ( o f t e n  d s u b s h e l l )  e l e c t r o n s ,  a l l  

p r o p e r t i e s  c o n t r i b u t i n g  to  h ig h  p o l a r i z a b i l i t y .

The d i v i s i o n  be tw een  h a rd  and s o f t  a c i d s  and b a s e s  i s  

n e i t h e r  s h a rp  n o r  a b s o l u t e .  C la s s e s  o f  a c i d s  and b a s e s  w i th  

b o r d e r l i n e  p r o p e r t i e s  do e x i s t ;  P e a rso n  em phasized  t h a t  

h a rd n e s s  and s o f t n e s s ,  l i k e  am ph o te r ism , a r e  r e l a t i v e  

q u a l i t i e s .  Some s o f t  b a s e s  r e t a i n  h ig h  p r o to n  a f f i n i t i e s ,  

e . g . ,  s u l f i d e  io n ,  w hich  i s  p r e c i p i t a t e d  by ( t h e  s o f t  a c i d s )  

c u p r i c  and s i l v e r  i o n s  b u t  n o t  by ( t h e  h a rd  a c i d s )  f e r r i c  

and aluminum i o n s .  A n o th e r  m a n i f e s t a t i o n  o f  th e  am biguous 

d e l i n e a t i o n  be tw een  h a rd n e s s  and s o f t n e s s  i s  th e  abovemen­

t io n e d  o b s e r v a t i o n  o f  A h r la n d ,  C h a t t ,  and D av ies  t h a t  th e  

o r d e r  o f  a d d u c t  s t a b i l i t y  found w i th  c l a s s  (a )  a c i d s  upon 

i n c r e a s i n g  d o n o r  atom e l e c t r o n e g a t i v i t y  ( h a r d n e s s )  i s  n o t  

c o m p le te ly  i n v e r t e d  f o r  c l a s s  (b )  a c i d s ,  i . e . ,  s o f t  a c i d s  

do n o t  n e c e s s a r i l y  form  t h e i r  m ost s t a b l e  a d d u c ts  w i th  th e  

h e a v i e s t  members o f  n o n m e t a l l i c  p e r i o d i c  g ro u p s  VA-VIIA 

a l th o u g h  h a rd  a c i d s  c l e a r l y  p r e f e r  th e  l i g h t e s t  e le m e n ts  o f  

t h e s e  g r o u p s .  P e a rs o n  a t t r i b u t e d  such  anom alous b e h a v io r  to



-170-
th e  m ask ing  o f  h a rd n e s s  and s o f t n e s s  t e n d e n c ie s  by a c i d - b a s e  

s t r e n g t h .

The c h o ic e  o f  p o l a r i z a b i l i t y  a s  a  d e te r m in a n t  f o r

r e a c t i v i t y  i s  d e r iv e d  from th e  Edwards e q u a t io n  ( e q u a t io n

( 5 7 ) ) .  The c o n v en ien c e  o f  th e  p o l a r i z a b i l i t y  c r i t e r i o n  l i e s

i n  th e  f a c t  t h a t  th e  e q u a t io n  i s  i n d i r e c t l y  a  b a s i s  f o r  th e
fl1 HPh a rd  and s o f t  a c id  and base  (HSAB) t h e o r y ,  b u t  P e a rs o n  * 

i n d i c a t e d  t h a t  p r o p e r t i e s  r e l a t e d  to  p o l a r i z a t i o n ,  e . g . ,  

i o n i z a t i o n  p o t e n t i a l ,  e l e c t r o n e g a t i v i t y ,  o r  o x i d a t i o n  

p o t e n t i a l ,  a r e  e q u a l l y  v a l i d  r e a c t i v i t y  d e t e r m i n a n t s .

S e v e ra l  g e n e r a l i z a t i o n s  may be drawn from  th e  e x p e r im e n ­

t a l  c o r r e l a t i o n s  u sed  by P e a rs o n  to  c l a s s i f y  Lewis a c i d s  a s  

h a r d ,  s o f t ,  o r  b o r d e r l i n e ^ 2 *7 9 -8 1 ^

a)  I n c r e a s i n g  o x i d a t i o n  s t a t e  i n c r e a s e s  th e  

h a rd n e s s  and d e c r e a s e s  th e  s o f t n e s s  o f  a c i d s .

b) I n c r e a s i n g  e l e c t r o n e g a t i v i t y  i n c r e a s e s  th e  

h a rd n e s s  and d e c r e a s e s  th e  s o f t n e s s  o f  b a s e s .

c)  H ardn ess  and s o f t n e s s  o f  d o n o r  and a c c e p t o r  

a tom s i n  b a s e s  and a c i d s ,  r e s p e c t i v e l y ,  a r e  a f f e c t e d  by 

th e  h a rd n e s s  o r  s o f t n e s s  o f  l i g a n d  g ro u p s  p r e s e n t  p r i o r  

t o  a d d u c t  f o r m a t io n .  T h is  e f f e c t  i s  c a l l e d  " s y m b io s is "
‘J ' l  r j r j  Q p  Q ^ J

» p and n a t u r e  becomes c l e a r  when s t a t e d  

s im p ly i  s o f t  l i g a n d s  ten d  to  s o f t e n  a c i d s  and b a s e s ,  

h a rd  s u b s t i t u e n t s  h a rd e n  them . F o r  exam ple ,

|^Co(NH^)^F J 2+ i s  more s t a b l e  th a n  ^Co(NH-j)^I J  2+ 

b e ca u se  th e  h a rd  b ase  NH^ i n c r e a s e s  th e  h a rd n e s s  o f  

c o b a l t ,  m aking i t  more r e c e p t i v e  to  th e  f l u o r i d e  io n
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th a n  to  th e  io d id e  i o n .  On th e  o t h e r  hand , s u b s t i t u t i o n  

o f  th e  s o f t  c y a n id e  l ig a n d  f o r  ammonia i n v e r t s  th e  

s t a b i l i t y  o r d e r i  |c o (C N ) ^ l J  i s  s t a b l e  w h ile

£co (CN)^f J  d o es  n o t  e x i s t .

P e rh ap s  th e  m ost s i g n i f i c a n t  c o r o l l a r y  o f  th e  HSAB 

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

h a rd  b a s e s  and s o f t  a c i d s  w i th  s o f t  b a s e s * ^ '^ ^ .3 3 * 7 2 ,7 3 » 7 7 #
n q ^ Q  4

, which s e r v e s  a s  th e  b a s i s  f o r  P e a r s o n 's  i n t e r p r e t a t i o n ,  

c o r r e l a t i o n ,  and p r e d i c t i o n  o f  a  g r e a t  d e a l  o f  c h e m is t r y .

These p r e f e r e n c e s  were r e c o g n iz e d  ( a l th o u g h  n o t  i n  te rm s  o f  

a c i d s  and b a s e s )  d u r in g  th e  1 9 th  c e n t u r y  by B e r z e l i u s ,  who 

n o te d  t h a t  some m e ta l s ,  e . g . ,  A l ,  Mg, Ca, a lw ays o c c u r  i n  

n a t u r e  a s  c a r b o n a te s  o r  o x i d e s ,  w h i le  o t h e r s ,  e . g . ,  Cu, Pb,
4 O OA

Hg, i n v a r i a b l y  a p p e a r  a s  s u l f i d e s  . P e a rso n  em phasized

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

r u l e - o f - th u m b  to  which num erous e x c e p t io n s  e x i s t .  Exam ples 

o f  p r o c e s s e s  e x p la in e d  o r  p r e d i c t e d  by th e  p r e f e r e n c e  o f  

h a rd  a c i d s  f o r  h a rd  b a s e s  and s o f t  a c i d s  f o r  s o f t  b a s e s  

I n c l u d e ? 2 - ™ '8 2 ,

a )  D isp la c e m e n t  r e a c t i o n s  -  A c id ic  ( e l e c t r o p h i l i c )  

and b a s i c  ( n u c l e o p h i l i c )  s u b s t i t u t i o n  t e n d e n c ie s  and 

r e a c t i o n  r a t e s  f o l lo w  a  h a r d - h a r d  and s o f t - s o f t  

p r e f e r e n c e ,  e . g . ,  t h e  f o l lo w in g  r e a c t i o n

m (g> + F‘ (g )  < = *  " ( « )  * *<,> <58)

AH » -  63  k c a l /m o le  

i s  e x o th e rm ic .  O rg a n ic  r e a c t i o n s  a r e  t r e a t e d  a n a l o -
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g o u s ly  by c o n c e p tu a l l y  b r e a k in g  th e  r e a c t a n t s  up i n t o  

a c i d i c  and b a s i c  f r a g m e n ts ,  e . g . ,  m ethane may be 

c o n s id e r e d  a s  CH^”H+ o r  a s  CH^+H"

b) Complex s t a b i l i t y  -  A glg” and I^~ a r e  s t a b l e ,  

w hereas  AgF2” and I 2F” a r e  n o t .  The BF-jCO a d d u c t  i s  

unknown b u t  th e  BH^CO a d d u c t  i s  s t a b l e ;  th e  i n f lu e n c e  

o f  s y m b io s is  (h a rd  F” v s .  s o f t  H” l i g a n d s )  on b o ro n  may 

be n o t e d .

c )  P r e c i p i t a t i o n  o f  i n s o l u b l e  s a l t s  -  AgF d o es  

n o t  p r e c i p i t a t e  i n  w a te r  b e ca u se  i t  i s  a  s o f t - h a r d  

c o m b in a t io n .  A g l, a  s o f t - s o f t  c o m b in a t io n ,  p r e c i p i t a t e s  

r e a d i l y  i n  aqueous  s o l u t i o n .  AgCl a l s o  p r e c i p i t a t e s ,  

b u t  th e  c h l o r i d e  i o n ,  n o t  b e in g  a s  s o f t  a s  brom ide o r  

i o d i d e ,  i s  e a s i e r  to  d i s l o d g e  from th e  s i l v e r  i o n .  

T h e re fo re  AgCl i s  th e  o n ly  one o f  th e  i n s o l u b l e  s i l v e r  

h a l i d e  s a l t s  to  d i s s o l v e  i n  amm oniacal s o l u t i o n .

d )  P o i s o n in g  o f  c a t a l y t i c  m e ta l  s u r f a c e s  -  M e ta ls  

i n  th e  ze ro  o x i d a t i o n  s t a t e  behave b o th  a s  s o f t  a c i d s  

and a s  s o f t  b a s e s ;  hence  m ost c a t a l y t i c  p o i s o n s  a r e  

s o f t  a c i d s  and b a s e s ,  e . g . ,  CO.

e )  S o l v a t i o n  -  Hard s o l v e n t s  p r e f e r  h a rd  s o l u t e s
12and s o f t  s o l v e n t s  s o f t  s o l u t e s  . Thus many ( s o f t )  

o r g a n ic  s o l u t e s  a r e  n o t  v e ry  s o l u b l e  i n  h a rd  s o l v e n t s  

l i k e  w a t e r .  I n  a d d i t i o n ,  s o l v e n t s  w i th  h a rd  a c id  

p r o p e r t i e s ,  such  a s  w a te r ,  o f t e n  l e v e l  th e  s t r e n g t h s  

o f  ha rd  base  s o l u t e s ,  b l i t  n o t  o f  s o f t  b a se  s o l u t e s ,  

c a u s in g  a p p a r e n t  i n v e r s i o n s  i n  r e a c t i v i t y .  The



-173-
r e a c t i o n  o f  m e th y l i o d i d e ,  a  h a rd  a c i d - s o f t  b a se  com bi- 

n a t i o n ,  w i th  th e  h a rd  b a se  f l u o r i d e  io n  to  form m ethy l 

f l u o r i d e  and io d id e  io n  s e r v e s  a s  an  exam ple . When 

t h i s  r e a c t i o n  i s  c a r r i e d  o u t  i n  th e  g as  p h a s e ,  th e  

m ethy l carbon ium  io n  c l e a r l y  p r e f e r s  f l u o r i d e  to  io d id e  

( AH = -  56 k c a l / m o l e ) ,  b u t  i n  aqueous s o l u t i o n  t h e r e  

seems to  be a  s l i g h t  p r e f e r e n c e  f o r  i o d id e  ( A H * 2 

k c a l /m o l e ) ,  th e  r e a s o n  b e in g  t h a t  th e  h a rd  a c id  w a te r  

com petes f o r  f l u o r i d e  to  a  much g r e a t e r  e x t e n t  th a n  f o r  

i o d i d e .  The e n e rg y  o f  f l u o r i d e  d e s o l v a t i o n  i s  l a r g e  

enough to  r e n d e r  th e  o v e r a l l  r e a c t i o n  e n d o th e rm ic .

f )  O x id a t io n  p o t e n t i a l s  o f  m e ta l s  -  The o x i d a t i o n  

o f  a  m e ta l

M( s ) '  "  '  (59)

may be b ro ken  up i n t o  t h r e e  s t e p s  to  o b t a i n  a  c l e a r  

p i c t u r e  o f  th e  e n e rg y  c o n s i d e r a t i o n  in v o lv ed *

M( 8 ) * “ -  -  M(g )  1 1 " s u b l i m a t io n  (60>
M(g) x—  M  ̂ j + e “ j I o n i z a t i o n  P o t e n t i a l  ( 6 l )

M+(g )  + e " ? = : = i  M+(a q )  + e " ’ AHh y d r a t i o n  (62)

E q u a t io n s  (60) and (61) r e q u i r e  th e  i n p u t  o f  e n e rg y  and 

c o n s e q u e n t ly  th e  h y d r a t i o n  e n e rg y  o f  e q u a t io n  ( 6 2 ) m ust 

p r o v id e  th e  d r i v i n g  f o r c e  f o r  th e  o v e r a l l  r e a c t i o n .  I f  

M+ i s  a  ha rd  a c id ,  i t  i s  b e t t e r  s o l v a t e d  by w a te r  and th e  

o x i d a t i o n  p o t e n t i a l  o f  M w i l l  be h ig h .  I f  M+ i s  a  s o f t  

a c i d ,  i t  i s  n o t  w e l l  s o l v a t e d  and th e  o x i d a t i o n  poten-?
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t i a l  o f  M w i l l  be low .

g) I n v a l i d i t y  o f  P a u l i n g ' s  p r e d i c t e d  r e a c t i o n  

e n t h a l p i e s 1-̂  -  P a u l in g  assumed t h a t  th e  h ig h  e l e c t r o ­

n e g a t i v i t y  o f  f l u o r i n e ,  r e l a t i v e  to  th e  o t h e r  h a lo g e n s ,  

i n c r e a s e d  th e  s t a b i l i t y  o f  f l u o r i d e  compounds due to

a  h ig h  i o n i c  r e s o n a n c e  e n e rg y  ( p r o p o r t i o n a l  to  th e  

sq u a re  o f  th e  d i f f e r e n c e  in  e l e c t r o n e g a t i v i t y  be tw een  

f l u o r i n e  and th e  o t h e r  e le m e n t  i n  a  f l u o r i d e ) ,  and he 

c a l c u l a t e d  r e a c t i o n  e n t h a l p i e s  based  on t h i s  i d e a .  The 

m ag n itu d es  o f  P a u l i n g ' s  r e s u l t s  a g re e d  w i th  ex p er im en ­

t a l  v a lu e s  b u t  th e  s i g n s  o f  th e  e n t h a l p i e s  were w rong. 

P e a rso n  a t t r i b u t e d  th e  d i s c r e p a n c i e s  to  P a u l i n g ' s  

f a i l u r e  to  a c c o u n t  f o r  h a rd n e s s  and s o f t n e s s i  s i n c e  th e  

HSAB p r i n c i p l e  do es  n o t  assume a  s i n g l e  o r d e r  o f  r e a c ­

t i v i t y  th e  s i g n  o f  AH may be p r e d i c t e d  c o r r e c t l y .

h) I n s t a b i l i t y  o f  h a r d - s o f t  c o m b in a t io n s  -  

E q u a t io n  (58) and th e  o t h e r  h a r d - s o f t  c o m b in a t io n s  

c i t e d  above p r o v id e  exam ples o f  such  i n s t a b i l i t y .  A 

f u r t h e r  exam ple i s

2 C¥ 2 (S ) ^  CHMg> * CPM g )  (63 )
AH = -  26 k c a l /m o le

P e a r s o n 1 2 ’ 3 3*7 2 ,7 9 -8 1  a(jvgince(j s e v e r a l  p o s s i b l e  

t h e o r e t i c a l  i n t e r p r e t a t i o n s  f o r  th e  h a rd  a c i d - h a r d  b a se  

and s o f t  a c i d - s o f t  b a se  p r e f e r e n c e s *

a )  I o n ic  -  C o v a le n t  Bonding -  The s m a l l  s i z e  and 

h ig h  p o s i t i v e  c h a rg e  a s s o c i a t e d  w i th  h a rd  a c i d s  f a v o r  

e l e c t r o s t a t i c  b o n d in g i  th e  same i s  t r u e  f o r  h i g h l y
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n e g a t i v e l y  c h a rg e d ,  s m a l l  ( h a r d )  b a s e s .  The p r o p e r t i e s  

o f  s o f t  a c i d s  a r e  th e  o p p o s i t e  o f  th e  h a rd  a c i d  t r a i t s *  

c o n s e q u e n t ly  s o f t  a c i d s  f a v o r  bon d in g  by o r b i t a l  o v e r ­

l a p  ( c o v a le n c y ) ,  a s  do s o f t  b a s e s .  H a r d - s o f t  com bina­

t i o n s  a r e  m ism atched b e ca u se  v e ry  l i m i t e d  s t a b i l i z a t i o n  

i s  p o s s i b l e  i n  c a s e s  where th e  bo nd ing  t e n d e n c ie s  o f  

a c i d  and b a se  d i f f e r .

b) it- bo n d in g  -  S o f t  a c i d s  c o n ta in  l o o s e l y  h e ld  

o u t e r  s h e l l  d o r  p e l e c t r o n s  and a r e  c a p a b le  o f  fo rm in g

*■ -b o n d s  to  s u i t a b l e  b a s e s  v i a  back  d o n a t i o n .  Only 

s o f t  b a s e s  have th e  r e q u i s i t e  empty a c c e p t o r  o r b i t a l s  

a v a i l a b l e .  Hard b a s e s  o f t e n  have more th a n  one p a i r  o f  

e l e c t r o n s  a v a i l a b l e  f o r  d o n a t io n  and a r e  a b le  to  form 

d o u b ly  d a t i v e  (one o and one it ) bonds w i th  s u i t a b l e  

a c i d s .  Hard a c i d s  a r e  more l i k e l y  to  c o n ta in  a  l a r g e  

number o f  em pty, low e n e rg y  o r b i t a l s  th a n  s o f t  a c i d s .  

T h e re fo re  s o f t - s o f t  c o m b in a t io n s  a r e  s t a b i l i z e d  by back 

d o n a t io n  and h a r d - h a r d  a d d u c t s  by d o u b ly  d a t i v e  b o n d in g .  

N e i t h e r  r e a c t a n t  p o s s e s s e s  e l e c t r o n s  f o r  * -b o n d in g  i n  

h a rd  a c i d - s o f t  b a se  c o m b in a t io n s ,  and m u tu a l  r e p u l s i o n  

o f  * - e l e c t r o n s  c o n t r i b u t e s  to  a d d u c t  d e s t a b i l i z a t i o n  

i n  s o f t  a c id - h a r d  b a se  c o o r d i n a t i o n  co m p lex es .

c ) E l e c t r o n  C o r r e l a t i o n  E f f e c t s  -  E x t r a  s t a b i l i z a ­

t i o n  i s  e x p e c te d  f o r  l a r g e  a c c e p t o r  atom  -  l a r g e  d o n o r  

atom ( s o f t  a c i d - s o f t  b a s e )  c o m b in a t io n s  due to  th e  

r e l a t i v e l y  l a r g e  Van d e r  W aals o r  London d i s p e r s i o n  

f o r c e s  w hich in d u c e  m u tua l p o l a r i z a t i o n  i n  such  a d d u c t s .  

A lso ,  th e  g r e a t e r  a v a i l a b i l i t y  o f  o r b i t a l s  i n  l a r g e r



atom s p e r m i t s  d -p  o r b i t a l  h y b r i d i z a t i o n ,  w hich i n c r e a s e s  

th e  o v e r l a p  and s t r e n g t h e n s  ( lo w e rs  th e  e n e rg y )  o f  s o f t  

a c i d - s o f t  ba se  * -b o n d s ,  s im u l t a n e o u s ly  w eakening  

( r a i s i n g  th e  e n e rg y  o f )  th e  c o r r e s p o n d in g  a n t ib o n d in g  

o r b i t a l s .

d) Quantum M ech an ica l  P e r t u r b a t i o n  -  The Klopman-
1 ^ IlfiHudson t r e a tm e n t  o f  r e a c t i v i t y  " may be a d a p te d  

to  th e  HSAB c o n c e p t .  C irc u m s ta n c e s  f a v o r i n g  c h a r g e -  

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

low e l e c t r o n  a f f i n i t y  on th e  p a r t  o f  th e  a c i d ,  low 

p o l a r i z a b i l i t y ,  h ig h  i o n i z a t i o n  p o t e n t i a l  on th e  p a r t  

o f  th e  b a s e ,  sm a l l  o v e r l a p ,  and a  l a r g e  d i f f e r e n c e  

be tw een  base  HOMO and a c i d  LUMO e n e r g i e s )  a r e  i d e n t i c a l  

w i th  th o s e  f a v o r i n g  h a rd  a c i d - h a r d  b a se  i n t e r a c t i o n s .  

C o n d i t io n s  f a v o r i n g  f r o n t i e r - c o n t r o l l e d  p r o c e s s e s  

( t h e  o p p o s i t e  o f  th o s e  l e a d i n g  to  c h a r g e - c o n t r o l )  

re sem b le  th o s e  f a v o r i n g  s o f t  a c i d - s o f t  b a se  i n t e r a c ­

t i o n s .  H a r d - s o f t  c o m b in a t io n s  a r e  o f  u n d e f in e d  c o n t r o l  

and low r e a c t i v i t y .

The e a r l y  p r e s e n t a t i o n ^2 o f  th e  HSAB th e o r y  was c r i t i ­

c iz e d  f o r  i t s  l a c k  o f  q u a n t i t a t i v e n e s s .  C r i t i c s  a l s o  

viewed th e  i n v o c a t i o n  o f  a c i d - b a s e  s t r e n g t h  to  e x p la in  th e  

f a i l u r e  o f  th e  c o n c e p t  i n  c e r t a i n  c a s e s  a s  a  handy excuse  

c o n c e a l in g  th e  t o t a l  w o r t h l e s s n e s s  o f  h a rd n e s s  and s o f t n e s s  

7 2 ,7 7 * 8 0 ,8 1 ,8 4 ^  Thi.s  lo o p h o le  i n  th e  t h e o r y  a l s o  p ro m u l­

g a te d  th e  m is c o n c e p t io n  t h a t  s t r e n g t h  and h a rd n e s s  were
11 12 11 11 71e q u i v a l e n t  . P e a r s o n  a t t e m p te d  to  re sp o n d  to
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t h e s e  c r i t i c i s m s  and c l a r i f y  th e  d i s t i n c t i o n  be tw een  a c i d -  

ba se  s t r e n g th - w e a k n e s s  and h a r d n e s s - s o f t n e s s  by p r o p o s in g  a  

f o u r  p a ra m e te r  e q u a t io n  q u a n t i f y i n g  a c i d - b a s e  r e a c t i v i t y  i n  

te rm s o f  s e p a r a t e  s t r e n g t h  and s o f t n e s s  f a c t o r s i

lo g  K = Sg + <r̂  (6*0

where K = th e  e q u i l i b r i u m  o r  r a t e  c o n s t a n t  o f  th e  r e a c t i o n  

o f  i n t e r e s t ,

SA and Sfi = p a ra m e te r s  i n c r e a s i n g  in  m agn itude  w i th  

i n c r e a s i n g  a c id  and base  s t r e n g t h ,  

r e s p e c t i v e l y ,  and 

*A and <Tg = p a ra m e te r s  i n c r e a s i n g  i n  m ag n itu de  w i th  

i n c r e a s i n g  a c id  and b a se  s o f t n e s s ,  

r e s p e c t i v e l y .

E q u a t io n  (64) em p h as ize s  th e  ind ep en d en ce  o f  s t r e n g t h  

f a c t o r s  and th o s e  p r o p e r t i e s  r e l a t e d  to  th e  HSAB c o n c e p t  i n  

r e a c t i v i t y .  P e a r s o n 's  fo rm a l  i n c l u s i o n  o f  s t r e n g t h  a s  a  

d e te r m in a n t  i n  r e a c t i v i t y  ( i n s t e a d  o f  a s  a  d e v ic e  to  be 

employed o n ly  when HSAB p r e d i c t i o n s  f a i l )  b ro a d e n s  th e  scope  

o f  h i s  i d e a s  o n ly  i n  p r i n c i p l e ,  b e ca u se  d i s p la c e m e n t  and 

exchange r e a c t i o n s  ( e q u a t io n s  ( 1 8 ) ,  ( 1 9 ) .  and ( 2 3 ) )  a r e  o f  

g r e a t e r  p r a c t i c a l  im p o r ta n c e  th a n  th e  s im p le  a d d u c t  fo rm a­

t i o n  ( e q u a t io n  ( 9 ) )  on w hich e q u a t io n  (64) i s  b a s e d ,  a l th o u g h  

P e a rso n  d id  d e te rm in e  s o f t n e s s  num bers f o r  b a s e s  a s  a  

f u n c t i o n  o f  th e  r a t e  c o n s t a n t s  o f  t h e i r  r e a c t i o n s  w i th  t r a n s -  

Pt(C^H^N)2C l2^ ^ .  P e a rso n  c o n s id e r e d  e q u a t io n  (64 ) to  be th e  

e q u i v a l e n t  o f  th e  Edwards e q u a t io n  ( e q u a t io n  (5 1 ) )*  T here  i s
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some j u s t i f i c a t i o n  f o r  t h i s  a s s u m p t io n ,  s i n c e  th e  r e l a t i o n ­

s h i p s  betw een  base  s t r e n g t h ,  Sg, and p r o to n  b a s i c i t y ,  H| 

b a se  s o f t n e s s ,  and n u c l e o p h i l i c i t y ,  En » a c id  s t r e n g t h ,

SA, and 0 i and betw een a c id  s o f t n e s s ,  <rA» and a a l l  seem 

to  c o n s t i t u t e  v a l i d  a n a l o g i e s .

Pearson*-^ ' ^  p ro p o sed  t h a t  th e  p r o to n  and m e th y l -  

m e rc u r ic  io n  be ta k e n  a s  h a rd  a c id  and s o f t  a c id  e m p i r i c a l  

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

a g a i n s t  w hich th e  r e l a t i v e  r e a c t i v i t i e s  o f  Lewis b a s e s  may be 

d e te rm in e d  by m ea su r in g  th e  e q u i l i b r i u m  c o n s t a n t s  o f t

CH3 HgH2 0 + + HB v- ■=* CJLjHgB + H-jO* ( 6 5 )

The a d v a n ta g e  o f  u s in g  m e th y lm e rc u r ic ,  r a t h e r  th a n  m e r c u r ic ,  

io n  i s  t h a t  th e  fo rm e r  e l i m i n a t e s  c o m p l i c a t io n s  t h a t  would be 

i n t r o d u c e d  by th e  a b i l i t y  o f  th e  m e rc u r ic  io n  to  form  1»2 

a d d u c t s .  The r e l a t i v e  r e a c t i v i t i e s  o f  Lewis a c i d s  c o u ld  th e n  

be d e te rm in e d  by exchange  e q u i l i b r i a  a n a lo g o u s  t o  e q u a t io n  

( 6 5 ) u s i n g  s t a n d a r d  h a rd  and s o f t  b a s e s .  Y a ts im ir s k i i® ^  

p u b l i s h e d  su ch  c o r r e l a t i o n s  o f  pKCH v s .  pKjjg and o f  

pKA01 v s .  pKA0H.

The HSAB c o n c e p t  h a s  been  a t t a c k e d  on numerous g ro u n d s .  

The a r b i t r a r y  c o n c e p tu a l  b reakup  o f  o r g a n ic  r e a c t a n t s  i n t o  

p o s i t i v e  and n e g a t iv e  f ra g m e n ts  i s  viewed a s  an  " a f t e r  th e  

f a c t "  c o n v en ien c e  u s e f u l  i n  i l l u s t r a t i n g  mechanisms o f  known 

r e a c t i o n s  b u t  w i th o u t  p r e d i c t i v e  v a lu e  i n  th e  i n v e s t i g a t i o n  

o f  unknown p r o c e s s e s * 2 , j /rgensen® -* n o te d  t h a t  P e a r s o n 's  

a s s e r t i o n ,  t h a t  s o f t n e s s  d e c r e a s e s  and h a rd n e s s  i n c r e a s e s
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w i t  h i n c r e a s i n g  o x i d a t i o n  s t a t e ,  i s  m o d if ied  by sy m b io s is

(a  term  c o in e d  by J o r g e n s e n ) ,  which m ust be c o n s id e r e d  in

s p e c i e s  in c a p a b le  o f  in d e p e n d e n t  e x i s t e n c e  a t  h ig h  o x i d a t i o n

s t a t e s .  F o r  exam ple , manganese e x h i b i t s  maximum h a rd n e s s  i n
7+th e  +2 s t a t e  i n s t e a d  o f  th e  +7 s t a t e ,  b ecau se  Mn' do es  n o t

e x i s t  i n  th e  f r e e  s t a t e j  i n  s u b s ta n c e s  such  a s  pe rm angana te

th e  s o f t  o x id e  l i g a n d s  e x e r t  a  s y m b io t ic  e f f e c t  upon th e

c e n t r a l  m e ta l  a tom .
78Myers d i s p u te d  th e  v a l i d i t y  o f  p o l a r i z a b i l i t y  and 

o x i d a t i o n  s t a t e  a s  c r i t e r i a  f o r  d e te r m in in g  h a rd n e s s  and 

s o f t n e s s ,  p o i n t i n g  o u t  th e  f o l lo w in g  exam ples o f  i n c o n s i s ­

t e n c i e s  i n  th e  HSAB c o n c e p t i

a )  A lth oug h  th e  m o la r  p o l a r i z a t i o n  o f  Cs+ ex ceed s  

t h a t  o f  Ag+, Hg2*, T l^ + , Pb***, and Cu*, Cs+ i s  c l a s s i ­

f i e d  a s  a  ha rd  a c id  w h ile  th e  o t h e r s  a r e  r e g a rd e d  a s  

s o f t .

b) The m o la r  p o l a r i z a t i o n s  o f  Tl-^+ and Pb^+ a r e
+ 2+l e s s  th a n  th o s e  o f  T1 and Pb , r e s p e c t i v e l y ,  y e t  

th e  more h i g h ly  ch arg ed  s p e c i e s  o f  each  e le m e n t  i s  

r e g a rd e d  a s  s o f t e r .

c )  The v e ry  h ig h  m o la r  p o l a r i z a t i o n  o f  Pb im p l i e s  

t h a t  i t  sh o u ld  be one o f  th e  s o f t e s t  Lewis m e ta l  io n  

a c i d s ,  b u t  i n  an aq ueous s o l u t i o n  o f  c y a n id e  io n  (a  

s o f t  b a se )  th e  Pb(OH)^-  io n  i s  fo rm ed , d e s p i t e  th e  

h a rd n e s s  o f  h y d ro x id e .

d )  P e a rs o n  a s s o c i a t e d  p o l a r i z a b i l i t y  w i th  th e  

p re s e n c e  o f  l a r g e  num bers o f  o u t e r  s h e l l  d e l e c t r o n s ,



b u t  th e  m o la r  p o l a r i z a t i o n  o f  K+, which c o n ta in s  no d
2+ 2+ e l e c t r o n s ,  e x c e e d s  t h a t  o f  Cu and o f  Zn , each  o f

which c o n t a i n s  th e  maximum o f  t e n  o u t e r  s h e l l  d e l e c ­

t r o n s  .

e )  P e a r s o n 's  e q u a t in g  th e  q u a n t i t a t i v e  f o r m u la t io n  

o f  HSAB t h e o r y  ( e q u a t io n  ( 6 ^ ) )  w i th  th e  Edwards e q u a t io n  

im p l i e s  a  l i n e a r  r e l a t i o n s h i p  betw een a and p o l a r i z a ­

b i l i t y  which i s  n o t  r e a l i z e d  i n  p r a c t i c e .

Myers blamed th e s e  i n c o n s i s t e n c i e s  on th e  fu n d a m e n ta l ,  

i n c o r r e c t  s t a r t i n g  a s su m p tio n  o f  th e  HSAB c o n c e p t  t h a t  

i n c r e a s i n g  p o l a r i z a b i l i t y  i n c r e a s e s  th e  te n d e n c y  tow ards  

c o v a l e n t  b o n d in g .  On th e  c o n t r a r y ,  p o l a r i z a t i o n  o f  a  l ig a n d  

by a  m e ta l  io n  i s  an  e f f e c t  t h a t  l o c a l i z e s  e l e c t r o n  d e n s i t y ,  

i . e . ,  an e l e c t r o s t a t i c  e f f e c t .  Both i o n i c  and c o v a l e n t  

bo nd ing  d e c r e a s e  w i th  i n c r e a s i n g  s i z e  and p o l a r i z a t i o n .  I t  

i s  th e  d i f f e r e n c e  i n  e l e c t r o n e g a t i v i t y  be tw een  an a c id  and a  

ba se  t h a t  i s  r e s p o n s i b l e  f o r  c o v a l e n t  bo n d in g  and n o t  p o l a r i ­

z a b i l i t y  j th e  s m a l l e r  t h i s  d i f f e r e n c e ,  th e  g r e a t e r  th e  e x t e n t  

o f  c o v a l e n t  b o n d in g .
Otf

Y a t s i m i r s k i i  b e l i e v e d  th e  h a r d - s o f t  c a t e g o r i e s  to  be 

to o  g e n e r a l  and p ro p o se d  a more r i g o r o u s  and d e t a i l e d  s i x -  

c a te g o r y  a p p ro a c h  to w ard s  c l a s s i f y i n g  Lewis a c i d s  and b a s e s ,  

based  on th e  ty p e  o f  bo nd ing  p re d o m in a n t  i n  t h e i r  a d d u c t s t

1) A c ids  and b a s e s  w i th  p u r e l y  e l e c t r o s t a t i c  

(Coulomb o r  M adelung) i n t e r a c t i o n s  -  No c h a rg e  t r a n s f e r  

p r o c e s s e s  o c c u r  i n  a d d u c ts  i n v o lv i n g  members o f  t h i s  

c l a s s ,  and t h e r e f o r e  th e y  a r e  n o t  s t r i c t l y  Lewis a c i d s
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and b a s e s .  The a c i d s  a r e  l a r g e  c a t i o n s  l a c k i n g  empty, 

low e n e rg y  o r b i t a l s  (Cs+ , Rb+ , NH^*) and th e  b a s e s  a r e  

l a r g e  a n io n s  l a c k i n g  f r e e  e l e c t r o n  p a i r s ,  e . g . ,  BR^“ .

2) A c ids  and b a s e s  t h a t  a r e  p u re  <* - a c c e p t o r s  and 

d o n o r s ,  r e s p e c t i v e l y  -  Only a  s i n g l e  c o o r d i n a te  cova­

l e n t  bond i s  form ed i n  a d d u c ts  c o n ta in i n g  a c i d s  such  

a s  CH^+ and H+ , o r  b a s e s  su ch  a s  H” , CH^", and NH^.

3) A c ids  and b a s e s  t h a t  a r e  p r e d o m in a n t ly  <r-  

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

i n c l i n e d  to w ard s  d o u b le  d a t i v e  b on d in g  -  I n  a d d i t i o n  to  

t h e i r  a c a p a b i l i t i e s ,  t h e s e  b a s e s  (0H“ , F " ,  c a r b o x y la t e  

a n io n s ,  o x y a n io n s ,  and w a te r )  a l s o  m a n i f e s t  weak * -  

d o n a t in g  c a p a b i l i t i e s ,  and a c i d s  o f  t h i s  g roup  (m e ta l  

io n s  w i th  c lo s e d  e l e c t r o n i c  c o n f i g u r a t i o n s ,  e . g . ,  th e  

l i g h t e r  e le m e n ts  o f  p e r i o d i c  g ro u p s  IA -  IIIA ), a r e  weak

it - a c c e p t o r s  i n  a d d i t i o n  to  b e in g  <* - a c c e p t o r s .

4) A cids  and b a s e s  w i th  s t r o n g  d o u b le  d a t i v e

t e n d e n c i e s  -  The b a s e s  a r e  s t r o n g  a and r - d o n o r s ,
-  -  p -e . g . ,  Cl , Br , S , w h i le  th e  a c i d s  a r e  s t r o n g  <r and 

i t - a c c e p t o r s ,  e . g . ,  Ga^+, Pb2+, Sn2+.

5) A cids  c o n t a i n i n g  m ob ile  d e l e c t r o n s  -  These 

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

t i o n  i n  b ack b o n d in g .  They i n c lu d e  th e  +2 and +3 io n s  

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

o f  o t h e r  t r a n s i t i o n  m e ta l  i o n s .

6 ) B ases t h a t  a r e  o -d o n o r s  b u t  * - a c c e p t o r s  -  

These b a s e s  can  a l s o  t a k e  p a r t  i n  b ack b o n d in g  and
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i n c lu d e  CO, CN“ , CNS", e t c .

Hard a c i d s  and b a s e s  a r e  e q u i v a l e n t  to  th e  second  and

t h i r d  c a t e g o r i e s  o f  th e  Y a t s i m i r s k i i  c l a s s i f i c a t i o n ,  w h i le

g ro u p s  *0 -  6) i n c lu d e  s o f t  a c i d s  and b a s e s .  Y a t s i m i r s k i i

and o t h e r s  a l s o  n o te d  t h a t  P e a r s o n 's  c l a s s i f i c a t i o n

d i s r e g a r d s  e x p e r im e n ta l  f a c t o r s  such  a s  s o l v a t i o n .  F o r

exam ple , th e  HSAB p r i n c i p l e  c l a s s i f i e s  th e  p r o to n  a s  a  h a rd

a c i d  and th e  m ethy l carbon ium  io n  a s  somewhat s o f t e r ,  b u t

h a l i d e  a f f i n i t i e s  o f  th e  two a c i d s  d e te rm in e d  i n  th e  gas

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

th e  d i s c r e p a n c y  b e in g  t h a t  th e  HSAB c l a s s i f i c a t i o n  i s  b a se d ,

i n  l a r g e  p a r t ,  on o b s e r v a t i o n s  o f  c h e m ic a l  phenomena i n
86aqueous s o l u t i o n .  I t  i s  t h e r e f o r e  m a in ta in e d  t h a t  s im p le  

h y d r a t i o n  t h e o r y  (a n d ,  by e x t e n s i o n  to  o t h e r  s o l v e n t s ,  

s o l v a t i o n  th e o r y )  e x p l a i n s  much o f  w hat P e a rs o n  c la im e d  was 

caused  by h a rd n e s s  and s o f t n e s s ,  r e n d e r i n g  h i s  c o n c e p t  u s e ­

l e s s  .

Drago d e v is e d  an a l t e r n a t e  a p p ro a c h  to  r e a c t i v i t y  t h a t  

he deemed s u p e r i o r  t o  th e  HSAB t h e o r y .  D i s c u s s io n  o f  D ra g o 's  

c r i t i c i s m  o f  th e  HSAB c o n c e p t  r e q u i r e s  p r i o r  c o n s i d e r a t i o n  

o f  th e  a l t e r n a t e  m odel.
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4 .  The E-C E q u a t io n

Two y e a r s  a f t e r  th e  i n t r o d u c t i o n  o f  th e  HSAB p r i n c i p l e ,
87Drago and Wayland ( p ro p o se d  a  f o u r  p a ra m e te r  e q u a t io n  

c o r r e l a t i n g  e n t h a l p i e s  o f  Lewis a c i d - b a s e  a d d u c t  f o rm a t io n  

w i th  e l e c t r o s t a t i c  and c o v a l e n t  i n t e r a c t io n s * * ^ ’ 3 3 » 8 7 -9 0 |

-  AH = Ea e b ♦ CA CB (66)

where EA and Eg = p a ra m e te r s  which i n c r e a s e  w i th  i n c r e a s i n g

s u s c e p t i b i l i t y  o f  A and B, r e s p e c t i v e l y ,  

to  e l e c t r o s t a t i c  i n t e r a c t i o n s ,  and 

CA and Cg = p a ra m e te r s  which i n c r e a s e  w i th  i n c r e a s i n g  

s u s c e p t i b i l i t y  o f  A and B, r e s p e c t i v e l y ,  

to  c o v a l e n t  i n t e r a c t i o n s .

Drago e s t a b l i s h e d  a  s e t  o f  e m p i r i c a l l y  d e r iv e d  E and C 

num bers by f i r s t  o b t a i n i n g  Eg and v a lu e s  f o r  some o f  th e  

a m in es ,  b a sed  on th e  e n t h a l p i e s  o f  f o r m a t io n  o f  Ig -am in e  

a d d u c t s ,  and u t i l i z i n g  i o d in e  a s  th e  r e f e r e n c e  a c i d  (E^ *

= 1 .0 0 ) .  He th e n  u sed  th e  amine numbers to  o b t a i n  EA and 

CA f o r  o t h e r  a c i d s j  u sed  th e  l a t t e r  num bers to  o b t a i n  Eg and 

Cg f o r  o t h e r  b a s e s ,  e t c .  The e n t h a l p i e s  from  w hich E and C 

were d e te rm in e d  were m easured  i n  p o o r ly  s o l v a t i n g  m edia  to  

a v o id  th e  e f f e c t  o f  h e a t  o f  s o l v a t i o n  (w h ich , by a l t e r i n g  

o b se rv e d  e n t h a l p i e s ,  would have r e n d e re d  E and C num bers 

s o l v e n t - d e p e n d e n t ) \  e n t h a l p i e s  m easured  i n  th e  g a s  p h ase  

a r e  b e t t e r  s u i t e d  to  th e  Drago c o n c e p t  b u t  e x p e r i m e n t a l ly  

i m p r a c t i c a l .  A c co rd in g  to  D rago, e n th a lp y  m easurem ents  a r e  

more i n d i c a t i v e  o f  th e  t r u e  s t a b i l i t y  o f  a  Lewis a c i d - b a s e
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a d d u c t  th a n  f r e e  e n e rg y  ( e q u i l i b r i u m )  m easurem ents  b e c a u se  

th e  fo rm e r  a r e  f r e e  o f  th e  e n t r o p y  e f f e c t s  t h a t  c o m p l ic a te  

th e  d e t e r m i n a t i o n  o f  c o o r d i n a te  c o v a l e n t  bond s t r e n g t h .

I t  i s  o b v io u s  from e q u a t io n  (66 ) t h a t  a d d u c t  s t a b i l i t i e s  

a r e  p a r t i c u l a r l y  g r e a t  i n  c a s e s  where b o th  a c id  and b a se  have 

l a r g e  s u s c e p t i b i l i t i e s  to  th e  same k in d  o f  i n t e r a c t i o n ,  i . e . ,  

a c i d s  o f  h ig h  EA ten d  to  r e a c t  b e s t  w i th  b a s e s  o f  h ig h  Eg, 

and a c i d s  o f  h ig h  CA p r e f e r  to  c o o r d i n a te  w i th  b a s e s  o f  h ig h  

Cg. The f o l lo w in g  a r e  r e g a rd e d  a s  a d v a n ta g e s  o f  th e  E-C 

e q u a t io n * -^ ' 1

a )  The s e t  o f  E-C num bers i s  i n t e r n a l l y  c o n s i s t e n t .  

