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P r ese n ta t i o n  o f  the  P rob lem .

In t r o d u c t io n .

E l e c t r o c h e m i c a l  c e l l s  w i th  l iq u id  j u n c t i o n s  b e t w e e n  d i f f e r e n t  

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

e l e c t r o a n a l y t i c a l  m e a s u r e m e n t s  and  in t h e o r e t i c a l  s t u d i e s  o f  io n -  

so lven t  in te rac t io n s .

A n y o n e  w ho  has  had  o c ca s io n  to d e te r m in e  e l e c t r o m e t r i c  pH  

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

m e a s u r e m e n t s  in n o n a q u e o u s  or  m ix e d  s o l v e n t s ,  m o s t  l i k e ly  has  

u s ed  a l i q u id  j u n c t i o n  b e t w e e n  the  t e s t  s o l u t i o n  o f  n o n a q u e o u s  

m e d ia  and  a c o n ce n t r a te d  a q u eo u s  KC1 so lu t ion  as a sa lt  b r idge .  At 

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

a q u eo u s  KC1 sa l t  b r idge  so lu t ion  is k n o w n  to m in im ize  or even  r e n d e r  

n e g l i g i b l e  the  l i q u i d - j u n c t i o n  p o t e n t i a l s ,  Ej .  H o w e v e r ,  th i s  is  no t  

g e n e ra l ly  t rue  fo r  the  in te r faces  o f  KC1 with  n o n a q u eo u s  so lu t ions ,  

i nc lud ing  m ixed  so lu tions .  The  Ej v a lu e s  a re  no w  k n o w n  to a t t a in  the  

o r d e r  o f  m a g n i t u d e  o f  100 m V  at a q u e o u s / n o n a q u e o u s  i n t e r f a c e s ,  

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

a c t i v i t i e s  an d  the  m e a s u r e d  p o t e n t i a l s  d e t e r m i n e d  on  t h e i r  b a s i s .  

S im i la r ly ,  i t  is  reco g n ized  tha t  ap p rec iab le  Ej v a lu e s  o f t e n  a r i s e  a t  the  

i n t e r f a c e  o f  tw o  n o n a q u e o u s  s o lu t io n s  as w e l l .  As  a r e s u l t ,  i t  has  

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

d e t e r m in e  the  m a g n i tu d e  o f  Ej at  the  in te r face  o f  e lec t ro ly te  so lu t ions  

in d i f f e r e n t  s o lv e n t  m e d ia ,  in o r d e r  to  m a k e  the  Ej c o r r e c t io n s  in 

e l e c t r o c h e m ic a l  d a ta ,  or  to t a i l o r - m a k e  sa l t  b r id g es  th a t  w o u ld  tend  

to min imize  the Ej.

T h e  main  ob jec t ive  o f  this s tudy was to test  a n e w  e q u a t i o n  for
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the  Ej a t  the  j u n c t i o n  o f  e l e c t r o l y t e  s o l u t i o n s  in d i f f e r e n t  m e d ia .  

I n t e r p r e t a t i o n  o f  t h e  Ej b e t w e e n  a q u e o u s  s o l u t i o n s  a n d  t h o s e  in 

m e t h a n o l - w a t e r  ( M e O H / H 2 0 ) ,  e thano l -w ate r  (E tO H /H 2 0 ) ,  ace toni t r i le -  

w a t e r  ( A N / H 2 0 ) ,  d i m e t h y l f o r m a m i d e - w a t e r  ( D M F / H 2 0 )  a n d  

d im e th y l s u l fo x id e -w a te r  ( D M S 0 / H 2 0 )  m e d ia  w ere  the  o b je c t iv e s  fo r  

th i s  s tu d y .  L i t e r a tu r e  d a ta  r e q u i r e d  fo r  my c a l c u l a t i o n s  w e re  used  

w h e n e v e r  p o s s i b l e ,  b u t  a d d i t i o n a l  e x p e r i m e n t a l  w o r k  w a s  a l s o  

p e r f o r m e d .

A n o t h e r  o b j e c t i v e  o f  t h i s  r e s e a r c h  w a s  to  d e t e r m i n e  t h e  

t r a n s fe r  ac t iv i ty  c o e f f i c i en t  o f  the  n i t ra te  ion,  in o rd e r  to c a lc u la te  

the Ej ion for A g N 0 3 j u n c t io n s  in ace to n i t r i l e - w a te r  so lven ts .

In a d d i t io n ,  c a l c u la t io n s  w e re  ca r r ied  ou t  to d e t e r m in e  E : ., the  

so lv en t  co n t r ib u t io n  to the l iqu id - junc t ion  p o ten t ia l .  The  Ej s can  be 

e s t i m a t e d  fo r  j u n c t i o n s  b e tw ee n  w a te r  and  the  a b o v e  m ix e d  s o lv en t s  

by c o m b in in g  the  m e asu re d  e .m .f .  o f  ce l l s  w i th  l iqu id  ju n c t io n s  and 

the  ca lcu la ted  va lues  o f  the  Ej ion.
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The  T h e o ry  o f  the  E le c t r o c h e m ic a l  P o ten t ia l  o f  a Cel l  w i th  L i q u id  

Junction.

Tvoes of  E.M.F. Cells.

G e n era l ly  in this work ,  two  types  o f  cell s  with  l iqu id  ju n c t io n  

are  used :  (I )  w i th o u t  a sa lt  b r idge ,  and ( I I )  w i th  a sal t  b r idge .  The 

fi rs t  type  o f  ce l l  c o n s i s t s  o f  two id en t ica l  e l e c t ro d e s ,  r e v e r s ib le  to 

e i th e r  a ca t ion  M +, o r  an an ion  X*, added  to so lu t io n  in the  fo rm  of

the e l ec t ro ly te  MX. F o r  e x am p le ,  i f  the e lec t ro d es  arc  r e v e r s ib le  to

the ca t ion  M + :

M (S) I MX I MX I M (S) (I)

s ,

w h e r e  S j  and  S 2 a re  tw o  d i f f e r e n t  so lv e n t s ,  th e re  e x i s t s  a l iqu id  - 

j u n c t io n  poten tia l  Ej, at the in terface of the two solu tions  o f  MX.

T h e  p r e s e n c e  o f  a sa l t  b r id g e  b e tw ee n  the  h a l f - c e l l s  in the  tw o  

d i f f e r e n t  so lv en t s  is the  d i f f e r e n c e  b e tw een  the  s eco n d  type  o f  cell  

and the  f i r s t  ce l l .  T h e  e lec t ro ly te  RZ con s t i tu te s  a sa l t -b r id g e  so lu t ion  

w h i c h  is  a t  a h i g h  c o n c e n t r a t i o n  r e l a t i v e  to  t h e  e l e c t r o a c t i v e  

e lec t ro ly te  MX in so lven t  S3 tha t  is not n e c e s s a r i l y  the  sam e  as e i th e r  

o f  the  e lec t rode  so lvents :

M ( S )  I MX I RZ I MX I M ( S )  ( I I )

Si S3 S2 

Ejl E j2

Tw o  l iqu id  j u n c t io n s  are  p re sen t  in cel l  (I I) ,  one  on  eac h  s ide  

o f  the  salt  br idge ,  g iv ing  rise to two l iqu id- junct ion  po ten t ia ls ,  Ej] an d
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Ej2, re spec t ive ly .

T h e  po ten t ia l  o f  e i th e r  cel l  (I)  o r  (I I)  is a sum o f  tw o  te rms: E t 

and Ej,  w h ich  is the  sum  o f  all l i q u id - ju n c t io n  p o te n t i a l s  in a g iven 

cell. Ej is the  v a lu e  tha t  the  p o te n t i a l  o f  the  ce l l  w o u ld  a s s u m e  in the 

a b s e n c e  o f  a l i q u i d  j u n c t i o n .  I t  c a n  be  s i m p l y  e x p r e s s e d  by the  

d i f f e r e n c e  b e tw ee n  the  N e r n s t  e q u a t io n s  fo r  the  tw o  e lec t ro d e s ,  so 

tha t  fo r  the  cell  w i th  e l e c t ro d e s  r e v e r s ib le  to the  c a t io n  M + and  at  

2 5 °  C we have,  in millivolts:

E 1 = 2EM° + 5 9 1 6  2a + ’ 1 ^ °  - 5 9 1 6  l o 8 l a + O )

The }a + and  2a + s tand for the m ola r  ionic  activ it ie s  o f  the  ion M + 

in the  so lven ts  S j  and  S 2 r e sp ec t iv e ly .  The  1EM° a n d  2 EM° r e fe r  to  the  

s tan d a rd  e l ec t ro d e  p o te n t i a l s  fo r  the  ha l f -ce l l  r e a c t io n  in so lv en t  S |  

and S2, re spec t ive ly .

T o  c o m p a r e  the  a c t iv i t i e s  o f  a so lu te  or in o rd e r  to  c o r r e la t e  the  

e l e c t r o c h e m i c a l  s e r ie s  in d i f f e r e n t  s o lv e n t s ,  we  m u s t  use  a s ing le  

s tan d a rd  s ta te.  U su a l ly ,  w a te r  is  c h o se n  as a r e f e r e n c e  so lven t .  The  

p r o b le m  is r e d u c e d  to one  o f  e v a lu a t in g  the  d i f f e r e n c e  b e tw ee n  the 

s t a n d a r d  f ree  e n e r g y  o f  the  so lu te  i  in the  g iven  s o lv en t  and in a 

r e f e r e n c e  so lven t .  Th is  d i f f e r e n c e  is o f ten  t e rm ed  the  s t a n d a r d  f ree  

e n e r g y  flf t r a n s f e r  f r o m  the  r e f e r e n c e  m e d i u m  to  the  m e d i u m  in 

w h ic h  the  p ro p e r ty  is d e te r m in e d .  T h e  t r a n s f e r  f ree  e n e r g y ,  AG^°(i), 

and  the  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t  (m e d iu m  e f fec t ) ,  mY,, are  d e f ined  

as follows:

A<y»(i) = s Gj° - w q °  E  RT In mYi (2)

w h e re  s Gj° and vvQ° are  the  (par t ia l  m ola l )  s tanda rd  free en e rg ie s  of
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the  so lu te  i  in the  n o n a q u e o u s  so lv en t  and  in w a te r ,  r e s p e c t iv e ly .  Of  

course ,  the  a bove  t rans fe r  p rocess  can  be de f ined  a lso  with  r e sp ec t  to 

r e f e r e n c e  s o lv e n t s  o th e r  than  w ate r .

U s ing  the  d e f in i t io n  o f  f ro m  E q u a t io n  (2 )  as w e l l  as  the  

r e l a t i o n s h ip  AG° = - n F AE°, w here  in r e fe re n ce  to c e l l s  (I )  and  (I I) ,  

AE° = 2 EM0  '  1®M°» we ob ta in  the  fo l low ing  re l a t io n sh ip  fo r  the  e .m.f . ,  

Ei:

E1 = 59.16 log my M + 59.16 log( 2 a + / j a +) (3a )

w h e r e  mYM is the  t rans fe r  ac t iv i ty  c o e f f ic ien t  o f  the  ca t io n  M + fo r  the

t rans fe r  o f  ion M + from a so lven t  Sj  to S2.

I f  the  e l e c t r o d e s  in c e l l s  (I )  and  ( I I )  are  r e v e r s i b l e  to  the  an ion  

X' , an a n a lo g o u s  equa t ion  can be wri t t en .  In that  case :

E, = -59.16 log my x  - 59.16 l o g ( 2 a . / i a . )  (3b )

By us ing  E q u a t io n s  (3a)  or  (3b) ,  the  va lues  o f  E j  w h ich  acc o u n t  

fo r  the  d i f f e r e n c e  in the  N e rn s t i an  re sp o n se s  o f  the  tw o  e lec t ro d e s ,  in 

cell  (I )  or cel l  (I I)  can be ob ta ined .  T ha t  d i f f e r en ce  is a func t ion  of  

tw o  p a r a m e te r s  only :

1. The  t rans fe r  ac tiv ity  coeff ic ien ts ,  my, o f  the ion to which the 

e l e c t r o d e s  are  r ev e r s ib le .

2. The ac tiv ity  o f  the ion in each o f  the solvents .
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The Exis ting Formula tions  o f  the Ej Between Dif ferent  Solvents .

T h e  th e o r y  r e l e v a n t  to th e se  s tu d i e s  has  been  r e v i e w e d  ve ry  

lu c id ly  by M u rray  and  A ik e n s  [1]. The  p re sen t  fo r m u la t io n  o f  the  Ej 

is e s s e n t i a l l y  th a t  o f  A l f e n a a r ,  De L i g n y  an d  R e m i n j s e  [2 ] ,  on ly  

e x te n d e d  he re  to in c lu d e  the  s a l t -b r id g e  e l e c t ro l y te .  I t  i n c o rp o ra te s  

the  w e l l -a ccep ted  [3], formal  d iv is ion  o f  the  Ej in to  i ts  c o m p o n e n t s  

d u e  to the  p a s s a g e  o f  ions ,  E j ^ on , and  the  s o lv e n t  m o le c u le s ,  E j^  

across  the junc t ion .

Th is  d iv i s io n  is a l so  o f  p ra c t ic a l  im p o r t a n c e ,  b e c a u s e  a t  the  

p r e s e n t  t im e  we have  e q u a t io n s  f ro m  w hich  to c a lc u la t e  the  Ej jon, 

but not the E ; ..

The  m o s t  g enera l  e x p re s s io n  for  the  Ej ion te rm at  a j u n c t i o n  o f  

two e lec t ro ly te  solu tions  in solvents  S] and S2 is:

w h e r e  tj, Zj and Gj a re  the  t r a n s p o r t  n u m b e r ,  c h a r g e  and  c h e m i c a l  

p o te n t i a l  o f  e ach  ion ic  spec ie s ,  i, and  F is  the  F a r a d a y .  W h e n  the  

ju n c t io n  is fo rm ed  b e tw ee n  two d i f f e r e n t  s o lv en t  m e d ia ,  i t  is usefu l  

to expand  Equa t ion  (5) into:

(4)

(5 )



so as to  c o n s i d e r  s e p a r a t e ly  the  e f f e c t  o f  c h a n g e s  in the  s t an d a rd  

chemica l  po tent ia ls ,  G |° ,  and the activit ies  o f  ions,  a;.

In e .m .f .  ce l l s  c o n ta in in g  the sam e  so lv en t  on both  s ides  o f  the  

j u n c t i o n ,  th e  f i r s t  t e r m  in  E q u a t i o n  ( 6 ) is  z e r o  and  the  E j , jon *s 

d e t e r m i n e d  b y  t h e  s e c o n d  t e r m ,  w h i c h  i s  r e f e r r e d  t o  a s  t h e  

H enderson  te rm, Ej H:

In our  s tudies ,  the Ej H te rm  has been  m in im iz e d  in tw o  ways:

l .T h e  c o n cen t ra t io n s  o f  MX in each  so lu t ion  were  c h o se n  to  be low 

and as c lose  to each o ther as possib le  in cel l  (I).

