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SUMMARY

The th e rm o d y n am ics  o f  i o n  a s s o c i a t i o n  i n  aq u eo u s  

s o l u t i o n s  o f  1 :1  and  2 :2  v a le n c y  ty p e  e l e c t r o l y t e s  have  

b e e n  s t u d i e d .

The t h e s i s  i s  d i v i d e d  i n t o  t h r e e  p a r t s  t o g e t h e r  w i th  

an  a p p e n d ix .  I n  p a r t  I J  t h e  u n c h a rg e d  i o n  p a i r s  form ed 

by  t h e  t h a l l o u s  i o n  w i t h  th e  a s i d e ,  n i t r a t e  and b rom ide  

i o n s  h a v e  b e e n  s t u d i e d  by s o l u b i l i t y  m e a su re m e n ts  on 

t h a l l o u s  i o d a t e  i n  sodium  a z i d e  and p o ta s s iu m  n i t r a t e  

s o l u t i o n s  a t  0 ° ,  1 0 ° ,  25° and 4 0 ° C . ,  and on  t h a l l o u s  

b ro m id e  i n  sodium  p e r c h l o r a t e  and p o ta s s iu m  n i t r a t e  

s o l u t i o n s  a t  25° and 40°C . C o n d u c t i v i ty  m ea su re m e n ts  

o f  t h a l l o u s  c h l o r i d e  s o l u t i o n s  a t  40°C and on s a t u r a t e d  

s o l u t i o n s  o f  t h a l l o u s  b ro m id e  a t  25° and 40°C h av e  a l s o  

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

com pared  w i t h  d a t a  f o r  o t h e r  u n c h a rg e d  i o n  p a i r s .

P a r t  I I  d e a l s  w i th  a  s tu d y  o f  a s s o c i a t i o n  o f  b i v a l e n t  

c a t i o n s  w i th  t h e  s u l p h a t e  i o n  u s i n g  th e  c e l l

H2 , P t  HC1, MS04 AgCl, Ag

-f.
i n  w h ic h  e . m . f . s  w ere  m e a su re d  to  an  a c c u r a c y  o f  - 0 . 0 1  m.v, 

A d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  seco n d  d i s s o c i a t i o n  o f  

s u l p h u r i c  a c i d ,  h a s  b e en  made o v e r  th e  t e m p e r a t u r e  r a n g e



0 °0  t o  45°c u s i n g  t h e  c e l l ,

H2 , P t  | HC1, H2SO. I AgOl, Ag

and  t h e  r e s u l t s  o b t a i n e d  a r e  d i s c u s s e d  and com pared
the

w i t h  t h e  a v a i l a b l e  d a t a  i n  l i t e r a t u r e .  The h e a t  o f/V

d i s s o c i a t i o n  o f  b i s u l p h a t e  i s  i n  good a g re e m e n t  w i th  

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

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

s u l p h a t e s  o f  m agn es ium , z i n c ,  c o b a l t ,  n i c k e l  and 

m anganese  h a s  b e en  s t u d i e d  a t  v a r i o u s  t e m p e r a t u r e s  

i n  t h e  r a n g e  0°C to  4 5 ° C . ,  i n  a  r a n g e  o f  i o n i c  s t r e n g t h  

and  t h e  therm odynam ic  f u n c t i o n s  hav e  b e e n  d e r i v e d .

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

r e s u l t s .  The e n t r o p i e s  o f  th e  v a r i o u s  i o n  p a i r s  have  

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

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

h a v e  b e e n  d i s c u s s e d  i n  r e l a t i o n  to  t h e  f a c t o r s  in v o lv e d  

i n  t h e  a s s o c i a t i o n  p r o c e s s .  A S h y d r a t i o n  o f  th e  i o n -  

p a i r s  a r e  com pared  i n  r e l a t i o n  to  t h e i r  s i z e ,  and a 

good l i n e a r  r e l a t i o n s h i p  b e tw e e n  A S hyd ( i o n  p a i r )  

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

f o r  t h e  1 :1  i o n  p a i r s  ( i n c l u d i n g  some s i l v e r  s a l t s ) .  A 

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



t h e  t r a n s i t i o n  m e t a l s  c o b a l t ,  n i c k e l  and m anganese .

An a p p e n d ix  i s  i n c l u d e d  d e a l i n g  w i th  a  s p e c t r o -

pho tome t r i e  s tu d y  o f  t h e  e q u i l i b r i u m  HCr04~ H+ +Cr04

a t  25°C ., a t  wava len g th s  355, 365, 370, 375 and 385 m.u.
—7A v a l u e  o f  2*97x10 o b t a i n e d  f o r  t h e  d i s s o c i a t i o n  

c o n s t a n t  i s  i n  a g re e m e n t  w i t h  t h e  p o t e n t i o m e t r i o  v a l u e .





SEKEHAL IM'lRODUCTIOfl

jL 9,I n  1 9 2 6 ,  B je r ru m  ad v an ced  h i s  th e o r y  o f  

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

b e tw ee n  a  f r e e  i o n  and a  n e u t r a l  m o le c u le ,  w hich he 

te rm e d  an  ’ a s s o c i a t e d  i o n  p a i r ’ , t h i s  b e in g  a  p a i r  o f  

o p p o s i t e l y  c h a rg e d  i o n s  c a u g h t  i n  e a c h  o t h e r ' s  e l e c t r i c  

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

s e p a r a t e  k i n e t i c  e n t i t y .  B je r ru m  e m p h a s ise d  t h a t  th e  

Debye H tickel O n sag e r  t h e o r y  sh o u ld  be a p p l i e d  o n ly  to  

t h o s e  i o n s  w h ich  w ere  n o t  a s s o c i a t e d  i n  t h i s  way.

The a v e r a g e  e f f e c t s  o f  i o n - p a i r  f o r m a t io n  may be 

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

i o n s  w i t h i n  a  c e r t a i n  c r i t i c a l  d i s t a n c e  Mq ,f o f  one 

a n o t h e r  a r e  ’ a s s o c i a t e d  i n t o  i o n  p a i r s .  I f  we c o n s i d e r  

a  s o l u t i o n  o f  a s y m m e t r ic a l  e l e c t r o l y t e ,  th e  a v e ra g e  

d i s t r i b u t i o n  o f  n e g a t i v e  i o n s  w i l l  be g r e a t e r  i n  th e  

w i c i n i t y  o f  a  g iv e n  p o s i t i v e  i o n  th a n  i n  th e  b u lk  o f  th e  

s o l u t i o n .  The num ber o f  n e g a t i v e  i o n s  i n  a  s h e l l  o f

t h i c k n e s s  * d r ’ a t  a  d i s t a n c e  ’ r ’ from  th e  p o s i t i v e  i o n  _
^1 ^ 2 from  t h e  B o ltzm ann  e x p r e s s i o n  i s  n  e x p ( -  ..... - ) 4 IT r  d r

kT

w here  Z e y /  i s  t h e  e l e c t r i c a l  p o t e n t i a l  e n e rg y  o f  t h e  

n e g a t i v e  i o n  o f  v a l e n c e  and n_ i s  th e  b u lk  

c o n c e n t r a t i o n  o f  t h e  n e g a t i v e  i o n s .  When * r f i s  s m a l l ,



o

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

o f  t h e  medium , so  t h a t  t h e  num ber o f  n e g a t i v e  i o n s  

i n  th e  s h e l l  c o n s i d e r e d  i s

I f  we c o n s i d e r  a  s e r i e s  o f  s u c h  s h e l l s  o f  th e  same 

t h i c k n e s s ,  t h e  num ber o f  n e g a t i v e  i o n s  w hich  can  be 

fo u n d  i n  e a c h  s u c c e e d in g  s h e l l  on a  t im e  a v e r a g e  b a s i s  

oan  b e  e s t i m a t e d .  W ith  i n c r e a s i n g  d i s t a n c e  from  th e  

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

i n  any  u n i t  volume d e c r e a s e s ,  b u t  s i n c e  th e  t o t a l  

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

o p p o s in g  e f f e c t s  com bine to  g iv e  a  c r i t i c a l  v a lu e  f o r  

• r * .  A t t h i s  d i s t a n c e  t h e r e  i s  a  minimum p r o b a b i l i t y  

o f  f i n d i n g  a  n e g a t i v e  i o n  anyw here  on the  s p h e r e  

s u r r o u n d i n g  th e  p o s i t i v e  i o n  and i t  c o r r e s p o n d s  t o ,  q ,  

t h e  d i s t a n c e  a t  w h ich  t h e  m u tua l  p o t e n t i a l  e n e rg y  o f  

t h e  two i o n s  becom es e q u a l  t o  2 k2*

Ze
'Y '«  t z  wk e r e  £ d i e l e c t r i c  c o n s t a n t

2
r  d r

I 3 .5 7  I I  in  water a t  25°C



The D ebye-H ticke l e x p r e s s i o n  f o r  a c t i v i t y  c o e f f i c i e n t  

o f  i o n s  i s  g i v e n  by

. A Z, Z0 I *
-  l o f  f -  = 1 *

i+B a i®

w here  A and B a r e  c o n s ta n t©  d e p e n d in g  on  t e m p e r a t u r e  and 

s o l v e n t  p r o p e r t i e s  and & i s  a n ’i o n i c  s iz e *  p a r a m e t e r .

I t  i s  d e r i v e d  from  a  c o n s i d e r a t i o n  o f  o n ly  l o n g  ra n g e  

Coulomb f o r c e s  and how th e y  a r e  m o d i f i e d  by th e  s h o r t  

r a n g #  e l e c t r o s t a t i c  i n t e r a c t i o n  b e tw ee n  th e  i o n s ,  

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

t h e  ty p e

. A Z, Zo I *
-  l o g  f -  =    + b l

1+B « I®

2a  3 ah a v e  b e en  made b o th  by Guggenheim and by D a v ie s

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

m o le c u le s  and p o s s i b l e  d e v i a t i o n s  from  th e  n o n d e fo rm a b le

s p h e r e  m odel f o r  i o n .  D a v ie s  e q u a t i o n  h a s  t h e  fo rm

l o g  f -  = A Z2 -  0 . 2 1
i + r

an d  c o r r e s p o n d s  to  a  wq" v a lu e  o f  4 X i n  w a t e r .  T h is  

e x p r e s s i o n  h a s  b e en  u s e d  w id e ly  and  fo u n d  to  g iv e  

a c t i v i t y  c o e f f i c i e n t s  i n  good a g re e m e n t  w i th  e x p e r im e n ta l



v a l u e s  up to  an  i o n i c  s t r e n g t h  o f  0 .1  m f o r  1 :1  

e l e c t r o l y t e s ^ 8 .

A num ber o f  m e th o d s  a r e  a v a i l a b l e  f o r  t h e  s tu d y  

o f  i o n  a s s o c i a t i o n  i n  s o l u t i o n .  Among them a r e

(1 )  d o n d u c t i v i t y  (2 )  s o l u b i l i t y  (3 )  e . m . f .  (4 )  s p e c t r o ­

p h o to m e try  a n d  (5 )  v i b r a t i o n  s p e c t r o s c o p y .  M easurem ent 

o f  c o n d u c t i v i t y  h a s  b e e n  w id e ly  u s e d ,  th e  d e v i a t i o n  

from  O n sag e r  e q u a t i o n  b e in g  a s c r i b e d  to  i o n  a s s o c i a t i o n .
5 fitI h u s  D a v ie s^  and c o w o rk e rs  have  d e te rm in e d  th e

d i s s o c i a t i o n  c o n s t a n t s  f o r  a l a r g e  num ber o f  1 : 1 ,

2 * 2 ,  1*2 and 3 :3  e l e c t r o l y t e s .  T h is  m ethod i s

p a r t i c u l a r l y  s u i t a b l e  f o r  sy m m e tr ic a l  v a le n c y  ty p e

e l e c t r o l y t e s ,  f o r  i n  t h e s e ,  i o n  p a i r s  h av e  no r e s i d u a l

c h a rg e  and  h e n c e  do n o t  c o n t r i b u t e  to  th e  o b s e rv e d

c o n d u c t i v i t y .  M easurem ent o f  s o l u b i l i t y  o f  s p a r i n g l y
the

s o l u b l e  s a l t s  i n ^ p r e s e n c e  o f  added  e l e c t r o l y t e s  h a s
6 ab e e n  u s e d  by D a v ie s  to  s t u d y  c a lc iu m  s a l t s  o f  o r g a n i c

7 aa c i d s  and by B e l l  a id  George f o r  c a lc iu m  and
3 at h a l l o u s  i o n  p a i r s .  Monk e t  a l  hav e  u s e d  e . m . f .  

m e a su re m e n ts  e x t e n s i v e l y .  fh e  s p e c t r o p h o t o m e t r i e  

m ethod  d e p e n d s  upon  th e  i o n  and i o n  p a i r  h a v in g  

d i f f e r e n t  e x t i n c t i o n  c o e f f i c i e n t s .  Raman s p e c t r a  

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



l i m i t e d  e x t e n t .  M e n t io n  c a n  be made o f  o t h e r  m eth o d s  

su c h  a s  r e a c t i o n  k i n e t i c s ,  m o le c u l a r  r e f r a c t i v i t y  andt 

n u c l e a r  m a g n e t i c  r e s o n a n c e .

Much o f  th e  a v a i l a b l e  d a t a  on i o n  a s s o c i a t i o n  r e f e r  

t o  o n ly  a  s i n g l e  t e m p e r a t u r e  o r  a  s m a l l  ra n g e  o f  

t e m p e r a t u r e .  I t  i s  o f  i n t e r e s t  to  s tu d y  therm odynam ic  

p r o p e r t i e s  o f  t h e  a s s o c i a t i o n  p r o c e s s .  L e t  u s  c o n s i d e r  

t h e  s t a t e  o f  two w a t e r  m o le c u le s  i n  p u re  w a te r  and th e  

change  b r o u g h t  a b o u t  by r e p l a c i n g  one o f  them by an  i o n
4. f

su c h  a s  K , ( o f  a b o u t  t h e  same s i z e  a s  a  w a te r  m o le c u l e ) .  

We f i n d  t h a t  w h e re a s  th e  m u tu a l  p o t e n t i a l  e n e rg y  b e tw ee n  

th e  two w a t e r  d i p o l e s  w i th  t h e i r  a x e s  l y i n g  a lo n g  t h e  

l i n e  j o i n i n g  t h e i r  c e n t r e s  i s  a b o u t  - 0 . 1 5  e l e c t r o n  v o l t ,  

t h e  p o t e n t i a l  e n e rg y  b e tw e e n  th e  K i o n  and t h e  w a t e r  

m o le c u le  i s  a b o u t  - 0 . 7  e l e c t r o n  v o l t .  T h is  i n d i c a t e s
4 -a  c o n s i d e r a b l e  i n t e r a c t i o n  b e tw ee n  th e  K io n  and 

s u r r o u n d i n g  w a t e r  m o le c u l e s / l e a d i n g  t o  o r i e n t a t i o n  

o f  th e  w a t e r  d i p o l e s  a ro u n d  th e  i o n ,  th e  so c a l l e d  " i c e ­

b e r g ” e f f e c t ^ 8 . When an i o n  i s  b r o u g h t  i n t o  s o l u t i o n  

t h e  sy s tem  l o s e s  e n t r o p y  and  when t h i s  a s s o c i a t e s  w i t h  an  

i o n  t h e  p a r t i a l  n e u t r a l i s a t i o n  o f  c h a rg e  c a u s e s  an



i n c r e a s e  i n  d i s o r d e r  o f  th e  w a te r  m o le c u l e s  and a  

c o n s e q u e n t  b reakdow n  o f  t h e  " i c e b e r g "  s t r u c t u r e .

I n  g e n e r a l , an  a s s o c i a t i o n  r e a c t i o n  may be w r i t t e n

a s

I f  we c o n s i d e r  a  s y m m e tr ic a l  e l e c t r o l y t e *  th e  above  

e q u a t i o n  r e d u c e s  to

I t  i s  d e s i r a b l e  to  a o l i e c t  d a t a  o v e r  a s  l a r g e  a  

t e m p e r a t u r e  r a n g e  a s  p o s s i b l e  t o  o b t a i n  r e l i a b l e  

th e rm ody nam ic  p r o p e r t i e s .  I n  t h e  p r e s e n t  w ork , p a r t  I  

d e a l s  w i t h  a s s o c i a t i o n  o f  t h e  t h a l l o u s  i o n  w i th  t h e  a z i d e ,  

n i t r a t e ,  b ro m id e  and c h l o r i d e  i o n s .  These h av e  b e en  

s t u d i e d  by s o l u b i l i t y  m e a su re m e n ts  on t h a l l o u s  i o d a t e  

suxd t h a l l o u s  b ro m id e  i n  p r e s e n c e  o f  added  s a l t  s o l u t i o n s  

a t  0 °C , 1 0 °C , 25° and  40°G. and by  c o n d u c t i v i t y  m e a su re ­

m e n ts  on t h a l l o u s  c h l o r i d e  a t  40°C . P a r t  I I  i s  d e v o te d  

t o  2 :2  e l e c t r o l y t e s .  The s u l p h a t e s  o f  m agnesium , z i n c ,

Mxaq

Mx. fMx

0 r  K = um+. X®-. fX®
ss



c o b a l t ,  n i c k e l  and m anganese  have  b e en  s t u d i e d  by an 

e . m . f .  m ethod  a t  t e m p e r a t u r e s  from  0 ° 0 .  to  45°C. The 

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

m e a s u re d .  Each p a r t  i s  i n t r o d u c e d  s e p a r a t e l y  and p a r t  

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

An a p p e n d ix  i s  i n c l u d e d  i n  w hich  t h e  e q u i l i b r i u m  

HCrO,- H+ ♦ 0r04= h a . a ^ d i .d  a t  25»C

by a  s p e e t r o p h o t o m e t r i c  m e th o d .
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I n t r o d u c t i o n

I t  h a s  b e e n  f a i r l y  w e l l  e s t a b l i s h e d  t h a t  th e  D ebye-

H&ekel t h e o r y  o f  i n t e r i o n i c  a t t r a c t i o n  and th e  O nsager

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

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

d i l u t i o n s .  T a k in g  i n t o  a c c o u n t  e f f e c t s  due to  s h o r t -

r a n g e  i n t e r a c t i o n s  b e tw ee n  i o n s  and  s o l v e n t  m o le c u le s  and

t h o s e  among t h e  i o n s  th e m s e lv e s  n o t  r e p r e s e n t e d  by th e

r i g i d - s p h e r e  model f o r  i o n s  assum ed by Debye and I id c k e l ,

a  num ber o f  m o d i f i c a t i o n s  have  b e e n  made to  D ebye-H ttckel * s 
the

e x p r e s s i o n  fo r^  a c t i v i t y  c o e f f i c i e n t .  The e x p r e s s i o n
«i v

d e r i v e d  by D a v ie s  and u s e d  e x t e n s i v e l y  h a s  been  found

t o  y i e l d  v e ry  r e l i a b l e  and  c o n s i s t e n t  d a t a  f o r  n o rm al 1 :1

e l e c t r o l y t e s  to  c o n c e n t r a t i o n s  up to  0 .1  M. The O nsager

l i m i t i n g  law  f o r  c o n d u c t i v i t i e s  h a s  been p u t  to  t e s t  f o r

a  num ber o f  1 :1  e l e c t r o l y t e s  by S h ed lo v  sky and  many 
2bo t h e r  w o rk e r s  who h av e  shown t h a t  i t  i s  o b eyed  v e ry  

w e l l  to  c o n c e n t r a t i o n s  up to  0 .0 0 1  M. The v a l i d i t y  o f  

t h e s e  e q u a t i o n s  i s  r a t h e r  more l i m i t e d  i n  r a n g e  i n  t h e  

c a s e  o f  e l e c t r o l y t e s  o f  h i g h e r  v a le n p y  t y p e .  S in c e



t h e o r y  i s  b o rn e  o u t  by e x p e r im e n t  to  a  g r e a t  e x t e n t  

w i th  u n i - u n i v a l e n t  e l e c t r o l y t e s ,  any d e v i a t i o n  from  

t h e o r y  i n  t h i s  c l a s s  can  be a t t r i b u t e d  to  f a c t o r s  l i k e  

i o n  a s s o c i a t i o n .  I t  i s  t h e r e f o r e , a p p a r e n t  t h a t  u n i ­

u n i v a l e n t  v a l e n t  s a l t s  a r e  am ongst th e  m o st s u i t e d  f o r  a 

q u a n t i t a t i v e  s tu d y  o f  th e  phenomenon o f  i o n  a s s o c i a t i o n .

As h a s  b e e n  e x p l a i n e d  p r  e v io u s ly ,  a c c o r d in g  to
3bB je r r u m ’ s  e l e c t r o s t a t i c  t r e a t m e n t  , t h e  minimma d i s t a n c e

o f  c l o s e s t  a p p ro a c h  f o r  u n i v a l e n t  i o n s  o f  o p p o s i t e  c h a rg e
2

i s  g i v e n  by  q = ' '* £ £ ?  * The h ig h  d i e l e c t r i c  c o n s t a n t

o f  w a t e r  ( £ = 7 8 .5 4 )  when s u b s t i t u t e d  g i v e s  q. r z  3 .5 ?  &

f o r  a q u e o u s  s o l u t i o n s  a t  2 5 °C. The p o s s i b i l i t y  o f  f i n d i n g

many i o n s  w i t h i n  t h i s  r a n g e  o f  one a n o th e r  i s  r a t h e r

r e m o te ,  when we c o n s i d e r  t h a t  i n  su ch  s o l u t i o n s  many i o n s ,

e s p e c i a l l y  th e  c a t i o n s ,  a r e  h y d r a t e d  to  some e x t e n t  and

h e n c e  p o s s e s s  e f f e c t i v e  r a d i i  o f  h i g h e r  m a g n i tu d e  th a n  th e

c r y s t a l  r a d i i .  Among t h e  u n i v a l e n t  c a t i o n s ,  Ag and T.1

p r o b a b ly  fo rm  th e  m o s t  s t a b l e  i o n  p a i r s .
4bh a  Mer and Goldin arm d e te rm in e d  th e  s o l u b i l i t y  o f

t h a l l o u s  i o d a t e  i n  s a l t  s o l u t i o n s  to  s tu d y  th e  e f f e c t  

o f  ad d ed  s a l t ,  w i th  and w i t h o u t  a  common i o n ,  on  t h e  

a c t i v i t y  c o e f f i c i e n t  o f  t h a l l o u s  i o d a t e .  C o n d u c t i v i ty



m e a su re m e n ts  h av e  b e e n  made on t h a l l o u s  c h l o r i d e  a s

e a r l y  a s  1911 by  B ray  and W i n n i n g h o f f ^  and l a t e r  by

G a r r e t t  and  V e l l e n g a 5**. How ever, t h e s e  w o rk e rs  d id

n o t  a t t e m p t  m e a su re m e n ts  a t  d i f f e r e n t  t e m p e r a t u r e s

w hich  w ould h av e  e n a b le d  c a l c u l a t i o n  o f  h e a t  and e n t r o p y

v a l u e s  f o r  t h e  a s s o c i a t i o n .  The s o l u b i l i t y  o f  c a lc iu m

i o d a t e  i n  s o l u t i o n s  o f  t h e  sodium s a l t s  o f  o r g a n i c  a c i d s
6bh a s  b e e n  u s e d  by D a v ie s  to  o b t a i n  th e  d e g re e  o f  

d i s s o c i a t i o n  o f  th e  c o r r e s p o n d in g  c a lc iu m  s a l t s .  Ikapioying  

a  s i m i l a r  t e c h n iq u e  B a l l  and G e o r g e ^  d e te r m in e d  th e  

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

a t  t h r e e  t e m p e r a t u r e s  and r e p o r t e d  v a l u e s  f o r  t h e  e n t r o p y  

o f  d i s s o c i a t i o n  o f  t h e  i o n  p a i r o  o f  T l + i o n  w i th  C l~ ,  GH~, 

S04“  and CHS~ i o n s .

I n  th e  p r e s e n t  w o rk ,  therm odynam ic  d a t a  f o r  t h a l l o u s  

a z i d e  and n i t r a t e  have  b e e n  o b t a i n e d  by a  s i m i l a r  s e r i e s  

o f  s o l u b i l i t y  m e a su re m e n ts  a t  0 ° ,  1G% 25° and 4QUC. 

D e t e r m in a t io n  o f  s o l u b i l i t i e s  o f  t h a l l o u s  b ro m ide  h a s  

b e e n  done a t  25°G and 40°G i n  s o l u t i o n s  o f  p o ta s s iu m  

n i t r a t e  and sodium p e r c h l o r a t e .  T hese  i n  c o n j u n c t i o n  

w i t h  t h e  c o n d u c t i v i t y  m e a su re m e n ts  on  s a t u r a t e d  s o l u t i o n s
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o f  t h a l l o u s  b ro m id e  a t  th e  two t e m p e r a t u r e s  have

p r o v id e d  t h e  f r e e  e n e r g y ,  h e a t ,  and e n t r o p y  d a t a  f o r

t h a l l o u s  b ro m id e .  C o n d u c t i v i ty  me a s u re m e n ts  on  s o l u t i o n s

o f  t h a l l o u s  c h l o r i d e  a t  4-0° have  b e en  u s e d  to  o b t a i n  th e

m o b i l i t y  o f  T l+ i o n  w h ich  was r e q u i r e d  f o r  c a l c u l a t i o n s

on t h a l l o u s  b rom ide  and th e  a s s o c i a t i o n  c o n s t a n t  f o r

t h a l l o u s  c h l o r i d e .  The h t t e r  m e a su re m e n ts  t o g e t h e r

w i t h  t h e  c o n d u c t i v i t y  d a t a  on t h a l l o u s  c h l o r i d e  a t  25°
5bby o t h e r  w o r k e r s  h a v e  a l s o  e n a b le d  a  c o m p a r iso n  o f  th e  

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

m e th o d s .



E x p e r im e n ta l  and  A p p a ra tu s

P r e p a r a t i o n  o f  r e a g e n t s

(1 )  C o n d u c t i v i ty  w a t e r . T h is  was p r e p a r e d  by a  m ixed 

b ed  d e i o n i z a t i o n  p r o c e s s ,  d e s c r i b e d  by D a v ie s  and 

N a n c o l l a s 8^ .

D i s t i l l e d  w a te r  was s lo w ly  p a s s e d  down a  column 

c o n s i s t i n g  o f  an  i n t i m a t e  m ix tu r e  o f  one p a r t  ( a p p ro x ­

i m a t e l y  10 m . l . )  o f  t h e  s t r o n g  a c i d  r e s i n  A m b e r l i te  

I E -  1 2 0 ,  and  two p a r t s  ( a p p r o x im a te ly  20 m . l . )  o f  th e  

s t r o n g  b a s e  r e s i n  A m b e r l i t e  I R A -  4*00.

Any c a t i o n  i m p u r i t i e s  i n  t h e  w a t e r  ex changed  w i th  

h y d ro g e n  i o n s  from  th e  a c i d  r e s i n ,  and a s  t h e  l a t t e r  

i o n s  w ere  im m e d ia te ly  n e u t r a l i s e d  by th e  b a s i c  r e s i n ,  th e  

f o r m e r  p r o c e s s  w en t to  c o m p le t io n .  The a n io n  i m p u r i t i e s  

w ere  l i k e w i s e  rem oved by th e  s t r o n g  b a s e  r e s i n .

The s p e c i f i c  c o n d u c t i v i t y  o f  t h e  w ate#  was u s u a l l y  

a b o u t  0 .0 8  t o  0 .1 0  x  10~ r e c i p r o c a l  ohms.

(2 )  P r e p a r a t i o n  and p u r i f i c a t i o n  o f  s a l t s  

( a )  F o r  s o l u b i l i t y  e x p e r i m e n t s : -  T h a l lo u s  i o d a t e  was 

p r e p a r e d  by d ro p p in g  s o l u t i o n s  o f  e q u i v a l e n t  q u a n t i t i e s  

o f  A .R. p o ta s s iu m  i o d a t e  and A.R. t h a l l o u s  s u l p h a t e  i n t o  

a  l a r g e  volum e o f  d i s t i l l e d  w a te r  k e p t  v i g o r o u s l y  s t i r r e d
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a t  65°C , o v e r  a  p e r i o d  o f  two h o u r s .  The p r e c i p i t a t e  

was a l lo w e d  t o  s e t t l e  and washed s i x  t im e s  w i t h  warm 

w a te £  by  d e c a n t a t i o n .  I t  was t h e n  d i g e s t e d  w i t h  

t h r e e  t im e s  i t s  w e ig h t  o f  c o n d u c t i v i t y  w a te r  f o r  f o u r  

h o u r s  a t  80°C and m o st  o f  th e  s m a l l e r  p a r t i c l e s  w ere 

rem oved by r e p e a t e d  s e d i m e n t a t i o n .

I n  o r d e r  to  p r e p a r e  t h a l l o u s  b ro m id e ,  s o l u t i o n s  o f  

A .R. p o ta s s iu m  b ro m id e  and  A .R .  t h a l l o u s  s u l p h a t e  were 

a d d ed  d ro p w is e  to  a  l a r g e  volume o f  d i s t i l l e d  w a t e r  

k e p t  s t i r r e d  a t  room t e m p e r a t u r e .  The p r e c i p i t a t e  was 

s i m i l a r l y  w ashed s i x  t im e s  and d i g e s t e d  w i th  c o n d u c t i v i t y  

a t e r  a t  5 0 °C f o r  two h o u r s .  S e d im e n ta t io n  was em ployed a s  

b e f o r e .

Sodium a z i d e  was r e c r y s t a l l i s e d  t h r e e  t im e s  from  

c o n d u c t i v i t y  w a t e r  and  d r i e d  i n  a n  oven  a t  1 1 0 °C. A .R .  

p o ta s s iu m  n i t r a t e  was u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n ,

b )  ffor c o n d u c t i v i t y  e x p e r i m e n t s : -  T h a l lo u s  c h l o r i d e  

was p r e p a r e d  by m ix in g  e q u i v a l e n t  s o l u t i o n s  o f  A .R .  

h y d r o c h l o r i c  a c i d  and A .R .  t h a l l o u s  s u l p h a t e .  The 

p r e c i p i t a t e  was washed f r e e  from  t r a c e s  o f  s u l p h a t e  and 

c h l o r i d e .  I t  was t h e n  r e c r y s t a l l i s e d  f o u r  t im e s  from  

c o n d u c t i v i t y  w a t e r  and d r i e d  a t  1 1 0 ° C. The t h a l l o u s
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b ro m id e ,  p r e p a r e d  a s  b e f o r e ,  was p u r i f i e d  i n  th e  same 

way by r e c r y s t a l l i s a t i o n .

3) P r e p a r a t i o n  o f  s to c k  s o l u t i o n s

Steam ed o u t ,  s e a s o n e d  p y re x  s to c k  f l a s k s  w i th  

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

s o l u t i o n s .

Sam ples o f  t h e  r e a g e n t s  p u r i f i e d  and d r i e d  a s

d e s c r i b e d  b e f o r e  w ere  w e ighed  o u t  from  s m a l l  p y re x

w e ig h in g  b o t t l e s  u s i n g  a  S t a n to n  se m i-m ic ro  b a la n c e  and

w e i g h t s  w h ich  had  been  c a l i b r a t e d  by t h e  m ethod o f  
9bK o h lr a u s e h  . S o l u t i o n s  were made up by w e ig h t  w i th  

c o n d u c t i v i t y  w a t e r  u s i n g  a  l a r g e  S a r t o r i u s  b a la n c e  

s e n s i t i v e  to  0 .0 0 1  gm. S to c k  s o l u t i o n s  t h u s  p r e p a r e d  

w ere  d i l u t e d  to  t h e  r e q u i r e d  c o n c e n t r a t i o n  by t h e  w e ig h t  

m ethod  u s i n g  a  w e ig h t  b u r e t t e .  Vacuum c o r r e c t i o n  was 

a p p l i e d  to  a l l  w e ig h in g s .

S to c k  s o l u t i o n s  o f  sodium p e r c h l o r a t e  were p r e p a r e d  

by  e x a c t  n e u t r a l ,  i s  a t  i o n  o f  c a r b o n a t e - f r e e  sodium  

h y d r o x id e  s o l u t i o n  w i t h  p e r c h l o r i c  a c id  s o l u t i o n .  

A p p a r a tu s

a )  S o l u b i l i t y  D e te r m in a t io n s
6bS a t u r a t o r a  s i m i l a r  to  th e  ty p e  d e s c r i b e d  by D a v ie s  , 

made o f  p y re x  g l a s s  were u se d  ( F i g .  1 ) .  One o f  t h e  

two l im b s  c o n s i s t e d  o f  a  b u lb  o f  a b o u t  iOO m . l .  c a p a c i t y



c o n n e c te d  to  a  s h o r t ,  h o r i z o n t a l  c a p i l l a r y  tu b e

t h r o u ^ i  a  v e r t i c a l  tu b e  o f  a b o u t  12 cms l o n g  and 
20*8 cm c r o s s  s e c t i o n  and a  number 3 s i n t e r e d  p a r t i t i o n *  

T h i s  l im b  was t o  c o n t a i n  th e  colum n o f  s p a r i n g l y  

s o l u b l e  s a l t  and t h e  o t h e r  l im b  was a  w id e r  v e r t i c a l  

tub© to  c o l l e c t  t h e  s o l u t io n *

A w a t e r f i i l e d  g l a s s  t e r m o s t a t ,  s t i r r e d  by an 

e l e c t r i c a l l y  d r i v e n  p a d d le  sy s tem  was em ployed . The 

t e m p e r a t u r e  was k e p t  c o n s t a n t  to  -  0*1°G by m eans o f  a  

t o lu e n e - m e r c u r y  r e g u l a t o r  o p e r a t i n g  a  200 w a t t  b u lb  

t h r o u g h  a  ' s u n v ie ’ r e l a y .  The s o l u b i l i t y  m easu rem en ts  a t  

0 °0  and  a t  10°C w ere  c a r r i e d  o u t  u s i n g  a  t h e r m o s t a t  i n  

a  low  t e m p e r a t u r e  room k e p t  a t  a b o u t  2°G and em ploy ing  

a  MG ir c o th e r m 11 t h e r m o s t a t i n g  u n i t .  To o b t a i n  0°C , 

pow dered  i c e  was u s e d .  The c o n s ta n c y  o f  t e m p e r a tu r e  

was a b o u t  -  0 .1 ° C .

b )  C o n d u c t i v i ty  m ea su re m e n ts

The c o n d u c t i v i t y  m ea su re m e n ts  were made on a  

s c r e e n e d  A.C. b r i d g e  o f  th e  ty p e  d e s c r i b e d  by J o n e s  

and  J o s e p h 1013 and  by S h e d lo v sk y 1^ 13, th e  p r e c a u t i o n s  

recommended f o r  m in im is in g  e f f e c t s  due to  t h e  in d s io ta n ce  

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

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

d ia g ra m  ( F i g .  2 ) .  R^ was t h e  c e l l ,  and R2 a  S u l l i v a n  

n o n - r e a c t i v e  r e s i s t a n c e  b o x , r e a d i n g  from  1 0 ,0 0 0  to  0 .1  ohm. 

The r a t i o  arm s R^ and R^ w ere o b t a i n e d  from  a  100 ohm

S u l l i v a n  n o n r e a c t i v e  s l i d e  r e s i s t a n c e ,  t h e  t o t a l  

r e s i s t a n c e  b e i n g  s u b d iv id e d  i n t o  10^ e q u a l  p a r t s  by 

m eans o f  two c o n c e n t r i c  d i a l  s y s te m s .  The a m p l i f i e r  

was a  two s t a g e ,  h i g h  g a i n ,  m a i n s - o p e r a t e d  m odel and 

m e a su re m e n ts  w ere  u s u a l l y  made a t  1 0 0 0 , 2000 and 3000 

c y c l e s  p e r  s e c .  The o s c i l l a t o r ,  a  m a in s - o p e r a t e d  

H a r t l e y  ty p e  w i t h  c o n t i n u o u s l y  v a r i a b l e  f r e q u e n c i e s ,  

from  15 c . p . s  to  4 K c . p . s .  was p l a c e d  a b o u t  tw e lv e  f e e t

away from  t h e  b r i d g e  to  p r e v e n t  i n t e r a c t i o n .  The l e a d s ,

w h ich  w ere  s c r e e n e d  and g ro u n d e d ,  c o n n e c te d  t h e  o s c i l l a t o r

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

t r a n s f o r m e r ,  d e s ig n e d  to  s c r e e n  e f f e c t i v e l y  th e  su p p ly  

s o u r c e  from  t h e  b r i d g e  w i t h o u t  u p s e t t i n g  t h e  b a la n c e  

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

sound  minimum i n  t h e  d e t e c t o r  was im proved  c o n s i d e r a b ly  

by  e a r t h i n g  th e  b r i d g e .  A m o d if ie d  Wagner e a r t h  

d e s c r i b e d  by J o n e s  and Joseph-*-^  w hich a l s o  e n s u r e d  th e



t e l e p h o n e  e a r p i e c e  b e in g  m a in t a in e d  a t  g ro u n d  p o t e n t i a l

t h u s  e l i m i n a t i n g  any  l e a k a g e  o f  c u r r e n t ,  was u s e d .  I n  

t h e  d ia g ra m  i t  i s  r e p r e s e n t e d  by t h e  r e s i s t a n c e s  H,., H6 , 

th e  c o n t a c t  g ,  and t h e  v a r i a b l e  c o n d e n s e r  Gg.