P r e d i c t i o n s  o f  AH o f  u n t r i e d  a c i d - b a s e  c o m b in a t io n s  on 

th e  b a s i s  o f  E-C num bers have g e n e r a l l y  a g re e d  w i th  

s u b s e q u e n t  e x p e r im e n t .

b) The E-C e q u a t io n  e x p la in s  r e v e r s a l s  i n  a c i d -  

ba se  r e a c t i v i t y .  F o r  exam ple , d i e t h y l  e t h e r  i s  a  

s t r o n g e r  b a se  to w a rd s  p h e n o l  th a n  i t s  t h i o e t h e r  

a n a lo g u e ,  b u t  to w ard s  i o d in e  th e  s u l f i d e  i s  a  s t r o n g e r  

b a s e .  T h is  i s  e x p la in e d  by com paring  th e  E and C 

numbers o f  b o th  th e  a c i d s  and th e  b a s e s t

EA (p h en o l)  > EA ( I 2 ) f EB ( e th e r )  > ^ ( s u l f i d e ) 1

CA ( I 2 ) > CA (p h en o l)  * 3X1(1 CB ( s u l f i d e )  ^ CB ( e th e r ) *
I t  may be n o te d  t h a t  t h e s e  p r e f e r e n c e s  depend  on two

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

c ) The E-C e q u a t io n  i s  c o n s i s t e n t  w i th  th e  i o n i c -  

c o v a l e n t  and o t h e r  e x p la n a t i o n s  o f  d o n o r - a c c e p t o r  i n t e r ­

a c t i o n s .  The d e g re e s  o f  i o n i c i t y  and c o v a l e n t  c h a r a c t e r
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i n  a  g iv e n  a d d u c t  p r e d i c t e d  by th e  E-C num bers o f t e n  

a g re e  w i th  e s t i m a t e s  o f  th e  same q u a n t i t i e s  by o t h e r  

methods*

d) A com parison  o f  E and C v a lu e s  o f  a  s e r i e s  o f  

a c i d s  o r  b a s e s  i n d i c a t e s  t h a t  i n c r e a s i n g  E d o e s  n o t  

n e c e s s a r i l y  im p ly  d e c r e a s i n g  C, i . e . *  e l e c t r o s t a t i c  

and c o v a l e n t  i n t e r a c t i o n s  a r e  n o t  m u tu a l ly  e x c l u s i v e .

F o r  exam ple , IC1 h as  b o th  a  g r e a t e r  E^ and th a n  l 2 » 

and i s  c o n s e q u e n t ly  a  s t r o n g e r  a c i d  tow ard s  b a s e s  t h a t  

b in d  p r i m a r i l y  e l e c t r o s t a t i c a l l y  and a l s o  to w ard s  th o s e  

bo nd ing  e s s e n t i a l l y  c o v a l e n t l y .

e) The E-C e q u a t io n  does  n o t  d i s t i n g u i s h  betw een 

d i f f e r e n t  v a r i e t i e s  o f  a c i d - b a s e  b ond ing  b e c a u se  th e  E 

and C numbers a r e  p r e d i c a t e d  on th e  a s su m p t io n  o f  a  

s i n g l e ,  c o o r d i n a t e  c o v a l e n t  a -b o n d .  However, d oub le  

d a t i v e  b o n d in g ,  b ack b o n d in g , and i n t e r m o l e c u l a r  hydrogen  

bond ing  e f f e c t s  a r e  r e c o g n iz e d  by e x p e r im e n ta l  A H 

v a lu e s  t h a t  do n o t  a g re e  w i th  p r e d i c t i o n s  o f  th e  E-C 

e q u a t io n *  in  su ch  c i r c u m s ta n c e s  -  AHgXp.j. > -  AHg^, 

s i n c e  th e  e f f e c t  o f  t h e s e  i n t e r a c t i o n s  i s  to  i n c r e a s e  

a d d u c t  s t a b i l i t y .  S t e r i c  h in d ra n c e  may l i k e w i s e  be 

r e c o g n iz e d  by th e  d e s t a b i l i z a t i o n  i t  b r i n g s  to  an  

a d d u c t  ( - A H e x p t  < - A H g g ) .

f )  E-C numbers do n o t  r e p r e s e n t  th e  ground  s t a t e s  

o f  th e  r e a c t i n g  a c id  and b a s e ,  b u t  a r e  a  m easure  o f  

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

o f  n o n p o la r  BF^ to  form  h i g h l y  p o l a r  a d d u c ts  i s
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acknow ledged by i t s  l a r g e  EA v a lu e .

g) The E-C e q u a t io n  i s  th e  e m p i r i c a l  d e s c e n d a n t  o f  

th e  M u l l i k e n * ^ '^ * " ^  and K lo p m an -H u d so n ^ ’^ - ^® quantum 

m e c h a n ic a l  f o r m u la t i o n s  o f  th e  e l e c t r o n i c  t h e o r y ,  which 

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

i n t o  e l e c t r o s t a t i c  and c o v a l e n t  i n t e r a c t i o n s .  C h a rg e -  

c o n t r o l l e d  r e a c t i o n s  may be a s s o c i a t e d  w i th  a c i d s  and 

b a s e s  w i th  l a r g e  E v a lu e s  and f r o n t i e r  c o n t r o l  w i th  

th o s e  h a v in g  l a r g e  C v a l u e s .

h) R e s u l t s  o f  th e  E-C e q u a t io n  c o r r e l a t e  w e l l  w i th

s p e c t r a l  changes  ( i n f r a r e d  v i b r a t i o n a l  f r e q u e n c i e s ,  NMR

c o u p l in g  c o n s t a n t s )  o b se rv e d  on a d d u c t  f o r m a t i o n ^ ’
92P e a rso n  co n te n d ed  t h a t  th e  E-C e q u a t io n  i s  e q u i v a l e n t  

to  h i s  q u a n t i f i c a t i o n  o f  HSAB ( e q u a t io n  ( 6 4 ) ) ,  and i t  was 

a l s o  s u g g e s te d  t h a t  s o f t n e s s  and h a rd n e s s  can  be c o r r e l a t e d  

w i th  C and E, r e s p e c t i v e l y ,  and t h a t  a c i d s  and b a s e s  w i th  

l a r g e  C/E r a t i o s  can  be r e g a rd e d  a s  s o f t  w h i le  th o s e  w i th  

s m a l l  C/E r a t i o s  a r e  h a r d ^ .  D r a g o ^  re sp o n d ed  t h a t  h i s  

e q u a t io n  d o e s  n o t  p u r p o r t  to  s e p a r a t e  s t r e n g t h  from  th e  

o t h e r  f a c t o r s  i n f l u e n c i n g  r e a c t i v i t y  ( a s  P e a r s o n 's  d o e s ) ,  

and t h a t  P e a rs o n ,  by e q u a t in g  e q u a t io n s  (64 ) and ( 6 6 ) ,  

im p l i e s  t h a t  h a r d n e s s - s o f t n e s s  c a n n o t  be s e p a r a t e d  from  

s t r e n g t h ,  which i s  a  s e l f - c o n t r a d i c t i o n  on th e  p a r t  o f  th e  

HSAB c o n c e p t  i n t i m a t e l y  r e l a t e d  to  i t s  fu n d am e n ta l  i n v a l i d i t y .  

F u r th e rm o re ,  C/E r a t i o s  a r e  m is l e a d in g  a s  m easu re s  o f  h a r d -
QQ

n e s s  o r  s o f t n e s s  f o r  two r e a s o n s  , F i r s t ,  E-C num bers 

a r e  based  on an  a r b i t r a r y  r e f e r e n c e  p o i n t  (CA » EA » 1 .0 0
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f o r  I 2 ) i  a  d i f f e r e n t  r e f e r e n c e  compound o r  s e t  o f  r e f e r e n c e  

numbers s h i f t s  th e  e n t i r e  E-C s c a l e  and a l l  E/C r a t i o s  

a c c o r d i n g l y .  Second , th e  s i g n i f i c a n c e  o f  th e  m ag n itu d es  o f  

th e  i n d i v i d u a l  E-C num bers i s  l o s t  when th e y  a r e  combined i n  

a  r a t i o ,  e . g . ,  th e  ha rd  a c id  t r im e th y la lu m in u m  (E^ = 1 6 . 9 *

CA * 1 .^ 9 )  has  a p p ro x im a te ly  th e  same C/E r a t i o  a s  th e  s o f t  

a c i d  t r i f l u o r o a c e t i c  a c id  (EA = 5*56, CA = 0 .5 0 9 ) .

Drago®^“^* b e l i e v e d  t h a t  th e  d e p i c t i o n  o f  h a rd n e s s  and 

s o f t n e s s  a s  m u tu a l ly  e x c l u s i v e  p r o p e r t i e s  i s  th e  fu n d am e n ta l  

d e f i c i e n c y  o f  th e  HSAB c o n c e p t j  an i n c r e a s e  i n  h a rd n e s s  d o e s  

n o t  n e c e s s a r i l y  im p ly  a  d e c r e a s e  i n  s o f t n e s s ,  o r  v i c e  v e r s a .  

The f a i l u r e  o f  th e  HSAB p r i n c i p l e  to  e x p la in  c e r t a i n  c h e m ic a l  

p r o c e s s e s  and th e  f a i l u r e  o f  th e  abovem en tioned  a rg u m en ts  

f o r  th e  e q u iv a le n c e  o f  th e  E-C and HSAB c o n c e p ts  c an  be 

t r a c e d  to  t h i s  p o i n t .  Most a c i d s  and b a s e s  have b o th  h a rd  

and s o f t  c h a r a c t e r ,  a c c o r d in g  to  D rago . The i n a b i l i t y  o f  

th e  P e a rs o n  c o n c e p t  to  p e r c e i v e  t h a t  one a c id  ( o r  b a s e )  may 

be b o th  h a r d e r  and s o f t e r  th a n  a n o th e r  i s  th e  w eakness t h a t  

r e q u i r e s  th e  HSAB t h e o r y  to  a r b i t r a r i l y  in v o k e  s t r e n g t h  to  

e x p la in  s t a b l e  h a r d - s o f t  c o m b in a t io n s .

The E-C a p p ro a c h ,  on th e  o t h e r  hand , p e r m i t s  one 

s u b s ta n c e  to  be b o th  h a r d e r  ( l a r g e r  E) and s o f t e r  ( l a r g e r  C) 

th a n  a n o t h e r .  A c ids  and b a s e s  may be c l a s s i f i e d  a s  h a rd  o r  

s o f t  on th e  b a s i s  o f  t h e i r  E-C num bers , b u t  su ch  c l a s s i f i c a ­

t i o n  d o e s  n o t  e x c lu d e  th e  p o s s i b i l i t y  t h a t ,  e . g . ,  a  h a rd  a c i d  

l i k e  t r im e th y la lu m in u m  (CA = 1 .^ 9 )  can  form  a  more s t a b l e  

a d d u c t  w i th  a  s o f t  b a se  th a n  th e  s o f t  a c i d  i o d in e  (CA = 1 .0 0 ) .
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Thus th e  E-C e q u a t io n  i s  n o t ,  a s  P e a rs o n  s u g g e s t e d ,  m e re ly

q u a n t i t a t i v e  HSAB th e o r y ,  h u t  i n s t e a d  p r o v id e s  a  s a t i s f a c t o r y

i n t e r p r e t a t i o n  f o r  many p r o c e s s e s  f o r  which th e  h a r d - s o f t

r u l e s  f a i l .
90 91Drago *7 compared th e  e n t h a l p i e s  p r e d i c t e d  by th e  E-C 

e q u a t io n  to  th o s e  p r e d i c t e d  by t h r e e  e q u a t io n s  he f e l t  m igh t 

r e p r e s e n t  q u a n t i t a t i v e  a d a p t a t i o n  o f  th e  HSAB th e o r y  to  

f u r t h e r  i l l u s t r a t e  th e  s u p e r i o r i t y  o f  h i s  a p p ro a ch  o v e r  th e  

HSAB c o n c e p t!

S o f tn e s s  H a rd n ess

-  AH = (K -  Ha ) (K* -  Hfi) + Ha Hb (67 )

1
-  AH = -----------------------  + Ha Hb (6 8 )

HA hb

k
-A H  = -----------------------  + H. Hr (69 )

HA hb

where HA and Hg = p a r a m e te r s  w hich i n c r e a s e  w i th  i n c r e a s i n g

h a rd n e s s  o f  A and B, r e s p e c t i v e l y ,

K and K ' = c o n s t a n t s  w hich t r a n s fo r m  h a rd n e s s  o f  A and 

B, r e s p e c t i v e l y ,  i n t o  s o f t n e s s ,  and 

k = a  b e s t - f i t  s c a l i n g  f a c t o r .

The E-C e q u a t io n  was found to  g iv e  b e t t e r  a g re em e n t w i th  

e x p e r i m e n t a l ly  o b se rv e d  a d d u c t  f o r m a t io n  e n t h a l p i e s  th a n  any  

o f  th e  t h r e e  " h a r d n e s s - s o f t n e s s "  e q u a t i o n s .

The e n t h a l p i e s  p r e d i c t e d  by th e  E-C e q u a t io n  a g re e  w i th  

e x p e r im e n t  o n ly  i n  c a r e f u l l y  d e f i n e d  s y s te m s 1- .̂ L ike  th e  

M u l l ik e n  and Klopman-Hudson f o r m u l a t i o n s ,  D r a g o 's  a p p ro a c h
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i s  i m p l i c i t l y  based  on a  s m a l l  d e g re e  o f  c h a rg e  t r a n s f e r  and 

th u s  f a i l s  f o r  s t r o n g l y  i n t e r a c t i n g  sy s te m s  ( - a H » 50 k c a l /  

m o le ) .  The E-C e q u a t io n  a l s o  f a i l s  when io n s  a r e  c o n s id e r e d  

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

c o n c e p t  i s  i n a p p l i c a b l e  i n  s t r o n g l y  s o l v a t i n g  m edia* i n  w hich 

th e  e x p e r im e n ta l  e n t h a l p i e s  a r e  a l t e r e d  by h e a t s  o f  s o l v a ­

t i o n ,  and i s  t h u s  u s e l e s s  i n  d i s p la c e m e n t  and exchange 

r e a c t i o n s ,  w hich , r a t h e r  th a n  s im p le  a d d u c t  f o r m a t io n ,  

co m p rise  th e  m a j o r i t y  o f  Lewis a c i d - b a s e  p r o c e s s e s .  F i n a l l y ,  

th e  E-C e q u a t io n  h as  been  c r i t i c i z e d  b e ca u se  i t  d i s g u i s e s  

th e  r e l a t i o n s h i p  be tw een  r e a c t i v i t y  and p e r i o d i c  e le m e n ta l  

p r o p e r t i e s  th ro u g h  th e  u se  o f  e m p i r i c a l  num bers based  on an  

a r b i t r a r y  r e f e r e n c e  p o i n t * ^ .
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5. Donor and A c c e p to r  Numbers

13 9*5-101Gutmann and cow o rk ers  ' p ro p o sed  t h a t  e n t h a p l i e s

o f  a d d u c t  f o r m a t io n  be tw een  s o l v e n t  Lewis b a s e s  and r e f e r e n c e  

Lewis a c i d s  be c o n s id e r e d  a  m easure  o f  th e  c h e m ic a l  p r o p e r ­

t i e s  o f  th e  s o l v e n t  ( s o l v a t i o n ,  s o l v o l y s i s ,  s o l u t e  d i s s o c i ­

a t i o n ) ,  b e ca u se  a l l  s o l v e n t  r e a c t i o n s  depend on c o o r d i n a t i o n .  

U s ing  an tim ony  p e n t a c h l o r i d e  a s  a  r e f e r e n c e  a c i d ,  Gutmann 

d e f in e d  th e  "d o n o r  number" o r  " d o n i c i t y " ,  DN, o f  a  b a s i c  

s o l v e n t  B a s  a  m easure  o f  i t s  s t r e n g th *

DN " - 4 H B,SbCl5 <70)

DN i n c l u d e s  th e  t o t a l  i n t e r a c t i o n  o f  B w i th  SbCl^ ( e l e c t r o ­

s t a t i c  and c o v a l e n t )  and may t h e r e f o r e  be r e g a rd e d  a s  a  

q u a n t i t a t i v e  m easure  o f  b a s e  r e a c t i v i t y .

Gutmann o b ta in e d  e x p e r im e n ta l  A HB ,sbC l v a^u es  frcm  

c a l o r i m e t r i c  m easurem ents  o f  th e  h e a t s  o f  r e a c t i o n  o f  SbCl^ 

and v a r i o u s  s o l v e n t  b a s e s  i n  1 , 2 - d i c h l o r o e t h a n e . Gas p h a se  

m easu rem en ts ,  a l th o u g h  p r e f e r a b l e  f o r  e n th a lp y  d e t e r m i n a t i o n s  

s i n c e  t h e r e  i s  no s o l v a t i o n  to  a f f e c t  aH, a r e  g e n e r a l l y  

p r e c lu d e d  by a s s o c i a t e d  e x p e r im e n ta l  d i f f i c u l t i e s .  1 , 2 -  

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

Gutmann w i th  good r e a c t i o n  c o n d i t i o n s  w i th o u t  h a v in g  to  

r e s o r t  to  com plex t e c h n i q u e s .

The f o l lo w in g  e x p e r im e n ta l  e v id e n c e  s u p p o r t s  th e  

v a l i d i t y  o f  th e  DN s c a l e  o f  b a se  r e a c t i v i t y ^ " * 0 ^*

a )  S p e c t r o p h o to m e t r ic  d e t e r m i n a t i o n  o f  th e  e q u i l i b ­

r ium  c o n s t a n t  o f  th e  r e a c t i o n  be tw een  SbCl^ and b a s i c
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s o l v e n t s  t

K
[ s b C l J  [B]

(71)BjSbCl^ | bj SbCl^

in  1 ,2 - d i c h l o r o e t h a n e  y i e l d e d  pK v a lu e s  p a r a

l l e l i n g  d o n o r  num bers , i . e . ,  e n t r o p y  e f f e c t s  a r e  

r e l a t i v e l y  c o n s t a n t  f o r  th e  same r e f e r e n c e  a c i d .

b) A l i n e a r  r e l a t i o n s h i p  e x i s t s  be tw een th e  

d o n i c i t i e s ,  a s  d e f in e d  by Gutmann, and e n t h a l p i e s  o f  

r e a c t i o n  o f  th e  same b a s i c  s o l v e n t s  w i th  o t h e r  Lewis 

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

an tim o ny  t r i b r o m i d e ,  i n  i n e r t  s o l v e n t s  su c h  a s  CClj^ and 

CICHgCHgCl, i . e . ,  d o n o r  p r o p e r t i e s  ( i n c l u d i n g  r e l a t i v e  

b a se  s t r e n g t h )  a r e  in d e p e n d e n t  o f  th e  r e f e r e n c e  a c i d .  

T h is  r e l a t i o n s h i p  can  be fo rm u la te d  f o r  a  r e f e r e n c e  

a c i d ,  A, a s i

i n  w hich  a  and b a r e  c o n s t a n t s  d e p e n d e n t  on th e  

r e f e r e n c e  a c i d .

c )  S p e c t r a l  ch an g es  c o r r e l a t e  w i th  DN. The NMR

c o u p l in g  c o n s t a n t  o f  (C H ^)^Snl. The v a r i a t i o n  i n  0-H 

bond l e n g t h  d e te rm in e d  by i n f r a r e d  s p e c t r o p h o to m e t r i e  

m easurem ents  w i th  c h a n g in g  s o l v e n t  i s  a l s o  D N -dependen t.

d )  L igand  s u b s t i t u t i o n  r e a c t i o n  r a t e s  a r e  f u n c t i o n s

-  *HBjA = a  (DN) ♦ b (72)

c h e m ic a l  s h i f t s  o f  *^F ( i n  C F ^ I ) ,  2- W  ( i n  NaClO^ o r  

NaBF^), and 2^ S i  ( i n  s i l a n o l )  i n  b a s i c  s o l v e n t s  v a ry  

l i n e a r l y  w i th  d o n i c i t y ,  a s  do es  th e  * * ^ S n -p ro to n
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o f  d o n o r  num ber.

e )  C o n d u c t iv i ty  m easurem ents  i n d i c a t e  t h a t  th e  

d e g re e  o f  i o n i z a t i o n  o f  a c i d i c ,  c o v a l e n t  s o l u t e s  i n  

b a s i c  s o l v e n t s  i s  p r o p o r t i o n a l  to  DN. These e x p e r im e n ts  

were c o n d u c ted  i n  n i t r o b e n z e n e ,  a  r e l a t i v e l y  i n e r t  ( low  

DN) s o l v e n t  w i th  a  d i e l e c t r i c  c o n s t a n t  h ig h  enough n o t  

to  i n h i b i t  d i s s o c i a t i o n ,  s i n c e  c o n d u c t i v i t y  m easu re ­

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

G u tm an n ^ * * 0 * ’ a l s o  p ro p o se d  a  f u n c t i o n  a n a lo g o u s  to  

DN f o r  s o l v e n t s  w i th  a c i d i c  p r o p e r t i e s .  The " a c c e p t o r  

num ber" , AN, o f  a  s o l v e n t  i s  d e r iv e d  from th e  NMR 

c h e m ic a l  s h i f t  o f  th e  a d d u c t  formed by th e  s o l v e n t  and 

t r i e t h y l p h o s p h i n e  o x id e  i n  1 , 2 - d i c h l o r o e t h a n e .  T h is  down- 

f i e l d  c h em ic a l  s h i f t  ( d e c r e a s e  o f  e l e c t r o n  d e n s i t y  a round  

th e  p h o sp h o ru s  n u c le u s )  i n c r e a s e s  w i th  i n c r e a s i n g  s o l v e n t  

a c i d i t y .  Gutmann a s s ig n e d  a  r e f e r e n c e  v a lu e  o f  100 to  th e  

c h e m ic a l  s h i f t  o f  th e  (CgH^J^POiSbCl^ a d d u c t ,  and e s t a b l i s h e d  

a  s c a l e  o f  a c c e p t o r  num bers by n o r m a l iz in g  th e  c h em ic a l  

s h i f t s  o f  o t h e r  (C g H j^ P O - a c c e p to r  com plexes to  t h a t  v a l u e .  

The l a r g e s t  c h e m ic a l  s h i f t s  a r e  found f o r  p r o t i c  a c i d s t some­

w hat s m a l l e r  s h i f t s  c h a r a c t e r i z e  a c i d i c ,  o r g a n ic  compounds, 

e . g . ,  c h lo ro fo rm  and d ic h io ro m e th a n e j  and a p r o t i c  a c i d s  have 

th e  s m a l l e s t  c h e m ic a l  s h i f t s .

T r i e th y lp h o s p h in e  o x id e  o f f e r s  num erous a d v a n ta g e s  a s  a  

r e f e r e n c e  b a s e .  I t  i s  a  s t r o n g  and v e ry  s o l u b l e  b a s e t  th e  

c o o r d i n a t i o n  s i t e  (oxygen) i s  s u f f i c i e n t l y  rem ote  from th e  

p h o sp h o ru s  n u c le u s  so t h a t  l i t t l e  d a n g e r  o f  i n t e r f e r e n c e
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31w ith  th e  ^ P re s o n a n c e  a r i s e s i  th e  e t h y l  g ro u p s  a r e  l a r g e  

enough to  s h i e l d  any  a l t e r n a t e  c o o r d i n a t i o n  s i t e s  b u t  to o  

sm a l l  to  s t e r i c a l l y  h i n d e r  c o o r d i n a t i o n  o f  a c i d i c  s o l v e n t s  

w i th  oxygen, m aking f o r  a  w e l l - d e f i n e d  c o o r d i n a t i o n  s i t e .

C o n s id e r in g  s o l u t i o n  p r o c e s s e s  i n  te rm s  o f  Lewis a c i d -  

ba se  i n t e r a c t i o n s  p e r m i t s  a  c l e a r  u n d e r s t a n d in g  and s e p a r a ­

t i o n  o f  th e  f a c t o r s  c o n t r i b u t i n g  to  th e  d i s s o c i a t i o n  o f  

c o v a l e n t  s o l u t e s  i n  s o l v e n t s .  I n  t h i s  r e s p e c t  th e  Gutmann 

v ie w p o in t  i s  e s s e n t i a l l y  an  e x t e n s i o n  o f  B r ^ n s t e d 's  v iew  

o f  p r o t i c  s o l v e n t s  a s  a c i d s  and b a s e s  to  a p r o t i c  m ed ia .

G u t m a n n ^ ' n o t e d  a  g e n e r a l  f a i l u r e  to  d i s t i n ­

g u i s h  be tw een  i o n i z a t i o n ,  i . e . ,  h e t e r o l y t i c  c le a v a g e  o f  a  

c o v a l e n t  s u b s ta n c e  i n t o  an  io n  p a i r ,  and d i s s o c i a t i o n ,  th e  

s e p a r a t i o n  o f  th e  io n s  o f  an io n  p a i r  o r  a g g r e g a t e .  These 

two p r o c e s s e s  a r e  in d e p e n d e n t  o f  each  o t h e r ,  th e  fo rm e r  b e in g  

d e p e n d e n t  on th e  a c c e p t o r - d o n o r  (Lew is a c i d - b a s e )  p r o p e r t i e s  

o f  th e  s o l v e n t  and th e  l a t t e r  on th e  s o l v e n t  d i e l e c t r i c  

c o n s t a n t ,  « . The d i s t i n c t i o n  becomes c l e a r  upon c o n s i d e r a ­

t i o n  o f ,  e . g . ,  th e  f a c t  t h a t  th e  weak d o n o r  p r o p e r t i e s  o f  

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

t i o n  even  f o r  th e  s t r o n g  a c id  HCIO^, d e s p i t e  th e  n e a r  e q u iv a ­

l e n c e  o f  th e  d i e l e c t r i c  c o n s t a n t s  o f  s u l f u r i c  a c id  and w a te r .  

Thus th e  t o t a l  i o n i z i n g  pow er o f  a  s o l v e n t  d ep ends on s o l v e n t  

a c i d - b a s e  (AN-DN) and d i e l e c t r i c  c o n t r i b u t i o n s .

The o v e r a l l  d i s s o c i a t i o n  o f  a  c o v a l e n t  s o l u t e ,  MX, i n  a  

b a s i c  s o l v e n t  may be r e p r e s e n te d  by two s t e p s i
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I o n i z a t i o n  (DN)i

B + MX r A B---5> M— X f==S BM+X" (73)

D i s s o c i a t i o n  ( « ) i

BM+X_ £ = = ?  BM+ + X" (74)

i n  which c o o r d i n a t i o n  and s o l v a t i o n  s t a b i l i z e  th e  c a t i o n .

The a n io n  may a l s o  be s t a b i l i z e d  by s o l v a t i o n  i f  th e  s o l v e n t  

p o s s e s s e s  some a c c e p t o r  p r o p e r t i e s .  The c r i t i c a l  s t a g e  o f  

i o n i z a t i o n  ( e q u a t io n  (7 3 ) )  i n v o lv e s  a  s h i f t  o f  e l e c t r o n  

d e n s i t y  o f  th e  M-X bond away from  M and to w ard s  X, s i m u l t a ­

neous w i th  a  s h i f t  i n  e l e c t r o n  d e n s i t y  from B to  M. A nalo ­

gous p r o c e s s e s  o c c u r  i n  an  a c i d i c  s o l v e n t !

I o n i z a t i o n  (AN)
v O f  I 4.

MX + A f = =  M— X ~ >  A f = =  M XA (75)

D i s s o c i a t i o n  ( « ) i

M+XA~* M+ + XA“ (76)

i n  w hich c o o r d i n a t i o n  and s o l v a t i o n  s t a b i l i z e  th e  a n io n  

(and s o l v a t i o n  s t a b i l i z e s  th e  c a t i o n  i f  th e  s o l v e n t  h a s  

d o n o r  p r o p e r t i e s ) .  A g a in , th e  s h i f t  o f  e l e c t r o n  d e n s i t y  o f  

th e  M-X bond away from  M to w a rd s  X, t h i s  tim e accom panied  by 

a  s h i f t  i n  e l e c t r o n  d e n s i t y  from X to  A, i s  c r i t i c a l  to  

i o n i z a t i o n .

The o v e r a l l  d i s s o c i a t i o n  c o n s t a n t ,  K, i s  e q u a l  to  th e  

p r o d u c t  o f  th e  i o n i z a t i o n  c o n s t a n t ,  K^on ( e q u a t io n s  (73) and 

(7 5 ))»  and th e  d i s s o c i a t i o n  c o n s t a n t ,  Kd ^ gg ( e q u a t io n s  (74 ) 

and ( 7 6 ) ) ,  i n  b o th  c a s e s 1

K '  Kio n  Kd l s s  <?7>
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S ln c e  m ost common s o l v e n t s  p o s s e s s  d i e l e c t r i c  c o n s t a n t s  o f  

s u f f i c i e n t  m agn itude  so t h a t  d i s s o c i a t i o n  o f  i o n i c  a g g r e g a t e s  

i s  n o t  i n h i b i t e d ,  th e  e f f e c t  o f  Kd ^ gg i s  u s u a l l y  i g n o r e d .  

However, a  s o l v e n t  o f  v e ry  low d i e l e c t r i c  c o n s t a n t  sh o u ld  

n o t  be re g a rd e d  a s  a  w eaker a c id  ( o r  b a s e )  compared to  one 

o f  h ig h  d i e l e c t r i c  c o n s t a n t  m e re ly  on th e  b a s i s  o f  e v id e n c e  

r e l a t i n g  to  th e  d e g re e  o f  s o l u t e  i o n i z a t i o n ,  e . g . ,  c o n d u c t i ­

v i t y ,  b e c a u se  no in f o r m a t io n  c o n c e rn in g  th e  a c t u a l  a c i d - b a s e  

(AN-DN) p r o p e r t i e s  may be drawn from such  d a t a .

DN and AN a r e  u s e f u l  g u id e s  f o r  s e l e c t i n g  th e  a p p r o p r i ­

a t e  s o l v e n t  f o r  a c h e m ic a l  r e a c t i o n 1**'9 8 -101 ,104^  p o r  

exam ple , i t  would be u s e l e s s  to  a t t e m p t  an  a c i d - b a s e  t i t r a ­

t i o n  in  a  s o l v e n t  w i th  s t r o n g e r  d o n o r  p r o p e r t i e s  th a n  th o s e  

o f  th e  t i t r a n t  b a s e .  Complex fo r m a t io n  t e n d e n c i e s ,  c o v a l e n t  

s o l u t e  i o n i z a t i o n ,  and s o l v a t i o n  may be e s t im a te d  f o r  

d i f f e r e n t  s o l v e n t s  from DN and AN.

The DN-AN c o n c e p t  h a s  been  c r i t i c i z e d  a s  more l i m i t e d  

i n  scope  th a n  th e  HSAB p r i n c i p l e  o r  th e  E-C e q u a t io n  

b e c a u se  i t  i n c o r r e c t l y  assum es s i n g l e  o r d e r s  o f  a c id  and 

b a se  s t r e n g t h .  T h is  i s  a  c o n seq u en ce  o f  th e  f a c t  t h a t  m ost 

o f  th e  d o n o rs  employed by Gutmann a r e  h a rd  b a s e s ,  i . e . ,  have 

oxygen o r  n i t r o g e n  d o n o r  a to m s1**. Gutmann^® conceded t h a t  

th e  l i n e a r  r e l a t i o n s h i p  b e tw een  DN and a d d u c t  f o rm a t io n  

e n t h a l p i e s  r e l a t i v e  t o  o t h e r  Lewis a c i d s  ( e q u a t io n  (7 2 ) )  

b r e a k s  down f o r  v e ry  h a rd  and v e r y  s o f t  m e ta l  io n  a c i d s ,  

e s p e c i a l l y  i f  th e  s o l u t e s  from w hich  th e y  o r i g i n a t e  a r e  

h a rd  a c i d - h a r d  b a se  o r  s o f t  a c i d - s o f t  b a se  c o m b in a t io n s*
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A l t  ho ugh e q u a t io n s  (73) and ( 7 5 ) im p ly  t h a t  i n c r e a s i n g  s o f t ­

n e s s ,  i . e . ,  p o l a r i z a b i l i t y  o r  a b i l i t y  to  s h i f t  e l e c t r o n  

d e n s i t y ,  i s  c o n d u c iv e  to  i o n i z a t i o n ,  i n  p r a c t i c e  t h i s  i s  

t r u e  o n ly  up to  a  p o i n t .  C e r t a i n l y  th e  l i m i t a t i o n  o f  d o n o r  

and a c c e p t o r  num bers to  s o l v e n t  m o le c u le s  d o e s  n o t  a l lo w  

q u a n t i t a t i v e  c o m p a r iso n s  w i th  a c i d i t i e s  and b a s i c i t i e s  o f  

i o n s .

On th e  o t h e r  hand , G utm ann 's  c o n c e p t  o f f e r s  an  i n t e r ­

p r e t a t i o n  o f  Lewis a c i d - b a s e  phenomena i n  s t r o n g l y  i n t e r ­

a c t i n g  sy s tem s  ( h i g h l y  c o o r d i n a t i n g  s o l v e n t s )  i n  w hich th e  

E-C model f a i l s .  F u r th e rm o re ,  each  DN and AN v a lu e  i s  b a sed  

d i r e c t l y  on an e x p e r im e n ta l  m easu rem en t, w h i le  th e  E-C 

num bers a r e  d e r iv e d  from  an  a r b i t r a r y  r e f e r e n c e  p o i n t  and 

HSAB c o r r e l a t i o n s  a r e ,  f o r  th e  m ost p a r t ,  m e re ly  q u a l i t a ­

t i v e .
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V. U sanovich  Theory  and th e  R e l a t i o n s h i p  Between A c id -B ase

and O x id a t io n -R e d u c t io n  R e a c t io n s

A. U sanov ich  Theory

U sanovich* p ro p o sed  th e  m ost g e n e r a l  o f  th e  e x t a n t  a c i d -  

b a se  t h e o r i e s ,  which he d e r iv e d  from a  c o n s i d e r a t i o n  o f  th e  

s i m i l a r i t i e s  be tw een th e  c o n d u c ta n c e  c u rv e s  o f  AsCl^, SbCl^, 

and r e l a t e d  s u b s ta n c e s  and th o s e  o f  th e  hydrogen  a c i d s  i n  

e t h e r  and in  o t h e r  b a s i c  s o l v e n t s .  The f a c t  t h a t  c r y s t a l l i n e ,  

s a l t - l i k e  p r o d u c t s  a r e  o f t e n  o b ta in e d  from th e  r e a c t i o n  o f  

b o th  A sC l^ - ty p e  compounds and hydrogen  a c i d s  w i th  p y r i d in e  

o f f e r e d  f u r t h e r  e v id e n c e  t h a t  th e  B r^ n s ted -L o w ry  th e o ry  d id  

n o t  c o v e r  a l l  c a s e s  o f  a c i d i t y .  The n e a r l y  s im u l ta n e o u s  

a p p e a ra n c e  o f  L e w is ' p r o p o s a l  and lan g u ag e  b a r r i e r s  p re v e n te d  

U sanov ich  from com paring  th e  e l e c t r o n i c  t h e o r y  to  h i s  own 

f o r m u la t i o n .

The p r o t o n i c  t h e o r y  i s  l i m i t e d ,  a c c o rd in g  to  U sanov ich ,
1 2by i t s  a r b i t r a r y  d i v i s i o n  o f  c a t i o n s  i n t o  two g ro u p s  «

1) "onium" c a t i o n s ,  e x c lu d in g  c o m p le te ly  s u b s t i t u t e d  

onium i o n s ,  w hich  a r e  B r^ n s te d  a c i d s ,  e . g . ,  ammonium 

io n  and i t s  p r im a ry ,  s e c o n d a ry  and t e r t i a r y  a l k y l  

d e r i v a t i v e s i  hydronium  io n j  aquom eta l i o n s j  and

2) f r e e  m e ta l  and c o m p le te ly  s u b s t i t u t e d  onium c a t i o n s ,  

which a r e  n o t  Br/rfnsted a c i d s ,  e . g . ,  q u a t e r n a r y  a l k y l  

ammonium i o n s .

T h is  d i v i s i o n  i s  d e r iv e d  from  th e  f a c t  t h a t  th e  Brjjfasted- 

Lowry c o n c e p t  d i s c a r d s  s a l t  f o r m a t io n  and n e u t r a l i z a t i o n  a s  

c h a r a c t e r i s t i c  a c i d - b a s e  p r o c e s s e s  i n  f a v o r  o f  c o n ju g a te
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a c i d - b a s e  f o r m a t io n ,  e . g . ,

Acid^ B ase2 Base^ Acidg

HC1 + C ^ N  ^  ) C l"  + C ^ N H *  (1)

A t y p i c a l  aqueous n e u t r a l i z a t i o n ,  e . g . ,  t h a t  o f  aqueous HC1 

w i th  aqueous NaOH, i s  r e p r e s e n te d  by th e  f o l lo w in g  n e t  i o n i c  

e q u a t io n i

HjO* + OH“ v = *  2 H20 (2)

There  rem a in s  a  s o l u t i o n  o f  sodium io n s  and c h l o r i d e  i o n s ,  

w hich , i f  e q u i v a l e n t  am ounts o f  a c id  and b a se  a r e  em ployed, 

i s  commonly r e g a rd e d  a s  n e u t r a l .  T h is  i s  fu n d a m e n ta l ly  

i n c o n s i s t e n t ,  a c c o r d in g  to  U san o v ich , b e ca u se  th e  sodium 

c h l o r i d e  s o l u t i o n  c o n ta in s  no a c i d  to  com pensa te  f o r  th e  

b a s i c i t y  o f  c h l o r i d e  io n  ( e q u a t io n  ( 1 ) )  and to  j u s t i f y  

c o n s i d e r a t i o n  o f  th e  s o l u t i o n  a s  n e u t r a l .  On th e  o t h e r  hand , 

i n  n e u t r a l i z a t i o n  p r o c e s s e s  i n v o lv i n g  b a s e s  c a p a b le  o f  

fo rm in g  onium c a t i o n s ,  e . g . ,  NH^ ( o r  p y r i d i n e  i n  e q u a t io n  

( 1 ) ) ,  th e  c a t i o n i c  n e u t r a l i z a t i o n  p r o d u c t s  a r e  th e  a c i d s  

w hich p r o v id e  th e  l o g i c a l  c o m p e n sa tio n  f o r  a n io n  b a s i c i t y s

H30* + C l"  + NH3 r  H20 + C l"  + NH^+ (3 )

th u s  c r e a t i n g  a  d i s t i n c t i o n  be tw een  b a s e s  which e x i s t  i n  

c o m b in a t io n  w i th  m e ta l  c a t i o n s  and onium io n - f o rm in g  b a s e s .

B r /n s te d  j u s t i f i e d  th e  e x c l u s i o n  o f  s a l t  f o r m a t io n  a s  

a  c h a r a c t e r i s t i c  a c i d - b a s e  p r o c e s s  on th e  g rou nds  t h a t  th e  

p r o d u c t s  o f  a c i d - b a s e  r e a c t i o n s  a r e  n o t  a lw ay s s a l t s ,  and 

t h a t  s a l t s  may a l s o  r e s u l t  from  o t h e r  ty p e s  o f  r e a c t i o n s ,  

e . g . ,  o x i d a t i o n - r e d u c t i o n  ( e l e c t r o n  t r a n s f e r )  o r  o t h e r
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2 1t r a n s f e r s  *J i

Na + Cl

(ch3 ) 3n + ch3i ---------- >  (ch3 )^ n i

( c h 3 ) 2nh + c h 3i ----------> ( c h 3 ) 3n h i

>  NaCl (*0

(5 )

(6 )

E q u a t io n s  (5 )  and ( 6 ) ,  n e i t h e r  o f  w hich i s  a  Brjrfhs ted -L ow ry  

a c i d - b a s e  r e a c t i o n s ,  may be compared to

w hich  i s .  U sanov ich  p o in te d  o u t  t h a t  th e  p r o d u c t s  o f  

e q u a t io n s  (6 )  and (7) a r e  i d e n t i c a l ,  i . e . ,  i n  th e  fo rm e r  

e q u a t io n  an a c id  and a  b a se  a r e  form ed from  a  b a se  and 

a  s u b s ta n c e  (m eth y l i o d id e )  n o t  c o n s id e r e d  an  a c id  by 

B r o n s te d .  T h is  same n o n a c id  r e a c t s  w i th  a  b a se  i n  e q u a t io n

(5 )  to  form a n o th e r  n o n a c id  ((CH3 )^N+) and a  base  ( l “ ) .  The 

a r b i t r a r y  d i s t i n c t i o n  betw een  t h e s e  r e l a t e d  r e a c t i o n s  s e p a ­

r a t e s  c o m p le te ly  s u b s t i t u t e d  onium c a t i o n s  from o t h e r  onium 

c a t i o n s  i n  th e  p r o t o n i c  t h e o r y .

The exam ples c i t e d  above d i s t i n g u i s h  be tw een  p r o t o n i c  

and a p r o t i c  s u b s t a n c e s ,  a  d i s t i n c t i o n  t h a t  U sanov ich  b e l i e v e d  

to  be a r t i f i c i a l  b e c a u se  o f  th e  o b v io u s  s i m i l a r i t i e s  p r e s e n t  

i n  p r o c e s s e s  such  a s  e q u a t io n s  (2 )  and ( 3 ) ,  o r  e q u a t io n s  (5)»

( 6 ) ,  and ( 7 ) .  The e x i s t e n c e  o f  a c i d - b a s e  phenomena i n  

a p r o t i c  s o l v e n t s ,  e . g . ,  COClg and S02 , s e rv e d  to  f u r t h e r  

co n v in c e  U sanov ich  t h a t  B ro n s te d  and Lowry had o n ly  p a r t i a l l y  

g e n e r a l i z e d  a c i d - b a s e  t h e o r y  by r e f u t i n g  h y d ro x id e  io n  a s  th e  

o n ly  c a r r i e r  o f  b a s i c  p r o p e r t i e s ,  w h i le  r e t a i n i n g  th e  p r o to n  

a s  th e  s o l e  m a n i f e s t e r  o f  a c i d i c  t r a i t s  ( a l th o u g h  U sanov ich

(CH3 ) 3N + HI »  (CH3 ) 3NH+ ♦ I ” (7 )



- 2 0 6 -

d id  n o t  deny th e  s p e c i a l  n a t u r e  o f  th e  p r o to n ,  a s  w i l l  be 

se e n  s h o r t l y ) .

A cco rd in g  to  U san ov ich , any  p r o c e s s  l e a d in g  to  s a l t  

f o r m a t io n  i s  an  a c i d - b a s e  r e a c t i o n ,  be i t  o f  th e  B r / n s t e d -  

Lowry ty p e  o r  n o t .  The s a l t  fo rm a t io n  c r i t e r i o n  p e r m i t s  

th e  c o n s i d e r a t i o n  o f  th e  p r o c e s s e s  o r i g i n a l l y  p ro m p tin g  

U s a n o v ic h 's  p r o p o s a l  a s  a c i d - b a s e  r e a c t i o n s *

AsC13 + C ^ N  f n  ■' > C5H5NAsC12+ ♦ C l"  (8 )

The g e n e r a l i t y  o f  such  a  r u l e  r e q u i r e d  a  r e e v a l u a t i o n  and

e x te n s i o n  o f  th e  th e n  p r e v a l e n t  a c i d - b a s e  d e f i n i t i o n s .

U sanov ich  t h e r e f o r e  d e f in e d  an  a c i d  a s  a  s u b s ta n c e  c a p a b le

o f  s p l i t t i n g  o f f  any  c a t i o n  o r  com bin ing  w i th  any  a n io n ,  and

a  b ase  a s  a  s u b s ta n c e  c a p a b le  o f  s p l i t t i n g  o f f  any  a n io n  o r
1-8com bin ing  w i th  any c a t i o n

The U sanov ich  d e f i n i t i o n s  expand th e  a c i d  c a t e g o r y  to  

i n c lu d e  a  wide ran g e  o f  s u b s ta n c e s *

a )  Hydrogen a c i d s  -  s p l i t  o f f  p r o to n s  o r ,  a t  t im e s ,  

combine w i th  a n io n s ,  e . g . ,  HF com bines w i th  f l u o r i d e  

io n ,

b) M e t a l l i c  compounds -  s p l i t  o f f  m e ta l  c a t i o n s ,

c )  Onium compounds -  s p l i t  o f f  ca rbon ium , ammonium, e t c . ,  

io n s  o f  v a r y in g  d e g re e s  o f  s u b s t i t u t i o n ,

d ) Acid " a n h y d r id e s "  -  s u b s ta n c e s  su ch  a s  SO^ and C02 , 

which combine w i th  a n io n s  o r  n e g a t iv e  p a r t s  o f  

m o le c u le s ,  and

e )  N o n m e ta l l ic  s u b s ta n c e s  -  f o r  exam ple , A sC l^ , which 

s p l i t s  o f f  AsC1 2+ a n d / o r  A sC l^* .
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B ases i n c lu d e  th e  same s u b s ta n c e s  r e g a rd e d  a s  su c h  i n  th e  

p r o t o n i c  th e o r y i

a )  H a l id e s ,  o x i d e s ,  s u l f a t e s ,  e t c .  -  each  s p l i t s  o f f  

i t s  r e s p e c t i v e  a n io n ,  and

b) O niura-form ing b a se s  -  e . g . ,  ammonia and p y r i d i n e ,  

which combine w i th  p r o t o n s .