2. A sal t  b r idge  o f  a su i tab le  concen t ra ted  e lec t ro ly te  was used in 

ju n c t io n  with the equa l  low concen t ra t ions  o f  MX in both  

so lvents  in cell  (II).

The  express ion  for  the Ej H for cell (II) is g iven below:

(7 )

Ej>H(II) = (-RT/F)  (tR - tz) ln( , a +) ( 8 )

It is c lea r  tha t  Ej H wil l  be  eq u a l  to  ze ro  w hen  tR = tz . The  small  

Ej H c o r r e c t i o n s  c a n  a l w a y s  be  c a l c u l a t e d ,  b u t  t h e y  a r e  u s u a l l y  

n eg l ig ib le  co m p a red  to the so lvent  e f fec t s ,  and  will  be om i t ted  from



9

o u r  s u b s e q u e n t  e q u a t i o n s .  V e r y  r e c e n t l y  a n e w  e q u a t i o n  w a s  

re p o r t e d  by Izu tsu  [S] to  c a lc u la te  Ej H by  a s s u m i n g  th a t  bo th  the  

ion ic  t r a n s p o r t  n u m b e r s  and  the  e l e c t r o l y t e  a c t i v i ty  va r ied  l in e a r ly  

in the  in te r face  region.

W h e n  the  j u n c t i o n  is  fo rm ed  b e tw e e n  d i f f e r e n t  s o lv e n t  m ed ia ,  

the Ej is d e t e r m in e d  p r im a r i l y  by the  G ib b s  t r a n s f e r  f r ee  e n e r g ie s  

an d  t h e  t r a n s p o r t  n u m b e r s  o f  the  io n s  c r o s s i n g  th e  j u n c t i o n ,  a 

com bina t ion  we call  Ej G :

I f  we  m a k e  the  c o m m o n  a s s u m p t io n  p r e v a l e n t  in the  l i t e r a tu r e  th a t  

the  t j ’s are  s o l v e n t - in d e p e n d e n t ,  then  for  a s im p le  j u n c t i o n  p re s e n t  

in cell (I), Ej G is equal  to:

W h e n  e i t h e r  j u n c t i o n  p r e s e n t  in c e l l  ( I I )  ( w i t h  a s a l t - b r i d g e )  is 

considered ,  Ej G is equal  to:

Ej(C = - ( l / F ) [ t MAQO(M) - t j£< \°(X)  + tRA q ° ( R )  - tzAGt°(Z>] (10b)

In  E q u a t i o n s  ( 1 0 a )  a n d  ( 1 0 b ) ,  t h e  t ’ s a n d  t h e  A G ^ ' s  a re  

r e s p e c t i v e l y  the  H i t t o r f  t r a n s f e r e n c e  n u m b e r s  and  the  t r a n s f e r  f ree  

e n e r g i e s  o f  the  ions  M+, X", R+ and Z* as n o te d .  T h e  t r a n s f e r s  a re  

de f ined  here  as occur r ing  from so lven t  S j  to S2.

W e  have  a l re ad y  seen  tha t  Ej b e tw e e n  tw o  d i f f e r e n t  s o lv en t s  

has th ree  c o m p o n en t s :

(9 )

Ej>G = - (1 /FM  tMA(y»(M) - t* tfy>(X)J ( 1 0 a)
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Ej = % G + Ej.H  + E;.S ( 1 1 )

Upon omission of  the Ej H, the  express ion  for  Ej, in cell ( II )  becomes:

Ej = - ( l / F ) [ t MAGt°(M ) - t*Aq°(X) + tRACV>(R) - tzAC\°(Z)] + EjfS (12)

C o m p a r in g  E q u a t io n s  (4 )  and (12) the  exp re ss ion  fo r  Ej ion in cell  (II) 

b ecom es  s im ply  the  Ej G e xp ressed  by  E qua t ion  (10b) .

In E q u a t i o n  (1 2 ) ,  we  used  the  a v e r a g e  t r a n s p o r t  n u m b e r s  fo r  

e ac h  ion  c o m p u te d  fo r  the  s o lv e n t s  S j  and S 2. W h i le  th is  w as  an 

i m p r o v e m e n t  o v e r  the  a s s u m p t io n  p r e v a i l i n g  in the  l i t e r a t u r e  tha t  

the  l  v a lu e s  c o u ld  be  taken  as  s o lv e n t - in d e p e n d e n t ,  a v e r a g in g  was  

s t i l l  an a p p r o x im a t io n .  A p rec i se  fo r m u la t io n  o f  the  Ej ion w o u ld  

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

n u m b e r s  o f  e a c h  io n  on  th e  m i x e d - s o l v e n t  c o m p o s i t i o n  in  th e  

d i f fus ion  layer .

A n n a  B e rn e  [4] has  d e r iv ed  such  a p rec i se  e x p re s s io n  fo r  the  

Ej ion t e r m  by  t a k i n g  in to  a c c o u n t  th e  s o l v e n t - d e p e n d e n c e  o f  the  

t r a n s f e r e n c e  n u m b e r s  t j  and  o f  the  s tan d a rd  c h e m ic a l  p o te n t i a l s  Gj°.  

In the  new  fo r m u la t io n ,  i t  is a s s u m e d  tha t  the  c o m p o s i t i o n  o f  the  

s o lv en t  in the d i f f u s io n  layer  c h an g es  c o n t in u o u s ly  f ro m  S j  to S 2 in a 

s in g l e - v a l u e d  m a n n e r  and  tha t  the  v a r i a t i o n  o f  tj and G j°  w ith  the  

s o lv e n t  c o m p o s i t i o n  is  d e s c r ib e d  by  the  fu n c t io n s  tj (s )  and Gi°(s ) ,  

respec t ive ly .  Thus ,  we can wri te  for the con tr ibu t ion  o f  each  ion:

(13)



w h e r e  d s  r e p r e s e n t s  a n  i n f i n i t e s i m a l  c h a n g e  in  t h e  s o l v e n t  

com pos i t ion .  Equa t ion  (13) can  be rew r i t ten  as:

d[t j  (s )  G°(s)] 
d s

G ° ( s ) d t j  (s )  dg
d s

(1 4 )

Both  E q u a t io n s  (1 3 )  and  (1 4 )  r e p r e s e n t  the  new ,  m o re  p rec i se ,  

fo rm u la t io n s  o f  the fi rs t  te rm o f  E q u a t io n  ( 6 ). By us ing  E q u a t io n  (13) ,  

the E j(j0n can  be c a lc u la te d  s im p ly  by the  su m m a t io n  fo r  e ac h  ion  o f  

the  t e rm s  ft j(s)  AGj°(s)/As].  The  f i r s t  t e rm  o f  the  E qua t ion  (14)  can  be

ca lcu la ted  exac t ly  i f  the  s tanda rd  s o lv a t io n  ene rg ie s ,  G |° ,  which  can 

be c a lc u la te d  by us ing  E q n . (2 )  f ro m  k n o w le d g e  f rom the  l i t e ra tu re  o f  

hyd ra t ion  energ ies  and the  t r a n s fe r  f ree  e n e r g ie s  o f  e ach  ion,  and  the 

t r a n s f e r e n c e  n u m b e r s ,  tj, are  k n o w n  in the  tw o  end  so lu t ions ,  i.e. in 

so lvents  S |  and S2. It is simply:

T h e  s eco n d  in teg ra l  in Eqn .  (14 )  can  be e v a lu a te d  as the  su m m a t io n  

of [Gi°(s) Atj(s)/As]. The Ej ion is then  c a lc u la te d  as the  sum  o f  these  

tw o  te rms .

If  we use  E q u a t io n  (13) ,  w e  do  no t  need  the  v a lu e s  o f  ion ic  

h y d r a t io n  e n e r g i e s  f ro m  the  l i t e r a t u r e  and  r e q u i r e  on ly  t r a n s f e r  f ree  

e n e r g i e s  and  t r a n s f e r e n c e  n u m b e r s  o f  e ac h  ion to  c a l c u l a t e  Ej ion. 

T h i s  is one  a d v a n ta g e  to  u s in g  E q u a t io n  (13)  o v e r  E q u a t io n  (14) ,  

b e c a u s e  h y d r a t io n  e n e r g i e s  e n t e r  i n d i r e c t l y  in bo th  R H S  te rm s  o f  

Equa t ion  (14) .  F u r the rm ore ,  if  there  are  any  sharp  changes ,  such as a

(-1/F Zj) [tj (s 2 )G i°  (s2) - t, ( Sl) Gj° (s ,)] (15)



12

m a x i m u m  or  a m in im u m  in the  g rap h  o f  t r a n s p o r t  n u m b e r s  vs.  wt% 

of  any  s o lv en t  sy s te m ,  the  [Atj(s)/As] t e rm  can  be  a v o id e d  by us ing  

E q u a t i o n  (1 3 ) .  In  su ch  a c a s e ,  E q n .  ( 1 3 )  is  p r e f e r a b l e  fo r  Ej ion 

c a lc u la t io n s .  On the  o th e r  hand ,  fo r  sy s te m s  sh o w in g  a m a x im u m  or  a 

m in im u m  in the  g raph  o f  t r a n s fe r  f r ee  e n e r g ie s  vs.  w t%  so lv en t s ,  the  

[AQ°(s)/As] te rm  can  be av o id ed  by u s ing  E q u a t io n  (14) .  I f  th is  is the 

s i tua t ion ,  Eqn. (14 )  may  be p re fe r red  to c a lc u la te  E j j on. T h e  re su l t s  

o f  these  Ej ion c a l c u la t io n s ,  u s in g  bo th  E q u a t io n s  (13 )  and  (1 4 )  are  

d iscussed  later.
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M e t h o d s  o f  D e t e r m i n a t i o n  o f  T h e r m o d y n a m i c  T r a n s f e r  A c t i v i t y  

Coefficients.

W h i l e  the  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  s in g le  io n s  can  be 

d e t e r m i n e d  o n ly  w i th  the  a id  o f  e x t r a t h e r m o d y n a m i c  a s s u m p t i o n s ,  

the  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  u n c h a r g e d  m o le c u le s ,  c o m p le t e  

e l e c t ro l y te s  and  e lec t ro n e u t r a l  c o m b in a t io n s  o f  io ns  can  be  ca lc u la te d  

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

d e t e r m i n a t i o n  o f  t h e r m o d y n a m i c  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  are  

d i scussed  below.

Solub i l i ty  Method.

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

c o e f f i c i e n t s ,  the  m os t  w id e ly  used m e th o d  is the  so lu b i l i ty  m ethod .  

T h e  f ree  e n e r g ie s  o f  the  s a tu ra te d  s o lu t io n s  are  sh o w n  in E q u a t io n s  

(16)  and  (17):

G(i,H2 0) = v A ° + RT In (ai) sal (16)

G ( i , S )  = SCV> + R T l n ( a j * ) sat (17)

W h e n  an a q u e o u s  a n d  a n o n a q u e o u s  s o l u t i o n  a r e  s a t u r a t e d  

w i th  the  c o m p o u n d  o f  in te re s t ,  th e i r  f ree  e n e r g ie s  wil l  be  e q u a l  if  the 

s o l id  c r y s t a l s  in c o n t a c t  w i th  th em  are  i d e n t i c a l .  It f o l l o w s  f rom  

E q u a t io n s  (16)  and (17)  that:

s Q °  -  w q °  = RT In (aj)sa, /  (a i* )slt (18 )
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It  c a n  be  s e e n  t h a t  b y  m e a s u r i n g  t h e  s o l u b i l i t i e s  o f  an

u n c h a r g e d  m o l e c u l a r  s u b s t a n c e  in the  t w o  s o l v e n t s ,  i t s  m e d i u m  

e f fec t  can  be d e te rm in ed  from Equa t ion  (19):

w h e r e  ( a ; ) sat and (a ;* )sat a re  the  a c t iv i t i e s  o f  the  s a tu r a te d  s o lu t io n s  

in w a te r  and  the  n o n a q u eo u s  so lven t ,  r e sp ec t iv e ly .

F o r  an e l e c t r o l y t e ,  the  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t  ( m e d iu m  

e f f e c t )  can  be  d e te r m in e d  by d e t e r m in in g  i ts  s o lu b i l i ty  p ro d u c t s  in 

the  so lv en t s  o f  in te res t .  T he  t rans fe r  a c t iv i ty  c o e f f i c i e n t s  for a g iven  

e le c t ro ly te  can  be c a lc u la te d  us ing  E q u a t io n  (20) ,  w h en  the  so lub i l i ty  

p r o d u c t s  a re  k n o w n  fo r  it in w a te r  and  v a r io u s  n o n a q u e o u s  s o lv en t s .  

Su b s t i tu t in g  io n -a c t iv i ty  p roduc ts ,  K sp , fo r  a c t iv i t i e s  and  re a r r a n g in g  

Equat ion  (19) ,  we get:

W hi le  the  e s t im a t ion  o f  t rans fe r  a c t iv i ty  c o e f f i c i en t s  o f  s ingle  

io ns  r eq u i re s  some e x t r a th e r m o d y n a m ic  a s su m p t io n s ,  it  is p o s s ib le  to 

u t i l i z e  tha t  c o n c e p t  in f o r m u la t in g  e x p r e s s io n  fo r  t r a n s f e r  a c t iv i ty  

coef f ic ien ts  fo r  e lec t roneu t ra l  com bina t ions  o f  ions .  For  exam ple ;

1°8 m^i — ( a i)sat I  ( a i ^sat (19 )

1°8 mYj = pKSp (j  ̂ s)  PKsp (j ( o) (20)

lo8 m^Cl - logmYBr= logmYAgCl - Io« mYAgBr (21)
F or  a symmetr ica l  e lec tro ly te  (1:1 ,  2:2,  etc.) ,

lQg mY(elcctrolyte) = log mY± 2 = (log mY+ + lo 8  mY-> ( 2 2 >
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w h e r e  mY± 2 is the  t h e r m o d y n a m ic  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t  o f  the 

c o m p l e t e  e l e c t r o l y t e  d e t e r m i n e d  by e x p e r i m e n t a l l y ,  and  the  r .h . s .  

r e p re se n t s  the  fo rm al  s ep a ra t io n  o f  tha t  c o e f f i c i e n t  in to  c o n t r ib u t io n s  

from the cation  (log mY+) and the anion (log mY-)-

E.m.f. Method.