The c o n d e n s e r  was c o n n e c te d  by s w i tc h  S ,  to  e i t h e r  

A o r  A#. The b r i d g e  was b a la n c e d  i n  th e  u s u a l  way and 

th e  d e t e c t o r  D, was c o n n e c te d  to  g round  by s w i tc h  Sg.

B was t h e n  b r o u g h t  to  g round  p o t e n t i a l  by a d ju s tm e n t  

o f  t h e  c o n t a c t  f g* and th e  c o n d e n s e r  Cg. The b r id g e

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

was any  c h a n g e .

C o n n e c t io n s  to  t h e  c e l l  w ere  made by t a k i n g  l e a d s  

from  t h e  e l e c t r o d e s  to  two m e rc u ry  cups  s u p p o r te d  i n  th e  

th e rm o b t a t .  T h is  p r e v e n t e d  h e a t  i n t e r c h a n g e  to  th e  

c e l l  from  th e  room .

Any r e s i s t a n c e  e f f e c t  due to  th e  l e a d s  from  th e  

m e rc u ry  cu p s  t o  t h e  b r i d g e  was com pensa ted  by h a v in g  an  

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

box  Rg to  t h e  c i r c u i t .

A S u l l i v e n  d e c a d e  s t a b l e  m ic a  c o n d e n s e r ,  r e a d i n g  

from  0 to  0 .0 1  p .P .,  c o u ld  be c o n n e c te d  a c r o s s  R^ o r  th e  

c e l l  i n  o r d e r  t o  com p ensa te  f o r  c a p a c i t y  e f f e c t s  i n  t h e
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arm s o f  t h e  b r i d g e .  The c o n n e c t io n s  to  t h e  c e l l  and 

t h e  r e s i s t a n c e  box  c o u ld  be  i n t e r c h a n g e d  by  means o f  

a  com m uta to r  o f  t h e  r o c k i n g  t y p e .

When th e  r e s i s t a n c e  o f  w a t e r  was b e in g  m e a s u re d ,  a  

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

by a 9991*8 ohm s t a n d a r d  r e s i s t a n c e .

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

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

c a p a c i t y  e r r o r s ^ * * . was s t i r r e d  by an  e f f i c i e n t

e l e c t r i c a l l y  d r i v e n  m u l t i p l e  p a d d le  sy s tem  and th e  

t e m p e r a t u r e  was k e p t  c o n s t a n t  to  -  0*005°C o f  th e  

r e q u i r e d  t e m p e r a t u r e  by m eans o f  a  to lu e n e - m e r c u r y  S p i r a l  

r e g u l a t o r  o p e r a t i n g  a  60 w a t t  c a rb o n  f i l a m e n t  lam p th ro u g h  

a  vacuum r e l a y .  The th e rm o m e te r  u se d  had  b e e n  s t a n d a r d ­

i z e d  a g a i n s t  two p l a t i n u m  r e s i s t a n c e  th e rm o m e te rs  

c o n s t r u c t e d  a s  d e s c r i b e d  l a t e r .

Two t y p e s  o f  c o n d u c t i v i t y  c e l l s  were u s e d : -

T *1 V*
A P y re x  H a r t l e y - B a r r e t t  c e l l  was em ployed f o r  m e a su re ­

m e n ts  on t h a l i o u s  b ro m id e .  The d i p p in g  e l e c t r o d e s  o f  

greyed p la t in u m  w ere  s i t u a t e d  n e a r  th e  c e l l  w a l l  so a s  to  

a l l o w  an  e f f i c i e n t  f o u r  b l a d e d  s t i r r e r  to  b e  s u p p o r te d  

fro m  a  p u l l e y  s h a f t  th ro u g h  a  c e n t r a l  a p e r t u r e  i n  t h e
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c e l l  cap  ( F i g .  3 ) .  fh e  p o s i t i o n  o f  th e  e l e c t r o d e s  

was a c c u r a t e l y  f i x e d  i n  t h e  c e l l  by f i n e  l i n e s  e tc h e d  

on t h e  m ale  and fe m a le  com ponen ts  o f  th e  g ro und  g l a s s  

j o i n t *  A s m a l l  hood  a t t a c h e d  to  th e  stem  o f  t h e  s t i r r e r  

p r e v e n t e d  c o n ta m i n a t i o n  o f  th e  c e l l  c o n t e n t s  by f o r e i g n

m a t t e r  f a l l i n g  th ro u g h  t h e  a p e r t u r e  i n  th e  c a p .  A s i d e

tu b e  on t h e  cap w i t h  a  th r e e - w a y  t a p  e n a b le d  p u r i f i e d  

a i r  o r  n i t r o g e n  r a i s e d  to  th e  b a t h  t e m p e r a tu r e  to  be 

p a s s e d  o v e r  th e  s u r f a c e  o f  th e  c e l l  s o l u t i o n .  fh e  cap 

a l s o  h a d  an  i n l e t  tu b e  c lo s e d  by a  s m a l l  g roun d  g l a s s  

cap  t o  a l l o w  a d d i t i o n s  o f  s o l u t i o n s  to  be made.

A Clones and  B o l l i n g e r  c e l l  was u se d  f o r  m ea su re ­

m e n ts  on more c o n c e n t r a t e d  s o l u t i o n s  o f  t h a l l o u s  c h l o r i d e .  

I t  c o n s i s t e d  o f  a  t u b e  a b o u t  12 ems. l o n g ,  h a v in g  a  b lu b  

a t  e a c h  end w h ich  accom m odated a  l a r g e  c i r c u l a r  p la t in u m  

e l e c t r o d e  e a c h  s e a l e d  i n  th ro u g h  a  l e a d - i n  t u b e .  Each 

b u lb  a l s o  c a r r i e d  a  f i l l i n g  t u b e ,  sp a c e d  w e l l  away from 

t h e  l e a d - i n  tu b e  ( to  e l i m i n a t e  a n y 'c a p a c i t a n c e  by p a t h ) ,  

an d ip ro v id ed  w i t h  g round  g l a s s  j o i n t  ( f i g .  4 ) .  ^he c e l l  

w as c l e a n e d  and t h e  e l e c t r o d e s  w ere  p l a t i n i s e d  i n  a  

s o l u t i o n  c o n s i s t i n g  o f  0 .0 2 5  $  h y d r o c h l o r i c  a c i d  c o n t a i n i n g  

0 .3 $  by  w e ig h t  o f  p l a t in u m  c h l o r i d e  and 0*025$ o f  l e a d



a c e t a t e ,  a s  recommended by J o n e s  and B o l l i n g e r ^ ^ .  Ih e
o

c u r r e n t  d e n s i t y  was 10 M . A . / W , i t s  d i r e c t i o n  b e in g  

r e v e r s e d  e v e r y  t e n  s e c o n d s  f o r  a  t o t a l  t im e  o f  a b o u t  

t e n  m in u t e s .

E x p e r im e n ta l  T ech n iq u e

a )  S o l u b i l i t y  m e a su re m e n ts

The t h a l l o u s  i o d a t e  o r  t h e  t h a l l o u s  b ro m id e  was 

w ashed  i n t o  t h e  n a r ro w  l im b  o f  t h e  s a t u r a t o r  so a s  to  

fo rm  a  colum n o f  a b o u t  8 -1 0  cms. h e i g h t  above  t h e  s i n t e r ,  

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

w e l l  im m ersed i n  t h e  w a t e r .  A bout 50-75  c e .  o f  

c o n d u c t i v i t y  w a te r  w ere  t a k e n  i n  t h e  b u lb  and  a f t e r  

a l l o w i n g  t im e  f o r  t h e  w a t e r  to  r e a c h  th e  t h e r m o s t a t  

t e m p e r a t u r e ,  i t  was p a s s e d  down th e  co lum n. 50 c c .  

o f  w a t e r  r e q u i r e d  a b o u t  2 h o u r s  a t  25 °C, 1 |  h o u r s  a t  40° 

and  m ore t h a n  3 h o u r s  a t  0° and 10°C . to  p a s s  th r o u g h ,  

f h e  s o l u t i o n  was t r a n s f e r r e d  b a c k  i n t o  th e  b u lb  and 

a g a i n  a l lo w e d  to  c i r c u l a t e .  2he  o b s e rv e d  s o l u b i l i t i e s

w ere  a  l i t t l e  h ig h  a t  th e  b e g in n i n g ,  b u t  a f t e r  a  number 

o f  w a s h in g s  c o n s t a n t  v a l u e s  w ere  o b t a i n e d  from  t h r e e  

d i f f e r e n t  © a t u r a t o r s .  With t h e  d i f f e r e n t  s a l t  s o l u t i o n s  

w h ic h  w ere  u s e d  a s  s o l v e n t ,  a  s i m i l a r  p r o c e d u r e  was



a d o p te d ,  t h e  colum n h a v in g  b e en  washed a t  l e a s t  f o u r  t im e s

w i t h  t h e  s o l u t i o n  b e in g  u s e d  b e f o r e h a n d .  C om plete  

s a t u r a t i o n  was o b t a i n e d  a f t e r  tw ic e  p a s s i n g  th ro u g h  th e  

co lum n.

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

e s t i m a t e d  by t i t r a t i o n  o f  t h e  i o d i n e  l i b e r a t e d  on 

a d d i t i o n  o f  p o ta s s iu m  i o d i d e  and d i l u t e  s u l p h u r i c  a c i d ,  

w i t h  s t a n d a r d  sodium  th io s u lp h & te  s o l u t i o n  o f  a b o u t  

0 .0 1  If. A f r e s h l y  p r e o a r e d  s t a r c h  s o l u t i o n  was u s e d  

a s  i n d i c a t o r  to w a rd s  t h e  end &f th e  t i t r a t i o n .

A.R. sodium  t h i o s u l p h a t e  was u s e d  t o  p r e p a r e  the  

s t a n d a r d  s o l u t i o n ,  3 gms. o f  A .R . b o r a x  p e r  l i t r e  was 

a d d e d ,  and t h e  s t o c k  s o l u t i o n  a l lo w e d  to  s t a n d  f o r  a t  

l e a s t  one  week b e f o r e  b e in g  u s e d .  I t  was s t a n d a r d i s e d  

p e r i o d i c a l l y  w i t h  A.R. p o ta s s iu m  i o d a t e  w hich  had  b e en  

d r i e d  a t  1 1 0 °C f o r  two h o u r s .  The s t r e n g t h  o f  th e  

t h i o s u l p h a t e  re m a in e d  c o n s t a n t  to  b e t t e r  t h a n  0 .1 $  o v e r  

a  p e r i o d  o f  two m o n th s .

The t h a l l o u s  b ro m id e  was e s t i m a t e d  by M ohr’ s 

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

u s i n g  p o ta s s iu m  c h ro m a te  a s  i n d i c a t o r .

The a d d i t i o n  o f  p o ta s s iu m  i o d i d e  to  t h a l l o u s  i o d a t e



s o l u t i o n s  p r o d u c e s  a  t r a n s i e n t  y e l lo w  p r e c i p i t a t e

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

i o d i n e  on a d d i t i o n  o f  a c i d  to  form  th e  T1I^~ i o n .  In

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

rem o v e d , th e  t h a l l o u s  i o d i d e  p r e c i p i t a t e ^  t h u s  o b s c u r in g

th e  end p o i n t  o f  t h e  t i t r a t i o n  and r e s t r i c t i n g  t h e
4ba c c u r a c y .  La Mer and Goldmantr b e l i e v e d  th e  p r e c i p i t a t e  

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

t h i o s u l p h a t e .  B e l l  end  G e o r g e ^ , h o w e v e r ,  e x p e r i e n c e d  

s i m i l a r  d i f f i c u l t y  e v e n  u s i n g  a r s e n i t e .  The l a t t e r  w o rk e rs  

t h e r e f o r e ,  m o d i f i e d  th e  p ro c e d u r e  by f i l t e r i n g  th e  m ix tu r e  

f r e e  o f  t h a l l o u s  i o d i d e  a f t e r  a d d i t i o n  o f  p o ta s s iu m  i o d i d e .  

They u s e d  a  w e ig h t  m ethod  o f  t i t r a t i o n ,  a d d in g  0 .2  gm. o f  

p o ta s s iu m  i o d i d e  to  a  w eighed  10 m . l .  o f  t h e  s o l u t i o n ,  

and  t i t r a t i n g  a  w e ig h ed  amount o f  th e  f i l t r a t e .  T h ere  w i l l  

h o w e v e r ,  be  c o n s i d e r a b l e  u n c e r t a i n t y  c o n c e rn in g  th e  

r e s p e c t i v e  am ounts  o f  p o ta s s iu m  i o d i d e  r e m a in in g  u n r e a c t e d  

and  t h a l l o u s  i o d i d e  rem oved / i n  e a c h  t i t r a t i o n ,  t h u s  c a u s in g  

d i f f e r e n c e s  i n  d e n s i t i e s .  M o re o v e r ,  t h e  f i l t r a t i o n  t a k e s  

an  a p p r e c i a b l y  l o n g  t im e  and p e r c e p t i b l e  l i b e r a t i o n  and 

B o n se q u e n t  l o s s  o f  i o d i n e  t a k e s  p l a c e .  I t  w a s ,  t h e r e f o r e ,

d e c i d e d  t o  a d o p t  t h e  f o l l o w i n g  p r o c e d u r e  w h ich  was found



2 7

t o  b© v e r y  c o n v e n ie n t  and r e l i a b l e .

10 m . l .  p o r t i o n s  o f  t h e  s a t u r a t e d  s o l u t i o n  w ere

p i p e t t e d  o u t  i n t o  w ide  c e n t r i f u g e  t u b e s ,  e x c e s s  o f

p o ta s s iu m  i o d i d e  was ad d ed  and t h e  m ix tu r e  o e n t r i f u g e d  

i n  a  "M inor"  c e n t r i f u g e .  (M e asu r in g  and S c i e n t i f i c

E q u ipm en t L t d . ,  S p e n s e r  S t r e e t ,  W e s tm in s te r ,  S . W . I . ) .

The t h a l l o u s  i o d i d e  s e t t l e d  down e a s i l y .  The c l e a r

s u p e rn & te n t  l i q u i d  was t r a n s f e r r e d  i n t o  a  c l e a n  t i t r a t i o n

f l a s k  and  t h e  m outh o f  th e  c e n t r i f u g a l  tu b e  was washed

i n t o  t h e  f l a s k .  5 m . l .  o f  d i s t i l l e d  w a te r  w ere  added

to  t h e  p r e c i p i t a t e  i n  t h e  t u b e ,  s t i r r e d  and a g a i n

c e n t r i f u g e d .  The wash l i q u i d  was added  t o  t h e  m ain

s o l u t i o n .  W ashings w ere  r e p e a t e d  f i v e  t im e s  and th e

t o t a l  volum e o f  t h e  s o l u t i o n  was t i t r a t e d  w i t h  s t a n d a r d

t h i o s u l p h a t e  a f t e r  a d d in g  3 m . l .  o f  2 I  s u l p h u r i c  a c i d .  

P r e l i m i n a r y  e x p e r im e n t s  showed t h a t  t h r e e  o r  f o u r  

w a s h in g s  rem oved a l l  t r a c e s  o f  i o d a t e  from  th e  p r e c i p i t a t e .

W ith  t h a l l o u s  b ro m id e  s o l u t i o n s  i n  t h e  Mohr’ s  

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

a d d i t i o n  o f  p o ta s s iu m  chrorna te  c a u s i n g  th e  p r e c i p i t a t i o n  

o f  t h a l l o u s  e h ro m a te .  H ere  a l s o  t h e  same p r o c e d u r e  o f  

rem o v in g  t h e  p r e c i p i t a t e  by c e n t r i f u g a t i o n  was em ployed .



A known s l i g h t  e x c e s s  o f  p o ta s s iu m  chrornate  was added  to  

e n s u r e  p r e s e n c e  o f  enough GrO^ io n  a f t e r  c o m p le te  

rem o v a l  o f  T1 a s  t h a l l o u s  c h ro m a te .

G rade  A g l a s s w a r e  w i th  c a l i b r a t i o n s  by  t h e  N a t io n a l  

P h y s i c a l  l a b o r a t o r y  was u s e d  i n  a l l  e x p e r im e n t s .  The 

a d d i t i o n  o f  t h i o s u l p h a t e  and s i l v e r  n i t r a t e  was made 

from  a  25*00 m . l .  b u r e t t e ,  t h e  f i n a l  a d d i t i o n s  b e in g  made 

from  a  m i c r o b u r e t t e .  The p i p e t t e s  w ere  b r o u g h t  to  th e  

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

c o r r e c t i o n s  f o r  volum e and  d e n s i t y  o f  s o l u t i o n o  w ere  

a p p l i e d .

D u p l i c a t e  d e t e r m i n a t i o n s  o f  s o l u b i l i t y  a g re e d  to  

b e t t e r  t h a n  0 .1 $ .

b )  C o n d u c t i v i t y  m e a su re m e n ts  

D e t e r m in a t io n  o f  c e l l  c o n s t a n t  j -

A.H. p o ta s s iu m  c h l o r i d e  was r e c r y s t a l l i s e d  f o u r  t im e s  

from  c o n d u c t i v i t y  w a t e r .  The c r y s t a l s  w ere  th e n  p l a c e d  

i n  a  p l a t i n u m  d i s h  and d r i e d  i n  an  e l e c t r i c  oven  a t  110°C. 

S am ples  w ere  h e a t e d  t o  d u l l  r e d  h e a t  i n  a  p la t in u m  d i s h  

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

The c e l l  c o n s t a n t  o f  th e  H a r t l e y - B a r r e t t  ty p e  c e l l
13bw as d e te r m in e d  by  t h e  m ethod o f  D a v ie s  . The c e l l  was 

f i r s t  d r i e d ,  w e ig h e d ,  r i n s e d  w i th  c o n d u c t i v i t y  w a te r



s e v e r a l  t im e s  and sw ep t f r e e  o f  c a rb o n  d io x id e  by 

p a s s i n g  a  s t re a m  o f  p u r i f i e d  a i r  th ro u g h  i t  f o r  a b o u t  

h a l f  an  h o u r .

The s t r e a m  o f  a i r  was o b t a i n e d  by  p u r i f y i n g  

l a b o ra to ry * -c o m p re s s e d  a i r .  T h is  was e f f e c t e d  by p a s s i n g  

t h e  co m p re sse d  a i r  t h r o u g h  a  c o t t o n  wool f i l t e r ,  b u b b le r s  

c o n t a i n i n g  2 M s u l p h u r i c  a c i d ,  to  rem ove ammonia, and 

10$  c a u s t i c  p o t a s h ,  to  remove c a rb o n  d i o x i d e .  F i n a l l y ,  

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

and f i l t e r  p a p e r  h e ld  b e tw e e n  s p i r a l l y  g ro o v ed  m e ta l  d i s c s .

A bout 350 gms. o f  c o n d u c t i v i t y  w a te r  w ere  c o l l e c t e d  

i n  t h e  c e l l  d i r e c t l y  from  th e  r e s i n  co lum n , t h e  a i r  s t re a m  

b e i n g  m a i n t a i n e d  a l l  th e  t im e .  The c e l l  was p la c e d  i n  

t h e  t h e r m o s t a t  k e p t  a t  25 u0 and  c o n n e c te d  i n t o  th e  c i r c u i t .  

The w a t e r  was s t i r r e d  a t  a  c o n s t a n t  r a t e  o f  a b o u t  300 r . p . m .  

and  th e  a i r s t r e a m  was c o n t in u e d .  The c o n d u c t i v i t y  o f  th e  

w a t e r  was m e a su re d  p e r i o d i c a l l y  u n t i l  a  c o n s t a n t  b r id g e  

r e a d i n g  was o b t a i n e d .  T h is  u s u a l l y  to o k  a p p r o x im a te ly  

3^4 h o u r s  and u n d e r  t e s t  i t  was fo u nd  t h a t  t h i s  c o n s t a n t  

v a l u e  c o u ld  be  m a i n t a i n e d  f o r  more th a n  e i g h t  h o u r s .

A bout 2 gms* o f  a p p r o x im a te ly  0 .0 1  H p o ta s s iu m  c h l o r i d e  

s t o c k  s o l u t i o n  w ere  ad ded  to  th e  w a te r  i n  t h e  c e l l  by



m eans o f  a  w e ig h t  b u r e t t e  and s t i r r i n g  was c o n t in u e d .

When th e  r e s i s t a n c e  became c o n s t a n t ,  t h e  r e s i s t a n c e  

bo x  s e t t i n g  was a d j u s t e d  so t h a t  th e  b r i d g e  r e a d i n g s  

f o r  th e  two p o s i t i o n s  o f  t h e  com m utator w ere  c l o s e  

t o g e t h e r *  The b r id g e  r e a d i n g s  were d e te rm in e d  f o r  two 

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

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

m e a su re m e n t.  F ou r  o r  f i v e  f u r t h e r  a d d i t i o n s  o f  t h e  

s t o c k  p o ta s s iu m  c h l o r i d e  s o l u t i o n  w ere  made, th e  same 

s e r i e s  o f  o p e r a t i o n s  b e in g  r e p e a t e d  to  m easu re  t h e  

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

a b o u t  0*001 N was o b t a i n e d  i n  th e  c e l l .  The c e l l  was 

t h e n  t a k e n  o u t ,  i t s  o u t e r  s u r f a c e  was c le a n e d  and d r i e d  

and th e  w ho le  w e ig h ed . The e i g h t  o f  w a te r  i n  th e  c e l l  

was e v a l u a t e d  from  th e  known w e ig h ts  o f  p o ta s s iu m  c h l o r i d e  

s o l u t i o n s  a d d e d .  The c e l l  c o n s t a n t  was c a l c u l a t e d  by

c o m p ar in g  e a c h  m easu red  v a lu e  w ith  th e  c o n d u c t i v i t y  v a lu e s  

derived  by  S h e d l o v s k y ^ ^  and D avie  s ^ ^  a t  t h e  same 

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

f o rm u la



Two c e l l s  w hich  w ere  u s e d  to  d e te r m in e  th e  

s o l u b i l i t y  o f  t h a l l o u s  b ro m id e ,  gave a s  th e  mean o f  

e l e v e n  and t h i r t e e n  d e t e r m i n a t i o n s  ( t h r e e  s e r i e s )  o f  

c e l l  c o n s t a n t  a  v a lu e  o f  0 ,0 3 6 9 6  ~ 0 ,0 3 $  f o r  one and 

0 ,0 6 8 9 7  -  0 ,0 3 $  f o r  t h e  o t h e r .

To d e te r m in e  t h e  c e l l  c o n s t a n t  o f  t h e  J o n e s - B o l l i n g e r  

type o f  c e l l ,  t h e  c o n d u c t i v i t y  v a l u e s  f o r  demal p o ta s s iu m  

c h l o r i d e  s o l u t i o n s  g iv e n  by J o n e s  and Bradshaw"**-^ w ere  

employed. The c e l l  was c l e a n e d ,  f i l l e d  w i th  c o n d u c t i v i t y  

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

r e a d i n g s  w ere  t a k e n  when t e m p e r a tu r e  e q u i l i b r i u m  was 

o b t a i n e d .  T h is  to o k  o n ly  l e s s  th a n  h a l f  an h o u r .  The

o e l l  was e m p t ie d  and r i n s e d  s e v e r a l  t im e s  w i th  an  e x a c t l y

0 ,0 1  dem al s o l u t i o n  o f  p o ta s s iu m  c h l o r i d e .  I t  was th e n

f i l l e d  w i th  t h e  same s o l u t i o n  and a g a i n  a l lo w e d  to

e q u i l i b r a t e  i n  t h e  t h e r m o s t a t .  The r e s i s t a n c e  was

measured a s  b e f o r e .  T h is  p r o c e d u re  was r e p e a t e d  u s i n g

d i f f e r e n t  f i l l i n g s  o f  s o l u t i o n .  The c o n d u c t i v i t y  o f

0 .0 1  B p o ta s s iu m  c h l o r i d e  s o l u t i o n  a t  25°C. i s  0 .0 0 1 4 0 8 ?
«*i —lOhm cm . B in e  d e t e r m i n a t i o n s  gave  § mean v a l u e  o f  

7 .7 7 0 5  £  0 .0 4 $  f o r  th e  c e l l  c o n s ta n t*

I n  o r d e r  to  d e te r m in e  t h e  c o n d u c t i v i t i e s  o f  s a t u r a t e d



s o l u t i o n s  o f  t h a l l o u s  b rom ide  a t  25°C and 40°C , a b o u t  

350 m . l .  o f  c o n d u c t i v i t y  w a te r  w ere  ta k e n  i n  th e  

H a r t l e y - B a r r e t t  ty p e  c e l l  w hich  was b e in g  sw ep t by th e  

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

and t h e  a i r  s t r e a m  was c o n t in u e d .  S t i r r i n g  was a t  th e  

r a t e  o f  a b o u t  300-40 0  r . p . m .  When th e  w a te r  r e s i s t a n c e  

r e a d i n g  became c o n s t a n t ,  a 10 m . l .  volume o f  t h e  r e c r y s t a l l ­

i s e d  t h a l l o u s  b rom ide  i n  a q u eo u s  s u s p e n s io n  was a d d ed . The 

s t i r r i n g  was c o n t in u e d  f o r  more t h a n  24 h o u r s ;  th e  

c o n s t a n t  r e s i s t a n c e  r e a d i n g  was m e a su re d .  A second  5 m . l .  

volume o f  th e  same s u s p e n s io n  was added and th e  r e s u l t a n t  

v a lu e  o f  r e s i s t a n c e  m e a su re d  i p  o r d e r  to  a l lo w  f o r  t r a c e s  

o f  i m p u r i t i e s  i n  t h e  t h a l l o u s  b ro m id e  s u s p e n s io n .  T hese  

c o r r e c t i o n s  n e v e r  e x ce ed e d  0 .0 8 $  o f  t h e  o b s e rv e d  c o n d u c t i v i t y

Two d i f f e r e n t  c e l l s  w i th  two d i f f e r e n t  s a m p le s  o f  

t h a l l o u s  b ro m id e  w ere em ployed a t  b o th  th e  t e m p e r a t u r e s .

A f t e r  p r e l i m i n a r y  m ea su re m e n ts  w i th  v e ry  d i l u t e  

s o l u t i o n s  o f  t h a l l o u s  c h l o r i d e  u s i n g  th e  H a r t l e y - B a r r e t t  

ty p e  c e l l  a t  40°C , i t  was d e c id e d  to  e x to n d  m easu rem en ts  

to  more c o n c e n t r a t e d  s o l u t i o n s  em p lo y in g  th e  J o n e s -  

B o l l i n g e r  ty p e  c e l l .  I n  tM ©  th e  c o n c e n t r a t i o n s  s t u d i e d  

werm i n  t h e  r a n g e  4*0 to  1 6 .0  m. m o le s  p e r  l i t r e .  The 

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



t h e  c e l l  c o n s t a n t * s t o c k  s o l u t i o n s  o f  th e  r e c r y s t a l l i s e d  

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

u s e d  i n  p l a c e  o f  0 .0 1  D p o ta s s iu m  c h l o r i d e  s o l u t i o n .  The

t e m p e r a t u r e  o f  t h e  b a t h  was c o n s t a n t  a t  40° -  0 .0 1 ° C .

h e s u i t s  and D i s c u s s io n

a )  S o l u b i l i t y  e x p e r i m e n t s

Some o f  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  w a t e r  s o l u b i l i t i e s  

o f  t h a l l o u s  i o d a t e  and  t h a l l o u s  b rom ide  a r e  com pared w i th  

v a l u e s  o b t a i n e d  by o t h e r  w o rk e rs  i n  'f a b le  I .  The good

f a b l e  1

S o l u b i l i t i e s  i n  w a t e r  -  m. m o l e s / l i t r e

S a l t  Temp. * *  Mer B e l1
Goldmann George

TUG,

0* 

25°

40°

2$°

1 .8 4 4

0.650

1*838

3 .0 4 3

K e e f e r  and 
R e ib e r 161)

2 .0 0 7

P r e s e n t
work

0.656

1 .8 4 2

3 .0 4 8

2 .0 0 9

a g re e m e n t  b e tw e e n  them i s  e v i d e n t .  The e x p e r im e n ta l  

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

and t h a l l o u s  b ro m id e  i n  d i f f e r e n t  s a l t  s o l u t i o n s  a r e  

r e c o r d e d  i n  t h e  f i r s t  two colum ns o f  T a b le s  I I  and I I I .



CO

S a b le  I I

S o l u b i l i t y  o f  t h a l l o u s  i o d a t e  i n  s a l t  s o l u t i o n s .

Gonene. i n  m .m o le s / l*

m(NaUj) S I  f+  iH a lO j]  P i l + ] [N " ] C n i l ,  ] k

Sodium a z i d e  a t  10°C. ,

•

1 .0 1 6 1 .0 1 4 0 .9 6 6 0 - 1 .0 1 4 — -

■

1 7 .9 3 1 .1 4 4 1 9 .0 2 0 .8 7 5 9 0 .0 0 5 1 .1 0 0 1 7 .8 9 0 .0 4 3 2 .8 3  i

2 0 .2 4 1 .1 5 5 2 1 .3 4 0 .8 7 0 2 C.005 1 .1 0 5 2 0 .1 9 0 .0 4 8 2 .8 4

2 7 .2 4 1 .1 8 2 2 8 .3 5 0 .8 5 5 2 0 .0 0 7 1 .1 1 8 27 .1 7 0 .0 6 2 2 .8 1

3 0 .3 5 1 .1 9 3 3 1 .4 6 0 .8 4 9 7 0 .0 0 8 1 .1 2 3 3 0 .2 8 0 .0 6 8 2 .7 7  !■:
3 6 .4 1 .2 1 4 3 7 .5 2 0 .8 3 9 8 0 .0 0 9 1 .1 3 1 3 6 .3 2 0 .0 8 1 2 .8 1  |

Mean K = 2 .8 1
........ i

Sodium a z i d e a t  25° C.

• 1 .8 4 2 1 .8 3 6 0 .9 5 4 2 - 1 .8 3 6 - -
j

6 .4 9 ^ 1 .9 3 5 8 .4 2 0 .9 0 9 5 0 .0 0 4 1 .9 2 7 6 .4 9 x 0 .0 0 2 (1 .8 9 ) ;

9 .1 2 1 .9 7 3 1 1 .0 5 0 .8 9 8 6 0 .0 0 5 1 .9 3 6 9 .0 9 0 .0 3 1 ( 2 .1 8 )

1 2 .1 1 2 .0 0 4 1 4 .0 5 0 .8 8 7 9 0 .0 0 6 1 .9 5 4 1 2 .0 6 0 .0 4 5 2 .4 1

1 4 .8 1 2 .0 2 9 1 6 .7 7 0 .8 7 9 8 0 .0 0 8 1 .9 6 7 1 4 .7 6 0 .0 5 6 2 .4 8  i

2 0 .2 3 2 .0 7 2 2 2 .2 1 0 .8 6 5 7 0 .0 1 0 1 .9 9 2 2 0 .1 5 0 .0 7 3 2 .4 1

2 3 .7 1 2 .0 9 7 2 5 .7 1 0 .8 5 8 0 0 .0 1 2 2 .0 0 5 2 3 .6 3 0 .0 8 7 2 .4 8

2 7 .0 5 2 .1 1 9 2 9 .0 5 0 .8 5 1 3 0 .0 1 4 2 .0 1 6 2 6 .9 5 0 .0 9 7 2 .4 6

Mean K = 2 .4 4
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' la b le  XI ( c o n t d . )

■ (KalT^) S I f t [HaXO^] [ T l+ ] [ m 3 i K

Sodium a z id e a t  40°< • i

- 3 .0 4 8 3*031 0 f 9401 - 3 .0 3 1 - -  i

15*98 3*350 19*21 0*8703 0 .0 1 5 15*90 0 .0 8 7 2*24

21*80 3*423 2 5 .0 7 0*8541 0*021 3 .2 8 8 2 1 .6 8 0 .1 1 8 2 .2 6  |

26*89 3*477 30*19 0 .8 4 3 6 0 .0 2 5 3 .3 1 7 2 6 .7 5 0 .1 4 0 2 .2 2

32*07 3 .5 3 6 35*40 0 .8 3 4 3 0 .0 3 0 3 .3 4 3 3 1 .8 9 0 .1 7 6 2 .3 7

34*28 3 .5 5 4 3 7 .6 0 0 .8 3 0 7 0 .0 3 2 3 .3 5 7 3 4 .1 0 0 .1 8 0 2 .2 8

4 1 .7 2 3 .6 2 1 4 5 .0 8 0 .8 1 9 6 0 .0 3 8 3 .3 9 0 4 1 .5 1 0 .2 1 4 2 .2 6

4 7 .1 1 3*664 5 0 .4 8 0 .8 1 2 5 0 .0 4 3 3 .4 1 3 4 6 .8 8 0 .2 3 3 2 .2 1

Mean K = 2 .2 6

m ( ra o 3 ) S I f - 1k i o 3 ] m + i [M>3~3 U’1N03 3 K

P o ta s s iu m  n i t r a t e a t  0°C «

- 0*656 0 .6 5 5 0 .9 7 2 4 «N» 0 .6 5 5 mm - -

32*76 0 .7 7 8 3 3 .4 9 0 .8 4 6 7 0 .0 0 7 0 .7 3 7 3 2 .7 2 0 .0 4 0 2 .3 3

4 7 .8 4 0 .8 0 8 4 8 .5 8 0 .8 2 4 7 0.0X0 0 .7 5 0 4 7 .7 8 0 .0 5 8 2 .3 7

50*92 0 .8 1 3 5 1 .6 6 0 .8 2 1 4 0 .0 1 1 0 .7 5 2 5 0 .8 6 0 .0 6 0 2 .3 2

5 7 .2 4 0 .8 2 6 § 1 .9 9 0 .8 1 3 9 0 .0 1 2 0 .7 5 5 5 7 .1 7 0 .0 7 0 2 .4 5

5 9 .8 0 0 .8 3 0 6 0 .5 5 0 .8 1 1 3 0 .0 1 3 0 .7 5 7 5 9 .7 3 0 .0 7 2 2 .4 2

1!
Mean K = 2 .3 8



a(KB03 ) S I  f ±  [KIOj] [T l+ ] [BOj- ] [TWO*] K

P o ta s s iu m  n i t r a t e  a t  2 5 ° 0*

20*68 2 .0 7 3 2 2 .6 6 0 .8 6 4 7 0 .0 1 6 2 .0 0 1 20 .6 1 0 .0 6 6 2 .1 6

2 8 .6 4 2 .1 2 7 3 0 .6 4 0 .8 4 8 4 0 .0 2 2 2 .0 3 1 2 8 .5 5 0 .0 8 9 2 .1 5

3 8 .4 6 2 .1 7 8 4 0 .5 0 0 .8 3 2 3 0 .0 2 8 2 .0 6 1 3 8 .3 5 0 .1 1 7 2 .1 4

3 9 .5 8 2 .1 9 5 4 1 .6 1 0 .8 3 0 7 0 .0 2 9 2 .0 6 1 3 9 .4 5 0 .1 2 7 2 .1 5

4 2 .7 9 2 .2 0 7 4 4 .8 3 0 .8 2 6 3 0 .0 3 2 2 .0 7 1 4 2 .6 6 0 .1 3 0 2 .1 5

Mean K = 2 .1 5
(

P o ta s s iu m  n i t r a t e  a t  40*0 .

2 0 .5 6 3 .4 0 8 2 3 .8 2 0 .8 5 6 9 0 .0 3 0 3 .2 9 0 2 0 .4 6 0 .1 0 1 2 .0 9

2 4 .4 6 3 .4 5 4 2 7 .7 4 0 .8 4 8 5 0 .0 3 5 3 .3 1 5 2 4 .3 3 0 .1 2 2 2 .0 4

3 0 .4 4 3 .5 1 7 3 3 .7 5 0 .8 3 7 3 0 .0 4 3 3 .3 5 2 3 0 .3 0 0 .1 4 8 2 .0 7

3 8 .2 4 3 .5 9 0 4 1 .5 8 0 .8 2 4 6 0 .0 5 4 3 .3 9 4 3 8 .0 6 0 .1 7 9 2 .0 4

5 9 .3 9 3 .6 0 0 4 2 .7 3 0 .8 2 2 9 0 .0 5 5 3 .3 9 9 3 9 .2 0 0 .1 8 4 2 .0 4

4 2 .5 4 3 .6 3 1 4 5 .8 9 0 .8 1 8 5 0 .0 5 9 3 .4 1 0 4 2 .3 4 0 .2 0 4 2 .1 0

Mean K = 2 .0 6



o ^

T a b le  I I I

S o l u b i l i t y  o f  t h a l l o u s  b ro m id e  i n  s a l t  s o l u t i o n s .

m(KfiO,) S I i t ITIBO*) [T1+] [B r~] K

P o ta s s iu m  n i t r a t e  a t 25°C.