Thus th e  f o l lo w in g  r e a c t i o n s  a r e  a l l  c o n s id e r e d  a c i d - b a s e  

p r o c e s s e s !

B ase2 Acid^ A cidg Base^

Na20 + S03 j J  2 Na+ ♦ SO^2" (9 )

3 KCN + Fe(GN)3f = i  3 K+ + Fe(CN)63~ (10)

3 (NH4 ) 2S + Sb2S5 F = *  6 NH^+ + 2 SbS^3" (11)

I t  may be n o te d  t h a t  th e  s a l t s  formed i n  such  r e a c t i o n s  a r e  

th e m se lv e s  c o m b in a t io n s  o f  a c i d i c  ( c a t i o n i c )  and b a s i c  

( a n i o n i c )  s p e c i e s .

Amphoterism i s  acknow ledged a s  a  g e n e r a l  p r o p e r t y  o f  

p o l a r  and i o n i c  s p e c i e s  by th e  U sanov ich  d e f i n i t i o n s  s i n c e ,  

e . g . ,  As C13 can  be re g a rd e d  a s  an  a c id  b e ca u se  i t  s p l i t s  o f f  

AsClg* and a s  a  b a se  b e ca u se  i t  a l s o  s p l i t s  o f f  c h l o r i d e  i o n .  

However, th e  r e c o g n i t i o n  o f  am pho terism  d o e s  n o t  p r e c lu d e  th e  

p redom inance  o f  e i t h e r  a c i d i c  o r  b a s i c  p r o p e r t i e s  i n  s p e c i f i c  

c a s e s .  Thus an aqu eous NaCl s o l u t i o n  i s  n e u t r a l  b e c a u se  i t  

c o n ta in s  an  a c id  and a  b a s e ,  b o th  o f  w hich a r e  to o  weak f o r  

th e  p r o p e r t i e s  o f  one to  p re d o m in a te ,  w h i le  i n  aq ueous HC1, 

NH^Cl, o r  CH3C00Na s o l u t i o n s  one o f  th e  c o n s t i t u e n t  io n s  

a f f e c t s  a c i d i t y  and b a s i c i t y  to  a  g r e a t e r  e x t e n t  th a n  th e  

o t h e r .
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The U sanov ich  t h e o r y  i s  th e  o n ly  a c i d - b a s e  c o n c e p t  to

e x p l i c i t l y  i n c lu d e  o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  a s  a  su b -
1 “ 8c l a s s  o f  a c i d - b a s e  r e a c t i o n s  i f  th e  a c i d - b a s e  d e f i n i t i o n s  

a r e  rew orded to  d e f i n e  a c i d s  a s  s u b s ta n c e s  s p l i t t i n g  o f f  

e l e c t r o p o s i t i v e  p a r t i c l e s  o r  com bin ing  w i th  e l e c t r o n e g a t i v e  

p a r t i c l e s ,  and b a s e s  a s  s u b s ta n c e s  c a p a b le  o f  e x a c t l y  th e  

o p p o s i t e  b e h a v io r .  The e l e c t r o n  can  be r e g a rd e d  a s  a  b a se  

a c c o r d in g  to  t h e s e  v e r s i o n s  o f  th e  d e f i n i t i o n s .  T h e re fo re  

i n  e q u a t io n  (4 )  th e  base  sodium  d o n a te s  an  e l e c t r o n  to  th e  

a c id  c h l o r i n e  to  p ro d u ce  th e  a c i d  sodium  io n  and th e  b a se  

c h l o r i d e  io n ,  th e  c o n s t i t u e n t s  o f  th e  s a l t  sodium  c h l o r i d e .  

U sanov ich  th u s  r e l a t e d  o x i d i z i n g  a g e n t s  to  a c i d s  and 

r e d u c in g  a g e n t s  to  b a s e s .

A c i d i t y  and b a s i c i t y  ( e x c lu d in g  t h a t  d e r iv e d  from 

o x i d a t i o n - r e d u c t i o n )  a r e  a t t r i b u t e d  to  c o o r d i n a t e  u n s a t u r a ­

t i o n  i n  th e  U sanov ich  t h e o r y .  A c id s  te n d  t o  combine w i th  

n e g a t iv e  s p e c i e s  b e ca u se  th e y  c o n t a i n  c o o r d i n a t e l y  u n s a t u r a ­

te d  e l e c t r o p o s i t i v e  a to m si l i k e w i s e ,  b a s e s  combine w i th  

p o s i t i v e  s p e c i e s  due to  th e  p r e s e n c e  o f  c o o r d i n a t e l y  u n s a t u ­

r a t e d  e l e c t r o n e g a t i v e  a to m s .  A c id -b a s e  p r o p e r t i e s  a r e  

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

s t a t i c  f o r c e s .  Most s u b s ta n c e s  i n c o r p o r a t e d  b o th  ty p e s  

o f  c o o r d i n a t e l y  u n s a t u r a t e d  a to m s , i . e . ,  a  r e s t a t e m e n t  o f  

th e  g e n e r a l i t y  o f  a m p h o te r ism . The p redo m inance  o f  a c i d i t y  

o r  b a s i c i t y  i n  a  g iv e n  s p e c i e s  d ep en d s  on th e  r e l a t i v e  

v a le n c e s  o f  i t s  m ost e l e c t r o p o s i t i v e  and e l e c t r o n e g a t i v e  

a to m s . I f  th e  v a le n c e  o f  th e  fo rm e r  e x ce ed s  t h a t  o f  th e
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l a t t e r ,  a c i d i c  p r o p e r t i e s  p re d o m in a te j  i f ,  on th e  o t h e r  h and , 

th e  e l e c t r o n e g a t i v e  atom i s  o f  a  h i g h e r  v a le n c e ,  b a s i c  t e n ­

d e n c ie s  p re d o m in a te .  The w eaker s e t  o f  p r o p e r t i e s  i s  n o t  

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

p r i a t e  c i r c u m s ta n c e s .  Only when th e  p re d o m in a n t  atom  i s  

c o o r d i n a t e l y  s a t u r a t e d  do es  a  s u b s ta n c e  p o s s e s s  s o l e l y  a c i d i c  

o r  b a s i c  p r o p e r t i e s .  Carbon d io x id e  s e r v e s  to  i l l u s t r a t e  

t h i s  a s p e c t  o f  th e  U sanov ich  th eo ry *

C02 c o n t a i n s  a  t e t r a v a l e n t ,  c o o r d i n a t e l y  u n s a t u r a t e d ,  e l e c ­

t r o p o s i t i v e  c a rb o n  atom t h a t  i m p a r t s  a c id  c h a r a c t e r  to  th e  

compound ( s i n c e  oxygen i s  d i v a l e n t ) .  The a d d i t i o n  o f  a  

b a s i c  o x id e  io n  c o n v e r t s  COg to  c a rb o n a te  io n ,  a  b a s i c  a n io n  

t h a t  n e v e r t h e l e s s  r e t a i n s  some weak a c id  p r o p e r t i e s  b e ca u se  

th e  c a rb o n  atom i s  s t i l l  c o o r d i n a t e l y  u n s a t u r a t e d .  F u r t h e r  

o x id e  io n  a d d i t i o n  c o n v e r t s  c a r b o n a te  to  th e  o r th o c a r b o n lc  

a c id  a n io n ,  C O ^ - , w hich  no l o n g e r  p o s s e s s e s  any  a c i d i c  t e n ­

d e n c i e s  j th e  c a rb o n  atom i s  now c o o r d i n a t e l y  s a t u r a t e d ,  and 

th e  i o n ' s  h ig h  n e g a t i v e  c h a rg e  r e n d e r s  i t  a  s t r o n g  b a s e .  

Schemes s i m i l a r  to  e q u a t io n  (12) may be w r i t t e n  f o r  SO^ 

( h e x a v a le n t  s u l f u r )  and SiOg ( t e t r a v a l e n t  s i l i c o n ) ,  among 

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

o f  ammonoacids and " a c i d s  o f  a  sy s tem "  from  h y p o t h e t i c a l  

o r t h o a c i d s  i n  th e  e a r l y  d a y s  o f  th e  s o l v e n t  sy s te m s  t h e o r y .  

C h l o r o p l a t i n i c  a c i d ,  H gPtC l^ , i s  an  exam ple o f  a  s u b s ta n c e  

i n  which c o o r d i n a t e  s a t u r a t i o n  e x c lu d e s  b a s i c  p r o p e r t i e s

CO2 » co32- ( 12 )
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e n t i r e l y .

F u r t h e r  c o n f i r m a t io n  o f  th e  i n f l u e n c e  o f  v a le n c e  on 

a c i d i t y  and b a s i c i t y  may be o b ta in e d  by com paring  o x id e s  and 

s u l f i d e s  to  h a l id e s *  th e  d iv a l e n c e  o f  th e  fo rm e r  l e a d s  to  th e  

e x p e c t a t i o n  t h a t ,  f o r  a  g iv e n  c a t i o n ,  th e  o x id e  o r  s u l f i d e  i s  

more b a s i c  th a n  th e  c o r r e s p o n d in g  h a l i d e s .  T h is  p r e d i c t i o n  

i s  bo rne  o u t  when th e  b a s i c i t i e s  o f  Na20 and Na2S a r e  com­

p a re d  to  th o s e  o f  th e  sodium h a l i d e s .  S i m i l a r  q u a n t i t a t i v e  

co m p a r iso n s  may be made among c a t i o n s  o f  v a r y in g  v a le n c e  i n  

c o m b in a t io n  w i th  th e  same a n io n ,  y i e l d i n g ,  f o r  exam ple , th e  

n o t  u n e x p ec te d  c o n f i r m a t io n  o f  th e  p r e d i c t i o n  t h a t  FeC l^  and 

AlCl^ a r e  more a c i d i c  th a n  NaCl. The U sanov ich  c o n c e p t  th u s  

l i n k s  a c i d i t y  and b a s i c i t y  to  p e r i o d i c  p r o p e r t i e s .

The s o l e  e x c e p t io n  to  th e  i n f l u e n c e  o f  v a le n c e ,  a c c o r d ­

in g  to  U san ov ich , i s  th e  p r o t o n ,  w hich in d ee d  p o s s e s s e s  

s p e c i a l  p r o p e r t i e s *  how ever, he e r r o n e o u s l y  a t t r i b u t e d  

t h e s e  p r o p e r t i e s  to  th e  e x t r a o r d i n a r y  sm a l l  s i z e  and h ig h  

m o b i l i t y  o f  th e  p r o t o n ,  w h i le  th e y  a r e  a c t u a l l y  a  co nsequ en ce  

o f  th e  G ro t th u s  m echanism, to  be d i s c u s s e d  l a t e r .  The p r o to n  

i s  th u s  endowed w i th  a  f a r  g r e a t e r  d e g re e  o f  a c i d i t y  th a n  

o t h e r  u n i v a l e n t  c a t i o n s ,  which a c c o u n ts  f o r  i t s  h i s t o r i c a l  

p o s i t i o n  o f  im p o r ta n c e  i n  a c i d - b a s e  t h e o r y .  T h e re fo re  HC1 

i s  p re d o m in a n t ly  a c i d i c  i n s t e a d  o f  a m p h o te r ic ,  a s  would be 

p r e d i c t e d  by c o m p a ra t iv e  v a le n c e ,  and w a te r  and ammonia 

p o s s e s s  a m p h o te r ic  p r o p e r t i e s  a s  compared to  th e  s t r o n g l y  

b a s i c  Na20 and Na^N. The s p e c i a l  p r o p e r t i e s  o f  t h e  p r o to n  

a r e  a l s o  r e f l e c t e d  i n  th e  r a p i d  r a t e s  o f  m ost p r o t o n i c  a c i d -
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base  r e a c t i o n s  r e l a t i v e  to  o t h e r s ,  e . g . ,  (CH^)^NH+ c a n ,  i n  

p r i n c i p l e ,  be e i t h e r  a  p r o to n  o r  a  CH^+ d o n o r ,  b u t  i n v a r i a b l y  

d o n a te s  th e  fo rm e r  i n  a c i d - b a s e  r e a c t i o n s .

U sanovich  a g re e d  w i th  B r /n s t e d  t h a t  q u a n t i t a t i v e  com­

p a r i s o n s  o f  a c i d - b a s e  s t r e n g t h  sh o u ld  be based  on th e  i n v e r s e  

r e l a t i o n s h i p  be tw een  c o n ju g a te  a c i d s  and b a s e s .  S in c e  each  

B r^ n s te d  a c id  has  o n ly  one c o n ju g a te  b a s e ,  o r d e r i n g  o f  

s t r e n g t h  i n  th e  p r o t o n i c  t h e o r y  i s  r e l a t i v e l y  s im p le ,  b u t  i n  

th e  U sanov ich  th e o r y  each  a c id  and b ase  may be r e l a t e d  to  a  

m u l t i tu d e  o f  c o n j u g a t e s ,  c o m p l i c a t in g  th e  c h o ic e  o f  a  

r e f e r e n c e  s c a l e .

U sanovich  u t i l i z e d  o x i d a t i o n - r e d u c t i o n  to  o b t a i n  an 

o r d e r  o f  e le m e n ta l  a c i d - b a s e  s t r e n g t h .  E l e c t r o n  d o n o rs

( r e d u c in g  a g e n t s )  a r e  b a s e s  whose r e l a t i v e  s t r e n g t h s  v a ry
1 2w i th  t h e i r  i o n i z a t i o n  p o t e n t i a l s  j th e  lo w e r  th e  i o n i z a t i o n  

p o t e n t i a l ,  th e  s t r o n g e r  th e  b a s e .  T h e i r  c a t i o n i c  a c id  

c o n ju g a te s  v a ry  i n  s t r e n g t h  i n v e r s e l y  w i th  b a se  s t r e n g t h ,  

i . e . ,  th e  h ig h  th e  i o n i z a t i o n  p o t e n t i a l  o f  th e  b a s e ,  th e  

s t r o n g e r  th e  c o n ju g a te  a c i d .  Thus p o ta s s iu m  i s  a  s t r o n g  

b a se  and p o ta s s iu m  io n  a  weak c o n ju g a te  a c id  b e ca u se

K ? = = = >  K+ + e "  (13)

r e q u i r e s  an i o n i z a t i o n  p o t e n t i a l  o f  k . J  eV, w h i le  c h l o r i n e  

i s  a  v e ry  weak b a se  b e c a u se  i t  h a s  an  i o n i z a t i o n  p o t e n t i a l  

o f  13 .0  eV. On th e  o t h e r  h and , c h l o r i n e  e x h i b i t s  s t r o n g  

a c i d  p r o p e r t i e s  and i t s  c o n ju g a te  b a s e ,  c h l o r i d e  io n ,  i s  

v e ry  weakt
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C l"  p - ^  C l ♦ e ” (1*0

These c o n s i d e r a t i o n s  may be ex te n d ed  to  compounds. The u se  

o f  i o n i z a t i o n  p o t e n t i a l  to  d e te rm in e  r e l a t i v e  a c id  and base  

s t r e n g t h s  a l s o  c l e a r l y  i n d i c a t e s  th e  g r e a t e r  a c id  s t r e n g t h  

o f  m u l t i v a l e n t  e le m e n ta l  c a t i o n s  ( i n v o lv i n g  th e  sum o f  

s e v e r a l  i o n i z a t i o n  p o t e n t i a l s )  r e l a t i v e  to  u n i v a l e n t  c a t i o n s .  

S o l v o l y s i s  o f  s a l t s  i s  a l s o  e x p la in e d  by a  c o n s i d e r a t i o n  o f  

th e  r e l a t i v e  s t r e n g t h s  o f  th e  a c i d i c  ( c a t i o n i c )  and b a s i c  

( a n i o n i c )  s p e c i e s  p r e s e n t  i n  a  s a l t ,  e . g . ,  FeCl^ h y d ro ly z e s  

i n  an  a c i d i c  m anner and NagS i n  a  b a s i c  m anner.

L uder and Z u f f a n t i f o b j e c te d  to  th e  im p o r ta n c e  o f  s a l t  

f o r m a t io n  and th e  s t r e s s  on th e  a s s o c i a t i o n  o f  a c i d i t y  and 

b a s i c i t y  w i th  c a t i o n s  and a n io n s ,  r e s p e c t i v e l y ,  i n  th e  

U sanov ich  c o n c e p t .  They a l s o  c o n ten d ed  t h a t  t h e r e  i s  a  l a c k  

o f  c o r r e l a t i o n  o f  th e  d e g re e  o f  c o o r d i n a te  u n s a t u r a t i o n ,  th e  

d e te r m in a n t  o f  a c i d - b a s e  p r o p e r t i e s ,  w i th  th e  U sanov ich  a c i d -  

ba se  d e f i n i t i o n s ,  and t h a t  re d o x  r e a c t i o n s ,  a l th o u g h  r e l a t e d  

to  a c i d - b a s e  p r o c e s s e s ,  a r e  n o t  p a r t  o f  a c i d - b a s e  c h e m is t r y  

( t h i s  p o i n t  w i l l  be d i s c u s s e d  i n  more d e t a i l  l a t e r ) .  The 

U sanov ich  t h e o r y  h a s  a l s o  been  c r i t i c i z e d  f o r  i t s  g e n e r a l i t y .

I t  h a s  l i k e w i s e  been  c la im e d  t h a t  th e  U sanov ich  c o n c e p t  

i s  o f t e n  to o  e a s i l y  d i s m is s e d  p r e c i s e l y  b e ca u se  o f  i t s  g e n e ­

r a l i t y  and b e ca u se  o f  th e  same t r a d i t i o n a l i s m  among s c i e n ­

t i s t s  t h a t  i n i t i a l l y  opposed  th e  p r o t o n i c  and e l e c t r o n i c  

t h e o r i e s .  Huheey^ p ro p o se d  t h a t  a l l  a c i d - b a s e  c o n c e p ts  a r e  

r e c o n c i l a b l e ,  b e c a u se  th e y  i n v a r i a b l y  d e f i n e  a c i d s  a s  d o n o rs  

o f  p o s i t i v e  s p e c i e s  o r  a c c e p t o r s  o f  n e g a t iv e  s p e c i e s ,  and
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b a s e s  a s  d o n o rs  o f  n e g a t iv e  o r  a c c e p t o r s  o f  p o s i t i v e  s p e c ie s *  

C o n se q u e n t ly  a c i d i t y  may be r e g a rd e d  a s  p o s i t i v e  c h a r a c t e r  o f  

a  s u b s ta n c e ,  t h a t  i s  d e c r e a s e d  by r e a c t i o n  w i th  a b a s e ,  and 

b a s i c i t y  a s  n e g a t iv e  c h a r a c t e r ,  d e c r e a s e d  by r e a c t i o n  w i th  an 

a c i d .
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B. The R e l a t i o n s h i p  Between O x id a t io n - R e d u c t io n  and A c id -B ase  

C on cep ts

A lthough  th e  U sanov ich  th e o r y  i s  th e  o n ly  one to  e x p l i ­

c i t l y  s t r e s s  th e  i n c l u s i o n  o f  re d o x  phenomena i n  a c i d - b a s e  

c h e m is t r y ,  th e  p o s i t i o n  o f  o x i d a t i o n - r e d u c t i o n  i n  r e l a t i o n  

to  o t h e r  a c i d - b a s e  c o n c e p ts  h a s  been  th e  s u b j e c t  o f  e x t e n s i v e  

c o n s i d e r a t i o n ,  o f t e n  a s  a  d i r e c t  co n sequen ce  o f  co m pariso n  

w i th  th e  U sanov ich  c o n c e p t .  However, t h i s  r e l a t i o n s h i p  was 

n o te d  even b e f o r e  U sanov ich  made h i s  p r o p o s a l .

1. Brcfristed-Lowry T heory

Most p r e s e n t a t i o n s  o f  th e  p r o t o n i c  t h e o r y  ig n o r e  th e  

f a c t  t h a t  B r^ n s te d  re c o g n iz e d  th e  e l e c t r o n  a s  th e  o n ly  p a r ­

t i c l e  e x h i b i t i n g  b e h a v io r  co m parab le  to  t h a t  o f  th e  p r o t o n ,  

and o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  ( e l e c t r o n  t r a n s f e r )  a s  th e  

o n ly  a n a lo g u e s  o f  a c i d - b a s e  p r o c e s s e s  ( p r o to n  t r a n s f e r

A r  ■■ ' B + H+ (15)

R x-' — * Ox + e “ (16)

where A = a c i d ,  B * b a s e ,  R = red u ced  form o f  a  s p e c i e s ,  and 

Ox = o x id iz e d  form o f  th e  same s p e c i e s .  T h is  r e l a t i o n s h i p  

a r o s e ,  i n  p a r t ,  from th e  b e l i e f  ( a t  th e  t im e  o f  Brjafhsted 's 

p r o p o s a l )  t h a t  th e  p r o to n  and e l e c t r o n  r e t a i n e d  u n iq u e  p o s i ­

t i o n s  a s  th e  fu n d a m e n ta l ,  su b a to m ic  c o n s t i t u e n t s  o f  m a t t e r .  

Thus th e  p o s t u l a t i o n  o f  a  p a r a l l e l  be tw een  p r o t o n i c  and 

e l e c t r o n i c  r e a c t i o n s  i s  n o t  c o i n c i d e n t a l i  B r^ n s te d ^  r e f e r r e d  

t o  th e  p r o to n  a s  a  " p o s i t i v e  e l e c t r o n " .
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T here  i s  more to  th e  a n a lo g y  be tw een  a c i d - b a s e  and 

o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  th a n  th e  fo rm a l  s i m i l a r i t y  o f  

e q u a t io n s  (15 ) and (16)»

a )  N e i th e r  th e  p r o to n  n o r  th e  e l e c t r o n  i s  c a p a b le  

o f  in d e p e n d e n t  e x i s t e n c e  i n  s o lu t io n ^ *

b) An a c id  c a n n o t  d o n a te  a  p r o to n  i n  th e  ab sen c e  

o f  a  b a s e i  c o n v e r s e ly ,  a  b a se  c a n n o t  a c c e p t  a  p r o to n  

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

r e d u c in g  a g e n t  c a n n o t  d o n a te  e l e c t r o n s  w i th o u t  th e  

p r e s e n c e  o f  an  e l e c t r o n  a c c e p t o r  ( o x i d i z i n g  a g e n t ) ,  and 

an  o x i d i z i n g  a g e n t  c a n n o t  a c c e p t  e l e c t r o n s  w i th o u t  an 

e l e c t r o n  d o n o r  ( r e d u c in g  a g e n t )  to  d o n a te  them . Conse­

q u e n t l y  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s ,  l i k e  p r o t o l y s e s ,  

a r e  d o u b le  c o n ju g a te  p a i r  e q u i l i b r i a ^ *  1 5 - I 7 t

At  + B2 ■■ i? Bx + A2 (17 )

OXĵ  + R2 ^ . ■ . = f  R1 + 0 x 2 (18 )

c )  P o w erfu l  o x i d i z i n g  and r e d u c in g  a g e n t s  e x h i b i t  

phenomena i n  s o l v e n t s  much l i k e  th e  l e v e l l i n g  e f f e c t  

o b se rv e d  by H an tsch  f o r  s t r o n g  a c i d s  and b a s e s * ^ ,  e . g . ,  

i n  aqueous s o l u t i o n

C l2 + 3 H20 — - » 2  H30 + + C l“ ♦ 0C1" (19 )

2 Na + 2 H20  > 2  Na+ + 2 OH-  ♦ Hg (20)

The d i s t i n c t i o n  betw een  a c i d - b a s e  and o x i d a t i o n - r e d u c ­

t i o n  p r o c e s s e s  i s  b l u r r e d  i n  e q u a t io n s  (19 )  and ( 2 0 ) ,  

s i n c e  b o th  o c c u r  s i m u l t a n e o u s ly .  The o x i d i z i n g  a g e n t



-216-
C l2 I n c r e a s e s  th e  s o l v e n t  lyon ium  io n  c o n c e n t r a t i o n ,  a s

any  a c id  d o e s ,  and th e  r e d u c in g  a g e n t  Na i n c r e a s e s  th e
18l y a t e  io n  c o n c e n t r a t i o n ,  a s  any  b ase  w ould . Lewis 

n o te d  t h a t  no r a p i d  o x i d i z i n g  a g e n t  s t r o n g e r  th a n  0 2 

n o r  r a p i d  r e d u c in g  a g e n t  s t r o n g e r  th a n  H2 may e x i s t  i n  

w a t e r .  L ew is ' em phasis  on th e  word " r a p id "  q u a l i f i e s  

th e  therm odynam ics o f  su ch  p r o c e s s e s  w i th  th e  f a c t  t h a t  

many s t r o n g  o x i d i z i n g  and r e d u c in g  a g e n t s  a c t  upon 

w a te r  so  s lo w ly  t h a t  red o x  e q u i l i b r i u m ,  u n l i k e  a c i d - b a s e  

e q u i lb r iu m ,  i s  r a r e l y  a c h ie v e d  i n  aq ueous  s o l u t i o n  

( w i tn e s s  th e  s low  d e c o m p o s i t io n  o f  aqueous p e rm a n g a n a te ) .

d )  There i s  e v id e n c e  t h a t  o x i d a t i o n - r e d u c t i o n  

r e a c t i o n s  o c c u r  v i a  s te p w is e  e l e c t r o n  t r a n s f e r  i n  c a s e s  

in v o lv i n g  th e  movement o f  more th a n  one e l e c t r o n ,  

a n a lo g o u s  to  th e  s u c c e s s iv e  rem oval o f  p r o to n s  from 

p o l y p r o t i c  a c i d s  ( o r ,  i n  c e r t a i n  Lewis a c i d - b a s e  r e a c ­

t i o n s ,  to  th e  fo r m a t io n  o f  s u c c e s s iv e  1*1, 1*2, e t c . ,  

a d d u c t s ) * ^ ’ 1 9 -2 1  ̂ M0St  o f  th e  e v id e n c e  s u p p o r t i n g  t h i s  

v iew  i s  m e c h a n i s t i c ,  e . g . ,  t h e  r e d u c t i o n  o f  hydrogen  

p e r o x id e  by f e r r o u s  ion*

F e 2+ + H20 2 ------- > F e3* + OH" + OH (21)

F e2+ + OH------------->  Fe3+ + OH" (22 )

o r  th e  o x i d a t i o n  o f  s ta n n o u s  io n  by f e r r i c  io n  ( i n  HC1 

s o l u t i o n ) t

F e3+ + SnC l^2: ---------------> F e2+ ♦ SnC l^" (23 )

F e3* + SnCl4 "<--------------- > F e 2* ♦ SnCl^ (2*0
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3+The o b s e r v a t i o n  o f  an Sn i n t e r m e d i a t e  i n  th e  t i t r a t i o n

o f  SnCl^ w i th  p o ta s s iu m  d ic h ro m a te  i n  aq ueous  HC1 h as
22been r e p o r t e d  . I t  i s  a l s o  b e l i e v e d  t h a t  d ia to m ic

c h l o r i n e ,  b rom ine , and i o d i n e ,  a r e  red u c ed  th ro u g h  th e  

s te p w is e  i n t e r m e d i a t e s  C l2“ , B r2“ , and I 2“ , r e s p e c t i v e l y .

e )  D epending  on th e  c i r c u m s ta n c e s ,  th e  same s p e c i e s  

may s e rv e  e i t h e r  a s  an  o x i d i z i n g  o r  a s  a  r e d u c in g  a g e n t .

Aluminum re d u c e s  f e r r o u s  io n  to  i r o n  m e ta l  w h i le  d i c h r o -
2+ 3+ 7mate o x i d i z e s  Fe to  Fe^ . L uder and Z u f f a n t i

r e g a rd e d  su ch  b e h a v io r  a s  a n a lo g o u s  to  a c i d - b a s e  ampho-

t e r i s m  and u t i l i z e d  th e  same te rm  to  d e s c r i b e  i t .

f )  Redox i n d i c a t o r s  o p e r a t e  on th e  b a s i s  o f  e q u i l i b ­

r i a  s i m i l a r  t o  th o s e  o f  a c i d - b a s e  i n d i c a t o r s * ^ .

A n o th e r  m a n i f e s t a t i o n  o f  th e  r e c o g n i t i o n  o f  an  a n a lo g o u s

r e l a t i o n s h i p  be tw een  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  r e a c ­

t i o n s  i s  th e  s u g g e s t io n  t h a t  r e l a t i v e  a c i d i t y  and b a s i c i t y  be 

d e f in e d  i n  te rm s  o f  a c i d i t y  and b a s i c i t y  p o t e n t i a l s ,  j u s t  a s  

re d o x  s t r e n g t h  i s  d e f in e d  i n  te rm s  o f  o x i d a t i o n - r e d u c t i o n  

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

d i s s o c i a t i o n  c o n s t a n t s ^ '* 2 '* - ^ '* ^ '2^ .  The a c i d i t y  p o t e n t i a l ,

E , was d e f in e d  by B r ^ h s t e d ^ '2-̂  a s  th e  work expended on
Aw

p r o to n  t r a n s f e r  from  an  e l e c t r i c a l l y  n e u t r a l  sy s tem  to  an  

a r b i t r a r y  s t a n d a r d  s t a t e .  The b a s i c i t y  p o t e n t i a l ,  Eb a s , i s  

th e  n e g a t iv e  o f  E iaC

Ea c

R T

F

R T

F l n K A * (25)
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R T
E. = -  E bas ac

'B
I n  Kg + In ( 26 )

i n  which KA and Kg = th e  B r/(nsted  a c i d i t y  and b a s i c i t y

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

CA and Cg * th e  c o n ju g a te  a c id  and b ase  c o n c e n t r a ­

t i o n s ,  r e s p e c t i v e l y ,  o f  e q u a t io n  (15) 

( s e e  c h a p t e r  I I ) .

Schw arzenbach*^ a l s o  s t r e s s e d  th e  a c i d - b a s e  -  o x i d a t i o n -  

r e d u c t i o n  a n a lo g y ,  d e f i n i n g  a  ’’n o rm al"  a c i d i t y  p o t e n t i a l ,

E° (a n a lo g o u s  to  s t a n d a r d  red o x  p o t e n t i a l s ) ,  a s  th e  v a lu ecLC
o f  Ea c  a t  e q u a l  a c t i v i t i e s  o f  A and B ( th e  u se  o f  a c t i v i t y ,  

a s  opposed  to  c o n c e n t r a t i o n ,  has  no b e a r i n g  on th e  p r e s e n t  

d i s c u s s i o n ) .  The e q u a t io n  f o r  th e  p o t e n t i a l  o f  an a c i d - b a s e  

c o n ju g a te  p a i r  c o n s e q u e n t ly  f o l lo w s  th e  same form a s  th e  

e q u a t io n  f o r  d e te r m in in g  t h e  p o t e n t i a l  o f  a  r e d o x  c o u p le i

Eac ac

ox ox

R T
♦ -----  In

P

R T
+ -----  In

n P

B
(27)

( 2 8 )
Ox,

ac o f  a  s o l u t e  a c id  d o e s  n o t  depend on th e  a c i d i t y  o r  b a s i ­

c i t y  o f  th e  s o l v e n t ,  b u t  i s  in f lu e n c e d  by th e  s o l v e n t  

d i e l e c t r i c  c o n s t a n t ,  s i n c e  i t  r e p r e s e n t s  th e  e l e c t r i c a l  work 

in v o lv e d  in  s e p a r a t i n g  H+ from  an  e l e c t r i c a l l y  n e u t r a l  

e n v iro n m e n t .
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A rrangem ent o f  E® v a lu e s  f o r  d i f f e r e n t  a c i d s  i nav

d e c r e a s i n g  o r d e r  y i e l d s  a  r a n k in g  o f  a c i d s  and t h e i r  c o n ju ­

g a te  b a s e s  a c c o rd in g  to  s t r e n g t h ,  s i m i l a r  to  th e  e le c t r o m o ­

t i v e  s e r i e s  i n  o x i d a t i o n - r e d u c t i o n .  A h ig h  a c i d i t y  p o t e n t i a l  

i s  a s s o c i a t e d  w i th  s u b s ta n c e s  c o n t a i n i n g  l o o s e l y  bound, 

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

have low E® v a lu e s  a s s o c i a t e d  w i th  t i g h t l y  bound p r o to n s * ^ .
a v

When two c o n ju g a te  p a i r s  o f  d i f f e r e n t  a c i d i t y  ( a s  m easured by 

Eac  e(lu a 't i on ( 2 7 ) )  a r e  b ro u g h t  t o g e t h e r ,  p r o to n  t r a n s f e r  

o c c u r s  from th e  sy s tem  o f  h i g h e r  a c i d i t y  p o t e n t i a l  to  t h a t  

o f  lo w er  Ea(J, lo w e r in g  th e  fo rm e r  and r a i s i n g  th e  l a t t e r  

t i l l  th e  a c i d i t i e s  o f  b o th  sy s te m s  a r e  e q u a l ,  i . e . ,  e q u i l i b ­

r ium  i s  a c h ie v e d .  F o r  exam ple , th e  d i s s o c i a t i o n  o f  an a c id  

HX i n  w a te r  i n v o lv e s  th e  a c i d i t y  p o t e n t i a l s  o f  th e  HX-X" and 

th e  H^0+-H20 c o n ju g a te  p a i r s t

where K& = th e  p r o t o l y s i s  c o n s t a n t  o f  HX i n  w a te r ,  i . e . ,  th e

E.’HX (29)

(30)

P r i o r  to  d i s s o c i a t i o n  > E^ q+, b u t  a s  e q u i l i b r i u m  i s  

a p p ro a c h e d ,  E ^  d ro p s  and E^ Q+ r i s e s  u n t i l ,  a t  e q u i l i b r i u m ,  

th e y  a r e  e q u a l  and

e <*Hx -  eS 3o * > < f /r t )
s

a H~0* a X“
 2------------  cC Ka  ( 3 1 )

a H20 a HX
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c l a s s i c a l  aqueous d i s s o c i a t i o n  c o n s t a n t .

B r j / n s t e d ^  p o in te d  o u t  t h a t  t h e r e  i s  n e i t h e r  a d v a n ta g e  

n o r  d i s a d v a n ta g e  i n  a r r a n g i n g  a c i d - b a s e  s t r e n g t h s  a s  an  emf 

s e r i e s  i n s t e a d  o f  a s  a  s e r i e s  o f  e q u i l i b r i u m  c o n s t a n t s ,  b u t  

th e  v e ry  s u g g e s t io n  i l l u s t r a t e s  and em p h as ize s  th e  f a c t  t h a t  

a  c lo s e  p a r a l l e l  be tw een  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

p r o c e s s e s  was re c o g n iz e d  w e l l  b e f o r e  th e  a p p e a ra n c e  o f  th e  

U sanov ich  t h e o r y .

The r e l a t i o n s h i p  betw een p r o t o n i c  a c i d - b a s e  and red o x  

c h e m is t r y  i s  n o t  l i m i t e d  to  p a r a l l e l  fo rm a l ism s  b e ca u se  th e  

two som etim es o v e r l a p ,  e . g . ,  i n  e q u a t io n s  (19) and ( 2 0 ) .

The i n c r e a s e  i n  aq u o m e ta l  io n  a c i d i t y  w i th  i n c r e a s i n g  c e n t r a l
2|i

m e ta l  o x i d a t i o n  number o b se rv e d  by Br/rfhsted i s  b u t  one 

example o f  th e  i n c r e a s e d  a b i l i t y  o f  p r o t o n - c o n t a i n i n g  l i g a n d s  

to  a c t  a s  p r o to n  d o n o rs  when c o o r d in a te d  to  h i g h l y  o x id iz e d
2*5

m e ta l  i o n s  J . The r e a c t i o n s  betw een aqueous a c id  s o l u t i o n s  

o r  a c i d i c  m e l t s  and m e ta l s  a r e  s im u l t a n e o u s ly  a c i d - b a s e  

n e u t r a l i z a t i o n  and o x i d a t i o n - r e d u c t i o n  p rocesses** * ’

2 KjO* + Mg( s )  r  > Mg2* ♦ H2 (g )  ♦ 2 H20 (32)

2 N \ N03 (1 )  * Cu(3 )  r = %
0 u (N ° 3 ) 2 ( i ) ♦ H2 ( g )  ♦ 2 N H 3 ( g )  ( 3 3 )

Com paring th e  lo w e r  ( b a s i c  o r  r e d u c in g )  o x id e s  o f  v a r i o u s  

e le m e n ts  t o  t h e i r  h i g h e r  ( a c i d i c  o r  o x i d i z i n g )  o x id e  c o u n t e r -
pO

p a r t s ,  e . g . ,  BigO^ to  BigO^ o r  PeO to  FegO^, B a n c r o f t  n o te d  

t h a t  th e  emf o f  th e  fo rm e r  a r e  r a i s e d  i n  a l k a l i n e  m edia , 

w h i le  th e  emf o f  th e  l a t t e r  a r e  h i g h e r  i n  a c id  m e d ia .  T h is
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o b s e r v a t i o n  im p l i e s  t h a t  r e d u c t i o n  i s  enhanced i n  a l k a l i n e  

s o l u t i o n  and o x i d a t i o n  i s  enhanced  i n  a c id  s o l u t i o n ,  and i s  

s u p p o r te d  by th e  v a r i a t i o n  i n  th e  s t a n d a r d  p o t e n t i a l s  o f  

re d o x  c o u p le s  i n  aqueous s o l u t i o n s  o f  c h a n g in g  a c i d i t y  

(T ab le  V - l ) .  I n c r e a s i n g  a c i d i t y  i n c r e a s e s  th e  o x i d i z i n g  

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

r e d u c in g  power (w hich  becomes e v i d e n t  by r e v e r s i n g  th e  

e q u a t io n s  o f  T ab le  V -l  and n o t i n g  th e  s ig n  change i n  E ° ) .

The i n d i v i d u a l  n a t u r e  o f  an a c i d  o r  b a se  a l s o  a f f e c t s  

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

i n  a  s o l u t i o n .  F o r  exam ple , th e  s t a n d a r d  r e d u c t i o n  p o t e n t i a l  

o f  th e  f e r r i c - f e r r o u s  io n  c o u p le  ( 0 .7 7  V) d e c r e a s e s  i n  a c i d i c  

s o l u t i o n s  b e ca u se  th e  f e r r i c  io n  com plexes w i th  a c id  a n io n s  

to  a g r e a t e r  e x t e n t  th a n  d o e s  th e  f e r r o u s  i o n .  However, th e  

d i f f e r e n c e  i n  th e  e x t e n t  o f  c o m p le x a t io n  w i th  b o th  io n s  

v a r i e s  w i th  th e  n a t u r e  o f  th e  a n io n ,  and c o n s e q u e n t ly  th e  

d ro p  i n  p o t e n t i a l  i s  n o t  t h e  same i n  th e  p r e s e n c e  o f  

d i f f e r e n t  a c i d s  ( i n  1 F aq u eo u s  s o l u t i o n s  o f  each  o f  th e  

f o l lo w in g  a c i d s ,  th e  F e ( I I I ) - F e ( I I )  s t a n d a r d  p o t e n t i a l  i s i  

HC10V  0 .7 3  V! HC1, 0 .7 0  V* HgSO^, 0 . 6 l  Vj and H3P0^, O.kk  V ). 

Such e f f e c t s  a r e  th e  b a s i s  f o r  th e  c o n c e p t  o f  " fo rm a l  

p o t e n t i a l " ,  a  q u a s i - s t a n d a r d  o x i d a t i o n - r e d u c t i o n  p o t e n t i a l  

d e f in e d  f o r  a  g iv e n  re d o x  c o u p le  u n d e r  s p e c i f i c  e x p e r im e n ta l  

c o n d i t i o n s ,  e . g . ,  i n  th e  p r e s e n c e  o f  a  g iv e n  c o n c e n t r a t i o n  

o f  a  c e r t a i n  a c i d 2^ .

The a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  c o n c e p ts  a r e  

l i n k e d ,  i n  B rjjfasted ’ s  v iew , by th e  e q u a t io n  f o r  th e  o x i d a t i o n



- 2 2 2 -

T ab le  V-l» V a r i a t i o n  i n  S ta n d a rd  P o t e n t i a l s  o f  S e le c te d

Redox C o up les  w i th  C hanging  S o l u t i o n  A c id i ty *
E° (V

C r20 ? 2” ♦ l k  H* + 6 p~ • — > % 2 C r3* + 7 H20 1 .3 3

HCrO^" + 7 H* + 3 e <--------— C r3* + U H20 1 .2 0

CrO^2" + b  H20 + j  e t-------------- Cr(0H ) 3 + 5 OH" - 0 . 1 2

MnO^" + k H* + 3 e t— :---------* Mn0 2 + 2 H20 1 .6 8

MnO^" + 2 H20  + 3 e -  - V Mn02 + b  OH" 0 .5 9

H3B03 + 3 H + + 3 ® T-------------- ' B ♦ 3 H20 - 0 .7 3

h 2bo3“ + h 2o + 3 e -■ - B + k OH" - 2 .5

H3P0^ + 2 H* + 2 e f=-i- ~ H3P0 3 + HgO - 0 .2 8

PO^3 " + 2 HgO + 2 e <-------------- HP03 2" + 3 OH" - 1 .0 5

ReO^” + 8 H + + 7 e i - ~ Re + h- HgO 0 .3 7

R e O + k  HgO ♦ _ -------- i7 e r Re + 8 OH" -0 .8 1

C r6 * + 3 e "  r — ------- 1 C r3* (1 F H2S04 ) 0 .6 9

C r + j  e «-------------* C r3+ (0 .0 1  F NaOH) 0 A 6

Fr (CN)6 3" + —------ 1 Fe(CN)6^ " (2  F HgSO^) 1 .1 0

Fe(CN)6 3“ + e V “---------k Fe(CN)g** (1 F NaOH) - 0 .1 2

♦ S o u rce i  W east,  R .C . ( e d . ) ,  Handbook o f  C h e m is try  and 
P h y s i c s . 5 1 s t  E d . ,  The C hem ical Rubber C o . ,  
C le v e la n d ,  O hio , 1970



-223-
o  i l l

o f  hyd rogen  * *

i  H2 <■— : — r> H+ + e ” (3^ )

A com parison  o f  e q u a t io n  (3*0 to  e q u a t io n s  (15 ) and (16) 

i n d i c a t e s  th e  s p e c i a l  p o s i t i o n s  a c c o rd e d  by B r / n s t e d  to  

hydrogen  a s  s im u l t a n e o u s ly  th e  s i m p l e s t  a c id  and r e d u c in g  

a g e n t ,  th e  e l e c t r o n  a s  th e  s i m p l e s t  b a s e ,  and th e  p r o to n  a s  

th e  s i m p l e s t  o x i d i z i n g  a g e n t .  A p p l i c a t i o n  o f  th e  mass 

a c t i o n  law  to  e q u a t io n  (3*0 a t  a  hyd rogen  g as  p r e s s u r e  e q u a l
Q

to  one a tm o sp h e re  y i e l d s  an e q u i l i b r i u m  c o n s t a n t ,  i 

KN = a H a e

i n  w hich  a g i s  a  m easure  o f  r e d u c in g  c a p a c i t y  ( j u s t  a s  ajj 

i s  a  m easure  o f  a c i d i t y ) . The te n d e n c y  o f  p r o t o n s  and 

e l e c t r o n s  to  combine im p a r ts  a  v e ry  s m a l l  m ag n itu d e  to  K^. 