U s in g  e .m .f .  m e asu re m e n t s ,  the  t r an s fe r  a c t iv i ty  co e f f ic ien t s  o f  

e l e c t r o n e u t r a l  c o m b i n a t i o n s  o f  ions  can  o f ten  be  d e t e r m in e d .  The  

s tan d a rd  f ree  e n e r g y  o f  an e l e c t ro a c t iv e  ion is d i r e c t ly  r e la ted  to  its 

e lec t rode  po ten t ia l  by:

q °  = -nFEj0  (23 )

H e n ce ,  the  d i f f e r en c e  in the  s tanda rd  p o ten t ia l ,  Ej° ,  of  galvanic 

ce l l s  in tw o  d i f f e r e n t  m e d ia  can  be u sed  to  c a l c u l a t e  the  t r a n s fe r  

activity coeff ic ien t:

AE|° = -(RT/nF) In mYi (24)

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

e l e c t r o d e  is e q u a l  to  the  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  the  g iv e n  

s t a n d a r d  e l e c t r o d e  and a s t a n d a rd  h y d ro g e n  e l e c t r o d e  in the  so lv en t  

o f  in te re s t .  T hus ,  the s tanda rd  po ten t ia l  d i f f e r en c e  o f  an e lec t ro d e  in

tw o  m e d ia  is a m e asu re  o f  the  sum or the  d i f f e r e n c e  o f  l o g m Yj and

l o g m YH- F ° r e x a m p l e ,  ce l l  ( I I I )  r e p r e s e n t s  a h y d r o g e n - s i l v e r - s i l v e r  

chloride cell :
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P t ;  H2 (g) I HC1 (a= l )  I AgCl ( s ) ; Ag (s) ( I I I )

The  value  o f  E°AgCl *s s >m ply  eq u a l  to  the  s t a n d a r d  p o te n t i a l  

o f  c e l l  ( I I I ) .  In  w a t e r  an d  n o n a q u e o u s  s o l v e n t s ,  th e  d i f f e r e n c e  

b e tw ee n  th e  s t a n d a rd  p o te n t i a l  o f  the  s i l v e r - s i l v e r  c h l o r i d e  e l ec t r o d e  

is re la ted  to  logmYH a :

l°gmYHCI = Oogm Tfa + l° g mY a )

= [ w ^ g C l  - s^A gCl 1/ 59.16 (25)

S im i la r ly ,  a m e asu re  of  the  d i f f e r e n c e  o f  the  t r a n s fe r  a c t iv i ty  

c o e f f i c i e n t  b e tw een  the m eta l  ion and the  h y d ro g e n  ion is g iven  by 

the  d i f f e r e n c e  b e tw e e n  the  s t an d a rd  p o te n t i a l s  o f  any  m e ta l - m e ta l  

ion e lec t ro d e  be tw een  w a te r  and the g iven  n o n a q u e o u s  so lven t :

logmYM - tognJH = I S^M ' W^M V  59 16 ( 2 6 >

T h u s ,  o n ly  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  f o r  e l e c t r o n e u t r a l  

c o m b i n a t i o n s  o f  io n s  are  th e rm o d y n a m ic a l ly  d e t e r m in a b le .  In Eqns .  

(25)  and (26)  the po ten t ia l s  are  in mil l ivolt s .

D is t r ibu t ion  Method.

T h e  use  o f  the  d i s t r i b u t io n  m e th o d  fo r  the  d e t e r m i n a t i o n  o f  

t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  is q u i t e  l im i t e d .  In c a s e s  w h e r e  tw o  

so lven ts  a re  to ta l ly  im m isc ib le ,  the  va lues  o f  mYj can  be d e t e r m i n e d  

by e x t rac t io n  m e thods ,  b ecause  at  equ i l ib r ium ,  the c h em ica l
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p o ten t ia l s  o f  so lu te  i  in the  tw o  p h a se s  a re  equa l .  T h e  a d v a n ta g e  of  

th is  m e th o d  is tha t  d i lu te  s o lu t io n s  m ay  be used ,  th u s  n e g le c t in g  the  

u n c e r t a i n  c o r r e c t i o n s  f o r  s a l t - e f f e c t  a c t i v i t y  c o e f f i c i e n t s  and  the  

d e g re e  o f  d i s so c ia t io n  re q u i re d  in the  so lub i l i ty  m e thod .  H o w ev e r ,  in 

p ra c t i c e ,  th is  m e th o d  fo r  d e t e r m in in g  t r a n s fe r  a c t i v i ty  c o e f f i c i e n t s  

h a s  n o t  b e e n  to o  u s e f u l  b e c a u s e  m o s t  s o l v e n t s  o f  i n t e r e s t  a re  

m isc ib le  w i th  one  ano ther .

Transfer  Activity  C o effic ients of  Single  Ions.

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

e l e c t r o l y t e s  a re  e x p e r im e n t a l l y  a t t a in a b le ,  t h e i r  u s e f u ln e s s  in te rm s  

o f  s o lu t io n  c h e m i s t r y  is  r a th e r  l im i t ed .  F o r  e x a m p l e ,  they  d o  no t  

p r o v i d e  a c o r r e l a t i o n  b e t w e e n  e . m . f .  an d  p H  s c a l e s  in  d i f f e r e n t  

so lv en t s .  The  key  to the c o r re la t io n  o f  e .m .f .  sca le s ,  u n iv e r s a l  ion-  

a c t iv i ty  sca le  and the  e v a lu a t io n  o f  l iq u id - ju n c t io n  p o te n t i a l s  l ies  in 

k n o w le d g e  o f  t rans fe r  ac t iv i ty  co e f f ic ien ts  o f  s ing le  ions .  S ince  these  

q u a n t i t i e s  a r e  n o t  t h e r m o d y n a m i c a l l y  a t t a i n a b l e ,  v a r i o u s  

e x t r a t h e r m o d y n a m i c  m e t h o d s  h a v e  b e e n  d e v e l o p e d  to  d e t e r m i n e  

t h e m .  C o m p r e h e n s i v e  c r i t i c a l  r e v i e w s  o f  t h e s e  m e t h o d s  w e r e  

pub l ished  by Popovych  [6,7].

The  R efe ren ce -E lec t ro lv te  Method.

A 1:1 e lec t ro ly te  co m p o sed  o f  la rge  ions  as iden t ica l  as poss ib le  

in s i z e ,  g e o m e t r y ,  an d  o t h e r  p h y s i c o - c h e m i c a l  p r o p e r t i e s  w h ic h  

d e t e r m i n e  in t e r a c t i o n s  w i th  s o lv e n t s  is r e f e r r e d  to  as a  r e f e r e n c e  

e lec t ro ly te .  In th is  m e th o d  the bas ic  a ssu m p t io n  is tha t  the  t r an s fe r



18

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

b e tw een  the an ion  and the ca t ion :

l°8mYcation = ^°8mTanion = 0 / 2 )  lo g m Yr c fc rence  e le c tro ly te

F uoss  and H i r sch  [8 ] p ro p o s e d  the use  o f  t e t r a b u ty l a m m o n iu m  

t e t r a p h e n y l b o r a t e  a n d  C o e t z e e  a n d  C u n n i n g h a m  [ 9 ]  u s e d  

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

e lec t ro ly te  in the  e v a lu a t io n  o f  s ing le - ion  c o n d u c t iv i t i e s  in so lven ts  

w here  a cc u ra te  t r a n s fe re n c e  d a ta  w ere  no t  ava i l ab le .

T h e  e s t i m a t i o n  o f  t r a n s f e r  f r ee  e n e r g i e s  fo r  io n s  u s in g  the  

r e f e re n c e  e l e c t r o l y t e  was  f i r s t  r e p o r t e d  in 1960.  To  e s t i m a te  f ree- 

e n e rg y  c h an g e s  for  the  t r an s fe r  o f  s ing le  ions  be tw een  d io x a n e - w a te r  

m i x t u r e s ,  t e t r a p h e n y l p h o s p h o n i u m  t e t r a p h e n y l b o r a t e  ( P h 4 P B P h 4). 

was  used by G ru n w a ld ,  B aughm an  and  K o h n s tam  [10],  P o p o v y c h  [11] 

u sed  t r i i s o a m y l - n - b u t y l a m m o n i u m  t e t r a p h e n y l b o r a t e  ( T A B P h 4) to 

d e te r m in e  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s  in m e th a n o l  and the A S T M  

m i x t u r e ,  c o n s i s t i n g  o f  5 0%  to lu e n e ,  4 9 .5 %  i s o p r o p a n o l  and  0 .5 %  

w a te r ,  by v o lu m e .  P o p o v y c h  and Dil l  [7] u sed  the  sam e  r e fe re n c e  

e l e c t r o l y t e  in e t h a n o l - w a t e r  m ix tu r e s ,  to  d e t e r m in e  t r a n s f e r  a c t iv i ty  

c o e f f i c i e n t s .  C u r r e n t l y ,  t h e  r e f e r e n c e - e l e c t r o l y t e  o f  c h o i c e  is  

t e t r a p h e n y l a r s o n i u m  t e t r a p h e n y l b o r a t e  ( P h 4 AsBPh4) [6,7 ,12-16].  The 

t r a n s f e r  a c t i v i t y  c o e f f i c i e n t  o f  the  c o m p le t e  e l e c t r o l y t e  is  d iv id e d  

eq u a l ly  be tw een  i ts  ions ,  when the P h 4 A sBPh 4  a ssu m p t io n  is applied :

loS m ' irPh4As = ,0 8 m''rBPh4  = ,0g mYPh4 AsBPh4  (27a )

The  values  of  logmy for all s ingle  ions can be ca lcula ted  from
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a v a i l a b le  da ta ,  w h en  the  t r a n s fe r  ac t iv i ty  c o e f f i c i e n t  is  a v a i l ab le  for  

one ion. For example:

B ecau se  o f  the  e x t re m e ly  low so lub i l i ty  o f  P h 4 AsBPh4  in w a te r  

( the  m o s t  p o p u la r  r e f e r e n ce  so lven t ) ,  the  t r a n s fe r  ac t iv i ty  c o e f f i c i e n t  

o f  P h 4 A sB P h 4 is d i f f i c u l t  to  d e t e r m i n e  d i r e c t l y ,  b u t  th e  t r a n s f e r  

a c t i v i ty  c o e f f i c i e n t  o f  P h 4 A sB P h 4 can  be  c a l c u l a t e d  f ro m  log  my

values  o f  o ther e lec t ro ly tes ,  e.g. :

I o g mYPh4 AsBPh4  “  log m ^P h^sP i  + l o g m'irKBPh4  * ^ m ^ K P i  (27f )

w h ic h  a re  o b t a i n a b l e  e x p e r i m e n t a l l y .  O b v i o u s l y ,  t r a n s f e r  a c t i v i t y  

c o e f f i c i e n t s  fo r  e l ec t ro n e u t r a l  c o m b in a t io n s  o f  ions  m us t  be ava i lab le  

f i r s t ,  b e fo re  they  can  be a p p o r t io n e d  in to  s in g le - io n  va lues  by the 

r e f e r e n c e - e l e c t r o l y t e  a s s u m p t io n .

Ex is t ing  P o te n t io m e t r ic Methods .

l o 8 m * K  “  , o g m'yKBPh4 * l o g m'irBPh4

, o g mYa = Iog m^Ka - , o g mYK 

l o g m?H =  Io g  m YHCl ‘ , 0 g n J d  

lo g  m^NO^ =  lo g  m'irP h 4 PN 03 ‘ l o g m YP h 4 P

(2 7 d )

(2 7 b )

(27c)

(27e )

P o te n t io m e t r y  us ing  e .m .f .  ce l l s  with l iquid  ju n c t io n  is the  on ly  

e x p e r i m e n t a l  m e t h o d  w h ic h  can  p r o v i d e  d i r e c t  e s t i m a t i o n  fo r  the  

t rans fe r  ac t iv i ty  coef f ic ien ts  o f  s ingle  ions.
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T y p ica l ly ,  cell  (I I)  is used,  con ta in in g  the sam e meta l  e lec t rode  

M  in e q u i l i b r i u m  w i th  i t s  ions  M + in w a t e r  an d  th e  n o n a q u e o u s  

s o lv e n t  £,  w i th  a so lu t io n  o f  a s a l t -b r id g e  e le c t ro ly te  R Z  in se r ted  

be tw een  the tw o  end  so lu t ions :

M(S) I MX I RZI M X I M ( S )  ( I I )

HjO  H20  S

If, for the  sake o f  s im pl i f ica t ion ,  the  activi ty  o f  M + ions ,  added

to so lu t ion  in the  fo rm of e lec t ro ly te  M X, is  ad jus ted  to be  equa l  in

the two solvents ,  the potentia l  o f  cell (II) is given by:

EP (II) = sEPm  - WEPM + Ej (28 )

w here  Ej is the  l iq u id - ju n c t io n  po ten t ia l  at  the in t e r f a c e  o f  the two 

so lvents .  R eca l l ing  the def in i t ion  o f  my f ro m  Equa t ion  (24) as well  as 

the  r e l a t io n s h ip  AG° = -nFAEP, it fo llows that  at 25°C

EP (II) = 59.16 log myM + Ej (29 )

w h e r e  th e  p o t e n t i a l s  a re  in m i l l i v o l t s .  Ce l l  (I I )  c an  o f  c o u r s e  be 

e m p lo y e d  us ing  e lec t ro d e s  r ev e r s ib le  to  o th e r  than m eta l  ions ,  e .g . ,  

H+ or Cl", w here  they y ie ld  va lues  o f  log myH or log mYa* re spec t ive ly .  

It is  c l e a r  tha t  the  po ten t ia l  o f  ce l l  (I I )  p ro v id es  a d i re c t  m e asu re  o f  

log myM , p ro v id e d  the  l iq u id - ju n c t io n  po ten t ia l  Ej is neg l ig ib le  or 

calculable .
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M ethods  A ssum ing  N eg l ig ib le  L iqu id -Junc t ion  P o tcn t iaL

An e a r ly  e x am p le  o f  the  a p p l i c a t io n  o f  th is  a s s u m p t io n  to the  

e s t im a t io n  o f  t r a n s fe r  a c t iv i ty  co e f f ic ien t s  o f  s ing le  ions  was  the use  

o f  cell  (IV) by Bje rrum and Larsson  [17]:

Pt (s) ; H2 (g) I aH =1 I 3 .5 M K C 1  I aH = 1 I H2 (g) ; Pt (s) (IV) 

H20  Ej, H20  Ej2 S

T h e y  [17] e s t im a te d  the  va lues  o f  t r an s fe r  a c t iv i ty  c o e f f i c i e n t s  

o f  t h e  h y d r o g e n  io n  in  e t h a n o l - w a t e r  m e d i a  f r o m  t h e  e . m . f .  

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

n o n a q u e o u s  m e d i a  an d  3 .5  N a q u e o u s  c a l o m e l  e l e c t r o d e s  as  the  

r e f e r e n c e  by  a s s u m i n g  t h a t  t h e  Ej b e t w e e n  t h e  e t h a n o l - w a t e r  

so lu t ions  and the aqueous  KC1 br idge  so lu tion cou ld  be neglec ted .