2 .0 0 9 1 .9 8 1 0 .9 5 2 6 - 1 ,9 3 1 1 .9 8 1 7 .8 1

( 5 .0 1 ) ( 2 .0 9 6 ) 7 .0 6 0 .9 1 5 9 0 .0 1 9 2*050 2 ,0 6 8 7*81

( 1 0 .0 1 ) (2 .1 5 9 ) 1 2 .1 1 0 .8 9 4 6 0 .0 3 6 2 .0 9 5 2 .1 3 1 7 .8 1

( 1 5 .0 2 ) ( 2 .2 0 3 ) 1 7 .1 4 0 .8 7 8 ? 0 .0 5 3 2 .1 2 2 2 .1 7 5 7 .8 1

2 1 .4 0 2 .2 6 7 2 3 .5 6 0 .8 6 2 6 0 .0 7 5 2 .1 6 5 2 .2 4 0 7 .6 9

2 6 .4 9 2 .3 2 0 2 8 .6 9 0 .8 5 2 0 0 .0 9 2 2 .2 0 1 2 .2 9 2 7 .5 8

3 2 .6 5 2 .3 4 4 3 4 .8 6 0 .8 4 0 1 0 .1 0 9 2 .2 0 7 2 .3 1 6 7 .6 9

37*77 2 .3 3 5 4 0 .0 0 0 .8 3 3 1 0 .1 2 5 2 .2 3 2 2 .3 5 7 7 .6 3

Sodium p e r c b l o r a t e  a t 25°C .

M(NaC104 ) 3 I f t CT1*] i & r i K

5 .2 1 2 .0 9 5 7 .2 8 0 .9 1 5 0 2 .0 6 7 2 .067 7 .8 1

1 1 .6 9 2 .2 2 4 1 3 .8 9 0 .8 8 8 5 2 .1 9 7 2 .1 9 7 7 .3 1

1 6 .5 0 2 .2 2 8 1 8 .7 0 0 .8 7 4 3 2 .2 0 1 2 .2 0 1 7 .5 2

1 7 .7 8 2 .2 3 2 1 9 .9 8 0 .8 7 1 0 2 .2 0 4 2 .2 0 4 7 .5 8

Mean K = 7 .6 7



1‘a b le  I I I  ( e o n t d . )
P o ta s s iu m  n i t r a t e  a t  40°0*

n(KM0«]1 s 1 l*ntfo3 3 [* 1*1 [B r~] K

•W 3 .4 9 2 3 .4 2 8 0 .9 3 6 7 5 .4 2 8 3 .4 2 8 6 .2 1

2 1 .2 7 3 .7 6 0 2 4 .8 5 0 .8 5 4 6  0 .1 1 5 5 .5 8 1 3 .6 9 6 6 .6 2

2 6 .3 4 4 .0 0 0 3 0 .1 3 0 .8 4 5 7 0 .1 4 6 3 .7 9 0 3 .9 3 6 6 .0 2

3 2 .4 6 4 .0 3 5 3 6 .2 6 0 .8 5 1 0 0 .1 7 5 3 .7 9 6 3 .9 7 1 6 .1 7

3 7 ,5 6 4 .1 2 3 4 1 .4 1 0 .8 2 4 9 0*. 200 3 .8 5 9 4 .0 5 9 6 .0 2

Sodium p e r c h l o r a t e  a t  4 0 ttC.

jn(HaC10,) S X £ -  [EL+ ] t B r ' j  K

11*62 3*597 15*16 0*8802 3 .5 3 3 3 .5 3 3 6 .6 2

16*41 3*691 20*03 0*8662 3*626 3*626 6 .4 9

20*25 3*732 23*92 0*8569 3*661 3 .6 6 1 6*49

Mean K = 6 ,3 2
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I f  SQ and 8 r e p r e s e n t  th e  s o l u b i l i t i e s  o f  a

s a t u r a t i n g  s a l t  i n  p u re  w a te r  and i n  a  s a l t  s o l u t i o n
* +r e s p e c t i v e l y ,  and f~  and  f  - ,  t h e  c o r r e s p o n d in g  mean

a c t i v i t y  c o e f f i c i e n t s ,  t h e n  f i  « f~  S0/ S .  S in c e  t h e

s o l u b i l i t i e s  i n  w a te r  o f  th e  two s a l t s  c o n s id e r e d  a r e
%

l o w ,  a  f i r s t  a p p r o x im a t io n  to  f -  can be o b t a i n e d  from
l bt h e  e q u a t i o n  s u g g e s t e d  by D a v ie s  ,

(1 + X*) - 021 (1 )

The c o e f f i c i e n t  v'a " f o r  a q u e o u s  s o l u t i o n s  h a s  t h e  v a lu e

0 . 5  a t  2 5 ° ,  0 .4 9  a t  0 °  and 10° and 0 .5 2  a t  40°C. Z i s

th e  v a le n c y  o f  t h e  i o n  c o n s i d e r e d  and I  i s  t h e  i o n i c

s t r e n g t h ,  g iv e n  by I  = ^  CZ^.

A more a c c u r a t e  v a lu e  f o r  f -  i s  o b t a i n e d  by  a l l o w in g

f o r  a  s m a l l  e x t e n t  o f  i o n  a s s o c i a t i o n  to  form TIIO^ s p e c i e s ,

t h e  c o n s t a n t  f o r  w hich  was d e r iv e d  from  th e  c o n d u c t i v i t y

d a t a  o f  D a v i e a t  25°C . The c o r r e s p o n d in g  a s s o c i a t i o n

c o n s t a n t s  f o r  0 °0  and 4 0 WG h av e  been  c a l c u l a t e d  by B e l l  
7band  George by assum ing  t h a t  t h e i r  t e m p e r a tu r e  d e p en d e n ce  

i s  c o r r e c t l y  p r e d i c t e d  by th e  e l e c t r o s t a t i c  t h e o r y  o f  

B j e r r u m ^ ,  u s i n g  i o n i c  r a d i i  d e r i v e d  from  th e  d e g re e  o f  

a s s o c i a t i o n  a t  2 5 °C# The same a s s u m p t io n  h a s  b een  made
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f o r  c a l c u l a t i n g  t h e  v a lu e  o f  t h i s  c o n s t a n t  a t  10°C .

T a b le  IV g i v e s  t h e s e  v a l u e s  o f  th e  d i s s o c i a t i o n  c o n s ta n t#

T a b le  IV

D i s s o c i a t i o n  c o n s t a n t s  o f  some i o n i o  s p e c ie s #

S p e c ie s V O O K25°

9OM

m o 5 0 . 53713 0 .5 2 0 .5 0 17b 0 .4 7 7b

N a I0 5 3 .4 3 . 0 18b 2 . 6

k i o 3 2 . 5 7b 2 . 0 18b X .77b

The v a l u e s  o f  f -  f o r  b o t h  s a t u r a t i n g  s a l t s  i n  s a l t  

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

e q u a t i o n  (1 )  i f  a l l  t h e  i o n s  a r e  c o n s i d e r e d  to  be  f r e e .
4.

T h is  i s  i l l u s t r a t e d  by  g ra p h  I ,  i n  w h ich  log^Q  f -  i s
1

p l o t t e d  a g a i n s t  I s f o r  t h a l l o u s  i o d a t e  and  b rom ide  i n  

t h e  s a l t  s o l u t i o n s  a t  2 5 ° ;  t h e  b ro k e n  l i n e  r e p r e s e n t s  

e q u a t i o n  ( 1 ) ,  a l l  i o n s  b e i n g  c o n s id e r e d  f r e e .  The 

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

b e tw e e n  t h e  T l*  i o n  and t h e  a n io n  and t h i s  c a n  be  

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



o f  t h e s e  i o n s  to  form  s p e c i e s  T lx  w here  x  = e t c .j  j
I f  a l l  t h e  d e v i a t i o n s  from  e q u a t i o n  (1 )  a r e  a t t r i b u t e d  

to  t h i s  a s s o c i a t i o n ,  t h e n  t h e  a s s o c i a t i o n  c o n s t a n t s  o f  t h e  

v a r i o u s  i o n  p a i r s  c a n  be c a l c u l a t e d  from  t1 |e  e x p e r im e n ta l  

d a t a .  F o r t h i s ,  h o w e v e r ,  one m u st know t h e  d i s s o c i a t i o n  

c o n s t a n t s  o f  o t h e r  p o s s i b l e  i o n  p a i r s  such  a s  KIO^, HalO^

e t c .  w h ic h  may a l s o  b e  p r e s e n t  i n  th e  s o l u t i o n .  T hese

h a v e  b e e n  d e te r m in e d  from  d o n d u c t i v i t y  d a t a  by  D a v ie s

a t  2 5 ° 0 .  The v a l u e s  f o r  o t h e r  t e m p e r a t u r e s  w ere

c a l c u l a t e d  i n  t h e  same way a s  T IIO ^ , by  u s i n g  t h e
■5be l e c t r o s t a t i c  t r e a t m e n t  o f  B ^errum  • T h ese  c o n s t a n t s  

a r e  a l s o  i n c l u d e d  i n  T ab le  IV .

The m ethod  o f  c a l c u l a t i o n  can be b e s t  i l l u s t r a t e d  by 

t a k i n g  a  s p e c i f i c  ex am p le .  The e q u i l i b r i a  e x i s t i n g  i n  a  

s o l u t i o n  o f  t h a l l o u s  io d & te  i n  sodium a s i d e  c o u ld  be  

r e p r e s e n t e d  a s  f o l l o w s : -  

The a c t i v i t y  p r o d u c t  o f  T IIO ^ ,

2
(2)

t h e  d i s s o c i a t i o n  c o n s t a n t  o f  H alO^t

K(HaI05 ) .  [Ha+ 3U 03- ]  t± / [HaI0 j . . .  * (3 )

t h e  d i s s o c i a t i o n  c o n s t a n t  o f  l l H i ,

k ( t ih 3 ) = k = [T1+][H3“ ] i- / [flK  j (4 )
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The a c t i v i t y  p r o d u c t  Kg , was c a l c u l a t e d  from  t h e  

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

c o n s t a n t  o f  TIIO ^ a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e .  T h i s ,  

a s  w e l l  a s  t h e  v a l u e  f o r  t h e  s m a l l  c o n s t a n t  c o n c e n t r a t i o n  

o f  s p e c i e s  TIIG ^ f o r  e a c h  t e m p e r a tu r e  i s  g iv e n  i n  T ab le  V.

T a b le  V 

Some d a t a  on TIIG ^

Temp. 0°C 10°C 25®C 40°C

A c t i v i t y  p r o d u c t

Concn. o f  TIIO* 
i n  s a t u r a t e d  S o ln  

(m* M o le / l )

4 .0 6 4 x l0 “ 7

0 .0 0 1

9 .5 9 9 x lO " 7

0 .0 0 2

5 .0 6 8 x l0 “ 6 8 .1 1 9 x 1 01® 

0 .0 0 6  0 .0 1 7

We can a lso  w r ite  the fo llo w in g  s to ic h io -m e tr ic  

r e la t io n s h ip s  s-

S o lu b il i ty  S « [I0 3*“] + [NalO^] + tTlIO^l

» [T l+ ] + IIINj ] + [T lIO j] .......... (5)

t o t a l  con cen tration  o f added s h i t ,

m(NaNj) = [jja+ ] + [HalOj] = [Nj- ] + [TIN ,] . . .  (6)

and fo r  e le c t r o n e u tr a l it y ,

[T l+ ] + [Na+ ] = [ I 0 3~ ]  + [N .............. ( 7 )
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S u c c e s s i v e  a p p r o x im a t io n s  f o r  i o n i c  s t r e n g t h  a r e  

made i n  e q .n a t io n  (1 )  and u s in g  t h e  r e l a t i o n s h i p s  (2 )  . . .  ( 7 ) ,

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

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

s p e c i e s  become c o n s t a n t .  The a s s o c i a t i o n  c o n s t a n t  o f  th e

i o n  p a i r  H H j  i s  th e n  g iv e n  by  Vk

[ T I N , ]
o r  K a s s o c .  88 2 • • • • •  (8 )

[T1+ ][N3“ ] f i

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

and n i t r a t e  a r e  g iv e n  i n  t h e  l a s t  two colum ns o f  T a b le  I I I .

b )  C o n d u c t i v i t y  e x p e r im e n t s

The d a t a  o b t a i n e d  from  c o n d u c t i v i t y  m ea su re m e n ts  o f

t h a l l o u s  c h l o r i d e  s o l u t i o n s  a t  40°G a r e  g iv e n  i n  T a b le  V I.

E x t r a p o l a t i o n  o f  th e  o b s e r v e d  c o n d u c t i v i t i e s  to  » 0 , (Givapbjf) 

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

40*0 a s  1 9 8 .6 .  U s in g  t h e  a c c u r a t e  m o b i l i t y  d a t a  a t  40°

/ \ °  01 *  1 0 0 .6 ,  r e p o r t e d  by  B enson  and Gordon1 ^ ,  t h e  

m o b i l i t y  A ° *1+ a t  40°C i s  9 8 .0 .
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'fable VI

C o n d u c t i v i t y  d a t a  o f  t h a l l o u s  c h l o r i d e  a t  40°C .

10 10 m2 o b s . 310a a K

4 .2 1 3 6 6 .4 9 1 2 1 8 8 .3 8 4 .1 7 2 0 .9 9 0 2 2 .7 4

4 .8 3 6 1 6*9542 1 8 7 .2 5 4 .7 7 5 0 .9 8 7 3 3 .1 3

6 .1 0 2 1 7 .8 1 1 6 1 8 5 .7 3 6 .0 1 0 0 .9 8 4 9 3 .0 1

6 .4 4 9 1 8 .0 3 0 6 1 8 5 .3 9 6 .3 5 0 0 .9 8 4 6 2 .9 3

8 ,3 2 4 9 9 .1 2 4 1 1 8 3 .4 0 8 .1 6 9 0 .9 8 1 3 2 .8 4

1 3 .5 0 5 11.620- 1 7 9 .0 9 1 3 .1 6 0 0 .9 7 4 6 2 .5 2

1 1 ,6 3 7 1 2 .5 0 5 1 7 7 .3 4 1 5 .1 8 0 0 .9 7 0 9 2 .5 5

1 6 .2 2 2 1 2 .7 3 6 1 7 6 .9 1 1 5 .7 6 0 0 .9 7 0 1 2 .5 4

Mean K « 2 .7 8

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

o b t a i n e d  from  t h e  O n sag e r  e q u a t i o n

A «  A° -
2*801x10 - J\° 4 1 .  2 5 ( 2 ^ 2 2 )

7  a n y *
v / e

F o r  t h a l l o u s  c h l o r i d e  a t  40 C, t h i s  e q u a t i o n  r e d u c e s  

t o  A  = A  ° -  129*42 (a m )^ ,  w h e r e ' a ' i s  t h e  d e g re e  o f  

d i s s o c i a t i o n .  She v a l u e s  o f  a w ere  c a l c u l a t e d  by
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s u c c e s s i v e  a p p r o x im a t io n s  u s i n g  t h e  r e l a t i o n s h i p ,

a ss A obsy  = -Aob®/ ,
' A / [1 9 8 .6  -  1 2 9 .4 2 (a m )® 3

The a s s o c i a t i o n  c o n s t a n t  was t h e n  d e r i v e d  from  th e  

e q u a t i o n
r- wLt

I® /

l o g  KI 1C1 = l 0 S + 1 .0 4 ( l  +  I* )  -  0 - 2  I

t h e  v a l u e s  o b t a i n e d  f o r  a and K a r e  g iv e n  i n  t h e  l a s t  two 

co lum ns o f  T a b le  V I.

T h a l l o u s  b r o m id e ,  i s  to o  s p a r i n g l y  s o l u b l e  to  p e r m i t  

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

t h e  c h l o r i d e .  P r e l i m i n a r y  e x p e r im e n t s  on t h e  s o l u b i l i t y  

o f  t h a l l o u s  i o d a t e  i n  s o l u t i o n s  o f  p o ta s s iu m  b rom ide  showed 

a  t e n d e n c y  f o r  t h a l l o u s  b ro m id e  to  be p r e c i p i t a t e d  i n  th e  

s a t u r a t i n g  co lum n , p r o b a b ly  ow ing to  t h e  s i m i l a r  s o l u b i l i t y  

o f  t h e  two s a l t s .  D u p l i c a t e  d a t a  on c o n d u c t i v i t i e s  

o f  s a t u r a t e d  s o l u t i o n s  o f  t h a l l o u s  b rom ide  a t  25°C and 

4 0 °0  o b t a i n e d , a g r e e d  to  b e t t e r  t h a n  0 .2 $ .

A ° T lB r  a t  25°  was o b t a i n e d  from  th e  A ° ^ l *  = 7 4 .7  o f
OA’U

B o b in so n  and D a v ie s  and A°Br"* « 7 8 .4 1  o f  Benson and 

G o r d o n ^ k ;  A ° n + » 9 8 .0  a t  40°C togeth er  w ith  A °Br~ = 

1 0 4 .4 19t gava A °IXBr a t 4 0 p0 .  la b le  V II ig irea  the
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o b s e rv e d  c o n d u c t i v i t i e s  o f  s a t u r a t e d  s o l u t i o n s  o f

t h a l l o u s  b ro m id e .  fh e  O n sag e r  e q u a t i o n  f o r  t h a l l o u s  

b ro m id e  w orks  o u t  a s  A = A ° -  9 4 * 5 8 (a  m)^ a t  2 5 °G 

and A “ A° -  1 2 9 .8  (a  m) ^ a t  40°G. As was e x p la in e d  

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

d i s s o c i a t i o n  a t  t h e  two t e m p e r a t u r e s  w ere  c a l c u l a t e d  by 

s u c c e s s i v e  a p p r o x i m a t i o n s .  f a b l e  V II a l s o  g i v e s  th e  

a  v a l u e s ,  end t h e  c o n s t a n t  c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  

f l B r  i n  t h e  s a t u r a t e d  s o l u t i o n s  a t  25° and 40°C , d e r i v e d  

by  c o m b in in g  th e  w a t e r  s o l u b i l i t y  o f  t h e  s a l t  w i th  th e  

d e g re e  o f  d i s s o c i a t i o n .

f a b l e  V II

B a ta  on  s a t u r a t e d  s o l u t i o n  o f  t h a l l o u s  b ro m ide

femp A o b s a [ T IB r ] 
m. n o l e .

25° 1 4 6 .8 4 1 5 3 .1 1 0 .9 8 6 1 0 .0 2 7 8

40° 1 8 9 .2 6 2 0 0 .4 0 .9 8 1 6 0 .0 6 4 1

From th e  s o l u b i l i t y  v a l u e s  o f  t h a l l o u s  b ro m id e  i n  

p o t a s s iu m  n i t r a t e  and  sodium  p e r e h l o r a t e  s o l u t i o n s  

( f a b l e  I I I ) ,  t h e  a s s o c i a t i o n  c o n s t a n t s  f o r  t h e  i o n  p a i r
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T IB r w ere  c a l c u l a t e d  a t  25°C and 40°C . A lio  wane* wad 

made f o r  TINO^ i 0n  p a i r  fo rm a t io n #  C o n c o rd an t  v a l u e s  

f o r  t h e  a s s o c i a t i o n  c o n s t a n t  w ere  o b t a i n e d  i n  t h e  two 

e l e c t r o l y t e s  a s  i s  shown by T ab le  I I I .  K e e f e r  and 

R e i b e r ^ k ,  d e t e r m i n e d ^ s o l u b i l i t y  o f  t h a l l o u s  b ro m id e  i n  

p o ta s s iu m  n i t r a t e  a$ 2 5 °C and some o f  t h e i r  r e s u l t s  w ere  

a l s o  c a l c u l a t e d  ( i n  p a r e n t h e s i s ) •

U s in g  t h e  V an1t  H o f f  i s o c h o r e ,

l o g  X, -  lo g  X, * AM
2 1 373C2BB

I .1 f w here

^  and Kg a r e  t h e  therm odynam ic  a s s o c i a t i o n  c o n s t a n t s  a t  

and f g 0 K e l v i n , A H  v a lu e ® , th e  h e a t s  o f  a s s o c i a t i o n  

o f th e  i o n s  w ere  o b t a i n e d  from  t h e  l in e a r  p l o t s  o f  t® §  % 

ag a in s t y  (G raph  IJ3r). 21 &£98’ c n e r ^  ch an g e

due to  a s s o c i a t i o n  a t  2 5 °0  was o b t a i n e d  fro*  th e  

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

& d * ~ 2,5026 I f  %®g K ,  wisei^ £

i s  th e  a s s o c ia t io n  con stan t a t  25  € an d  f  #%tmsls 25® 

K elvin# th e  entropy o f  a s s o c ia t io n  ^  s  warn d er fvstf 

fron  the eq u ation

i s  «



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

c h l o r i d e  a t  25°C , u s i n g  th e  D a v ie s  e q u a t io n  f o r  a c t i v i t y  

c o e f f i c i e n t s  gave  a  mean v a lu e  o f  K = 3 .0 9 .  T h i s ,  i n  

c o n j u n c t i o n  w i th  t h e  K v a lu e  f o r  t h a l l o u s  c h l o r i d e  a t  

40°G o b t a i n e d  i n  t h e  p r e s e n t  work gave  & = - 1 .8  c a l /
& S S  • '

d e g /m o le  i n  e x c e l l e n t  a g re e m e n t  w i t h  t h e  v a lu e  o f  - 1 . 7  c a l /  

d e g /m o le .  o b t a i n e d  by  B e l l  and G e o r g e ^  by th e  s o l u b i l i t y  

m e th o d . I n  v ie w  o f  t h i s ,  i t  i s  j u s t i f i a b l e  to  compare 

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

i n c l u d i n g  T l B r , w i t h  one a n o t h e r .

/ \H , AG and A s ,  v a l u e s  a r e  g iv e n  i n  T a b le  V I I I .  

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

h y d r o x id e  and t h a l l o u s  t h i o c y a n a t e .  T a b le  V I I I  a l s o  

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

a n i o n s .  I t  i s  s e e n  t h a t  th e  e n t r o p y  o f  a s s o c i a t i o n  o f  

t h e  i o n  p a i r  a p p r o x im a te ly  f o l l o w s  th e  e n t r o p y  o f  

h y d r a t i o n  o f  th e  a n io n .  T h is  w i l l  be  d i s c u s s e d  l a t e r  i n  

t h e  'G e n e r a l  D i s c u s s i o n ’..
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Table YXII 

Therm odynam ic p r o p e r t i e s

AS at 25 AH Asasa. AS & d‘
(K cal .mole-1) (K cal.mole-1)®0̂ ’̂ ^Reaction

gl+,OB"" ■** 1.12 + 0*57 + 5.1 - 43.8
fl+,H05” - 0.45 - 0*65 - 1.0 - 22.7
Tl+,Cl" - 0.95 - 1.45 - 1.7 - 23.5
Hh *•<* ®1 ,»3 - 0*55 - 1*35 - 2.7 - 17.7

Il+,Br~ - 1.20 - 2.45 «*' 4.2 ■* 20.0
T1+,GKS- ~ 1*09 - 2.96 - 6.4 * 17.6
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INTRODUCTION

I t  i s  o f  i n t e r e s t  to  i n v e s t i g a t e  t h e  therm odynam ic

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

i o n s  o f  h i g h e r  v a le n c y  t y p e .  I n  t h i s  c o n n e c t i o n ,  t h e

s u l p h a t e s  o f  t h e  b i v a l e n t  m e t a l s  m agnesium , z i n c ,  cadmium,

c o b a l t ,  n i c k e l  and m anganese  h av e  b e en  s t u d i e d .  W ith

t h e  c a t i o n s  o f  t h e  t r a n s i t i o n  m e t a l s ,  i t  i s  o n ly  to  be

e x p e c te d  t h a t  a  s im p le  p i c t u r e  b a se d  on e l e c t r o s t a t i c

f o r c e s  a lo n e  w i l l  n o t  be  s u f f i c i e n t  to  e x p l a i n  t h e i r

i n t e r a c t i o n  w i th  an a n io n ;  s h o r t  r a n g e  quantum m e c h a n ic a l

f o r c e s  and s t a b i l i z a t i o n  due to  t h e  d i f f e r e n t  b o n d in g

o r b i t a l s  w i l l  h av e  to b e  t a k e n  i n t o  c o n s i d e r a t i o n .  I r v i n g  
l cand  W il l ia m s  fo u n d  t h a t  th e  s t a b i l i t y  c o n s t a n t s  o f  t h e  

co m p lex es  fo rm ed  by t h e s e  c a t i o n s  w i th  n e u t r a l  l i g a n d s  

and  w i t h  a n io n s  o f  weak a c i d s  f o l lo w e d  a  d e f i n i t e  o r d e r  

Mil <  ( P . )  <  Co < H i  < C S u >  Zn. W il l ia m s 10 a l s o  p o i n t e d  

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

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

a v a i l a b l e  d a t a .  A m ore d e t a i l e d  s tu d y  o f  t h e s e  m e ta l  

s u l p h a t e s  may th ro w  more l i g h t  on t h e  f a c t o r s  i n v o lv e d  

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

A r e f e r e n c e  to  l i t e r a t u r e  shows t h a t  v a r i o u s  m e th o d s



h a v e  b e e n  u se d  to  s tu d y  th e  d i s s o c i a t i o n  o f  b i v a l e n t  

m e t a l  s u l p h a t e s .  T h u s ,  u s i n g  c o n d u c t i v i t y  m e a su re m e n ts
9 AD a v ie s  c o l l e c t e d  d a t a  f o r  c o p p e r ,  z i n c ,  m agnesium  and 

cadmium s u l p h a t e s  a t  18°C and  25°C . A s i m i l a r  p r o c e d u r e  

was a d o p te d  by Money and D a v ie s 20 f o r  c o b a l t  and n i c k e l  

s u l p h a t e  a t  2 5 ° C . ,  Owen and C u r ry ^ 0 , and W y a t t f o r  

c o p p e r  and z in c  s u l p h a t e  a t  2 5 ° C . , and Dunsmore and Ja m e s ^ 0 

f o r  m agnesium  s u l p h a t e  a t  2 5 °C.  Brown a n d  P r u e ^ °  u s e d  

f r e e z i n g  p o i n t  m e a su re m e n ts  on s o l u t i o n s  o f  th e  s u l p h a t e s  

o f  c o p p e r ,  z i n c ,  m agnesium , c o b a l t  and n i c k e l  to  o b t a i n  

d a t a  a t  0 ° C . ;  t h e y  a l s o  c a l c u l a t e d  v a l u e s  f o r  z i n c ,  c o p p e r

and cadmium s u l p h a t e s  from t h e  e . m . f .  d a t a  o f  Da Mer and
6c 7cC ow orkers  • J o n e s  and Monk em ployed e . m . f .  m ea su re m e n ts

to  d e r i v e  d a t a  f o r  m agnesium  s u l p h a t e  from  2 0 °C. to  55°G.

Much o f  t h e  r e p o r t e d  work r e f e r s  to  o n ly  one t e m p e r a tu r e

so t h a t  i t  i s  n o t  p o s s i b l e  t o  o b t a i n  h e a t  and e n t r o p y

v a l u e s .  M oreover; d i  f f e r e n  c e s  h av e  b een  n o t i c e d  i n  th e

v a l u e s  o b t a i n e d  by d i f f e r e n t  e x p e r im e n ta l  m e th o d s .  A

c o m p le t e ly  u n a s s o c i a t e d  2 -2  e l e c t r o l y t e  w h ich  s t r i c t l y

o b e y s  t h e  O n sag e r  la w  o f  c o n d u c t i v i t y  i s  n o t  known, so

t h a t  d i f f i c u l t i e s  a r e  e n c o u n te r e d  i n  i n t e r p r e t i n g
8cc o n d u c t i v i t y  d a t a .  A l s o ,  a c c o r d in g  t o  B ^ e r r u s ^ s  t h e o r y  , 

t h e  minimum d i s t a n c e  o f  c l o s e s t  a p p ro a c h  o f  b i v a l e n t  i o n s



w i l l  be  q = 2 ^ /3 .5 7 /X  =s 1 4 .2 8 1 ,  so t h a t  a l l  i o n s  o f  

o p p o s i t e  c h a rg e  f a l l i n g  w i t h i n  t h i s  r a n g e  o f  one a n o t h e r  

w i l l  h a v e  t o  he c o n s i d e r e d  a s  b e in g  a s s o c i a t e d .  I t  i s  

s e e n  t h a t  th e  v a l u e  o f  the  a s s o c i a t i o n  c o n s t a n t  w i l l  

depend  t o  a  l a r g e  e x t e n t  on th e  c h o ic e  o f  ‘ q* i n  

t h e  a c t i v i t y  c o e f f i c i e n t  e x p r e s s i o n s -

-  l o g  tZ  =  -T
1 + SB i t

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

o v e r  a  l a r g e  r a n g e  o f  t e m p e r a t u r e  e m p lo y in g  th e  same 

e x p e r i m e n t a l  m e th o d . I n  th e  p r e s e n t  work th e  e q u i l i b r i u m

M + SO^ M

h a s  b e e n  s t u d i e d  a t  v a r i o u s  t e m p e r a t u r e s  from  0°C . to  

4 5 * 0 . hy a  p r e c i s e  e . m . f . '  m e th o d . I h e  c e l l  u s e d  w as 

t h e  c o n c e n t r a t i o n  c e l l  w i t h o u t  t r a n s p o r t ,  (A)

h2 , P t HC1, MSO^ A gC l, A g ...............  (A)

s i m i l a r  t o  t h e  one em ployed by J o n e s  and Monk^° f o r  

s t u d y  o f  m agnesium  and l a  thanurn s u l p h a t e s .

I n  o r d e r  t o  e v a l u a t e  th e  a s s o c i a t i o n  c o n s t a n t s  i n  

t h e  m e ta l  s u l p h a t e s ,  i t  was n e c e s s a r y  t o  h av e  a  p r e c i s e  

know ledge  o f  th e  se c o n d  d i s s o c i a t i o n  c o n s t a n t  '*2* 9 0*
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s u l p h u r i c  a c i d  and i t s  d e p en d e n ce  on t e m p e r a t u r e ,  s i n c e  

a t  th e  p H 's  u s e d ,  t h e  b i s u l p h a t e  i o n  i s  an  i m p o r t a n t  

c o n s t i t u e n t  o f  t h e s e  s y s te m s .  'k g '  h a s  b e e n  d e te rm in e d  

by a  num ber o f  w o r k e r s  e m p lo y in g  d i f f e r e n t  m e th o d s .
Q  A

3?hus S h e r r i l l  and  Noyes com bined d a t a  on c o n d u c t i v i t y

and  t r a n s p o r t  num ber f o r  s u l p h u r i c  a c i d  s o l u t i o n s  and

f o r  sodium  b i s u l p h a t e  s o l u t i o n s ,  and B ray  and L i e b h a f s k y ^ c

made u s e  o f  th e  k i n e t i c  s a l t  e f f e c t  on b ro m a te  -  b rom id e
11cr e a c t i o n .  Young, K lo tz  and S i n g l e t e r r y  em ployed a  

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

i n d i c a t o r  i n  p r e s e n c e  o f  sodium  s u l p h a t e  s o l u t i o n .
1 2 c  13cHamer u s e d  an  e . m . f .  m ethod and Kentama s o l u b i l i t y

m e a su re m e n ts  on  s i l v e r  s u l p h a t e .  The m o s t  d i r e c t  s tu d y
14ch o w e v e r ,  h a s  b e e n  by D a v ie s ,  J o n e s  and Monk who 

em ployed  th e  c e l l

Hg, P t  HG1, H2S04 ] AgCl, Ag ..........  (B)

o v e r  t h e  t e m p e r a t u r e  r a n g e  5°C. to  50°C. and  o b t a i n e d

e . m . f .  s  t o  w i t h i n  -  0 .  1 m .v .  I t  was th o u g h t  d e s i r a b l e

t o  r e d e t e r m i n e  ' k g ’ a t  t e m p e r a t u r e s  from  0°C* to  45°C .

o v e r  a  w ide  r a n g e  o f  i o n i c  s t r e n g t h s  u s i n g  th e  c e l l  (B ) 1 

s i n c e  i n  t h e  p r e s e n t  w o rk , m easurem ent©  w ere  p o s s i b l e

t o  £  O .O lm .v .



APPARATUS and EXPERIMENTAL TECHNIQUE

P r e p a r a t i o n  o f  r e a g e n t s

C o n s ta n t  b o i l i n g  h y d r o c h l o r i c  a c i d  was p r e p a r e d  by
l*Sct h e  m ethod  s u g g e s t e d  by P o u lk  and H o l l in g w o r th  , and 

1 Beby  J .A .  Shaw , i n t r o d u c i n g  th e  m o d i f i c a t i o n s  recommended
IB cby  T i t u s  and S m ith  A c c o rd in g  to  T i t u s  and  S m ith ,

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

t h e  d i s t i l l a t i o n  w i t h  a c i d  o f  d e n s i t y  1 . 1 4 ,  w h ich  was 

n o t  t h e  c a s e  i f  t h e  s t a r t i n g  d e n s i t y  was 1 .0 6  a s  

recommended by p r e v i o u s  w o r k e r s .

A .R . c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  was d i l u t e d  

t o  a  s p e c i f i c  g r a v i t y  o f  1 .1 4  w i t h  c o n d u c t i v i t y  w a t e r  

i n  a  p y r e x  HQ u i e k f i t n d i s t i l l i n g  f l a s k  (2 l i t r e s )  

su rm o u n te d  w i th  a  s p l a s h  b u lb  and  c o n n e c te d  to  a  p y re x  

l » e i b i g ’ s c o n d e n s e r  h a v in g  a  75 c .m . l o n g  w a t e r  j a c k e t  

and  1 c .m . i n n e r  b o r e .  About 0 .7  gm. o f  s c r a p  p la t in u m  

was p u t  i n ,  to  p r e v e n t  bum ping , and  th e  body and  n e c k  o f  

t h e  f l a s k  w ere  c o v e r e d  w i t h  a s b e s t o s  f i b r e .  U niform  

h e a t i n g  was e n s u r e d  by u s i n g  a  h e a t i n g  m a n t l e .  The 

d i s t i l l a t i o n  w as c o n t in u o u s  and  a t  a  s t e a d y  r a t e  o f  

l e s s  t h a n  5 s u l .  p e r  m in u te .  The d i s t i l l a t e  was 

c o l l e c t e d  i n  a  p y r e x  s to c k  f l a s k ,  w hich  h ad  b e en



p r e v i o u s l y  s te am ed  f o r  more th a n  30 m in u te s*  The 

r e c e i v e r  was coaled i n  a n  i c e  b a t h .  The f i r s t  25$ 

o f  t h e  d i s t i l l a t e  was d i s c a r d e d  and th e  n e x t  50$ 

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

75$ was s e t  a s i d e ,  a n d  t h e  n e x t  10 to  15$ w as c o l l e c t e d  

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

was r e c o r d e d  a t  t h e  b e g i n n i n g ,  a f t e r  75$ had  d i s t i l l e d  

o v e r  and a t  t h e  end o f  th e  d i s t i l l a t i o n .

D u p l i c a t e  d e t e r m i n a t i o n s  o f  c h l o r i d e  0 a s  s i l v e r  

c h l o r i d e  done a num ber o f  t im e s  o v e r  a  p e r i o d  o f  one y e a r
4*

a g r e e d  t o  b e t t e r  th a n  - 0 . 0 1 $ .

D i f f e r e n t  s a m p le s  o f  A.R. s u l p h u r i c  a c i d ,  s u p p l i e d  

by  t h e  B r i t i s h  D rug  H o use , and H opkin  and W i l l i a m s ,  w ere  

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

s u l p h a t e ^ 0 a g r e e d  to  b e t t e r  t h a n  - 0 . 0 2 $ .

The s u l p h a t e s  o f  t h e  d i v a l e n t  m e t a l s  m agnesium , 

z i n c , c o b a l t ,  n i c k e l ,  m anganese  and dactinium w ere  a l l  o f

A .R . q u a l i t y .  The s a l t s  w ere  r e  c r y s t a l l i s e d  t h r e e  t im e s  

from  c o n d u c t i v i t y  w a t e r .  I n  t h e  c a s e  o f  cadmium 

s u l p h a t e ,  t h e  s o l u t i o n  was e v a p o r a t e d  to  a b o u t  h a l f  th e  

o r i g i n a l  volume and  a l lo w e d  to  c r y s t a l l i s e  t h i s  s a l t  

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

M anganese s u l p h a t e  h a s  a  maximum s o l u b i l i t y  a t  54°-55°C  

and  s o l u t i o n s  p r e p a r e d  a t  t h i s  t e m p e r a t u r e  w ere  e v a p o r a te d



to  a b o u t  two—t h i r d s  th e  o r i g i n a l  volum e b e f o r e  c r y s t a l l i s ­

a t i o n .

The r e c r y s t a l l i s e d  s a l t s  w ere  d r i e d  a t  a b o u t  1 1 0 -1 2 0 °G.

S m a ll  s a m p le s  o f  th e  pow dered c r y s t a l s  w ere  p l a c e d  i n

p y r e x  w e ig h in g  b o t t l e s  w i th  g ro u n d  g l a s s  c a p s  and

c o n v e r t e d  i n t o  t h e  a n h y d ro u s  fo rm ,b y  h e a t i n g  to  c o n s t a n t

w e ig h t  a t  350°0  t o  420 °C i n  a  m u f f l e  f u r n a c e .  The

s t o c k  s o l u t i o n s  w ere  a n a ly s e d  f o r  s u l p h a t e  and  a g re em e n t

was b e t t e r  t h a n  0 .0 3 $  o f  t h e  c a l c u l a t e d  c o n c e n t r a t i o n .

A nhydrous n i c k e l  s u l p h a t e  d i s s o l v e s  i n  w a te r  o n ly  w i th

g r e a t  d i f f i c u l t y .  S to c k  s o l u t i o n s  p r e p a r e d  from  th e

h y d r a t e d  s a l t  w ere  a n a l y s e d  f o r  n i c k e l  by p r e c i p i t a t i o n
16 ca s  n i c k e l  d im e th y l  g ly o x im e  • D u p l i c a t e  e s t i m a t i o n s  

a g re e d  to  0 .0 2 $ .