The hydrogen  io n  a c t i v i t y  i n  aqueous s o l u t i o n s  h as  a  f i n i t e  

lo w e r  l i m i t i n g  v a lu e  s e t  by th e  a u t o p r o t o l y s i s  c o n s t a n t  o f  

w a te r ,  Kw> C o n se q u e n tly  e q u a t io n  (35 ) s u g g e s t s  t h a t  th e  

c o n c e n t r a t i o n  o f  e l e c t r o n s  i n  aqu eo us  s o l u t i o n  i s  to o  s m a l l  

to  be m e a s u ra b le ,  a t  l e a s t  o v e r  th e  m a jo r  p o r t i o n  o f  th e  

ran g e  o f  a c i d i t y  p o s s i b l e  i n  t h a t  medium. B r^ n s te d  b e l i e v e d  

t h a t  e q u a t io n  (3*4-) i s  s h i f t e d  r ig h tw a r d  i n  more b a s i c  

s o l v e n t s ,  i n  w hich m e a su ra b le  c o n c e n t r a t i o n s  o f  " f r e e "  ( i n  

th e  s e n s e  o f  m e re ly  b e in g  s o l v a t e d )  e l e c t r o n s  m ig h t  e x i s t .  

A n o th e r  method f o r  o b t a i n i n g  m e a su ra b le  c o n c e n t r a t i o n s  o f  

e l e c t r o n s  i s  to  u se  a  r e d u c in g  a g e n t  s t r o n g e r  th a n  h y d ro g en , 

e . g . ,  sodium , and i n  t h i s  c o n n e c t io n  Br/rfnsted c i t e d  th e  

e x p e r im e n ts  o f  K raus  w i th  m e ta l s  d i s s o l v e d  i n  l i q u i d  ammonia
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and i n  am in es3 , ^ * 3 0 -3 3 1

K raus o b se rv e d  t h a t  th e  d i s s o l u t i o n  o f  m e ta l s  i n  l i q u i d  

ammonia p ro d u c e s  b lu e  s o l u t i o n s  a t  low  m e ta l  c o n c e n t r a t i o n s ,  

w hich  t u r n  b ro n ze  w i th  i n c r e a s i n g  c o n c e n t r a t i o n ,  e x h i b i t i n g  

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

th e  b u lk  o f  t h e  s o l v e n t  i n t o  a  l e s s  d e n s e ,  b ro n ze  p h a se  a t  

v e ry  h ig h  c o n c e n t r a t i o n .  The d i l u t e  s o l u t i o n s  a r e  h i g h ly  

c o n d u c t in g  and th e  c o n d u c t i v i t y  o f  th e  b ro n ze  p h ase  

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

s t a b l e ,  decom posing  to  m e ta l  amide s o l u t i o n s  w i th  t im e .

K raus  found t h a t  th e  p o s i t i v e  c o n d u c t in g  s p e c i e s  i n  each  

s o l u t i o n  i s  th e  s o l u t e  m e ta l  c a t i o n ,  b u t  c o u ld  n o t  f i n d  

c h em ic a l  e v id e n c e  f o r  a  com plem en ta ry  c o n d u c t in g  a n io n  o t h e r  

th a n  t h a t  th e  n e g a t iv e  c o n d u c t in g  s p e c i e s  i n  each  s o l u t i o n  

i s  i d e n t i c a l ,  r e g a r d l e s s  o f  th e  m e ta l .

K raus p o s t u l a t e d  th e  e l e c t r o n  t o  be th e  a n i o n i c  s p e c i e s  

i n  th e  s o l u t i o n s  o f  m e ta l s  i n  l i q u i d  ammoniai

M + (x  + n  y ) NH3

-------------> [M(NIV x ] n+ + n [ e(NH3 ) y ]  " (36)

The p r e s e n c e  o f  th e  s o l v a t e d  e l e c t r o n  e x p l a i n s  th e  h ig h  

c o n d u c t i v i t y  o f  th e  d i l u t e  m e ta l  s o l u t i o n s  and th e  a lm o s t  

m e t a l - l i k e  c o n d u c t i v i t y  and p r o p e r t i e s ,  e . g . ,  l u s t e r ,  a t  

h ig h  c o n c e n t r a t i o n ,  a t  w hich th e  d e g re e  o f  s o l v a t i o n  

d e c r e a s e s  and th e  b ro n ze  p h a se  i s  fo rm ed . T h is  b ro n z e  p h a se  

i s  b e l i e v e d  to  be a  m ix tu re  o f  m e ta l  i o n s ,  ammonia m o le c u le s ,  

and a  s e a  o f  m ovable f r e e  e l e c t r o n s .  E l e c t r o n  p a ra m a g n e t ic  

r e s o n a n c e  e x p e r im e n ts  have  co n firm ed  th e  p a ra m ag n e tism  o f
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t h e s e  sy s tem s  and th e  p re s e n c e  o f  e l e c t r o n s  i n  an e n v iro n m e n t  

c lo s e  to  t h a t  o f  th e  f r e e  e le c tro n * * . An a l t e r n a t e  e x p la n a ­

t i o n  o f  th e  h ig h  c o n d u c t i v i t i e s  o f  t h e s e  s o l u t i o n s  i n v o lv e s  

a  quantum m e c h a n ic a l  t u n n e l l i n g  e f f e c t  i n  w hich th e  wave 

n a t u r e  o f  th e  e l e c t r o n  a l l o w s  i t  t o  tu n n e l  th ro u g h  th e  e n e rg y  

" b a r r ie r s  to  c o n d u c t io n .  The m e t a s t a b i l i t y  o f  t h e s e  s o l u t i o n s  

i s  due to  th e  l e v e l l i n g  o f  e l e c t r o n s  to  amide i o n s t

[ e <NH3 ) y ] ’  ------ 4  NH2 "  + i  H2  + (y  -  1) NH3  (37 )

S i m i l a r  phenomena a r e  o b se rv ed  i n  o t h e r  b a s i c  s o l v e n t s ,  e . g . ,

e t h e r s ^ ,  and th e  r e s u l t a n t  s o l u t i o n s  a r e  b o th  v e ry  b a s i c  and

v e ry  r e d u c in g .

More r e c e n t l y  th e  s o l v a t e d  e l e c t r o n  h a s  been  g e n e r a te d

i n  aqueous s o l u t i o n  by s e v e r a l  m ethods, i n c l u d i n g  i r r a d i a t i o n

w i th  u l t r a v i o l e t  l i g h t  o r  **®Co gamma r a y s i  d i s s o l u t i o n  o f

am algam ated sodium  o r  t r i v a l e n t  u ran ium j and from a to m ic
34hy drogen  m  s t r o n g l y  b a s i c  s o l u t i o n ^  . The a c i d i t y  o f  w a te r ,

r e l a t i v e  to  ammonia, im p a r ts  a  h ig h  r e a c t i v i t y  and a  v e ry

s h o r t  l i f e t i m e  10” ^ se c o n d s )  to  e ( a q ) ^ , ^ »  T^e s o l v a te d
35e l e c t r o n  r e a c t s  w i th  h yd rogen  a c i d s  i n  w a te r^  t

e (aq )  + m  x ,V HA” H ♦ A“ (38 )

a n d ,  a s  w i th  o t h e r  b a s e s ,  t h e  e x t e n t  o f  p r o t o l y s i s  i n c r e a s e s

w i th  i n c r e a s i n g  HA d i s s o c i a t i o n  c o n s t a n t ,  b u t  an  u n e q u iv o c a l

d e t e r m i n a t i o n  o f  w h e th e r  th e  o r d e r  o f  B r^ n s te d  a c i d  s t r e n g t h

r e l a t i v e  to  e ( a q) i s  i d e n t i c a l  to  t h a t  r e l a t i v e  t o  o t h e r

b a s e s  i s  c o m p l ic a te d  by th e  e x i s t e n c e  o f  d i f f e r e n t  modes o f
36HA d e c o m p o s i t io n ^  , e . g . ,



H ydroxide  io n  i s  th e  o n ly  base  s t r o n g  enough to  compete

f o r  p r o to n s  w i th  th e  s o l v a t e d  e l e c t r o n  i n  aqueous s o l u t i o n ^ *  
3 ? ,

H + OH" r = J  e j a q )  ♦ H.,0 pK > 9 .6  -  9 .7  (40)

E q u a t io n  (40) may be s e p a r a t e d  in to *

H r  H+ + e “ (41)

H+ + 0H” F = ^  H20 (42)

E q u a t io n  (42 ) i s  th e  r e v e r s e  o f  th e  a u t o i o n i z a t i o n  o f  w a te r ,  

and i s  c h a r a c t e r i z e d  by a  p(Kw- 1 ) o f  - 1 4 ,  i n d i c a t i n g  t h a t  

e q u a t io n  ( 4 1 ) ,  w hich i s  i d e n t i c a l  to  e q u a t io n  (3* 0 , h a s  a  

pKN o f  a p p ro x im a te ly  24 , s u p p o r t i n g  B rp fa s te d 's  h y p o th e s i s  

( e q u a t io n  (3 5 ) )  t h a t ,  b e ca u se  o f  th e  lo w e r  l i m i t  p l a c e d  on 

a H i n  w a te r ,  th e  c o n c e n t r a t i o n  o f  e ( a q j  i s  i n f i n i t e s m a l l y  

s m a l l  u n d e r  o r d i n a r y  c o n d i t i o n s .

Huheey^ c o n s id e r e d  th e  p r o to n  to  be th e  " u l t i m a t e  a c id "  

and th e  e l e c t r o n  th e  " u l t i m a t e  b a s e ” i n  a g re em e n t w i th  

B r ^ n s t e d 's  v iew  o f  t h e i r  fu n d a m e n ta l  n a t u r e ,  a l th o u g h  t h i s  

v ie w p o in t  i s  n o t  to  be c o n s t r u e d  a s  e x c lu d in g  a p r o t i c  

s u b s ta n c e s  from th e  c a t e g o r y  o f  a c i d s .

Both th e  Br/zfas ted -L o w ry  and U sanov ich  c o n c e p ts  a t t r i b u t e  

th e  s p e c i a l  c h a r a c t e r  o f  th e  p r o to n  t o  i t s  s m a l l  s i z e  and 

h ig h  m o b i l i t y .  However, th e  h ig h  c h a rg e  d e n s i t y  o f  th e  

p r o to n  p r e c l u d e s  i t s  in d e p e n d e n t  e x i s t e n c e  i n  s o l u t i o n ,  

and s o l v a t e d  p r o t o n s  a r e  b o th  l a r g e  and s lo w -m oving .
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N e v e r t h e l e s s ,  th e  m o b i l i t y  o f  p r o to n s  a p p e a r s  to  be v e ry  

h ig h  i n  aqueous s o l u t i o n .  T h is  a p p a r e n t  c o n t r a d i c t i o n  may 

be e x p la in e d  by a  t h r e e - s t e p  mechanism f i r s t  p ro p o se d  by 

G r o t th u s  i n  1806 and s u b s e q u e n t ly  expanded by Huckel^®”^® 

(F ig u re  V - l ) ,  i n  w hich i t  i s  b e l i e v e d  t h a t  th e  o r i e n t a t i o n  

s t e p ,  i . e . ,  w a te r  m o le cu le  r o t a t i o n ,  i s  r a t e  d e te r m in in g .

A s i m i l a r  mechanism h as  been  p ro p o se d  f o r  e l e c t r o n
2+ '3+ ^1exchange be tw een  Fe and Fe^ i n  aqueous s o l u t i o n  1

B a s ic  S o lu t io n !

F e*2+ + n H20 + Fe(OH)2*

Fe*

Fe*(OH) 2+ ♦ n HgO + Fe

Fe

2 + '
(^3 )

A c id ic  S o lu t io n !

h

i3+
F e*2+ + H30 + Fe*(H30 ) 3+

Fe*(H30) + n HgO ♦ Fe 3+

FeO^H* ^ J-H* • > g-H* •> ^  - ^ F e  

Fe*3+ + n h 2°  + Fe(H30 ) 3+

6 +  4 1

W )

The G r o t th u s - ty p e  mechanism f o r  f e r r o u s - f e r r i c  e l e c t r o n
Uoexchange i s  s u p p o r te d  by th e  f o l lo w in g  e v id e n c e  1

a )  E l e c t r o n  exchange  do es  n o t  o c c u r  i n  th e  a b se n c e  

o f  w a t e r .

b )  The c a l c u l a t e d  i n t e r - i r o n  d i s t a n c e  i s  l a r g e  

enough to  accom odate  one o r  more w a te r  m o le c u le s  a lo n g  

w i th  a n e g a t i v e  b r i d g i n g  s p e c i e s .



Figure V-lt Grotthus Mechanism for Proton Exchange in
Aqueous S o l u t i o n

1) O r i e n t a t i o n

/  Ĥ ° / H  \  ^ 0  \  / O
V  H >H VT

2) P ro to n  t r a n s f e r  -  e i t h e r  a p r o to n  f l i p  o r  a  hyd rogen  
atom t r a n s f e r  accom panied  by e l e c t r o n  exchange

3) R e o r i e n t a t i o n
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c )  The d i e l e c t r i c  c o n s t a n t  o f  an  0.1A3 M e t h a n o l i c

s o l u t i o n  o f  w a te r  i s  c lo s e  to  t h a t  o f  p u re  w a te r  and

n o t  to  t h a t  e x p e c te d  f o r  th e  mixed s o l v e n t .

d )  The exchange r a t e  d ro p s  i n  mixed a l c o h o l - w a t e r

m ed ia ,  p r o b a b ly  a s  a  r e s u l t  o f  ch an ges  i n  th e  in n e rm o s t  

s o l v a t i o n  s h e a t h s  o f  th e  i r o n  i o n s .

e)  T here  i s  a  l a r g e  i s o t o p e  e f f e c t  i n  DgO.

f )  The a c t i v a t i o n  e n e rg y  o f  th e  e l e c t r o n  exchange  

p r o c e s s  i s  in d e p e n d e n t  o f  th e  n a t u r e  o f  many o f  th e  

a n io n s  t h a t  c a t a l y z e  i t .

g) The e l e c t r o n  exchange  p r o c e s s  o c c u r s  i n  i c e  a s  

w e l l  a s  i n  l i q u i d  w a te r ,  p ro b a b ly  v i a  a  w a te r  b r i d g e .

The s lo w  s t e p  o f  th e  F e ( I I ) - F e ( I I I )  exchange mechanism i s  

a t t r i b u t e d  to  p r o c e s s e s  o c c u r in g  a t  th e  ends o f  th e  w a te r  

m o le cu le  c h a in ,  where th e  t e r m in a l  w a te r  m o le c u le s  a l s o  a r e  

p a r t  o f  th e  in n e rm o s t  s o l v a t i o n  s p h e r e s  o f  th e  i r o n  i o n s .

I f  p r o to n  and e l e c t r o n  t r a n s f e r  o c c u r  by c l o s e l y  

r e l a t e d  m echanism s, a t  l e a s t  i n  aqu eous s o l u t i o n ,  th e n  

chan ges  i n  s o l v a t i o n ,  t e m p e r a tu r e ,  s t a t e ,  e t c . ,  sh o u ld  a f f e c t
|tQ

b o th  p r o c e s s e s  s i m i l a r l y .  Hom e and A xe lrod  o f f e r e d  th e  

f o l lo w in g  e v id e n c e  to  s u p p o r t  t h i s  c o n te n t io n *

a )  The i s o t o p e  e f f e c t  o f  th e  s p e c i f i c  c o n d u c tan c e  

o f  w a te r  i n  b o th  th e  l i q u i d  and s o l i d  s t a t e s  i s  a p p ro x ­

im a te ly  e q u a l  to  th e  i s o t o p e  e f f e c t  o f  th e  f e r r o u s -  

f e r r i c  e l e c t r o n  exchange*



where « = s p e c i f i c  c o n d u c ta n c e  and

k = e l e c t r o n  exchange  r a t e  c o n s t a n t .

b) The r a t e  o f  p r o to n  t r a n s f e r  i n  i c e  i s  a p p r o x i ­

m a te ly  th e  same a s  i n  w a te r .  T h is  i s  a l s o  t r u e  f o r  th e  

e l e c t r o n  exchange  p r o c e s s .

c )  The a c t i v a t i o n  e n e r g i e s  o f  p r o to n  t r a n s f e r  and 
2+ 3 +Fe -F e^  e l e c t r o n  exchange  i n  w a te r  have a p p ro x im a te ly  

t h e  same t e m p e r a tu r e  d e p en d e n ce .

d) The a c t i v a t i o n  e n e rg y  o f  th e  e l e c t r o n  exchange 

p r o c e s s  e x ce ed s  t h a t  o f  p r o to n  t r a n s f e r  a t  a  g iv e n  

te m p e r a tu re  i n  l i q u i d  w a t e r .  Horne and A x e lro d  

a c c o u n te d  f o r  t h i s  d i s c r e p a n c y  by p o i n t i n g  o u t  t h a t  th e  

s o l v a t i o n  o f  th e  t e r m in a l  w a te r  m o le c u le s  o f  a  G ro t th u s  

c h a in  by th e  i r o n  io n s  r e n d e r s  t h e s e  t e r m in a l  w a te r  

m o le c u le s  l e s s  f r e e  to  r o t a t e ,  which i s  c l o s e r  to  th e  

s i t u a t i o n  e x i s t i n g  i n  i c e  th a n  to  t h a t  i n  th e  l i q u i d  

s t a t e .  A co m p ariso n  o f  th e  e l e c t r o n  exchange  a c t i v a ­

t i o n  e n e rg y  i n  w a te r  and th e  a c t i v a t i o n  e n e rg y  o f  p r o to n  

t r a n s f e r  i n  i c e  r e v e a l s  t h a t  th e y  a r e  o f  s i m i l a r  

m a g n i tu d e .

T h e re fo re  i t  may be co n c lu d ed  t h a t  p r o to n  and e l e c t r o n  

t r a n s f e r  o c c u r  v i a  s i m i l a r  m echanism s i n  w a t e r .  I f  B r/n^  

s t e d ' s  v iew  o f  th e  p r o to n  a s  a  p o s i t i v e  e l e c t r o n  o r  an  

e l e c t r o n  d e f i c i e n c y  i s  a d o p te d ,  th e  v a l i d i t y  o f  U sa n o v ic h ' s
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i n c l u s i o n  o f  o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  i n  a c i d - b a s e  

c h e m is t r y  becomes e v i d e n t  from th e  p o i n t  o f  v iew  o f  th e  

p r o t o n i c  t h e o r y .

C h a r io t ,  W o lff ,  and L aC ro ix ^ 2 ’ *^ a s s e r t e d  t h a t  d i f f e r e n t  

r e a c t i o n  ty p e s  can  be i n t e r p r e t e d  by p a r a l l e l  r e a s o n in g ,  and 

g e n e r a l i z e d  th e  p r o to n  exchange b a s i s  o f  th e  B r/fasted-Low ry  

t h e o r y  to  " p a r t i c l e  e x c h a n g e " «

CD + M yj——i -  :: ) C + MD (47)

i n  which th e  s p e c i e s  C and M compete f o r  p a r t i c l e  D. I f  D

i s  an  e l e c t r o n ,  e q u a t io n  (47) i s  an o x i d a t i o n - r e d u c t i o n  

p r o c e s s .  I f  th e  p a r t i c l e  i s  a  p r o t o n ,  e q u a t io n  (47 ) i s  a  

p r o t o l y s i s  r e a c t i o n .  D may a l s o  be a  p o l a r  m o le c u le  o r  an 

i o n ,  i n  which c a se  e q u a t io n  (47) r e p r e s e n t s  a  Lewis a c i d  o r  

b a se  d i s p l a c e m e n t ,  e . g . ,

Hg(SCN)3" + Fe 3^ = - — —> Hg ( SCN) g ♦ Fe(SCN)2* (48)

Ag(NH3 ) 2+ + 2 C N 'f===*A g(C N )2~ + 2 NH.J (49)

The r e s u l t s  o f  t h i s  a p p ro a c h  a r e  s i m i l a r  to  th o s e  o f  Usano­

v ic h  i n  t h a t  a  g r e a t  d e a l  o f  c h e m is t r y  i s  s y s t e m a t i z e d .  

A c co rd in g  to  C h a r i o t ,  W o lf f ,  and L aC ro ix , o r d e r s  o f  s t r e n g t h  

depend  on th e  p a r t i c l e  e x c h a n g e d ; s o l v e n t  e f f e c t s  may 

v a ry  from i n e r t n e s s  to  s im p le  s o l v a t i o n  to  p a r t i c i p a t i o n  i n  

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

depend on th e  d i s t i n c t i v e  n a t u r e  o f  th e  p a r t i c l e .  The 

l i n k a g e s  betw een o x i d a t i o n - r e d u c t i o n  and a c i d - b a s e  phenomena, 

and betw een  t h e s e  r e a c t i o n  ty p e s  and complex f o r m a t io n ,  s o l u -
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b i l i t y ,  e t c . ,  may be a c c o u n te d  f o r  by r e a c t i o n s  i n c o r p o r a t i n g  

more th a n  one ty pe  o f  p a r t i c l e  ex ch an ge , e . g . ,

MnO^’  + 8 H+ + 5 e “ ^......  ■ Mn2+ + 4 HgO (50)



-2 3 3 -

2. S o lv e n t  System s Theory

The e a r l y  f o r m u la t i o n s  o f  th e  s o l v e n t  sy s te m s  t h e o r y  

d id  n o t  c o n s i d e r  th e  p o s s i b i l i t y  o f  l in k a g e  betw een  a c i d -  

b a se  and o x i d a t i o n - r e d u c t i o n  r e a c t i o n s ,  d e s p i t e  th e  f a c t  

t h a t  some o x i d i z i n g  and r e d u c in g  a g e n t s  i n c r e a s e  s o l v e n t  

c a t i o n  and a n io n  c o n c e n t r a t i o n s ,  r e s p e c t i v e l y ,  e . g . ,  e q u a ­

t i o n s  (19) and ( 2 0 ) .  However, i t  was s u g g e s te d  t h a t  th e  

a c i d - b a s e  phenomena o b se rv e d  i n  a p r o t i c  s o l v e n t s  su ch  a s

S02 and COClg a r e  a c t u a l l y  e l e c t r o n  t r a n s f e r  ( re d o x )
17p r o c e s s e s

2 iiUE b e r t  and Konopik ’ * J s p l i t  a c i d s  and b a s e s  i n t o

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

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

combine w i th  s o l v e n t  a n io n s  o r  o t h e r  b a s e s .  Donor b a s e s  

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

combine w i th  s o l v e n t  c a t i o n s  o r  o t h e r  a c i d s .  The re se m b la n c e  

o f  t h e s e  d e f i n i t i o n s  to  th o s e  o f  U sanov ich  may be n o t e d ,  b u t  

a g a in  no a t t e m p t  was made to  l i n k  a c i d - b a s e  and o x i d a t i o n -  

r e d u c t i o n  p r o c e s s e s .
2 USGutmann and L i n d q v i s t  ' J co n te n d ed  t h a t  t h e i r  i o n o t r o p y  

c o n c e p t ,  a c c o r d in g  to  which an a c i d  i s  a  c a t i o n  d o n o r  o r  

a n io n  a c c e p t o r ,  and a  b a se  i s  an  a n io n  d o n o r  o r  c a t i o n  

a c c e p t o r ,  i s  v i r t u a l l y  i d e n t i c a l  to  th e  U sanov ich  d e f i n i t i o n s  

e x c e p t  i n  t h r e e  a s p e c t s .  I o n o t r o p y  i s  l i n k e d  to  r e a c t i o n s  

o c c u r r i n g  i n  a  s o l v e n t !  i t  e x c lu d e s  p o ly a to m ic  i o n s ,  e . g . ,  

CH^+ , from c o n s i d e r a t i o n  a s  t r a n s f e r a b l e  s p e c i e s ! and i t  d o e s  

n o t  g e n e r a l l y  r e c o g n iz e  o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  a s
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a c i d - b a s e  r e a c t i o n s ,  a l th o u g h  Gutmann and L in d q v i s t  conceded  

t h a t  th e  d i s t i n c t i o n  betw een th e  two becomes vague i f  th e  

a c i d i c  and b a s i c  io n s  o f  a  s o l v e n t  a r e  com prised  o f  d i f f e r e n t  

o x i d a t i o n  s t a t e s  o f  th e  same a tom , e . g . ,

2 I 2 ■— > I *  ♦ I 3" (51 )

i s  c o n s id e r e d  to  r e p r e s e n t  th e  a u t o i o n i z a t i o n  r e a c t i o n  o f  an 

i o d o t r o p i c  s o lv o s y s te ra .
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3 . Lewis Theory

U sanov ich  d id  n o t  compare h i s  c o n c e p t  to  th e  e l e c t r o n i c  

t h e o r y ,  b u t  i t  seems t h a t  b o th  a r e  f u n d a m e n ta l ly  s i m i l a r  i n  

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

The a b i l i t y  to  a c c e p t  an e l e c t r o n  p a i r ,  deemed by Lewis to  

i n d i c a t e  th e  p r e s e n c e  o f  a c i d i c  p r o p e r t i e s ,  i s  r e l a t e d  to  

U s a n o v ic h 's  c o o r d i n a t e  e l e c t r o p o s i t i v e  u n s a t u r a t i o n .  

S i m i l a r l y ,  e l e c t r o n  p a i r  d o n a t i n g  t e n d e n c i e s  can  be r e l a t e d  

to  c o o r d i n a t e  e l e c t r o n e g a t i v e  u n s a t u r a t i o n .  The m a jo r  

d i f f e r e n c e  betw een th e  c l a s s i c a l  Lewis and th e  U sanov ich  

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

i n  th e  l a t t e r .  I t  i s  t h e r e f o r e  o f  i n t e r e s t  to  c o n s i d e r  th e  

r e l a t i o n s h i p  betw een  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

p r o c e s s e s  from  th e  v ie w p o in t  o f  th e  e l e c t r o n i c  t h e o r y .

The c l a s s i c a l  Lewis f o r m u la t io n  d i s t i n g u i s h e s  betw een 

p a r t i a l  e l e c t r o n  p a i r  t r a n s f e r  ( a c i d - b a s e )  and c o m p le te  

e l e c t r o n  t r a n s f e r  ( o x i d a t i o n - r e d u c t i o n ) ,  b u t  d o e s  n o t  

e x p l a i n  th e  i n c r e a s i n g  Lewis a c i d i t y  a s s o c i a t e d  w i th  

i n c r e a s i n g  o x i d a t i o n  s t a t e ,  e . g . ,

Weak Acid S t ro n g  Acid
F e 2+ r -  Fe3* + e "  (52)

Weak Acid S t r o n g  Acid
Sn2+ t— Sn4 * ♦ 2 e "  (53)

Base Acid
2 I '  f -  - V I 2 + 2 e '  (51*)

t h e  g e n e r a l  v a l i d i t y  o f  which i s  c o n firm ed  by C a r t l e d g e ' s  

i o n i c  p o t e n t i a l  c a l c u l a t i o n s ^ ’^  a s  w e l l  a s  by e x p e r i -
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28 1*8raent * . I t  may be n o te d  t h a t  some o f  th e  s t r o n g e s t  n on ­

i o n i c  Lewis a c i d s  c o n ta in  a tom s o f  h ig h  p o s i t i v e  o x i d a t i o n  

s t a t e ,  e . g . ,  h e x a v a le n t  s u l f u r  i n  SO^ and p e n t a v a l e n t  a n t i ­

mony i n  SbCl,.. I n  a d d i t i o n ,  a  s h a r p  d e l i n e a t i o n  d o e s  n o t  

a lw ay s  e x i s t  be tw een  Lewis a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

r e a c t i o n s ,  e . g . ,  a s  i n  th e  c a s e  o f  th e  f o r m a t io n  o f  p y r i d i n e  

o x id e ^ t

C^H^Ni + 0 .  ■ 1 > C5H5N»0« (55)

Lewis t h e o r y ,  l i k e  B ron sted -L ow ry  th e o r y ,  can  a c c o u n t  

f o r  th e  e f f e c t  o f  a c i d i t y  and b a s i c i t y  on re d o x  p o t e n t i a l s .  

The p r e v io u s  d e s c r i p t i o n  o f  th e  d e c r e a s e  i n  th e  F e ( I I I ) -  

F e ( I I )  r e d u c t i o n  p o t e n t i a l  i n  th e  p r e s e n c e  o f  d i f f e r e n t  

hy d rogen  a c i d s  may be i n t e r p r e t e d  i n  th e  Lewis s e n se  a s  th e  

r e s u l t  o f  more s t a b l e  a d d u c t  f o r m a t io n  be tw een  Lewis b a s e s

( p e r c h l o r a t e ,  c h l o r i d e ,  s u l f a t e ,  n i t r a t e ,  and p h o s p h a te )  and
3+ 2+th e  Lewis a c id  Fe-' th a n  be tw een  th e  same b a s e s  and Fe ,

i . e . ,  th e  s t r o n g e r  a c i d  i s  th e  s p e c i e s  o f  h i g h e r  o x i d a t i o n  
Zig «so

s t a t e .  Gutmann found t h a t  th e  o x i d i z i n g  power o f  m e ta l

io n s  d e c r e a s e s  i n  s o l v e n t s  o f  i n c r e a s i n g  Lewis b a s i c i t y i  

s t a n d a r d  r e d u c t i o n  p o t e n t i a l s  and c a th o d ic  h a l f -w a v e  p o t e n t  

t i a l s  become more n e g a t i v e ,  i . e . ,  m e ta l  io n  r e d u c t i o n  i s  

h a r d e r  to  a c h ie v e ,  b e c a u se  o f  c o o r d i n a t i o n  w i th  th e  s o l v e n t .  

Such o b s e r v a t i o n s  a g re e  w i th  p r e d i c t i o n s  i f  s o l v e n t  c o o r d i ­

n a t i o n  i s  viewed a s  p a r t i a l l y  p r o v i d in g  th e  m e ta l  io n  w i th  

th e  e l e c t r o n s  i t  o th e r w i s e  o b t a i n s  o n ly  by c a u s in g  th e  o x id a ­

t i o n  o f  a n o th e r  s p e c i e s .  M eta l i o n  r e d u c t i o n  p o t e n t i a l s
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r i s e  in  a c i d i c  s o l v e n t s  n o t  o n ly  a s  a  r e s u l t  o f  l e s s  m e ta l  

i o n - s o l v e n t  c o o r d i n a t i o n  b u t  a l s o  b e c a u se  th e  s o l v e n t  i s  a b l e  

to  com pete w i th  th e  m e ta l  io n  f o r  th e  s o l u t e  a n io n ,  i n c r e a s ­

in g  th e  a v a i l a b i l i t y  o f  th e  l a t t e r  a s  an o x i d i z i n g  a g e n t  and 

c o n s e q u e n t ly  i n c r e a s i n g  i t s  r e d u c t i o n  p o t e n t i a l .  L ik e w ise ,  

l ig a n d  o x i d a t i o n  p o t e n t i a l s  d ro p  and a n o d ic  h a l f -w a v e  

p o t e n t i a l s  become more p o s i t i v e ,  i . e . ,  l i g a n d  r e d u c in g  power 

d e c r e a s e s ,  i n  s o l v e n t s  o f  i n c r e a s i n g  Lewis a c i d i t y ,  s i n c e  

t h e s e  s o l v e n t s  compete f o r  l ig a n d  e l e c t r o n s ,  w h i le  more 

b a s i c  s o l v e n t s  e l i m i n a t e  th e  a b i l i t y  o f  a c i d i c  s p e c i e s  to  

i n t e r f e r e  w i th  l ig a n d  r e d u c in g  pow er, th u s  i n c r e a s i n g  l ig a n d  

o x i d a t i o n  p o t e n t i a l .  T h e re fo re  s o l v e n t  b a s i c i t y  i s  a s s o c i a ­

te d  w i th  i n c r e a s i n g  r e d u c in g  and d e c r e a s i n g  o x i d i z i n g  pow er, 

w h i le  s o l v e n t  a c i d i t y  l e a d s  t o  i n c r e a s i n g  o x i d i z i n g  and 

d e c r e a s i n g  r e d u c in g  power, i n  a g re em e n t  w i th  th e  c o n c lu s io n s  

o f  B an cro f t^® .

T here  a r e  a l s o  i n s t a n c e s ,  how ever, i n  which th e  r e d u c ­

t i o n  p o t e n t i a l  o f  a  m e ta l  io n  i n c r e a s e s  i n  th e  p r e s e n c e  o f  a  

Lewis b a s e .  T h is  o c c u r s  i f  th e  red u c ed  form o f  th e  m e ta l  io n

form s a  more s t a b l e  a d d u c t  w i th  th e  b a se  th a n  th e  o x id iz e d  
2+form , e . g . ,  Pe form s a  more s t a b l e  com plex w i th  o -p h e n a n -

3+ +t h r o l i n e  th a n  Fe , and Cu c o o r d i n a t e s  w i th  c h l o r i d e  io n  to  

a  g r e a t e r  e x t e n t  th a n  do es  Cu . The a r ra n g e m e n t  o f  Lewis 

a c i d s  ( o r  b a s e s )  a c c o r d in g  to  a  s i n g l e ,  i n v a r i a n t  o r d e r  o f  

s t r e n g t h  would be p o s s i b l e  i f  su ch  b e h a v io r  d id  n o t  e x i s t *

The o c c u r re n c e  o f  b o th  d e c re a s e d  and in c r e a s e d  r e d o x  p o t e n ­

t i a l s  a s s o c i a t e d  w i th  c o m p le x a t io n  i s  a n o th e r  m a n i f e s t a t i o n
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o f  th e  f a c t  t h a t  r e a c t i v i t y  dep en d s  n o t  o n ly  on Lewis a c i d -  

b a se  s t r e n g t h  i n  i t s  n a r r o w e s t  d e f i n i t i o n ,  b u t  a l s o  on o t h e r  

f a c t o r s ,  e . g . ,  p o l a r i z a b i l i t y ,  e x t e n t  o f  i o n i c  and c o v a l e n t  

b o n d in g  t e n d e n c i e s ,  *■ -bond f o r m a t io n ,  b ack b o n d in g , e t c .

and a and 0 a r e  a c id - d e p e n d e n t  c o n s t a n t s ,  

r e c o g n iz e s  th e  l i n k  betw een  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

r e a c t i o n s  by a t t r i b u t i n g  t o t a l  r e a c t i v i t y  to  a  m ix tu re  o f  

b o th  ty p e s  o f  b e h a v io r .  P e a r s o n ' s  t h e o r y  o f  h a rd  and s o f t

e q u a t io n ,  s t a t e s  t h a t  h a rd n e s s  i n c r e a s e s  w i th  i n c r e a s i n g  

o x i d a t i o n  s t a t e  and s o f t n e s s  i n c r e a s e s  w i th  d e c r e a s i n g  

o x i d a t i o n  s t a t e .

Charge t r a n f e r  s p e c t r a  o f  t r a n s i t i o n  m e ta l  com plexes 

(w hich a r e  Lewis a c i d - b a s e  a d d u c t s )  a r e  som etim es r e f e r r e d  

to  a s  " red o x  sp ec tra ""^  . A co m p ariso n  o f  th e  s p e c t r a l  

c h a rg e  t r a n f e r  band p o s i t i o n s  f o r  com plexes o f  a  g iv e n  l ig a n d

The Edwards e q u a t io n * ^ ’ ^

( 5 6 )

i n  which

K = a  r a t e  o r  e q u i l i b r i u m  c o n s t a n t ,

Kq = th e  same c o n s t a n t  i n  w a te r  a t  25°C, 

H = a  p r o to n  b a s i c i t y  f a c t o r ,

H = pKa  + 1 .7 ^

En = a  n u l e o p h i l i c i t y  f a c t o r ,

( 5 7 )

E » E° + 2 .6 0n ox ( 5 8 )

a c i d s  and b a s e s ^  , a  q u a l i t a t i v e  d e s c e n d a n t  o f  th e  Edwards
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w ith  d i f f e r e n t  m e ta l  io n s  r e v e a l s  t h a t  th e  e n e rg y  o f  t h i s  

band d e c r e a s e s  w i th  i n c r e a s i n g  m e ta l  io n  o x i d i z i n g  pow er. 

C o n v e r s e ly ,  f o r  a  g iv e n  m e ta l  io n  coraplexed w i th  d i f f e r e n t  

l i g a n d s ,  th e  h i g h e r  th e  r e d u c in g  power o f  th e  l ig a n d  th e  

lo w e r  i s  th e  c h a rg e  t r a n s f e r  band e n e rg y ^ .  I t  i s  e v id e n t  

t h a t  some d e g re e  o f  c o r r e l a t i o n  o f  Lewis a c id  r e a c t i v i t y  

w i th  o x i d i z i n g  power and b a se  r e a c t i v i t y  w ith  r e d u c in g  power 

i s  p o s s i b l e ,  i n  a g re em e n t w i th  th e  U sanov ich  v iew  o f  red o x  

p r o c e s s e s  a s  a  p a r t  o f  a c i d - b a s e  c h e m is t r y  and o f  red o x  

p o t e n t i a l s  a s  a means f o r  a s s e s s i n g  r e l a t i v e  a c i d - b a s e  

s t r e n g t h .

Gutmann^0 ' ^  d i s t i n g u i s h e d  betw een c o o r d i n a t i n g  (Lewis 

a c i d - b a s e )  and re d o x  s o l v e n t s  i n  h i s  i n v e s t i g a t i o n s  o f  th e  

e f f e c t s  o f  s o l v e n t  a c i d - b a s e  p r o p e r t i e s  on r e a c t i o n s  i n  

s o l u t i o n ,  b u t  n o te d  s i m i l a r i t i e s  i n  th e  b e h a v io r  o r  e l e c t r o n  

p a i r  d o n a t in g  ( b a s i c )  and e l e c t r o n  d o n a t in g  ( r e d u c in g )  

s o l v e n t s .  The fo rm e r  a b e t  th e  i o n i z a t i o n  o f  c o v a l e n t  

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

F u r t h e r  s o l v a t i o n  s t a b i l i z e s  th e  c a t i o n s  fo rm ed . The c a t i o n s  

p ro d u ced  by th e  i o n i z a t i o n  o f  s o l u t e s  i n  r e d u c in g  s o l v e n t s ,  

e . g . ,  l i q u i d  sodium , a r e  a l s o  s t a b i l i z e d  by s o l v a t i o m

H20 + b  Na ~  4 Na+ ♦ 0 2" ♦ 2 H ' ( 5 9 )

C l2 + 2 N a v-  -■ * 2 Na+ ♦ 2 C l"  ( 6 0 )

The b e h a v io r  o f  a c i d i c  s o l v e n t s ,  i n  w hich s o l u t e  a n io n s  a r e  

s t a b i l i z e d  by c o o r d i n a t i o n  and s o l v a t i o n ,  and th e  p a r a l l e l  

b e h a v io r  o f  o x i d i z i n g  s o l v e n t s ,  i n  w hich s o l u t e  a n io n s  a r e  

a l s o  s t a b i l i z e d  by s o l v a t i o n ,  e . g . ,  i n  l i q u i d  i o d i n e ,
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2 Na + 3 I 2 ? = *  2 Na+ + 2 I  ~ ( 6 l )

a r e  a n a lo g o u s  to  t h a t  o f  b a s i c  and r e d u c in g  s o l v e n t s ,  r e s p e c ­

t i v e l y .

A l l  o f  th e  exam ples c i t e d  above r e v e a l  a l i n k  betw een 

Lewis a c i d - b a s e  c h e m is t r y  and o x i d a t i o n - r e d u c t i o n  t h a t  was 

acknow ledged i n  e a r l y  p r e s e n t a t i o n  o f  th e  e l e c t r o n i c  t h e o r y ,  

b u t  was n o t  i n t e r p r e t e d  a s  a n y th in g  more th a n  a  fo rm a l  s i m i -
7 eg

l a r i t y ' ’ ^ . T h is  a p p ro a c h  may be b e t t e r  u n d e rs to o d  by compa­

r i s o n  to  an  e a r l i e r  c l a s s i f i c a t i o n  scheme t h a t  i n c l u d e s  

a c i d s ,  b a s e s ,  o x i d i z i n g  a g e n t s ,  and r e d u c in g  a g e n t s .

U sanov ich  g e n e r a l i z e d  a c i d - b a s e  c h e m is t r y  to  i n c lu d e  

o x i d a t i o n - r e d u c t i o n ,  b u t  i t  i s  c o n c e iv a b le  t h a t  t h e  g e n e r a l i ­

z a t i o n  c o u ld  be th e  o t h e r  way a ro u n d ,  i . e . ,  r e d o x  c h e m is t r y  

may be g e n e r a l i z e d  to  i n c lu d e  a c i d - b a s e  p r o c e s s e s .  T h is  

a p p ro a c h  s tem s from th e  work o f  I n g o l d ^ * ^ ,  who viewed 

c h e m ic a l  r e a c t i o n s  a s  e l e c t r i c a l  t r a n s a c t i o n s  a r i s i n g  from 

th e  e l e c t r o p h i l i c i t y ,  o r  e l e c t r o n  s e e k in g  te n d e n c y ,  o f  one 

r e a c t a n t ,  and th e  n u c l e o p h i l i c i t y ,  i . e . ,  n u c le u s  s e e k in g  

te n d e n c y ,  o f  th e  o t h e r .  I n g o ld  p ro p o se d  an e x te n d ed  c l a s s i ­

f i c a t i o n  o f  c h e m ic a l  s p e c i e s  based  on g e n e r a l i z e d  o x i d a t i o n -  

r e d u c t i o n  c o n s i d e r a t i o n s .

G e n e r a l iz e d  o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  in v o lv e  th e  

d o n a t io n  o f  e l e c t r o n s  by a  n u c l e o p h i l e  to  an  e l e c t r o p h i l e .  

Som etim es co m p le te  e l e c t r o n  t r a n s f e r  o c c u r s  i n  su ch  an  i n t e r ­

a c t i o n ,  i n  w hich  c a s e  t h e  p r o c e s s  i s  an  exam ple o f  w ha t i s  

commonly r e g a r d e d  a s  a  re d o x  r e a c t i o n ,  e . g . ,

Fe ♦ Cu2+ F~- ■■ F e2* ♦ Cu (62 )
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N ot a l l  common re d o x  r e a c t i o n s  a r e  a s  c l e a r c u t  a s  e q u a t io n  

(62 ) i n s o f a r  a s  th e  a c t u a l  t r a n s f e r  o f  e l e c t r o n s  i s  c o n c e rn e d .  

F o r  exam ple , c o n s i d e r  th e  r e a c t i o n

I "  + C l2 j v IC1 + C l"  ( 6 3 )

f o r  w hich t h e r e  may be more th a n  one p o s s i b l e  p a th  f o r  

e l e c t r o n  t r a n s f e r .  The i o d i d e  may re d u c e  onftatom o f  a  homo- 

l y t i c a l l y  c le a v e d  c h l o r i n e  m o le c u le  and th e n ,  a s  an  io d in e  

a tom , combine w i th  th e  r e m a in in g  c h l o r i n e .  On th e  o t h e r  

hand , th e  c h l o r i n e  m o le cu le  may s p l i t  h e t e r o l y t i c a l l y ,  

l e a v i n g  a C l + f ra g m e n t  to  combine w i th  i o d i d e .  E l e c t r o n  

t r a n s f e r  t a k e s  p l a c e  from  io d id e  to  c h l o r i d e  i n  th e  fo rm e r  

c a s e ,  w h i le  i n  th e  l a t t e r  th e  t r a n f e r  o c c u rs  betw een c h l o r i n e  

a to m s .  A t h i r d  p o s s i b i l i t y  i s  s im u l ta n e o u s  i o d id e  a d d i t i o n  

and c h l o r i d e  e x p u l s io n ,  i n  which c a s e  two e l e c t r o n  t r a n s f e r s  

o c c u r .