A c t u a l l y ,  t h e  p o t e n t i a l  o f  c e l l  ( I V )  is  a m e a s u r e  o f  t h e  

c o m b in a t io n  o f  the  t r an s fe r  ac t iv i ty  c o e f f i c i en t  o f  the  h y d ro g e n  ion 

and  the  l iq u id - ju n c t io n  po ten t ia l :

E(IV) = 59.16 log myH + Ej, + Ej 2  (30 )

W h i l e  B j e r r u m  a n d  L a r s s o n  [1 7 ]  m a d e  s e v e r a l  e r r o n e o u s  

a s s u m p t io n s  in the i r  c a lcu la t io n s ,  such  as n e g lec t in g  the  in c o m p le te  

d i s so c ia t io n  o f  the  e l ec t ro ly te  in e t h a n o l - w a te r  s o lv en t s ,  and  us ing  a 

cube root formula ,  log f = - K C ^ . f o r  e s t im a t ing  ac t iv i ty  coe f f ic ien t s ,  

the i r  most s ign i f ican t  e r ro r  was  the a s sum pt ion  o f  n eg l ig ib le  Ej.

In 1957,  O iw a  [18] e s t im a te d  v a lu es  fo r  myH in  m e t h a n o l - w a t e r  

mix tures  by using cell  (V):

Pt ( s ) ; H2  (g) I HC11 KC1 (Sat. aq.) I H g ^ s ) , Hg(l) (V)



22

W h ile  he t r ied  to  acco u n t  for the  d i f f e r en c es  in ionic  m o b i l i t i e s  by 

the  use o f  the  P lank  equa t ion  [191, O iw a ,  l ike  B je r rum  and Lars son ,  

fa iled  to co n s id e r  the  e f fec t  o f  the t rans fe r  ac tiv ity  coef f ic ien ts  on the 

l iqu id- junc t ion  potentia l  o f  such a cell .

P a r k e r  and  his  a s so c ia te s  [12 ,20 -24 ]  used  cell  (V I )  to  s tudy  the 

m agn i tude  o f  the  Ej b e tw een  va r ious  so lven ts .

Ag (s) I A g N 0 3 ( 0 .0 1M) I Et4NPi (Sat.) I A g N 0 3 (0 .0 1M) I Ag (s) (VI) 

Sj Sj  o r  S2 S2

T h e  b r id g e  s o l u t i o n  o f  t e t r a e t h y l a m m o n i u m  p i c r a t e  ( E t 4 N Pi)  was  

c o n ta i n e d  e i th e r  in the S j  or S2 so lv en t ,  w h ic h e v e r  w as  the  p o o re r  

so lva to r  o f  A g + ions.  They  chose  Et4NPi as the  s a l t -b r id g e  e lec t ro ly te  

b e c a u s e  i t s  i o n s  h a v e  s i m i l a r  m o b i l i t i e s  in  s e v e r a l  s o l v e n t s .  In 

a d d i t io n ,  they  c l a im e d  tha t  n e i the r  o f  these  io ns  have  s t rong  spec i f ic  

i n t e r a c t io n s  with  the  s o lv en t s  s tu d ie d  and  so the  so lv a t io n  n u m b e rs  

o f  the  tw o  io ns  m ay  be c o n s ta n t  and a p p ro x im a te ly  equa l  in d i f f e r en t  

so lven ts .  By a ssu m in g  tha t  Ej in cell  (V I)  was  neg l ig ib le ,  the  t rans fe r  

ac t iv i ty  coef f ic ien ts  o f  s i lver  ion were  ca lcu la ted  from Equa t ion  (31).

E(VI) = 59.16 log myAg + Ej (31 )

P a rk e r  et .  al .  then  p ro p o se d  tha t  the  a s su m p t io n  o f  n e g l ig ib le  Ej 

be  c o n s id e r e d  va l id  fo r  th o se  pa i rs  o f  so lv en t s  fo r  w h ich  the  t r a n s fe r  

a c t iv i ty  c o e f f i c i e n t s  for s i lve r  ion thus  ob ta ined  were  s im i la r  to those  

a r r i v e d  at  by o t h e r  m e t h o d  ( s u c h  as  the  P h 4 A sB P h 4  a s s u m p t i o n ) .  

Using  those log mYAg va lues ,  P a rk e r  then  c a lc u la te d  Ej via  Equa t ion  

(31) .
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M ethods  U sing C a lcu lated L iq u id -Junction Po tentia ls .

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

c o e f f i c i e n t s  o f  s in g le  ions  w e re  at  f i r s t  o b t a in e d  by n e g le c t in g  or 

m in im iz ing  the  Ej, but w i th  t im e  an e f fo r t  was  m a d e  to  c o r r e c t  that  

a s s u m p t io n  by c a l c u l a t i n g  the  Ej .  G o ld b e rg  [25] and G o ld b e rg  and 

P o p o v y c h  [ 2 6 ]  h a v e  u s e d  b o t h  a p p r o a c h e s  in t h e i r  s t u d y  o f  the  

m e d iu m  e f f e c t s  for  N a + and  H + io n s  b e tw e e n  a n u m b e r  o f  d i p o l a r  

aprotic  so lvents .  The fo l lowing  cell  was used:

Na (glass) I NaBPh4 I RX = 0.1M I NaBPh4 I Na (glass) (VII)

The ob jec t ives  o f  the ir  s tudy  were:

1. To  c o m p a r e  the  e f fe c t  o f  the  s a l t -b r id g e  e le c t ro ly te s  ( T A B B P h 4, 

Et4N P i  and  E t 4 N G 0 4) on  th e  e s t i m a t i o n  o f  t h e  t r a n s f e r  a c t i v i t y  

co e f f ic ien t s  o f  the  sod ium  and hydrogen  ions ,  f rom  the  e .m.f .  o f  cel ls  

with the  assum pt ion  o f  neg l ig ib le  Ej.

2.  T o  c a l c u l a t e  t h e  m a g n i t u d e  o f  Ej f r o m  E q u a t i o n  ( 1 2 ) .  I t  is  

im p o r t a n t  to no te  tha t  the  v a lu es  o f  Ej s (E q u a t io n  4)  w hich  would  

acc o u n t  for the  so lven t  co n t r ib u t io n  to Ej ,  w ere  a s s u m e d  to be zero  in 

every  case .

W h i l e  i n t e r p r e t i n g  the  v a r io u s  r e s u l t s  fo r  log  mYNa o b t a i n e d  

u s ing  the  th ree  s a l t -b r id g e  e l e c t ro l y te s ,  w i th  or w i th o u t  c o r r e c t io n s  

for Ej ,  G o l d b e r g  and  P o p o v y c h  [ 2 6 ]  s u g g e s t e d  a n e w  m e t h o d  to  

d e te r m in e  t r a n s f e r  a c t iv i ty  c o e f f i c i e n t s  o f  ions  w i th  an i n d e p e n d e n t  

k n o w le d g e  o f  the  va lues  fo r  log  mYNa* anc* e i th e r  log  mYfe or logmYx 

and o f  all the  r e l e v a n t  t r a n s p o r t  n u m b e r s .  I t  is p o s s ib l e  to e s t im a te  

the  t r an s fe r  a c t iv i ty  co e f f ic ien t s  o f  the ion X '  or R+ ( w h i c h e v e r  is  the  

u n k n o w n )  us ing  the  new m e thod .  Th is  m ethod  was su ccess fu l ly
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appl ied  by Berne  and  P opovych  [27].

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

co e f f ic ien ts  o f  s ingle  ions ,  we  start  with the  e .m.f .  o f  cell  (V II )  g iven 

by:

E(VII) = E j  + Ej ( 3 1 )

w h e r e a f t e r  t h e  a p p r o p r i a t e  s u b s t i t u t i o n s  a r e  m a d e  w i t h  t h e  

s im p l i f y in g  a s s u m p t io n  tha t  2 a Na anc* j a Na are  e q u a l ,  the  fo l lowing  

Equa t ion  is ob ta ined:

E(VII)  = 59.16 log m7f4a '  59.16[ tR log m7R - tx l o g mYx)  (32 )  

R ea r rang ing  equa t ion  (32) ,  an express ion  for log myR is ob ta ined :  

l o 8  mYR = 0 / t R) [ log myNa - E (V I I ) /5 9 .1 6  - tx  log myx ] (33)

A s im i la r  express ion  can be arr ived  at for log m^ ,  if  that  is the 

d e r i v e d  q u a n t i t y .  T h i s  m e th o d  is  s u i t a b le  fo r  io n s  f o r m i n g  h igh ly  

s o l u b l e  e l e c t r o l y t e s .  I t  w a s  u s e d  h e r e  to  d e t e r m i n e  t h e  t r a n s f e r  

ac tiv ity  coef f ic ien ts  o f  the  ni trate  ion in ace ton i t r i le -w ate r  so lvents .
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S tu d i e s  o f  Ej 3. t h e  S o l v e n t  C o n t r i b u t i o n  to  th e  L i Q u i d r J u n c l i o n  

Po ten t ia l .  A L i te ra tu re  R eview .

T h e  l iq u id - ju n c t io n  po ten t ia l  be tw een  tw o  so lu t io n s  in d i f fe ren t  

s o lv e n t s  is c a u s e d  by the  t r a n s p o r t  o f  ions  as  wel l  as the  s o lv en t  

m o le c u le s  across  the  in te r face .  The  l iqu id - ju n c t io n  po ten t ia l ,  Ej ,  can 

be r e p r e s e n t e d  by:

Ej = E ^  + Ej(S (4)

w h e re  Ej , i0n a cc o u n t s  f o r  all the  t e rm s  c a u s e d  by the  t r a n s p o r t  o f  

ions  and Ej s, c au se d  by the  t r a n sp o r t  o f  so lv en t  m o le c u le s  a c ro ss  the 

i n t e r f a c e .  W h i l e  Ej jon c a n  be  c a l c u l a t e d  d i r e c t l y  u s i n g  e x i s t i n g  

equ a t io n s ,  Ej s can  on ly  be e s t i m a te d  f rom  e .m . f .  m e a s u r e m e n t s  o f  

ce l l s  w i th  and  w i th o u t  s a l t -b r id g e s  and  o th e r  th e rm o d y n a m ic  da ta .

A l th o u g h  the  ex i s t en c e  o f  Ej s w a s  p r e d i c t e d  th e o r e t i c a l l y  by 

S t a v e r m a n  [28] as  fa r  b a c k  as 1952 and  was  s u b s e q u e n t ly  c o n f i r m e d  

e x p e r i m e n t a l l y  b y  m a n y  w o r k e r s ,  i t s  n a t u r e  i s  n o t  y e t  f u l l y  

u n d e r s to o d .

In 1967,  A lfenaar ,  de  L igny  and R em i jnse  [2] found Ej s a t  the  

j u n c t i o n  o f  w a te r  and  m e t h a n o l - w a t e r  m ix tu r e s  to be a fu n c t io n  o f  

the  so lven ts  as well  as the  e lec t ro ly tes  in the cel l .  The  fo l low ing  cell  

w as  used  in the i r  study:

A g ,  AgZ I MZ I MZ I A g Z ,  Ag ( V I I I )

H20  S

w h e re  M Z  w as  one  o f  th e  seven  a lka l i  h a l ides  and  the  c o n c e n t r a t i o n s  

of MZ in H20  and  the  m e th a n o l -w a te r  so lven t s  w ere  c h o se n  to be
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very  low  and equa l ,  so that  the  e .m .f .  o f  cel l  (V I I I )  co u ld  be wr i t ten

as:

E(VIII)  = *59.16 tM logjjjYMz + Ej s (34a )

T h e y  fo und  tha t  the  va lue  o f  Ej s in c r e a s e d  s t e a d i ly  w i th  the 

p e r c e n t a g e  o f  m e t h a n o l  in a s o l v e n t ,  S ,  f o r  a l l  t h e  e l e c t r o l y t e s  

studied .  Ej s a l so  d e p en d e d  on the  na tu re  o f  the  e le c t ro ly te  MZ,  as 

well  as the  two solvents .

M u r ra y  a n d  A ik e n s  [1] m e a s u r e d  Ej 8 in ce l l s  s im i la r  to cel l  

(V II I )  w i th  ju n c t io n s  be tw een  w a te r  and m e th a n o l ,  e th a n o l ,  a ce tone ,  

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

junc t ions  be tween pairs  o f  nonaqueous  solu tions .  The i r  cell  (IX):

M , MX (S) I NX (Satd.) I NX (Satd.) I MX ( S ) , M (IX)

c ons i s ted  o f  tw o  sa tura ted  so lu t ions  o f  N X  in tw o  d i f f e r en t  so lven ts ,  

S] and S 2, w i th  M r e p re se n t in g  so m e  m e ta l  w i th  a  s p a r in g ly  so lub le  

salt ,  MX. It can be shown [1] tha t  in the  absence  o f  so l id  so lvates  

f o r m e d  by  M X  w i t h  e i t h e r  s o l v e n t ,  t h e  e . m . f .  o f  t h i s  c e l l  is  

r e p r e s e n te d  by the  e q u a t io n :

E(IX) = - (tN/F) A q(N X )  Satd. + Ej s (3 4 b )

S ince  both  so lu t ions  are  sa tu rated  with NX, sol id c ry s ta ls  o f  NX must  

be  p r e s e n t  in bo th  s o lu t io n s .  I f  t h o s e  c r y s ta l s  do  no t  f o r m  a so l id  

s o lv a te  w i th  e i t h e r  so lven t ,  then the  (pa r t i a l  m o la r )  f ree  e n e r g ie s  o f  

any  tw o  sa tu r a te d  so lu t io n s  o f  a so lu te ,  i  are  e q u a l .  T h u s ,  the  free 

e nerg ies  o f  the two  sa tu ra ted  so lu t ions  o f  NX in so lven t s  S] and  S2 

m us t  be equa l ,  AGt(NX) is equal to zero, and the e.m.f.  o f  Cell  (IX) is a
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d i rec t  m e as u re  o f  Ej s. The fo l low ing  were  the m ain  co n c lu s io n s  in 

the  s tudy of  M urray  and Aikens  [1]:

1. T h e r e  is  a s t r o n g  d e p e n d e n c e  o f  Ej s on  th e  n a t u r e  o f  

c u r re n t -c a r ry in g  spec ie s ,  N + and X".