C y l i n d e r  h y d ro g e n  was f r e e d  from  oxygen by p a s s a g e  

th ro u g h  a  ’deoxo* p u r i f i e r  (B ak er  P la t in u m  D i v i s i o n ,  

E n g e lh a rd  I n d u s t r i e s  L t d . ,  London, W .C . l . )  and s a t u r a t e d  

w i th  w a t e r  v a p o u r  by  p a s s i n g  t h r o u ^ i  a  s e r i e s  o f  b u b b le s * .

P o t e n t i o m e t e r ; A p r e c i s i o n  V e r n i e r  p o t e n t i o m e t e r  

(C roydon  P r e c i s i o n  I n s t r u m e n t  G o . ,  C roydon , S u r r e y ,

E n g la n d )  h a v in g  a  f i v e  d i a l  d e ca d e  sy s te m  was u s e d .  The

o v e r a l l  r a n g e  o f  t h e  p o t e n t i o m e t e r  w as from  1 . 9  v o l t s



t o  1 m i c r o v o l t  i n  two r a n g e s ,  th e  f i r s t  r a n g e  b e in g  

from  0 .0  to  1 . 9  v o l t s  i n  s t e p s  o f  10 m ic ro  v o l t s .  An 

a u x i l i a r y  d i v i d e r  c a l i b r a t e d  from  1 .0 1 8 0 0  v o l t s  t o  

1 .0 1 9 0 0  v o l t s  i n  s t e p s  o f  50 m i c r o v o l t s  was u s e d  f o r  

S t a n d a r d i z a t i o n  w i t h  a  W eston S ta n d a r d  C e l l .  The 

p o t e n t i o m e t e r  had  an a c c u r a c y  o f  one p a r t  i n  1 0 0 ,0 0 0  

o f  t h e  1 v o l t  s e t t i n g .

A l l  t e r m i n a l s ,  s t u d s  e t c .  w ere  o f  c o p p e r  and t h e  

s t u d s  w ere  t i p p e d  w i th  a  p r e c i o u s  m e ta l  a l l o y  w h ich  

e n s u r e d  a  g o o d , c l e a n  c o n t a c t  and m in im is e d  t h e  

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

s w i t c h e s .  A g a lv a n o m e te r  key and  a  s e r i e s  s e n s i t i v i t y  

c o n t r o l  w ere  a l s o  i n c l u d e d .  The p o t e n t i o m e t e r  c o i l  was 

o f  w e l l  ag ed  b a r e  M anganin  Telcum an o f  th e  same gauge 

th r o u g h o u t  on t h e  p o t e n t i a l  d i v i d e r  t h u s  r e d u c i n g  th e  

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

The p o t e n t i o m e t e r  had  s e l e c t o r  t e r m i n a l s  f o r  f o u r  

t e s t  p o s i t i o n s .  As f o u r  c e l l s  each  w i th  f o u r  e l e c t r o d e s  

w ere  b e i n g  s t u d i e d  s i m u l t a n e o u s l y ,  and  p r o v i s i o n  h ad  

t o  be  made f o r  a  p l a t i n u m  r e s i s t a n c e  th e rm o m e te r  and  a 

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

i n  th e  c i r c u i t ,  b e tw e e n  t h e  c e l l s  and th e  p o t e n t i o m e t e r  

t e r m i n a l s .  The p o t e n t i o m e t e r  r e s t e d  o n a l a r g e  m e ta l



s h e e t  w h ic h  was e a r t h e d .

Two W eston S ta n d a r d  C e l l s  (C am bridge  I n s t r u m e n t  

Co#, L t d . ,  London and C a m b r id g e ) ,  m ounted  i n  m e ta l  

o a s e s  w ere  k e p t  i n  a  s m a l l  o i l  t h e r m o s t a t  m a i n t a i n e d  

a t  25°  -  0 .1 ° C  by m eans o f  a  •Sunvic*  b i m e t a l l i c  r e l a y  

o p e r a t i n g  a  25 w a t t  b u l b .  The o i l  was k e p t  e f f i c i e n t l y  

s t i r r e d  w i th  an  e l e c t r i c a l l y  d r i v e n  f o u r - b l a d e d  m e ta l  

s t i r r e r .  The s t a n d a r d  c e l l s  w ere  com pared from  

t im e  to  t im e  w i t h  one a n o t h e r  and th e  d i f f e r e n c e  b e tw e e n  

them was n e v e r  g r e a t e r  t h a n  20 m i c r o v o l t s .

A s e n s i t i v e ,  s p o t  r e f l e c t i n g ,  m oving  c o i l  g a lv a n o m e te r  

o f  25 ohm r e s i s t a n c e  (C am bridge  I n s t r u m e n t  C o . ,  L t d . ,  

Cam bridge and L o n d o n ) , m ounted  on a  s e p a r a t e  t a b l e  

away from  o t h e r  e l e c t r i c a l  c i r c u i t s ,  i n  c o n j u n c t i o n  w i th  

a  lam p and s c a l e  (C am bridge  I n s t r u m e n t  Co^ p l a c e d  a t  

one  m e t r e  from  t h e  g a lv a n o m e te r  m i r r o r  e n a b le d  m e a su re ­

m en t 8 to  b e t t e r  t h a n  5 m i c r o v o l t s .

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

w ork . A l a r g e ,  r e c t a n g u l a r  m e ta l  t a n k  o f  a b o u t  20 

g a l l o n s  c a p a c i t y ,  m ounted  on a  MD ex io n ” s t a n d  was 

f i t t e d  w i t h  a  p a d d le  sy s te m  d r i v e n  by an  i n d u c t i o n  

m o to r .  The b a t h  l i q u i d  c o n s i s t e d  o f  w a t e r  c o n t a i n i n g  

an  a n t i f r e e z e ,  e t h y l e n e  g l y c o l .  The t a n k  was I n s u l a t e d



w i t h  c o rk  s l a b s  o f  a b o u t  2 M t h i c k n e s s .  The t e m p e r a tu r e  

c o n t r o l  was o b t a i n e d  by m eans o f  a  s p i r a l  t o l u e n e -  

m ercu ry  r e g u l a t o r  o f  l a r g e  c a p a c i t y ,  f i x e d  v e ry  n e a r  

t h e  h e a t i n g  u n i t  and o p e r a t i n g  a  sy s tem  o f  any  c o m b in a t io n  

among t h r e e  b u l b s  o f  2 5 0 ,  200 and 100 w a t t s ,  t h r o u g h  a  

vacuum r e l a y .  D u r in g  th e  f i r s t  s e r i e s  o f  e x p e r i m e n t s ,  

t h e  w a t e r  i n  t h e  t h e r m o s t a t  w as c o lo u r e d  w i t h  e o s i n ,  

b u t  s u b s e q u e n t ly  r e d  p a i n t e d  h e a t e r  b u lb s  w ere  u s e d .

T h is  p r o c e d u r e  was d e s i r a b l e  f o r  t h e  l i g h t - s e n s i t i v e  

s i l v e r  -  s i l v e r  c h l o r i d e  e l e c t r o d e s .  The r e l a y  c o i l  

was o f  a  h i g h  r e s i s t a n c e  (5000 ohms w o rk in g  on  12 v o l t s

B .C .)  so t h a t  t h e r e  was no s p a r k i n g  i n  t h e  t o l u e n e -  

m e rc u ry  r e g u l a t o r  d u r i n g  make and b r e a k .  The t e m p e r a tu r e  

c o u ld  b e  k e p t  c o n s t a n t  to  b e t t e r  t h a n  -  0*005°C . F o r  

w o rk in g  a t  t e m p e r a t u r e s  down to  0°C , a  r e f r i g e r a t i o n  

u n i t  c o n s t r u c t e d  by F r i g i d a i r ®  D i v i s i o n  o f  G e n e ra l  

M o to rs  L t d . ,  London, R .W .9 . was i n c o r p o r a t e d .  The 

r e f r i g e r a t i o n  u n i t  was p r o v id e d  w i th  two a d j u s t a b l e  

v a l v e s  a t  t h e  two e n d s  o f  th e  c o o l i n g  c o i l .  By 

a d j u s t i n g  t h e  v a p o u r i s a t i o n  v a lv e  on  t h e  l i q u i d  s i d e  

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

th e  c o i l ,  and  o b s e r v i n g  t h e  gauge r e a d i n g s  i t  was 

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



The c o o l i n g  c o i l  i t s e l f  was o f  t i n n e d  c o p p e r  t u b in g  

a b o u t  tw e n ty  f e e t  l o n g  c o i l e d  a ro u n d  t h e  s t i r r e r  n e a r  

t h e  b o t to m  o f  th e  t h e r m o s t a t .  F i n e r  a d ju s tm e n t s  o f  

t e m p e r a t u r e s  b e lo w  t h a t  o f  t h e  room w ere  o b t a i n e d  by 

o p e r a t i n g  b o t h  t h e  to lu e n e - m e r c u r y  r e g u l a t o r  c o n t r o l l e d  

h e a t i n g  end  c o o l i n g  system * A b o o s t e r  h e a t e r  o f  th e  

im m e rs io n  ty p e  o f  2000 w a t t s  e n a b le d  t h e  t e m p e r a tu r e  

o f  th e  t h e r m o s t a t  to  be r a i s e d  th ro u g h  5°G i n  f i v e  

m i n u t e s .

T e m p e ra tu re  m ea su re m e n t

As p r e c i s i o n  m e a su re m e n ts  o f  e . m . f .  t o  b e t t e r  

t h a n  -  0 .0 1  m .v .  w ere  p o s s i b l e  and t e m p e r a t u r e  c o n t r o l  

o f  -  0 .0 0 5 °C  was o b t a i n a b l e , i t  was d e c id e d  to  

em ploy p l a t i n u m  r e s i s t a n c e  the rm om ete r 's  f o r  d e t e r m i n a t i o n  

o f  t h e r m o s t a t  t e m p e r a t u r e .  A c c o r d in g ly ,  two p la t in u m  

r e s i s t a n c e  th e rm o m e te r s  w ere  c o n s t r u c t e d ,  and s t a n d a r d i z e d  

by  c o m p a r is o n  w i t h  a  s i m i l a r  th e rm o m e te r  s t a n d a r d i z e d  

b y  t h e  R a t i o n a l  P h y s i c a l  L a b o r a to r y  and o b t a i n e d  on l o a n .  

P l a t i n u m  r e s i s t a n c e  th e r m o m e te r ; The p l a t i n u m  r e s i s t a n c e  

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

o f  t h e  r e s i s t a n c e  E , o v e r  th e  t e m p e r a tu r e  r a n g e  from  

1 30°  to  600°0  i s  ± 0 .00X °C .



The m ethod s u g g e s te d  by B a r b e r ^ 0 was f o l lo w e d .

Two th e rm o m e te r s  o f  = 2 0 .6 7 5 7  a b s .  ohms and 1 3 ,8 8 7 8  a b s .  

ohms w ere  made u s i n g  a b o u t  50 and 35 cms. r e s p e c t i v e l y  

o f  "T h erm o p u re” p l a t i n u m  w i r e  o f  0 .0 5  m.m. d i a m e t e r .

The w i r e  was wound i n  t h e  h a rd d ra w n  c o n d i t i o n  on a  

s i l v e r - s t e e l  r o d ,  1*0 m.m. i n  d i a m e te r  to  form  a  h e l i x  

w i t h  th e  t u r n s  t o u c h in g  e a c h  o t h e r .  On r e l e a s i n g ,  th e  

c o i l  exp an ded  s l i g h t l y  and th e  ro d  was w i th d ra w n .  The 

c o i l  was a b o u t  2 cm. i n  l e n g t h  and 0 .1 5  cm. i n  d i a m e t e r .

I t  was t h e n  s t r e t c h e d  to  a  l e n g t h  o f  a b o u t  11 cms. w hich  

on r e l e a s i n g  c o n tr& e te d  t o  a b o u t  6 cms. I t  ?/as 

th o r o u g h ly  c l e a n e d  by w a sh in g  i n  b e n z e n e  and  th e n  b o i l i n g  

i n  a  50$ s o l u t i o n  o f  n i t r i c  a c i d ,  f o l lo w e d  by w a sh in g  

s e v e r a l  t im e s  i n  d i s t i l l e d  w a t e r .  A f i n e  p y re x  tu b e  o f  

0*15 cm. b o re  and  w a l l  t h i c k n e s s  o f  a b o u t  0 .2  m .m .,  

draw n down from  l a r g e r  t u b i n g ,  was c u t  to  a  l e n g t h  0 .6  cm. 

g r e a t e r  th a n  t h e  o v e r a l l  l e n g t h  o f  t h e  c o i l .  Two s m a l l  

ho le®  a b o u t  2 cms* a p a r t  and e q u i d i s t a n t  from  th e  m id d le  

o f  t h e  tu b e  w e re  made i n  t h e  w a l l  by p i e r c i n g  w i th  a  

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

i n s i d e  was rem oved  by m eans o f  a  f r e t a a w  b l a d e .  The 

tu b e  was c l e a n e d  and  t h e  c o i l  i n t r o d u c e d  i n t o  i t .  Two



p la t in u m  l e a d s  0 .0 2  c .m . t h i c k  w ere  f u s e d  on to  e i t h e r  

end o f  t h e  c o i l .  The e n d s  o f  th e  g l a s s  tu b e  were 

ftfesedL, s e a l i n g  th e  l e a d s ,  c a r e  b e in g  t a k e n  t h a t  th e y  

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

w ere  f u s e d  on to  f o u r  g o ld  l e a d s  o f  0 .0 5  c .m . d i a m e t e r .  

The g o ld  l e a d s  w ere  i n s u l a t e d  by p a s s i n g  th ro u g h  a  

p a i r  o f  t w i n - b o r e  s i l i c a  s h e a t h s  and w ere  s p o t - w e ld e d  

a t  th e  f r e e  end  to  f o u r  s h o r t  p l a t in u m  w i r e s  o f  t h e  

same d i a m e t e r .  The w hole  s e t  up  was i n t r o d u c e d  i n t o  

a  p y re x  g l a s s  s h e a t h  o f  a b o u t  0 .9  c .m . d i a m e t e r  

c lo s e d  a t  one end and h a v in g  a g rad e d  j o i n t  a t  t h e  t o p .  

T h i s  e n a b le d  th e  s h o r t  p l a t i n u m  l e a d s  to  be s e a l e d  

h e r m e t i c a l l y  th ro u g h  th e  o u t e r  s h e a t h .

The th e rm o m e te r  was e v a c u a te d  w i th  an o i l  pump 

w h i l e  b e in g  b a k e d  a t  a  t e m p e r a t u r e  o f  450°0  i n  a  m u f f l e  

f u r n a c e  o v e r  a  p e r i o d  o f  tw e lv e  h o u r s .  W ell  d r i e d  

a i r  was a d m i t t e d  c a r e f u l l y  i n t o  i t  and pumped o u t  a g a i n .  

T h i s  p r o c e s s  was r e p e a t e d  s e v e r a l  t im e s  and  f i n a l l y  

th e  th e rm o m e te r  was s e a l e d  c o n t a i n i n g  d ry  a i r  w h i le  

s t i l l  i n  th e  f u r n a c e  a t  450°G . Thus th e  th e rm o m e te r  

was f r e e d  from  any  m o i s t u r e ,  a n  i m p o r t a n t  p r e r e q u i s i t e  

f o r  good e l e c t r i c a l  i n s u l a t i o n .

The s u r f a c e  o f  th e  g l a s s  a ro u n d  th e  e x t e r n a l  

p l a t i n u m  g l a s s  s e a l s ,  w here  th e  l e a d s  em erged from  th e
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s h e a t h ,  was c o v e re d  w i th  p y c e n e ,  i n  o r d e r  to  r e d u c e  

s u r f a c e  l e a k a g e .  The to p  was c o v e re d  w i th  i n s u l a t i n g  

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

t h e  th e rm o m e te r  from  r a d i a t i o n  and d r o u g h t s  t o  a v o id  

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

t h e  p l a t i n u m  l e a d s  w ere  f i x e d  to  f o u r  p i l l a r s  f i x e d  

i n s i d e  t h e  wooden to p  and  g r ip p e d  by a  s p l i t  c o l l a r  

( F i g ,  1 ) ,

The c o m p le te d  th e rm o m e te r  w as a n n e a le d  by  p a s s i n g  

a  c u r r e n t  o f  0 . 3  amp. f o r  30 m in u t e s .  The w i r e  r e a c h e d  

a  t e m p e r a t u r e  o f  a b o u t  70Q°C u n d e r  t h e s e  c o n d i t i o n s .

The th e rm o m e te r s  w ere  c a l i b r a t e d  a g a i n s t  a n o t h e r  

p l a t i n u m  r e s i s t a n c e  th e rm o m e te r  ( k i n d l y  l e n t  by 

h r ,  S ,P .  h a t t a )  a t  t h e  t r i p l e  p o i n t  o f  w a te r  and a t  

s e v e r a l  o t h e r  te m p e ra tu i* e s  below  100°C. h r .  h a t t a *  s 

th e rm o m e te r  had  b e en  s t a n d a r d i z e d  by th e  N a t io n a l  

P h y s i c a l  L a b o r a t o r y ,

T r i p l e  p o i n t  c e l l ? The p r o c e d u r e  o f  B a r b e r  and H e r in g to n ^ ® 0 

was f o l lo w e d  i n  c o n s t r u c t i n g  th e  t r i p l e  p o i n t  c e l l  and i n  

w a t e r  p u r i f i c a t i o n .

Two s t i l l s  w ere  s e t  up c o n s i s t i n g  o f  2 l i t r e  ro und  

b o t to m e d  p y r e x  " Q u i c k f i t "  f l a s k s .  The s t i l l  h e a d s  w ere  

p y r e x  t u b e s  o f  100 cms. l e n g t h  and 2 .5  cms. b o r e ^ f i l l e d



w i th  h e l i c e s  o f  p y re x  g l a s s .  The g round  g l a s s  

j o i n t s  w ere  u n g r e a s e d .  A p y re x  g l a s s  tu b e  s e a l e d  a t  

t h e  u p p e r  end and a l s o  a t  a b o u t  0 ,5  cm, from  t h e  b o tto m  

p l a c e d  i n  e a c h  s t i l l  p r e v e n t e d  any bum ping . D i s t i l l e d  

w a t e r  m ixed  w i th  0*2 gm* p o ta s s iu m  p e rm a n g a n a te  and 

0*4 gm* sodium  h y d r o x id e  was r e f l u x e d  f o r  e i g h t  h o u r s ,  

a f t e r  w h ic h ,  a b o u t  l i  l i t r e s  o f  w a te r  w ere  d i s t i l l e d  

and u s e d  i n  th e  s e c o n d  s t i l l .  No c o n d e n s e r  was em ployed 

i n  t h i s  s t i l l .  The r a t e  o f  b o i l i n g  was a d j u s t e d  so 

t h a t  a b o u t  a  q u a r t e r  o f  th e  s team  r e a c h i n g  t h e  to p  

c o n d e n se d  i n  a  p y re x  b o t t l e  , t h e  r e s t  e s c a p i n g .

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

10 l i t r e s  o f  w a te r  w ere  d i s t i l l e d  th ro u g h  e a c h  new ly  

e r e c t e d  column b e f o r e  b e in g  u s e d  f o r  s te a m in g  and f i l l i n g  

t h e  t r i p l e  p o i n t  c e l l .

The t r i p l e  p o i n t  c e l l  c o n s i s t e d  o f  two c o n c e n t r i c  

p y r e x  t u b e s  b o th  o f  w hich  w ere  s e a l e d  and  ro u n d e d  o f f  

a t  t h e  b o t to m  so a s  t o  l e a v e  a  w e l l  o f  a b o u t  10 i n c h e s  

d e p th  i n  t h e  i n n e r  t u b e ,  A tu b e  w i th  a  c o n s t r i c t i o n  

and  c a r r y i n g  a  B14 s t a n d a r d  cone was f i x e d  t o  t h e  b o tto m  

o f  t h e  o u t e r  t u b e .  The to p  e n d s  o f  th e  c o n c e n t r i c  

t u b e s  w ere  j o i n e d  t o g e t h e r  l e a v i n g  an a n n u l a r  s p a c e
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FIG. 2. TWPLE POINT CELL (FIRST STAGE)



b e tw ee n  t h e  two t u b e s .  On one s i d e  a t  th e  to p  end was 

c o n n e c te d  a  t r a p  tu b e  p ro v id e d  w i th  a  B14 s t a n d a r d  cone 

( F i g ,  2 ) .

F o r  c l e a n i n g  th e  c e l l ,  p e r t  A was c l o s e d ,  th e  c e l l  

was f i l l e d  w i th  ch ro m ic  a c id  and k e p t  f o r  s e v e r a l  m in u te s  

b e f o r e  d r a i n i n g .  I t  was w ashed  w e l l ,  f i l l e d  w i t h  

d i s t i l l e d  w a te r  and c lo s e d  a t  th e  open en d s  and k e p t  a s  

su c h  u n t i l  r e q u i r e d  f o r  s t e a m in g .  The se c o n d  s t i l l  

was f i l l e d  w i th  d o u b ly  d i s t i l l e d  w a t e r .  The t o p  o f  th e  

s t i l l  h e a d  was c o n n e c te d  to  t h e  t r i p l e  p o i n t  c e l l  a t  A 

by a  B14 s o c k e t  a d a p t e r  a t  an  a n g le  o f  a b o u t  45°  to  t h e  

h o r i z o n t a l .  S te a m in g  was c a r r i e d  o u t  f o r  e i g h t  h o u r s ,  

when t h e  c e l l  was r e v e r s e d  and s t e a m in g  c o n t i n u e d  th ro u g h  

B f o r  t h e  same l e n g t h  o f  t im e .  F i n a l l y  t h e  p o r t  A was 

r e c o n n e c t e d  and  th e  c e l l  s te am ed  f o r  one h o u r  b e f o r e  

s e a l i n g  o f f  a t  B by  c o l l a p s i n g  th e  c o n s t r i c t i o n .  The 

s e a l  was b low n i n t o  t h e  fo rm  o f  a  s m a l l  b u l g e ,  th e  i n s i d e  

o f  t h e  c e l l  h a v in g  b e en  p r o t e c t e d  from  c o n ta m in a t io n  

by  p l a c i n g  a  t h i n  r u b b e r  membrane b e tw een  t h e  c e l l  and 

t h e  g l a s s  b l o w e r ’ s  m ou th . T h is  form  o f  s e a l  was 

p r e f e r a b l e  to  t h e  u s u a l  ’ sp ik ed *  3e a l  w hich  was l i a b l e  

t o  f r a c t u r e  when im m ersed  i n  i c e  b a t h  c o n s t a n t l y .

I n  o r d e r  to  f i l l  t h e  c e l l ,  th e  end A was c o n n e c te d  

t o  t h e  to p  o f  t h e  s t i l l  head  a s  b e f o r e  a t  an  a n g le  o f
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FIG.2. FILLING THE TRIPLE POINT CEIL



a b o u t  4-5°» th ro u g h  an a d a p t e r  w i t h  an  open s i d e  t u b e .  

P a r t i a l  s t e a m in g  and  c o n d e n s in g  was c a r r i e d  o u t  o v e r  a  

p e r i o d  o f  a p p r o x im a te ly  f o u r  h o u r s ,  u n t i l  t h e  body o f  

t h e  o e l l  was c o m p le te ly  f i l l e d  ( P i g .  3 ) .  The f i l l e d  

c e l l  was rem oved and c o n n e c te d  a t  j o i n t  A v i a  a  g l a s s  

t a p  to  a  r o t a r y  o i l  pump. A v e r y  sm a l l  r i n g  o f  vacuum 

g r e a s e  was p l a c e d  a t  t h e  b a s e  o f  j o i n t  A. S u c t io n  was 

a p p l i e d  and th e  c e l l ,  k e p t  i n  a  v e r t i c a l  p o s i t i o n ,  was 

warmed u n i f o r m l y  and c a r e f u l l y  by  s t e a d i l y  w a v in g  a  

lu m in o u s  B unsen  f la m e  o v e r  th e  e n t i r e  s u r f a c e *  B o i l i n g  

o c c u r r e d  and w&e m a i n t a i n e d  s t e a d i l y .  T h is  was c o n t in u e d  

u n t i l  e v a p o r a t i o n  o f  w a te r  had  lo w e re d  t h e  l e v e l  i n  th e  

c e l l  by  a b o u t  h a l f  an  i n c h .  The t a p  b e tw ee n  t h e  pump 

and t h e  c e l l  was c l o s e d  and th e  c e l l  was im m ersed  i n  a  

b a t h  o f  c r u s h e d  i c e  and w a t e r .  The s e a l  was made by 

c o l l a p s i n g  t h e  c o n s t r i c t i o n  b e tw e e n  t h e  m ain  body o f  

t h e  o e l l  and th e  t r a p ,  and d ra w in g  o f f .  The f i n i s h e d  

o e l l  i s  shown i n  F i g .  4 .  T h ree  su ch  c e l l s  w e re  

c o n s t r u c t e d .

I n  u s e ,  th e  c e l l  was im m ersed  f o r  a t  l e a s t  one h o u r  

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

from  w i t h i n ,  a  s h e a t h  o f  i c e ,  one  o r  two cms. t h i c k  was 

t h e n  p ro d u c e d  i n s i d e  th e  c e l l  o v e r  t h e  e h t i r e  l e n g t h  o f
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t h e  th e r m o m e te r - w e l l ;  t h i s  was a c h ie v e d  by f i l l i n g  w i th  

a c e to n e  w e l l - c o o l e d  i n  a  Dewar f l a s k  by a d d i t i o n  o f  

frD r i k o l d . w Warm w a te r  w as p l a c e d  i n  t h e  th e rm o m e te r  

w e l l  and a  t h i n  l a y e r  o f  i c e  a d j a c e n t  to  th e  w a l l  o f  

t h e  c e l l  was m e l t e d ,  The s h e a t h  o f  i c e  was r e l e a s e d  

from  th e  g la 3 S  and a  v e r y  p u r e  w a t e r - i c e  i n t e r f a c e  was 

o b t a i n e d ,  f h e  th e r m o m e te r - w e l l  was th e n  f i l l e d  w i th  

i c e - c o l d  w a t e r  and  th e  c e l l  was r e a d y  f o r  use#

A few  i m p o r t a n t  p o i n t s  i n  t h e  p r e p a r a t i o n  o f  t h e  c e l l  

a r e  t h e  f o l i o w i n g : -

1 )  C o n t in u o u s  s h e a t h  o f  i c e  a ro u n d  t h e  w e l l  was e s s e n t i a l .

2 ) S i n g l e  p r e p a r a t i o n  o f  t h e  i c e  s h e a t h  gav e  g r e a t e r  

r e p r o d u c i b i l i t y .

3)  C e l l  became s t e a d y  o n ly  a b o u t  20 h o u r s  a f t e r  p r e p a r a t i o n  

o f  t h e  i c e - w a t e r  i n t e r f a c e .

4) By k e e p in g  th e  c e l l  c o m p le te ly  and c o n t i n u o u s l y  

im m ersed  i n  c ru s h e d  i c e - w a t e r  m i x t u r e ,  t h e  e q u i l i b r i u m  

e o u ld  b e  m a i n t a i n e d  f o r  a t  l e a s t  f i v e  d a y s .

I t  s h o u ld  how ev er  b e  n o te d  t h a t  i c e  p r e p a r e d  from  d i s t i l l e d  

w a t e r  m u s t  be u s e d .  By u s i n g  com m erc ia l  i c e ,  a  c e l l ,  

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

w as o f  t h e  o r d e r  o f  i  0.0GG1°C.

I f  B0 , R-fc r e p r e s e n t  t h e  r e s i s t a n c e  v a l u e s



7 b
o f  a  th e rm o m e te r  a t  0 °0  ( t r i p l e  p o i n t ) ,  100°C ( s te a m  

p o i n t ) ,  and  t^C r e s p e c t i v e l y ,

w here
100

A * t  -  S fc-JW fl 2  "  t 4 t[VIOO/ 100 i s  a  f u n c t i o n  o f  t e m p e r a t u r e

i s  a  c o n s t a n t ,  u s u a l l y  ta lcen  a s  e q u a l  to  1 .4 9 5  f o r  

p l a t i n u m .  F * I ,  t h e  fu n d a m e n ta l  i n t e r v a l  i s

P la t in u m  r e s i s t a n c e  therm om eter©  a r e  u s u a l l y  c a l i b r a t e d

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

v i a . ,  t r i p l e  p o i n t  o f  w a te r  ( 0 ° C ) , s team  p o i n t  ( 100°C)

and s u l p h u r  p o i n t  ( 4 4 4 .6° C ) .  The f i r s t  two r e s i s t a n c e
TV} Q O

v a l u e s  g iv e  t h e  f u n c t i o n  a  s  and m alting u s e

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

cgn  b e  c a l c u l a t e d  from  th e  r e l a t i o n s h i p .

100  Et  ® Ho {100 + t ( a - l ) +  S h t l r b d - 0) + s ( - 1)3  w here

t  a  4 4 4 .6° G. At any t e m p e r a tu r e  t ,  t h e  r e s i s t a n c e  would

Vi Jb VAY)



I t  i s  s e e n  from  oho above e q u a t i o n  t h a t  a  As t h e  

mo3t  i m p o r t a n t  c o n s t a n t ,  $ o c c u r r i n g  o n ly  i n  t h e  e m a il  

te rm s*  Any e m a il  d i f f e r e n c e  o f  % from  1 .4 9 5 •  i f  p r e s e n t / 

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

. t e m p e r a t u r e  e s p e c i a l l y  when m e a su re m e n ts  a r e  b e in g  made 

i n  t h e  r a n g e  0°0  to  50° 0 .

An a l t e r n a t e  and s i m p le r  m ethod o f  c a l i b r a t i n g  a  

th e rm o m e te r  i s  to  d e te r m in e  i t s  RQ v a lu e  and B^ , e t c .

where B+ , R+ e t c .  r e p r e s e n t  th e  r e s i s t a n c e  o f  the
h  2

th e rm o m e te r  a t  t h e  known t e m p e r a t u r e s  t ^ ° # ^2°^* ®^c *

The v a l u e  f o r  a  oan  th e n  be o b t a i n e d  by s u b s t i t u t i o n  i n  

the e q u a t i o n  g iv e n  a b o v e .  In  t h e  p r e s e n t  c a s e ,  t h e  

v a lu es  f o r  R0 , and Rf  , R^ , R^ e t c .  w here  t ^ ,  t 2 » t ^  e t c .

were a  s e r i e s  o f  t e m p e r a t u r e s  b e tw ee n  0°0  and 6 0 °C, were 

d e te r m in e d  f o r  t h e  two th e rm o m e te r s  and th e  s t a n d a r d  

th e rm o m e te r .  A l l  t h r e e  th e rm o m e te r s  a e r e  p u t  i n  s e r i e s  

w i th  a  s t a n d a r d  r e s i s t a n c e ,  k e p t  i n  a  25°C t h e r m o s t a t  

and a c u r r e n t  o f  1 m .a .  was p a s s e d  th ro u g h  th e  c i r c u i t .

The e . m . f . s  a c r o s s  e a c h  th e rm o m e te r  and th e  s t a n d a r d  

r e s i s t a n c e  were m e a su re d  w i th  th e  v e r n i e r  p o t e n t i o m e t e r ,  

and  t h e  v a l u e s  o f  t h e  th e rm o m e te r  r e s i s t a n c e s  c a l c u l a t e d .  

The m ea su re m e n ts  w ere  r e p e a t e d  i n  two t r i p l e  p o i n t  c e l l s ,  

p r e p a r e d  and k e p t  a t  e q u i l i b r i u m  f o r  20 h o u r s  a s



ry K*yll i

d e s c r i b e d  e a r l i e r *  The th e rm o m e te rs  w ere  t h e n  im m ersed  

i n  th e  t h e r m o s t a t  k e p t  a t  a  c o n s t a n t  t e m p e r a tu r e  and  

t h e  e x p e r im e n t  r e p e a t e d .

The e x a c t  t h e r m o s t a t  t e m p e r a tu r e  was c a l c u l a t e d  from  

t h e  known a and S v a l u e s  f o r  th e  s t a n d a r d  th e rm o m e te r  and 

from  t h e  d a t a  a t  a  s e r i e s  o f  t e m p e ra tu re s ,a  v a l u e s  f o r  th e  

two th e rm o m e te r s  w e re  c a l c u l a t e d .  The RQ v a l u e s  o b t a i n e d  

by e m p lo y in g  th e  two t r i p l e  p o i n t  c e l l s  i n  t u r n  a g re e d  to  

b e t t e r  t h a n  1 i n  1 0 0 ,0 0 0 .  T h ree  d i f f e r e n t  s t a n d a r d  

r e s i s t a n c e s , v i z . ,  an  1 ohm r e s i s t a n c e ,  a  20.0132  ohm 

o o n s t a n t i n  c o i l  and a  20 .0  ohm m c h ro m e  r e s i s t o r  were 

u s e d  i n  t u r n  and c l o s e  a g re e m e n t  was o b se rv e d  among t h e  

v a l u e s .  T a b le  I  g i v e s  th e  r e s i s t a n c e  v a l u e s  o f  t h e  t h r e e  

th e rm o m e te r s  a t  0°C , and some o t h e r  te m p e ra  t a r e s ,  a n d  th e  

a  v a l u e s .  The se co n d  colum n g i v e s  th e  r e s i s t a n c e  

c a l c u l a t e d  a t  ro u n d  t e m p e r a t u r e s  f o r  t h e  s t a n d a r d  th e rm o m e te r  

and t h e  e x a c t  t e m p e r a t u r e s ,  d e r i v e d  u s i n g  th e  o b s e r v e d  

r e s i s t a n c e s  o f  t h a t  th e rm o m e te r  ( f o u r t h  column) and t h e  

r e s i s t a n c e  c o e f f i c i e n t s  a t  1°C i n t e r v a l s ,  a r e  g iv e n  i n  

t h e  t h i r d  co lum n. The l a s t  two co lum ns g iv e  th e  

c o r r e s p o n d i n g  r e s i s t a n c e  v a l u e s  f o r  t h e  two th e r m o ia e te r s .

A s e r i e s  o f  1 1 -1 5  r e s i s t a n c e  d e t e r m i n a t i o n s  a t  e a c h  

t e m p e r a t u r e  a g re e d  to  1 i n  5 0 ,0 0 0 .



I n  t h e  a c t u a l  e x p e r im e n t s  w i t h  c o n c e n t r a t i o n  

c e l l s ,  h o w e v er ,  i t  w as p r e f e r a b l e  t o  o b t a i n  e .m .f*  

d a t a  a t  ro u n d  t e m p e r a t u r e s .  I t  w a s ,  t h e r e f o r e ,

I? a b le  I

C o n s t a n t s  f o r  t h e  th e rm o m e te r s

Calcd. o b s . r e s i s t . o b s . r e s i s t *  o h o . r e s i s t ,
gemp* Jrgs& st. ^ f ‘ o f  s ta n d *  o f  o f

0 S f .  V  th e r m .  therm * I  th e rm .  I I
s ta n d *  t h e m *

0 2 7 .5 6 6 6 2 7 .5 6 6 6 2 0 .6 7 5 7 1 3 .8 8 7 8

3

4

2 7 .9 8 5 3

2 8 .0 0 4 8
*3.794 27.9822 2 0 .9 8 7 3 1 4 .0 9 4 3

§ ^ 8 .5 5 1 7
9 .9 6 5 2 8 .6 5 7 2 2 1 .4 9 3 9 1 4 .4 3 4 6

10 2 8 .6 6 1 0

15

16

2 9 .2 0 7 0

2 9 .3 1 6 1
1 5 .9 5 2 9 .3 1 0 6 21.9810 1 4 .7 6 2 2

20

21

2 9 .7 5 2 3

29.8612
2 0 .0 9 1
2 0 .4 7 5

2 9 .7 6 2 1
2 9 .8 0 4 0

22 .3 1 8 1
2 2 .3 4 9 2

1 4 .9 8 8 7

24

25
26

30.1878

30.2966
3 0 .4 0 5 4

2 4 .9 8 1
2 4 .9 9 8
2 5 .0 3 4

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

2 2 .7 1 5 6
22.7161
2 2 .7183

1 5 .2 5 5 9
1 5 .2 5 7 7

30
31

3 0 .8 4 0 2
30.9688

30.880
3 0 .8 9 3

30 .9 3 5 8
3 0 .9 3 7 1

23*1947
23 .1 957

35
36

37

3 1 .3 8 3 0
3 1 .4 8 1 5

3 1 .5 9 9 9

3 5 .5 8 6

3 6 .4 0 8

3 1 .4 4 6 6

3 1 .535 7

2 3 .5 7 1 6

23.6412 1 5 .8 8 1 7



f a b l e  I  ( e o n t d . )

C a lo d «
T e m p . r e s i s t .°0 of

s t a n d ,  th e rm .

C a lc r i .  
temp * °G.

o b s . r e s i s t ,  
o f  s t a n d ,  
th e rm .

o b s . r e s l s t .
o f  

th e r m . I

o b s .  r e s i s t ,  
o f

th e rm .  I I

.. !