In g o ld  a l s o  view ed r e a c t i o n s  i n  w hich o n ly  a  s h a r e  i n  

e l e c t r o n s  i s  o f f e r e d  by th e  n u c l e o p h i l e  to  th e  e l e c t r o p h i l e  

a s  p a r t  o f  a  g e n e r a l i z e d  o x i d a t i o n - r e d u c t i o n  c l a s s i f i c a t i o n ,  

j u s t i f y i n g  th e  i n c l u s i o n  o f  t h e s e  p r o c e s s e s ,  whose re d o x  

n a t u r e  i s  somewhat v ag u e , by p o i n t i n g  o u t  w hat he c o n s id e r e d  

com parab le  a m b i g u i t i e s  i n  e l e c t r o n  t r a n s f e r  i n  " t r a d i t i o n a l "  

o x i d a t i o n - r e d u c t i o n  r e a c t i o n s ,  e . g . ,  e q u a t io n  ( 6 3 ) .  Thus

H30 + + OH"v > H20 + HOH (64 )

may be c o n s id e r e d  an  o x i d a t i o n - r e d u c t i o n  p r o c e s s  i f  h y d ro x id e  

io n  i s  r e g a rd e d  a s  becom ing f o r m a l ly  e l e c t r i c a l l y  n e u t r a l ,  an  

e f f e c t  com parab le  to  th e  r e s u l t  o f  u s i n g  h y d ro x id e  a s  a  

r e d u c in g  a g e n ts
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0H~< - OH + e "  ( 6 5 )

L ik e w ise ,  th e  p r o to n  t r a n s f e r r e d  i n  e q u a t io n  (64 ) a l s o  

a t t a i n s  fo rm a l  e l e c t r i c a l  n e u t r a l i t y ,  w hich may be compared 

to  i t s  f a t e  a s  an  o x i d i z i n g  a g e n ts

H+ + e ” - £ H2 (66)

An even v a g u e r  exam ple o f  a  g e n e r a l i z e d  red o x  p r o c e s s ,  

a c c o r d in g  to  I n g o ld ,  i s

P“ ♦ BF3 BF^“ ( 6 7 )

In g o ld  c o n s e q u e n t ly  was a b le  to  c l a s s i f y  r e a g e n t s  a s  

e l e c t r o p h i l e s  o r  n u c l e o p h i l e s .  The fo rm e r  a r e  a b l e  to  

c o m p le te ly  o r  p a r t i a l l y  a c c e p t  e l e c t r o n s ,  and i n c l u d e  

b o th  o x i d i z i n g  a g e n t s  and a c i d s ,  e . g . ,  Cu , C lg ,  hyd rogen
p_

a c i d s ,  SgOg , some o f  w hich can  behave a s  e i t h e r  o r  b o th ,  

d e p e n d in g  on th e  c i r c u m s ta n c e s ,  e . g . ,  e q u a t io n  (19)*  

N u c le o p h i le s  a r e  c a p a b le  o f  c o m p le te  o r  p a r t i a l  e l e c t r o n

d o n a t io n ,  and i n c l u d e  b o th  r e d u c in g  a g e n t s  and b a s e s ,  e . g . ,
2+  -  Sn , F e , NHy I  , w h ich , d e p e n d in g  on th e  n u c l e o p h i l e  and

on c i r c u m s ta n c e s ,  a r e  a b l e  t o  m a n i f e s t  e i t h e r  r e d u c in g  o r  

b a s i c  b e h a v io r ,  o r  b o th .  I n g o ld  a l s o  r e c o g n iz e d  t h a t  some 

s u b s ta n c e s  a r e  c a p a b le  o f  e x h i b i t i n g  b o th  e l e c t r o p h i l i c  

and n u c l e o p h i l i c  b e h a v io r ,  i . e . ,  a m p h o te r ism . S ta n n o u s  and 

f e r r o u s  io n s  a r e  a m p h o te r ic  s p e c i e s  i n  t h i s  c l a s s i f i c a t i o n .

L uder and Z u f f a n t i ^ '® ’ ^ ® ' ^  a l s o  r e c o g n iz e d  a  r e l a t i o n ­

s h i p  b e tw een  o x i d a t i o n - r e d u c t i o n  and Lewis a c i d - b a s e  c h em is­

t r y .  They r e t a i n e d  I n g o l d ' s  c l a s s i f i c a t i o n  b u t  s u b s t i t u t e d  

" e l e c t r o d o t i c "  ( e l e c t r o n  d o n a t in g )  f o r  " n u c l e o p h i l i c "
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(n u c le u s  s e e k i n g ) ,  b e ca u se  th e  fo rm e r  term  p r e s e n t s  a  more 

r e a l i s t i c  d e s c r i p t i o n  o f  r e d u c in g  a g e n t  a c t i o n ,  e . g . ,  sodium 

d o n a te s  e l e c t r o n s  b u t  c a n n o t  be c o n s id e r e d  to  be n u c le u s  

s e e k in g .  U n lik e  I n g o ld ,  whose c l a s s i f i c a t i o n  d id  n o t  d i s t i n ­

g u i s h  betw een a c i d s  and o x i d i z i n g  a g e n t s ,  o r  be tw een  b a s e s  

and r e d u c in g  a g e n t s ,  L uder and Z u f f a n t i  m a in ta in e d  t h a t  a  

d i s t i n c t i o n  do es  e x i s t ,  d e s p i t e  c a s e s  o f  a p p a r e n t  o v e r l a p ,  

e . g . ,  e q u a t io n s  ( 1 9 ) ,  ( 2 0 ) ,  ( 3 2 ) ,  and ( 3 3 ) .  They c o n ten d ed  

t h a t  i n s t a n c e s  o f  s im u l ta n e o u s  a c i d  and o x i d i z i n g  a c t i o n ,  o r  

s im u l ta n e o u s  b a s i c  and r e d u c in g  a c t i o n ,  a r e  l i m i t e d  to  

p r o c e s s e s  i n v o lv i n g  th e  f o r m a t io n  o r  r e a c t i o n  o f  th e  s o l v e n t  

io n s  o f  a m p h o te r ic  s o l v e n t s ,  and a r e  c o n s e q u e n t ly  n o t  

g e n e r a l l y  c h a r a c t e r i s t i c  o f  a c i d s  and b a s e s .  Many s t r o n g  

a c i d s ,  e . g . ,  SO-j, have no o x i d i z i n g  pow er, and many s t r o n g  

o x i d i z i n g  a g e n t s ,  e . g . ,  MnO^” , e v id e n c e  no a c i d i t y  ( a l th o u g h  

t h e r e  i s  an  a rg u m e n t,  to  be d i s c u s s e d  l a t e r ,  s u p p o r t i n g  th e  

a c i d i t y  o f  p e rm a n g a n a te ) .

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

e l e c t r o d o t i c  d epend s  on th e  r e a c t i o n  u n d e r  c o n s i d e r a t i o n ,  

i . e . ,  am pho terism  i s  common i n  b o th  a c i d - b a s e  and re d o x  

p r o c e s s e s .  F o r  ex am ple , HC1 i s  e l e c t r o d i c  when i t  a c t s  a s  

an  a c id  to w ard s  w a te r  o r  a s  an  o x id z in g  a g e n t  to w a rd s  m e ta l s i  

i t  i s  e l e c t r o p h i l i c  when i t  b e h av e s  a s  a  b a se  to w a rd s  SO^ o r  

a s  a  r e d u c in g  a g e n t  to w a rd s  p e rm a n g a n a te .

Lewis t h e o r y  th u s  d i s t i n g u i s h e s  betw een  t h r e e  r e a c t i o n  

types*

l )  A c id -b a s e  r e a c t i o n s  -  th o s e  i n v o lv i n g  e l e c t r o n
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p a i r  s h a r i n g .

2) Redox r e a c t i o n s  -  th o s e  i n v o lv i n g  co m p le te  

e l e c t r o n  t r a n s f e r .

3) F re e  r a d i c a l  r e a c t i o n s  -  odd e l e c t r o n  p r o c e s s e s .

The a c i d - b a s e  p r o c e s s e s  a r e  o f t e n  r e f e r r e d  to  a s  " c lo s e d

s h e l l  -  c lo s e d  s h e l l ” i n t e r a c t i o n s  to  d i s t i n g u i s h  them from
60th e  o t h e r  ty p e s  ("o p en  s h e l l  -  open s h e l l "  i n t e r a c t i o n s )  .

A cco rd in g  to  th e  p r i n c i p l e  t h a t  th e  a c i d i t y  o f  an  

e le m e n t  i n c r e a s e s  w i th  i n c r e a s i n g  o x i d a t i o n  s t a t e ,  i t  m ig h t  

be e x p e c te d  t h a t  p e rm a n g an a te ,  which c o n ta in s  h e p t a v a l e n t  

m anganese, sh o u ld  be one o f  th e  s t r o n g e s t  a c i d s .  As 

m en tioned  p r e v i o u s l y ,  how ever, L uder and Z u f f a n t i  c i t e d  

MnO^-  a s  a  p rim e example o f  a  s t r o n g  o x i d i z i n g  a g e n t  t h a t  

m a n i f e s t s  no a c i d i t y  i n  s u p p o r t  o f  t h e i r  c o n te n t i o n  t h a t

a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  a r e  i n h e r e n t l y
-  7+d i f f e r e n t .  I f  MnO^ i s  r e g a rd e d  a s  composed o f  Mn and

f o u r  o x id e  i o n s ,  p a r t  o f  th e  a p p a r e n t  l a c k  o f  a c i d i t y  may 

be due to  th e  p r e s e n c e  o f  th e  l a t t e r ,  which a r e  b a s i c .  I t  

m ust be n o te d  a t  t h i s  p o i n t ,  how ever, t h a t  SO^ and COg a r e  

n o t  s u b j e c t  to  th e  l o s s  o f  t h e i r  p re d o m in a n t  a c i d i t y ,  d e s p i t e  

th e  f a c t  t h a t  t h e i r  e l e c t r o p o s i t i v e  a tom s a r e  o f  lo w e r  

v a le n c e  th a n  m anganese i n  MnO^” . The p o s s i b l i t y  o f  c o o r d i ­

n a te  s a t u r a t i o n  o f  m anganese, s i m i l a r  t o  t h a t  o f  c a rb o n  i n
li­

th e  o r th o c a r b o n ic  a c id  a n io n  CO^ , o r  t h a t  o f  s u l f u r  i n  th e

s u l f a t e  i o n ,  may be c o n s id e r e d  a s  an  e x p la n a t i o n  o f  th e  l a c k

o f  a p p a r e n t  a c i d i t y .  P erm anganate  i s  c o n v e r te d  to  io n

i n  aq ueous HgSO^j th e  v i s i b l e  and u l t r a v i o l e t  s p e c t r a  o f  t h i s
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s p e c i e s  a r e  c o n s i s t e n t  w i th  a  t r i g o n a l  p l a n a r  s t ru c tu re * * * .

By a n a lo g y  to  o t h e r  t r i g o n a l  p l a n a r ,  c o o r d i n a t e l y  u n s a t u r a t e d
2-

s u b s ta n c e s ,  e . g . ,  SO^, CO^ » BCl^, which become t e t r a h e d r a l  

and c o o r d i n a t e l y  s a t u r a t e d  upon th e  f o rm a t io n  o f  an  a d d u c t  

w i th  a  b a s e ,  p e rm angana te  may be re g a rd e d  a s  a  t e t r a h e d r a l  

s p e c i e s  no l o n g e r  s u s c e p t i b l e  to  f u r t h e r  c o o r d i n a t i o n ,  i . e . ,  

a  s p e c i e s  which h a s  no a p p a r e n t  a c i d i t y .  The e l e c t r o n  d o t  

s t r u c t u r e  o f  th e  io n  would seem to  be i n  a c c o rd  w i th  su ch  an

i n t e r p r e t a t i o n .
6 2U sanov ich  c h a l le n g e d  th e  a s s e r t i o n  o f  L uder and 

Z u f f a n t i ,  i n s i s t i n g  t h a t  o x i d i z i n g  a g e n t s  a r e  e q u i v a l e n t  to  

a c i d s .  P e rm a n g a n a te , a c c o rd in g  to  t h i s  v ie w p o in t ,  i s  an 

a c i d  a s  w e l l  a s  an  o x i d i z i n g  a g e n t  b e ca u se  i t  c a u s e s  th e  

d i s a p p e a r a n c e  o f  b a s e s  (many o f  which a r e  a l s o  good r e d u c in g  

a g e n t s ) .  As s u p p o r t i n g  e v id e n c e  U sanov ich  c i t e d  th e  work o f  

Duke , who b e l i e v e d  t h a t  io n s  o f  l i k e  c h a rg e  c a n n o t  r e a c t  

d i r e c t l y  w i th  each  o t h e r ,  b u t  m ust i n t e r a c t  th ro u g h  n e u t r a l  

o r  o p p o s i t e l y  c h a rg ed  i n t e r m e d i a t e s .  Exam ples o f  such  

b e h a v io r  a r e  found i n  b o th  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  

p r o c e s s e s ,  e . g . ,  Duke m a in ta in e d  t h a t  th e  c o n v e r s io n  o f  

d i h y d r o x o te t r a a q u o i r o n  ( I I I )  to  h y d ro x o p e n ta a q u o iro n  ( I I I )  

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

aqueou s  s o l u t i o n s

|V e (0H )2 (H20 ) 4 J  + + H+ £ Fe(0H )(H 20 ) 5

b e c a u se  th e  c l o s e  a p p ro a c h  o f  two p o s i t i v e l y  c h a rg ed  s p e c i e s  

i s  r e q u i r e d .  I n s t e a d ,  th e  d ih y d ro x o  complex a b s t r a c t s  a  

p r o to n  d i r e c t l y  from  e l e c t r i c a l l y  n e u t r a l  w a te rs

1 2+ (68 )



The o x i d a t i o n  o f  s t a n n o u s  io n  by f e r r i c  io n  d o e s  n o t  o c c u r  

i n  th e  ab sen c e  o f  a  r e l a t i v e l y  l a r g e  HC1 c o n c e n t r a t i o n  

( e q u a t io n s  (23) -  (2 4 ) )  b e c a u se  b o th  r e a c t a n t s  a r e  p o s i t i v e l y  

c h a rg ed  and r e q u i r e  a  l a r g e  c h l o r i d e  io n  c o n c e n t r a t i o n  which 

p e r m i t s  th e  f o r m a t io n  o f  m e t a l - c h l o r i d e  co m plexes . The r a t e  

o f  t h i s  r e a c t i o n  d e c r e a s e s  when HCIO^ i s  s u b s t i t u t e d  f o r  HC1 

b e ca u se  p e r c h l o r a t e  i s  n o t  a s  good a  l ig a n d  a s  c h l o r i d e  i o n .

Mechanisms o f  p r o c e s s e s  i n v o l v i n g  p e rm angana te  o x i d a t i o n  

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

in g  to  Duke, b e c a u se  t h e r e  i s  o f t e n  no o b v io u s  p o s i t i v e  o r  

n e u t r a l  i n t e r m e d i a t e ,  a s ,  f o r  exam ple , i n  th e  a l k a l i n e  o x id a ­

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

common to  such  p r o c e s s e s  a r e ,  i n  a d d i t i o n  t o  th e  r e d u c in g  

a g e n t  and p e rm a n g a n a te , w a te r  and a l k a l i  o r  a l k a l i n e  e a r t h  

m e ta l  c a t i o n s .  The c a t i o n s  a r e  p o s i t i v e l y  c h a rg ed  b u t  a r e  

u n l i k e l y  i n t e r m e d i a t e s ,  b e ca u se  su ch  an  a s su m p tio n  im p l i e s  

t h e i r  o x i d a t i o n  to  h i g h e r  o x i d a t i o n  s t a t e s  by p e rm a n g an a te ,  

w hich  i s  o n ly  a  rem ote  p o s s i b l i t y  i n  v iew  o f  t h e i r  c lo s e d  

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

t h a t  th e  f i r s t  s t e p  i n  MnO^“ o x i d a t i o n ,  a t  l e a s t  i n  w a te r ,  

i n v o lv e s  an  e q u i l i b r i u m  be tw een  p e rm a n g a n a te ,  w a te r ,  th e  

m anganate  io n  MnO^ ( a  s p e c i e s  s t a b l e  o n ly  i n  s t r o n g l y  

a l k a l i n e  s o l u t i o n s  o r  i n  b a s i c  m e l t s ) ,  and th e  h y d ro x y l

r a d i c a l ,  which s e r v e s  a s  th e  n e u t r a l  i n t e r m e d i a t e  t h a t
6 2 -6 4a c t u a l l y  o x i d i z e s  th e  r e d u c in g  a g e n t
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MnO^" + HgO f = i  MnO^2" + OH ♦ H* (70)

U sanov ich  c i t e d  th e  f o rm a t io n  o f  p r o to n s  i n  e q u a t io n  (70) a s  

e v id e n c e  s u p p o r t i n g  th e  s im u l ta n e o u s  a c i d i t y  and o x i d i z i n g  

pow er o f  p e rm a n g a n a te .

The v a l i d i t y  o f  e q u a t io n  (70) i s  q u e s t i o n a b l e  b e ca u se  

i t  r e q u i r e s  a  r e v e r s e  p r o c e s s  t h a t  c o n s t i t u t e s  a  t e r m o l e c u l a r  

r e a c t i o n  be tw een  t h r e e  s p e c i e s  o f  low c o n c e n t r a t i o n ,  and an  

a l t e r n a t e  f o r m u la t io n  i s  c o n s id e r e d  more l i k e l y ^ " ^ *

Mn04“ + oh" -  MhO^2" + OH (71)

We n o te  a t  t h i s  p o i n t  t h a t  a  G r o t t h u s - t y p e  e l e c t r o n  t r a n s f e r  

mechanism a n a lo g o u s  to  t h a t  p o s t u l a t e d  f o r  aq ueous  f e r r o u s -  

f e r r i c  io n  e l e c t r o n  ex ch a n g e ,  a s  w e l l  a s  aq u eo u s  p r o to n  

t r a n s f e r ,  would seem to  be a  l o g i c a l  p o s s i b i l i t y  f o r  e q u a ­

t i o n s  (70) and (71) ( e s p e c i a l l y  i f  co u p led  w i th  p r o to n  t r a n s ­

f e r  i n  e q u a t io n  ( 7 0 ) ) ,  e m p h a s iz in g  a g a in  th e  l i n k  betw een  

a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  c h e m is t r y  i n  g e n e r a l ,  and 

betw een  a c i d s  and p e rm an g an a te  i n  p a r t i c u l a r .

The a l k a l i n e  o x i d a t i o n  o f  c y a n id e  to  c y a n a te  by JfaO^” 

i s  b e l i e v e d  to  o c c u r  v i a  a  mechanism i n c o r p o r a t i n g  e q u a t io n

(71) o r  a  s i m i l a r  e q u i l i b r i u m  betw een  c y a n id e  and MnO^” .
64L adbury  and C u l l i s  s t a t e d  t h a t  th e  two p re d o m in a n t  mecha­

n ism s  o f  p e rm an gana te  o x i d a t i o n ,  a t  l e a s t  i n  a l k a l i n e  aq ueous 

s o l u t i o n ,  a r e  e l e c t r o n  a b s t r a c t i o n  ( e q u a t io n  (70 ) o r  (7 1 ) )  

fo l lo w e d  by h y d ro x y l  r a d i c a l  o x i d a t i o n  o f  th e  r e d u c in g  a g e n t ,  

a nd , i n  th e  c a s e  o f  p r o t o n i c  r e d u c in g  a g e n t s ,  p r o to n  a b s t r a c ­

t i o n  by hy d ro x id e*
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HA + 0H~ j - "  ■ A“ ♦ H20 (72)

fo l lo w e d  by r e a c t i o n  o f  th e  base  A" w i th  MnO^” , a l s o  p o s s i b l y  

v i a  a  G ro t th u s  m echanism . Perm anganate  c a u s e s  th e  d i s a p p e a r ­

ance  o f  a  base  i n  e i t h e r  c a s e .

E q u i l i b r i a  o f  th e  form  o f  e q u a t io n  (71)*  be th e  b a se  

OH", CN", o r  any  o t h e r  b a se  A” , do n o t  c o n s t i t u t e  th e  o n ly  

m e c h a n i s t i c  e v id e n c e  in  s u p p o r t  o f  p e rm an gana te  a c i d i t y .  As 

f a r  back  a s  1922, H o l l u t a ^ ” ^* s u g g e s te d  th e  f o l lo w in g  s t e p s  

f o r  th e  o x i d a t i o n  o f  fo rm ic  a c id  by MnO^-  i n  aq ueous s o l u ­

t i o n s  o f  v a r y in g  a c i d i t y i

Weak Acid S o l u t i o n i

MnO^" + HCOO"------->  MnO^~ + C02 + H+ (73)

N e u t r a l  S o l u t i o n i

MnO^~ + HCOO" + H20

------------ >  MnO^3 '  + C032" + 3 H+ (74)

B a s ic  S o lu t io n *

MnOj^" + HCQO" + OH"

-> MnOjj2" + C032" ♦ H20 ( 75)

I t  m ust be n o te d  a t  t h i s  p o i n t  t h a t  e q u a t io n s  (70 ) -  (75) 

a l l  i n v o lv e  th e  f o r m a t io n  o r  r e a c t i o n  o f  s o l v e n t  i o n s  o f  an 

a m p h o te r ic  s o l v e n t ,  w h ich , a s  p r e v i o u s l y  m e n t io n e d , i s  

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

o f  a c i d s  and b a s e s  i n  th e  o p in io n  o f  L uder and Z u f fa n t i^ * ^ ® .
72However, W iberg and S te w a r t  a rg u e d  t h a t  e q u a t io n s  (73 ) “ 

(74) i n v o lv e  th e  t r a n s f e r  o f  e i t h e r  a  h y d r id e  io n  o r  an  

e l e c t r o n  p a i r  from fo rm a te  to  perm anganate*
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C02 + HMnO^2

H* ♦ C02 + MnO^3 (77)

(76)

E q u a t io n  ( 7 6 ) can be r e g a rd e d  a s  a  Lewis a c id  d i s p la c e m e n t  

i n  w hich pe rm an g an a te  d i s p l a c e s  c a rb o n  d io x id e  from  th e  

h y d r id e  i o n .  S in c e  W iberg and S te w a r t  s p e c i f y  th e  t r a n s f e r  

o f  an e l e c t r o n  p a i r  ( a s  opposed to  two i n d i v i d u a l  e l e c t r o n s )  

i n  e q u a t io n  (77)» i t  i s  p o s s i b l e  to  v iew  t h i s  p r o c e s s  a s  th e  

r e s u l t  o f  th e  f o r m a t io n  o f  an u n s t a b l e  Lewis a c i d - b a s e  

a d d u c t .

The a b o v e - c i t e d  m e c h a n i s t i c  e v id e n c e  i n d i c a t e s  t h a t  a  

c a se  can  be made i n  s u p p o r t  o f  U s a n o v ic h 's  a s s e r t i o n  t h a t  

pe rm an g an a te  s p e c i f i c a l l y  i s  b o th  an o x i d i z i n g  a g e n t  and an  

a c i d ,  d e s p i t e  i t s  a p p a r e n t  l a c k  o f  a c i d i t y .  By e x t e n s i o n ,  

a l l  o x i d i z i n g  a g e n t s  a r e  e q u a ted  w i th  a c i d s  and r e d u c in g  

a g e n t s  w i th  b a s e s .

The quantum m e c h a n ic a l  f o r m u la t io n s  o f  th e  Lewis th e o r y

a r e  more i n c l u s i v e  th a n  th e  L u d e r - Z u f f a n t i  v i e w p o in t .  The
6o 73-7l5M u ll ik e n  t r e a t m e n t  * J , based  on th e  c o n t r i b u t i o n s  o f  a  

"no bond" s t a t e ,  v ( a , B ) ,  com p rised  m a in ly  o f  e l e c t r o s t a t i c  

i n t e r a c t i o n s ,  and a  s t a t e  o f  co m p le te  c h a rg e  t r a n s f e r  

( c o v a l e n t  i n t e r a c t i o n ) ,  »r(A“B+) ,  to  th e  a c t u a l  s t a t e ,  

o f  a  Lewis a c i d - b a s e  a d d u c t i

( i n  w hich a  and b a r e  w e ig h t in g  c o e f f i c i e n t s ) ,  d o e s  n o t  

s p e c i f y  t h a t  th e  t r a n s f e r  i n v o lv e s  p a i r s  o f  e l e c t r o n s .

v AB = a  ht(A.B) + b V ( a V ) (78)
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E q u a t io n  (78) a l s o  p e r m i t s  a l l  d e g r e e s  o f  d o n a t io n ,  i n c l u d i n g

th e  com p le te  e l e c t r o n  t r a n s f e r  c h a r a c t e r i s t i c  o f  o x i d a t i o n -  
P Pr e d u c t i o n  (b  / a  = 00 ) .  A lth oug h  M u ll ik e n  o r i g i n a l l y  

d e v e lo p e d  h i s  t r e a tm e n t  f o r  th e  c l a s s  o f  weak Lewis a c i d -  

b a se  a d d u c ts  known a s  c h a rg e  t r a n s f e r  com plexes , he s u b s e ­

q u e n t l y  r e a l i z e d  i t s  g e n e r a l  a p p l i c a b i l i t y  and e x p l i c i t l y  

in c lu d e d  o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  in  h i s  f o r m u la t io n  

a s  w e l l  a s  c lo s e d  s h e l l  -  c lo s e d  s h e l l  i n t e r a c t i o n s .  The 

Klopman-Hudson r e a c t i v i t y  t r e a tm e n t^ 0 '? 6 - 7 8 ,  a i so  based  on 

weak c h a rg e  t r a n s f e r ,  c a n ,  i n  p r i n c i p l e ,  a l s o  be e x te n d e d  to  

re d o x  r e a c t i o n s .

J e n s e n ^ 0 m a in ta in e d  t h a t  o x i d i z i n g  power (co m p le te  

a c c e p ta n c e  o f  e l e c t r o n s ) ,  a c i d i t y  ( a c c e p ta n c e  o f  a  s h a r e  i n  

an  e l e c t r o n  p a i r ) , b a s i c i t y  ( d o n a t io n  o f  a  s h a r e  i n  an e l e c ­

t r o n  p a i r ) ,  and r e d u c in g  pow er (co m p le te  e l e c t r o n  d o n a t io n )  

may be r e g a rd e d  a s  d e g re e s  a lo n g  a con tinuum  i n s t e a d  o f  a s  

s e p a r a t e  phenomena. A long t h i s  con tinuum  t h e r e  a r e  g ra y  

a r e a s  i n  which t h e s e  p r o c e s s e s  o v e r l a p ,  e . g . ,  t h e  r e a c t i o n

S03 2" + C103" ^ = ±  SO^2’  + C102~ (79)

may be re g a rd e d  a s  e i t h e r  a  re d o x  r e a c t i o n  o r  a s  a  Lewis b ase
_ p —

d i s p la c e m e n t  o f  ClOg from an  a c i d i c  oxygen atom by S03

A lthough  i t  h a s  been  a rg u ed  t h a t  th e  quantum m e c h a n ic a l  

t r e a tm e n t s  b l u r  th e  d i s t i n c t i o n  betw een  two d i f f e r e n t  ty p e s  

o f  phenomena ( a c i d - b a s e  and o x id a t io n - r e d u c t io n ) * * * ,  one o f  

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

th e  q u a l i t a t i v e  e q u a t in g  o f  th e  Lewis and U sanov ich  a c i d - b a s e  

c o n c e p ts ,  a l th o u g h  o x i d i z i n g  and r e d u c in g  a g e n t s  a r e  e x p l i -
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c i t l y  d e s ig n a t e d  a s  a c i d s  and b a s e s ,  r e s p e c t i v e l y ,  o n ly  i n  

th e  l a t t e r  a p p ro a c h .

C . C o n c lu s io n s

The e v o lu t i o n  o f  th e  a c i d - b a s e  c o n c e p t  s i n c e  B o y le 's  

i n i t i a l  s e v e n te e n th  c e n tu r y  a t t e m p t  to  e x p la in  th e  p r o p e r t i e s  

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

r e s t r i c t i n g  th e  number o f  s u b s ta n c e s  r e g a rd e d  a s  a c i d s  and 

b a s e s ,  and c u lm in a te d  i n  th e  n a r ro w -b a s e d  A r rh e n iu s  th e o r y  

i n  th e  l a t e  n i n e t e e n t h  c e n t u r y .  The t w e n t i e t h  c e n tu r y  has 

w i tn e s s e d  a  r e v e r s a l  i n  t h i s  t r e n d . S u c c e s s iv e  a c i d - b a s e  

c o n c e p ts  have e x te n d ed  i n  th e  o p p o s i t e  d i r e c t i o n  f o r  o v e r  

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

a c i d - b a s e  r e a c t i o n s  h as  grown to  i n c lu d e  a  wide v a r i e t y  o f  

c h em ic a l  r e a c t i o n s  and h as  c o n t r i b u t e d  g r e a t l y  to  th e  

knowledge o f  th e  fu n d a m e n ta l  p r o p e r t i e s  o f  m a t t e r .
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V I . E x p e r im e n ta l

C a r e f u l  e x a m in a t io n  o f  th e  B r /n s te d -L o w ry  and Lewis 

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

be tw een  a c i d - b a s e  and o x i d a t i o n - r e d u c t i o n  p r o c e s s e s .  The 

U sanov ich  th e o r y  go es  f u r t h e r  and e x p l i c i t l y  i n c l u d e s  o x id a ­

t i o n - r e d u c t i o n  r e a c t i o n s  i n  a c i d - b a s e  c h e m is t r y .  However, 

i t  o f f e r s  no e x p e r im e n ta l  e v id e n c e  to  s u b s t a n t i a t e  th e  

c l a s s i f i c a t i o n  o f  o x i d i z i n g  a g e n t s  a s  a c i d s  and r e d u c in g  

a g e n t s  a s  b a s e s ,  n o r  do es  i t  s u g g e s t  a  g e n e r a l  mechanism o r  

s p e c i f i c ,  s t r u c t u r e - d e p e n d e n t  phenomena by which o x i d i z i n g  

and r e d u c in g  a g e n t s  m a n i f e s t  t h e i r  r e s p e c t i v e  a c i d i c  and 

b a s i c  t e n d e n c ie s  t h a t  i s  com parab le  to  p r o t o l y s i s  i n  th e  

p r o t o n i c  c o n c e p t  o r  to  c o o r d i n a t i o n  i n  th e  e l e c t r o n i c  c o n c e p t .

The h y p o th e s i s  t h a t  o x i d i z i n g  a g e n t s  a r e  a c i d s  may be 

t e s t e d  by a p p ly in  c o n v e n t io n a l  m ethods o f  m e a su r in g  a c i d i t y ,

i . e . ,  pH m easurem ents  and a c i d - b a s e  t i t r a t i o n s ,  to  th e  d e t e r ­

m in a t io n  o f  th e  a c i d i t y  o f  o x i d i z i n g  a g e n t s .  pH m easurem ents  

were made on a s e r i e s  o f  aqueous s o l u t i o n s  o f  c o n s t a n t  h y d ro -  

g e n -a c id  c o n c e n t r a t i o n  and v a r y in g  o x i d i z i n g - a g e n t  c o n c e n t r a ­

t i o n  to  d e te rm in e  th e  e f f e c t  o f  th e  l a t t e r  on s o l u t i o n  a c i d i ­

t y .  I f  o x i d i z i n g  a g e n t s  in d ee d  m a n i f e s t  a c i d i c  t e n d e n c i e s ,  

th e  pH sh o u ld  d e c r e a s e  a s  o x id a n t  c o n c e n t r a t i o n  i n c r e a s e s .  

However, th e  m agn itude  o f  th e  pH change i s  e x p e c te d  to  be 

s m a l l ,  and c o n s e q u e n t ly  th e  p rob lem  o f  o t h e r  f a c t o r s  t h a t  

change pH and th u s  i n t e r f e r e  w ith  th e  o b s e r v a t i o n  o f  o x id a n t  

a c i d i t y  a r i s e s .

The i n c r e a s e  i n  i o n i c  s t r e n g t h  w i th  i n c r e a s i n g  o x id a n t
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c o n c e n t r a t i o n  w i l l  r e s u l t  i n  d e c re a s e d  a c t i v i t y  o f  a l l  i o n i c  

s p e c i e s  p r e s e n t  and in c r e a s e d  pH, i n  a c c o rd  w i th  th e  v a r i o u s  

fo rm s o f  th e  Debye-H uckel e q u a t io n .  A lth oug h  i t  was u n c e r ­

t a i n  w h e th e r  th e  D ebye-H uckel e f f e c t  was o f  s u f f i c i e n t  m agni­

tu d e  to  o b sc u re  pH ch an g es  r e s u l t i n g  from th e  a c i d i t y  o f  th e  

o x i d i z i n g  a g e n t ,  i t  was c e r t a i n l y  a  c o m p l i c a t io n ,  and t h e r e ­

f o r e  a  s e r i e s  o f  e x p e r im e n ts  was p e rfo rm ed  to  d e te rm in e  th e  

pH change i n  a  s e r i e s  o f  a c i d - o x i d a n t  s o l u t i o n s  a t  c o n s t a n t  

i o n i c  s t r e n g t h .

The change i n  l i q u i d - j u n c t i o n  p o t e n t i a l  w i th  change i n  

s o l u t i o n  c o m p o s i t io n  a l s o  r e p r e s e n t s  a  c o m p l i c a t i n g  f a c t o r j  

u n l ik e  th e  Debye-Huckel e f f e c t ,  ch an g e s  i n  l i q u i d - j u n c t i o n  

p o t e n t i a l  a r e  o f t e n  o f  u n p r e d i c t a b l e  m agn itud e  and d i r e c t i o n  

b e c a u se  th e  i o n ic  m o b i l i t i e s  from w hich th e y  a r e  c a l c u l a t e d  

a r e  n o t  known w i th  c e r t a i n t y  u n d e r  a l l  e x p e r im e n ta l  c o n d i ­

t i o n s ,  e . g . ,  c h a n g in g  pH and c h a n g in g  i o n i c  s t r e n g t h ,  f o r  a l l  

s p e c i e s .  The c o n t r i b u t i o n  o f  an  i o n i c  s p e c i e s  to  th e  l i q u i d -  

j u n c t i o n  p o t e n t i a l  depends on i t s  a c t i v i t y ,  th e  s i g n  and mag­

n i tu d e  o f  i t s  c h a r g e ,  and i t s  t r a n s p o r t  num ber, t .  The t r a n s ­

p o r t  number depends on th e  i o n i c  m o b i l i t i e s ,  u ,  and a c t i v i - ” 

t i e s ,  a ,  o f  a l l  s p e c i e s  p r e s e n t  i n  s o lu t io n ^ *

a i  u i
h  •  ------------------  ( i )

^  a ,  u ,
3 '

The sum o f  th e  t r a n s p o r t  num bers o f  a l l  th e  s p e c i e s  i n  any 

s o l u t i o n  m ust t h e r e f o r e  be u n i t y .  The e f f e c t  o f  c h a n g in g  

l i q u i d - j u n c t i o n  p o t e n t i a l  was a l s o  e l i m in a t e d  i n  th e  above
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m entioned  pH e x p e r im e n t  i n v o lv i n g  th e  m easurem ent o f  pH o f  a  

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

becau se  th e  sum o f  th e  t r a n s p o r t  numbers o f  th o s e  s p e c i e s  

(hydrogen  io n  and th e  io n s  o f  th e  s u p p o r t i n g  e l e c t r o l y t e )  

whose a c t i v i t i e s  rem ained  c o n s t a n t  was a lw ays 0 .9 9 7 5 .  

and a s s u re d  n e g l i g i b l e  c o n t r i b u t i o n s  to  th e  l i q u i d - j u n c t i o n  

p o t e n t i a l  from th e  i o n s  o f  th e  o x i d i z i n g  a g e n t ,  whose a c t i ­

v i t i e s  changed w i th  i n c r e a s i n g  o x id a n t  c o n c e n t r a t i o n .  In  

a d d i t i o n ,  th e  change i n  emf w i th  i n c r e a s i n g  o x id a n t  c o n ce n ­

t r a t i o n  was m easured  i n  a  s e r i e s  o f  a c i d - o x i d a n t  s o l u t i o n s  

w i th o u t  s u p p o r t i n g  e l e c t r o l y t e  i n  a c e l l  w i th o u t  a  s a l t  

b r id g e  to  i n s u r e  t h a t  th e  change i n  l i q u i d - j u n c t i o n  p o t e n t i a l  

d id  n o t  mask th e  a c i d i t y  ch an g e .

P o t e n t i o m e t r i e  t i t r a t i o n s  o f  b a se s  w ith  o x i d i z i n g  a g e n t s  

were p e r fo rm e d ,  s in c e  an a c id  may be d e f i n e d ,  on a  p r a c t i c a l  

b a s i s ,  a s  any s u b s ta n c e  c a p a b le  o f  n e u t r a l i z i n g  a  b a s e .  The 

r e s u l t s  o f  t h e s e  t i t r a t i o n s  were a n a ly z e d  w i th  r e g a rd  to  

r e p r o d u c i b i l i t y ,  s h a r p n e s s  o f  e q u iv a le n c e  p o i n t ,  and s t o i c h i ­

om etry  o f  th e  t i t r a t i o n  r e a c t i o n .

The f a c t  t h a t  th e  s t r u c t u r e s  o f  many o x i d a n t s ,  e . g . ,  

d ic h ro m a te  and p e rm an g an a te  i o n s ,  depend on th e  a c i d i t y  o f  

th e  medium i n  which th e y  a r e  d i s s o l v e d  im p l i e s  a  c o n n e c t io n  

betw een o x id a n t  a c i d i t y  and s t r u c t u r e  t h a t ,  i n  t u r n ,  may 

im ply  a  mechanism by which o x i d i z i n g  a g e n t s  m a n i f e s t  a c i d i t y .  

P a p e r - s t r i p  e l e c t r o p h o r e s i s  e x p e r im e n ts  were p e rfo rm ed  w i th  

v a r i o u s  o x i d i z i n g  a g e n t s  i n  s u p p o r t i n g  m edia o f  v a ry in g  a c i d ­

i t y  to  a t t e m p t  to  e l u c i d a t e  t h i s  mechanism and to  d e te rm in e
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t h e  p re s e n c e  o f  any p r e v i o u s l y  u n o b se rv ed  s p e c i e s  whose 

e x i s t e n c e  co u ld  be c o r r e l a t e d  w ith  o x i d i z i n g  a g e n t  a c i d i t y .
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A. R eag en ts

1. W ater

The h ig h  d e g re e  o f  a c c u ra c y  r e q u i r e d  i n  th e  pH and 

o t h e r  emf m easu rem en ts  n e c e s s i t a t e d  h ig h  p u r i t y  w a te r  f r e e  

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

o r g a n ic  c o n ta m in a n ts ,  c a p a b le  o f  u n d e rg o in g  o x i d a t i o n  i n  th e  

p r e s e n c e  o f  s t r o n g  o x i d i z i n g  a g e n t s ,  f o r  p r e p a r a t i o n  o f  s to c k  

and sam ple s o l u t i o n s .  W ater o f  th e  r e q u i s i s t e  p u r i t y  was 

p r e p a r e d  by p a s s i n g  t a p  w a te r  th ro u g h  two d e i o n i z i n g  co lum ns, 

fo l lo w e d  by d i s t i l l a t i o n  o f  th e  d o u b ly  d e io n iz e d  e f f l u e n t  

i n  a  g l a s s  s t i l l  o v e r  a l k a l i n e  pe rm an g an a te  to  o x i d iz e  

o rg a n ic  s u b s ta n c e s  and t r a p  th e  COg th u s  p ro d u c e d * ,  and 

f i n a l l y  r e d i s t i l l a t i o n .  C onduc tance  m easu rem en ts  i n d i c a t e d  

a  c o n d u c ta n c e  o f  a p p ro x im a te ly  1 .7  x 10~^ mhos f o r  w a te r  

t r e a t e d  i n  t h i s  m anner, a s  compared to  a p p ro x im a te ly  

5*9 x 10 ^ mhos f o r  o r d i n a r y  d e io n iz e d  w a te r .

2 . Acid and Base S tock  S o l u t i o n s

S to ck  s o l u t i o n s  o f  HC1 and HCIO^ were p r e p a r e d  by 

d i l u t i n g  th e  r e s p e c t i v e  c o n c e n t r a t e d  r e a g e n t - g r a d e  a c i d s  

w i th  w a te r ,  and were s t a n d a r d i z e d  a g a i n s t  a n a l y t i c a l  r e a g e n t -  

g ra d e  sodium c a r b o n a t e ,  u t i l i z i n g  b o th  v i s u a l  i n d i c a t o r  

(m eth y l o ra n g e )  and p o t e n t i o m e t r i c  e n d - p o i n t  d e t e c t i o n  

t e c h n i q u e s ^ '

R e a g e n t-g ra d e  sodium  h y d ro x id e  was d i s s o l v e d  i n  a  sm a l l  

q u a n t i t y  o f  w a te r  to  p r e p a r e  a  c o n c e n t r a t e d  NaOH s o l u t i o n .  

T h is  i n t e r m e d i a t e  s t e p  i n  th e  p r o d u c t i o n  o f  a  s to c k  s o l u t i o n



[
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p o s s e s s e s  an  a d v a n ta g e  o v e r  d i r e c t  p r e p a r a t i o n  o f  a  s to c k  

s o l u t i o n  o f  th e  d e s i r e d  c o n c e n t r a t i o n  b e ca u se  th e  sodium  

c a r b o n a te  im p u r i ty  p r e s e n t  i n  s o l i d  NaOH i s  o n ly  s l i g h t l y

s o l u b l e  i n  a  c o n c e n t r a t e d  NaOH s o l u t i o n  b u t  v e ry  s o l u b l e  i n
2 b-d i l u t e  NaOH ' j a d d i t i o n  o f  a  s m a l l  q u a n t i t y  o f  ba rium  

h y d ro x id e  i n s u r e s  p r e c i p i t a t i o n  o f  c a r b o n a t e ^ .  I n s o l u b l e  

m a t e r i a l  was th e n  removed by f i l t r a t i o n ,  and th e  f i l t r a t e  

was t r a n s f e r r e d  to  a  n a lg e n e  b o t t l e ,  i n  which i t  was immedi­

a t e l y  d i l u t e d  w i th  f r e s h l y  b o i l e d  w a te r  and th u s  s t o r e d  u n d e r  

a  p a r a f i l m  s e a l .  The b o t t l e  was opened o n ly  to  f a c i l i t a t e  

w i th d ra w a l  o f  a l i q u o t s \ on such  o c c a s io n s  n i t r o g e n  g a s  was 

b ubb led  th ro u g h  th e  r e m a in d e r  o f  th e  c o n t e n t s  to  e x c lu d e  a i r  

e n t e r i n g  th e  b o t t l e  d u r i n g  a l i q u o t  re m o v a l,  and th e  b o t t l e  

was th e n  c lo s e d  and r e s e a l e d .  P o ta s s iu m  h y d ro x id e  s to c k  

s o l u t i o n s  were p r e p a re d  and s t o r e d  i n  an  i d e n t i c a l  m anner, 

e x c e p t  t h a t  th e  u se  o f  barium  h y d ro x id e  to  p r e c i p i t a t e  th e  

c a r b o n a te  im p u r i ty  i s  n e c e s s a r y ,  r a t h e r  th a n  o p t i o n a l ,  i n

t h i s  c a s e ,  s i n c e  p o ta s s iu m  c a r b o n a te  i s  f r e e l y  s o l u b l e  even
2i n  c o n c e n t r a t e d  KOH . Sodium and p o ta s s iu m  h y d ro x id e

s o l u t i o n s  were s t a n d a r d i z e d  p o t e n t i o m e t r i c a l l y  a g a i n s t
2 kp r im a ry  s t a n d a r d  p o ta s s iu m  h yd rogen  p h t h a l a t e  ' .