2. T he  va lue  of E : ,  w ith  s a tu ra ted  KC1 as NX b e tw een  w a te r  

and m e th a n o l  is n e a r ly  th ree  t im es  s m a l l e r  than  the  Ej s r e p o r t e d  by 

A l f e n n a r  [2] b e t w e e n  2 x l 0 ' 5 m o l e  f r a c t i o n  KC1 in  w a t e r  and  

m e th a n o l .  T h e re fo re ,  it appea rs  tha t  the  va lue  o f  E j ,  d e p e n d s  no t  

o n ly  on  the  n a tu r e ,  b u t  a l so  on  the  c o n c e n t r a t i o n  o f  the  c u r r e n t -  

c a r r y in g  sp ec ie s  p r e s e n t  and tha t  Ej s d ec rea se s  s ig n i f ic a n t ly  with 

inc reas ing  e lec t ro ly te  concen t ra t ion .

3. T hey  c o n c lu d e d  that  the  s o lv en t  c o n t r ib u t io n  to  the  l iquid-  

ju n c t io n  p o ten t ia l  is c au se d  by the t r a n s fe r  o f  so lv a ted  ions  across  

the  s o lv e n t - s o l v e n t  in te r face ,  w h ich  in tu rn  is a c o n s e q u e n c e  o f  the  

d i f f e rence  in the  chem ica l  po ten t ia l  o f  the  so lven t  spec ies .

C o x ,  P a r k e r  an d  W a g h o r n e  [3] u s e d  th e  f o l l o w i n g  c e l l  to 

e v a lu a te  Ej s. In the ir  s tudies,  e .m.f .  cel ls  wi th E t4NPic and Bu4 NBPh4 

sa l t -b r id g e s  b e tw een  d ip o la r  ap ro t ic  so lv en t s  were  used:

Ag(s) I AgC104  (0.01 M) I Et4NPi (0.1) I AgC104  (0.01M) I Ag(s) (X)

By a s s u m in g  tha t  the  t r a n s p o r t  n u m b e r s  o f  bo th  E t 4 N+ and P i '  

ions  are  e q u a l  to  each  o th e r  in al l  the  so lv en t s  used  he re  and  tha t  the 

cu rren t  is ca r r ied  only  by those two ions ,  the e .m.f.  o f  ce l l  (X) is g iven 

by:

E(X) = (RT/F) In 2a Ag/  , a Ag - (0 .5 /F)  1 A2 G°t(Et4N+)

+ (0.5/F) ^ ( ^ ( P i - )  + Ej s (35)
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T h e y  f u r t h e r  a s s u m e d  th a t  the  t r a n s f e r  f r e e  e n e r g i e s  o f  E t 4 N+ 

and  P i '  i o n s  a r e  e q u a l  f o r  a l l  the  p a i r s  o f  s o l v e n t s  s t u d i e d  and

th e re fo re  any  c h an g es  in the  e .m.f .  o f  cell  (X) are  due  to c h an g es  in

Ej s. B ased  on th e se  a s s u m p t io n s ,  they  c o n c lu d e d  tha t  in the  a bove  

cells, Ej s was  smal l  or neg l ig ib le .  They  a lso  found  a d i rec t  co r re la t ion

b e tw e e n  the  E ; _ and  the  m u tu a l  h ea t s  o f  s o lu t io n  o f  the  s o lv en t s

form ing  the  ju nc t ion .

M any  s tud ies  o f  the  Ej s in ce l l s  with l iqu id  j u n c t io n  were  a lso  

ca r r ied  out by Izu tsu  and c o w o rk e r s  [29-36] .  T he  e .m .f .  v a lu es  o f  the  

fo l lo w in g  ce l l s  w ere  m e asu re d  w hi le  v a ry in g  the  so lv en t s  S] and S 2 

and the e lec t ro ly te  MX:

Ag(s) I 10 '3M AgC104  , 1M NaC104  I 1M NaC104  I 0.1 M MX I

S 1 Jl s l J l h
I1 0 '3M Et4 N Q 0 4 I 5 x l 0 ' 3M AgC104  , 5 x l 0 ' 3M Et4 NC104  I Ag(s)

J2 ^ 2  = ^1  H jO  j2 S2 ~ Sj or H 2 O (XI)

aq SCE I 3M NaCl I 0.1 M MX II O' 3 M Et4 N d 0 4  I

j l  S,=H20  Jj S,=H 2O J 2 S2 

l 5 x l O ' 3 MAgC104  , 5 x l O '3M Et4 N d 0 4  I Ag(s) (XII)

S2

F r o m  t h e i r  r e s u l t s ,  t h e  a u t h o r s  c o n c l u d e d  t h a t  th e  l i q u i d -  

ju n c t io n  p o te n t i a l  b e tw ee n  d i f f e r e n t  so lv en t s  c o n ta in s  a c o m p o n e n t  

w h ic h  can be a t t r i b u t e d  to  s o l v e n t - s o l v e n t  i n t e r a c t io n s .  W h e n  the 

ions  a re  s o lv a t ed  w eak ly  at the  ju n c t io n ,  the  c o m p o n e n t  s eem s  to be 

a lm o s t  i n d e p e n d e n t  o f  the  types  and the  c o n c e n t r a t i o n s  o f  these  ions .  

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

o bse rved .
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G o ld b e rg  [25] used four  d i f f e r en t  e .m .f .  ce l l s  to  in v es t ig a te  the 

c o n c e n t r a t i o n - d e p e n d e n c e  in the  s tudy  o f  l i q u id - ju n c t io n  p o te n t i a l s  

b e tw ee n  w a te r  and  a se r ies  o f  m e t h a n o l - w a t e r  s o lv en t s .

H g ( l ) , HgjOjCs) I NaCl I NaCl I Hg2 a 2 (s)  , Hg(l) (XIII)

W  S

Na (glass) I NaCl I NaCl 1 Na (glass) (XIV)

W  S

H g ( l ) , Hg2 a 2 (s)  I NaCl I KC1 (Satd.) I NaCl I H g j C t y s ) , Hg(l) (XV)

W  W S

Na (glass) I NaCl I KC1 (Satd.) I NaCl I Na (glass) (XVI)

W  W S

He u s e d  v a r i o u s  c o n c e n t r a t i o n s  o f  N a C l  f r o m  s a t u r a t e d  to  

3 x 1 0 '^ M. T h e  re su l t s  show ed  a c l e a r  in v e r s e  d e p e n d e n c e  o f  Ej s on 

the  c o n ce n t r a t io n  o f  the  c u r r e n t - c a r ry in g  spec ies .

B e r n e  [4 ]  u s e d  e i g h t  d i f f e r e n t  e . m . f .  c e l l s  to  s t u d y  t h e  

c o n c e n t r a t i o n  e f f e c t  on l i q u id - ju n c t io n  p o te n t i a l s  b e tw ee n  w a te r  and  

a series  of  m ethanol-water  solvents for NaCl  and HC1. Four  o f  the cells  

she  used  were  s im i la r  to those  u sed  by  G o ld b e rg  [25] .  She  ad d ed  the 

fo llowing four cells:

H g ( l ) , Hg2 Cl2 (s)  I HC1 I HC1 I Hg20 2 ( s ) , Hg(l) (XVII) 

W  S

H (glass) I HC1 I HC1 I H (glass) (XVIII)

W S

H g ( l ) , Hg2Cl2 (s) I HC1 I KC1 (Satd.) I HC1 1 Hg2 C32 ( s ) , Hg(s) (XIX)

W W S

H (glass) I HC1 I KC1 (Satd.) I HC1 I H (glass) (XX)

W  W S
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B ased  on  B e r n e ’s s tudy ,  the re  was  en o u g h  e v id e n c e  to say  tha t  

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

m a g n i tu d e  o f  Ej s w as  i n v e r s e ly  r e la ted  to the  c o n c e n t r a t i o n  o f  the  

e l ec t ro ly te  fo rm in g  the  in te r face  be tw een  the  tw o  ha l f  ce ll s .



EXPERIMENTAL
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P rep a ra t io n  o f  So lven ts  

Methanol (MeOH).

A C S  S p e c t r o a n a l y z e d  m e t h a n o l  w a s  u s e d  a s  t h e  s t a r t i n g  

m a te r i a l  in the  p r e p a r a t io n  o f  a n h y d ro u s  m e th a n o l .  F o u r  l i t e r s  o f  the  

c o m m e r c i a l  M e O H  w e re  r e f lu x e d  o v e r  a l u m i n u m  a m a l g a m  fo r  24 

ho u rs .  T h e  a lu m in u m  a m a l g a m  w as  p r e p a re d  by  m ix in g  25 g ra m s  of 

a l u m i n u m  p o w d e r  an d  5 g ra m s  o f  H g C l 2. T h e  m e t h a n o l  w as  then 

d i s t i l l e d  th ro u g h  a 3 0 -c m  V ig reux  c o lu m n .  The  f i r s t  and la s t  50 0  ml 

w e re  d i s c a r d e d  and  the  m idd le  3 l i te rs  w e re  c o l l e c te d .  T h e  po r t ion  

c o l l e c te d  had  a d e n s i t y  o f  0 .7 8 6 2  g /m l  at  25°C ,  which  is in favorable  

a g re e m e n t  with  the l i t e ra tu re  va lues  o f  0 .7 8 6 6  g /ml  [37].

M e t h a n o l - W a te r  M ix tu re s .

T h e  m e t h a n o l - w a t e r  m i x t u r e s  w e r e  p r e p a r e d  by  c o m b i n i n g  

a p p r o p r i a t e  v o lu m e s  o f  a n h y d r o u s  m e th a n o l  and  d e i o n i z e d  w a t e r  at  

in t e rv a l s  o f  a b o u t  10 w t%  m e th a n o l .  T h e i r  d e n s i t i e s  w e re  d e te r m in e d  

in q u a d r u p l i c a t e  w i th  c a l i b ra t e d  100-ml  v o lu m e t r i c  f l a sk s .  F ro m  a 

la rg e - sca le  graph  o f  d en s i ty  vs.  wt% m e th an o l ,  the  ex ac t  w t% o f  a 

p a r t i c u l a r  m ix tu r e  w as  read .  T he  d a t a  p lo t t e d  in the  a b o v e  g raph  

were  ob ta ined  f ro m  the  l i te ra tu re  [37] and  are  l i s ted  in A pp en d ix  1.

Elhanol (EtOH).

U .S .P .  200  p r o o f  e thy l  a lcohol  (P u b l ic k e r  Indus t r ie s  Co .)  was 

u sed  as  the  s t a r t in g  m a te r i a l  in the  p r e p a ra t io n  o f  1 0 0  w t%  e th an o l .  

F ive  l i te rs  o f  the  2 0 0 -p r o o f  a lcohol  were  re f lu x ed  ove r  m agnes ium
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e th o x id e  fo r  24  hours .  The  a lcoho l  was  then  d i s t i l l e d  th ro u g h  a 30- 

cm V ig reu x  co lu m n .  T h e  f i r s t  1.0 l i te r  was  re jec ted ,  and  the  m id d le  

2.5 l i ters co l lec ted .  The  m idd le  f rac t ion  had a dens i ty  o f  abou t  0 .7850  

g / m l  a t  2 5 ° C  w h ich  c o m p a r e s  f a v o ra b ly  w i th  the  a v a i l a b le  l i t e ra tu re  

va lues  o f  0 .7 8 5 0  g/ml  [38] and  0.7851 g/ml [39].

E th an o l - W a te r  M ix tures .

P u r i f ied  U .S .P .  95 %  e th an o l  was  used to p re p a re  e th an o l - w a te r  

m ix tu re s  c o n ta in in g  less  than 90 wt% e thano l .  The s ta r t in g  m a te r ia l  

was  pur i f ied  by s low d is t i l l a t ion  using a 3 0 -cm  V ig reu x  co lu m n .  The  

d i s t i l l a t i o n  f la sk  w as  c h a r g e d  w i th  a b o u t  f iv e  l i t e r s  o f  the  U .S .P .  

a lcoho l .  T h e  ra te  o f  d i s t i l l a t io n  was about  0 .2  l i t e r /hou r .  T h e  f i r s t  1.0 

l i t e r  was  r e j e c t e d  and  th e  m id d le  f r a c t i o n  ( a b o u t  2 . 5  l i t e r s )  w as  

c o l l e c t e d  f o r  u se .  T h e  e t h a n o l - w a t e r  m i x t u r e s  w e r e  p r e p a r e d  by 

c o m b in in g  a p p r o p r i a t e  v o lu m e s  o f  a n h y d r o u s  e th a n o l  and  d e io n iz e d  

w a t e r  at i n t e r v a l s  o f  a b o u t  10 w t%  e th a n o l .  T h e i r  d e n s i t i e s  w e re  

d e t e r m i n e d  in q u a d r u p l i c a t e  w i t h  c a l i b r a t e d  1 0 0 -m l  v o l u m e t r i c  

f l a sks .  F rom  a la rge -sca le  graph  o f  d e n s i ty  vs. w t% e th an o l ,  the  exac t  

w t%  o f  a p a r t i c u l a r  m ix tu r e  was  read .  The  d a ta  p lo t t e d  in the  a bove  

g r a p h  w e r e  o b t a i n e d  f r o m  th e  l i t e r a t u r e  [39]  a n d  a r e  l i s t e d  in 

Append ix  2.

Acetonit ri le  (AN).

A ce ton i t r i le  was  pur i f ied  by the m e thod  o f  C oe tzee ,  et. al .  [40].  

A CS R eag en t -g rad e  ace to n i t r i l e  (F i sh e r  o r  M a l l in ck ro d t )  was  shaken  

s u c c e s s iv e ly  w i th  s i l i c a  gel  (6 -16  m esh ) ,  a c t iv a te d  a lu m in a  ( 8 0 - 2 0 0  

m e sh )  and P 2O5. A ppro x im a te ly  five  l i ters o f  the  d e ca n ta te  f rom
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th e se  t r e a tm e n t s  w e re  u sed  to c h a r g e  a d i s t i l l a t i o n  f la sk .  T h e  s o lv en t  

w a s  f r a c t i o n a l l y  d i s t i l l e d  o v e r  f r e sh  P 2 Q5 u s in g  a 3 0 - c m  V i g r e u x  

c o l u m n .  T h e  f i r s t  a n d  l a s t  l i t e r s  w e r e  r e j e c t e d  a n d  t h e  m i d d l e  

f r ac t io n  c o l l e c te d .  T h e  m id d le  f r ac t ion  had  a d e n s i ty  o f  0 .7 7 6 8  g /ml  

at  2S°C ,  w h ic h  is in f a v o ra b le  a g re e m e n t  w i th  the  l i t e r a tu re  v a lu e  of  

o .7767  g/ml [40].

A c e to n i t r i l e - W a te r  M ix tu res .