41 32.0333 41.509 32.066? 24.039842 32.1416
42.385 32.1832 24.123443 32.2498

51 33.1146 51*49 33.1673 24.8658 16.7077
52 33.2224 51.495 33.1679 24.7675 16.7086
56 33.6539 56.481 33.7057 25.2706 16.9792
57 33.7617

a 1.391746 1.39054 1.39062

1.495 1.495 1.495

d e c i d e d  to  s e t  a  s e r i e s  o f  Beckmann th e rm o m e te r s  a t  

d i f f e r e n t  ro u n d  t e m p e r a t u r e s  i n  th e  r a n g e  o f  0 °C to  5 0 °C 

r e q u i r e d ,  by  c a l i b r a t i o n  a g a i n s t  th e  p l a t i n u m  r e s i s t a n c e  

th e r m o m e te r s .  T h ese  Beckmann th e rm o m e te r s  w ere  u se d  

i n  th e  e x p e r im e n t s .

3S.l8.ff. C e l l  and E l e c t r o d e s ! The c e l l  em ployed  was o f  t h e

u s u a l  H sh ap ed  o n e , s i m i l a r  to  t h a t  u s e d  by Noyes and 
IQcE l l i s ,  made o f  p y re x  g l a s s .  Two h y d ro g e n  p r e -



: -4 ' '



FIG.5. T H E  E.M.F CELL

A -  Sihei—5 11 'AT Chloride F b c tro d e  
B -  NroLrcyen Electrode 
c - Pretextumt-ors 
J) -Suard  Tube



s a t u r a t o r s  w ere  made i n t e g r a l  w i th  th e  h y d ro g e n  e l e c t r o d e  

com p artm en t a s  was done by H arned  and M o r r i s o n 200* The 

m o d i f i c a t i o n s  made by A shby, Crook and D a t t a 23*0 w ere  a l s o  

i n c o r p o r a t e d *  The c e l l  was f i t t e d  w i t h  s t a n d a r d  (B29) 

g ro u n d  g l a s s  s o c k e t s ,  t h e  e l e c t r o d e s  b e in g  s u p p o r t e d  

i n  s t a n d a r d  cones*  Each c e l l  c o n t a in e d  a  p a i r  o f  s i l v e r -  

s i l v e r  c h l o r i d e  e l e c t r o d e s  and h y d ro g e n  e l e c t r o d e s  so 

t h a t  f o u r  e s t i m a t e s  o f  th e  e . m . f .  w ere  p o s s ib l e *  A 

g u a rd  tu b e  was f i x e d  to  th e  h y d ro g e n  e l e c t r o d e  co m partm en t 

and  any  l i q u i d  c o l l e c t i n g  i n  i t  was im m e d ia te ly  rem oved 

by  s u c t i o n .  CfigF)

H ydrogen e l e c t r o d e s : S t o u t  p la t in u m  f o i l s  0*4 cm. by
a a *

2 .5  c m .,  w e ld ed  on to  p l a t i n u m  w ir e  0 .0 5  cm. i n  d i a m e t e r  ,

w i r e  s e a l e d  i n t o  p y re x  g l a s s  t u b e s .  The e l e c t r o d e s  w ere

c le a n e d  w i th  ch ro m ic  a c i d  and w ash ed . A l i t t l e  a r a l d i t e

r e s i n  was p l a c e d  a t  th e  b o t to m  end o f  t h e  t u b e s  and c a s t

by  h e a t i n g  i n  an  oven  a t  120°C . T h is  p r o c e d u r e  e n s u r e d

an  e x c e l l e n t  p l a t i n u m - p y r e x  s e a l .  A t h i n  c o a t  o f  p l a t i n u m

b l a c k  was d e p o s i t e d  on th e  e l e c t r o d e s  by e l e c t r o l y s i s

i n  a  s o l u t i o n  c o n t a i n i n g  2 . 5 c h l o r o p l a t i n i c  a c i d  i n  1 H
21ch y d r o c h l o r i c  a c i d  f o r  a p p r o x im a te ly  2 m in u te s  a t  a

2.

c u r r e n t  d e n s i t y  o f  a b o u t  0 .2  amp* p e r  cm*, t h e  c u r r e n t  

b e in g  r e v e r s e d  e v e r y  15 s e c o n d s .  The c o a t i n g  t h u s



o b t a i n e d  was n o t  s u f f i c i e n t l y  t h i c k  to  o b s c u r e  c o m p le te ly  

t h e  b r i g h t n e s s  o f  t h e  u n d e r l y i n g  m e t a l ,  The p la t in u m  

b l a c k  was rem oved w i t h  aq u a  r e g i a  a f t e r  e v e r y  a l t e r n a t e  ^ 

r u n  and f r e s h  d e p o s i t  made# E l e c t r o d e s  w ere  p r e s e r v e d  

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

b u b b le d  w i th  h y d ro g e n .

S i l v e r - s i l v e r  c h l o r i d e  e l e c t r o d e s ? The s i l v e r - s i l v e r

c h l o r i d e  e l e c t r o d e s  w ere  t h e  t h e r m a l - e l e c t r o l y t i c  ty p e

d e s i g n a t e d  by  H a m e d 220 a s  t y p e  ( 2 ) ,  and u s e d  by  E a rn e d  
20cand  M o r r i s o n  . a  p l a t in u m  w ir e  4 -5  c # m .s .  lo n g  

and 0*02 e#m. i n  d i a m e te r  was made i n t o  a  h e l i x  o f  a b o u t  

0*3 c*m. d i a m e t e r .  The h e l i x  was s e a l e d  i n t o  p y re x  

g l a s s  tu b e  w hich  w as f i x e d  i n t o  a  s t a n d a r d  g ro u n d  g l a s s  

cone* Each cone  c a r r i e d  two su ch  e l e c t r o d e s *  The 

p l a t i n u m  s p i r a l s  w ere  c l e a n e d ,  washed and  f i l l e d  w i t h  a  

t h i c k  p a s t e  o f  s p e c t r o s c o p i c a l l y  p u re  s i l v e r  o x id e  

( Jo h n so n -M a th e y  and C o . ,  7 3 -8 3  H a t to n  C a rd e n ,  L ondon, E . C . l . )  

i n  c o n d u c t i v i t y  w a te r#  The e l e c t r o d e s  w ere  f i r s t  d r i e d  

i n  an  o v en  and s u b s e q u e n t ly  h e a t e d  i n  a  m u f f l e  f u r n a c e ,  

t h e  t e m p e r a t u r e  b e in g  g r a d u a l l y  r a i s e d  to  450°C . When 

t h e  d e c o m p o s i t io n  was c o m p le te ,  th e y  w ere  a l lo w e d  to  c o o l  

i n  t h e  f u r n a c e .  The e l e c t r o d e s  were g iv e n  a  seco n d  

c o a t i n g  o f  th e  s i l v e r  o x id e  p a s t e  and a g a i n  h e a t e d .  T h is



8 3
was n e c e s s a r y  to  e n s u r e  t h a t  a  n o n p o ro u s  d e p o s i t  o f

s i l v e r  was form ed# As i n  t h e  c a se  o f  th e  h y d ro g e n

e l e c t r o d e s ,  a  l i t t l e  a r a l d i t e  r e s i n  was c a s t  a t  th e

b o t to m  o f  t h e  e l e c t r o d e  tu b e s #  The e l e c t r o d e s  w ere

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

i n  n o rm a l  h y d r o c h l o r i c  a c i d  s o l u t i o n  ( p r e p a r e d  from

c o n s t a n t  b o i l i n g  a c i d )  a t  a  c u r r e n t  d e n s i t y  o f  2 m# amp#
2p e r  cm. f o r  a p p r o x im a te ly  two ho u rs#  A p l a t i n u m  h e l i x

o f  s i m i l a r  d im e n s io n s  was made th e  c a th o d e .  Ashby,
21cCrook and D a t t a  fo u n d  t h a t  b e t t e r  a g re e m e n t  b e tw een

f l a i r s  o f  e l e c t r o d e s  and more r a p i d  e q u i l i b r a t i o n  w ere

o b t a i n e d  i f  t h e  e l e c t r o d e s  w ere  warmed i n  w a t e r  a t  50°C.

f o r  2 h o u r s  a f t e r  e h l o r i d i s i n g ,  and t h i s  p r o c e d u r e  was

a d o p te d ,  a g a i n  w i t h o u t  any e x p o s u re  to  l i g h t .  Two

b a t c h e s  o f  e l e c t r o d e s ,  e a c h  o f  f o u r  s e t s  w ere  p r e p a r e d ,

and p r e s e r v e d  i n  t h e  d a r k  i n  w a t e r  c o n t a i n i n g  a  p in c h

o f  p o ta s s iu m  c h l o r i d e ,  t h e  d i s s o l v e d  oxygen  i n  th e  w a te r

h a v in g  b e en  e x p e l l e d  by b u b b l in g  h y d ro g e n  th ro u g h  i t .

' f a n lg u c h i  and J a n z ^ c fo un d  t h a t  f r e s h l y  p r e p a r e d  e l e c t r o d e s

showed a  h i g h e r  p o t e n t i a l  t h a n  aged  o n e s  owing to  a  b i a s

p o t e n t i a l  c a u se d  by c o n c e n t r a t i o n  p o l a r i z a t i o n .  D ep en d in g

on  t h e  p o r o s i t y  o f  th e  d e p o s i t  o f  s i l v e r  and s i l v e r  c h l o r i d e ,  

t h e  e l e c t r o d e s  to o k  p e r i o d s  r a n g i n g  from  6 t o  10 h o u r s  to

one  week to  come t o  c o n s t a n t  p o t e n t i a l .  T hese  w o rk e rs



a l s o  o b t a i n e d  r a p i d l y  e q u i l i b r a t i n g  e l e c t r o d e s  by  m aking  

t h e  l a t t e r  s u f f i c i e n t l y  massive, t h a t  i s  g r e a t e r  th a n
O A

30 m .g .  Bates*" 0 suggests t h a t  the s i l v e r - s i l v e r  

c h l o r i d e  e l e c t r o d e s  sh o u ld  be 150-200  m .g .  f o r  b e s t  

r e s u l t s .  The e l e c t r o d e s  u s e d  i n  th e  p r e s e n t  work w ere  

a l l  a b o u t  100-200  m .g .  i n  w e ig h t  and w ere a l lo w e d  to  age  

f o r  more than, t h r e e  w eeks .

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

E a rn e d  and E h l e r s ^ 0 have  d e te r m in e d  th e  s t a n d a r d  p o t e n t i a l  

o f  th e  s i l v e r - s i l v e r  chi ride electrode o v e r  a  tem pei’a t u r e  

r a n g e  o f  0 °C to  60°0  a t  5° i n t e r v a l s ,  u s i n g  an  e x t r a p o l a t i o n  

m e th o d . They em ployed th e  r e l a t i o n s h i p

E + 2 k  l o g  m -  2 k  Sf \ / l  = E° -  2 k  B #m

w h ere  E and 1° w ere  t h e  o b s e r v e d  and s t a n d a r d  p o t e n t i a l s ,

I  was t h e  i o n i c  s t r e n g t h  and m was t h e  m o l a l i t y .

k  «  2 .3 0 2 6  RT/E.

The p r o c e d u r e  m o s t  s u b s e q u e n t  w o rk e r s  h av e  a d o p te d ,

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

e l e c t r o d e s  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e s .

R e c e n t l y ,  h o w e v e r ,  B a t e s ,  Guggenheim , E a r n e d ,  I v e s ,
26 cJ a n z , Monk, R o b in s o n ,  S t o r e s  and  W ynne-Jones hav e

o b s e r v e d  t h a t  t h e  m ost c a r e f u l  m e a su re m e n ts  c o n f i rm  th e



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

e l e c t r o d e  to  b e t t e r  t h a n  0 .2  m . v . , t h e  u n c e r t a i n t y  

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

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

a c t i v i t y  c o e f f i c i e n t  o f  0 .01  m. h y d r o c h l o r i c  a c i d  i s  

u n c e r t a i n  t o  o n l y  a b o u t  0 .0 0 0 5  vfcieh c o r r e s p o n d s  to  o n ly  

0 .0 3  8i • v .  T hese  w o rk e r s  have  t h e r e f o r e  recommended 

t h a t  " i n  m e a su re m e n ts  o f  th e  h i g h e s t  p r e c i s i o n  eac h  

w o rk e r  c o u ld  a d v a n ta g e o u s ly  d e te r m in e  t h e  E° v a lu e  o f  

h i s  own s e t  o f  e l e c t r o d e s  by s t a n d a r d i s a t i o n  a t  0.01  m ." 

They h a v e  a l s o  s u g g e s t e d  t h a t  th e  v a lu e  ^ i  h y d r o c h l o r i c  

a c i d  a t  0 .01  m be  c o n v e n t i o n a l l y  s t a n d a r d i z e d  a s  0 .9 0 4  

e x a c t l y  a t  25° ^  and 0 .9 0 8  e x a c t l y  a t  0 °C. and t h e s e  

v a l u e s  be u s e d  u n t i l  t h e r e  was c o n v in c in g  e v id e n c e  

t h a t  e i t h e r  v a lu e  was wrong by a s  much a s  0 . 001 .

The e l e c t r o d e s  u se d  i n  t h e  p r e s e n t  work w ere  s t a n d a r d ­

i z e d  a t  t h e s e  two t e m p e r a t u r e s  u s i n g  0 .01  m. h y d r o c h l o r i c  

a c i d  and V v a l u e s  recom mended. F o r  s t a n d a r d i z a t i o n  a t  

o t h e r  t e m p e r a t u r e s ,  h o w e v e r ,  t h e  c h an g e s  i n  a c t i v i t y
27cc o e f f i c i e n t  w i t h  t e m p e r a t u r e  g iv e n  by H arned  and Owen 

w ere  u s e d .  The v a lu e  a t  25 °0  was c h ec k ed  a t  f r e q u e n t

i n t e r v a l s .  The s t a n d a r d  p o t e n t i a l s  o b t a i n e d  a r e  g iv e n

i n  T a b le  I I .  As i s  s e e n  from  th e  t a b l e ,  t h e  was



n e v e r  m ore t h a n  0 .2  m .v .  below  E a rn e d * s  v a lu e  a t  2 5 °C. 

and 0 .2 3  m .v .  above  th e  c o r r e s p o n d i n g  v a lu e  a t  0°C . The 

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

e l e c t r o d e s  was b e t t e r  t h a n  -  0.02  m .v .  P u r l e e  and 

Grunwald u s e d  e l e c t r o d e s  i n  w hich  th e  s i l v e r  was 

form ed a s  a  m i r r o r  d e p o s i t  b e f o r e  c h i o r i d i s i n g  f o r  w o rk in g  

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

e l e c t r o l y t i c  e l e c t r o d e s  and d i f f e r e n t  m i r r o r  e l e c t r o d e s  

a g re e d  o n ly  to  w i t h i n  0 .2  m .v .

T a b le  I I

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

Temp °C -  E° v a l u e  1° o b t a i n e d  by
0.01m  HC1 E a rn e d  and E h l e r s  5

0 0 .9 0 8 0 0 .2 3 6 5 7 0 .2 3 6 3 4

5 0 .9 0 5 6 0 .2 3 4 1 2 0 .2 3 3 9 2

10 0 .9 0 5 5 0 .2 3 1 2 8 0.23126

15 0 .9 0 5 5 0 .2 2 8 4 7 0 .2 2 8 4 7

20 0 .9 0 5 2 0 .2 2 5 3 5 0 .2 2 5 5 1

25 0 .9 0 4 0 0 .2 2 2 1 9 0 .2 2 2 3 9

50 0 .9 0 3 4 0 .2 1 8 9 2 0 .2 1 9 1 2

35 0 .9 0 2 5 0 .2 1 5 4 5 0 .2 1 5 6 3

40 0*9016 0 .2 1 1 8 1 0.21200

45 0 .9 0 0 8 0 .2 0 8 0 1 0 .2 0 8 2 1
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FIG. 6. WASHING APPARATUS

A -CofiWofy  Jnlet fm  H ydrogen.
0 -  o u t le t
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P r o c e d u r e  f o r  e . m . f .  m e a su re m e n ts

S to c k  s o l u t i o n s  o f  h y d r o c h l o r i c  a c i d ,  s u l p h u r i c  

a c i d  and t h e  m e ta l  s u l p h a t e s  w ere  p r e p a r e d  a t  a p p r o x im a te ly  

0 .2  m . , i n  p y r e x  s t o c k  f l a s k s  h a v in g  g ro u n d  g l a s s  n e c k s  

and  s t o p p e r s  and  w hich  had  b e e n  c le a n e d  and s team ed  

b e f o r e  u s e .  I n  th e  c a s e  o f  t h e  m e ta l  s u l p h a t e s ,  s a m p le s  

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

by h e a t i n g  to  c o n s t a n t  w e ig h t  i n  p y re x  w e ig h in g  b o t t l e s  

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

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

B 34 s o c k e t s )  by  d r o p p in g  i n  t h e  w e ig h in g  b o t t l e s ,  

f h e  e x p e r i m e n t a l  s o l u t i o n s  w ere  p r e p a r e d  from  t h e s e  by 

w e ig h t  d i l u t i o n  i n  500 m . l .  p y r e x  s to c k  f l a s k s  h a v in g  

B24 n e c k s  by e m p lo y in g  a  w e ig h t  b u r e t t e .  Vacuum 

c o r r e c t i o n s  w ere  a p p l i e d  to  a l l  w e i g h t s .

Bach f l a s k  was m ounted  w i th  a  b u b b l in g  d e v ic e  

p r o v id e d  w i th  th re e -w a y  and tw o-w ay vacuum t a p s .  H ydrogen  

f r e e d  from  o x y g e n ,  and s a t u r a t e d  w i t h  w a te r  v a p o u r  by 

p a s s i n g  th r o u g h  a  s e r i e s  o f  wash b o t t l e s ,  was b u b b le d  

th r o u g h  th e  s o l u t i o n  f o r  a p p ro x im a te ly  one h o u r  a t  th e  

r a t e  o f  a b o u t  one b u b b le  p e r  se c o n d .

Ih e  e l e c t r o d e s  w ere  washed t h r e e  t im e s  w i th  t h e  

s o l u t i o n  i n  a  V sh ap ed  v e s s e l  p r o v id e d  w i t h  s t a n d a r d  

g ro u n d  g l a s s  s o c k e t s ,  a  c a p i l l a r y  tu b e  f o r  b u b b l in g
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FIG. 7. THE CELL BEING SWEPT WITH 

HYDROGtN

ft -  three way Taj* 
f) -  two oay 1af>.
c -  Presaiui’CLOor integral loich Cell
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h y d ro g e n  d u r i n g  w a s h in g ,  and an o u t l e t  f o r  t h e  wash 

s o l u t i o n  ( f i g .  6 ) .

The e l e c t r o d e s  a f t e r  r i n s i n g  w ere  m ounted  i n  th e  

c e l l  w h ich  h a d  b e e n  d r i e d  i n  a n  o v e n ,  and t h e  c e l l  

w as c o n n e c te d  to  t h e  s o l u t i o n  f l a s k  th r o u g h  a  BIO s t a n d a r d  

j o i n t .  By a d j u s t i n g  th e  t a p s ,  i t  was p o s s i b l e  t o  

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

w i t h  h y d ro g e n  ( f i g .  7 ) .  At t h e  end o f  a b o u t  5 -1 0  

m i n u t e s ,  th e  t a p s  w ere  a d j u s t e d  so t h a t  t h e  s o l u t i o n  

was t r a n s f e r r e d  from  t h e  f l a s k  to t h e  o e l l  by h y d ro g en  

p r e s s u r e  w i t h o u t  b r i n g i n g  i n t o  c o n t a c t  w i t h  a tm o s p h e r ic  

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

k e p t  a t  t h e  r e q u i r e d  t e m p e r a t u r e  and h y d ro g e n  a t  a  

c o n s t a n t  r a t e  o f  a b o u t  two b u b b le s  p e r  se co n d  was 

p a s s e d  i n t o  th e  h y d ro g en  e l e c t r o d e  c o m p ar tm en t,  T h is  

h y d ro g e n  was s a t u r a t e d  w i th  w a te r  v a p o u r  by  p a ssa g e  

th r o u g h  a n o t h e r  s e r i e s  o f  w a s h ^ o t t l e s ;  i t  was th e n  

p a s s e d  th ro u g h  a  s m a l l  b u b b le  c o u n t e r ,  and  a  s h o r t  

l e n g t h  o f  c a p i l l a r y  t u b in g  ( t o  e n s u r e  u n i fo rm  r a t e  o f  

b u b b l i n g ) .  The hy d ro g en  th e n  b u b b le d  th r o u g h  th e  

p r e s a t u r a t e r s ,  ( f i g .  5* ) made i n t e g r a l  w i th  t h e  

h y d ro g e n  e l e c t r o d e  com partm ent and k e p t  im m ersed  i n  th e  

t h e r m o s t a t .  T h is  p r e v e n te d  any a l t e r a t i o n  o f  t h e  

c o n c e n t r a t i o n  o f  th e  c e l l  s o l u t i o n .  f o u r  su ch  c e l l s
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were used sim u ltan eou sly  during each run, The c e l l s  

were allow ed to  e q u ilib r a te  fo r  3-4  hours, and the 

e .m .f .s  were measured in  the potentiom eter u sin g  

the d u p lic a te  s e t s  o f  e le c tr o d e s  to ob ta in  four read in gs. 

The c e l l s  were considered  to have reached eq u ilib r iu m , 

when the e ,m ,f , v a lu es  remained constant fo r  more than 

h a lf  an hour and the d if f e r e n t  combinations o f  

e le c tr o d e s  agreed to w ith in  0 ,0 2  m ,v. The barometwie 

pressure and the room temperature were recorded and 

the therm ostat was r a ise d  through 5°C or 10°C as 

required  and the c e l l s  were again  allow ed to e q u ilib r a te .  

I t  was found th a t  they required  only one hour to  reach  

equ ilibrium  a t each new tem perature, i f  a steady r a te  

o f  hydrogen bubbling was m aintained.

I t  was more convenient to  s ta r t  the run a t  the  

lo w est temperature and r a is e  i t  by step s  o f 5° 0 or  

10 °Q. Measurements from 0°C to 25 °C were made with  

one f i l l i n g .  A new f i l l i n g  was used fo r  measurements 

la  the range 25 °C to  45o0» a check being made a t 25 °G.

A few runs were a lso  made w ith a s in g le  f i l l i n g  

covering the whole temperature range in  the course o f  

24 hours. The e .s t . f .  v a lu es  obtained a t  the same 

temperature w ith  d if fe r e n t  f i l l i n g s  never varied



by more than -  0 .03  m .v. The observed e .m .fs  were

corrected  for  th e p ressu re . In doing so , co rrec tio n s  

o f  the barometer reading for tem perature and la t i tu d e  

were made. In making the pressure c o r r e c tio n , the 

e f f e c t  o f  bubbler depth observed by H i l l s  and I v e s ^ 0 

was ignored  s in ce  t h is  would only amount to about 5 ^ v .  afcx£

results my Discussion

a) B isso  e la t io n  o f  the b isu lp h a te  io n * In the measure­

ments w ith  c e l l  (B)

*1 *8

i f  and mg rep resen t the mola~ l i t i e s  o f  h ydroch loric  

aoid  and su lphuric a c id , and E and E °, the corrected  

e .m .f .  o f  the e e l l  (B) and th e standard p o te n t ia l o f  

the s i l v e r - s i l v e r  ch lo r id e  e le c tr o d e , r e s p e c t iv e ly ,

E xs E° -  S | In  4 H t. A 01“

H2 ,Ft;/HCl, H2S04/AgCl,Ag (B)

E° 2.3026 Eg
r ~

- lo g  m H+ a + lo g  f H+. + lo g  iac i

The io n ic  stren gth  1 = 2 mH+ -  (m̂  + m2 ) ( 2 )



D avies equation^®0 fo r  a c t iv i t y  c o e f f ic ie n t ,

— lo g  fg  = AẐ

An apparent value f o r  mg+ was f i r s t  obtained  from 

equation  ( 1 ) ,  by su b s t itu t in g  for f*^-, the value obtained  

from equation  (5) assuming complete d isso c ia tio n *  A 

a e r ie s  o f  su c c e ss iv e  approxim ations were then made fo r  

th e  io n ic  strength  and new va lu es fo r  sig+ were ca lc u la te d  

u n t i l  both mg* and I became con stan t. The con cen tration s  

o f  o th er  io n ic  specie©  were ca lcu la ted  from equations  

(3) and ( 4 ) .  The d i s s o c i a t i o n  constant o f  the b isu lp h a te  

io n , Kg, was given by

K2 = mH * • »S04”  ‘ V  • f S 0 "  _  (6)

mHSO “ ‘ f HSO,"

The D ebye  and Hftckel v a lu es fo r  the c o e f f ic ie n t  A, in  th e

a c t iv i t y  c o e f f ic ie n t  exp ression  ( 5 ) ,  and the v a lu es  o f  

,?>,3026gi  d if fe r e n t  tem peratures, g iven  by
*51 Q

Robinson and Stokes and used in  the c a lc u la t io n s , are 

given in  Table I I I .

• /i  + i£  -  0 . 2 1 (5)



9  6

TABLE I I I

Values o f  con stan ts used in  the c a lc u la t io n s

Temp °G A 2.3026RT ----- 1------- Temp °G A 2.3026ET
F

0 0 .4 883 0 .0 5 4 1 9 7 30 0 .5 1 4 2 0 .0 6 0 1 4 9

5 0 .4 9 2 1 0 .0 5 5 1 8 9 35 0 .5 1 9 0 0 .0 6 1 1 4 1

10 0 .4 9 6 1 0.G 56182 40 0 .5 2 4 2 0 .0 6 2 1 3 3

15 0 .5 0 0 2 0 .0 5 7 1 7 3 45 0 .5 2 9 6 0 .0 6 3 1 2 6

20 0 .5 0 4 6 0 .0 5 8 1 6 5

25 0 .5 0 9 2 0 .0 5 9 1 5 8

Tahl© IVa g iv e s  the molal con cen tra tion s o f  hydro­

c h lo r ic  acid  and su lphuric acid  in  each run and the 

r e s u l t s  are given  in  Table ITb. Ho d r i f t  in  the value  

o f  *ke d is s o c ia t io n  co n sta n t, w ith io n ic  strength  was

n oticed *  P lo t  o f  pk2 a g a in st i s  shown in  Graph 1 .



Table IYa

C oncentratione o f  s o lu t io n s  in  experim ents w ith  su lp hu ric

acid*

Hun Ho. m.moles m.moles Run Ho. 2U
m .m iles m2m. m oles

1 1.2711 1.3498 11 6.7748 5.4093

a 1.8441 1.8564 12 5.3530 7.1315

3 2.1606 2.2481 13 8.1637 8.4059

4 2*3804 2.0919 14 5.7665 10.1000

5 3.3360 2.9684 15 2.1500 1.7383

6 5.0643 3.6773 16 2.8003 3.1488

7 5.1554 5.5379 17 2.3264 2.2471

8 6.7047 3.8888 18 3.2284 2.6627

9 2.0278 2.0131 19 2.7147 2.7006

10 4.6073 5.4429 20 3.8725 4.1791



38 

T a tte  ITb 

R euults on b isu lp h a te

Son So. E-E° 105I 103mH+ 1 ° 5» hsO -  lo2]c

l'omp. 0°C

1 0 .2 9 1 3 ! 5.058 3.8394 0.1312 2 .66

a 0.27541 6.941 5.3206 0.2362 2 .60

3 0.26791 8.255 6.3320 0.3248 2 .60

4 0.26583 8 .060 6.2660 0.2981 2 .60

5 0.24864 11.429 8.9764 0.5164 2.79

Temp. 5°0

6 0.23929 14.331 11.537 0.8825 2.28

7 0.23366 18*813 14.753 1.4781 2 .38

3 0.22920 16.311 13.452 1.0300 2.27

Temp. 15°C

6 0.24842 13.842 11.292 1.1273 1 .59

7 0.24280 17.909 14.301 1.9301 1 .5 8

8 0.23795 15.788 13.191 1.2914 1 .6 1

Temp 25°C

1 0.31904 4.769 3.6961 0.2754 1 .0 7

2 0.30179 6.503 5.1005 0.4553 1 .1 1

3 0.29371 7.677 6.0431 0.6137 1 .1 1

4 0.29146 8.724 5.9632 0.6009 1 .0 3

5 0.27280 10.510 8.5163 0.9765 1 .13

7 0.25193 17.144 13.9187 2.3125 1 .1 4
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Table  IVb ( o o n t d . )

Hun Ho E -  S° 1 0 3 I  10^nijj+ lO ^H SC ,- 1 0 2k

Temp. 25°C
9 0 .2 9 7 3 ? 7 .0 4 9 5 .5 4 4 1 0 .5 0 9 9 1 .1 4

10 0 .2 5 5 9 3 1 6 .4 9 8 1 3 .2 7 3 2 .2 2 0 4 1 .1 4

11 0.242764 1 8 .3 0 0 1 5 .2 4 4 2 .3 4 9 3 1 .1 5

12 0 .2 4 7 2 6 6 2 0 .2 8 5 1 6 .3 8 6 3 .2 3 0 0 1 .12

13 0*23092 * 4
2 5 .0 4 0 2 0 .8 2 6 4 .1 4 9 8 1 .1 5

14 0 .2 3 9 7 9 2 6 .0 2 2 0 .9 5 4 5 .0 4 5 4 1 .12

15 0 .2 9 7 3 4 6 .4 8 5 5 .1 8 6 6 0 .4 4 0 0 1 .0 9

16 0.28032 1 0 .1 3 1 8 .0 4 1 0 1 .0 5 7 0 1 .0 5

IT 0.29126 7 .7 8 8 6 .1 8 0 4 0 .6 4 1 5 1 .0 7

18 0.22760 9 .5 4 3 7 .7 1 6 0 0 .8 3 7 8 1 .12

•Demp. 55°0

2 0 .3 1 2 4 5 6.298 4 .9 9 9 5 0 .5 5 7 3 0 .8 2 4

3 0 .3 0 4 1 8 7 .3 9 6 5.9026 0 .7 5 4 3 0 .8 0 6

f 0 .3 0 7 8 7 6 .8 3 3 5 .4 3 7 1 0.6170 0 .8 5 9

17 0 .3 0 1 6 4 7 .5 0 4 6 .0 3 9 3 0 .7 8 3 3 0 .7 7 7

18 0 .2 8 7 4 9 9*208 7 .5 9 9 4 1 .0 0 4 4 0 .8 2 7

20 0 .2 7 4 9 0 1 2 .8 3 0 1 0 .4 4 1 1 .7 8 9 7 0.868



1 0 1

Table IVb (e o n td .)

A

Sum I© . S ~ E° 1 0 3I i o \ g + 10^H804 1 0 2k

- i'emp 45°0

1 0 .3 4 1 4 5 4 .5 1 7 3 .5 6 9 0 0 .4 0 1 7 0 .6 2 2

2 Oe32323 6 .0 7 6 4 .8 8 8 1 0 .0 6 8 3 0 .6 1 4

3 0 .3 1 4 6 8 7 .1 4 0 5 .7 7 4 2 0 .8 8 2 6 0 .6 1 5

9 0 .3 1 8 6 4 6 .5 3 0 5 .2 8 5 4 0 .7 6 7 8 0 .5 9 8

17 0 .3 1 2 1 0 7 .2 2 1 5 .8 9 7 5 0 .9 2 5 1 0 .5 8 0

18 0 .2 9 7 5 2 8 .8 3 4 7 .3 6 2 5 1 .1 9 1 4 0 .6 0 3

19 0 .3 0 3 8 2 8 .4 4 4 6 .9 2 9 6 1 .1 8 6 3 0 .5 9 2

20 0 .2 8 4 6 5 1 2 .2 0 3 1 0 .1 2 7 2 .1 0 3 5 0 .6 2 2  0-60

For comparison with the p re sen t work, the av a ilab le  

d is s o c ia tio n  constan t (kg) d a ta  a t  25°C. a re  given in  

Table V.
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T ab le  V

D i s s o c i a t i o n  c o n s t a n t  o f  t h e  b i s u l p h a t e  io n  a t  25°C .

W orkers M ethod 210 k 2 R e fe re n c e

S h e r r i l l  and  
H oyes

C o n d u c tan ce
and
t r a n s p o r t  num ber

1 .1 5
(1 .1 8  ra c ia l  

s c a l e )

9o

B ra y  and 
D ie b h a fs k y k i n e t i c s 1 .1 5 1 0c

Y oung, K lo t s  and 
S i n g l e t e r r y

S p e c tro p h o to ­
m e try 1 •0 4 -0 •0 3 11c

Hamer e .m . f . 1 .2 0 12c

ICentama S o l u b i l i t y 1 .1 4 13c

D a v ie s ,  J o n e s  
and  Monk e .m . f  • 1 .0 3 14c

P r e s e n t  w ork e .m . f . 1 .1 0

12cHamer s tu d i e d  t h e  c e l l  

HaHS04 , Ha2S04 ,Ha01 AgCl,A g . . . . .  (C)

and  c a l c u l a t e d  h i s  r e s u l t s  a ssu m in g  th e  sodium  s u lp h a te

to  b e  c o m p le te ly  d i s s o c i a t e d  and u s in g  th e  l i m i t i n g
2Debye H d ck el e x p r e s s io n ,  -  l o g  t g = AZ I 2 f o r  th e

14ca c t i v i t y  c o e f f i c i e n t .  D a v ie s ,  J o n e s  and Monk h av e

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

o f  HaS04~ (k  = 0 .1 9  a t  2 5 ° C . ) '^ c and u s i n g  th e  a c t i v i t y
5 0 cc o e f f i c i e n t  e x p r e s s io n  (5 )  o f  D a v ie s

.2-  l o g  f , AZ
■bI *

1+X
-  0 . 2 1 (5 )
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They h av e  o b ta in e d  by t h i s  m ethod a k g o f  0 .0 1 0 2  a t  

25°C.

I n  th e  work o f  Young, K lo tz  and S i n g l e t e r r y ,  

( d e s c r ib e d  by R o b in so n  and S t a k e s ) " ^ 0 , o p t i c a l  d e n s i ty  

m e a su re m e n ts  w ere  made w ith  two a b s o r p t io n  o e l l s  one 

o f  w h ich  c o n ta in e d  a  r e f e r e n c e  i n d i c a t o r  I4 x l0 ~  m e th y l 

o ra n g e  ( ln ~ )3  i n  3 x  10~^ to  6 x  10~^ M h y d r o c h lo r i c  

a c id  so t h a t  b o th  th e  'a c i d i c *  and 'b a s i c '  fo rm s o f  

th e  i n d i c a t o r  w ere  p r e s e n t  i n  s u b s t a n t i a l  a m o u n ts . The 

o t h e r  c e l l  c o n ta in e d  th e  same s o l u t i o n  to  w h ich  sodium  

s u lp h a te  i n  am oun ts up to  0 .0 4  I  was a d d e d . W ith a  

know ledge  o f  th e  e x t i n c t i o n  c o e f f i c i e n t s  o f  In '" and H In , 

th e  two fo rm s o f  th e  i n d i c a t o r ,  th e  i n d i c a t o r  r a t i o

tnT vi" *
/m H In two s o l u t i o n s  c o u ld  be d e te r m in e d , R°

and  R r e s p e c t i v e l y .  T h is  r a t i o  o c c u r s  i n  th e  e q u i l ib r iu m

lr ®H + . “ in" % + * 1 In"
Ind “Hin  HIn

F o r  th e  i n d i c a t o r  s o l u t i o n  w ith  no added  s a l t  

l o g  m°H+ = l o g  k j nd -  l o g  R° -  2 l o g  f - °

and f o r  th e  i n d i c a t o r  s o l u t i o n  w ith  added  sodium  s u lp h a te  

l o g  ®H+ * l o g  k In d  -  l o g  R -  2 l o g  f -



1C
The a d d i t i o n  o f  sodium  s u lp h a te  a l t e r e d  th e  i n d i c a t o r  

r a t i o  i n  two w a y s , a  n e u t r a l  s a l t  e f f e c t  r e s u l t i n g  

from  th e  i n c r e a s e d  i o n i c  s t r e n g th  and a  change i n  

h y d ro g e n  io n  c o n c e n t r a t i o n  a s  a c o n se q u e n c e  o f  th e  

f o r m a t io n  o f  h i s u l p h a t e  i o n s .  Sodium c h lo r i d e  o r  

b a riu m  c h lo r i d e  was th e n  added  to  th e  I n d i c a t o r  s o l u t i o n  

c o n ta in in g  no ad d ed  s a l t  i n  such  gm ounts a s  to  make 

th e  t o t a l  i o n i c  s t r e n g t h  s i m i l a r  to  t h a t  i n  th e  s o l u t i o n  

w i th  th e  ad d ed  sodium  s u l p h a t e .  O p t i c a l  d e n s i ty  

m e a su re m e n ts  w ere  made i n  th e  new s o l u t i o n  a n d # a ssu m in g  

t h a t  th e  a d d i t i o n  o f  th e  c h lo r i d e  o f  sod ium  o r  b a riu m  

d id  n o t  h av e  any  e f f e c t  on th e  h y d ro g e n  io n  c o n c e n t r a t i o n

l o g  m°g+ « l o g  &xnd -  l o g  R ' ~ 2 l o g  f £  ,

where B# i s  the in d ic a to r  r a t io  in  th e  new so lu t io n

0 ®
Hence lo g  ~ ~ r  « lo g  B + 2 lo g  *»"* and

m°H B f~

B° f ^l o g  gw  »  -  2 l o g  __T__

th u s  mg*** , t h e  h y d ro g en  io n  c o n c e n t r a t i o n  i n  t h e  s o l u t i o n

w ith  ad d ed  sodium  s u l p h a te  was o b ta in e d  r e l a t i v e  to  
0

m B * f th e  c o n c e n t r a t i o n  i n  th e  i n d i c a t o r  s o l u t i o n  w ith



no ad d ed  s a l t  i# e #  21̂ + 35 x  ^ g 4* » The v a lu e  o f  

w as c o n t r o l l e d  by th e  r e l a t i o n s h i p

®H+ . ®S0 “  . ?H+ * f S0u 4 4

*HS04~ * f HSO,“

* [0  -  (1  -  x ) m°H+ ] f H+ _
o r k„ -  ------------------------------  . H • 42 ( l _ x)    * _

r HS04

waters f c* a  c o n c e n t r a t i o n  o f  sodium  s u lp h a te #  The 

v a lu e  o f  d e te rm in e d  w ith  a  g l a s s  e l e c t r o d e

and  th e  a c t i v i t y  c o e f f i c i e n t s  w ere  e s t im a te d  from  th e  

B ebye-H fteke l e q u a t io n  l o g  f i  = -  A . Z ^Z g» 1^

1 . + b  a  1*

The r e s u l t s  w ere e x t r a p o l a t e d  to  z e ro  c o n c e n t r a t i o n  to  

o b t a i n  k g ,a n d  th e  v a lu e  g iv e n  i n  T a b le  Vf was th e  mean 

u f  two s e r i e s  o f  m e a su re m e n ts  w ith  sodium  c h lo r i d e  and 

b a riu m  c h lo r i d e  r e s p e c t i v e l y  a s  th e  added n e u t r a l  s a l t #  

I t  m ay, h o w e v er, b e  e x p e c te d  t h a t  th e  p r e s e n c e  o f  

i o n i c  s p e c i e s  su ch  a s  NaSO^* and HSO^-  i n  th e  s o l u t i o n  

c o n ta in in g  ad d ed  sodium  s u lp h a te  w i l l  h av e  some e f f e c t  

on  th e  t o t a l  i o n i c  s t r e n g t h  w h ich  w i l l  n o t  be  a d e q u a te ly



co m p en sa ted  f o r  by th e  a d d i t i o n  o f  sodium  c h lo r id e  o r  

b a riu m  c h l o r i d e .  K a m e r ^ 0 h a s  p o in te d  o u t  t h a t  th e  

kg  v a lu e s  o f  th e s e  w o rk e rs  a p p a r e n t ly  r e f e r  to  a  v a lu e  

o f  -  5 .8  4  f o r  th e  fi o n i e  size*.