3 . O x id a n t  S to ck  S o l u t i o n s

Weighed q u a n t i t i e s  o f  p r im a ry  s t a n d a r d  p o ta s s iu m  

d ic h ro m a te  were d i s s o l v e d  i n  w a te r  to  p r e p a r e  d ic h ro m a te  

s t o c k  s o l u t i o n s ,  whose c o n c e n t r a t i o n s  w ere  v e r i f i e d  by 

g r a v i m e t r i c  d e t e r m i n a t i o n  a s  b a rium  c h r o m a te ^ '^ .
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F e r r i c  c h l o r i d e  and f e r r i c  p e r c h l o r a t e  s to c k  s o l u t i o n s  

were p r e p a r e d  by d i s s o l v i n g  th e  r e s p e c t i v e  r e a g e n t - g r a d e  

c h e m ic a ls  i n  w a t e r .  The i r o n  c o n t e n t  o f  t h e s e  s o l u t i o n s  

was d e te rm in e d  g r a v i m e t r i c a l l y  by p r e c i p i t a t i o n  from a l k a l i n e  

s o l u t i o n  a s  th e  h y d ro u s  o x id e  and s u b s e q u e n t  i g n i t i o n  to  

F e203 2 »8 .

P o ta s s iu m  p erm ang an a te  s to c k  s o l u t i o n s  were p r e p a re d  by

d i s s o l v i n g  KMnO^ i n  w a te r ,  b o i l i n g  th e  s o l u t i o n  f o r  one h o u r

to  o x i d iz e  o r g a n ic  i m p u r i t i e s  and e x p e l  COg, and f i l t e r i n g
2

th ro u g h  s i n t e r e d  g l a s s  to  remove MnOg . These s o l u t i o n s  

were s t o r e d  i n  brown b o t t l e s  i n  th e  d a rk  u n d e r  a  p a r a f i lm  

s e a l ,  and were opened o n ly  when a l i q u o t s  were rem oved, a f t e r  

w hich th e  re m a in in g  s to c k  s o l u t i o n  was d e a e r a t e d  w i th  n i t r o ­

gen g a s ,  th e  b o t t l e  c lo s e d ,  and r e s e a l e d .  P erm anganate  

s o l u t i o n s  were s t a n d a r d i z e d  by t i t r a t i o n  a g a i n s t  p o ta s s iu m  

o x a l a t e 2 .

S to ck  S o l u t i o n s  o f  S u p p o r t in g  E l e c t r o l y t e

R e a g e n t-g ra d e  l i t h i u m  c h l o r i d e  was d i s s o l v e d  i n  w a te r  

and s t a n d a r d i z e d  a g a i n s t  s i l v e r  n i t r a t e  v i a  th e  Mohr method 

o f  d e te r m in in g  s o l u b l e  c h l o r i d e  .

S u p p o r t i n g - e l e c t r o l y t e  s to c k  s o l u t i o n s  f o r  u se  i n  

e l e c t r o p h o r e s i s  e x p e r im e n ts  were p r e p a re d  from a l i q u o t s  o f  

th e  HCIO^ o r  KOH s to c k  s o l u t i o n s  o v e r  a  pH ran g e  from  1 .1  to  

1 2 .7 .  L ith iu m  o r  p o ta s s iu m  p e r c h l o r a t e  was added where 

r e q u i r e d  to  b r i n g  th e  i o n i c  s t r e n g t h  o f  eac h  s u p p o r t i n g  

medium to  0 .1 0 .
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5. Sample S o l u t i o n s

A c id -o x id a n t  sam ple s o l u t i o n s  f o r  u se  i n  th e  pH and

l i q u i d  j u n c t i o n  m easurem ents  were p r e p a r e d  by d i l u t i n g

m ix tu re s  o f  a l i q u o t s  drawn from th e  a c id  and o x id a n t  (an d ,

wher.'» n e c e s s a r y ,  s u p p o r t i n g  e l e c t r o l y t e )  s to c k  s o l u t i o n s

w ith  w a te r  in  o n e - l i t e r  v o lu m e t r i c  f l a s k s ,  th u s  a s s u r i n g  th e

a v a i l a b i l i t y  o f  r e p l i c a t e  sam p le s  from  each  sam ple s o l u t i o n .

The p i p e t s  u t i l i z e d  to  w ith d raw  a l i q u o t s  from th e  s to c k
2

s o l u t i o n s  were c a l i b r a t e d  so  t h a t  t h e i r  d e l i v e r y  volumes 

were known to  ±  0 .0 1  mlj no p i p e t  s m a l l e r  th a n  10 ml was 

u se d ,  so t h a t  th e  a n a l y t i c a l  c o n c e n t r a t i o n s  o f  a l l  c o n s t i ­

t u e n t s  o f  th e  sam ple s o l u t i o n s  were known to  a t  l e a s t  ♦ one 

p a r t  p e r  th o u sa n d .  The pH t i t r a t i o n s  in v o lv e d  d i r e c t  u se  o f  

s to c k  s o l u t i o n s .

The f o l lo w in g  sam ple s o l u t i o n s  were p r e p a r e d  f o r  u se  i n  

e l e c t r o p h o r e s i s  e x p e r im e n ts  by d i s s o l v i n g  th e  a p p r o p r i a t e  

amounts o f  th e  r e q u i s i t e  r e a g e n t - g r a d e  c h e m ic a ls  i n  w a t e n

0 .0 5  M K2C r2°7  i n  0 ,1 0  M L i c l 0 4 a™*

0 .1 0  M F e (C 1 0 ^ )3 i n  0 .1 0  M LiClO^.

A s o l u t i o n  o f  0 .1 0  M KMnO^ i n  0 .1 0  M LiClO^ was p re p a re d  by 

d i l u t i n g  an a l i q u o t  o f  s to c k  KMnO^ and a d d in g  th e  r e q u i s i t e  

amount o f  l i t h i u m  p e r c h l o r a t e .

6 .  B u f f e r s

The pH v a lu e s  o f  c o m m e rc ia l ly  p roduced  b u f f e r s  a r e  n o t  

known to  th e  d e g re e  o f  a c c u ra c y  r e q u i r e d  f o r  th e  pH m easu re ­

m en ts ,  i . e . ,  ±  a  few th o u s a n d th s  o f  a  pH u n i t .  I t  was
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t h e r e f o r e  n e c e s s a r y  to  p r e p a r e  b u f f e r  s o l u t i o n s  o f  s u f f i c i e n t  

a c c u ra c y  to  s t a n d a r d i z e  th e  pH m e te r  -  e l e c t r o d e  a sse m b ly  

o v e r  th e  r a n g e s  o f  pH s t u d i e d .  T able  V I - l  c o n ta in s  a  l i s t  

o f  th e  b u f f e r s  u t i l i z e d .  F r e s h l y  b o i le d  w a te r ,  o r  b o i le d  

w a te r  s t o r e d  u n d e r  NaOH, was used  in  b u f f e r  p r e p a r a t i o n .



T ab le  V I - l i  B u f f e r  S o l u t i o n s  U t i l i z e d  f o r  S t a n d a r d i z a t i o n  o f  pH M eter -  E le c t r o d e

Assembly in  pH E x p e r im e n ts

B u f f e r

0 .0 5  m p o ta s s iu m
t e t r o x a l a t e

( s e c o n d a ry  s t a n d a r d )

P r e p a r a t i o n

d i s s o l u t i o n  o f  weighed q u a n t i t y  
o f  r e a g e n t - g r a d e  p o ta s s iu m  
t e t r o x a l a t e

pH a t  25°C 

1 .6 79

0 .0 1 5 4 9  m KH2P0^ + 
0 .012 21  m HC1

d i s s o l u t i o n  o f  w eighed q u a n t i t y  
o f  r e a g e n t - g r a d e  p o ta s s iu m  d i ­
hy drogen  p h o sp h a te?  d i l u t i o n  o f  
s to c k  HC1

2.270

0 .0 1 1 0 5  m KH2P0^ +
0 .008 710  m HC1

d i s s o l u t i o n  o f  w eighed q u a n t i t y  
o f  r e a g e n t - g r a d e  p o ta s s iu m  d i ­
hy d rogen  p h o s p h a te ;  d i l u t i o n  o f  
s to c k  HC1

2 .3 6 6

0 .0 5  m p o ta s s iu m  
h y d rogen  
p h t h a l a t e

( p r im a ry  s t a n d a r d )

d i s s o l u t i o n  o f  w eighed q u a n t i t y  
o f  p r im a ry  s t a n d a r d  g ra d e  
p o ta s s iu m  hy d rogen  p h t h a l a t e

4 .0 0 4

R e fe re n c e s

9 - 1 2

5

5

5 . 9 - 12

-266
-
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B. P ro c e d u re s  and Equipm ent

1. pH M easurem ents

The pH o f  a l i q u o t s  drawn from  a c i d - o x i d a n t  sam ple  s o l u ­

t i o n s  were m easured to  0 .001  pH u n i t  w i th  a  C o rn in g  model 12 

pH m e te r  e q u ip p ed  w i th  C o rn in g  m odels 476022 g l a s s  and 476029 

c a lo m e l  e l e c t r o d e s .  Sam ples were c o n ta in e d  i n  a  j a c k e t e d ,  

fo u r -n e c k e d  f l a s k  w i th  a  s i n g l e  g as  o u t l e t  ( F ig u re  V I - 1 ) .  

Sample t e m p e ra tu re  was m a in ta in e d  a t  25°C by e i t h e r  im m ers ing  

th e  sam ple c o n t a i n e r  i n  a  c o n s t a n t - t e m p e r a t u r e  b a th  o r  by 

c i r c u l a t i n g  w a te r  from th e  b a th  th ro u g h  th e  f l a s k  j a c k e t .  

Sam ples were d e a e r a t e d  w i th  n i t r o g e n  g as  f o r  s e v e r a l  m in u te s  

p r i o r  to  th e  b e g in n in g  o f  m easurem ent, d u r i n g  w hich p r e s s u r e  

b u i ld u p  i n  th e  f l a s k  was p r e v e n te d  by m ild  s u c t i o n .

The pH m e te r  -  e l e c t r o d e  a sse m b ly  was c o n n e c te d  to  

t r a n s f o r m e r - r e g u l a t e d , 120 V AC, c o n s t a n t  v o l t a g e  to  m in im ize  

th e  e f f e c t  o f  l i n e  f l u c t u a t i o n s .  The m e te r  was s t a n d a r d i z e d  

d a i l y  w i th  a p p r o p r i a t e  s t a n d a r d  b u f f e r  s o l u t i o n s  (T a b le  V I - l ) ,

i . e . ,  b u f f e r s  o f  pH a p p ro x im a t in g  th e  sam ple pH, u n d e r  

e x p e r im e n ta l  c o n d i t i o n s  i d e n t i c a l  to  th o s e  o f  sam ple  m ea su re ­

m e n ts .

The tim e  r e q u i r e d  f o r  th e  sy s tem  to  a t t a i n  e q u i l i b r i u m  

i n  each  m easu rem en t, a s  i n d i c a t e d  by no change i n  pH o v e r  a 

10 -  15 m in u te  p e r i o d ,  was o f  th e  o r d e r  o f  1 -  2 h o u r s .  The 

f l a s k  and e l e c t r o d e s  were c a r e f u l l y  r i n s e d  a f t e r  eac h  meas­

u rem e n t,  f i r s t  w i th  s e v e r a l  p o r t i o n s  o f  d e i o n i z e d ,  d i s t i l l e d  

w a te r ,  and th e n  w i th  s e v e r a l  p o r t i o n s  o f  th e  n e x t  sam ple
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F ig u re  VI-1» pH M easurem ent C e l l

( t o  N2 ta n k )

Gas
I n l e t ( t o  pH m e te r )

G la ss
E le c t r o d e

 1
Calom el

E le c t r o d e

Therm ometer

( to  vacuum l i n e )

Gas O u t l e t

_  Sample S o lu t io n

C e l l  J a c k e t

(from  
c o n s t a n t  
te m p e ra ­
t u r e  b a th )

( to  c o n s t a n t  
t e m p e ra tu re  
b a th )
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s o l u t i o n .  R e p l i c a t e  m easurem ents  were o b ta in e d  f o r  each  

sam ple s o l u t i o n .

F ig u r e  V I-2  i s  a  sc h e m a tic  d iag ra m  o f  th e  c o m p le te  pH 

m easurem ent sy s tem  d e s c r ib e d  a b o v e .

2 . Emf M easurem ents i n  a C e l l  W ith o u t  a  S a l t  B ridge

The a p p a r a tu s  c o n s i s t e d  o f  ah  H -shaped c e l l  c o n t a i n i n g  a  

s i n t e r e d  g l a s s  d i s k  which s e p a r a t e d  th e  s o l u t i o n s  i n  th e  two 

h a l f  c e l l s  (F ig u re  V I - 3 ) .  The r e f e r e n c e  h a l f  c e l l  was 

composed o f  a  p r e v i o u s l y  u n u se d ,  new F i s h e r  model 13 -639-3  

g l a s s  e l e c t r o d e  w i th  BNC c o n n e c to r  immersed i n  an  aqueous 

s o l u t i o n  o f  a p p ro x im a te ly  0 .0 0 5  M HC1. The i n d i c a t o r  h a l f  

c e l l  was composed o f  a  second  new e l e c t r o d e  o f  th e  i d e n t i c a l  

ty p e  immersed in  an aqueous s o l u t i o n  o f  e q u a l  HC1 c o n c e n t r a ­

t i o n ,  which a l s o  c o n ta in e d  p o ta s s iu m  d ic h ro m a te  i n  a  c o n ce n ­

t r a t i o n  v a r y in g  from  ze ro  to  a p p ro x im a te ly  th e  same m o la r i t y  

a s  HC1. Each h a l f  c e l l  a l s o  c o n ta in e d  a  grounded  p la t in u m  

w ire  to  m in im ize  t h e  e f f e c t  o f  s t r a y  c u r r e n t s ,  s i n c e  th e  c e l l  

p o t e n t i a l s  m easured  were o f  th e  o r d e r  o f  o n ly  a  few m i l l i ­

v o l t s .

The h ig h  im pedance o f  a c e l l  c o n t a i n i n g  two g l a s s  

e l e c t r o d e s  c a u s e s  th e  o u tp u t  s i g n a l  o f  th e  c e l l  to  be v e ry  

s m a l l .  I t  i s  c o n v e n ie n t  to  a m p l i fy  t h i s  s i g n a l  and t h e r e f o r e  

an  a m p l i f i e r  w i th  a  g a in  o f  t h r e e ,  powered by a  30-V power 

s u p p ly ,  was in c lu d e d  i n  th e  m e a su r in g  c i r c u i t r y .  The 

r e f e r e n c e  h a l f  c e l l  was a t t a c h e d  to  th e  p o s i t i v e  t e r m in a l  o f  

th e  a m p l i f i e r  and th e  i n d i c a t o r  h a l f  c e l l  to  th e  n e g a t iv e
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Figure VI-2: pH Measurement System
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t e r m i n a l .  The a m p l i f i e r  o u tp u t  was rea d  on a  H e w le t t -P a c k a rd  

model 3^30 A d i g i t a l  v o l t m e t e r .

The s o l u t i o n s  i n  b o th  h a l f  c e l l s  were d e a e r a t e d  w i th  

n i t r o g e n  gas  f o r  s e v e r a l  m in u te s  p r i o r  to  th e  b e g in n in g  o f  

each  m easurem ent, and th e  t e m p e r a tu re  was m a in ta in e d  a t  25°C 

by im m ersing  th e  c e l l  i n  a c o n s t a n t - t e m p e r a t u r e  b a th .

E q u i l ib r iu m ,  a s  i n d i c a t e d  by a  f l u c t u a t i o n  i n  th e  

v o l tm e te r  r e a d in g  o f  o n ly  a few t e n t h s  o f  a  m i l l i v o l t  (and 

t h e r e f o r e  a  f l u c t u a t i o n  i n  a c t u a l  j u n c t i o n  p o t e n t i a l  one 

t h i r d  a s  l a r g e )  o v e r  a  10 -  15 m inu te  p e r i o d ,  was a t t a i n e d  

in  each  m easurem ent a f t e r  a b o u t  an  h o u r .  The i n d i c a t o r  h a l f  

c e l l  and e l e c t r o d e  were c a r e f u l l y  r i n s e d  a f t e r  each  m easu re ­

ment w i th  s e v e r a l  p o r t i o n s  o f  th e  n e x t  sam ple  s o l u t i o n .

The s o l u t i o n  i n  th e  r e f e r e n c e  h a l f  c e l l  was r e p l a c e d  by a 

f r e s h  a l i q u o t  e v e ry  2 - 3  m easu rem en ts .  R e p l i c a t e  m easu re ­

m ents were o b ta in e d  f o r  each  sam ple s o l u t i o n .

F ig u re  VI-U i s  a  s c h e m a tic  d iag ram  o f  th e  emf m easu re ­

ment sy s tem  d e s c r ib e d  a b o v e .

3. p H T i t r a t i o n s

P o r t i o n s  o f  b a se  ( e i t h e r  a l i q u o t s  o f  s to c k  NaOH o r  

weighed NagCO-j sam p le s )  were t i t r a t e d  p o t e n t i o m e t r i c a l l y  

w i th  s to c k  o x i d i z i n g  a g e n t  s o l u t i o n s  u n d e r  c o n d i t i o n s  o f  

c o n s t a n t ,  s low  b u b b l in g  o f  n i t r o g e n  gas to  p r e v e n t  a b s o r p t io n  

o f  a tm o s p h e r ic  COgt and c o n s t a n t  s t i r r i n g  to  i n s u r e  s o l u t i o n  

h om o gene ity .  pH m easurem ents  were made to  an  a c c u ra c y  o f

0 .0 1  pH u n i t  d u r i n g  t i t r a t i o n  w i th  th e  same pH m e te r  -
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e l e c t r o d e  a ssem b ly  a s  i n  th e  s t a t i c  pH m easu rem en ts ,  w i th  

a  h i g h e r  c o n c e n t r a t i o n  o f  r e a d in g s  i n  th e  r e g io n  o f  th e  

e n d p o in t .

4 .  E l e c t r o p h o r e s i s

The e l e c t r o p h o r e s i s  a p p a r a tu s  c o n s i s t e d  o f  a  Shandon 

e l e c t r o p h o r e s i s  b a th  and an a d j u s t a b l e  DC power s u p p ly .  The 

b a th  was f i l l e d  w i th  one o f  th e  p r e v i o u s l y  p re p a re d  s u p p o r t ­

in g  e l e c t r o l y t e  s o l u t i o n s .  S in c e  th e s e  s u p p o r t i n g  m edia  

were n o t  d i s c a r d e d  f o l lo w in g  u se  b u t  s t o r e d  and re u s e d  in  

th e  s tu d y  o f  s e v e r a l  o x i d i z i n g  a g e n t s ,  i t  was n e c e s s a r y  to  

check  p e r i o d i c a l l y  th e  pH o f  each  s u p p o r t i n g  e l e c t r o l y t e  w i th  

a  C o m in g  model 12 pH m e te r  and C o m in g  g l a s s  and ca lo m e l  

e l e c t r o d e s  to  a s s u r e  c o n s ta n c y  o f  pH. I t  was found t h a t  

s o l u t i o n s  a t  b o th  ends o f  th e  pH s c a l e  (pH < 4  and pH > 1 0 )  

m a in ta in e d  a  f a i r l y  c o n s t a n t  pH w i th  tim e  and u s e ,  i . e . ,  

f l u c t u a t i o n  were l e s s  th a n  0 .1  pH u n i t ,  w h i le  th o s e  a t  

i n t e r m e d i a t e  pH d id  n o t  rem a in  c o n s t a n t .  However, i t  w i l l  

be shown t h a t  th e  wide v a r i a t i o n s  i n  th e  i n t e r m e d i a t e  pH 

ra n g e  had no s i g n i f i c a n c e  f o r  th e  o x i d i z i n g  a g e n t s  s t u d i e d .

Whatman No. 3 mm c h ro m a to g ra p h ic  f i l t e r  p a p e r  was 

u t i l i z e d  a s  a  c h ro m a to g ra p h ic  medium i n  m ost o f  t h e s e  

e x p e r im e n t s .  I n i t i a l  e x p e r im e n ts  w i th  t h i s  p a p e r  p roduced  

r e l a t i v e l y  h ig h  m ig r a t io n  c u r r e n t s  and a  s i g n i f i c a n t  amount 

o f  e v a p o r a t i o n  from th e  s u p p o r t i n g  medium, a s  e v id e n c e d  by 

e x c e s s iv e  c o n d e n s a t io n  i n  th e  u p p e r  p a r t  o f  th e  e l e c t r o p h o r ­

e s i s  cham ber. T h is  p rob lem  was s o lv e d  by c u t t i n g  th e  p a p e r
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i n t o  s t r i p s  one f o u r t h  t h e i r  o r i g i n a l  w id th  j d e c r e a s i n g  th e  

c r o s s - s e c t i o n a l  a r e a  i n  t h i s  manner d e c r e a s e d  th e  c u r r e n t  

w i t h o u t  a f f e c t i n g  t h e  q u a l i t y  o f  the  r e s u l t s  o b t a i n e d .  

M a l l i n c k r o d t  ChromAr S h e e t  500,  a  b le n d  o f  c h ro m a to g ra p h ic  

g rad e  s i l i c i c  a c i d  (HgSiO^ -  70%) and g l a s s  f i b e r  (30%) was 

used i n  some o f  t h e  p e rm an g an a te  e x p e r im e n t s  i n s t e a d  o f  th e  

Whatman p a p e r  i n  an a t t e m p t  to  av o id  MnO^” d e c o m p o s i t i o n  due 

to  th e  p r e s e n c e  o f  o r g a n i c  compounds i n  th e  p a p e r .

Each p a p e r  s t r i p  was s u p p o r t e d  by a  p l a s t i c  r u l e r  to  

p r e v e n t  s a g g i n g  and to  f a c i l i t a t e  d i r e c t  r e a d i n g  o f  m i g r a t i o n  

d i s t a n c e .  The r u l e r  was suspended  be tw een  t h e  s u p p o r t s  o f  

th e  e l e c t r o p h o r e s i s  chamber so t h a t  th e  ends  o f  t h e  p a p e r  

co u ld  d i p  i n t o  th e  s u p p o r t i n g  e l e c t r o l y t e .  Each p a p e r  s t r i p  

was e q u i l i b r a t e d  i n  th e  s u p p o r t i n g  medium f o r  a t  l e a s t  one 

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

o f  an  e x p e r im e n t  to  minimize  m i g r a t i o n  due t o  s o l v e n t  f l o w .  

S u p p o r t i n g  media were p e r i o d i c a l l y  d e a e r a t e d  w i th  n i t r o g e n .

A c i r c u l a r  s p o t  was a p p l i e d  to  th e  s t a t i o n a r y  phase  w i t h  

a  10 o r  50 m i c r o l i t e r  d i s p o s a b l e  p i p e t  and i t s  l o c a t i o n  n o t e d  

from t h e  p l a s t i c  r u l e r .  E x p e r im e n t s  were p e r fo rm ed  a t  an 

a p p l i e d  v o l t a g e  o f  100 V DC f o r  one h o u r .  S p o t  d ev e lo p m e n t  

was a c h i e v e d  by s p r a y i n g  th e  s t r i p s  w i t h  an 0 , 2  % s o l u t i o n  

o f  t h e  r e d o x  i n d i c a t o r  d ip h e n y la m in e  i n  aqueous  s u l f u r i c  

a c i d j  t h e  o x i d i z e d  form o f  t h i s  i n d i c a t o r  i s  e i t h e r  v i o l e t  

o r  g r e e n ,  d e p e n d in g  on th e  e x a c t  i n d i c a t o r  c o n c e n t r a t i o n  .
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V I I .  R e s u l t s  and D i s c u s s i o n

A. Dichrom ate

The o b se rv e d  c h an ges  o f  pH w i t h  i n c r e a s i n g  o x i d i z i n g  

a g e n t  c o n c e n t r a t i o n  were compared t o  p r e d i c t e d  pH t r e n d s  f o r  

each  s e t  o f  a c . i d - o x id a n t  s o l u t i o n s  s t u d i e d .  P r e d i c t e d  pH 

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

f i x e d  a c i d  c o n c e n t r a t i o n  i n  t h e  u s u a l  manneri

pH = -  l o g  a H = -  l o g  ( r H CH) (1)

where a ^  = th e  hydrogen  i o n  a c t i v i t y ,

Cjj = th e  hydrogen  io n  c o n c e n t r a t i o n ,  and

TH a th e  a c t i v i t y  c o e f f i c i e n t  o f  hydrogen  i o n .

A c t i v i t y  c o e f f i c i e n t s  were c a l c u l a t e d  from th e  v a r i o u s  

form s o f  t h e  Debye-Huckel  e q u a t i o n ,  i n c l u d i n g  th e  Debye- 

Huckel l i m i t i n g  law*t

l o g  Ti  = -  A z 2 I *  (2)

1 2and th e  Debye-Huckel e x p r e s s i o n  i

A z. 2 I *
l o g  r L = “  ------1 —Q— j -  (3)

1 (1 + B 2 I * )

where  = th e  a c t i v i t y  c o e f f i c i e n t  o f  th e  s p e c i e s  o f  

i n t e r e s t ,

z^ = th e  c h a rg e  o f  t h e  s p e c i e s  o f  i n t e r e s t ,

I  = t h e  i o n i c  s t r e n g t h  o f  t h e  s o l u t i o n ,  which depends  

on th e  c h a r g e ,  z^ ,  and c o n c e n t r a t i o n ,  C^, o f  

each  s p e c i e s  p r e s e n t  i n  s o l u t i o n s

i  = « > , « , *  W
J
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A and B a r e  c o n s t a n t s  d e p e n d e n t  on t h e  d i e l e c t r i c

c o n s t a n t ,  £ ,  and d e n s i t y ,  d ° ,  o f  th e  s o l v e n t ,  and
2

on t h e  t e m p e r a t u r e ,  T «

A = 1 .825  x 106 ( 6  T ) ' 3/ 2 (d0 ) 1/ 2

= 0 .5 0 9  i n  w a t e r  a t  25°C (5)

B = 5 0 .2 9  ( 6 T ) -1 / 2 (d 0 ) 1/ 2

= O.3 3  i n  w a t e r  a t  25°C (6 )

and i  = th e  i o n - s i z e  p a r a m e t e r .  K i e l l a n d * ’ -̂  

a s s i g n e d  a v a lu e  o f  9 t o  a f o r  t h e  hydrogen  io n  

(B a = 2 . 9 7 ) ;  a l t h o u g h  i t  may seem a  c o n t r a d i c t i o n  

to  a s s o c i a t e  such  a  l a r g e  S v a lu e  w i th  th e  s m a l l e s t  

i o n ,  th e  h ig h  d e g re e  o f  s o l v a t i o n  a s s o c i a t e d  w i t h  

th e  p r o t o n  i n  aqueous  s o l u t i o n  p r o v i d e s  some 

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

The d i f f e r e n c e  be tween  pH c a l c u l a t e d  a c c o r d i n g  to  

th e  Debye-Huckel  l i m i t i n g  law and t h a t  c a l c u l a t e d  

a c c o r d i n g  to  t h e  Debye-Huckel  e x p r e s s i o n  i n c r e a s e s  

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

The Debye-Huckel  t h e o r y  p r e d i c t s  a  r i s e  i n  pH w i th  

i n c r e a s i n g  i o n i c  s t r e n g t h ,  i . e . ,  a  d e c r e a s e  i n  th e  hydrogen  

io n  a c t i v i t y ,  r e g a r d l e s s  o f  which form o f  t h e  Debye-Huckel  

e q u a t i o n  i s  employed.  The p a r t i c u l a r  form o f  th e  e q u a t i o n  

u t i l i z e d  i n f l u e n c e s  o n l y  t h e  m agn i tude  o f  t h e  p r e d i c t e d  pH 

c h ang e .

T ab le  V I I - 1 c o n t a i n s  t h e  o b se rv e d  and c a l c u l a t e d  pH 

v a l u e s  f o r  a  s e r i e s  o f  HCl-K2C r 20^ s o l u t i o n s  a t  a p p r o x i m a t e l y  

pH 2 . 4  . These  d a t a  a r e  a l s o  r e p r e s e n t e d  g r a p h i c a l l y  i n
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F i g u r e  V I I - l  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  r a t i o  o f  

h ydrogen  a c i d  to  o x i d i z i n g  a g e n t .  The change  i n  pH o v e r  th e  

o x i d a n t  c o n c e n t r a t i o n  ra n g e  s t u d i e d ,  ApH, i n d i c a t e s  t h a t  a  

d e c r e a s e  i n  pH i s  o b se rv e d  w i t h  i n c r e a s i n g  o x i d a n t  c o n c e n ­

t r a t i o n ,  c o n t r a r y  to  th e  Debye-Huckel  p r e d i c t i o n s  and i n  

ag re e m e n t  w i th  t h e  h y p o t h e s i s  o f  a u n i f i e d ,  a l l - e n c o m p a s s i n g  

a c i d - b a s e  t h e o r y  t h a t  a  r e d u c i b l e  s p e c i e s  e n h an c es  s o l u t i o n  

a c i d i t y  b e ca u se  i t  i s  an a c i d .

I t  may be n o t e d  a t  t h i s  p o i n t  t h a t ,  a l t h o u g h  th e  a c i d t  

o x i d a n t  r a t i o s  o f  T ab le  V I I - l  and F i g u r e  V I I - l  assume th e  

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

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

d ic h r o m a te  and r e l a t e d  s p e c i e s  i n  aqueo u s  s o l u t i o n  *

HCrOjj" H+ + C r0 ^ 2“ ( 7 - a )

a [hciV J
K. = —V — - = 3 . 2  x 1 0 ' 7 ( 7 - b )

2 HCr04 '  0 r 207 2'  + H2°  ( 8 -®)

[C r 2°7 2~] 
[HOrO^"]Kd = r  - 1 2  * 1,3 ( 8 ' b)

T h e r e f o r e ,  i n  any aqueous  d i c h r o m a t e  s o l u t i o n  th e  a n a l y t i c a l  

chromium c o n c e n t r a t i o n ,  Cpr , i s  th e  sum o f  t h e  c o n c e n t r a t i o n s  

o f  th e  t h r e e  chromium s p e c i e s  i n  e q u a t i o n s  (7)  and ( 8 ) i

CCr = 2 [0 r2°72']  * [HCrV] * [CrV'l (9)

I f ,  a s  i n  t h i s  c a s e ,  t h e  s o l u t i o n  was p r e p a r e d  by d i s s o l v i n g  

d i c h r o m a t e ,  CQr  i s  e q u a l  t o  tw ic e  t h e  o r i g i n a l  d i c h r o m a te



T ab le  V I I - l t  pH o f  HCl-KgCrgO^ S o l u t i o n s  a t  25°C

H 4 .1 4 9  x 10"3 M 

pH o f  s t a n d a r d i z i n g  b u f f e r s *  2 .2 7 0 ,  2 .3 6 6

Debye-Huckel  C a l c u l a t e d  pH
[Acid]] » [Oxidant]  * Observed S ta n d a rd

_______R a t i o _____________  pH D e v i a t i o n  L i m i t i n g  Law E x p r e s s i o n

00 2.438 0 .0 0 7 2 .415 2 .410
3 7 . 5 8 2.441 0 .005 2.416 2 .410
18 .79 2.441 0 .0 0 6 2 .417 2 .411
12 .53 2 .441 0 . 0 0 8 2 .41 7 2 .411

9 .396 2 .438 0 .005 2 .418 2 .41 2
7-517 2 .440 0 .0 0 4 2 .41 9 2 .41 3
4 .6 9 8 2 .43 5 0 .0 0 6 2 .42 2 2 .414
3 .75 8 2 .4 33 0 .00 7 2 .423 2 .415
1 .879 2 .432 0 . 0 0 8 2.431 2 .420
0 .9 4 0 0 2 .430 0 . 0 0 8 2 .444 2 .4  27

A-pH = - 0 .0 0 8  +0 .029  +0 .017

♦ t o t a l  o x i d a n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  a s  d i c h r o m a te  ( 0 . 5  CC r )
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Figure VII-li pH of HCl-KgCr^ Solutions at 25°C

[HCl] = x l C f 3 M

Key: L -  Debye-Huckel  l i m i t i n g  law

E -  Debye-Huckel  e x p r e s s i o n

0 -  E x p e r im e n t  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

10 20

[Acidl » [p x id a n t |  R a t i o
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c o n c e n t r a t i o n .  S u b s t i t u t i o n  o f  e x p r e s s i o n s  f o r  b ic h ro m a te

B ichrom ate  and d i c h r o m a te  c o n c e n t r a t i o n s  a r e  th e n  d e te rm in e d  

by s u b s t i t u t i o n  i n t o  e q u a t i o n s  (7 )  and ( 8 ) .  The r e s u l t s  o f  

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

m ate ,  and ch rom ate  s p e c i e s  f o r  = 0 .1 0  ( e . g . ,  0 .0 5  M 

KgCrgOp) a r e  shown i n  T ab le  V I I - 2  and F i g u r e  V I I - 2 .

E q u a t io n  (10) i n d i c a t e s  t h a t  th e  d i s t r i b u t i o n  i s  

d e p e n d e n t  on t h e  two f a c t o r s ,  pH and C ^ .  T ab le  V I I - 2  

i n d i c a t e s  t h a t ,  a t  c o n s t a n t  CC r , i n c r e a s i n g  pH d o e s  n o t  

s i g n i f i c a n t l y  a l t e r  th e  d i s t r i b u t i o n  up to  pH >4* th e  

r e l a t i v e  d i c h r o m a te  and b i c h r o m a te  c o n c e n t r a t i o n s  rem a in  

e s s e n t i a l l y  c o n s t a n t  w h i l e  ch ro m a te  c o n c e n t r a t i o n  i s  

n e g l i g i b l e  a t  low pH.

The f o r t y - f o l d  v a r i a t i o n  i n  CCr ( e x c l u d i n g  th e  d i c h r o -  

m a t e - f r e e  s o l u t i o n )  o v e r  th e  ra n g e  o f  d i c h r o m a te  c o n c e n t r a ­

t i o n s  s t u d i e d  does  a f f e c t  t h e  d i s t r i b u t i o n  o f  C r (V I)  a t  a  

g i v e n  pH. C a l c u l a t i o n s  u s i n g  t h e  HC1 c o n c e n t r a t i o n  from 

Tab le  V I I - l  i n  e q u a t i o n  (10)  i n d i c a t e  t h a t  t h e  b u lk  o f  Cgr  

i s  p r e s e n t  a s  HCrO^-  a t  pH 2 . 4 ,  and v a r i e s  from a p p r o x i m a t e l y  

0 . 6 7  Cgr  i n  th e  m ost  c o n c e n t r a t e d  d i c h r o m a te  s o l u t i o n  to  

0 .9 8  C^r  i n  t h e  m ost  d i l u t e  one ( F i g u r e  V I I - 3 ) ,

and d ic h ro m a te  c o n c e n t r a t i o n s  from e q u a t i o n s  (7)  and (8)  

i n t o  e q u a t i o n  (9)  y i e l d s t

( 1 0 )

which may be s o l v e d ,  v i a  t h e  q u a d r a t i c  f o r m u la ,  f o r
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Table  V I I - 2 t  D i s t r i b u t i o n  o f  Chromium S p e c i e s  i n  0 .0 5  M 

KgCrgOp w i th  V ary in g  pH

pH

0 . 1 9 9 9 9 9 9 9  
0 . 3 9 9 9 9 9 9 8  
0 . 5 9 9 9 9 9 9 6  
0 . 7 9 9 9 9 9 9 5  
0 . 9 9 9 9 9 9 9 4  
1 . 1 9 9 9 9 9 8 1  
1 . 3 9 9 9 9 9 6 3  
1 . 5 9 9 9 9 9 4 3  
1 . 7 9 9 9 9 9 2 4  
1 . 9 9 9 9 9 9 0 5  
2 . 1 9 9 9 9 8 8 6  
2 . 3 9 9 9 9 8 6 6  
2 . 5 9 9 9 9 8 4 7  
2 . 7 9 9 9 9 8 2 8  
2 . 9 9 9 9 9 8 0 9  
3 . 1 9 9 9 9 7 9 0  
3 . 3 9 9 9 9 7 7 1  
3 . 5 9 9 9 9 7 5 2  
3 . 7 9 9 9 9 7 3 3  
3 . 9 9 9 9 9 7 1 4  
4 . 1 9 9 9 9 6 9 5  
4 . 3 9 9 9 9 6 7 6  
4 . 5 9 9 9 9 6 5 7  
4 . 7 9 9 9 9 6 3 8  
4 . 9 9 9 9 9 6 1 9  
5 . 1 9 9 9 9 5 9 9  
5 . 3 9 9 9 9 5 8 0  
5 . 5 9 9 9 9 5 6 1  
5 . 7 9 9 9 9 5 4 2  
5 . 9 9 9 9 9 5 2 3  
6 . 1 9 9 9 9 5 0 4  
5 . 3 5 9 9 9 4 8 5  
6 . 5 9 9 9 9 4 6 6  
6 . 7 9 9 9 9 4 4 7  
6 . 9 9 9 9 9 4 2 8  
7 . 1 9 9 9 9 4 0 9  
7 . 3 9 9 9 9 3 9 0  
7 . 5 9 9 9 9 3 7 1  
7 . 7 9 9 9 9 3 5 2  
7 . 9 9 9 9 9 3 3 2  
8 . 1 9 9 9 9 3 1 3  
8 . 3 9 9 9 9 2 9 4  
8 . 5 9 9 9 9 2 7 5  
8 . 7 9 9 9 9 2 5 6  
8 . 9 9 9 9 9 2 3 7  
9 . 1 9 9 9 9 2 1 8  
9 . 3 9 9 9 9 1 9 9  
S . 5 9 9 9 9 1 8 0  
9 . 7 9 9 9 9 1 6 1  
9 . 9 9 9 9 9 1 4 2

0 . 6 3 0 9 5 7 4 2  
0 . 3 9 8 1 0 7 2 9  
0 . 2 5 1 1 8 8 9 3  
0 . 1 5 8 4 8 9 5 3  
0 . 1 0 0 0 0 0 1 4  
0 . 0 6 3 0 9 5 8 1  
0 . 0 3 9 8 1 0 7 8  
0 . 0 2 5 1 1 8 9 3  
0 . 0 1 5 8 4 8 9 8  
0 . 0 1 0 0 0 0 0 4  
0 . 0 0 6 3 0 9 6 0  
0 . 0 0 3 9 8 1 0 9  
0 . 0 0 2 5 1 1 9 0  
0 . 0 0 1 5 8 4 9 0  
0 . 0 0 1 0 0 0 0 1  
0 . 0 0 0 6 3 0 9 6  
0 . 0 0 0 3 9 3 1 1  
0 . 0 0 0 2 5 1 1 9  
0 . 0 0 0 1 5 8 4 9  
0 . 0 0 0 1 0 0 0 0  
0 . 0 0 0 0 6 3 1 0  
0 . 0 0 0 0 3 9 8 1  
0 . 0 0 0 0 2 5 1 2  
0 . 0 0 0 0 1 5 8 5  
0 . 0 0 0 0 1 0 0 0  
0 . 0 0 0 0 0 6 3 1  
0 . 0 0 0 0 0 3 9 8  
0 . 0 0 0 0 0 2 5 1  
0 . 0 0 0 0 0 1 5 8  
0 . 0 0 0 0 0 1 0 0  
0 . 0 0 0 0 0 0 6 3  
0 . 0 0 0 0 0 0 4 0  
0 . 0 0 0 0 0 0 2 5  
0 . 0 0 0 0 0 0 1 6  
0 . 0 0 0 0 0 0 1 0  
0 . 0 0 0 0 0 0 0 6  
0 . 0 0 0 0 0 0 0 4  
0 . 0 0 0 0 0 0 0 3  
0 . 0 0 0 0 0 0 0 2  
0 . 0 0 0 0 0 0 0 1  
0 . 0 0 0 0 0 0 0 1  
0.00000000 
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 . 0 0 0 0 0 0 0 0  
0 .00000000

hi
0 . 0 0 0 0 0 0 0 1  
0 . 0 0 0 0 0 0 0 2  
0 . 0 0 0 0 0 0 0 4  
0 . 0 0 0 0 0 0 0 6  
0 . 0 0 0 0 0 0 0 9  
0 - 0 0 0 0 0 0 1 5  
0 . 0 0 0 0 0 0 2 3  
0 . 0 0 0 0 0 0 3 7  
0 . 0 0 0 0 0 0 5 8  
0 . 0 0 0 0 0 0 9 2  
0 . 0 0 0 0 0 1 4 6  
0 . 0 0 0 0 0 2 3 1  
0 . 0 0 0 0 0 3 6 7  
0 . 0 0 0 0 0 5 8 1  
0 . 0 0 0 0 0 9 2 1  
0 . 0 0 0 0 1 4 5 9  
0 . 0 0 0 0 2 3 1 3  
0 . 0 0 0 0 3 6 6 5  
0 - 0 0 0 0 5 8 0 8  
0 . 0 0 0 0 9 2 0 4  
0 . 0 0 0 1 4 5 8 3  
0 . 0 0 0 2 3 1 0 0  
0 . 0 0 0 3 6 5 8 3  
0 . 0 0 0 5 7 9 0 7  
0 . 0 0 0 9 1 5 9 4  
0 . 0 0 1 4 4 7 1 2  
0 • 0 C 2 2 8 2 1 4 
0 . 0 0 3 5 8 8 5 7  
0 - 0 0 5 6 1 7 0 6  
0 . 0 0 8 7 2 8 9 1  
0 . 0 1 3 4 1 1 8 2  
0 . 0 2 0 2 4 6 5 1  
0  . 0 2 9 7 4 9 0 8  
0 - 0 4 1 9 9 4 9 4  
0 - 0 5 6 0 7 1 3 9  
0 . 0 6 9 8 8 7 8 8  
0 . 0 8 1 1 4 1 0 0  
0 . 0 8 8 8 4 2 8 7  
0 . 0 9 3 5 2 1 9 5  
0 . 0 9 6 2 1 4 7 1  
0 . 0 9 7 7 4 3 2 7  
0 . 0 9 8 6 1 7 9 7  
0 . 0 9 9 0 6 7 6 3  
0 . 0 9 9 2 2 3 9 1  
0 . 0 9 9 3 5 3 6 1  
0  * 0 9 9 8 2 4 7 3  
0 . 0 9 6 7 1 8 7 3  
0 * 0 9 8 9 7 6 9 7  
0 . 0 9 0 4 0 8 4 4  
0 . 0 5 6 7 7 3 1 7

0 . 0 3 5 6 1 1 0 6  
0 . 0 3 5 6 1 1 0 1  
0 . 0 3 5 6 1 1 0 1  
0 . 0 3 5 6 1 1 0 3  
0 . 0 3 5 6 1 0 9 5  
0 . 0 3 5 6 1 0 9 4  
0 . 0 3 5 6 1 0 9 6  
0 . 0 3 5 6 1 0 8 5  
0 . 0 3 5 6 1 0 7 4  
0 . 0 3 5 6 1 0 7 0  
0 . 0 3 5 6 1 0 4 2  
0 . 0 3 5 6 1 0 0 1  
0 . 0 3 5 6 0 9 5 4  
0 . 0 3 5 6 0 8 6 0  
0 . 0 3 5 6 0 7 1 6  
0 . 0 3 5 6 0 4 9 7  
0 . 0 3 5 6 0 1 3 2  
0 . 0 3 5 5 9 5 7 6  
0 . 0 3 5 5 8 6 9 0  
0 . 0 3 5 5 7 2 7 8  
0 . 0 3 5 5 5 0 3 3  
0 . 0 3 5 5 1 4 9 7  
0 . 0 3 5 4 5 8 8 7  
0 . 0 3 5 3 7 0 1 6  
0 . 0 3 5 2 3 0 2 3  
0 . 0 3 5 0 0 9 5 3  
0 . 0 3 4 6 6 2 8 0  
0 . 0 3 4 1 2 1 0 3  
0 . 0 3 3 2 8 1 1 6  
0 . 0 3 1 9 9 6 3 2  
0 . 0 3 0 0 7 1 5 6  
0 . 0 2 7 2 8 2 3 5  
0 . 0 2 3 4 4 9 2 3  
0 . 0 1 6 6 0 2 7 2  
0 . 0 1 3 2 0 2 9 5  
0 . 0 0 8 1 6 5 7 8  
0 . 0 0 4 3 8 1 9 5  
0 . 0 0 2 0 9 1 4 0  
0 . 0 0 0 9 2 2 6 0  
0 . 0 0 0 3 8 8 7 5  
0 . 0 0 0 1 5 9 7 2  
0 . 0 0 0 0 6 4 7 3  
0 . 0 0 0 0 2 6 0 1  
0 . 0 0 0 0 1 0 3 9  
0 . 0 0 0 C 0 4 1 5 
0 . 0 0 0 0 0 1 6 7  
0 . 0 0 0 0 0 0 6 2  
0 . 0 0 0 0 0 0 2 6  
0 . 0 0 0 0 0 0 0 9  
0 .0 0 0 0 0 0 0 1

0 . 0 2 8 7 7 7 8 4
0 . 0 2 8 7 7  783
0 . 0 2 8 7 7 7 8 3
0 . 0 2 8 7 7 7 8 3
0 . 0 2 8 7 7 7 8 0
0 . 0 2 8 7 7 7 7 9
0 . 0 2 8 7 7 7 8 0
0 . 0 2 8 7 7 7 7 6
0 . 0 2 8 7 7 7 7 3
0 . 0 2 8 7 7 7 6 9
0 . 0 2 8 7 7 7 5 9
0 . 0 2 8 7 7 7 4 4
0 . 0 2 8 7 7 7 2 3
0 . 0 2 8 7 7 6 8 5
0 . 0 2 8 7 7 6 2 7
0 . 0 2 8 7 7 5 3 8
0 . 0 2 8 7 7 3 9 1
0 . 0 2 8 7 7 1 6 6
0 . 0 2 8 7 6 8 0 8
0 . 0 2 8 7 6 2 3 7
0 ; 0 2 8 7 5 3 3 0
0 . 0 2 8 7 3 8 9 9
0 . 0 2 8 7 1 6 2 8
0 . 0 2 8 6 8 0 3 5
0 . 0 2 8 6 2 3 5 5
0 . 0 2 8 5 3 3 7 5
0 . 0 2 8 3 9 2 1 1
0 . 0 2 8 1 6 9 3 5
0 . 0 2 7 8 2 0 5 1
0 . 0 2 7 2 7 8 2 1
0 . 0 2 6 4 4 5 0 1
0 . 0 2 5 1 8 8 7 6
0 . 0 2 3 3 5 2 3 2
0 . 0 2 0 7 9 9 5 5
0 . 0 1 7 5 2 2 7 0
0 . 0 1 3 7 8 0 4 9
0 . 0 1 0 0 9 4 8 4
0 . 0 0 6 9 7 4 0 5
0 . 0 0 4 6 3 2 0 4
0 . 0 0 3 0 0 6 7 9
0 .  OOl92 7 31
0 . 0 0 1 2 2 6 9 2
0 . 0 0 0 7 7 7 6 7
0 . 0 0 0 4 9 1 4 5
0 . 0 0 0 3 1 0 4 9
0 . 0 0 0 1 9 6 8 4
0 . 0 0 0 1 2 0 3 3
0 . 0 0 0 0 7 7 7 0
0 . 0 0 0 0 4 4 7 8
0 . 0 0 0 0 1 7 7 4
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F i g u r e  VII-2»  D i s t r i b u t i o n  o f  Chromium S p e c i e s  i n  0 .0 5  M 

KgCrgOp w i t h  V a ry in g  pH

0 .1 0

CrO

0 .0 5

HCrO

0.00

pH
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F i g u r e  V I I - 3 t  D i s t r i b u t i o n  o f  Chromium S p e c ie s  a t  C o n s t a n t

pH w i th  V a ry in g  CCr

[HCl] = 4 .1 4 9  x 10‘ 3 M

100

HCrO.r

10 20 30 
(Acid] t [O x id an t ]  R a t i o
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The q u e s t i o n  may be r a i s e d  a s  t o  w h e th e r  i t  i s  v a l i d  to  

u t i l i z e  an  a c i d t o x i d a n t  r a t i o  s c a l e  i n  F i g u r e  V I I - l  based  on 

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

t h i s  i s  n o t  a c t u a l l y  th e  c a s e .  B ich ro m a te ,  HCrO^- , i s
2 -  2-  a l m o s t  a s  good an o x i d i z i n g  a g e n t  a s  C r 20^ , w h i l e  CrO^

h as  o n ly  weak o x i d i z i n g  p r o p e r t i e s  (T ab le  V - l ) .  However, 

th e  c o n c e n t r a t i o n  o f  t h e  l a t t e r  i s  n e g l i g i b l e  be low pH 5,  

and t h e r e f o r e  i t  i s  n o t  i n c o r r e c t  t o  s t a t e  t h a t  t h e  chromium 

s p e c i e s  a r e  q u a n t i t a t i v e l y  p r e s e n t  a s  s t r o n g  o x i d a n t s  a t  pH 

Z.h . While  i t  i s  s im p ly  a m a t t e r  o f  c a l c u l a t i o n  to  d e t e r ­

mine t h e  o x i d a n t  c o n c e n t r a t i o n  i n  te rm s  o f  t h e  sum o f  th e  

a c t u a l  d i c h r o m a te  and b ic h ro m a te  c o n c e n t r a t i o n s ,  i m p o r t a n t  

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

( t o  be d i s c u s s e d  l a t e r )  a r e  t h u s  o b s c u r e d .  I t  i s  n o t  o n ly  

c o n v e n i e n t ,  b u t  a l s o  a d v a n t a g e o u s ,  t o  u t i l i z e  a  s c a l e  i n  

which t h e  t o t a l  o x i d a n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  i n  te rm s  

o f  d i c h r o m a t e  o n ly ;  i t  s h o u ld  be n o t e d  t h a t  th e  same a r g u ­

ments  a p p ly  w i th  e q u a l  f o r c e  t o  th e  use  o f  an  a b c i s s a  i n  

which t h e  t o t a l  o x i d i z i n g  a g e n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  

i n  te rm s  o f  b i c h r o m a te  o n l y  ( i n  which c a s e  a l l  t h e  numbers 

on t h e  a c i d t o x i d a n t  r a t i o  s c a l e  o f  F i g u r e  V I I - 1  would be 

h a l v e d ) .