T h e  a c e t o n i t r i l e - w a t e r  m ix tu r e s  w ere  p r e p a r e d  by  c o m b i n i n g  

a p p r o p r i a t e  v o lu m e s  o f  p u r i f i ed  a ce to n i t r i l e  and  d e io n iz e d  w a te r  at 

i n t e r v a l s  o f  a b o u t  10 w t %  a c e t o n i t r i l e .  T h e i r  d e n s i t i e s  w e r e  

d e t e r m i n e d  in  q u a d r u p l i c a t e  w i th  c a l i b r a t e d  1 0 0 -m l  v o l u m e t r i c  

f la sks .  F ro m  a la rge -sca le  graph o f  dens i ty  vs. w t% ace to n i t r i l e ,  the  

e x a c t  w t%  o f  a p a r t i c u l a r  m ix tu re  was  read .  T h e  d a ta  p lo t t e d  in the  

a b o v e  g ra p h  w e re  o b ta in e d  f ro m  the l i t e r a tu re  [40] and  a re  l i s t e d  in 

A p p e n d ix  3.

N .N -D im ethv l fo rm am ide  (DMF).

C er t i f i ed  ACS sp ec t roana lyzed  N ,N -d im e th y l fo r m a m id e  (F isher)  

w as  f r a c t i o n a l l y  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e  th r o u g h  a 3 0 -c m  

V ig reux  co lu m n .  O ut  o f  a f ive l i te r  charge ,  the  f ir s t  and las t  l i ters 

w e r e  r e j e c t e d  a n d  the  m i d d l e  th re e  l i t e r s  w e r e  u sed .  T h e  m id d le  

f r a c t i o n  had  a d e n s i t y  o f  a b o u t  0 .9 4 3 8  g /m l  a t  2 3 °C  which  co m p ares  

fav o ra b ly  w i th  the  a v a i l ab le  l i te ra tu re  va lues  o f  0 .9 4 3 9  g /ml  [41].
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N .N - D im e th v l fo r m a m id e - W a te r  M ix tu res .

T h e  d i m e t h y l f o r m a m i d e - w a t e r  m i x t u r e s  w e r e  p r e p a r e d  by  

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

d e i o n i z e d  w a te r  a t  i n t e r v a l s  o f  a b o u t  1 0  w t%  d i m e t h y l f o r m a m i d e .  

T h e i r  d e n s i t i e s  w e r e  d e t e r m i n e d  in q u a d r u p l i c a t e  w i th  c a l i b r a t e d  

100-m l  v o lu m e t r i c  f l a sk s .  F r o m  a l a rg e - s c a l e  g ra p h  o f  d e n s i t y  vs.  

w t%  d i m e th y l f o r m a m id e ,  the  e x a c t  w t% o f  a p a r t i c u l a r  m ix tu r e  was  

read .  T h e  d a t a  p lo t t e d  in the  a b o v e  g ra p h  w e re  o b t a i n e d  f ro m  the  

l i te ra tu re  [41] and are  l is ted in A ppend ix  4.

Dimethvlsulfoxide (DMSO).

C e r t i f i e d  A C S - G r a d e  d i m e t h y l s u l f o x i d e  ( E a s t m a n )  w a s  

f rac t iona l ly  d is t i l led  ove r  C aH 2 u n d e r  r e d u c e d  p r e s s u r e  u s in g  a 30 -  

cm  V igreux  co lu m n .  T h e  f ir s t  and last  f r ac t ion  o f  ab o u t  one  l i te r  each  

w e re  d i s c a rd e d  and  the  m id d le  f r ac t io n  was  c o l l e c t e d  fo r  use.  T he  

m id d le  f r a c t i o n  had  a d e n s i t y  o f  a b o u t  1 .0956  g /m l  at  2 5 °C  which 

c o m p a r e s  f a v o r a b l y  w i th  the  a v a i l a b l e  l i t e r a t u r e  v a lu e s  o f  1 .0958 

g/ml [42].

D im e th v l s u l fo x id e -W a te r  M ix tures .

T h e  d i m e t h y l s u l f o x i d e - w a t e r  m i x t u r e s  w e r e  p r e p a r e d  b y  

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

d e i o n i z e d  w a t e r  a t  i n t e r v a l s  o f  a b o u t  1 0  w t%  d i m e t h y l s u l f o x i d e .  

T h e i r  d e n s i t i e s  w ere  d e te r m in e d  in q u a d ru p l i c a t e  w i th  c a l i b ra t ed
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100-m i  v o lu m e t r i c  f l a sk s .  F ro m  a l a r g e - s c a l e  g ra p h  o f  d e n s i t y  vs.  

w t%  d i m e t h y l s u l f o x id e ,  the  e x ac t  w t%  o f  a p a r t i c u l a r  m ix tu re  was  

r ead .  T h e  d a ta  p lo t t e d  in the  a b o v e  g rap h  w e re  o b ta in e d  f ro m  the 

l i te ra tu re  [42] and  are  l is ted  in A ppend ix  5.

P rep a ra t io n  and Pu r i f ica t ion  o f  the  E lec t ro ly tes .

KCL

C er t i f ied  ACS po tass ium  ch lor ide  (Hall  Labora to r ie s  Reagen t)  

was  p u r i f i e d  by r e c r y s t a l l i z a t i o n  f rom  d e io n iz e d  w a te r .  P o t a s s iu m  

c h l o r i d e  w a s  a d d e d  to  b o i l i n g  d e i o n i z e d  w a t e r  u n t i l  th e  p o i n t  o f  

s a t u r a t i o n .  U p o n  c o o l i n g  the  s a t u r a t e d  s o l u t i o n ,  c r y s t a l s  o f  KC1 

s ep a ra te d .  T h e s e  c r y s ta l s  w ere  then  c o l l e c te d  and  d r ied  in vacu o  for 

24  h o u rs  a t  100°C.

NaCl.

Sod ium  ch lo r ide  (Thorn  Smi th  S tandard )  was  d r ied  in a vacuum  

o ven  at  8 0 °C  o v e rn ig h t  p r io r  to i ts  be ing  used in m ak in g  so lu t ions  in 

M eO H -w a te r  solvents .

AgCl.

S i lv e r  ch lo r id e  was  p re c ip i t a t ed  f rom  a ho t  a q u eo u s  so lu t ion  o f  

h i g h - p u r i t y  s i lv e r  n i t r a t e  to w h ic h  an a q u e o u s  s o lu t io n  o f  s o d iu m  

c h lo r id e  w as  a d d ed .  T he  p r e c ip i t a t e  w as  w a sh e d  by  d e c a n ta t i o n  w i th  

w a t e r  c o n t a i n i n g  so m e  n i t r i c  a c id  and  d r i e d  in a v a c u u m  o v e n  at  

8 0 ° C  for several  hours.
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?hA? W 3.
P h 4 PN0 3  w as  p re p a re d  by c o m b in in g  a ho t  e q u i m o l a r  e th a n o l i c  

so lu t ion  o f  P h 4PBr and an aqueous  so lu tion  o f  A g N 0 3. The  so lu tion of  

P h 4 PN 0 3 s ep a ra te d  f rom  the  y e l low  p rec ip i ta te  o f  A gB r .  U s in g  th is  

so lu t ion  the  c ry s ta l s  o f  P h 4 PN 03 which  s ep a ra te d  upon  c o o l in g ,  w ere  

w a s h e d  w i t h  1 : 1  e t h a n o l - w a t e r  m i x t u r e ,  p u r i f i e d  b y  d o u b l e  

r e c r y s t a l l i z a t i o n  f ro m  e th a n o l - w a te r  m ix tu r e s ,  and  d r i e d  in. vacu o  at  

8 0 ° C  for 24 hours.

Elec t ro ly t ic Conductance.

C o n d u c t a n c e  m e a s u r e m e n t s  w e re  p e r f o r m e d  u s in g  a W a y n e -  

K er r  M o d e l  B -224  U nive rsa l  B r idge  and  a d ip - ty p e  c o n d u c ta n c e  cel l  

with a cel l  cons tan t  o f  1 . 0 1 2  cm*1.

N aCl  so lu t io n s  o f  know n co n cen t ra t io n  in the  range  o f  10*3 to 

1 0 *2 M w e r e  p r e p a r e d  g r a v i m e t r i c a l l y ,  c o r r e c t i n g  to  w e i g h t s  i n  

v a c u o . T h e  m o la r i ty  o f  each  so lu t ion  was  c a lc u la te d  f rom  the  w e igh t  

o f  s tock  so lu t io n  used  and the w e igh t  o f  the  final  so lu t ion .  V o lu m es  

o f  so lu t ions  w ere  d e te rm in e d  us ing  the  den s i ty  o f  the  pure  so lven t .

T h e  c o n d u c t a n c e  ce l l  w as  r e p e a t e d ly  r i n s e d  w i th  the  s am p le  

so lu t io n .  T h e  c o n d u c t a n c e  ce l l  was  im m e r s e d  in a w a te r  b a th .T h e  

t e m p e r a t u r e  o f  t h e  w a t e r  w a s  c o n t r o l l e d  b y  a Y e l l o w  S p r i n g s  

p r o p o r t i o n a l  t e m p e ra t u re  c o n t r o l l e r  (M o d e l  72) .  An N BS c a l i b ra t e d  

t h e r m o m e t e r  w as  used  to r e c o rd  the  t e m p e r a t u r e  o f  the  ba th .
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Solubi l i ty  D e term ina t ions .

S o l u b i l i t i e s  o f  s o l u t e s  w e re  d e t e r m i n e d  by  th e  a n a l y s i s  o f  

s a tu ra ted  s o lu t io n s  in so lven ts  o f  in te res t .  The  so lu b i l i t i e s  o f  PI14PNO3 

w ere  d e t e r m in e d  at  in te rv a l s  o f  ab o u t  1 0  w t%  a c e to n i t r i l e  in so lv en t s  

r a n g in g  f ro m  0  w t% to  100 w t% a ce to n i t r i l e - w a te r  so lven ts .  A bou t

0 . 1  g o f  the  so lu te  was  p la ce d  in each  o f  fo u r  1 0 0 -ml v o lu m e t r i c  

f l a sks ,  a b o u t  60  ml o f  s o lv en t  was  ad d ed  to  each  f la sk  and  then  each  

f la sk  w as  e x p o s e d  to  u l t r a so n ic  w a v es  f ro m  an u l t r a so n ic  g e n e r a to r  

(E /M C  Corp . ,  Model  450) for about  20  m inu tes .  T h ese  so lu t ions  were  

then  p laced  in a p la t fo rm  sh ak e r  (L ab - L in e  In s t ru m e n ts ,  Inc . )  f i l led  

w i th  w a t e r  m a i n t a i n e d  at  c o n s t a n t  t e m p e r a t u r e  o f  2 5 . 0 0 °  ± 0.01C, 

and ag i ta ted .  The  so lu t io n s  r each ed  e q u i l ib r iu m  in a b o u t  3 days .  The  

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

s p e c t r o p h o t o m e t r i c a l l y  on  a P e r k i n - E l m e r  L a m b d a  3B U V / V i s  

s p e c t r o p h o to m e te r .  T he  a b so r b a n c e  o f  P h 4 PN 03 w as  m e a s u r e d  at the  

P h 4 P+ a b so rp t io n  m a x im a  of  abou t  265 nm and 272  nm.

E.m.f.  M easurem ents .

The e .m .f .  o f  ga lvan ic  ce l l s  w ith  l iquid  j u n c t io n  was  m easu red  

with  and w i th o u t  s a l t -b r id g e  e l e c t ro ly te s .  In th is  in v e s t ig a t io n ,  the  

b a s ic  e .m . f .  c e l l  used  was  s im i l a r  to the  o n e  u sed  e a r l i e r  in o u r  

l a b o r a to r y  by B e rn e  [4]. The  s i l v e r - s i l v e r  c h lo r id e  e l e c t ro d e s  w ere  

p re p a red  e l ec t ro ly t i c a l ly .  The  sur face  o f  a s i lve r  e l ec t ro d e  (T h o m as  

4 8 5 9 -H 2 0 )  was  c leaned  by f ir s t  soak ing  it in am m o n ia  to r e m o v e  any 

o ld  s i lv e r  c h lo r id e  d e p o s i t  fo l lo w e d  by r u b b in g  the  m e ta l  w i th  em ery  

p a p e r  unt i l  the  su r face  appea red  c lean  and  sh iny . T h e  s i lve r
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e l e c t r o d e  w a s  p l a c e d  in a 1M HC1 s o l u t i o n  as th e  a n o d e  w i th  a 

p la t in u m  e l e c t r o d e  as the  c a th o d e .  A p p l i c a t io n  of  c u r r e n t  d e n s i ty  o f  

a p p r o x i m a t e l y  5 - 1 0  m i l l i a m p e r e s  pe r  s q u a r e  c e n t i m e t e r  p r o d u c e d  a 

g ray ish  c o a t in g  o f  s i lve r  ch lo r ide .  The  e lec t ro ly s is  was  s to p p ed  a f te r  

a few  m in u te s  and  the  e l e c t r o d e s  w ere  aged  in d e io n iz e d  w a t e r  fo r  a 

few days  be fo re  use.

The  e lec t ro c h e m ic a l  cel l  cons is ted  o f  a j acke ted  c o n ta in e r  (~ 1 0 0  

ml)  with  a p la s t ic  (p o ly e th y le n e )  sc rew  cap .  The j a c k e t  a l lo w ed  for  

c i r c u l a t i o n  o f  w a t e r  f ro m  a c o n s t a n t  t e m p e r a t u r e  w a t e r  b a th .  T h e  

t e m p e r a t u r e  o f  the  w a te r  w as  k e p t  c o n s t a n t  at 2 5 .0 0 °  + 0 . 0 1 ° C  by 

u s i n g  a Y e l l o w  S p r i n g s  I n s t r u m e n t s  C o .  M o d e l  72  p r o p o r t i o n a l  

t e m p e r a t u r e  c o n t r o l l e r .  T he  a c tu a l  ba th  t e m p e ra tu re  w as  v e r i f i e d  by  

m e an s  o f  a c e r t i f i e d  N a t io n a l  B ureau  o f  S tanda rds  th e rm o m e te r .  The  

c e l l  v o l t a g e s  w e r e  m o n i t o r e d  by  u s in g  a d ig i t a l  i o n a l y z e r  ( O r i o n  

Research,  Model  701A).
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Studies  in A queous  M ixtures  o f  Protic  and D ipo la r  A pro t ic  Solvents. 

I o n - S o lv e n t  In te ra c t io n s .

T h e  h y d r o g e n - b o n d  d o n o r s ,  e . g . ,  w a t e r  a n d  m e t h a n o l ,  a re  

c lass i f ied  as pro tic  so lvents .  So lven ts  with d ie lec t r ic  cons tan t s  > 15, 

w h ic h ,  a l t h o u g h  they  m ay  c o n ta in  h y d r o g e n  a to m s ,  c a n n o t  d o n a te  

s u i t a b ly  la b i l e  h y d r o g e n  a to m s  to  fo rm  s t ro n g  h y d r o g e n  b o n d s  with  

an a p p ro p r ia t e  sp ec ie s ,  a re  c l a s s i f i e d  as  d ip o la r  ap ro t ic .  T h e  c o m m o n  

d i p o l a r  a p ro t i c  s o lv e n t s  e m p lo y e d  in th is  s tudy  are  a c e to n i t r i l e  o f  

d i p o l e  m o m e n t  p = 3 . 3 7 ,  d i m e t h y l f o r m a m i d e  p = 3 . 8 2 ,  a n d  

d im e th y l su l fo x id e ,  p  = 4.3.