The kg v a lu e s  o b ta in e d  i n  th e  p r e s e n t  work and th o s e  

o f  D a v ie s ,  J o n e s  end M o n k ^ c a t  d i f f e r e n t  t e m p e r a tu r e s  

a r e  g iv e n  i n  T a b le  V I.

T a b le  VI

D i s s o c i a t i o n  o o n s ta n t  o f  t h e  b i s u l p h a t e  io n  a t  v a r io u s

te m p e r a tu r e s

t a p ,  °0 . 0 5 15 25 35 45

k jp c io 2
P r e s e n t  w ork 

D a v ie s  e t  a T ^ °

2 .6 2  2 .3 1  

1 .7 3

1 .5 9  

1 .4 3

1 .1 0

1 .0 3

0 .8 2

0 .7 8

0 .6 0

As m e n tio n e d  p r e v i o u s l y ,  i n  th e  p r e s e n t  w o rk , 

c a l c u l a t i o n s  h av e  b e e n  made u s in g  t h e  a c t i v i t y  c o e f f i c i e n t  

e x p r e s s io n  o f  D a v ie s

-  l o g  f AZ*
i  +

-  0 .2  I (5 )

The debye-E & ckel c o n s ta n t  A, and th e  c o n s t a n t

Tiff)
k  *  2 .3 0 2 6  *gr a t  th e  a p p r o p r i a t e  t e m p e r a tu r e s  a r e

th o s e  o f  Manov, B a te s ,  Hamer and A c re e , q u o te d  by



1 C) 7

B o b in so n  and S to k e s ^ l e , ( l ia b le  I I I ) .  The c h o ic e  o f  a  

c o e f f i c i e n t  w0 * 2 il f o r  th e  te rm  l i n e a r  i n  i o n i c  s t r e n g t h  

a t  a l l  t e m p e r a tu r e s  may be  j u s t i f i e d  by th e  a b se n c e  o f  

any  d r i f t  i n  th e  kp v a lu e s .  The s m a ll  d i f f e r e n c e  

b e tw e e n  th e  kg v a lu e s  a t  25 M0 . g iv e n  i n  T a b le  VI can b e  

c o m p le te ly  a c c o u n te d  f o r  by th e  u s e  o f  th e  same •A1 

v a lu e  i n  b o th  c a l c u l a t i o n s .  T h is  i s  i l l u s t r a t e d  i n  

T a b le  V II w hich  g iv e s  th e  r e c a l c u l a t e d  d a t a  o f  D a v ie s ,  

Jo n e s  and Monk a t  25°C . w ith  A = 0 *5092 . A t o t h e r  

t e m p e r a tu r e s  a l s o  th e  d i f f e r e n c e s  b e tw een  th e  two s e t s  

©f v a lu e s  may b e  p a r t l y  a c c o u n te d  f o r  by th e  u s e  o f  th e  

same A v a lu e s  (T a b le  I I I ) .  Some r e c a l c u l a t i o n s  a t  

o t h e r  t e m p e r a tu r e s  a r e  a l s o  in c lu d e d  i n  T ab le  V I I .

D a v ie s ,  J o n e s  and M o n k ^ c made u s e  o f  th e  f r e e z i n g  

p o i n t  d a t a  o f  E an & all and S e o t t ^ c on s u l p h u r i c  a c id  

s o l u t i o n s ,  to  d e r i v e  kp a t  0 ° 0 .

T ab le  V II

R e e a lu l a t e d  v a lu e s  o f  D a v ie s .  J o n e s  and Monk*s d a ta

E x p t Ho. a  b c e f  g

lO 5! ^  3 .8 4 2  5 .7 3 6  7 .0 8 5  2 .8 3 1  2 .9 1 3  3 .5 7 5

1 0 3m2 4 .1 4 3  7 .7 8 4  7 .6 4 1  3 .3 4 0  3 .4 0 3  4 .2 0 9



A * 0 .5Q 92

1  0 8 

T ab le  V II

Temp. 25

( e o n t d . )

°C . 0 .2 2 2 3 9

Bacpt l o I 310^1
3

10
mH S0,~4 k 2 o r i g i n a l  kg

a  : 0*4882 1 3 .1 7 5 1 0 .5 8 0 1 .5 4 8 1 .1 0 1 .0 3

0 0 .4 5 8 4 2 2 •68c 5 1 8 .7 0 5 3 .6 6 2 1 .1 2 1 .0 6

0 0 .5 0 1 4 k 1 0 .6 1 8 .3 9 1 1 .1 2 0 1 .0 8 1 .0 2

t 0 .5 0 0 3 1 0 .7 6 8 .5 4 0 1 .1 7 9 1 .0 6 1 .0 0

T * 0*4904 1 3 .0 7 1 0 .4 2 6 1 .5 6 7 1 .1 0 1 .0 3

A = 0 .4 9 2 1 Temp. 5° C. E° = 0 .2 3 3 9 2

a 0*4810 1 3 .9 1 1 0 .9 5 1 .1 7 8 1 .7 3 1 .6 4

h 0 .4 6 0 0 2 3 .8 $ 1 8 .6 9 2 .6 1 4 2 .0 6 1 .9 1

A « 0 .5 0 0 2 Temp. 15 °C. E° = 0 .2 2 8 4 7

a 0*4847 1 3 .7 1 1 0 .8 5 9 1 .2 6 9 1 .5 4 1 .4 4

b Q .4632c 2 3 .0 3 1 8 .2 8 1 3 .0 2 3 1 .6 0 1 .5 2

A *s 0*5190 Temp. 35 °C . JS° « 0 .2 1 5 6 3

a 0*5047 1 0 .2 1 8 .1 8 9 1 .3 2 2 0 .8 1 4 0 .7 9

f 0 .5 0 3 5 1 0 .3 6 8 .3 3 9 1 .3 8 0 0 .7 9 4 0 .7 7



10 0
U sin g  th e  a c t i v i t y  c o e f f i c i e n t  e x p r e s s io n  (enn* 5 ) ,  w ith

A = 0 .4 8 ,  th e y  o b ta in e d  th e  v a lu e s  0 .0 2 2 5 *  0 .0 2 5 *  0 .0 2 8

and  0 .0 5 2  f o r  kg m o la l c o n c e n t r a t i o n s  0 .0 0 0 5 , O .Q O i,

0 .0 0 2  and  0 .0 0 5  r e s p e c t i v e l y .  The r e a s o n  f o r  th e

d r i f t  o f  t h e  kg v a lu e  w ith  i o n i c  s t r e n g t h  i s  n o t  v e ry

w e l l  u n d e r s to o d ;  i n  th e  p r e s e n t  w ork h o w e v e r, i n  th e

ra n g e  o f  i o n i c  s t r e n g t h  0 .0 0 5  to  0 .0 1 2  a t  0°C t h e r e  was

no n o t i c e a b l e  d r i f t  o f  kg w ith  i o n i c  s t r e n g th *

I n  a  p a p e r  r e a d  a t  th e  "Sym posium  on th e  s t r u c t u r e ,

o f  e l e c t r o l y t i c  s o lu t io n s * 1 ( E le c t r o c h e m ic a l  S o c i e t y ) ,

W ash in g to n , Hamer ^ com pared  h i s  own r e s u l t s  a t

25°C w i th  th o s e  o f  D a v ie s ,  Jo n e s  and Monk*^0 . I n  th e

o r i g i n a l  c a l c u l a t i o n  h e  u se d  th e  l i m i t i n g  D abye-H xickel
2e q u a t io n ,  -  l o g  f  *  AZ r  , b u t  i n  th e  r e c a l c u l a t i o n ,  

e q u a t io n  (7 ) w as em ployed  to  d e r iv e  th e  a c t i v i t y  

c o e f f i c i e n t  i n  th e  s u c c e s s iv e  a p p ro x im a t io n s  f o r  pH

,  „  .  AZ2 1^  (r,-,-  l o g  f  z “  . . . . . . .  ( . )
1+B f t iI 2

l o t h  h i s  own e .m . f .  d a ta  on sodium  s u lp h a te  and th o s e

o f  D a v ie s ,  J o n e s  and Monk w ere  r e c a l c u l a t e d  u s in g

A * 0 .5 0 8 5  and  p u t t i n g  , th e  d i s t a n c e  o f  c l o s e s t

approach o f  io n s  equal to 0 ,  3 .05  X, 4 X, 8 X, 20 X and a
*

The v a lu e s  f o r  pk  th u s  o b ta in e d  w ere p l o t t e d  a g a i n s t
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I l l

i o n i c  s t r e n g t h  and e x t r a p o l a t e d  to  z e ro  io n io  s t r e n g th *  

W hereas th e  d a t a  on sodium  s u lp h a te  d id  n o t  show any 

c o n v e rg e n c e , th o s e  on s u l p h u r i c  a c id  c o n v e rg e d  to  a  

pkg o f  1 .9 9 1  a t  z e ro  i o n i c  s t r e n g t h  (g ra p h  2 ) .  Hamer 

c o n c lu d e d  t h a t  th e  te rm  {? l i n e a r  i n  i o n i c  s t r e n g t h  i n  

t h e  a c t i v i t y  c o e f f i c i e n t  e x p r e s s io n

i
-  l o g  f  = AZ2 ----- S _ _  + p I   (8 )

2 l+B& I*

s h o u ld  a l s o  h av e  b e e n  c o n s id e r e d .  He s u g g e s te d  t h a t  

th e  v a lu e  o f  (3, d e p e n d e n t  on  th e  b u f f e r  r a t i o  m ig h t n o t  

v a ry  a s  much i n  th e  a c i d - a c i d  m ix tu r e s  o f  D a v ie s  e t  a l  

a s  i n  h i s  own a c id  s a l t - s a l t  m ix tu r e s .

H ow ever, s in c e  Hamer d id  n o t  ta k e  i n t o  a c c o u n t  th e  

• p I*  te rm  i n  h i s  s u c c e s s iv e  a p p ro x im a t io n s ,  th e  s lo p e s  

o f  h i s  p l o t s  o f  p k '  a g a i n s t  ' I 1 sh o u ld  y i e l d  th e  f p * 

v a lu e s  to  be  u se d  a t  e&Gh ’ a* v a lu e .  T hese  *(3* v a lu e s  

c o u ld  th e n  be  j ts e d  i n  e q u a t io n  (8 ) f o r  t h e  s u c c e s s iv e  

a p p ro x im a t io n s  to  o b t a i n  th e  c o n c e n t r a t i o n s  o f  h y d ro g e n  

i o n .  I f  t h i s  i s  d o n e , h o w e v e r , im p o s s ib le  v a lu e s  a r e  

o b ta in e d  f o r  th e  c o n c e n t r a t i o n s  o f  i o n i c  s p e c i e s  when 

3; » 8 1 ,  20 1  e t c .  A m ore c o n s i s t e n t  m ethod  o f  

e x t r a p o l a t i o n  w ould  p ro b a b ly  be to  ig n o r e  th e  ‘ pi* te rm s



g a b le  V III

B a ta  o f  B a v ie s ,  Jo n e s  and I^onk. C a lc u l a t i o n  o f  k c
u s i n g  e x p r e s s io n  (7 ) f o r  f « .  C°yicr15- m-woies, 

A = 0 .5 0 8 5
« 3*05 X ( c o r r e s p o n d s  to  B a v ie s  e q u a t io n )

E x p t Ho* X V ms o 4~ “ mHS04~ io Kc
2 I  z

z - 2

a 13*32 1 0 .6 5 3 2 .6 6 8 1 .4 7 5 1 .9 2 7 0 .1 0 5 2

o 2 3 .1 7 1 8 .9 5 2 4 .2 2 6 3 .4 1 5 2 .3 4 5 0 .1 3 4 4

e 10*70 8 .4 3 6 2 .2 6 5 1 .0 7 5 1*778 0 .0 9 5 4

f 1 0 .8 6 8 .5 8 8 2 .2 7 2 1 .1 3 1 1 .7 2 5 0 .0 9 6 0

g 13*22 1 0 .5 0 0 2 .7 1 6 1 .4 9 3 1 .9 1 0 0 .1 0 4 9

i « 8 .0  X

a 1 2 .4 9 1 0 .2 3 6 2 .2 5 1 1 .8 9 2 1 .2 1 7 0 .0 8 7 9

0 2 0 .8 1 1 7 .7 7 4 3 .0 4 8 4 .5 9 3 1 .1 8 0 0 .1 0 6 5

e 1 0 .1 6 8 .1 6 5 1 .9 9 4 1 .3 4 6 1 .2 0 9 0 .0 8 1 1

f 1 0 .3 0 8 .3 0 7 1 .9 9 1 1 .4 1 2 1 .1 7 1 0 .0 8 1 5

1 2 .4 0 1 0 .0 9 3 2 .3 0 9 1 .900 1 .2 2 7 0 .0 8 7 7

s= 2 0 .0 X

a 1 1 .3 3 9 .6 7 8 1 .6 9 3 2 .4 5 0 0 .6 6 9 0 .0 6 3 6

c 1 8 .1 6 1 6 .4 4 4 1 .7 1 8 5 .9 2 3 0 .4 7 5 0 .0 7 2 7

e 9*39 7 .7 8 2 1 .6 1 1 1 .7 3 0 0 .7 2 5 0 .0 6 0 3

f 9 .5 1 7 .9 1 4 1 .5 9 8 1 .8 0 5 0 .7 0 1 0 .0 6 0 5

g 1 1 .3 2 9 .5 5 0 1 .7 6 6 2 .4 4 3 0 .6 9 0 0 .0 6 3 7
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and p l o t  ’pko* w here  k c l a  th e  s t o i c h i o m e t r i c  d i s s o c i a t i o n
r) T'jel’

c o n s t a n t )  a g a i n s t  AZ** "ig+jfejk  I n  t h e  e q u a t io n

A
2 I*pk^  «  pkr> + AS !----- 1 . .  .

T h is  h a s  b e en  done f o r  v s lu e e  o f  I  ~ 3*05  2 ,  8 1  and 

20 1  w i th  th e  e x p e r im e n ta l  r e s u l t s  c f  D a v ie s  e t  a i ^ c .

The v a lu e s  a r e  g iv e n  i n  T a b le  V I I I  and th e  p l o t  i s  

shewn i n  g ra p h  ( 3 ) ;  c o n v e rg e n c e  to  a  s i n g l e  pkg v a lu e  

o n  e x t r a p o l a t i o n  to  z e ro  i o n i c  s t r e n g t h  seem s im p ro b a b le .

The h e a t  o f  d i s s o c i a t i o n  o f  th e  b i s u l p h a t e  io n  h a s  

b e e n  o b ta in e d  from  t h e  l i n e a r  p l o t  o f  pk^ a g a i n s t  

(g ra p h  1 ) .  The h e a t  and e n tro p y  v a lu e s  o b ta in e d  i n  th e  

p r e s e n t  w ork  t o g e t h e r  w ith  th o s e  o f  o t h e r  w o rk e rs  a r e  

g iv e n  i n  T a b le  IX*
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T ab le  IX

Heat and entropy data fo r  d is s o c ia t io n  off the

b isu lp h a te  ion

3£e
P resen t work P it z e r  D aviee e t  Young e t

a l3**® a l l l c
A H k.oal - 5 . 4  - 5 .2 0 -0 .5  - 5 .2 0 -0 .1  -5 .2 4 ^ 0 .1

A Ok.oal 2 .6?  2 .62  2 .70  2.72

AS eal/^@ —27*3 ♦26*5 —26.5  —26.6



b ) A s s o c ia t io n  o f  b i v a l e n t  m e ta l  o a t io n s  w ith  s u lp h a te  i o n

I n  th e  m ea su re m e n ts  u s in g  th e  c e l l

A gC l,A g . . . . .  (A)b 2> P t HC1f MS04 
ml  m2

i f  and  r e p r e s e n t  th e  m o la l c o n c e n t r a t i o n s  o f  

h y d r o c h l o r i c  a c id  and th e  m e ta l s u l p h a t e ,  th e  c o r r e c t e d  

e . m . f . o f  th e  c e l l  (A) i s  r e l a t e d  to  th e  s ta n d a r d  

p o t e n t i a l  E° o f  th e  s i l v e r - s i l v e r  c h lo r i d e  e l e c t r o d e  by 

th e  r e l a t i o n s h i p

E *  E° -  2 a2 |2 6 S I  i o g ( f H+. f c l - .m H^ a 01- )

— log  aig+ * + + ®i »••••«•  ( l )

*• •*»».#*»»• (9)

S u b s t i t u t i o n  o f  t h e s e  v a lu e®  i n  th e  e x p r e s s io n  f o r  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  b l a u l p h a t e  io n

mH+ . BS 0 %"  . f S0 “
2 *  i — . ----------------------   (6)

®HS04“ f HS04

g iv e s



1 1 7

OJhe c o n c e n t r a t i o n  o f  f r e e  m e ta l  ! o n t

”  ®HS04“  + mso + (11)

and th e  c o n c e n t r a t i o n  o f  th e  i o n  p a i r

®MS04 ■ ®2 ~ ®M++ (12 )

f h e  i o n i c  s t r e n g t h

1 “  ®1 + 4 b 2 “  ^H SO  ~ ~ 4% S O .4 4 (1 5 )

A s e r i e s  o f  s u c c e s s iv e  a p p ro x im a t io n s  u s i n g  e q u a tio n ©  

(1 )  » (9 )#  (1 0 ) , ( 1 1 ) ,  and  (1 2 ) t o g e t h e r  w i th  e q u a t io n  (5 ) 

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

s t r e n g t h  add  c o n c e n t r a t i o n s  o f  th e  i o n i c  s p e c i e s  

becom e c o n s t a n t .  f h e  a s s o c i a t i o n  c o n s t a n t  i s  th e n  

O b ta in e d  from  t h e  e x p r e s s io n  ( 1 4 ) .

% ss (1 4 )
^MSO fiMSO4 4

E q u a t io n  (5 ) c o r r e s p o n d s  to  a  v a lu e  o f  a b o u t  

4 .2  t o  4*3 I  f o r  th e  d i s t a n c e  o f  c l o s e s t  a p p ro a c h  o f  

t h e  i o n s ,  th e  f a c t o r  nq n i n  th e  B ebye-H tlcke l e x p r e s s io n * -



f o r  b i v a l e n t  i o n s ,  B ja r rw a * s 8 c  v a lu e  o f  q«14*28 1  a t  2 5 ° . 

I t  i s  e v id e n t  t h a t  th e  v a lu e  o f  t h e  a s s o e l a t i o n  c o n s ta n t  

w i l l  depend  v e ry  much upon  th e  v a lu e  o f  *qf chosen*  

Guggenheim"^ h a s  p o in te d  o u t  t h a t  i f  th e  v a lu e  i s  n o t  

s p e c i f i e d  t h e r e  i s  an  in d e te r m in a c y  o f  a b o u t  20$> i n  th e  

v a lu e  o f  K f o r  2 -2  e l e c t r o l y t e s *  He h&s a l s o  s u g g e s te d  

t h a t  f o r  t h e s e ,  i t  i s  p ro b a b ly  b e t t e r  to  u s e  th e  

a c t i v i t y  c o e f f i c i e n t  e x p r e s s io n

l o g  ±z  = 4a - 2 1
i + r

w h ich  w i l l  c o r r e s p o n d  to  q = 1G 1 . H ow ever, D avies*  

e q u a t io n  h a s  b e e n  v e ry  w id e ly  u s e d  i n  a n a ly s in g  c o n d u c ta n c e  

a n d  e .m . f .  m e a su re m e n ts  on h i g h e r  v a le n c y  ty p e  e le  c t r o l y t e s .  

Brown and P r u e ^ °  h a v e  shown t h a t  c a l c u l a t i o n  from  a  

t h e o r e t i c a l  m odel f o r  a  2 .2  e l e c t r o l y t e  g iv e s  K va lue©

w hich  a r e  a lm o s t  in d e p e n d e n t  o f  q b e tw een  q = 5 i  and q
,  . . .  o -o „ . , T . 37c s tu d i e d  th e  s t r u c t u r e

*  6 .9 5 4  A. Beever©  and  L ip s o n

o f  GuSO^. 5 HgO by X -ray  d i f f r a c t i o n  and fo u n d  t h a t  

wth e  c o p p e r  and s u lp h u r  p o s i t i o n s  g iv e  a  t y p i c a l l y



1 1 4J  

g a b le  Xa

M ola l c o n c e n t r a t i o n s  i n  e x p e r im e n ts  w i th  m agnesium  s u lp h a te

E x p t Ho. l°^® x lO^mg Expt. Ho. 3
2

1 5 .5 2 2 3 .6 1 9 6 3 .6 5 2  16 .7 2 7

2 7 .1 2 7 5 .2 2 2 7 3 .9 2 9  34 .7 8 6

3 7 .5 1 5 5 .1 4 8 8 6 .1 0 8  21 .8 5 3

4 6 .1 7 0 5 .3 3 3 9 4 .9 1 4  19 .3 4 1

5 4 .3 9 2 3 8 .4 9 7

g a b le Xb
R e s u l t s  on m agnesium  s u lp h a te  ~ 0 ° 0 .

Expt Ho* (1  -  E°) 1 0 5 I 10^mHSo 'm'L^ ttu ++ 1 0 ^mMS0^ K

1 0*25226 1 7 .5 9 0 .3 4 7 0 3 .2 7 4  0 .3 4 5 1 0 0 .0 0

2 0 .2 4 1 5 8 2 4 .5 6 0 .5 6 7 0 4 .6 4 1  0 .5 8 1 99 • 4

3 0 .2 3 8 6 7 2 4 .6 6 0 .5 9 0 0 4 .5 7 5  0 .5 7 3 1 0 2 .0 0

4 0 .2 4 8 4 3 2 4 .3 7 0 .5 1 2 4 .7 7 1  0 .5 6 2 8 9 .2

8 0 .2 5 6 0 2 7 5 .4 6 1 .2 5 6 1 7 .9 7 1  3 .8 8 2 7 8 .5

9 0 .2 6 5 4 2 6 6 .3 4 0 .9 5 2 1 5 .8 4 6  3 .4 9 5 8 2 .9

g©mp . 20°C 91.1

1 0 .2 7 2 1 0 1 6 .7 3 0 .6 0 2 3 .1 8 4  0 .4 3 5 1 4 8 .8

2 0 .2 6 0 0 2 2 2 .9 4 0 .9 4 7 4 .4 2 6  0 .7 9 6 1 6 8 .5

3 0 .2 5 7 7 1 2 3 .2 3 0 .9 8 7 4 .4 0 1  0 .7 4 7 1 6 3 .0

4 0 .2 6 8 1 3 2 2 .2 0 0 .8 4 7 4 .4 3 0  0 .9 0 3 ( 182 . 2)

159.5



1 2  0

T ab le  Xb ( o o i r td . )

£>t. Ho. (E  -  B°) 10^1  lO^mggQ
4

Temp. 25°C

—10^Hi|g++ 1C)3mMS0 K
4

1 0 .2 7 7 0 4 1 6 .4 5 5  0*6557 3 .1 4 3 3 0 .4 7 5 3 1 7 1 .2

2 0 .2 6 5 6 6 2 2 .6 6 0  1 .0 3 1 7 4 .3 9 8 7 0 .8 2 3 5 1 8 1 .8

3 0 .2 6 2 4 9 2 2 .9 6 5  1 .0 7 7 6 4 .3 8 7 2 0 .7 6 0 7 1 8 7 .6

4 0 .2 7 3 1 3 2 1 .9 9 5  0 .9 2 8 1 4 .2 2 3 0 .9 1 0 7 1 8 9 .8

3 0 .3 0 7 0 9 1 0 1 .7 0  1 .8 8 9 2 5 .3 3 7 1 3 .1 6 0 1 7 7 .2

6 0 .3 0 8 3 8 5 0 .7 8  1 .1 3 1

Temp* 3 0 °C

1 2 .2 7 9 4 .4 4 8 1 6 5 .9

178-8

5 0 .3 1 2 6 5 9 4 .9 5  1 .9 8 1 2 3 .6 1 8 1 4 .8 7 9 2 2 7 .1

6 0 .3 1 4 0 6 4 7 .2 5  1 .1 9 7 1 1 .4 5 1 5 .2 7 6 2 2 3 .6

7 0 .3 1 7 6 3 8 8 .4 6  1 .7 2 8

Temp. 35°C

2 1 .9 1 6 1 2 .8 7 2 1 6 .2

221-9

1 0 .2 8 7 0 6 1 5 .6 8  0 .7 8 9 3 .0 2 7 0 .5 9 2 2 4 6 .7

2 0 .2 7 5 4 7 2 1 .7 1  1 .2 3 4 4 .2 6 5 0 .9 5 7 2 4 3 .0

3 0 .2 7 2 1 8 2 2 .0 5  1 .2 8 4 4 .2 5 2 0 .8 9 6 2 3 4 .9

4 0 .2 8 3 3 8 2 1 .2 7  1 .1 3 0 4 .3 5 8 0 .9 7 5 (2 2 4 .7 )

3 0 .3 1 9 5 1 9 2 .8 0  2 .1 2 8 2 3 .1 4 2 1 5 .3 5 5 2 4 6 .9

6 0 .3 2 0 3 0 4 5 .5 4  1 .2 9 8 1 1 .0 8 4 5 .6 4 3 2 5 6 .8

7 0 .3 2 4 1 0 8 3 .7 5  1 .8 3 8 2 0 .8 0 9 1 3 .9 7 7 2 5 7 .8  

246 9



i—i 
rO<sSE-t Xb (c o n td . )

& • So . ( I  -  E°) l o h 1 o3|Bh s q 4 - 1 0 5siM++ 1 o3“ m so4 k

Temp . 40°0

5 0*32622 9 0 .9 2 .2 5 1 2 2 .8 6 2 1 5 .6 3 5 (2 6 0 .4 )

6 0 .3 2 6 5 7 4 3 .7 5 1 .3 9 4 1 0 .9 4 4 5 .7 8 3 2 7 1 .7

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

Temp.

1 .9 3 3  

. 45°0

2 0 .1 3 1 4 .6 5 6 2 8 9 .8

279-3

X 0*29734 1 5 .2 2 0 .9 4 2 2 .9 8 6 0 .6 3 3 2 9 4 .3

2 0 .2 8 5 4 8 2 0 .9 0 1 .4 5 2 4 .1 9 0 1 .0 3 2 2 9 5 .4

3 0 .2 8 2 0 8 2 1 .5 1 1 .5 0 9 4 .1 9 4 0 .9 5 4 2 7 5 .9

4 0 .2 9 3 7 9 2 0 .6X 1 .3 3 6 4 .2 8 4 1 .0 4 9 (2 6 4 . 7j>

3 0.333X 6 8 7 .1 0 5 2 .3 8 4 2 1 .9 4 4 1 6 .5 5 3 0 2 .6

6 0 .3 3 2 8 8 4 2 .1 2 1 .3 8 5 1 0 .3 9 3 6 .3 3 4 3 3 2 .4

7 0 .3 3 6 8 3 7 3 .9 6 2 .0 2 0 1 8 .5 0 5 1 6 .2 8 1 3 7 4 .4

311-0



1 2 2
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Table XIa

E o la l  c o n c e n t r a t i o n s  i n  e x p e r im e n ts  w ith  z in c  s u lp h a te

E x p t Ho. lO 5^ 1 0 5mg

1 7 .5 2 7 3 .5 7 1

2 6 .4 0 6 4 .5 5 4

3 7 .6 6 4 4 .2 0 0

4 5 .3 2 8 3 .9 3 4

5 6 .3 7 3 4 .5 5 4

6 5 .2 9 4 4 .8 2 5

T a b le  X lb R e s u l t s  on Zin c  S u lp h a te *

? t Ho. (E  -  E°) 10^1  10 B ig g Q

4
- i o \ M++ lo5laMSO.

4
K

Temp. 0 .°C
1 0 .2 3 7 8 3 1 9 .4 7  0 .4 3 8 3 .2 0 5 0 .3 6 6 1 1 9 .8

2 0 .2 4 6 0 0 3 2 1 .3 8  0 .4 5 8 3 .9 7 1 0 .5 8 3 1 2 6 .8

3 0 .2 3 7 4 5 2 1 .5 8  0 .5 0 6 3 .7 3 6 0 .4 6 4 1 1 7 .2

4 0 .2 5 4 1 9 1 8 .6 3  0 .3 5 4 3 .5 0 u 0 .4 3 4 1 1 2 .5

3 0 .2 6 4 2 5 ” 2 1 .3 9  0 .4 5 7 3 .9 8 1 0 .5 7 3 1 2 4 .0

6 0 .2 5 5 0 9 2 1 .2 0  0 .4 0 5 4 .1 7 7 0 .6 4 8 1 2 4 .2

Temp. 15°C 1 2 0 -6

1 0 .2 5 1 3 0 2 0 .5 3 2  0 .7 2 4 3 .5 8 7 0 .6 1 3 1 8 9 .4

2 0 .2 6 8 9 6 1 7 .6 0 8  0 .5 1 2 3 .3 2 8 0 .6 0 6 1 8 4 .3

3 0 .2 6 0 6 8 2 0 .3 5 1  0 .6 6 1 3 .8 2 8 0 .7 2 6 1 8 2 .3

4 0 .2 7 0 0 8 2 0 .1 3 5  0 .5 8 8 4 .0 0 2 0 .8 2 3 1 8 2 .6

3.8 4  *■ ^



1 2 4

T a b le  Xlb ( c o n t d . )

5t  flfo. (B -  B°) 10
4

- 10^mM++
3

10 mMS04 K

Temp. 2 0 °C

1 0 .2 5 6 0 5 2 0 .0 4  0 .8 3 3 3 .5 1 3 0 .6 8 7 2 2 2 .9

2 0 .2 7 4 0 9 1 7 .2 8  0 .5 9 8 3 .2 8 3 0 .6 5 1 210.6

5 0.26X 14 1 9 .8 9  0 .7 6 5 3 .7 6 0 0 .7 9 4 2 1 4 .7

4 0 .2 7 5 3 1 19 .78  0.688 3 .9 6 2 0 .8 6 3 2 3 3 .6

Temp. 25°0 2 2 0 -3

1 0 .2 6 0 8 6 1 7 .9 6  0 .7 9 2 3#00i 0*565 2 4 8 .8

2 0 .2 7 0 3 1 9 1 9 .7 4 4  0.842 3 .7 5 4 1 0 .7 9 9 7 2 2 4 .5

3 0 .2 6 0 7 3 9 1 9 .8 3 0  0 .9 0 7 3 3 .4 9 4 5 0 .7 0 5 8 240.1

4 0 .2 7 9 0 5 9 1 6 .9 5 0  0 .6 4 9 9 3 .2 3 1 8 0 .7 0 2 1 2 4 0 .6

5 0 .2 7 0 5 2 9 1 9 .5 6 5  0 .8 3 1 3 .7 1 1 0 .4 8 4 3 2 4 0 .4

6 0 .2 8 0 2 6 9 1 9 .1 4  0 .7 4 0 3 .8 4 3 0.982 2 4 8 .1

Temp. 35°C 2 3 9 -fl

1 0 .2 7 0 4 9 17 .525 ' 0 .9 6 4 2 .9 8 4 0 .5 8 7 2 8 8 .2

2 0 .2 8 0 2 8 1 9 .0 8 0  1 .0 1 9 3 .6 7 4 0 .8 8 0 278.1

3 0*27020 1 9 .0 9  1 .0 8 4 3 .3 9 6 0 .8 0 4 3 1 4 .5

4 0 .2 8 9 3 0 1 1 6 .4 6  0 .7 9 6 3 .1 7 8 0 .7 5 6 2 8 7 .7

5 0 .2 8 0 4 3 1 8 .7 7  1 .0 0 3 3.611 0 .9 4 3 3 0 6 .5

6 0.29068 1 8 .5 4  0 .9 0 4 3 .7 7 3 1 .052 298.0

295*4



1 2  5

Table Xlb (Oontd.)

>t Ho. (E -  E°) i o 5i

f  ©mi

lo5m HS04 

3. 45°C

-10^m ^++ lo3]BMS044
K

1 0 .2 7 9 9 5 1 6 .8 9 1 .1 1 8 2 .8 9 2 0 .6 7 9 3 9 4 .3

2 0 .2 9 0 4 7 1 8 .6 3 1 .2 1 4 3 .6 4 8 0 .9 0 6 3 1 9 .3

3 0 .2 7 9 9 1 1 8 .6 5 1 .2 8 3 3 .3 7 8 0 .8 2 2 3 6 2 .3

4 0 .2 9 9 6 7 1 5 .9 2 0 .9 4 8 3*120 0 .8 1 4 349*4

5 0 .2 9 0 6 2 1 8 .3 2 1 .1 9 7 3 .5 9 3 0 .9 6 1 3 4 5 .3

6 0 .3 0 1 4 1 1 8 .1 7 1 .0 9 2 3*780 1*045 3 1 6 .9

34-4-g



X 2 6
Sab le  X l l a

H o la l  c o n c e n t r a t i o n s  I n  e x p e r im e n ts  w ith  c o b a l t  s u lp h a te

Eacpt l o . 1 0 5*x 10

1 6 .9 3 3 4 .1 7 7

2 3*9600 3 .3 6 0

3 S . 299 6 .0 7 9

4 6 .9 3 6 7 .3 6 9

5 4 .4 8 8 4 .0 6 1

6 3 .8 6 5 5 .8 5 0

S a b le  X llb
E e s u i t s  on  C o b a lt  S u lp h a te

- l o V - o ^ o ,  «

Semp. 0°C

1 0 .2 4 1 9 3 2 0 .1 2 0 .4 4 4 3 .5 2 2 0 .6 5 5 1 7 8 .4

2 0 .2 4 8 4 2 1 6 .9 6 0 .3 3 6 2 .9 2 3 0 .4 3 7 1 5 8 .0

3 0 .2 3 4 9 4 2 6 .7 5 0 .6 7 5 4 .9 5 8 1 .1 2 1 1 7 8 .5

4 0 .2 4 3 5 6 2 9 .3 7 0 .6 6 6 5 .9 0 8 1 .4 6 1 1 7 0 .1

5 0 .2 6 2 0 9 4 1 7 .4 6 0 .2 9 8  ■ 3 .3 9 9 0 .6 6 2 1 7 1 .5

6 0 .2 5 0 7 6 4 2 3 .8 6 0 .4 8 9 4 .7 4 6 1 .1 0 4 1 7 4 .3  

1 7 1 .6



Ia b le  XI lb  ( c o n t d . )

E x p t. Ho & i tel c 1 0 3I 10? ibHS04

5°c

3
—10 mM++ 10 \ MS0^ K

1 0 .2 4 6 5 7 1 9 .9 5 0.491 3 .5 1 6 0 1 8 4 .4

2 0 .2 5 3 1 4 1 6 .7 7 0 .3 6 9 2 .8 9 0 0 ^ 7 0 1 7 7 .0

3 0 .2 3 9 4 9 2$ * 46 0 .7 4 1 4 .9 2 6 1 .1  $% 1 9 0 .0

4 0 .2 4 8 1 8 2 8 .8 2 0 .7 3 3 5 .8 2 0 1 .549 1 8 5 .2

5 0 .2 6 7 1 0 1 7 .2 ? 0 .3 2 9 3 .3 7 0 0 .6 9 1 1 8 7 .9

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

??erai>.