I t  may be m en t ioned  a t  t h i s  p o i n t  t h a t  t h e  i o n i c

s t r e n g t h s  ( e q u a t i o n  (*0) used  to  c a l c u l a t e  Debye-Huckel  pH

v a l u e s  were d e te r m in e d  on t h e  b a s i s  o f  CrgO^ -  HCrO^ -  
2-

CrO^ d i s t r i b u t i o n s  c a l c u l a t e d  v i a  e q u a t i o n  ( 1 0 ) ,  and n o t  

on t h e  s u p p o s i t i o n  o f  t h e  p r e s e n c e  o f  o n ly  one form o f  t h e



-288-

o x i d i z i n g  a g e n t .  However, th e  pH c a l c u l a t e d  i n  t h i s  manner 

d i f f e r s  o n ly  s l i g h t l y  (_<_ 0 .0 0 5  pH u n i t )  from t h a t  c a l c u l a t e d  

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

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

T ab le  V I I - 3  and F i g u r e  V I I - 4  c o n t a i n  th e  r e s u l t s  o f

e x p e r i m e n t s  w i t h  K^CrgOr, i n  which HCIO^ was s u b s t i t u t e d  f o r

HC1. A pH t r e n d  s i m i l a r  t o  t h a t  o f  t h e  HCl-KgCrgO^ sys tem

was o b se rv e d  w i th  i n c r e a s i n g  o x i d i z i n g  a g e n t  c o n c e n t r a t i o n ,  

i n d i c a t i n g  t h a t  t h i s  b e h a v i o r  i s  n o t  an  anomaly c h a r a c t e r i s t i c  

o f  HC1.

Measurements o f  th e  emf, Ec e 2̂ ,  o f  c e l l s  c o n t a i n i n g  a 

s e r i e s  o f  HCl-KgCrgO^ s o l u t i o n s  and a n  HC1 r e f e r e n c e  s o l u t i o n  

i n  t h e  pH 2 .3  -  Z. b  r a n g e  a r e  shown i n  T ab le  VII-Jj- and F i g u r e  

V I I - 5 .  These d a t a  i n d i c a t e  t h a t  EC6; q  i n c r e a s e s  w i th  

i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n  o v e r  th e  ra n g e  o f  CCr 

s t u d i e d  by more t h a n  3 mv. S in c e

Ec e l l  * Er e f  '  Ein d  ( 1 1 >

where Er e ^ and E^n(j r e p r e s e n t  t h e  p o t e n t i a l s  o f  t h e  r e f e r e n c e  

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

Ein d  must  d e c r e a s e  w i th  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n .

T h is  i s  d ue ,  a t  l e a s t  i n  p a r t ,  t o  th e  d e c r e a s e d  a c t i v i t y  o f  

h ydrogen  io n  a t  i n c r e a s e d  i o n i c  s t r e n g t h  (Debye-Huckel  

e f f e c t ) ,  b u t  t h e  m agn i tude  o f  t h i s  e f f e c t  i s  much g r e a t e r  

t h a n  t h e  p r e d i c t i o n s  o f  e i t h e r  o f  t h e  forms o f  t h e  Debye- 

Huckel  e q u a t i o n  u t i l i z e d  i n  T a b le  V I I - l ,  and i m p l i e s  t h a t  

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



T ab le  VII-3*  pH o f  HClO^-KgCrgOy S o l u t i o n s  a t  25°C

pH

HC10■] 5 .7 5 0  x 10 -3 M

o f  s t a n d a r d i z i n g  b u f f e r s *  2 . 2 7 0 , 2 .3 6 6

(Acid] * [Oxidant] * Observed S t a n d a rd  
______ R a t i o _____________  pH D e v i a t i o n

Debye-Huckel  C a l c u l a t e d  pH 

L i m i t i n g  Law E x p r e s s i o n

00 2 .2 9 4 0 .0 0 6 2 .279 2 .2 7 2
4 1 .0 1 2 .2 9 8 0 .0 0 4 2 .2 8 0 2 .2 7 2
20 .51 2 .298 0 . 0 0 3 2 .2 8 1 2 .273
1 6 .44 2 .29 3 0 .0 0 5 2 .2 8 2 2 .274
1 3 .6 8 2.296 0 .0 0 4 2 .2 8 2 2 .274
1 0 .2 6 2 .296 0 .0 05 2 .2 8 3 2 .27 4

8 . 1 8 2 2 .29 5 0 .0 0 5 2 .28 4 2 .275
4 .1 0 1 2 .2 9 2 0 .0 0 4 2 . 2 8 8 2 .2 7 8
2 .051 2 .2 8  7 0 . 0 0 5 2.296 2 . 2 8 3
1 .0 2 6 2 .28 9 0 .0 0 5 2 .311 2 .2 9 0

A p H  *■ - 0 .0 0 5 +0 . 0 3 2 +0 . 0 1 8

o x i d a n t c o n c e n t r a t i o n  i s e x p r e s s e d a s  d i c h r o m a te ( ° . 5  c C r >
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Figure VII-̂ -i pH of HClO^-KgCrgOy Solutions at 25°C

(h c ioJ  = 5 .7 5 0  x 10_3 M

Keyj L -  Debye-Huckel  l i m i t i n g  law

E -  Debye-Huckel  e x p r e s s i o n

(1 -  E xper im en t  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

2 .2 9

2 .28

2 .2 7

10 20

jAcidJ t j b x id a n t j  R a t i o  



T ab le  VII-4*  Emf Changes and C a l c u l a t e d  L i q u i d - J u n c t i o n  P o t e n t i a l  Changes o f  

C e l l s  C o n t a i n i n g  HCl-K^CrvO„ S o l u t i o n s  a t  25°C

C e l l s  G la s s HC1 (4 .7 0 1  x 10- 3  M), K2C r 20? (x  M) HC1 (4 .7 0 1  x 10~3 M) G la s s
I n d i c a t o r  H a l f  C e l l R e fe re n c e  H a l f  C e l l

a Ej  (p H u n i t s ) ______
jAcid] s fOxidan t]  * Ec e l l  S t a n d a r d  AEc e l l  „  ** L i m i t i n g
 R a t i o __________  (mv) D e v i a t i o n  (mv) ^  ind______Law E x p r e s s i o n

00 0 . 4 0 .8 - - - -

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

3 .521 1 .6 0 . 8 1 .2 0 .0 2 0 0 .1 7 8 0 .1 7 7

1 .753 2 . 4 0 . 9 2 .0 0 . 0 3 4 0 .2 9 3 0 .29 0

0 .8 7 8 7 3 .7 0 . 5 3 .3 0 . 0 5 6 0 .4 3 4 0 .4 3 4

• t o t a l  o x i d a n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  a s  d i c h r o m a te  ( 0 . 5  0 ^ )
** = change  i n  t h e  i n d i c a t o r  h a l f  c e l l  pH w i th  i n c r e a s i n g  o x i d a n t

c o n c e n t r a t i o n  = -  AEc e l l / 0 . 05916 @ 25°C
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F i g u r e  VII-5* Emf o f  C e l l s  C o n t a i n i n g  HCl-KgCr20y S o l u t i o n s

a t  2 ‘?°C

C e l l*

G l a s s  HC1
HC1 (^ .7 0 1  x 10

-  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

G la s s

0.0

[Acid) « [bxidani]  R a t i o
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A change i n  t h e  l i q u i d - j u n c t i o n  p o t e n t i a l  o f  a c e l l ,

i s  sometimes r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  be tw een  ob se rv ed

and p r e d i c t e d  pH. The l i q u i d - j u n c t i o n  p o t e n t i a l  may be

changed by a l t e r i n g  th e  i o n i c  s t r e n g t h  o f  th e  sample  s o l u t i o n *

however ,  s o l u t i o n s  o f  e q u a l  i o n i c  s t r e n g t h  c o n t a i n i n g  e q u a l

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

e l e c t r o l y t e s  a r e  a l s o  c h a r a c t e r i z e d  by u n e q u a l  E .  v a l u e s  ( i n
J

c e l l s  w i th  i d e n t i c a l  r e f e r e n c e  e l e c t r o d e s ) ,  which a r e  mani­

f e s t e d  a s  d i f f e r e n c e s  be tween th e  o b se rv e d  pH v a l u e s  o f  t h e s e  

s o l u t i o n s .  The l i q u i d - j u n c t i o n  p o t e n t i a l  depends  upon the  

n a t u r e  o f  each  i n d i v i d u a l  i o n i c  s p e c i e s  i n  s o l u t i o n ,  i t s  

a c t i v i t y ,  and i t s  t r a n s p o r t  number .  T h is  i s  c l e a r l y  e v i ­

denced by th e  Henderson e q u a t i o n ,  from which E .  i s  c a l c u l a t e d
J

a s  th e  d i f f e r e n c e  be tween  th e  sums o f  c o n t r i b u t i o n s  o f  a l l  

t h e  i o n s  p r e s e n t  i n  the  s o l u t i o n s ,  " 1 ” and " 2 " ,  be tween 

which th e  boundary  e x i s t s  »

dpa .  (pa .  u n i t s ) ( 12 )

where a^ = th e  a c t i v i t y  o f  s p e c i e s  " i " ,

z^ = i t s  c h a r g e ,

and t^  = i t s  t r a n s p o r t  number,  which depen ds  on th e

a c t i v i t i e s  and m o b i l i t i e s ,  u^ ,  o f  a l l  t h e  i o n s
2

p r e s e n t  i n  s o l u t i o n  i

(13)
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E q u i v a l e n t  i o n i c  c o n d u c ta n c e  a t  i n f i n i t e  d i l u t i o n  c o n s t i t u t e s  

a r e l i a b l e  m easure  o f  r e l a t i v e  i o n i c  m o b i l i t y  and may t h e r e ­

f o r e  be used  to  c a l c u l a t e d  t r a n s p o r t  numbers .

C a l c u l a t i o n s  o f  A E . ,  t h e  change  i n  l i q u i d - j u n c t i o n
J

p o t e n t i a l  w i th  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n ,  were made

f o r  t h e  HCl-I^CrgO^ s o l u t i o n s  o f  T ab le  V I I - 4  by c a l c u l a t i n g

th e  c o n t r i b u t i o n  t o  E.  o f  t h e  i n d i c a t o r  h a l f  c e l l  ( s o l u t i o n
J

"1" i n  e q u a t i o n  ( 1 2 ) )  and s u b t r a c t i n g  from th e  r e s u l t  o f

a  s i m i l a r  c a l c u l a t i o n  f o r  th e  r e f e r e n c e  h a l f  c e l l  ( s o l u t i o n

"2" i n  e q u a t i o n  ( 1 2 ) ,  and a c o n s t a n t ) . The v a l u e s  f o r  th e

l i m i t i n g  i o n i c  c o n d u c t a n c e s  a r e  f rom t h e  d a t a  t a b u l a t e d
19by Robinson and S to k e s  , e x c e p t  f o r  t h o s e  o f  b i c h r o m a te  and

d i c h r o m a t e ,  which were e s t i m a t e d  from th e  e x t r a p o l a t i o n  to

i n f i n i t e  d i l u t i o n  o f  th e  e q u i v a l e n t  c o n d u c t a n c e s ,  measured

a t  v a r i o u s  c o n c e n t r a t i o n s ,  o f  ^a 2(' r 2^7 ^ 2 ^ r 2
20 21s o l u t i o n s  * , and t h e n  s u b t r a c t i n g  th e  a p p r o p r i a t e  c a t i o n i c

l i m i t i n g  e q u i v a l e n t  c o n d u c t a n c e * .  The a c t i v i t y  o f  e ach  i o n i c  

s p e c i e s  was c a l c u l a t e d  from b o th  t h e  Debye-Huckel  l i m i t i n g  

law ( e q u a t i o n  ( 2 ) )  and t h e  Debye-Huckel  e x p r e s s i o n  w i t h  i o n -  

s i z e  p a r a m e t e r  ( e q u a t i o n  ( 3 ) ) .  The i o n - s i z e  p a r a m e t e r s  o f

♦S in ce  an  a c i d i c ,  aqueous  s o l u t i o n  o f  d ic h r o m a te  i s  a c t u a l l y  
a  d i c h r o m a t e - b i c h r o m a t e  m i x t u r e ,  and th e  m o b i l i t i e s  o f  t h e s e  
i o n s  t h e r e f o r e  c a n n o t  be d e te r m in e d  i n d e p e n d e n t l y  o f  each  
o t h e r ,  t h e  r e s u l t  o f  th e  e x t r a p o l a t i o n  p r o c e d u r e  was c o n ­
s i d e r e d  an  " a v e r a g e "  l i m i t i n g  e q u i v a l e n t  i o n i c  c o n d u c ta n c e  
and was a p p l i e d  to  t h e  c a l c u l a t i o n  o f  t h e  t r a n s p o r t  numbers 
o f  b o th  t h e  d i c h r o m a te  and b i c h r o m a te  s p e c i e s .
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a l l  r e l e v a n t  s p e c i e s  r e q u i r e d  f o r  t h e  l a t t e r  c o m p u ta t i o n  were 

o b t a i n e d  d i r e c t l y  from th e  d a t a  o f  K i e l l a n d  , e x c e p t  f o r  

d i c h r o m a te  and b i c h r o m a t e ,  f o r  which i  (which i s  d e p e n d e n t  

upon th e  l i m i t i n g  e q u i v a l e n t  i o n i c  c o n d u c ta n c e )  was e s t i m a t e d  

by K i e l l a n d ’s  m ethod.

The a E .  v a l u e s  t a b u l a t e d  i n  T ab le  V I I - 4  p r e d i c t  t h a t  
J

t h e  pH sh o u ld  i n c r e a s e  by more th a n  0 . 4  pH u n i t  o v e r  th e

ra n g e  o f  o x i d a n t  c o n c e n t r a t i o n s  exam ined .  The o b se rv e d

v a l u e s  o f  ^ E g g ^ i  (which i s  e q u a l  to  -  AE^n d ) ,  t h e  change  i n

c e l l  emf w i t h  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n ,  i n d i c a t e  a

r i s e  i n  pH b a r e l y  one e i g h t h  a s  l a r g e  a s A E .  o v e r  th e  same
J

r a n g e .  I t  i s  e v i d e n t  t h a t  t h e  a c i d i t y  o f  t h e  o x i d i z i n g  a g e n t  

s i g n i f i c a n t l y  c o u n t e r a c t s  t h e  e f f e c t  o f  c h a n g in g  l i q u i d -  

j u n c t i o n  p o t e n t i a l ,  b e ca u se  AEc e ^  and AE^ a r e  n o t  even o f  

a p p r o x i m a t e l y  e q u i v a l e n t  m a g n i tu d e .  The m ag n i tud e  o f  th e  

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

i n  a  n e t  d e c r e a s e  i n  pH c o m p arab le  t o  t h a t  o b se rv e d  i n  meas­

u re m e n ts  w i t h  a  g l a s s - c a l o m e l  c e l l  (T ab le  V I I - 1 ) .  However, 

i t  may be r e a s o n a b l y  assumed t h a t  t h e  c o n c e n t r a t e d  KC1 s a l t  

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

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

f o r  a  s e r i e s  o f  d i l u t e ,  aqueou s  s o l u t i o n s  o f  s i m i l a r  compo­

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

i n  pH. I t  i s  f o r  t h i s  r e a s o n  t h a t  ApH, th e  change  i n  pH w i th  

i n c r e a s i n g  o x i d i z i n g  a g e n t  c o n c e n t r a t i o n ,  i s  s i g n i f i c a n t  i n  

T ab le  V I I - 1 ,  a l t h o u g h  i t s  m ag n i tud e  i s  com p arab le  t o  t h a t  o f  

th e  s t a n d a r d  d e v i a t i o n  o f  m easu rem en ts  f o r  each  s o l u t i o n .
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The d e c r e a s e  i n  E^n(J may a l s o  be p a r t i a l l y  a t t r i b u t e d  

to  th e  f o r m a t io n  o f  t h e  c h lo r o c h r o m a te  i o n ^ ,

HCrO^” + H+ + C l “ r = *  CrO^Cl” + HgO (1*0*

K = 17

which i n v o l v e s  th e  r e p l a c e m e n t  o f  t h r e e  i o n i c  s p e c i e s  by a  

s i n g l e  i o n ,  b u t  i t  i s  n o t a b l e  t h a t  e q u a t i o n  (1*0 p r e d i c t s  a 

s i g n i f i c a n t  r i s e  i n  pH w i th  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n ,  

s i n c e  hydrogen  i o n  i s  consumed d u r i n g  t h e  r e a c t i o n  and t h e  

m agn i tude  o f  K i s  f a i r l y  l a r g e ,  which i s  i n  c o n t r a d i c t i o n  

w i th  e x p e r i m e n t a l  o b s e r v a t i o n .  Thus,  d e s p i t e  s e v e r a l  

r e a s o n s  (Debye-Huckel  e f f e c t ,  change  i n  l i q u i d - j u n c t i o n  

p o t e n t i a l ,  c h lo r o c h r o m a te  i o n  f o r m a t i o n )  to  e x p e c t  a  l a r g e  

r i s e  i n  pH w i th  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n ,  an i n c r e a s e  

i n  a c i d i t y  ( o r ,  a t  l e a s t ,  o n l y  a  s m a l l  d e c r e a s e )  i s  o b s e r v e d .

We p ro p o se  t h a t  th e  d e c r e a s e  i n  E^nd and t h e  s i m u l t a - ’ 

neous  i n c r e a s e  i n  a c i d i t y  may be e x p l a i n e d  by t h e  f a c t  t h a t  

d i c h r o m a te  and b i c h r o m a te  a l t e r  t h e  u s u a l  G r o t t h u s  mechanism 

f o r  r a p i d  p r o t o n  t r a n s f e r  i n  aqueo u s  s o l u t i o n s  ( F ig u r e  V - l ) .  

These chromium s p e c i e s  c o o r d i n a t e  w i th  hydrogen  (hydronium) 

i o n s  to  form l a r g e ,  bu lk y  s p e c i e s  o f  l i m i t e d  m o b i l i t y !

C r 20? 2" + m H30+ (C r20? • m H30 ) (m" 2)+ (15)

HCr(V  + n H30 + ? = *  (HCrOj  ̂ • n H y ) ) ( n - 1 ) + (16)

T h is  v i e w p o in t  i s  n o t  u n r e a s o n a b l e ,  s i n c e  an  oxygen o f  th e  

d i c h r o m a te  o r  b ic h r o m a te  e n t i t i e s  sh o u ld  be a t  l e a s t  a s

♦ E q u i l i b r i a  a n a lo g o u s  to  e q u a t i o n  (14) a l s o  o c c u r  i n  aqueous  
s u l f u r i c  and p h o s p h o r i c  a c i d  s o l u t i o n s  upon a d d i t i o n  o f  
d i c h r o m a t d ,  b u t  n o t  i n  p e r c h l o r i c  and n i t r i c  a c i d s .
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l i k e l y  a  c o o r d i n a t i o n  s i t e  f o r  p r o t o n s  a s  th e  oxygen atom o f

a w a t e r  m o le c u le ,  and p r o b a b l y  more so ,  b e ca u se  o f  th e

n e g a t i v e  c h a r g e s  on t h e s e  s p e c i e s .  The e x i s t e n c e  o f  t h e s e

"hyd ron iu m a ted "  s p e c i e s  i s  a t  l e a s t  a s  p o s s i b l e  a s  th e

e x i s t e n c e  o f  " h y d ro n iu m a te d " F e ( I I ) ,  which R eynolds  and 
7

Lumry p o s t u l a t e d  a s  a  p r e r e q u i s i t e  to  th e  G r o t t h u s - l i k e  

e l e c t r o n  exchange be tween  f e r r o u s  and f e r r i c  i o n s  i n  aqueous  

a c i d  s o l u t i o n s *

F e 2+ + H30* f - = l  Fe(H30 ) 3+ (15)

and which m anda tes  th e  c l o s e  ap p ro a ch  and c o m b in a t io n  o f  two

p o s i t i v e l y  c h a rg ed  s p e c i e s ,  i n  d i r e c t  c o n t r a d i c t i o n  w i t h  th e
8o p i n io n  o f  Duke t h a t  s p e c i e s  o f  l i k e  c h a rg e  do n o t  i n t e r a c t  

d i r e c t l y  ( s e e  C h a p te r  V f o r  a  com ple te  d i s c u s s i o n  o f  t h e s e  

p o i n t s ) .

The a s s u m p t io n  t h a t  e ach  oxygen atom i n  d i c h r o m a te  o r  

b i c h r o m a te  i s  c a p a b le  o f  c o o r d i n a t i n g  two hydronium io n s  

l e a d s  to  maximum v a l u e s  o f  m = 14 and n = 7 i n  e q u a t i o n s  ( 1 3 ) 

and ( 1 4 ) ,  r e s p e c t i v e l y .  The e x i s t e n c e  o f  s p e c i e s  w i th  

c h a r g e s  a s  h ig h  a s  th o s e  i n  (C r20^»14H30 ) * 2+ and 

(HCr0/+*7H30 ) ^ + seems im p ro b a b le ,  b u t  i t  i s  n o t a b l e  t h a t  

th e  e x p e r i m e n t a l  c u r v e s  o f  F i g u r e s  V I I -1  and V I I - 4  b e g in  to  

t u r n  downward, i . e . ,  b e g in  to  m a n i f e s t  t h e i r  most  v i s i b l e  

i n c r e a s e s  i n  a c i d i t y ,  a t  a c i d * o x i d a n t  r a t i o s  (where  t h e  

o x i d a n t  i s  c o n s i d e r e d  to  be p r e s e n t  t o t a l l y  a s  d i c h r o m a te  

o n ly  a s  a  c o n v e n ie n c e )  c l o s e  t o  l 4 i l  ( o r  7*1 i f  t h e  o x i d a n t  

i s  t a k e n  a s  b i c h r o m a t e ) .  Thus,  i n c r e a s e d  a c i d i t y  becomes 

m ost  v i s i b l e  when t h e r e  i s  i n s u f f i c i e n t  HyD* p r e s e n t  t o
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f u l l y  " h y d r o n iu m a te ” a l l  o f  t h e  a v a i l a b l e  d i c h r o m a te  and 

b ic h ro m a te  i n  th e  s e n s e  o f  th e  maximum c o o r d i n a t i o n  numbers 

p ro p osed  abo v e .  T h is  i m p l i e s  t h a t  th e  enhancem ent  o f  aqueous 

a c i d i t y  by t h e s e  o x i d i z i n g  a g e n t s  i s  r e l a t e d  to  c o m p e t i t i o n  

be tween  "hydron ium ated"  and n o n - " h y d ro n iu m a te d "  chromium 

s p e c i e s  f o r  t h e  a v a i l a b l e  hydronium i o n .  The o x i d i z i n g  

( e l e c t r o n  a c c e p t i n g )  a b i l i t i e s  o f  d i c h r o m a te  and b ic h r o m a te  

e x e r t  an i n d u c t i v e  e f f e c t  ( F i g u r e  V I I - 6 )  upon c o o r d i n a t e d  

hydronium i o n s  t h a t  " l o o s e n s "  p r o t o n s  from th e  complex and 

r e n d e r s  them even more a v a i l a b l e  to  r a p i d  p r o t o n  t r a n s f e r  

t h a n  i n  th e  c a s e  o f  th e  u s u a l  G r o t t h u s  mechanism. The 

u n u s u a l l y  h ig h  d e g re e  o f  f reedom  a f f o r d e d  p r o t o n s  u n d e r  

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

f o r  th e  o b se rv ed  i n c r e a s e  i n  a c i d i t y  w i th  i n c r e a s i n g  

o x i d i z i n g  a c id  c o n c e n t r a t i o n .  P o s t u l a t i o n  o f  th e  e x i s t e n c e  

o f  hydron ium ated  d i c h r o m a te  and b i c h r o m a te  a l s o  e x p l a i n s  

d e c r e a s e d  w i t h  i n c r e a s i n g  o x i d a n t  c o n c e n t r a t i o n ,  s i n c e

E.  i s  d e p e n d e n t  on i o n i c  m o b i l i t y  and su ch  l a r g e ,  b u lk y
v

s p e c i e s  a r e  n o t  e x p e c te d  t o  have h ig h  m o b i l i t i e s .  I t  i s  

o f  i n t e r e s t  to  n o t e  t h a t  t h e  h y d ro n ium a ted  s p e c i e s  s a t i s f y  

th e  Br/zfns t ed  -Lowry,  s o l v e n t  s y s t e m s ,  L ew is ,  and U sanovich  

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

s o l v e n t  c a t i o n  fo rm in g ,  e l e c t r o n  p a i r  a c c e p t i n g ,  and 

r e d u c i b l e .

Enhancement o f  a c i d i t y  by t h e s e  s p e c i e s  i s  n o t  l i m i t e d  

t o  t h e  v e r y  low pH r a n g e .  T ab le  V I I - 5  and F i g u r e  V I I - 7  

c o n t a i n  th e  r e s u l t s  o f  a  s e r i e s  o f  e x p e r i m e n t s  w i t h  th e
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F i g u r e  V I I - 6 t  I n d u c t i v e  S f f e c t  o f  O x i d i z i n g  A b i l i t y  o f  

D ichrom ate  and B ichrom ate  I o n s  upon Hydronium. Ion  

i n  ' 'Hydroniumated*’ S p e c i e s

Hv

H>i

H*0-+H

12+

HfoJ

6 +

Hj| 

Hs
H*0*H

j r ° * i
v

H
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HCl-K2C r 20 ^ - L iC l  sy s tem  i n  th e  pH 4 . 3  -  4 . 4  r a n g e .  I n i t i a l  

e x p e r i m e n t s  a t  t h i s  pH w i th  s o l u t i o n s  c o n t a i n i n g  o n l y  HC1 

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

Comparison o f  th e  c o m p o s i t i o n s  o f  th e  sample  s o l u t i o n s  w i th  

t h o s e  o f  s t a n d a r d  b u f f e r s  l e d  to  th e  d e d u c t i o n  t h a t  th e  low 

i o n i c  s t r e n g t h  o f  th e  sam ples  (5 x 10” -* -  2 x 10”**) c o u ld  be 

r e s p o n s i b l e  f o r  t h e  d i f f i c u l t i e s  i n  m easu rem en t .  P r im ary  

s t a n d a r d  0 .0 5  m p o ta s s iu m  hydrogen  p h t h a l a t e  b u f f e r  h a s  an 

i o n i c  s t r e n g t h  o f  a p p r o x i m a t e l y  0 . 0 5  a l t h o u g h  i t s  hydrogen  

i o n  c o n c e n t r a t i o n  i s  o n l y  a b o u t  10”** M. Sample s o l u t i o n s  

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

e l e c t r o l y t e ,  which gave s t a b l e  and r e p r o d u c i b l e  r e s u l t s .

The t h o u s a n d - f o l d  e x c e s s  o f  L iC l  r e l a t i v e  t o  HC1 i n  

each  sample s o l u t i o n  a l s o  p r o v i d e d  o t h e r  a d v a n t a g e s .  The 

change  i n  i o n i c  s t r e n g t h  o v e r  t h e  ran g e  o f  o x i d a n t  con cen ­

t r a t i o n s  examined was sm a l l  enough (0. 1%)  t o  e l i m i n a t e  

v a r i a t i o n s  due  to  th e  Debye-Huckel  e f f e c t  and c h a n g in g  

l i q u i d - j u n c t i o n  p o t e n t i a l ,  and p e r m i t t e d  t h e  o b s e r v a t i o n  

o f  a  d rop  i n  pH much l a r g e r  t h a n  a t  pH 2 . 4  . I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t ,  i f  i t  i s  assumed t h a t  th e  Debye- 

Huckel and l i q u i d - j u n c t i o n  p o t e n t i a l  c h an g e s  a t  pH 2 .4  

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

i n  a c i d i t y ,  t h e  t o t a l  m agn i tude  o f  t h a t  i n c r e a s e ,  i . e . ,  

t h e  sum o f  t h e  o b sc u re d  and o b s e rv e d  p a r t s ,  i s  a p p r o x i m a t e l y  

0 . 0 6  pH u n i t .  Tab le  V I I - 5  i n d i c a t e s  t h a t  a t  pH 4 . 4 ,  where 

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

e l e c t r o l y t e ,  th e  i n c r e a s e  i n  a c i d i t y  i s  a p p r o x i m a t e l y  0 . 0 5



T able  VII-5«  pH o f  HCl-KgCrgOy-LiCl S o l u t i o n s  a t  25°C

HClj = 5 .8 00  x 10” ^ M . J lICiJ = 5 .5 5 1  x 10"2 M

pH o f  s t a n d a r d i z i n g  b u f f e r  1 4 .0 0 4

Debye-Huckel  C a l c u l a t e d  pH
jAcid] « [ox idan t ]  * Observed S ta n d a r d

R a t io _____________  p H D e v i a t i o n  L i m i t i n g  Law E x p r e s s i o n

00 4 . 3 8 3 0 .0 1 1
3 9 .3 0 4 . 3 7 4 0 .0 1 2
1 9 .6 5 4 .3 7 3 0 .0 1 4
1 5 .7 6 4 . 3 8 3 0 .011
1 3 .1 2 4 . 3 6 8 0 .0 1 4

9 . 8 2 7 4 .3 7 3 0 .0 0 9
7 . 8 7 2 4 . 3 7 0 0 .0 0 9
3 . 9 5 4 4 . 3 5 0 0 .0 0 9
1 .9 6 9 4 .3 2 7 0 .0 0 8
0 .9 8 4 7 4 . 3 3 8 0 .0 1 2

4 .3 5 7  4 .3 0 7

a pH - 0 . 0 4 5

♦ t o t a l  o x i d a n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  a s  d i c h r o m a t e  ( 0 . 5  CC r )
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Figure VII-7» pH of HCl-KgCrgOp-LiCl Solutions at 25°C

[HOi] 

Key« L 

E

5 .8 0 0  x 10"5 M i [Licj] = 5 .551  x 10~2 M

Debye-Huckel  l i m i t i n g  law  

Debye-Huckel  e x p r e s s i o n

E x p er im e n t  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

4.A0 -

10

[Acid] t [Oxidant] R a t i o

20
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pH u n i t .  T ak ing  i n t o  a c c o u n t  t h e  change i n  th e  d i s t r i b u t i o n  

o f  chromium s p e c i e s  t h a t  accom pan ies  a  one h u n d r e d - f o l d  

d e c r e a s e  i n  CC r  ra n g e  ( a t  pH k . 4 ,  chromium (VI) i s  q u a n t i ­

t a t i v e l y  o r  a lm o s t  q u a n t i t a t i v e l y  p r e s e n t  a s  b i c h ro m a te  o v e r  

th e  ran ge  o f  CCr s t u d i e d ;  ch rom ate  and d i c h r o m a te  a r e  p r a c ­

t i c a l l y  n e g l i g i b l e )  and th e  s l i g h t l y  g r e a t e r  o x i d i z i n g  (and 

r e l a t e d  a c i d i c )  p r o p e r t i e s  o f  d i c h r o m a te  r e l a t i v e  to  b i c h r o ­

m ate ,  i t  can  be s e en  t h a t  t h e  r e s u l t s  o f  T ab le  V I I - 5  

c o r r e l a t e  w e l l  w i t h  t h o s e  o f  T ab le  V I I - 1 .

I t  i s  n o t  e x p e c te d  t h a t  ch rom ate  i o n ,  t h e  p r e d o m in a n t  

C r(V I)  s p e c i e s  i n  a l k a l i n e  s o l u t i o n s ,  w i l l  enhance aqueous  

a c i d i t y  b e c a u se  ch rom ate  i s  n o t  a  good o x i d i z i n g  a g e n t  

(T ab le  V - l ) .  The e x p e r i m e n t a l  v e r i f i c a t i o n  o f  t h i s  s t a t e m e n t  

i s  d i f f i c u l t  b e ca u se  t h e  g l a s s  e l e c t r o d e  l a c k s  s e l e c t i v i t y  

f o r  hydrogen  i o n s  i n  t h e  p r e s e n c e  o f  a l k a l i  m e t a l  i o n s  a t

h ig h  pH. T h is  r e s u l t s  i n  t h e  " a l k a l i n e  e r r o r "  a s s o c i a t e d
2 9 10w i t h  g l a s s  e l e c t r o d e s

pH = -  l o g  ( a H + ]£  K„ . a .  1//zi )  (18)
V  i  /  H H*1 1

where a^ = t h e  a c t i v i t y  o f  t h e  i n t e r f e r i n g  s p e c i e s  " i ” , 

z^ = th e  c h a r g e  o f  th e  i n t e r f e r i n g  s p e c i e s ,  and 

Kr i  = th e  s e l e c t i v i t y  c o n s t a n t  o f  t h e  g l a s s  e l e c t r o d e  

f o r  t h e  i n t e r f e r i n g  s p e c i e s  o v e r  t h e  p r o t o n .

The a l k a l i n e  e r r o r  y i e l d s  a  measured  pH lo w e r  t h a n  t h e  t r u e

pH, i . e . ,  t h e  change i n  pH i s  i n  th e  same d i r e c t i o n  a s  any

enhancem ent  o f  a c i d i t y  would b e .  C o n s e q u e n t ly ,  even  i f  

enhancem ent  o f  a c i d i t y  by ch ro m a te  was e x p e c t e d ,  i t  would be
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d i f f i c u l t  to  d i s t i n g u i s h  from th e  a l k a l i n e  e r r o r ,  c o n s i d e r i n g

t h e  sm a l l  m agn i tude  o f  such  enhancem ent  ( n o t  more th a n  a  few

h u n d r e d t h s  o f  a  pH u n i t ) .  E q u a t io n  (18)  i n d i c a t e s  t h a t  t h e

prob lem  o f  i n t e r f e r e n c e  from a l k a l i  m e ta l  i o n s  can  be

p a r t i a l l y  r e s o l v e d ,  i n  g e n e r a l ,  by s u b s t i t u t i n g  d i v a l e n t  o r

t r i v a l e n t  m e ta l  i o n s  f o r  u n i v a l e n t  m e ta l  i o n s ,  s i n c e  th e
l / ze f f e c t i v e  i n t e r f e r e n c e  v a r i e s  w i th  a^ '  i .  However, t h i s  i s  

i m p r a c t i c a l  i n  t h i s  c a s e  b e ca u se  m u l t i v a l e n t  c a t i o n  c h ro m a te s  

a r e  o n ly  s l i g h t l y  s o l u b l e  i n  w a t e r .  The o n ly  f r e e l y  s o l u b l e  

ch ro m a te  o t h e r  t h a n  a l k a l i  m e ta l  c h ro m a te s  i s  (NH^JgCrO^, 

which i s  u n d e s i r a b l e  b e c a u se  i t  i s  l i k e l y  t o  a f f e c t  t h e  pH 

o f  a l k a l i n e  media  th ro u g h  t h e  a c t i o n  o f  th e  NH^+ -  NH^ 

b u f f e r  sy s te m .

F u r t h e r  e v id e n c e  s u p p o r t i n g  t h e  e x i s t e n c e  o f  th e  

"h y d ro n iu m a ted "  s p e c i e s  o f  e q u a t i o n s  (15) and ( 1 6 ) was 

o b t a i n e d  from p a p e r  s t r i p  e l e c t r o p h o r e s i s  e x p e r i m e n t s  w i th

0 .0 5  M KgCrgO^ i n  s u p p o r t i n g  media o f  v a r y i n g  pH. The 

r e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  c o n t a i n e d  i n  T ab le  V I I -6  

and F i g u r e  V I I - 8 .

The d i s t a n c e ,  L, m ig r a t e d  by an io n  u n d e r  t h e  i n f l u e n c e  

o f  an  a p p l i e d  v o l t a g e ,  V, i n  a  t im e ,  t ,  i s  g i v e n  by

L = a  t  V (19)

where a  i s  p r o p o r t i o n a l  t o  th e  i o n i c  m o b i l i t y  o f  th e  m ig r a ­

t i n g  s p e c i e s .  H o ld in g  t  and V c o n s t a n t  made L d i r e c t l y  

p r o p o r t i o n a l  to  a ,  p e r m i t t i n g  d i r e c t  o b s e r v a t i o n  o f  ch an g e s  

i n  i o n i c  m o b i l i t y  a n d ,  c o n s e q u e n t l y ,  c hang es  i n  t h e  n a t u r e
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o f  t h e  m i g r a t i n g  s p e c i e s  w i t h  c h a n g in g  pH.

Three s p o t s  were o bse rv ed  o v e r  the  ran g e  o f  pH s t u d i e d .  

Only one s p o t  ( s p o t  A i n  F i g u r e  V I I - 8 )  i s  p r e s e n t  be low pH 

1.5* t h i s  s p o t  i s  c h a r a c t e r i z e d  by a  3 cm m i g r a t i o n  from i t s  

p o i n t  o f  o r i g i n .  A second s p o t  ( s p o t  B) b e g in s  to  a p p e a r  a t  

pH 1 .5  a s  a  f a i n t  f r o n t  p r o t r u d i n g  s l i g h t l y  from s p o t  A. The 

s p e c i e s  i n  s p o t  B a r e  t h e r e f o r e  s l i g h t l y  more m ob i le  t h a n  

t h o s e  i n  s p o t  A. The o v e r l a p  be tween  t h e  two s p o t s  a t  pH

I . 5  i s  so g r e a t  t h a t  i t  i s  i m p o s s i b l e  to  d e t e r m i n e  t h e  s i z e  

o f  s p o t  B ( o r  i t s  c e n t e r  and t h u s  i t s  m i g r a t i o n  d i s t a n c e ) .

At pH 1 .8  th e  s e p a r a t i o n  between s p o t s  A and B i s  much 

g r e a t e r ;  t h e  two can  be d i s t i n g u i s h e d  from each  o t h e r  and i t  

c an  be s e e n  t h a t  th e  c h a r a c t e r i s t i c  m i g r a t i o n  d i s t a n c e  o f  

s p o t  B i s  6 -  7 mm g r e a t e r  th a n  t h a t  o f  s p o t  A. S p o t  B i s  

c l e a r l y  p re d o m in a n t  a t  pH 2 .1  b u t  h a s  a  t a i l  a lm o s t  1 cm 

lo n g ,  i n d i c a t i n g  t h a t  t h o s e  s p e c i e s  p r e d o m in a n t  a t  l o w e r  pH 

have n o t  y e t  d i s a p p e a r e d .  T h i s  t a i l  do es  n o t  even b e g in  t o '  

d i s a p p e a r  u n t i l  be tween pH U and 5* and v a n i s h e s  o n ly  above 

pH 5 .