S o lv e n t s  can  a l so  be d e s c r ib e d  in te rm s  o f  the  n u m b e r  o f  s i tes  

av a i l ab le  fo r  spec i f ic  ion -so lv en t  in te rac t ions .  T hus ,  a ce to n i t r i l e  has 

one  s i te  (CN),  w h i le  the  protic  so lvents  H 20 ,  MeOH and EtOH have two 

sites,  one  for  anion so lvat ion  (the OH pro ton) ,  and one  fo r  ca t ion ic  

solvat ion (the OH oxygen).

C h e m i s t s  n e e d  an u n d e r s t a n d i n g  o f  the  b e h a v i o r  o f  io n s  in 

s o lu t io n  and  it sho u ld  be e m p h a s i z e d  th a t  the  c h e m i s t r y  o f  a n io n s  in 

d ip o la r  ap ro t ic  so lven t s  d i f fe r s  g rea t ly  f rom  the i r  c h e m is t r y  in wa ter ,  

b e c a u s e  a n i o n s  a re  m u c h  le ss  s o lv a t e d  in d i p o l a r  a p r o t i c  th a n  in 

protic  so lvents.

T he re  a re  fo u r  k inds  o f  s t rong  s o lv en t - so lu te  i n t e ra c t io n s :  ion- 

d ipo le ,  d ipo le -d ipo le ,  re-complex fo rm in g ,  and  h y d r o g e n - b o n d in g .  In 

p ro t i c  s o lv e n t s ,  a n io n s  a re  so lv a t e d  by io n -d i p o le  i n t e r a c t i o n s ,  on 

w h ic h  a re  s u p e r i m p o s e d  s t ro n g  h y d r o g e n  b o n d s ,  w h ic h  is g r e a t e s t  

fo r  sm al l  an ions .  In d ip o la r  ap ro t ic  so lv en t s ,  a n ions  a re  so lv a t ed  by 

i o n -d ip o le  in te r a c t io n s ,  on  w hich  is su p e r im p o se d  an in t e r a c t io n  due  

to the  mutua l  po la r iz ab i l i ty  o f  the  an ion  and  the so lven t  m olecu le ,
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w hich  is g re a te s t  fo r  la rge  an ions .  T he re  is no s ig n i f ic a n t  c o n t r ib u t io n  

to so lva t ion  by h yd rogen  bond ing  in d ipo la r  apro t ic  so lvents .

S o m e  a n io n s  a re  h y d r o g e n - b o n d  a c c e p to r s ,  so m e  s o lv e n t s  are  

h y d r o g e n - b o n d  d o n o r s ,  so  t h a t  r e l a t i v e l y  s t r o n g  i n t e r a c t i o n s  t a k e  

p lace  b e tw e e n  th e m ,  e .g . ,  b e tw ee n  the  c h lo r id e  ion and  w a te r .  T h e  

m a g n i t u d e  o f  t h e  h y d r o g e n - b o n d i n g  i n t e r a c t i o n  d e p e n d s  on  th e  

donor strength o f  the solvents, e.g., HOH > EtOH > (CH 3 )2 SO, and also 

the accep tor  proper ties  of  the  anions,  e.g . ,  O H * , F  > G '  > B r  .

T h e  s o l v e n t s  d o  n o t  e n t i r e l y  r e t a i n  t h e i r  s t r o n g  a n i o n -  o r  

c a t i o n - s o l v a t i n g  t e n d e n c ie s  when  m ixed  to g e th e r .  T h e  n a tu re  o f  the  

c o so lv e n t  in the m ix tu re  m o d i f ie s  these  c h an g e s  in so lv a t in g  ab i l i ty .  

Thus ,  a 1:1 m ix tu r e  o f  w a te r  with  ace to n i t r i l e  is a be t te r  s o lv a to r  o f  

Ag+, by 10 kJ m o l *1 than  the  c o r r e s p o n d i n g  m ix tu r e  with  e th a n o l ,  

and  is a b e t te r  c h lo r id e - io n  s o lv a to r  than a 1:1 M e 2 S 0 / H 20  m ix ture  

by 19 kJ m ol*1. In bo th  case s  the  p r e d o m in a n t  s o lv a to r  is  c o m m o n ,  

MeCN for Ag+ and H 20  for C l* .

T h e  i m p o r t a n c e  o f  i n t e r a c t i o n  b e tw e e n  the  c o m p o n e n t s  o f  a 

m ix ed  s o lv e n t  w as  p o in t e d  ou t  in the  a b o v e  e x a m p l e s .  T h e  s t ro n g  

h y d r o g e n  b o n d i n g  b e t w e e n  D M S O  a n d  w a t e r  d e c r e a s e s  t h e  

e f f e c t iv e n e s s  o f  w a te r  as an an ion  s o lv a to r  in the  m ix tu re .  T h i s  was  

m os t  o b v io u s  f rom  the ab o v e  ex am p le s .  The  re la t iv e  s o lu b i l i t i e s  o f  

sa lt s  in p ro t i c  and  d ip o la r  ap ro t ic  so lv en t s  are  g rea t ly  i n f lu e n c e d  by 

the an ion  so lvat ion .  Po ta s s iu m  ch lo r ide  ( lo g K s = -2.S) is c o n s id e rab ly  

m ore  so lu b le  than p o ta s s iu m  p e r c h lo ra te  ( l o g K s = -4 .5 )  in m e thano l ,  

w h e rea s  the s i tu a t io n  is r e v e r se d  in D M F.  P o ta s s iu m  c h lo r id e  is ve ry  

much less so luble  (log K s = -5 .4) than  p o ta s s iu m  p e rc h lo ra te  ( log  K s = 

-0.1) in D M F  at 25°C  [43].

P a r k e r  [43] fe l t  tha t  th e se  c h a n g e s  a re  o f ten  c a u s e d  by  an ion  

so lvat ion ,  ra the r  than to so lvat ion o f  ca tions  or o f  po la r  molecules .
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T h e s e  a r i s e  b e c a u s e  d i p o l a r  a p r o t i c  s o l v e n t s  h a v e  m u c h  w e a k e r  

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

s o l v e n t s  h a v e  s o m e  s t r u c t u r e  and  a re  h y d r o g e n - b o n d  d o n o r s  and  

a cc e p to r s .  Sm a l l  a n io n s  a re  s t ro n g  h y d ro g e n -b o n d  a cc e p to r s ,  w h e rea s  

la rge  p o la r izab le  an ions  are  not.

W a te r - o r g a n i c  s o lv en t  m ix tu r e s  a re  im p o r t a n t  f ro m  bo th  a 

p rac t ica l  and  a th e o re t ic a l  p o in t  o f  v iew  b e ca u se  o f  th e i r  e x te n s iv e  

use.  W a t e r - a l c o h o l  m ix tu r e s ,  in w h ich  w a te r  m o le c u le s  a re  m ix ed  

with  p o l a r  m o le c u le s  tha t  m a k e  h y d r o g e n  b o n d s  and  are  c a p a b le  of  

a s s o c ia t i n g ,  are  o f  p a r t i c u la r  in te re s t .  T h e i r  p ro p e r t i e s  may  p ro v id e  

c o n c lu s io n s  to a ce r ta in  e x te n t  on  the  s t ruc tu re  o f  the  l iqu ids .  The  

e x p e r i m e n t a l  d a t a  on  w a t e r - a l c o h o l  m i x t u r e s  a r e  g e n e r a l l y  

i n t e r p r e t e d  w i t h  r e g a r d  to  w h e t h e r ,  i n  t h e  g i v e n  r a n g e  o f  

c o n ce n t r a t i o n ,  the  a lcoho l  s tab i l ize s  or b reaks  dow n  the  s t ru c tu re  o f  

w a t e r .  I t  c a n n o t  be  i g n o r e d ,  h o w e v e r ,  t h a t  in  l i q u i d  m i x t u r e s  

c o n ta i n in g  a h igh  c o n c e n t r a t io n  of  a lco h o l ,  i t  is  ha rd ly  log ica l  to 

speak  o f  w a te r  s t ruc tu re .

S in ce  the  c o m p o n e n t  p ro p e r t i e s  are  s im i la r  to each  o the r ,  the  

c o n d i t i o n s  in m e t h a n o l - w a t e r  m ix tu r e s  a re  s im p le r  than  in m ix tu re s  

o f  o th e r  a l ip h a t ic  m o n o a lc o h o ls  with water .  O ne  o f  the  w ays  in which  

t h i s  d i s c l o s e s  i t s e l f  is  t h a t  in  m a n y  r e s p e c t s  t h e  p r o p e r t i e s  o f  

m e t h a n o l - w a t e r  m i x t u r e s  d i f f e r  c o n s i d e r a b l y  f r o m  t h o s e  o f  th e  

aqueous  m ix tu res  o f  o the r  a lcohols .
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Calcu la t ions  Based on the Old Equat ions  and the  New Formula t ion .

T h e  m ain  o b je c t iv e  in th is  s tudy  is  to t e s t  a new  e q u a t i o n  for  

^  |on f ° r the  a q u e o u s  m ix tu r e s  o f  m e th a n o l ,  e t h a n o l ,  a c e t o n i t r i l e ,  

d im e th y l f o r m a m id e  and  d im e th y l s u l fo x id e .  T h e  Ej ion u s in g  th is  new 

f o r m u l a t i o n  d e v e l o p e d  in o u r  l a b o r a t o r y  [4] and  the  o ld  e q u a t i o n  

f rom  the  l i t e ra tu re  w ere  used  fo r  the  ab o v e  s o lv en t  sy s tem s .

In o rd e r  to  use  the  o ld  E q u a t io n  (1 0 a )  and  the  n e w  E q u a t io n s

(13)  and (14) in the ca lcu la t ion  o f  Ej .Qn fo r  the  j u n c t i o n s  b e tw ee n  

w a t e r  a n d  the  m i x e d  s o l v e n t s  s t u d i e d  in t h i s  i n v e s t i g a t i o n ,  the  

f o l l o w i n g  r e q u i r e d  p a r a m e t e r s  w e r e  e i t h e r  a v a i l a b l e  f r o m  th e  

l i t e r a tu r e  or  d e t e r m in e d  e x p e r im e n t a l l y :

a). T rans fe r  activi ty  coeff ic ien ts  o f

1. H+, Na+, and Cl* io ns  b e tw e e n  w a te r  and  m e th a n o l -  

w a te r  so lven ts .

2. H+,K +, and Cl* ions  b e tw ee n  w a te r  and  e t h a n o l - w a t e r  

so lvents .

3. Ag+ and N 0 3* io ns  b e tw ee n  w a te r  and  a c e to n i t r i l e -  

w a te r  so lv en t s .

4. H+,K +, Cs+, and Cl* ions  b e tw ee n  w a te r  and  

d i m e t h y l f o r m a m i d e - w a t e r  s o lv e n t s .

5. H +,K +, Rb+, and Cl* io ns  b e tw ee n  w a te r  and 

d im e th y l s u l f o x i d e - w a t e r  so lven ts .

b).  T ran sp o r t  num bers  o f  all the ions in all the  above  so lvents .

c).  Hydra tion  energ ies  of  all the ions.
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T h e  m e t h o d s  by w h ic h  the  a b o v e  p a r a m e t e r s  w e re  e v a l u a t e d  

fo r  the  sy s tem s  o f  in te re s t  are  d i scu ssed  in the  fo l lo w in g  sec t ions .  

U s in g  the  p a r a m e te r s  m e n t io n e d  a b o v e ,  the  Ej ion v a lu e s  f ro m  the  old  

e q u a t i o n  an d  the  new  f o r m u l a t i o n s  w e re  c a l c u l a t e d  and  c o m p a r e d  

fo r  j u n c t i o n s  b e tw e e n  e lec t ro ly te  so lu t io n s  in w a te r  and  in al l  o f  the  

above  so lven ts .
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METHANOL-WATER SOLVENTS.

T rans fe r  Activ ity  Coeffic ients .

T h e  t r a n s fe r  a c t iv i ty  co e f f ic ien t s  o f  the  s ing le  ions  n eed e d  fo r  

the  p re s en t  c a lc u la t io n s ,  w h ich  w ere  lo g mYNa • » an<*

w e r e  d e t e r m i n e d  p r e v i o u s l y  in t h i s  l a b o r a t o r y  [ 4 4 ] .  T h e y  w e r e  

e v a l u a t e d  by  th e  t e t r a p h e n y l b o r a t e  a s s u m p t i o n .  T a b l e  1 l i s t s  the  

t r a n s f e r  a c t iv i ty  c o e f f i c i e n t s  o f  a l l  the  ions  r e l e v a n t  to  th is  s tudy ,  

r e p o r t e d  at even  w t% m e th a n o l  and  the i r  p lo t s  are  sh o w n  in F ig u r e s  

1-3.

TABLE 1

T ran s fe r  Activ ity  Coef f ic ien ts  of  N a +, H+ and Cl* Ions  in M e th a n o l -  

W ate r  Solvents .  (W ater  Reference,  Molar Scale) [44].

Wt% MeOH l ° 8 m "^Na lo&m y H Io8 m y  a

1 0 0 1.57 1.80 2 .37

9 0 1.51 0.53 1 . 8 6

80 1.44 -0 .08 1.47

70 1.35 -0 . 1 1 1.15

6 0 1.16 -0 . 1 0 0 . 8 8

5 0 1 . 0 0 -0 .06 0 . 6 8

4 0 0 .89 0.07 0 .4 2

30 0 .72 0 . 1 1 0 .2 6

2 0 0 .59 0 . 2 0 0 .0 6

1 0 0 .27 0.08 0 .05
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FIGURE 1

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  the  H+ Io n  in  M e t h a n o l - W a t e r

Solvents  [441.
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FIGURE 2

T r a n s f e r  A c t iv i t y  C o e f f i c i e n t s  o f  the  Na+ Io n  in  M e t h a n o l - W a t e r

Solvents  1441.
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FIGURE 3

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  the  C l '  Ion  in  M e t h a n o l - W a t e r  

Solvents  T441.

l o g y

ofr
o 20 40 60 80 100

Wt% McOH



50

The  var ia t ion  o f  logmYH u p o n  s u b s e q u e n t  a d d i t i o n  o f  m e th a n o l  

(as  in d i c a t e d  on the  g ra p h  on p a g e  52)  to  w a te r  w as  e x p l a i n e d  by 

P o p o v y c h  [44] .  S t r e n g t h e n in g  o f  the  w a te r  s t ru c tu re  c a u s e d  by the 

p r e s e n c e  o f  sm al l  a m o u n t s  o f  a c o s o lv e n t  is th o u g h t  to  be the  reason  

why at  a low  c o n c e n t r a t io n  o f  a lcoho l  the re  is an  in i t ia l  in c re a se  in 

t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  o f  h y d ro g e n  ions .  I n c re a s in g  n e g a t iv e  

v a lu e s  o f  l o g mYH a re  b r o u g h t  a b o u t  u p o n  s u b s e q u e n t  a d d i t i o n  o f  

m e th a n o l  to  w a te r .  T h e y  re a c h  a m in im u m  at a p p r o x i m a t e l y  7 0  w t% 

o f  m e t h a n o l .  In t e r m s  o f  p r o t o n - a c c e p t i n g  a b i l i t y ,  th i s  m i n i m u m  

d isp lays  a so lv en t  m ix tu re  o f  m a x im u m  basic ity .