O’SZ l

i 5°c

4 .7 0 0 1 .1 5 0 1 0 8 .3

187-0

1 0 .2 7 4 7 2 1 9 .6 5 0 .6 5 8 3 .5 0 9 0 .6 6 8 2 0 0 .0

2 0 .2 2 6 8 6 1 6 .4 2 0 .4 9 6 2 .8 6 5 0 .* 9 5 2 0 1 .8

3 0 .2 4 8 9 9 2 5 .9 8 0 .9 8 8 4 .9 3 4 1 .1 4 5 2 0 1 .3

4 0 .2 5 8 1 6 2 8 .2 9 0 .9 8 1 5 .8 2 2 1 .5 4 7 1 9 6 .1

5 ' 0 .2 7 7 5 0 1 7 .0 5 0 .4 4 8 3 .3 6 5 0 .6 9 6 1 9 9 .6

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

25 °C

4 .6 7 8 1 .1 7 2 2 0 5 .1

2.00-4

1 0 ,2 6 5 8 7 3 1 9 .1 7 9 0 .8 4 2 1 3 .4 8 4 0 .4 7 9 8 2 2 8 .2

2 0 .2 7 2 8 3 1 6 .0 6 0 .6 4 0 2 .8 5 0 .5 1 0 0 2 2 5 .7

3 0 .2 5 8 6 1 8 2 5 .2 6 3 1 .2 4 4 6 4 .8 7 1 6 1 .2 0 7 3 2 3 6 .8

4 0 .2 6 8 3 1 2 7 .5 2 1 .2 3 6 5 .7 2 6 1 .6 4 3 2 3 1 .3

5 0 .2 8 8 1 4 7 1 6 .9 1 0 .5 9 0 4 3 .4 0 3 1 0 .6 5 7 5 1 9 6 .4

6 0 .2 7 6 3 2 7 2 2 .5 9 5 0 .9 2 4 5 4 .6 4 3 8 1 .2 0 5 8 2 2 8 .7

231-9



S a b le X llb  ( c o n t d . )

p t .  Ho* w i o 1 0 5I 1C)5mHS04 i H O 4 1C)5mMS0 K
4

* ? 5 °c

1 0 .2 7 5 6 9 1 8 .7 4 1 .0 3 3 3 .4 7 8 0 .6 9 9 2 4 9 .8

2 0 .2 8 2 6 7 15*70 C .7 8 6 2 .8 2 9 0 .5 3 1 2 5 9 .7

5 0 .2 6 8 5 6 6 2 4 .7 1 1 .5 2 4 .8 7 7 1 .2 0 2 2 5 4 .8

4 0 .2 7 8 6 9 2 6 .8 9 5 1 .5 1 2 5 .7 3 5 1 .6 3 4 2 4 7 .4

5 0 .2 9 8 7 5 1 6 .3 1 0 .7 2 0 3 .3 0 9 0 .7 5 2 2 5 2 .5

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

45°c 2<52>1

h 0 .2 8 9 3 7 2 6 .4 5 1 .8 0 5 5 .7 6 8 1 .6 0 1 2 6 1 .1

6 0 .3 0 9 6 1 1 5 .8 8 0 .8 7 3 .2 8 2 0 .7 7 9 2 8 4 .1

6 0 .2 9 7 2 2 2 1 .5 6 1 .3 5 2 4 .5 8 6 1 .2 6 4 2 8 5 .7

X 0 .2 8 5 7 1 1 8 .3 9 5 1 .2 3 7 3 .4 9 0 0 .6 8 7 2 7 0 .5

2 0 .2 9 2 8 0 1 5 .3 6 5 0 .9 5 0 2 .8 3 6 0 .5 2 4 2 7 8 .8

3 0 .2 7 8 3 9 2 4 .1 9 1 .7 9 3 4 .8 7 6 1 .2 0 3 2 8 4 .1

277-0
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1 3 0
T a b le  X I I l a  

M o la l c o n c e n t r a t i o n s  i n  e x p e r im e n ts  w i th

n i c k e l  s u lp h a te

Ibqst* Ho. 1 0 % ^ 1 0 3» 2

I 6 .4 6 9 2 .3 6 3

2 5 .3 5 6 2 .6 7 0

3 4 .5 4 5 1 .8 6 3

4 2 .7 7 1 5 .5 5 9

5 ' 3 .2 5 2 9 .7 0 0

8 6 .0 9 6 1 1 .3 0 0

7 4*366 4 .5 8 1

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

S a b le  .X l l l b
I s m lS f l ,  on, n ic lc g l  s u lp h a tg .

b. No. (S  -  E°) 1 0 5 I 1 0 J®H30.4
~ i o \ M++ 10^ I S 0 .4

g

Ten®». 0 °0

1 0 .2 4 4 3 0 1 6 .2 4 0 .3 2 5 2 .5 9 7 @.271 1 2 3 .3

2 0 .2 5 2 8 9 1 4 .5 2 0 .2 6 3 2 .4 3 0 0 .2 4 0 1 1 6 .8

3 0 .2 5 9 7 2 1 1 .1 4 0 .1 7 1 1 .7 2 9 0 .1 3 4 1 1 5 .2

5 0 .2 8 0 6 9 3 3 .6 4 0 .4 1 3 7 .8 3 3 1 .8 6 7 1 2 1 .9

6 0 .2 5 1 8 7 4 0 .6 3 0 .8 1 0 9 .0 4 2 .2 6 1 2 7 .7

7 0 .2 5 8 8 5 2 0 .0 7 0 .3 6 3 3 .9 8 6 0 .5 9 5 1 2 1 .5

1 2 1 . 0



1 3

gable

I

X I I lb  ( c o n t d . )

U Ho* (E -  E°) 1 0 5 I

Temp.

10>ffiHS04

10°0

1()3mMS04 1

1 0 .2 3 3 6 9 1 5 .8 5 0 .4 2 1 2 .5 5 2 0 .3 1 6 1 5 7 .0

2 0 .2 6 2 5 7 14.18 0 .3 4 4 2 .3 8 6 0 .2 8 4 1 5 0 .3

5 0 .2 6 9 5 9 1 0 .9 0 4

Temp.

0 .2 2 6

15°C

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

1S0>6

1 0 .2 5 8 4 0 1 5 .6 4 0 .4 7 7 2 .5 3 3 0 .3 3 5 1 7 4 .3

2 0 .2 6 7 4 6 1 4 .0 0 0 .3 8 8 2 .3 5 8 0 .3 1 2 1 7 3 .8

3 0 .2 7 4 5 4 1 0 .7 8 0 .2 5 6 1 .6 8 7 0 .1 7 6 1 7 0 .2

4 0 .3 0 2 7 5 1 9 .9 2 5 0 .5 9 3 4 .4 7 0 1 .0 8 9 1 7 8 .6

5 0 .2 9 7 7 6 3 1 .7 3 0 .5 9 3 7 .4 1 8 2 .2 8 2 1 7 1 .8

6 0 .2 6 7 3 7 3 6 .2 3 1 ,1 4 8 8 .6 1 7 2 .6 8 3 1 7 5 .6

7 0 .2 7 4 0 8 1 9 .2 0 0 .5 3 2

»pOp

3 .8 4 8 0 .7 3 3 1 7 0 .6  

175-4-

1 0 .2 6 7 9 6 9 1 5 .2 0 O.6o57 2 .4 8 0 2 0.S878 2 2 7 .6

2 0 .2 7 7 4 0 9 1 3 .7 5 0 .5 0 2 2 .3 4 1  . 0 .3 2 9 1 9 9 .6

3 0 .2 8 4 6 0 4 1 0 .5 ? 0 .3 3 5 1 .6 7 7 0 .1 8 6 1 9 4 .9

4 0 .3 1 4 4 2 3 1 9 .2 2 0 .4 6 ? 4 .3 4 4 1 .2 1 5 2 1 8 .6

5 0 .3 0 9 6 7 8 3 0 .5 2 0 .7 5 0 3 7 .1 8 3 2 .5 1 7 2 0 7 .5

6 0 .2 7 8 2 7 8 3 7 .0 4 1 .4 3 6 5 8 .4 3 7 2 .8 6 3 2 0 6 .6

7 0 .2 8 4 5 2 3 1 8 .5 9 0 .6 8 1 5 3 .7 7 2 C .809 2 0 7 .4

8 0 .2 4 3 2 0 9 1 7 .9 4 1 .1 3 3 3 .3 7 3 0 .5 8 4 2 2 7 .1  

2X0 I
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‘.Cable X l l l b  ( o o a t d . )

B x p t. Mo. (g  -  g°) 1 0 %  1C‘̂ H 3 0
4

- i o \ + + K

Ism p . 35 °c

1 0 .2 7 7 6 5 1 4 .6 ? 0 .7 4 5 2 .4 7 1 0 .3 9 7 2 5 5 .9

2 0 .2 8 7 3 7 1 3 .3 7 0 .6 2 0 2 .3 1 3 0 .3 5 7 2 3 8 .9

3 0 .2 9 4 6 9 1 0 .3 2 0 .4 1 5 1 .6 5 1 0.212 2 4 5 .5

4 0 .3 2 6 3 6 1 6 .7 2 5 0 .5 8 0 4 .2 7 8 1 .1 8 1 2 4 7 .0

5 0 .3 2 1 9 0 2 9 .5 3 5 0 .9 1 2 7 .0 2 6 2 .6 7 4 2 3 9 .2

6 0 .2 8 9 2 9 3 5 .5 5 1 .7 2 1 8.221 3 .0 7 9 246.8

7 0 .2 9 4 6 8 1 7 .9 4

leiap*

0 .3 3 2  

45 °0

3.686 0 .8 9 5 2 5 5 .6

2 4  6.3.
a w

1 0 .2 8 7 3 9 1 4 .4  5 0 .8 8 3 2 .4 3 5 0 .4 3 3 3 0 9 .6

2 0 .2 9 7 5 4 1 3 .0 6 0 .7 4 6 2 .3 0 1 0 .3 6 9 2 7 4 .4

3 0 .3 0 4 9 4 1 0 .1 1 0 .5 0 5 1 .6 4 5 0 .2 1 8 2 7 9 .3

4 0 .3 3 8 5 7 1 8 .1 9 0*701 4 .2 0 6 1 .3 5 3 2 8 3 .9

3 0 .3 3 4 3 0 2 8 .2 4 1*072 6 .7 6 9 2 .9 3 1 2 9 3 .7

6 0 .3 0 0 7 0 3 4 .4 3 2 .0 2 2 8 .0 9 9 3 .2 0 1 2 8 0 .1

1 0 .3 0 5 6 1 1 7 .3 5 0 .9 9 4 3 .6 2 2 0 .9 5 9 3 0 4 .9

2 8 8 - 5



1 3 3
f a b l e  XITfa

H o la l  c o n c e n t r a t i o n s  i n  e x p e r im e n ts  w ith  m anganese

s u lp h a te

fisp t. Ho. lO5̂  103a 2

1 3.777 2 .648

a : 6 .1 2 2  5 .334

3 8 .679  4*425

4 3.903 7 .254

3 ' 2.824 12 .948

f a b l e  XXVb

R e s u l t s  on m anganese  s u lp h a te

t .  Ho. (E  -  E*) 1 0 3I  1 0 3mHS0 - lO 3® ^  
4 1 o3» mso4 k

Benro. 0°C

2 0*24873 23.95  0 .504  4.707 0 .627  101 .3

I 0 .2 6 9 1 6 13 .15  0 .1 9 4  2.423 0 .2 2 5  1 0 2 .8

3 0*23188 2 3 .48  0 .590  3 .992 0 .433  100 .9

4 0.27099 2 7 .9 8  0 .415  6.205 1 .049  100.8

5 0 .28891 43 .53  0 .435  10.409 2.539 106 .8

102-7



X O " k

f a b l e  XITb ( c o n t d . )

I x p t .  Ko. (E  -  E °) 1 0 3I  1 0 3mHS0 - 1 0 3mM++ 105mMS0 K

Temp. 10°C

1 0 .2 7 9 4 7 1 2 .7 5 0 .2 5 6 6 .2 0 5 1 .0 4 9 1 5 5 .0

2 0 .2 5 8 5 3 2 3 .2 1 0 .6 5 1 1 0 .4 0 9 2 .5 3 9 1 2 9 .2

3 0 .2 4 0 9 7 2 2 .9 7 0 .7 6 1 2 .3 7 3 0 .2 7 5 1 2 2 .1

4 0 .2 8 1 8 5 2 7 .1 3 0 .5 3 9 4 .6 0 2 0 .7 3 2 1 2 2 .5

' 5 0 .5 0 0 7 7 4 1 .7 5

Semp.

0 .5 5 5

20°0

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

1 2 8 -4

1 0 .2 9 0 0 4 1 2 .5 3 0 .3 4 6 2 .3 5 0 0 .2 9 8 1 5 7 .5

2 0 .2 6 8 6 3 2 2 .4 3 0 .8 5 2 4 .5 0 5 0 .8 3 9 1 6 4 .6

3 0 .2 5 0 2 4 2 2 .2 2 0 .9 8 8 3 .8 8 4 0 .5 4 1 1 5 4 .3

4 0 .2 9 3 0 6 2 5 .9 7 0 .7 0 4 5 .6 5 8 1 .3 9 6 1 6 0 .5

5 0 .3 1 3 3 1 4 0 .2 1

Temp.

0 .7 2 0

25°C

9 .7 3 4 3 .2 1 4 1 6 0 .5

1 5 9 .2

1 0 .2 9 5 2 6 1  1 2 .3 2 0 .3 8 1 2 3 2 9 0 .3 1 9 1 7 5 .5

22 0 .2 7 3 5 9 1 2 2 .1 0 .9 2 7 4 .4 5 5 0 .8 7 9 1 8 1 .0

s 0 .2 5 4 5 7 3 2 1 .9 1 .0 6 9 3 .8 3 9 0 .5 8 6 1 7 7 .8

4 0 .2 9 8 5 8 5 2 5 .4 6 5 0 .7 6 7 5 .7 7 6 1 .4 7 8 1 7 7 .5

5 0 .5 1 9 1 8 8  3 8 .7 9 0 .7 7 0 9 .3 7 2 3 .5 7 6 1 9 2 .7

i8o-r
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13 B
H a l le  ZITb ( G o n t d . )

E x p t. No. (1  -  E°) 310*1 31 °  mHSQ - x o \
4

■m* 10 mMS0 K 
4

Temp.

1 0*30593 1 1 .9 7 0 .4 7 3 2 .2 8 ? 0 .3 6 1 2 1 8 .4

2 0*28391 2 1 .5 4 1 .1 3 6 4 .4 2 7 0 .9 0 7 2 0 3 .6

3 0*26417 2 1 .3 2 1 .2 8 8 3 ,7 9 9 0 .6 2 6 2 1 3 .5

A 0 .3 1 0 * 4 2 4 .7 4 0 .9 3 7 5 • 668 1 .5 8 6 2 0 7 .8

§ 0 .3 3 2 1 7 3 7 .6 3

Temp.

0 .9 3 2 9 .1 9 2 3 .7 5 6 2 1 8 .2  

2.11. 4
• i

X 0 .3 1 6 7 2 1 1 .6 0 3 » 0 .5 1 1 2 .2 4 0 0 .4 0 8 275.6

2 0*29427 2 0 .6 8 1 .3 3 3 4 .3 0 7 1 .0 3 7 2 6 5 .3

3 0*27361 2 0 . 64 1 .5 0 3 3 .7 3 9 0 .6 8 6 2 6 8 .8

4 0*32192 2 3 .8 3 1 .1 1 2 5 .5 2 8 1 .7 2 6 2 5 0 .2

3  . 0 .3 4 5 5 2 3 6 .5 6 1 .0 9 4 8 .9 7 5 3 .9 7 3 2 5 1 .3

2 £ 1 '8



i o n i c  s t r u c t u r e . tt The d i s t a n c e s  o f  3 .5 5  1  and

3*6 X fo u n d  b e tw e e n  th e  c o p p e r  a m  s u lp h u r  a tom s

c o r re s p o n d  to  s u lp h a te  io n s  th e  oxygen  a to m s o f  w hich

a r e  i n  th e  o c ta h e d r a l  c o o r d in a t io n  g ro u p  a ro u n d  a

c o p p e r  io n  com posed o f  f o u r  w a te r  m o le c u le s  and two

oxygen  atom s* P ro v id e d  * c*1 i s  l a r g e  e n o u g h &

to  p la c e  su c h  io n  p a i r s  i n  th e  a s s o c i a t e d  c l a s s ,  i t  i s

th u s  p o s s i b l e  t o  o b t a in  c o n s i s t e n t  r e s u l t s .  A c c o rd in g ly

i n  th e  p r e s e n t  work D a v ie s  a c t i v i t y  c o e f f i c i e n t

e x p r e s s io n  (5 )  h a s  been  u s e d  i n t r o d u c in g  a p p r o p r i a t e  A

v a lu e  a t  e a c h  te m p e r a tu re  (T a b le  I I I ) .  The r e s u l t s  on

m agnesium  s u l p h a t e ,  s i n e  s u l p h a t e ,  c o b a l t  s u l p h a t e ,

n i c k e l  s u lp h a te  and  m anganese  s u lp h a te  a r e  g iv e n  i n

T a b le s  X ( a ) ,  ( b ) , X I ( a ) f ( b ) ,  X I I I ( a ) ,  ( b ) ,  and X X V (a),

(b )  r e s p e c t i v e l y .  In  th e  c a s e  o f  cadmium s u l p h a t e ,

h o w e v e r, th e  e x p e r im e n ta l  e . m . f . s  d id  n o t  r e a o h  a

c o n s t a n t  v a lu e .  A s i m i l a r  d i f f i c u l t y  was e x p e r ie n c e d
38oby S v an s an d  Monk w ith  cadmium t r i g l y e o n a t e .  T h e re  

was no n o t i c e a b l e  d r i f t  w ith  i o n i c  s t r e n g t h  i n  th e  

v a lu e s  o f  th e  a 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 .  The 

p l o t s  o f  l o g  Z a g a i n s t  T f o r  th e s e  m e ta l  s u l p h a te s  

a r e  g iv e n  i n  g ra p h s  ( 4 ) ,  ( 5 ) ,  ( 6 ) ,  (7 ) and ( 8 ) .

A lth o u g h  t h e r e  a r e  some d i f f e r e n c e s  i n  th e



T a b le  XV

D i s s o c i a t i o n  c o n s ta n t  d a t a  on b i v a l e n t  m e ta l  s u lp h a te s

a t  25°
i« w » r■«>'.!'in M immmtn

k x 1C3

W o rk e rs  m ethod  Mg304 ZnSC>4 CoSC>4 H iS04 MnS04

P r e s e n t  work a .m . f .  3*60 4*17 4 .3 3  4*76 5 •55

D avies^®
Money a n d c c o n d u c t-  6*1 5*3 3*4 4*0

D a v ie s  a n c e

2)0- 6 *2

( r e c a l .  by
J o n e s  and  3 .4
Monk*c )

J ° X ^ o  4 .4

° W#a u r r v 50 c o n d u c t-  -  3*3
* an o e

( r e c a l .  by
E o b in so n  and 4*4

S to k e s )

W y a tt^ 0 Do. 4*9

Jam es3 9 ® Do* 5*2



Thermodynamic) d a ta

1 3

Tab to  :nri

on b i v a l e n t  .<'l e t a l  s u lp h a te s

Jcca l. AGi # a s s .
c a l/d e ^ c /m o le .

Mg++304" 5.03 -3 .0 7 27.19
(5 . 7) ( -3 .2 ) (3 1 .0 )

&Ji*+S04“ 3 .94 -3 .2 3 24 . 10

O o ^ S O ^ * 1 .8 8 -3 .2 3 17.12

* i ++so 4~ 3.34 - 3 .1 7 21.83

* a '^ S 0 4 5.43 -3 .0 8 21.83

£ f h e  v a lu e s  i n  p a r e n t h e s i s  f o r  magpieslum s u lp h a te  a r e
7oth o s e  o f  J o n e s  and  Io n ic ' who p o i n t  o u t  t h e  d e s i r a b i l i t y  

o f  e x te n d in g  th e  m e a su re m e n ts  w i th  m ore r e f i n e d  a p p a r a tu s  

to  a  l a r g e r  ra n g e  o f  i o n i c  s t r e n g th s *  j

La.omk Sfyu-Q-*'*'*'
A A Gr a s .

Kc^$<n< - 3 * 0 7

ZxaVOw . 4 - 0 1 - 3 * f a * t - 4



e x p r e s s io n s  u s e d  to  e v a lu a t e  a c t i v i t y  c o e f f i c i e n t s  

i n  th e  a v a i l a b l e  d a ta  on m e ta l  s u lp h a te  i t  i s  i n t e r e s t i n g  

to  com pare them  w ith  t h o s e  o f  th e  p r e s e n t  w ork . f h i s  

i s  done i n  f a b l e  X?* Ih e  h e a t s  o f  a s s o c i a t i o n  w ere  

o b ta in e d  from  th e  s lo p e s  o f  th e  p l o t s  o f  l o g  K a g a i n s t  

( g r a p h s  4#5#6>7 and 8 )  and th e s e  t o g e t h e r  w ith  

t h e  f r e e  e n e rg y  and e n tr o p y  v a lu e s  a r e  g iv e n  i n  f a b l e  XVI.





1 4 1

I n  an a s s o c i a t i o n  r e a c t i o n  be tw een  two i o n s  o f  

• g u a l and  o p p o s i t e  c h a rg e

lf*+ + Mx.................. (1 )

a  p o s i t i v e  e n t r o p y  change  w i l l  be  e x p e c te d  a s  a  r e s u l t

o f  i o n  p a i r  f o r m a t i o n .  T h is  i s  m a in ly  a  c o n seq u e n ce

o f  t h e  much g r e a t e r  freed om  w hich  th e  s u r r o u n d in g  w a te r

d i p o l e s  en^oy  i n  t h e  f i e l d  a ro u n d  t h e  ’n e u t r a l *  i o n - p a i r

Mx, com pared  w i t h  t h e  freedom  th e y  o r i g i n a l l y  had  i n  t h e

f i e l d s  o f  th e  s e p a r a t e  i o n s .  T a b le  I  i l l u s t r a t e s  t h a t

t h i s  i s  t r u e  f o r  t h a l l o u s  h y d r o x id e  , s i l v e r  c h l o r i d e  , 
2ds i l v e r  i o d a t e  and a l l  t h e  b i v a l e n t  m e ta l  s u l p h a t e s .

T h i s ,  h o w ev er ,  need  n o t  a lw a y s  be  the c a s e  a s  i s

d e m o n s t r a te d  by th e  s m a l l  n e g a t i v e  v a l u e s  o f  e n t r o p y  f o r
I dt h a l l o u s  a z i d e ,  n i t r a t e ,  t h i o c y a n a t e  , c h l o r i d e  and 

b ro m id e .  On t h e  b a s i s  o f  i o n i c  c h a rg e  a l o n e ,  a  h ig h  

p o s i t i v e  e n t r o p y  would be e x p e c te d  f o r  t h e  a s s o c i a t i o n  

o f  X*a++* i o n  w i t h  Fe(CN)g and Co(GH)g i o n s  w h e re a s  

t h e ,  v a l u e s  a r e  o n ly  2 3 . 9 ^  and 2 1 . r e s p e c t i v e l y .

W ith  p o ly a to m ic  i o n s  one h a s  to  c o n s i d e r  th e  l o s s  o f  

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



1 4 2

T a b l e  I

R e a c t i o n K298 , 
( l . m o l e “  )

A a  a h
K . c a l t  (k .ca l* . 
mol© ) m ole  )

A S  , 
( e a l . d ©g"" 
mol©-*)

R e f .

n +,osr 6 .6 7 - 1 . 1 2 0 .3 7 5 .1 I d

T1+ ,CX" 4 .7 6 - 0 . 9 3 - 1 . 4 3 - 1 . 7 I d

f 1 + ,®r 7 .6 7 - 1 . 2 - 2 . 4 5 - 4 . 2

T l+ ,N3~ 2 .4 4 - 0 . 5 3 - 1 . 3 3 - 2 . 7

X1+ ,N0j ~ 2 .1 5 - 0 . 4 5 - 0 .6 5 - 1 . 0

n + »CHs” 6 .2 5 - 1 . 0 9 *i*2.9 6 - 6 . 4 I d

Ag+ ,C1~ 2 .0 x 1 0 ^ - 4 . 5 - 2 . 7 6 .0 2d

A*+ ,I 0 3* 6 .8 - 1 . 1 3 5 .1 4 2 0 .3 2d

m*+ + , so4~ - X.79xX02 - 3 . 0 7 5 .0 3 2 7 .1 9

Zn++,S04" 2 .4 0 x I 0 2 - 3 . 2 5 3 .9 4 2 4 .1 0

O0+ + ,SO4 “ 2 .5 2 x I 0 2 - 3 . 2 3 1 .8 8 1 7 .1 2

H1++,S04 2 .10xX 02 - 3 . 1 7 3 .3 4 2 1 .8 3

Mb + + ,S04 X.SXxXO2 - 3 . 0 8 3 .4 3 2 1 .8 3

0tt++,S04"" 2.32XX02 - 3 . 2 3 3 .7 1 2 3 .3 5d

l,a3+,l'*(0® )|" 5 .5xX03 - 5 . 0 9 2 .0 2 3 .9 3d

J»a5+ ,0o(CW)jj~ 5.8xX03 - 5 . 1 3 1 .3 3 2 1 .7 4d



A lth o u g h  a  n e g a t i v e  entropy change d o e s  n o t  f a v o u r  

a s s o c i a t i o n ,  t h i s  can be o f f s e t  by a  f a v o u r a b l e  

e n t h a l p y  c h a n g e .  It i s  important to  c o n s i d e r  b o th  

t h e  e n t h a l p y  and  e n t r o p y  te rm s  a s  i s  s e e n  i n  t h e  c a s e  

o f  t h e  t h a l l o u s  i o n  p a i r s  w hich  have  n e g a t i v e  A  Sa s 0
£ J

Gurney h a s  s u g g e s te d  t h a t  b e tw e e n  two i o n s  i n  

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

(1 ) the l o n g  r a n g e  Coulomb o r  e l e c t r o s t a t i c  f o r c e s  and

(2 )  th e  s h o r t  r a n g e  o r  quantum m e c h a n ic a l  f o r c e s .  W ith  

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

a lw a y s  one o f  a t t r a c t i o n .  I n  th e  c a s e  o f  i o n s  h a v in g  

t h 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  r a r e  g a s e s  th e  o n ly  

quantum  m e c h a n ic a l  f o r c e  w i l l  be one o f  r e p u l s i o n  

w h e re a s  f o r  o t h e r  ion© i t  w i l l  be one o f  a t t r a c t i o n .

I n  th e  a s s o c i a t i o n  r e a c t i o n  (1 ) i n  a q u e o u s  s o l u t i o n ,  W, 

t h e  work done i n  the f o r m a t i o n  o f  an  i o n  p a i r  from  th e  

s e p a r a t e  i o n s  i s  g iv e n  by

W « A G/N -  kT I n  5 5 .5    (2 )

w here  M i s  t h e  Avogadro*© num ber and k  t h e  Bolt«sKann, s 

c o n s t a n t .  The f u n c t i o n  kT I n  5 5 .5  i s  c h a r a c t e r i s t i c  

o f  a  r e a c t i o n  i n  a q u eo u s  s o l u t i o n  i n  w h ich  t h e  num ber



1 4 4

o f  s o l u t e  p a r t i c l e s  i s  d e c r e a s e d  “by u n i t y ,  5 5 .5  b e in g  

t h e  num ber o f  m o le s  o f  w a t e r  i n  1000 gras. W may b© 

r e g a r d e d  a s  c o n s i s t i n g  o f  two p a r t s  Wenv and Wnon.

Weny r e p r e s e n t s  t h e  l o n g  r a n g e  e l e c t r o s t a t i c  fo rce©  

d e p e n d e n t  on e n v iro n m e n t  and t e m p e r a t u r e  and  Wnon, t h e  

quantum  m e c h a n ic a l  f o r c e s  a r i s i n g  from  th e  v e r y  r a p i d  

m o t io n  o f  e l e c t r o n s ,  i n d e p e n d e n t  o f  e n v iro n m e n t  and 

t e m p e r a tu re *

W =r Wenv + Wnon » -  kTLlnK + I n  5 5 .5 ]

fh e  t h a l l o u s  a n #  s i l v e r  hone do n o t  h a v e  a  r a r e  g a s  

s t r u c t u r e  and  h e n ce  i n  t h e i r  a s s o c i a t i o n  w i th  a n i o n s ,  

e l e c t r o s t a t i c  f o r c e s  o f  a t t r a c t i o n  a r e  p o s s i b l y  su p p le m e n te d  

by  quantum  m e c h a n ic a l  f o r c e s  o f  a t t r a c t i o n  l e a d i n g  to  i o n -  

p a i r  f o r m a t i o n ,  n o t  g e n e r a l l y  o b s e rv e d  w i th  many u n i v a l e n t  

c a t i o n s .  As would be e x p e c te d  t h e r e  i s  no l i n e a r  

r e l a t i o n s h i p  b e tw ee n  l o g  K and % / x  a n io n / i n  t h e s e  o a s e s ,  

s i n c e  t h e  a s s o c i a t i o n  i s  n o t  g o v e rn e d  s o l e l y  by Wenv*

When Wnon i s  i m p o r t a n t ,  w i t h  i n c r e a s i n g  t e m p e r a t u r e  t h e  

te n d e n c y  w i l l  be  f o r  th e r m a l  a g i t a t i o n  to  c a u s e  t h e  

d i s s o c i a t i o n  o f  t h e  i o n - p a i r .  F o r  m ost o f  t h e  t h a l l o u s



1 4  5

i o n - p a i r e  t h i s  i s  foun d  to  be t h e  c a s e .  Among th e  

b i v a l e n t  c a t i o n s  s t u d i e d ,  Mg*+ i s  t h e  o n ly  one w i th  

a  r a r e  g a s  (n eo n )  s t r u c t u r e  and i t  i s  s e e n  t h a t  i t s  

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

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

I n  t h e  c a s e  o f  t h e  b i v a l e n t  i o n s  o f  th e  f i r s t  

t r a n s i t i o n  s e r i e s ,  I r v i n g  and W i l l i a m s ^  fo u n d  a  d e f i n i t e  

s t a b i l i t y  o r d e r  f o r  t h e i r  com p lex es  w i th  a  l a r g e  

num ber o f  n e u t r a l  l i g a n d s  and w i th  some a n io n s  o f  

weak a c i d s j -

M n <  Fe< C C o < I i  < C u >  Zn.

T h is  i s  t h e  same a s  t h e  o r d e r  o f  t h e  r e c i p r o c a l  o f  th e

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

T h ese  t w o p a r a m e t e r s  would be  e x p e c te d  to  d e te r m in e

t h e  m a g n i tu d e s  o f  th 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  r e s p e c t i v e l y .  T h is  o r d e r  w i l l ,  h o w e v e r ,

h o ld  o n l y  when th e  l i g a n d s  i n t e r a c t  w i th  p r o t o n s  more

s t r o n g l y  t h a n  d o e s  w a t e r ,  i . e .  c o n ju g a te  b a s e s  o f  weak
6&a c i d s .  I n  t h e s e  o a s e s ,  I r v i n g  and W il l ia m s  h av e  

assum ed t h a t  th e  f r e e  e n e rg y  change on com plex f o r m a t io n  

i s  d o m in a te d  by t h e  h e a t  te rm  i n  t h e  r e l a t i o n s h i p

A S  = A. H -  f  AS . . . . . . .  (4*)



and t h a t  w i th  u n c h a rg e d  l i g a n d s  th e  e n t r o p y  te rm  w i l l  

he  to o  s m a l l  to  d e ra n g e  th e  s t i i > i l i t y  o r d e r .  However 

w i th  l i g a n d s  such  a s  SO  ̂ , FC^ . I0 ^ ~  e t c .  whose 

p r o t o n  co m p lex es  a r e  l e s s  s t a b l e  th a n  th e  H^O* i o n ,  

th e  i n t e r a c t i o n s  w i th  c a t i o n s  a r e  a l s o  f e e b l e .  The 

h e a t  o f  f o r m a t io n  o f  t h e i r  com plexes  w i th  t h e  t r a n s i t i o n  

m e t a l s  may be s m a l l ;  b u t  by  v i r t u e  o f  t h e i r  n e g o t i v e  

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

c h a rg e  on  th e  c a t i o n  a s  a. r e s u l t  o f  i o n - p a i r  f o r m a t i o n ,  

t h e  r e s u l t i n g  g a in  i n  e n t r o p y  w i l l  to  a  l a r g e  e x t e n t  

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

when a  w a t e r  m o le c u le  i s  r e p l a c e d  by su c h  a  l i g a n d .  The 

n e t  f r e e  e n e rg y  change  b e in g  v e ry  s m a l l ,  t h e r e  may be 

a  d e ra n g em e n t  i n  th e  s t a b i l i t y  o r d e r .  I n  t h e  p r e s e n t  

work i t  h a s  b e en  o b s e r v e d  t h a t  w ith  c o b a l t  and n i c k e l  

Jh© o r d e r  i s  r e v e r s e d  when s u l p h a t e  i o n  i s  t h e  l i g a n d .

The pK a t  25° f o r  th e  m e ta l  s u l p h a t e s  and th e  r a d i i  

and se c o n d  i o n i z a t i o n  p o t e n t i a l s  o f  th e  m e t a l s  c o n c e rn e d  

a r e  g iv e n  I n  T ab le  I I .
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T a b l e  I I

B i v a l e n t  i o n s  o f  t r a n s i t i o n a l  m e ta l s

Mg Mn do Hi Zn Cu

-lOgK MSG, 6 a s s * 4 2 .2 5 2 2 .2 5 7 2 .3 6 5 2 .3 2 2  2 .3 8 0  2 .3 6 7

H ad iua  X* 0* 66

COt-.o

0 .7 4 0 .7 3  0 .7 2  0 .7 2

Eg k  c a l a * 5 2 5 .7 5 3 4 .7 586 579 6 3 3 .5  6 4 8 .6

** B re w e r ,  B ro m le y , G r i l le s  and L e g g re n  

( N a t i o n a l  N u c le a r  E n erg y  S e r i e s ,

D i v i s i o n  IT  -  1 9 b ,  M c G ra w h ill ,  1 9 5 0 ,  p .  154)* 

Bg t e e te r s  to  t o t a l  i o n i s a t i o n  p o t e n t i a l  a t  25 

f o r  t h e  p r o c e s s  M (gas) — - -» M ^ C g a s )  ♦ 2 e .

o

The e n t r o p y  c y c l e  may be  r e p r e s e n t e d  as*—

^&+ + xm“   * Mxi?
g  8  s

I  ] J aS hyd

M®* + X®*" . Mxaqaq aq Sl
- A S

The e n t r o p y  @f a s s o c i a t i o n  may be w r i t t e n * -

. *  Sg(Mx) + A S hyd(Mx) —S°(M®+ ) —S ° ( )  . . . .  (5 )  s s s
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w here  Sg(Mx) « S tra n a (M x )  + S r o t  (Mx)

S°(Mm+) = S trm is(M M+) + A S h y  (rf8*)

S * ( i “ - )  = S t r a n s  (X®“ ) + S r o t U * - )  +AShya(X® - )

I n  c a l c u l a t i n g  ’ Sg* o f  a n  i o n  o r  i o n  p a i r t b o th  t r a n s ­

l a t i o n a l  and  r o t a t i o n a l  t e r m s  w ere c o n s i d e r e d ,  S t r a n s  

f o r  m onatom ic  anion© and d ia to m ic  i o n  p a i r s  was o b t a i n e d  

from  t h e  S a c k u r - T e t r o d e  e q u a t io n  w hich  a t  2 5 °C may be 

w r i t t e n  S t r a n s  = 1 .5  E I n  M + 2 6 ,0 3  w here M « a to m ic  

( o r  m o le c u l a r )  w e ig h t  o f  th e  i o n  c o n c e rn e d ,

S r o t  (x~) f o r  non  l i n e a r ,  r i g i d  a n io n s  , X0^~ and
—  \ 8dSO^ ) was o b t a i n e d  from  t h e  e q u a t i o n

SrotCX18-)^  2 .2 8 6 8 (3  l o g  f  + 3 l o g  I A -  2 l o g  6~) )+ 2 6 7 .5 2 ,

w here  1^ i s  t h e  moment o f  i n e r t i a  a b o u t  a  N -0 ,  1 -0  o r

S -0  b o n d ,  and  Mo~” i s  th e  symmetry num ber. F o r  t h e

l i n e a r  i o n s  OH*, N^* and CN5* a s  a l s o  f o r  t h e  i o n  p a i r s

1101 and T IB r ,  w hioh w ere  t r e a t e d  a s  Md u m b e l lM m o le c u l e s ,

t h e  r o t a t i o n a l  e n t r o p i e s  w ere o b t a i n e d  from  S r o t  t

4 .5 7 4  l o g  I f  + 1 7 7 .7  w here  I  i s  th e  moment o f  i n e r t i a .