A t h i r d  s p o t  ( s p o t  C) b e g in s  t o  a p p e a r  be tween  pH ^  and

5 .  S p o t s  B and C a r e  p r e s e n t  i n  a p p r o x i m a t e l y  e q u a l  s i z e  

from pH 5 th ro u g h  th e  n e u t r a l  pH r a n g e .  The predom inance  o f  

s p o t  C i s  b e g i n n i n g  to  become e v i d e n t  a t  pH 10.5* and a t  pH

I I . 3  o n ly  s p o t  C r e m a in s ,  a l t h o u g h  a  c o m p ar ison  o f  s p o t  s i z e  

a t  pH 1 1 .3  and pH 1 2 .7  i n d i c a t e s  t h a t  some o f  th e  s p e c i e s

o f  s p o t  B may s t i l l  be p r e s e n t  a t  pH 1 1 .3  .

These t h r e e  s p o t s  c a n n o t  be a t t r i b u t e d  t o  d i c h r o m a t e ,
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Table VII-61 Electrophoresis of 0.05 M KgCrgOp in 0.10

I o n i c  S t r e n g t h  S u p p o r t i n g  E l e c t r o l y t e  S o l u t i o n s  o f

V a ry in g  pH

Average Spo t  C e n t e r  
pH M ig r a t i o n  D i s t a n c e  (mm)#

1 .1 31 .1 4 . 8

1-5 35-3 + 3 .9

1 .8 31 .3 + 1 .1
3 6 .6 + 3 .4

2 .1 3 8 .8 + 4 . 0

3 .1 38.1 + 2 .1

4 . 6 3 8 .8 + 5 . 7
5 5 .3 + 4 .6

4 . 9 4 0 .0 + 3 .0
5 3 .3 + 4 . 2

7 .2 4 1 .6 _+ 4 . 1
5 5 .8 _+ 4 . 5

8 .1 4 0 .0 _+ 5 .5
5 4 .6 + 5 .6

1 0 .5 4 1 .5 + 5 .0
5 7 .0 + 5 . 8

1 1 .3 5 8 .8 + 4 . 9

1 2 .7 5 6 .4 + 4 . 8

Average S p o t  T a i l
Leng th  (mm)* Length  (nun)

4 . 9 2 .6

1 5 .2 + 4 . 7

14 .5 + 7 .8
14.6 + U . 9

4 . 0 + 1 .0 8 .1

4 . 4 + 1 .3 8 . 3

4 . 7 _+ 1 .5 4 . 2
9 .8 _+ 2 .8 9 . 3

6 .1 jf 1 .3 5 .1
6 .8 1 .7 7 .8

9 .8 + 3 . 9
1 0 .2 T 1 .8

9 .6 + 2 .3
11 .8 + 1 .9

8 .2 + 3 . 9
11 .0 + 3 . 7

1 2 .1 + 2 .0

6 .1 + 2 . 7

♦ i n c l u d e s  + s t a n d a r d  d e v i a t i o n
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F i g u r e  V I I - 8 t  E l e c t r o p h o r e s i s  o f  0 .0 5  M KgCrgOy 0**^

I o n i c  S t r e n g t h  S u p p o r t i n g  E l e c t r o l y t e  S o l u t i o n s  o f

V a ry in g  p H

c

_BlL 
1 . 1

1 .5

1 . 8

2 . 1

3 .1  

h.G 

k . 9

7 .2  

8 . 1

1 0 .5

1 1 .3  

1 2 .7

S p o t i  A B C

•h M i g r a t i o n  D i s t a n c e  (mm)
o  10_______ 20________ 22___________i£0__ 50_______ 60

____________________________ O ________________________________

c IP
C O

___________________________________ m rn C D ____

____________________ m C Z > ___

**CD " ~ 3  

meCD *KZ?
C D  CCD

CCD  C C D

C D
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b i c h r o m a t e ,  and c h ro m a te .  E q u i l i b r i u m  c a l c u l a t i o n s  (which 

a r e ,  however ,  based  on th e  a s s u m p t io n  o f  th e  e x i s t e n c e  o f  

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

d i c h r o m a t e »b ic h ro m a te  r e m a in s  e s s e n t i a l l y  c o n s t a n t  up u n t i l  

p H > 4  a t  c o n s t a n t  CCr (T ab le  V I I - 2  and F ig u r e  V I I - 2 ) .  I t  

i s  t h e r e f o r e  u n r e a s o n a b l e  to  assume t h a t  d i c h r o m a te  i s  

r e s p o n s i b l e  f o r  s p o t  A, which  b e g in s  to  d i s a p p e a r  a t  a b o u t  

pH 2, and b ic h r o m a te  f o r  s p o t  B, which d o e s n ' t  b e g in  to  

a p p e a r  u n t i l  pH 1 .5  • A more l o g i c a l  e x p l a n a t i o n  i s  t h a t  

s i g n i f i c a n t  e q u i l i b r i a  be tw een  C r 20r,2” and (C r20^*mH^0) + ,

and between HCrO^“ and (HCrO^nH^O) a t  low pH, d e c r e a s e

t h e  m i g r a t i o n  r a t e s  o f  t h e  chromium s p e c i e s  b eca u se  o f  th e  

i n c r e a s e d  mass and p o s s i b l y  p o s i t i v e  c h a rg e  o f  t h e  '’h y d r o ­

n iu m a ted "  s p e c i e s .  I n c r e a s i n g  pH d e c r e a s e s  th e  a v a i l a b i l i t y  

o f  hydronium io n  f o r  " h y d r o n i u m a t i o n " , and t h u s  t h e  m i g r a t i o n

r a t e  r i s e s .  We t h e r e f o r e  p ro p o s e  t h a t  s p o t  A i s  c h a r a c t e r ­

i s t i c  o f  th e  "h y d ro n iu m a te d "  d i c h r o m a te  and b ic h ro m a te  

s p e c i e s ,  and s p o t  B o f  t h e i r  n o n -" h y d ro n iu m a te d "  a n a l o g u e s .

The f r a c t i o n  o f  CC r  p r e s e n t  a s  d i c h r o m a te  do es  n o t  become 

n e g l i g i b l e  u n t i l  t h e  pH 7 -  8 r a n g e  and t h a t  p r e s e n t  a s  

b i c h r o m a te  d o e s  n o t  become i n s i g n i f i c a n t  u n t i l  th e  pH 8 -  9 

ra n g e  (T ab le  V I I - 2 ) ,  a c c o u n t i n g  f o r  t h e  p r e s e n c e  o f  s p o t  B 

w e l l  i n t o  th e  m o d e r a t e l y  a l k a l i n e  pH r a n g e .  The b e h a v i o r  

o f  s p o t  C i s  i n  a c c o r d  w i t h  t h a t  e x p e c te d  o f  ch rom ate  i o n ,

i . e . ,  i t  b e g in s  to  a p p e a r  be tw een  pH 4  and 5 .  and i s  t h e  o n l y

s p e c i e s  p r e s e n t  a t  h ig h  pH.
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The r e s u l t s  o f  a c i d - b a s e  t i t r a t i o n s  i n  which a d i c h r o ­

mate s o l u t i o n  s e rv e d  a s  th e  t i t r a n t  a c i d  o f f e r  f u r t h e r  

e v id e n c e  o f  th e  a c i d i t y  o f  aqueous  s o l u t i o n s  o f  d i c h r o m a t e .  

The t i t r a t i o n  combines  t h e  f o l l o w i n g  two r e a c t i o n s  ( t h e  

e x t e n t  o f  each  d e p e n d in g  on t h e  d i c h r o m a t e - b i c h r o m a t e -  

chrom ate  d i s t r i b u t i o n  a s  d e te r m in e d  by 0 ^ r ) t

and t h e r e f o r e  a  p r e d i c t e d  e q u i v a l e n c e  p o i n t  r a t i o ,  i f  th e  

t o t a l  o x i d i z i n g  a g e n t  c o n c e n t r a t i o n  i s  e x p re s s e d  a s  d i c h r o ­

m ate ,  q^r  0 2" / 9 o h ” = °*5000 ,  o r ,  i f  t h e  t o t a l  o x i d a n t  
2 7

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

( c o n c e n t r a t i o n  x volume) o f  r e a g e n t  " i " .

The t i t r a t i o n  o f  a l i q u o t s  o f  0 .2 93 0  M NaOH w i t h

O.07696  M KgCrgOj  gave an e x p e r i m e n t a l  e q u i v a l e n c e  p o i n t  

r a t i o  q^r  q 2 - /q Q ^ -  = 0 .4 9 5 8  + 0 .0 0 1 6 ,  0 . 8 % l e s s  t h a n  th e
2 7

s t o i c h i o m e t r i c  r a t i o .  The e q u i v a l e n c e  p o i n t  o c c u r r e d  i n  th e  

pH 8 . 9  -  9 .1  r e g i o n  and was r e l a t i v e l y  s h a r p  and r e p r o d u c i b l e  

(± 0 . 3 # ) .

The t i t r a t i o n  o f  weighed NagCO^ sam ples  w i th  th e  same 

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

q u a l i t a t i v e  s t a n d p o i n t ,  i . e . ,  an i n f l e c t i o n  p o i n t  was 

o b se rv ed  i n  th e  pH 8 . 2  -  8 . 4  r e g i o n  ( t h e  u s u a l  f i r s t  e q u i v a ­

l e n c e  p o i n t  i n  a c i d - c a r b o n a t e  t i t r a t i o n s ) .  However, t h i s  

i n f l e c t i o n  p o i n t  i s  g e n e r a l l y  n o t  v e r y  s h a r p ,  even  i f  th e

C r 20 ? 2“ + 2 OH

HCrO^“ + OH” *  CrO^2” + H20

(20)

(2 1 )

1 .0 0 0 ,  where q. r e f e r s  t o  t h e  q u a n t i t yHCrO
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t i t r a n t  i s  a  s t r o n g  a c i d ,  and t h e r e  i s  a  + Jfo u n c e r t a i n t y  

i n  i t s  e x a c t  p o s i t i o n .  Dichromate  i s  a p p a r e n t l y  too  weak 

an  a c i d  to  t i t r a t e  c a r b o n a t e  to  i t s  second e q u i v a l e n c e  p o i n t .
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B. Perm anganate

Table VII-7 and Figure VII-9 contain the r e su lts  o f pH

m easurem ents  o f  a  s e r i e s  o f  HClO^-KMnO^ s o l u t i o n s  a t  pH 2 .3  •

The b e h a v i o r  o f  t h i s  sys tem  a g r e e s  w e l l  w i th  th e  p r e d i c t i o n s

o f  t h e  Debye-Huckel e q u a t i o n s .  However, t h e s e  r e s u l t s  can

a l s o  be e x p l a i n e d  i n  te rm s  o f  a  u n i f i e d ,  a l l - e n c o m p a s s i n g

a c i d - b a s e  t h e o r y  i f  t h e  a n a lo g o u s  r e l a t i o n s h i p  between 
2 _

MnO^ and CrO^ i s  c o n s i d e r e d .  Chromate io n  i s  t h e  l e a s t  

a c i d i c  member o f  t h e  d i c h r o m a t e - b i c h r o m a te - c h r o m a te  sys tem  

and t h u s  th e  w e a k e s t  o x i d i z i n g  a g e n t  o f  t h a t  sy s te m .  A 

s i m i l a r  s t a t e m e n t  can  be made f o r  p e rm ang an a te ;  t h e  o n ly  

d i f f e r e n c e  i s  t h a t  th e  o t h e r  members o f  th e  pe rm angana te  

sys tem  a r e  n o t  a s  w e l l  known a s  t h o s e  o f  t h e  ch rom ate  sys tem  

b e c a u se  s t r u c t u r a l  t r a n s i t i o n s  among th e  fo rm e r  t a k e  p l a c e  

o u t s i d e  th e  o r d i n a r y  pH r a n g e .

The a d d i t i o n  o f  p e rm an g an a te  to  c o n c e n t r a t e d  s u l f u r i c  

a c i d  r e s u l t s  i n  t h e  f o r m a t i o n  o f  t h e  MnO^+ i o n  a n d / o r  

manganese h e p t o x i d e ,  MngOr,, d e p e n d in g  on th e  c o n c e n t r a t i o n  

o f  added MnO^“ These two s p e c i e s  a r e  e x t r e m e l y  s t r o n g

o x i d i z i n g  a g e n t s  and decompose q u i c k l y  ( w i t h i n  a  day  o f  

p r e p a r a t i o n )  and sometimes v i o l e n t l y  i n  a i r  t o  MnO^ and Ogi 

e x p o su re  to  m o i s t  a i r  o f t e n  r e s u l t s  i n  e x p l o s i o n * * " ^ .  The 

MnO^+ i o n  and Mn2° 7  a r e  s t o r e d  w i t h  r e l a t i v e  s t a b i l i t y  and 

s a f e t y  i n  CCl^,  b u t  even i n  t h e s e  s o l u t i o n s  th e  o x i d i z i n g  

power and a c i d i t y  o f  t h e s e  s p e c i e s  a r e  m a n i f e s t e d .  E xposure  

o f  a  s o l u t i o n  o f  MnO^+ i n  CCl^ t o  m o i s tu r e  r e s u l t s  i n  s low  

h y d r o l y s i s  t o  y i e l d  p e rm a n g a n a te .  Manganese h e p to x i d e  i n



Table VII-7» pH o f HClÔ -KMnÔ  S o lu tion s a t  25°C

[h cio / 5 .6 9 7  X 10"3 M

pH o f  s t a n d a r d i z i n g  b u f f e r s :  2 .2 7 0 ,  2 .3 6 6

(Acid] 1 (OxidantJ Observed S ta n d a r d  
______ R a t i o _____________  pH D e v i a t i o n

Debve-Huckel  C a l c u l a t e d  pH 

L i m i t i n g  Law E x p r e s s i o n

00 2 .29 8 0 .0 0 4 2 .28 3 2.276
4 0 .7 5 2 .2 99 0 .0 0 2 2 .283 2.276
2 0 .3 7 2 .3 0 4 0 .0 0 2 2 .28 4 2.276
1 6 .3 6 2 .3 0 3 0 .0 0 2 2 .28 4 2 .277
1 3 .5 8 2 .30 7 0 .0 0 3 2 .28 4 2 .277
10 .18 2 .306 0 .0 0 2 2 .285 2 .277

8 .  1*4-1 2 .3 0 7 0 .00 1 2 .285 2 .277
4 .0 8 1 2 .30 3 0 .0 0 2 2 .2 8  7 2 .2 79
2 .04 0 2 .30 9 0 .0 0 2 2.291 2.281
1 .021 2 .3 1 2 0 . 0 0 3 2 .298 2 .285

A-pH = +0 .014 +0 ,015  +0 .009
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- 313-
Figure VII-9» pH o f  HClÔ -KMnÔ  S o lu tion s a t  25°C

[HCloJ = 5*697 x 10“ 3 M

Key» L -  Debye-Huckel  l i m i t i n g  law

E -  Debye-Huckel  e x p r e s s i o n

(1 -  E x per im en t  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

2 .32

2 .31 K)

2 .28

10 20

jAcid] 1 jo x id a n t l  R a t i o
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t h e  same s o l v e n t  decomposes s lo w l y  to  MnO^Cl, MnOg, and

coci213.
The MnO^+ io n  and MngO^ may be r e g a r d e d  a s  a n a l o g u e s  o f  

2 -CrO^ and C r20 ^ , r e s p e c t i v e l y ,  b u t  th e  f o r m e r  a r e  much

s t r o n g e r  a c i d s  and o x i d a n t s  th a n  th e  l a t t e r .  Upon c o n v e r s i o n  

o f  MnO^+ and Mn20^ to  MnO^", b o th  o x i d i z i n g  power and 

c o n v e n t i o n a l  a c i d i t y  d e c r e a s e ,  j u s t  a s  i n  th e  c o n v e r s i o n  o f  

d i c h r o m a te  to  c h ro m a te .  However, s i n c e  t h e  o x i d i z i n g  power 

to  each  Mn(VII) s p e c i e s  s u r p a s s e s  s i g n i f i c a n t l y  t h a t  o f  i t s  

C r (V I )  a n a l o g u e ,  and th e  c o n v e n t i o n a l  a c i d i t i e s  o f  MnO^+ and 

Mn20 p g r e a t l y  s u r p a s s  t h o s e  o f  t h e i r  chromium a n a l o g u e s ,  i t  

seems l o g i c a l  to  c o n s i d e r  pe rm ang an a te  t o  be much more a c i d i c  

t h a n  c h ro m a te .  T h is  i s  s u p p o r t e d  by U s a n o v ic h ’s  a s s e r t i o n  o f  

t h e  e q u i v a l e n c e  o f  p e rm an g an a te  a c i d i t y  and o x i d i z i n g  a b i l i -  

t y  , which may a l s o  be i n t e r p r e t e d  i n  te rm s  o f  Lewis a c i d -  

b a se  theory*"* ( s e e  C h a p t e r  V).  Thus,  a l t h o u g h  pe rm an g ana te  

a p p e a r s  to  be too  weak an a c i d  to  c o u n t e r  t h e  Debye-Huckel  

e f f e c t  i n  aqueous  s o l u t i o n ,  t h i s  d o e s  n o t  mean t h a t  perm an­

g a n a t e  p o s s e s s e s  no a c i d i c  t e n d e n c i e s  w h a t s o e v e r .  Even 

c h ro m a te ,  a  much w eaker  a c i d / o x i d a n t ,  c a n ,  i n  p r i n c i p l e ,  

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

b a s e / r e d u c i n g  a g e n t ,  e . g . ,  m e t a l l i c  sodium.

I t  must  be n o t e d  a t  t h i s  p o i n t  t h a t ,  i n  a c c o rd  w i t h  th e  

e l e c t r o n i c  a c i d - b a s e  t h e o r y ,  no s i n g l e  o r d e r  o f  a c i d  o r  b a se  

s t r e n g t h  e x i s t s ,  and t h a t  r e l a t i v e  a c i d i t y  i s  d e p e n d e n t  on 

t h e  i d e n t i t y  o f  t h e  r e f e r e n c e  b a s e .  Pe rm angana te  i s  a  

s t r o n g e r  a c i d  t h a n  d i c h r o m a te  to w a rd s  t h e  e l e c t r o n  a s  a  

r e f e r e n c e  b a s e ,  a s  th e  d i f f e r e n c e  i n  o x i d i z i n g  power
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i n d i c a t e s ,  b u t  weaker  to w ard s  h y d ro x id e  a s  a  r e f e r e n c e  

b a s e .  C o n s e q u e n t ly ,  p o t e n t i o m e t r i c  t i t r a t i o n s  o f  NaOH w i th  

KMnO^ were n o t  e x p e c te d  to  y i e l d  r e s u l t s  a n a lo g o u s  to  t h o s e  

o f  KgCrgO^-NaOH t i t r a t i o n s )  a t t e m p t s  t o  p e r fo rm  such t i t r a ­

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

The ten d e n cy  o f  p e rm angana te  t o  decompose i n  aqueous  

s o l u t i o n ,  which may be r e g a r d e d  a s  one c o n sequ en ce  o f  i t s  

a c i d i t y ,  i n t e r f e r e d  w i th  some o f  t h e  a t t e m p t e d  e x p e r im e n t s  

w i t h  t h i s  o x i d i z i n g  a g e n t .  Some o f  t h e  sample s o l u t i o n s  

used  i n  t h e  pH e x p e r im e n t  a t  pH 2 . 3  e v id e n ce d  t r a c e s  o f  

MnOg a f t e r  s e v e r a l  days  i n  s p i t e  o f  p r e c a u t i o n s  t a k e n  

( d e a e r a t i o n ,  s t o r a g e  i n  d a rk  u n d e r  a  p a r a f i l m  s e a l ) ,  b u t  

t h e r e  was no d i s c e r n i b l e  e f f e c t  on t h e  pH o f  t h e s e  s o l u t i o n s .  

An a t t e m p t e d  e x t e n s i o n  o f  t h e  pH e x p e r i m e n t s  to  pH ^ . 3  was 

i m p o s s i b l e  due to  t o t a l  d e c o m p o s i t i o n  o f  p e rm ang an a te  w i t h i n  

h o u r s  o f  p r e p a r a t i o n .  A t tem p ts  t o  o b s e r v e  t h e  p r e s e n c e ,  i f  

an y ,  o f  hydron ium ated  s p e c i e s  v i a  p a p e r  s t r i p  e l e c t r o p h o r e s i s  

a t  v a r y i n g  pH were r u i n e d  by d e c o m p o s i t i o n  l i t e r a l l y  a s  one 

watched  i n  b o th  a c i d i c  and b a s i c  s u p p o r t i n g  m edia  on b o th  

t y p e s  o f  p a p e r  s t r i p s  employed.



C. F e r r i c  Ion

F e r r i c  io n  i s  n o t  a s  p o w e r f u l  an  o x i d i z i n g  a g e n t  a s  

d i c h r o m a te  o r  p e rm a n g an a te ,  b u t  i s  n e v e r t h e l e s s  o f  p a r t i c u l a r  

i n t e r e s t  b e ca u se  o f  i t s  w e l l  e s t a b l i s h e d  e f f e c t  on the  

a c i d i t y  o f  aqueous  s o l u t i o n s .  I t  i s  w e l l  known t h a t  

f e r r i c  h y d ro x id e  ( o r ,  more c o r r e c t l y ,  h y d r a t e d  f e r r i c  o x id e )  

p r e c i p i t a t e s  i n  aqueous  f e r r i c  s a l t  s o l u t i o n s  a t  pH > 3  w i th  

a  r e s u l t a n t  i n c r e a s e  i n  t h e  a c i d i t y  o f  th e  s o l u t i o n .  Even 

a t  lo w e r  pH th e  p r e s e n c e  o f  F e ( I I I )  i n c r e a s e s  s o l u t i o n  

a c i d i t y  v i a  th e  f o l l o w i n g  r e a c t i o n s * * !

The o x i d a t i o n  o f  f e r r o u s  com plexes  c o n t a i n i n g  o t h e r  p r o t o n i c  

l i g a n d s  to  t h e i r  f e r r i c  c o u n t e r p a r t s  h a s  a l s o  been shown to  

i n c r e a s e  t h e  a c i d i t y  o f  t h e  complex ,  a s  m a n i f e s t e d  by th e

These c o n s i d e r a t i o n s ,  a l o n g  w i th  the  f a c t  t h a t  an  

e s p e c i a l l y  l a r g e  Debye-Huckel e f f e c t  i s  e x p e c te d  f o r  s o l u ­

t i o n s  c o n t a i n i n g  F e ( I I I )  b e c a u se  o f  t h e  e f f e c t  o f  t r i v a l e n t  

i o n s  upon i o n i c  s t r e n g t h  ( e q u a t i o n  ( k ) )  and c o n s e q u e n t l y  

upon hydrogen  io n  a c t i v i t y ,  make th e  s t u d y  o f  F e ( I I I )  

sy s te m s  s i g n i f i c a n t  i n  te rm s  o f  t h e  p ro p o se d  u n i f i e d  a c i d -

^Fe(H20 ) 6 J 3+ j Fe(H20 ) 5 (0H)J

Ka l  = 8 , 9  x 10

i  jFe (H 20 ) 5 (0H)J 2+ + H+ 

Ka l  = 8 , 9  x * ° " U ( 22 )

i n c r e a s i n g  a b i l i t y  to  r e l e a s e  p r o t o n s * ^
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b a se  c o n c e p t .

The r e s u l t s  o f  a  s t u d y  o f  th e  HCl-FeCl^ sy s tem  a t  pH

1 .3  (a  l e v e l  o f  aqueous  a c i d i t y  s u f f i c i e n t l y  h ig h  to  p r e v e n t

p r e c i p i t a t i o n  o f  t h e  hy d ro u s  o x i d e )  a r e  g i v e  i n  T ab le  V I I - 8

and i n  F i g u r e  V I I - 1 0 .  A d e c r e a s e  i n  pH o f  a  m agni tude

com p arab le  to  t h a t  o f  th e  HCl-KgCrgO^ and HClO^-KgCrgO^

sy s te m s  a t  pH 2 . 3  -  2.*v ( T a b l e s  V I I - 1  and V I I - 3 ,  r e s p e c t i v e l y )

i s  o b s e r v e d ,  i n  c o n t r a d i c t i o n  w i t h  Debye-Huckel  p r e d i c t i o n s .

I t  must  be n o t e d  a t  t h i s  p o i n t  t h a t  th e  f u l l  m agn i tude  o f

o f  t h e  e f f e c t  o f  i n c r e a s i n g  f e r r i c  i o n  c o n c e n t r a t i o n  on

a c i d i t y  i s  n o t  r e f l e c t e d  by t h e  r e s u l t s  o f  Tab le  V I I - 8

b e c a u se  F e ( I I I )  shows a  s t r o n g  te n d e n c y  to  form complexes

w i t h  c h l o r i d e  io n  v i a  t h e  f o l l o w i n g  s e r i e s  o f  r e a c t i o n s * * '  
1 7 ,1 8 .

F e 3+ + C l “ 

F e C l2+ + C l '

FeCl,

FeCl.

+ Cl 

+ C l '

F eC l2* 11 30 ( 2 5 )

F eC l2+ K2 = h. 5 (26)

F e C l3 II 0 . 1 (27)

FeC l^ ’ 0 . 0 1 (28)

Thus t h e r e  i s  s i g n i f i c a n t l y  l e s s  " f r e e "  ( i n  th e  s e n s e  o f  

n o t  b e i n g  complexed w i t h  c h l o r i d e )  f e r r i c  io n  p r e s e n t  t h a n  

th e  a n a l y t i c a l  c o n c e n t r a t i o n  o f  i r o n ,  CF e , d i s s o l v e d  i n  each  

sample  1

'Fe Fe 3+

Fe3+
j*FeGl2+j  + [ p e C l 2+]  + [ F e C l j ]  + [ p e C l^ ' J

K1 [C1' ]  * V l  [ C1' ]  2 
i [or] 3 ♦ V W l [C1‘]

+ ! FeCl 

1 +

k3k2k



Table VII-8 : pH of HCl-FeCl^ Solutions at 25°C

H 5 .4 2 4  x 1 0 "3 M 

pH o f  s t a n d a r d i z i n g  b u f f e r *  1 .679

Debve-Huckel  C a l c u l a t e d  pH
lAcidJ * J b x id a n t ]  * Observed S ta n d a rd

_______R a t io __________  . pH D e v i a t i o n  L i m i t i n g  Law E x p r e s s i o n
00 1 .3 32 0 . 0 0  7 1 .384 1.336

3 7 .8 5 1 .339 0 .0 0 6 1 .390 1.338
18 .95 1 .340 0 . 0 1 0 1.395 1 .339
1 5 .1 4 1 .33 7 0 .0 0 6 1 .397 1 .340
12 .56 1 .341 0 .0 0 6 1.400 1.341

9.**73 1 .341 0 . 0 0 9 1 .404 1 .342
7 .571 1 .338 0 .0 0 2 1 .408 1 .344
3 .7 77 1 .339 0 .0 1 0 1 .425 1 .348
1 .889 1 .3 2 2 0 .00 8 1 .450 1 .355
0 .  9492 1 . 3 2 2 0 .0 0 6 1.466 1 .358

ApH = - 0 . 0 1 0 +0 .082 +0 .022

o x i d a n t c o n c e n t r a t i o n  i s e x p r e s s e d CFe
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Figure VII-10: pH of HCl-FeCl3 Solutions at 25°C

[HCl| = 5 .4 2 4  x 10"2 M

Key: L -  Debye-Huckel l i m i t i n g  law

E -  Debye-Huckel  e x p r e s s i o n

<j -  E x p e r im e n ta l  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

1 .40

1-35

no

1 .3 0

10 20 30

|Acid| » [oxidant] Ratio



F i g u r e  VII-11> D i s t r i b u t i o n  o f  C h l o r o i r o n  S p e c i e s  a t  

C o n s t a n t  pH w i t h  V a ry in g  CFe

[HC1] = 5 .^ 2 4  x 10‘ 2 M

100

Fe

Fe

FeCl

FeCl
10 20 30

[Acid] i [Oxidant] Ratio
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The amount o f  c h l o r i d e  io n  r e m a in in g  uncomplexed i s  t h e r e f o r e i

[Cl'] =* CC1 - |FeCl2+J - 2 |̂ FeCl2+] - 3 [peCl3

-  k [FeCl^'J ( 30)

C a l c u l a t i o n s  u t i l i z i n g  th e  HC1 c o n c e n t r a t i o n  o f  Table  

V I I - 8  i n  e q u a t i o n  (27) i n d i c a t e  t h a t  th e  f r a c t i o n  o f  F e ( I I I )  

p r e s e n t  a s  " f r e e ” i r o n  v a r i e d  from a p p r o x i m a t e l y  0 .3 1  CFe i n  

t h e  most  d i l u t e  sample  ( e x c l u d i n g  th e  z e ro  i r o n  sam ple )  to  

l e s s  t h a n  0 .0 ?  CFe i n  t h e  m ost  c o n c e n t r a t e d  sample  o v e r  t h e  

r an g e  o f  CFg s t u d i e d  ( F i g u r e  V I I - 1 1 ) ,  a l t h o u g h  CFe v a r i e d  by 

a  f a c t o r  o f  40 ,  i . e . ,  t h e  most  c o n c e n t r a t e d  sample  c o n t a i n e d

o n ly  8 . 5  t im e s  a s  much ’’f r e e "  i r o n  a s  t h e  m ost  d i l u t e  sa m p le .
2+The b u lk  o f  t h e  complexed i r o n  was p r e s e n t  a s  FeCl and 

F e C l2+ j o n ly  i n  t h e  most  c o n c e n t r a t e d  s o l u t i o n  was FeCl^ 

p r e s e n t  i n  > 1% q u a n t i t y ,  and t h e  c o n c e n t r a t i o n  o f  th e  

t e t r a c h l o r o i r o n  complex rem ained  n e g l i g i b l e  o v e r  th e  ran ge  

o f  CFe s t u d i e d .

The i o n i c  s t r e n g t h  r e q u i r e d  f o r  t h e  c o m p u ta t i o n  o f  pH 

i n  a c c o r d  w i t h  t h e  Debye-Huckel  e q u a t i o n s  f o r  each  s o l u t i o n  

i n  Table  V I I - 8  was c a l c u l a t e d  from c o n c e n t r a t i o n s  o f  th e  

v a r i o u s  i r o n  s p e c i e s  d e te r m i n e d  from e q u a t i o n s  (25)  -  ( 2 9 ) .  

A l though  t h e s e  c a l c u l a t i o n s  were c a r r i e d  o u t  t o  f o u r  s i g n i ­

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

by t h e  f a c t  t h a t  t h e  complex s t a b i l i t y  c o n s t a n t s  o f  e q u a t i o n s  

(2 5) -  (2  8) a r e  n o t  known to  t h i s  d e g r e e  o f  a c c u r a c y ,  

a l t h o u g h  t h i s  c o n s i d e r a t i o n  d o e s  n o t  a f f e c t  t h e  d i r e c t i o n  o f
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t h e  Debye-Huckel  p r e d i c t i o n s  and p r o b a b l y  a f f e c t s  t h e i r  

m agn i tude  o n ly  s l i g h t l y .  The d i s s o c i a t i o n  e q u i l i b r i a  o f  

e q u a t i o n s  (22)  -  (24)  do n o t  p ro c e e d  to  an  e x t e n t  a p p r e c i a b l e  

enough t o  i n f l u e n c e  t h e  i o n i c  s t r e n g t h  a t  pH 1 ,3 .  a l t h o u g h  

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

y e l l o w - o r a n g e  c o l o r  o f  F e ( I I I )  s o l u t i o n s  and f o r  th e  

o bse rv ed  i n c r e a s e  i n  a c i d i t y .

A n o t i c e a b l e  d ro p  i n  pH w i t h  t ime was o b se rv ed  i n  th e  

most  c o n c e n t r a t e d  i r o n  s o l u t i o n  d u r i n g  t h e  a p p r o x i m a t e ly  

e i g h t  week p e r i o d  d u r i n g  which t h i s  s t u d y  was made. The pH 

o f  t h i s  s o l u t i o n  rem ained  f a i r l y  c o n s t a n t  f o r  t h e  f i r s t  

t h r e e  weeks (and t h e  mean o f  t h e s e  r e s u l t s  i s  g i v e n  i n  

Table  V I I - 8 ) ,  t h e n  d e c r e a s e d  t o  pH 1 .30  f o r  th e  n e x t  t h r e e  

weeks ,  and d ropped  to  pH 1 .2 7  d u r i n g  t h e  f i n a l  two weeks .

No com parab le  pH c h an ges  were o b se rv e d  f o r  th e  o t h e r  sample 

s o l u t i o n s .  I t  i s  c o n c e i v a b l e  t h a t  t h i s  e f f e c t  i s  due to  

th e  s low  f o r m a t io n  o f  even l a r g e r  a g g r e g a t e s  t h a n  t h a t  o f  

e q u a t i o n  (22)  above a  c e r t a i n  l e v e l  o f  " f r e e "  i r o n  c o n c e n ­

t r a t i o n ,  th e  e x i s t e n c e  o f  which i s  c o m p a t ib l e  w i t h  t h e  w e l l  

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

o x id e  p r e c i p i t a t e s .

A l though  F e ( I I I )  complexes  t o  some e x t e n t  w i t h  a l l  t h e

a n io n s  o f  s t r o n g  a c i d ,  i t  combines w i th  p e r c h l o r a t e  to  the  
l8l e a s t  e x t e n t  i

F e 3+ + C104 _ FeC10^2+ K = 2 .1 0  (31)

The r e s u l t s  o f  a  s t u d y  o f  th e  HClO^-Fe(ClO^)^ sys tem  a r e
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shown i n  Tab le  V I I - 9  and F i g u r e  V I I - 1 2 .  The h i g h e r  c o n c e n ­

t r a t i o n  o f  " f r e e "  i r o n  (anywhere from t h r e e  to  e l e v e n  t im e s  

a s  h ig h  a s  i n  e q u im o la r  FeCl^  s o l u t i o n s  i n  th e  ra n g e  o f  Cpg 

s t u d i e d ;  s e e  F i g u r e  V I I - 1 3 ) i n  th e  p e r c h l o r a t e  sys tem  p e r m i t s  

i n c r e a s e d  p a r t i c i p a t i o n  by e q u i l i b r i a  ( 2 2 ). -  ( 2 4 ) ;  c o n s e ­

q u e n t l y  a  g r e a t e r  i n c r e a s e  i n  a c i d i t y  i s  e x p e c te d  t h a n  i n  

th e  f e r r i c  c h l o r i d e  sy s tem ,  a l t h o u g h  a g r e a t e r  Debye-Huckel  

e f f e c t  i s  a l s o  e x p e c t e d .

The o b se rv ed  d e c r e a s e  i n  pH i s  t h r e e  t im e s  a s  l a r g e  a s  

t h a t  o f  th e  HCl-FeCl^ sy s te m .  T h is  pH change  d o e s  n o t  t a k e  

i n t o  a c c o u n t  t h e  a c i d i t y  o f  th e  m ost  c o n c e n t r a t e d  f e r r i c  

p e r c h l o r a t e  sy s te m ,  w hich ,  l i k e  i t s  c h l o r i d e  c o u n t e r p a r t ,  

e x p e r i e n c e d  a  change  i n  pH w i th  t im e .  However, t h e  much 

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

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

a c i d i t y  to  th e  e x t e n t  t h a t  no r e p r o d u c i b l e  m easurem ents  

c o u ld  be o b t a i n e d ,  i . e . ,  t h e r e  was a  c o n t i n u o u s  d rop  i n  pH 

from m easurement  t o  measurement ,  and sometimes even d u r i n g  

a  s i n g l e  m easu rem en t .  T h e r e f o r e  no e x p e r i m e n t a l  r e s u l t  i s  

g i v e n  f o r  t h i s  s o l u t i o n  i n  T ab le  V I I - 9 .

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

s p e c i e s  i n  s u p p o r t i n g  media  o f  v a r y i n g  pH were l i m i t e d  to  

t h e  pH 1 .1  to  2 . 4  ra n g e  b e c a u se  e v id e n c e  o f  p r e c i p i t a t i o n  

was o b se rv e d  a t  pH 2 .4  . Only one s p o t  was o b s e r v e d ,  w i th  

l i t t l e  e v id e n c e  o f  t a i l i n g ,  i n d i c a t i n g  t h a t  a l l  o f  th e  

F . e ( I I I )  s p e c i e s  p r e s e n t  have a p p r o x i m a t e ly  e q u a l  i o n i c



Table VII-9> pH of HC10/rFe(C104 ) 3 Solutions at 25°C

JhC I oJ  = 4 .4 7 5  x 10~2 M

pH o f  s t a n d a r d i z i n g  b u f f e r *  1 .679

Debye-Huckel  C a l c u l a t e d  pH
(AcidJ t jox idan t ]  * Observed S ta n d a rd
______ R a t i o ________________ pH D e v i a t i o n  L i m i t i n g  Law E x p r e s s i o n

00 1 .38 8 0 .0 0 7 1 .457 1 .415
4 2 .7 0 1 .385 0 .0 0 6 1 .464 1 .418
2 1 .3 7 1 .388 0 .0 0 9 1 .470 1 .420
17 .16 1.391 0 .0 0 6 1 .47 4 1.421
1 4 .2 4 1 .389 0 .0 0 8 1 . 4  77 1 .422
1 0 .69 1 .390 0 .0 0 7 1 .482 1 .42 4

8 .5 4 0 1 .388 0 . 0 0 6 1 .4 8 8 1.426
4 .2 8 2 1 .368 0 . 0 0 6 1 .513 1 .433
2 .141 1 .3 57 0 .0 0 8 1 .55 2 1 .442
1 .071 ** 1 .6 1 0 1 .453

ApH = - 0 . 0 3 1  +0 .15 3  +0.038

• t o t a l  o x i d a n t  c o n c e n t r a t i o n  i s  e x p r e s s e d  by Cpg 
**pH v a l u e  n o t  r e p r o d u c i b l e

-'t
/E

C-
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Figure VII-12t pH of HC104-Fe(C10^ ) 3 Solutions at 25°C

p C 1 0 j  = b A 7 5  x 10“ 2 M 

Key* L -  Debye-Huckel  l i m i t i n g  law

E -  Debye-Huckel  e x p r e s s i o n

(p -  E x pe r im e n t  ( i n c l u d i n g  s t a n d a r d  d e v i a t i o n )

1.60

1 .55

1 .35

1 .3 0

10 20 30

jAcidj . 1 |oxidant] Ratio
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F ig u r e  V I I - 1 3 t  D i s t r i b u t i o n  o f  P e r c h l o r a t o i r o n  S p e c i e s  a t  

C o n s t a n t  pH w i th  V a ry in g  Cpg

[hcioJ =  4 .^ 7 5  X 1 0 '2 M

100

Fe

Fe

R a t i o
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m o b i l i t i e s  o r  a r e  i n  r a p i d  e q u i l i b r i u m  w i th  each  o t h e r .  The 

p o s i t i v e  c h a rg e  a s s o c i a t e d  w i th  t h e s e  s p e c i e s  makes " h y d ro -  

n i u m a t io n "  l e s s  l i k e l y  i n  t h i s  c a s e  t h a n  i n  th e  c a s e  o f  

d i c h r o m a t e .
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D. C o n c lu s io n s

The i n c l u s i o n  o f  o x i d a t i o n - r e d u c t i o n  p r o c e s s e s  i n  a c i d -  

ba se  c h e m i s t r y ,  f i r s t  p ro p o se d  by U sanov ich ,  do es  n o t  m ere ly  

e x te n d  t h e  scope  o f  th e  l a t t e r  b u t  o f f e r s  a  f r e s h  p e r s p e c t i v e  

on t h e  g e n e r a l  n a t u r e  o f  c h em ic a l  p r o c e s s e s .  A c co rd in g  to  

t h i s  v i e w p o in t ,  one measure  o f  r e l a t i v e  a c i d  s t r e n g t h  i s  th e  

e x t e n t  o f  r e a c t i o n  o f  t h e  a c i d  w i th  e l e c t r o n s  ( o x i d i z i n g  

p o w e r ) . The e l e c t r o n  p l a y s  th e  same r o l e  a s  any o t h e r  

r e f e r e n c e  b a s e ,  e . g . ,  w a t e r  i n  t h e  d e t e r m i n a t i o n  o f  aqueous  

a c i d i t i e s .  S t a n d a r d  r e d u c t i o n  p o t e n t i a l s  a r e  c o n s e q u e n t l y  

s im p ly  a r a n k i n g  o f  a c i d i t y  a g a i n s t  t h e  e l e c t r o n  a s  a  

r e f e r e n c e  b a s e .  T h is  o r d e r  o f  s t r e n g t h  i s  n o t  u n i v e r s a l  and 

i s  s u b j e c t  to  change  w i t h  a  change i n  r e f e r e n c e  b a s e ,  a s  

i l l u s t r a t e d  by th e  example o f  pe rm ang an a te  and d i c h r o m a t e .  

Analogous s t a t e m e n t s  can  be f o r m u la t e d  c o n c e r n i n g  th e  b a s i c  

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

As a  r e s u l t  o f  t h e  i n t e g r a t i o n  o f  r e d o x  phenomena i n t o  

a c i d - b a s e  r e a c t i o n s ,  any  c h e m ic a l  p r o c e s s  c an  now be 

r e g a r d e d  a s  an  i n t e r a c t i o n  be tw een  two s p e c i e s ,  an a c i d  and 

a b a s e  ( a l t h o u g h  t r a d i t i o n a l i s t s  may p ro p o s e  o t h e r  names to  

d i s t i n g u i s h  be tw een  r e a c t a n t s ) .  Thus a  u n i f i e d ,  a l l - e n c o m ­

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

o f  g e n e r a l  r e a c t i v i t y .

A u n i f i e d  a c i d - b a s e  t h e o r y  i s  s u p p o r t e d  by th e  fo l lo w in g *

a )  Analogous G r o t t h u s  t r a n s f e r  mechanisms f o r  p r o t o n s  

and e l e c t r o n s  i n  aqueous  s o l u t i o n .
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b) Enhancement o f  aqueous  a c i d i t y  by o x i d i z i n g  a g e n t s ,  

e . g . ,  F e ( I I I )  and d i c h r o m a t e ,  and enhancement  o f  

aqueous  b a s i c i t y  by r e d u c i n g  a g e n t s ,  e . g . ,  m e t a l l i c  

sodium.

c )  Enhancement o f  t h e  o x i d i z i n g  power o f  a g iv e n  re d o x  

c o u p le  w i th  i n c r e a s i n g  a c i d i t y ,  and o f  r e d u c i n g  power 

o f  a  g iv e n  c o u p le  w i t h  i n c r e a s i n g  b a s i c i t y  (T ab le  

V - l ) .

I t  i s  b e l i e v e d  t h a t  o x i d i z i n g  a g e n t s  a r e  a b l e  t o  

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

G r o t t h u s  mechanism f o r  p r o t o n  t r a n s f e r  and c o o r d i n a t i n g  w i th  

hydronium i o n s .  The e l e c t r o n  a c c e p t i n g  te n d e n c y  o f  th e  

o x i d i z i n g  a g e n t  e x e r t s  an i n d u c t i v e  e f f e c t  on th e  e l e c t r o n s  

o f  t h e s e  hydronium i o n s ,  p e r m i t t i n g  t h e  e n v i ro n m e n t  o f  some 

o f  t h e  p r o t o n s  o f  h ydron ium ated  o x i d a n t s  to  a p p ro a ch  t h a t  o f  

th e  f r e e  p r o t o n  and - thereby i n c r e a s i n g  hydrogen  io n  a c t i v i t y .  

Even t h o s e  o x i d i z i n g  a g e n t s  t h a t  a r e  to o  weak to  m a n i f e s t  

t h i s  t e n d e n c y ,  e . g . ,  p e rm a n g a n a te ,  can  be shown to  have some 

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