I n  th e  c a s e  o f  t h o s e  i o n  p a i r s  w i th  p o ly a to m ic  a n i o n s ,

v i s , ,  CM5*, OH* and S 0 ^** , th e  sum o f  th e
8dt r a n s l a t i o n a l  and r o t a t i o n a l  te rm s  was o b t a i n e d  from



14 9
S t r a n s (M x )  + S r o t ( l J x )  *•= 2 .2 6 6 8  (8 l o g  T + 3 l o g  M + 

l o g  I A I B I 0 -  2 l o g o - )  -  7 .6 9 7 3 .

w here  M «  m o le c u l a r  w e ig h t  and 

c r *  sym m etiy num ber.

$he p r o d u c t  I A I-g, o f  th e  moments o f  i n e r t i a ’was
Q |

e v a l u a t e d  by  s o l v i n g  t h e  d e t e r m i n a n t^

+ I
X X xy - XX

-  I + I__, yy ~ ^yz

-  i XX •  I
y * ♦ Xzss

where 1 ^ . . .  a r e  t h e  moments and  p r o d u c t s  o f  i n e r t i a

w i t h  r e s p e c t  to  a  c o o r d i n a t e  sy s tem  h a v in g  t h e  c e n t r e

o f  m ass a s  o r i g i n  and t h e  M  Y  a x i s  a s  x  a x i s

( f  s  9 ,  C. S e t c . ) .

*xx 88 mi ( y i 2 + z i 2 ) f . . . .  , . . . .  *

3l  VStx y  mi x i  v i , *

w here  m i i s  t h e  m ass o f  atom  i  whose c o o r d i n a t e s  a r e

* i*  y i ’ z i*
A d d i t i o n a l  te rm s  to  a c c o u n t  f o r  f r e e  i n t e r n a l

r o t a t i o n  w ere i n t r o d u c e d  f o r  TIHO^ and AglO^. T h is
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g a b l e  I I I  

Bond l e n g t h s

Compound Bond D i e t  1

n s 3 2 .0 4

K < %  K<*> 1*24**

n<2L  * < « 1 .1 0 * *

f I I 0 3 n . . *  .o 2 .8 5

K ------ 0 1 .2 3

‘SICKS 1 1 * . . . K 2 .1 4

K ------ C 1 .2 2 7d

0 -----  S 1 . 5 6 7d

f i d f l . . . . C l 5 .2 5

f l B r 1 1 . . . . B r 3 .3 9

11 OH 11.. . . 0 2 .8 4

0 . . . . H 0*9?

Ag*» • .0 1 .9 0

X . . .  .0 1 .S 0

JfSG^ M ....0 i .n
S sa sss  0 1 . 5 1

(Where no o t h e r  r e f e r e n c e  1b g i v e n ,  d a t a  h a v e  b e e n  

o b t a i n e d  from  P a u l i n g ,  " K a tu re  o f  t h e  C hem ica l Bond” 

C o r n e l l  U n i v e r s i t y  P r e s s ,  I t h a c a  1 9 3 9 .



c o n t r i b u t i o n ^

1 5  1

® 2*2868 ( l o g  T + l o g  I r  -  0 .6 0 2 )  ♦ 89 * 9 5 2 , 

w here  I r ,  t h e  " re d u c e d "  moment o f  I n e r t i a  i s  g iv e n  by 

xr  *  V  11 ~ ( * * / l A + A r  b 2/ I b ) J .

I n  t h i s  fo r m u la  I*  i s  t h e  moment o f  i n e r t i a  o f  t h e

w$0g o r  I 0 2 to p "  and A r  A and A r  B t h e  d i r e c t i o n

c o s i n e  s .

S TINO^ » 5 .9  c a l / d e g .  mole

® f . i . r  AglO^ s* 9*7 c a l / d e g .  m o le .

I n  a l l  c a s e s  th e  c e n t r e  o f  m ass was assum ed to  l i e  

on  t h e  M . . . .  Y a x i s . The a n g le  T1 . . .  0 . . .  N was 

assum ed  to  be  105 °  and Ag . . .  0 . . .  I  to  b e  1 1 0 ° .  By

a n a lo g y  w i t h  t h e  s t r u c t u r e s  o f  i s o t h i o c y a n i c  a c l d X^ ,  and
l i dh y d ro g e n  and m e th y l  c y a n a te s  by e l e c t r o n  m ic ro s c o p y

and  i n f r a  r e d  s p e c t r a  t h e  a n g le  b e tw ee n  T1 • • • •  Y a x i s

and th e  l i n e a r  CMS io n  i n  11 CNS was t a k e n  a s  1 3 0 ° .

S i m i l a r l y  from  t h e  known s t r u c t u r e  o f  m e th y l  a z i d e X2(i,

t h e  a n g le  b e tw ee n  11 . . .  Y a x i s  an d  N ,"  i o n  i n  TIN- was3 3



Tfr.ble IVa 

E n t r o p i e s :  c a l .  d e g " 1 m ole-1

Ion ^ ro t A 8 fcya S° ~ aq

a * 41* SB • 41.88 -11.48 31.4

V 37*17 12.82 49*7 -17 .7 32.0

® v 38*33 19.4 57.7 -22.7 35.0
0HS~ 38.13 13.3 53.63 -17.63 36.0
OH" 34*47 6.8 41*27 -43.79 -  2.52

® r 36,67 - 36*6? -23.47 13.2
Br 39*40 - 59*40 20.11 19.29
Hg** 39*33 - 35*33 -63.53 -28 .2

38,49 35.33 -63.94 -25.45
38.18 - 38*18 -65.18 -27.0

M * * 38.17 - 38.17 -76.17 (-38.0)
m t * 37.97 - 37.97 -57.97 -20 .0

0*** 38.40 38.40 -6 2 .0 -23 .6

sg4~~ 39*63 20.21 59*84 -55.74 4.1
Ag* 39.98 -#* 39.98 -22.31 17.67

m f 41.42 21 * 6 9 63*11 -35.11 28.0



rl:a b le  IVb 
Iherm od y n ggEio P r o p e r t i e s

Io n  p a i r
Sg(Mx) ,  

( o a l . d e g
raole"^}

A S T 
(c a l fS S f t*1
m o l e ^ )

S°(Mx .  -A3hyd(Mx)
( o a l . d e g "  ( c a l . d e g  ( ^  + ^ )
m o le~ ^)  mole"*^)

n o t 58.8 5 .1 3 3 .0 25 . S 0 .3 5 2

$101 6 0 .9 - 1 . 7 4 1 .9 1 9 .0 0 .3C 8

$ l B r 6 2 .8 - 4 . 2 4 5 .5 1 7 .3 0 .2 9 5

$1^3 6 6 .7 - 2 . 7 5 9 .7 7 . 0 c a 0*32

TINO^ 8 0 .4 - 1 .0 6 4 .4 1 6 .0 0 .2 8 9

$icirs 6 9 .8 - 6 .4 6 0 .0 9 .8 caO•30

AgOl 5 8 .9 6 .0 3 6 .5 22.4 0 .3 2 6

AglO^ 8 2 .2 2 0 .3 66.0 1 6 .2 CaO.2 9

Cuso4 7 0 .5 6 2 3 .3 3 .7 9 6 6 .7 7 0.2506

m o A 68.22 2 7 .1 9 3 .0 9 6 5 .1 3 ? 0 .2 5 4 5

2nSQ4 7 0 .3 3  n 2 4 .1 0 2 .7 5 67.58 6? V 0.2506

0OSC4 7 0 .2 1 7 .2 0 - 5 . 7 7 5 .9 Q.24S4

hiso4 7 0 .2 2 1 .8 3 - 1 2 .0 7 8 2 .2 7 0.2500

MnS04 7 0 .1 2 1 .8 3 5 .7 3 6 4 .3 7 0 .2 4 6 9

(D a ta  f o r  i o n i c  r a d i i  from  P a u l i n g ,  rtK a tu re  o f  t h e  

C hem ica l Bond” -  C o r n e l l  U n i v e r s i t y  P r e s s ,  I t h a e a ,  1 9 3 9 i 

f o r  b i v a l e n t  c a t i o n s  from  f& b le  I I ) .



t a k e n  a s  1 2 0 ° .  Iii th e  c a s e  o f  MSO^, &. C, and 8 

w ere  assum ed to  be on th e  same a x i s ,  t h e  r e m a in in g  

t h r e e  oxygen, a tom s b e in g  t e t r a h e d r a l l y  a r r a n g e d  round  

th© S a to m . The bond l e n g t h s  u s e d  ar© g iv e n  i n  

T a b le  X I I .

S u b s t i t u t i o n  o f  th e  e n t r o p y  v a l u e s  i n  e q u a t i o n  (5 )  

g i v e s  A g hyd (M x), t h e  m t r o p y  o f  h y d r a t i o n  o f  t h e  

i o n  p a i r  Mx. The e n t r o p y  d a t a  a r e  g i v e n  i n  T a b le s  

XTa and  IV b,

P o w e l l  and  l a t i m e r ^ ^  h a v e  shown t h a t  t h e  s t a n d a r d  

p a r t i a l  m o la l  e n t r o p y  nS ° H o f  a  v e ry  l a r g e  num ber o f  

m onatom ic  i o n s  can  be e x p r e s s e d  a s  a  f u n c t i o n  o f  t h e i r  

m a s s ,  c h a r g e ,  and  r a d i i .

S° = HlnM + 37 -  270 ZA „ 2  ____ (6 )
X Q

w h ere  M « a to m ic  w e ig h t  z  =* c h a rg e  on t h e  i o n  and

r e «  " e f f e c t i v e "  r a d i u s  o f  i o n .  The l i n e a r  d e p en d e n ce

o f  t h e  e n t r o p y  on th e  f i r s t  power o f  Z i s  i n  a p p a r e n t
l*5dd i s a g r e e m e n t  w i th  th e  Born  ^ e l e c t r o s t a t i c  t r e a t m e n t

o
w h ich  r e q u i r e s  l i n e a r  v a r i a t i o n  w i th  Z / r 2 * R e c e n t ly

jL 6 d 6 dL a i d l e r  h a s  i l l u s t r a t e d  t h a t  by a s su m in g  G u rn e y 's

v a l u e  f o r  S°H+ -  -  5 .5  c a l .  deg***** m ole ^ and  a c c o u n t in g  

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



i o n ,  B o m  r e l a t i o n s h i p  c o u ld  be a p p l i e d  w i t h i n  a  

l i m i t e d  r a n g e  o f  i o n i c  r a d i i .

P o w e ll  and C o n n i c k ^ ^  and Cobble^*®^ h a v e  p u t  

f o r w a r d ,  w i th  v a r y i n g  s u c c e s s  a  num ber o f  e m p i r i c a l  

e q u a t i o n s  s i m i l a r  t o  ( 6 ) ,  f o r  ox y -an ion®  and  com plex 

io n s *  I n  t h e  c a s e  o f  com plex  i o n s ,  i t  i s  i m p o r t a n t ,  

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

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

and  r o t a t i o n a l  e n t r o p y  t e r m s .  f o r  a  num ber o f  oxy 

a n io n s  Gobble c o n s i d e r e d

S° -  R I n  M, 

im p ly in g  t h e r e b y  t h a t  t h e  g a s  e n t r o p y  c o n ta in e d  o n ly  a
18dt r a n s l a t i o n a l  t e r m .  f o r  i n o r g a n i c  com plex  i o n s  Gobble 

u s e d  a  *c o r r e c t e d ” e n t r o p y  w h ich  to o k  i n t o  a c c o u n t  th e  

• n t r o p y  change  c o n s e q u e n t  on th e  rem o v a l  o f  w a t e r  m o le c u le s  

from  th e  n o rm a l  c o o r d i n a t e d  s o l v a t e d  i o n  by th e  o o m p le x in g  

a g e n t .  An a p p ro x im a te  l i n e a r  r e l a t i o n s h i p  be tw een  

t h i s  B o r r e c t e d  e n t r o p y  and  r a t i o  o f  c h a rg e  o v e r  i n t e r i o n i c  

d i s t a n c e  was o b t a i n e d .  An e m p i r i c a l  e q u a t i o n  w h ich  

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

u n c h a rg e d  i o n - p a i r s ,  v i s .

S' « 132-354/,.
1 »2
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h a s  b e e n  fo u n d  n o t  to  b e  obeyed  by th e  i o n - p a i r s

s t u d i e d  i n  th e  p r e s e n t  work*

The good l i n e a r  r e l a t i o n s h i p  b e tw ea n  A S hyd (Mx)

and  ( r o  4- r a ) ~ ^  f o r  u n i - u n i v a l e n t  i o n - p a i r s  i s  shown

i n  g ra p h  1 .  I t  i s  seen  t h a t  AgCl and AglO^ a l s o  f i t

i n  w i t h  th e  t h a l l o u s  d a t a .  -  A 8 hyd (TIH^) and

- A S  hyd (T1CBS) a r e  c o n s i d e r a b l y  lo w e r  t h a n  would

b e  e x p e c te d .  T h ere  i s  some d o u b t  a b o u t  th e  aq u eo u s

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

u n l i k e l y  t h a t  t h e s e  w i l l  be i n  e r r o r  by m ore th a n  a

few  e n t r o p y  u n i t s .  C o n t r i b u t i o n s  to  e n t r o p y  from

b e n d in g  v i b r a t i o n s  would be e x p e c te d  to  a c c o u n t  f o r

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

i s  some u n c e r t a i n t y  a b o u t  t h e  i o n i c  r a d i u s  to  be u s e d .

Graph 2 i s  a  s i m i l a r  p l o t  f o r  t h e  b i v a l e n t  m e ta l

s u l p h a t e s .  I n  th e  c a se  o f  Mn , Co and Hi a

l i n e a r i t y  i s  i n d i c a t e d  b e tw e e n  -  S hyd (Mx) and

( r  + r  ) , b u t  i t  sh o u ld  be e m p h a s ise d  t h a t  t h e r eo a
i s  c o n s i d e r a b l e  u n c e r t a i n t y  a b o u t  t h e  v a l u e  f o r  S °N i4’+

( L a t i m e r ^ ^ ) . As h a s  been  fo u n d  hy I r v i n g  and 
7dW il l ia m s  f o r  t h e  s t a b i l i t y  o r d e r ,  z in c  d o e s  n o t  f i t  

i n  w i t h  t h i s  p l o t .  F o r  z i n c ,  th e  r a d i u s  i s  lo w e r
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and secon d  i o n i s a t i o n  p o t e n t i a l  h i g h e r  t h a n  t h e  o t h e r  

m e t a l s  c o n s i d e r e d ;  a l s o  i t  i s  n o t  a t r u e  t r a n s i t i o n  

m e ta l  c o m p a rab le  w i t h  t h e  o th e r s *

A c o n s i d e r a t i o n  o f  th e  h y d r a t i o n  e n t r o p i e s  o f  1 * 1 ,  

and  2x2 v a le n c y  ty p e  i o n  p a i r s  ( f s fc le  ? )  shows t h a t  

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

p o s s i b l y  r e f l e c t  a  s m a l l e r  d e g re e  o f  c h a r g e  n e u t r a l 1 s a t i  a i .

f a b l e  ?

1*1 i o n  p a i r  2*2 i o n  p a i r

-  A S hyd-* - -  AShyd. , 1
(o a l* d e g ~  mole*" ) (o a l.d e g . mole )

TXOE 2 5 .8 MgS04 6 5 .1 3

f l0 1 1 9 .0 ZnSO^ 6 7 .5 8

f l B r 1 7 .3 CoS04 7 5 .9

f l l 3 1 7 .0 H iS04 8 2 .2 7

% im 3 1 6 .0 m s o 4 6 4 .3 7

T i& m 9 .8

AgGl 2 2 .4

Agio* 16*2
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SFECTRQPHQTOMSTRIQ STUDY OP THE DISSOCIATIOH OP

THE HYDRO GrER CHHQMA TE I  OH 

I n t r o d u c t i o n

The e q u i l i b r i a  p r e v a i l i n g  i n  a q u eo u s  s e l u t i e n s  o f  

c h re m a te s  arid d ic h r o m a te s  h av e  b e e n  s t u d i e d  b y  s e v e r a l  

w o r k e r s  a s  e a r l y  a s  1907^*®. S h e r r i l  h a s  shown t h a t  

t h e  h y d re g e n  c h r  ornate i e n  i s  an i m p o r t a n t  c o n s t i t u e n t  o f  

suo h  s o l u t i o n s  and t h a t  t h e  two i m p o r t a n t  e q u i l i b r i a  may 

b e  r e p r e s e n t e d  by  th e  e q u a t i o n s

+ H20 y s j a a  2HCr04 . . . . .  (1 )

 ^  H* + CrO. . .  (2 )

A l th o u g h  e q u i l i b r i u m  c o n s t a n t s  w ere  r e p o r t e d  f©r 

t h e  two r e a c t i o n s ,  th e  d i s c r e p a n c y  among th e  v a l u e s  o f  

t h e s e  e a r l y  w o rk e r s  was to© l a r g e .  The m o st r e l i a b l e  

q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e s e  c o n s t a n t s  i s ,  p e r h a p s ,  

t h a t  o f  U euss and Rieman^® by pH d e t e r m i n a t i o n  i n  19 34 . 

Mere r e c e n t l y ,  Tong and King^® and D a v ie s  and P r u e ^ e 

s t u d i e d  t h e  f i r s t  e q u i l i b r i u m  by s p e c t r e p h o to m e t r y .  

H ow ever, f©r t h e  d i s s o c i a t i o n  o f  th e  h y d ro g en  c h ro m a te  

i o n  w h ich  becom es i m p o r t a n t  a t  h i g h e r  pH r a n g e ,  t h e  d a t a

C r2°7

HOrO.



a v a i l a b l e  a r e  few . R euss  and Riem an2® u s e d  a  g l a s s  

e l e c t r o d e  t© d e te r m in e  th e  a c i d i t y  o f  s o l u t i o n s

c o n t a i n i n g  p o ta s s iu m  ch rom ate  and d ic h ro m a te  i n  f i x e d

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

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

e x p e r im e n t s  a t  i o n i c  s t r e n g t h s  b e le w  a b o u t  0 . 0 1 .

I n  t h e  p r e s e n t  w o rk , t h e  e q u i l i b r i u m  (2 )  v i z .

HCrO^ m̂nmmvk H+ + CrQ4"“ h a s  b e en  s t u d i e d  a t  25°C a t

i o n i c  s t r e n g t h s  0 .0 0 2  to  0 .0 0 5 ,  by m e a s u r in g  t h e  o p t i c a l

d e n s i t i e s  o f  m i x t u r e s  o f  ch rom ic  a c i d  and sodium  h y d ro x id e

s o l u t i o n s .  M easu rem en ts  h av e  b e en  done e v e r  t h e  r a n g e

o f  wa v e l e n g t h  355 t© 585 mp. The e x t i n c t i o n  c o e f f i c i e n t s

fcjL Q^d 6^ ©f t h e  h y d ro g e n  ch ro m a te  and d ic h ro m a te  i© ns

r e s p e c t i v e l y  w ere  d e te r m in e d  from  d a t a  o b t a i n e d  w i t h  ch rom ic

a c i d  s o l u t i o n s , a n d  € 9 t h a t  ©f t h e  ch ro m ate  i o n  from  th e

o p t i c a l  d e n s i t i e s  o f  p o ta s s iu m  c h ro m a te  s o l u t i o n s  i n  0 .0 5  M
5 6p o ta s s iu m  h y d r o x id e  s o l u t i o n  . The d i s s o c i a t i o n  c o n s t a n t  

f o r  t h e  h y d ro g e n  c h ro m a te  i o n  d e r i v e d  by t h i s  m ethod a g r e e s  

w e l l  w i t h  t h e  v a lu e  o b t a i n e d  by pH t i t r a t i o n  i n  t h i s  

l a b o r a t o r y ^ 6 .



A pparatus and E xp erim enta l

P r e p a r a t i o n  o f  s o l u t i o n s

A.R. Chromium t r i o x i d e  was d r i e d  i n  a n  e l e c t r i c  

e v e n  a t  120°C f o r  two h o u r s ,  c e e l e d  i n  a  d e s i c c a t e r  and 

w e ig h M  ©ut o f  c o n t a c t  w i th  a i r  and  d i s s o l v e d  i n  c o n d u c t­

i v i t y  w a t e r .  The c o n c e n t r a t i o n  was checked  by p o t e n t i o m e t  

r i e  t i t r a t i o n  w i th  s t a n d a r d  a l k a l i .  The sodium  h y d r o x id e  

s o l u t i o n  was p r e p a r e d  by  d i l u t i n g  a  c a r b o n a t e - f r e e  

s a t u r a t e d  s o l u t i o n  w i t h  c o n d u c t i v i t y  w a te r  w hich  h a d  b e e n  

p r e v i o u s l y  b u b b le d  w i t h  n i t r o g e n  f o r  two h o u r s .  The 

s o l u t i o n  w§s s t o r e d  i n  a p y re x  s t o c k  b o t t l e  p r o v id e d  w i th  

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

a u to m a t i c  f i l l i n g  d e v i c e .  The b u r e t t e  and t h e  b o t t l e  

h a d  g u a rd  t u b e s  c o n t a i n i n g  so d a  l i m e .  The a l k a l i  was 

s t a n d a r d i s e d  by t i t r a t i o n  w i th  a  s t a n d a r d  s o l u t i o n  o f  

p o ta s s iu m  h y d ro g e n  p h t h a l a t e  ( A . R . ) .

Crude A g l a s s w a r e  was u s e d  th r o u g h o u t .

M easurem ent o f  o p t i c a l  d e n s i t y  and pH

O p t i c a l  d e n s i t i e s  w ere  m ea su re d  w i t h  a  H i l g e r  U v isp e c  

S p e c t r o p h o to m e te r  p r o v id e d  w i th  a  c e l l  co m partm en t th r o u g h  

w h ich  w a t e r  th e rm ® s ta te d  a t  25°C was c i r c u l a t e d ;  Q u a r tz



c e l l s  w ere  u s e d  th r o u g h o u t  * In  t h e  e x p e r im e n ts

w i t h  ch ro m ic  a c i d  a l o n e ,  and th o s e  w i th  p o ta s s iu m

c h ro m a te  s o l u t i o n  i n  0 ,0 5  M p o ta s s iu m  h y d r o x id e ,

m e a su re m e n ts  w ere  made w i t h  I m . m . , I c .m .  and  2c .m .

c e l l s .  F&r t h e  o p t i c a l  d e n s i t y  m e a su re m e n ts  w i t h

m ix t u r e s  o f  ch rom ic  a c i d  and  sodium  h y d r o x i d e ,  h o w e v e r ,

i t  was fo u n d  t h a t  th e  s o l u t i o n s  would h av e  t o  be  a s  
**•4d i l u t e  a s  10 M. A t t h e s e  c o n c e n t r a t i o n s  th e  m i x t u r e s  

d id  n e t  shew good b u f f e r  a c t i o n .  I n  t h e s e  c a s e s ,  

t h e r e f o r e  lm .m . c e l l s  Y/ere u s e d  and th e  t o t a l  c o n c e n t r a t i o n
—■5

• f  c h rc m a te  was n o t  l e s s  t h a n  10 M.

To d e te r m in e  th e  pH v a l u e s  &f t h e  s o l u t i o n s ,  Cam bridge 

g l a s s  and c a lo m e l  e l e c t r o d e s  w ere  u s e d  t o g e t h e r  w i t h  a  

•Doran* pH m e t e r .  The e l e c t r o d e  sy s te m  was s t a n d a r d i s e d  

u s i n g  B .D .H . t a b l o i d  p h o s p h a te  b u f f e r ,  pH as 6 .9 9  a t  

2 5 ° ,  w h ich  i n  t u r n  had  b e e n  ch ecked  w i th  0 .0 5  M p o ta s s iu m  

h y d ro g e n  p h t h a l a t e ,  pH = 4.GQ5^e *

E x p e r im e n ta l  p r o c e d u re

To a l i q u o t  vo lum es o f  th e  s t o c k  ch rom ic  a c i d  

s o l u t i o n  i n  v o l u m e t r i c  f l a s k s ,  t h e  r e q u i r e d  v o lum es  o f  

t h e  s t a n d a r d  sodium  h y d r o x id e  s o l u t i o n  w ere  ad d ed  and
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t h e  m i x t u r e s  made up w i t h  c o n d u c t i v i t y  w a te r .

The c e l l s  w ere  c l e a n e d  i n  warm so ap  s o l u t i o n ,  

w ashed s e v e r a l  t im e s  w i th  a l c o h o l ,  and d i s t i l l e d  w a t e r  

and f i n a l l y  w i t h  c o n d u c t i v i t y  w a t e r .  They w ere r i n s e d  

a  num ber o f  t i m e s  w i th  t h e  s o l u t i o n  u n d e r  s tu d y  b e f o r e  

f i l l i n g .  C o n d u c t i v i t y  w a t e r  was u s e d  a s  ’b la n k *  i n  

e x p e r im e n t s  w i th  m i x t u r e s  o f  chrom ic  a c i d  and sodium  

h y d r o x i d e ,  and w i th  ch ro m ic  a c id  a l o n e .  I n  m e a su re m e n ts  

w i t h  p o ta s s iu m  c h ro m a te  in 0.05 M potassium h y d r o x i d e ,  

t h e  0*05 M p o ta s s iu m  hydroxide solution was u s e d  a s  t h e  

• b l a n k ' .  B o th  th e  ’b la n k *  and t h e  s o l u t i o n  c e l l s  

w ere  p l a c e d  i n  th e  c e l l  com partm en t and a l lo w e d  to  come 

to  t e m p e r a t u r e  e q u i l i b r i u m ,  which to o k  a b o u t  15 m in u te s ;  

a t  t h e  end o f  t h i s  time, t h e  a b s o r p t i o n  re m a in e d  c o n s t a n t  

f o r  a t  l e a s t  one h o u r  a t  any s e l e c t e d  w a v e le n g th .  The 

pH o f  t h e  s o l u t i o n  was also m ea su re d  s i m u l t a n e o u s ly  and 

i t  showed ho d r i f t  o v e r  a  p e r i o d  o f  f i v e  h o u r s .

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

I n  a  m ix t u r e  o f  c h ro m ic  a c i d  and sodium h y d r o x i d e ,  

i f  t h e  o n ly  a b s o r b i n g  s p e c i e s  a r e  t h e  h y d re g e n  c h ro m a te ,  

c h ro m a te  and  th e  d ic h r o m a te  i o n s  w i th  811 £3 a s
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t h e i r  r e s p e c t i v e  e x t i n c t ! © n  c o e f f i c i e n t s ,  and  m^, m2 and  

m^ a s  t h e i r  c o n c e n t r a t i o n s ,  th e  o p t i c a l  d e n s i t y  o f  lo .m *  

t h i c k n e s s  e f  s o l u t i o n  w i l l  h e  g iv e n  b y ,

B ss ^i"®i * ^2m2 * ^3®5 • * •• (3 )

The t o t a l  c h ro m ic  a c i d  c o n c e n t r a t i o n

m « ♦ m2 + 2m5 ............ .................... (4 )

The v a l u e s  f o r  € 2 w ere  o b t a i n e d  from  o p t i c a l  d e n s i t y  

m e a su re m e n ts  on p o ta s s iu m  ch ro m a te  s o l u t i o n  i n  0*05 M 

p o ta s s iu m  h y d r o x id e  a t  t h e  w a v e le n g th s  r e q u i r e d *  I n  or d e r  

t o  e s t i m a t e  6 ^ and  t h e  o p t i c a l  d e n s i t y  B # o f  s o l u t i o n s  

o f  c h ro m ic  a c i d  a lo n e  was m e a su re d .

B '   • • • * • •  ( 5 )

o r  JL.
mr TT m e £

w h ere  m£ and m2 a r e  t h e  m o la r  c o n c e n t r a t i o n s  o f  h y d ro g e n  

c h ro m a te  and d ic h r o m a te  i o n s  i n  th e  chrom ic  a c i d  s o l u t i o n s *

-  £ £
£ l (6)
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flB & l 1

10 1031 i q \ 103m^
Op t i  e&L d « a s l  $ y ^ Bl.

355au 365mu 370mu 375mu 38-5mi

1 8*009 7 .0 9 6 .0 6 1 1 .0 1 4 1 2 .6 7 11*93 1 1 .3 6 1 0 .4 8 8 .5 0

2 5 .7 8 0 5.01 4 .5 8 ? 0 .5 9 6 9 .0 6 8 .3 0 7 .8 2 7 .1 4 5 .7 2

3 4 .6 2 4 3 .9 5 3 .7 9 5 0 .4 2 0 7 .2 7 6 .5 8 6 .1 3 5 .5 8 4 .3 3

4 2 .7 7 1 2 .3 2 2 .4 2 3 0 .1 7 4 4 .1 7 3 .7 7 3 .4 0 3 .0 9 2 .3 5

5 2 .3 1 2 2 .2 8 2 .0 6 0 0 .1 2 6 3.61 3.14 2 .8 9 2 .5 3 1 .8 9

€ 1 .1 3 6 1 .1 6 1 .0 8 4 0 .0 3 6 1 .8 0 1 .5 4 1 .4 0 1 .2 2 0 .8 6
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A a
The c o n s t a n t '  f o r  t h e  e q u i l i b r i u m  (1 )

wt ̂  2
m J t *
a    « 0 .0 3 0 3  . . . .  (7 )

[0r2°7 1 f  2

The a c t i v i t y  © © e ff ic ie n t®  f ^  and f ^  were e b t a i n e d

from t h e  B a v ie s  e q u a t i o n  a t  25°$

~ l e g  f  a? 0 .  2 5 z2 [ %  + I*) -  0.2 i] . .  (8)

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

e f  c h ro m ic  a c i d  w ere  c a l c u l a t e d  by s u c c e s s i v e  a p p r o x im a t io n s

o f  t h e  i o n i c  s t r e n g t h  u s i n g  e q u a t i o n s  (7 )  and ( 8 ) .  T hese

a r e  g iv e n  i n  T ab le  (1 )  w h ich  a l s o  i n c l u d e s  th e  o p t i c a l

d e n s i t i e s  a t  t h e  w a v e le n g th s  s t u d i e d .  The v a l u e s  o f

m 0 m 9h av e  b e e n  p l o t t e d  a g a i n s t  _J5 and t h e s e  a r e  shown i n
D D,

1 ^7
g ra p h  ( 1 ) .  —  w ere  o b t a i n e d  from  t h e  i n t e r c e p t s  and —̂

£ l  €1

from  th e  s l o p e s  o f  t h e  good s t r a i g h t  l i n e  g ra p h s  ( s e e

g ra p h  ( 1 ) ) .  The v a l u e s  f o r  and o b t £ in e d  i n  t h i s

way f o r  t h e  d i f f e r e n t  w a v e le n g th s  a r e  g iv e n  i n  T a b le  (2 )

w h ich  a l s o  g i v e s  th e  c o r r e s p o n d i n g  v a l u e s  f o r  €  2 m
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E x-tinoti.n  O .e f f io ie a ts
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H av in g  o b t a i n e d  £ 1# 6 2 and  £ 3 * e ^u a i l i ®n s  ( 3 ) ,  (4 )  

and ( 7 ) com bine to  g i v e  th e  q u a d r a t i c  i n  m^

[ f 12 ( e 3- ? £ 2 ) / 0 .0 3 0 3  f 2] m x 2 + ^ x ~ e2 lml  * ^2m~J>=0 •  • (9)

from  w hich  m-^, t h e  c o n c e n t r a t i o n  o f  h y d ro g e n  ch ro m a te  i o n  

i n  th e  ch ro m ic  a c i d  -  sodium  h y d ro x id e  m i x t u r e s  may b e  

c a l c u l a t e d  by  s u c c e s s i v e  a p p r o x im a t io n s  f o r  th e  i o n i c  

s t r e n g t h  u n t i l  b© th m^ and I  become c o n s t a n t .  V a lu e s  

f o r  can  t h e n  be o b t a i n e d  from  e q u a t io n  ( 7 ) and  t h o s e  

f o r  m2 from  e q u a t i o n  ( 4 ) .  T a b le  (3 )  g i v e s  th e  

c o n c e n t r a t i o n s  o f  th e  i c n i c  s p e c i e s  t h u s  o b t a i n e d .  Table 
( 4 ) c o n t a i n s  t h e  m easu red  o p t i c a l  d e n s i t i e s  o f  th% s o l u t i o n s .  

I n  e q u a t i o n  ( 4 ) ,  l e t  m^ + m2 »  m ' .

The e q u i l i b r i u m  c o n s t a n t  K f o r  r e a c t i o n  ( 2 )

<10)
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mm,i
CenGentratien® of the  absorbing ion©

lacpt He* 10 3m 1 0 3 [Ha0Hj 10 3m^ i o 3» 2 i o 3®5 1 0 3I

1 1 .4 8 5 1 .9 1 9 0 .9 7 9 0.434- 0 .0 3 6 2 .3 9

2 1 .4 8 5 2 .1 1 1 0 .8 1 0 0 .6 2 6 0 .0 2 4 2 .7 6

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

4 1 .4 8 5 2 .4 9 5 0 .4 5 9 1 .0 1 0 0 .0 0 8 3 .5 1

5 1 .8 5 8 3 .4 5 5 0 .2 5 6 1 .5 9 7 0 .0 0 3 5 .0 5

6 1 .8 5 8 2 .8 7 9 0 .7 9 0 1 .0 2 1 0 .0 2 4 3 .9 2

7 1 .8 5 8 2 .4 9 5 1 .1 2 6 0 .6 3 7 0 .0 4 8 3 .1 8



1 7 2
TABLE 4

O p t i c a l  d e n s i t i e s  and  f u n c t i o n s  A and  B

A Bp B xp t Us. D A m

355 1 3 .1 4 1399 573

2 3 .4 5 1167 781

3 5 .7 6 933 936

4 4 .0 8 686 1196

5 5 .7 2 304 1520

6 4 .7 1 939 997

7 4 .0 4 1353 639

365 1 3 .4 5 2448 1045

2 5 .9 9 2030 1417

5 4 .5 6 1594 1798

4 5 .1 0 1166 2160

5 7 .4 0 535 2693

6 5 .6 8 1638 1790

7 4 .5 5 2341 1180

:1; -  370 1 3 .4 2 2807 1153
2 4 .0 6 2318 1591

3 4 .6 9 1827 2010

4 5 .3 1 1343 2428

5 7 .8 4 594 3065
6 5 .8 4 1877 2010

7 4 .5 6 2682 1313
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TABU 4 ( o a n t d . )

A tni
E * p t  H«. D A 5

375 1 3 . 3 1 2956 1241

a 3 .9 6 2448 1696

3 4 .6 2 1935 2144

4 5 .2 6 1430 2572

$ 7 .8 3 654 3142

6 5 .7 6 1984 2138

> 7 4 #43 2828 1406

i m X 3 .2 5 2626 1117

a 3.8X 2158 1535

s 4 .3 6 1717 1921

4 5 .8 3 1277 2293

5 6# 54 996 2873

6 4 .7 5 1762 19X4

7 3 .5 9 2511 1264



and  : « 1 «*•
1

^ d±. * 2 1 h * }A 4
* 1

i l  &
2 1*7

l * * r

S u b s t i t u t i n g  th e  v a l u e s  f e r  and  ®2 frem  (10 )  and  (1 1 )  

i n  e q u a t i e n  (3 )

{ s i

(D -  ^3m3 J "

» £2 
* 1  K

1 + *2 Ch+11  4* '3 ~  - y -

f  .4*
(£ g ® *  ~  ® + € * ® « ) . *  ~  i.-S lw  (J) — £ 3®* ** €%&*)

h  K

D i v i d in g  by  » £
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Expl* H#. X 2 3 4 5 6 7

p i 6 .1 5 6 .5 7 6 .5 6 6 .7 8 7.-23 6 .5 7 6 .2 3

M a 2*59 1 .4 5 0 .9 1 0 .5 9 0 .2 0 0 .9 2 2 .0 1

1 0 % *•* 6 5 .0 3*02 3 .G 2 2 .9 ^ 2«9^ 2 . 9 3



r/ r-y X ii i

[€ 2m + ( € ,  -  2€2 )m3 -  D]
o r ,  r    ^.........  '" »" *» «—■

2 m -  2m K

T h i s  may b e  w r i t t e n  a s

D -  £

m -  2m- 
1

2 2 - 6.

JjCL . B

fm «m ♦ (€« — 26- )b ~  <** D
in  which A « •as®* - 2 ~ -------- 2-------i  12. ------

2 m -  2m^

and  1  »
P *" 6  «s<>

,2„2 _ £,
m * 2m^ 1

The v a l u e s  f e r  t h e  f u n c t i o n s  A and  B f o r  t h e  s o l u t i o n s  

a t  e a c h  w a v e le n g th  a r e  i n c l u d e d  i n  T a b le  (4 )*  Graph (2 )  

shows t h e  l i n e a r  p l o t  o f  A a g a i n s t  B. The s l o p e s  o f  t h e s e
£h+Jl i n e s  g iv e  t h e  v a lu e  ~ r - ~  f o r  e a c h  s o l u t i o n .  U s in g  t h e  

m e a su re d  pH v a l u e s ,  t h e  d i s s o c i a t i o n  c o n s t a n t  £  o f  t h e  

h y d ro g e n  c h ro m a te  i o n  Was d e r i v e d  and T ab le  (5 )  g i v e s  

t h e  r e s u l t s .  The mean v a lu e  o f  £ ,  2 .9 7  3c 10~^ m o l e s / l . , 

a g r e e s  w e l l  w i th  t h e  p© t a n t i e m e  t r i e  value**6 o f  3 .0 ^  x 1 0 ~ V
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