T w o  e x p la n a t io n s  fo r  th is  s ee m in g  in c rease  in the  ba s ic i ty  o f  

the  m e t h a n o l - w a t e r  m i x t u r e s  in r e l a t i o n  to  the  p u re  l i q u id s  h a v e  

been  p r e s e n te d .  O n e  i n t e r p r e t a t i o n ,  p o p u la r  in the  p u b l i c a t i o n s  o f  

F e a k in s  and his a s s o c ia te s  [45] ,  a t t r ibu ted  it to the  in d u c t iv e  e f fe c t  o f  

t h e  m e t h y l  g r o u p .  T h i s  g r o u p  m a k e s  t h e  m e t h a n o l  m o l e c u l e s  

in c re a s in g ly  “ b a s ic ”  and  less  “ a c id ic”  than the w a te r  m o lecu le s  in that  

the  n e g a t i v e  c h a r g e  on the  o x y g e n  a to m  is g r e a t e r  and  the  p o s i t i v e  

c h a r g e  on  t h e  h y d r o x y l i c  h y d r o g e n  a t o m  is l e s s .  C o o p e r a t i v e  

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

m o le c u le s  in the  m ix tu r e s  as  w e l l .  A n  a l t e rn a t iv e  th e o ry ,  p r e s e n te d  

by  B r a u d e  a n d  S t e r n  [ 4 6 ] ,  d i s c u s s e d  a s i m i l a r  v a r i a t i o n  in  th e  

H a m m et t  ac id i ty  fu n c t io n ,  -H 0, in a q u eo u s  m ix tu r e s  o f  m e th a n o l  in 

the  l ig h t  o f  a b r e a k d o w n  o f  the  t h r e e - d i m e n s i o n a l  w a te r  s t ru c tu r e  

c a u s e d  by the  m e th a n o l .  W a te r  d e p o l y m e r i z e d  in th is  w ay  p r o b a b ly  

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

bond ing  with  acidic  solutes.

C o n s i d e r  the  s o l v a t i o n  o f  an a l k a l i - m e t a l  c a t i o n .  H e r e ,  the  

s o l v e n t  m o l e c u l e s  w h ic h  a re  a r o u n d  the  ion  in a f i r s t  s h e a th  a re  

p ro b a b ly  d i rec ted  w i th  the i r  oxygen  a tom s  p o in t in g  tow ards  the  ion,



51

p o s s ib ly  w i th  the  o x y g e n  lo n e -p a i r  o rb i t a l s  o v e r l a p p in g  the  a c c e p to r  

o rb i t a l s  o f  the  ion.  T h e  s t r e n g th  o f  the  in t e r a c t io n  b e tw ee n  the  ion 

and  the  so lv en t  m o le c u le  wi l l  d e p e n d  to a f i r s t  a p p r o x im a t io n  on  the  

e lec t ro n  dens i ty  on the o xygen  a tom  o f  the  so lven t  m olecu les .

A h a l i d e  io n  w i l l  b e  s u r r o u n d e d  by  s o l v e n t  m o l e c u l e s  so  

o r i e n ta te d  tha t  a h y d r o x y l - h y d r o g e n  a to m  is im m e d ia t e ly  a d j a c e n t  to 

the  ion and  the  ionic  h y d ro g e n  and o x y g en  nuc le i  are  c o - l in e a r ,  as in 

a h y d r o g e n  bond  o f  m a x im u m  s tab i l i ty .  T h e  c o u lo m b ic  fo rce  b e tw een  

the  c h a r g e  on  the  ion  an d  th e  c h a r g e s  on  the  h y d r o x y l - h y d r o g e n  

a to m s  d e t e r m i n e  the  s t r e n g th  o f  the  a t t r a c t i o n  b e tw e e n  the  ion  and  

the  s o lv e n t  m o le c u le s .  As far as the  p r im ary  s o lv a t io n  is  c o n ce rn e d ,  

an a n io n  wi l l  be in a lo w e r  f r e e - e n e r g y  s ta t e  in w a te r  than  in the  

m ixed  so lv en t s .  The  p r im ary  so lva t ion  e n e rg y  o f  io ns  o f  both  s igns  is 

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

e l ec t ro s ta t i c  f ie ld  at  th e i r  “ s u r f a c e s ” . This  is because  the  cen t ro ids  o f  

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

approach  the “ surface” o f  the ion closely .

I f  w e  a s s u m e  t h e  e f f e c t s  o f  p r i m a r y  s o l v a t i o n  to  b e  m o s t  

i m p o r t a n t ,  the  ne t  r e s u l t  w i l l  be  l a rge  p o s i t iv e  t r a n s f e r  f r ee  e n e r g ie s  

in the  c a s e  o f  an ions ,  and  sm al l  n e g a t iv e  t r a n s fe r  f ree  e n e r g i e s  in the  

case o f  cations.
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Calcula tions  o f  Solvation Energ ies  for the Ions .

R o s s e i n s k y  [47]  r e p o r t e d  t h e  h y d r a t i o n  e n e r g i e s  o f  s e v e r a l  

ions .  A l fe n a a r  [48] e s t im a te d  the  hy d ra t io n  e n e rg y  o f  the  H + ion 

to be -253  K ca l /m o l .  T h a t  va lue  was  c o m b in e d  w i th  R o s s e i n s k y ’s 

d a ta  fo r  o th e r  ions  and  c o n v e r ted  to m o la r  sca le .  T h e  r e su l t s  are  

g iv en  in T a b le  2. T h e  la s t  c o lu m n  re p re s e n t s  the  m o la r  h y d ra t io n  

energy  o f  each ion conver ted  to the logar i thm ic  sca le ,  which  is useful 

for calculations.

F ro m  the  h y d ra t io n  e n e r g y  of  the  ion  i, the  energy  

o f  s o lv a t io n  o f  tha t  ion in any  o th e r  s o l v e n t  & c a n  be 

c a lc u la te d  via  E q u a t io n  (2) i f  the  r e l e v an t  t r a n s fe r  f r ee  e n e r g y ,  AG^° 

is  k n o w n .  T h e  r e s u l t s  o f  s u c h  c a l c u l a t i o n s  f o r  m e t h a n o l - w a t e r  

so lv en t s  a re  show n  in T a b le  3. T h e s e  so lv a t io n  e n e r g i e s  w e re  used  

only  for Equat ion  (14) to calcula te  Ej ion.

TABLE 2

Energ ies  o f  Hydra tion for H + , Na+ ,K + , and Cl* Ions .

(Mola r Scale,  25°  C ) [47,48]

Ion  <3° (H2 O) Kcal/mol 0* 0  (H2 O) /  1 .3638

H+ - 2 5 2 .2 3  - 1 8 4 .9 7

Na+ -9 0 .4 3  -66 .31

K+ -7 2 .8 8  -5 3 .4 4

CT -8 3 .0 6  -6 0 .9 0
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TABLE 3

Calculated Solvation Energy, G°j (s) of H+, Na+ and C l '  Ions.  

(Molar Scale, 2 5 ° C )

Wt% MeOH G V ( s ) G ° Na+(s) G °c r(s>

1 0 0 - 1 8 3 .1 9 -64.75 -5 8 .5 4

90 -1 8 4 .4 4 -6 4 .8 4 -5 9 .0 4

80 - 1 8 5 .0 5 -6 4 .8 7 -5 9 .4 4

70 - 1 8 5 .0 8 -6 4 .9 6 -5 9 .7 5

60 - 1 8 5 .0 7 -6 5 .1 5 -6 0 .0 2

50 -1 8 5 .0 3 -65 .31 -6 0 .2 2

40 - 1 8 4 .9 0 -6 5 .4 2 -6 0 .4 8

30 - 1 8 4 .8 6 -6 5 .6 0 -6 0 .6 4

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

1 0 -1 8 4 .8 9 -6 6 .0 4 -6 0 .8 5

0 - 1 8 4 .9 7 -66 .31 -6 0 .9 0



54

Transport Numbers,

F o r  the f a i r ly  d i lu t e  so lu t ions  o f  sod ium  ch lo r id e  and  h y d ro g e n  

ch lo r id e  ( f rom  l x l O ' 1 M to l x l O ' 3 M ) ,  t r a n s p o r t  n u m b e r s  at  in f in i t e  

d i lu t io n  were  used .  In the l i t e ra tu re  [49] ,  t r a n sp o r t  n u m b e r s  fo r  N a + 

ions in sod ium  ch lo r ide  so lu tions ,  tNa+ were  k n o w n  o n ly  fo r  w a te r ,  

64 wt% M eO H  and 100 wt% M eOH. These  were  p lo t ted  as a func t ion  

o f  the  c o n c e n t r a t i o n  o f  m e th a n o l ,  and  a s m o o th  c u r v e  w as  d ra w n  

(u s in g  the  c o m p u t e r )  th r o u g h  the t h r e e  p o in t s  to  be  u sed  f o r  the  

in te rpo la t ion  o f  tNa+ a t  the e x p e r im e n t a l  c o m p o s i t io n s  o f  m e th a n o l -  

w a te r  m ix tu r e s .  In o r d e r  to o b ta in  a m o re  r e l i a b le  set  o f  t r a n s p o r t -  

n u m b e r  v a lu e s ,  the  e q u iv a l e n t  c o n d u c ta n c e  of  so d iu m  c h lo r id e  w as  

d e t e r m in e d  e x p e r i m e n t a l l y  o v e r  the  r a n g e  o f  60  w t%  to 1 0 0  w t%  

M eO H -w a te r  m ix tu res .  The l i s ts  of  the  molar  c o n ce n t ra t io n s ,  C, and 

the  e q u iv a l e n t  c o n d u c ta n c e ,  A, of  the  N aCl  in d i f fe ren t  com pos i t ions  

o f  m e th a n o l -w a te r  m ix tu re  are  shown in Tab le  4  in the  A p p e n d ix  6 .

T h e  m o la r  c o n c e n t r a t i o n s  and c o r r e sp o n d i n g  c o n d u c ta n c e  d a ta  

for so d iu m  c h lo r id e  in M e O H -w a te r  so lu t io n s  w e re  a n a ly z e d  in t e rm s  

of  the F u o s s -H s ia  conductance  theory [50] in the form of  equation:

A = Aq - SC1̂  + EClnC + J j C  - J2 C? / 2  (36 )

w h e re  \  is the  e q u iv a len t  c o n d u c ta n c e  at in f in i te  d i lu t io n ,  S is the  

Onsager  coef fic ient,  J j  and  J 2 a re  c o n s t a n t s  with d i f f e r e n t  e x p re s s io n s  

which  a r e  sh o w n  in the  A p p e n d ix  6 . A c h i - s q u a r e  c o m p u t e r  p r o g r a m  

was  used  to ob ta in  the values  o f  l im i t ing  co n duc tance  o f  NaCl.  The  

t r a n s f e r e n c e  n u m b e r s  o f  s o d iu m  ions  c o r r e s p o n d i n g  to  t h e se  w t%  

m e th an o l  c o m p o s i t io n s  shown in Table  5 were  in te rp o la ted  f rom  a
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l a r g e - s c a l e  v e r s io n  o f  the  g rap h  o f  t r a n s f e r e n c e  n u m b e r s  o f  so d iu m  

ion vs.  w t% m e th an o l .  U s in g  these  d a ta  and  the  l im i t in g  eq u iv a l en t  

c o n d u c ta n c e s  o f  N aC l ,  the  l im i t in g  e q u iv a l e n t  c o n d u c ta n c e s  fo r  the  

ch lo r id e  ion were  ca lcu la ted  us ing  the  fo l low ing  equat ion :

k ° c r  =  ^ N a C l^ 1 '  l °N a+)

TABLE 5

A°Naci ( e x p e r im e n ta l ) ,  t Na+ ( in t e r p o l a t e d )  and  X°q - (ca lcu la ted )  for 

M eO H -W ater  Solvents .

Wt% MeOH A°NaCl l Na+ X°a -

65 .2 6 6 .3 0 .4 448 36.81

72 .2 70 .73 .4 487 3 8 .9 9

82.5 7 5 .2 4 .4 5 4 2 4 1 .0 6

95 .4 88 .15 .4608 4 7 .5 3

S h e d l o v s k y  a n d  K a y  [ 5 1 ]  a n d  D e  L i s i  a n d  G o f f r e d i  [52 ]  

d e t e r m in e d  the l im i t ing  c o n d u c ta n c e  o f  HC1 th r o u g h o u t  the  r a n g e  o f  

M e O H - w a te r  so lven ts .  A la rge -sca le  ve rs ion  o f  the  graph  o f  l im i t ing  

e q u iv a l e n t  c o n d u c ta n c e  o f  ch lo r ide  ion vs.  w t%  m e th a n o l  was  u sed  to

o b ta in  A.°q - v a lu e s  in m e t h a n o l - w a t e r  s o lv en t s  f o r  w h ich  A°Hq  w e r e

known [51,52] .  The  tH° va lues  w ere  ob ta ined  u s ing  E qua t ion  (38) ,



56

t°H+ = 1 - W a - /  A0H a ] (3 8 )

a n d  p l o t t e d  a s  a f u n c t i o n  o f  s o l v e n t  c o m p o s i t i o n  to  a l l o w  fo r  

in te rp o la t io n  to  ex p e r im en ta l  M e O H -w a te r  c o m p o s i t io n .  T he  re su l t s  

are  sh o w n  in T a b le  6  and  F igu re  4. As  can  be s een ,  the  t r a n sp o r t  

n u m b e r s  o f  H+ io ns  go  th ro u g h  a ve ry  p r o n o u n c e d  m in im u m  at ~95 

wt% MeOH.
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TABLE 6

L i m i t i n g  E q u i v a l e n t  C o n d u c t a n c e  o f  HC1 a n d  C l '  a n d  L i m i t i n g  

T r an s p o r t  N u m b e rs  o f  H + in HC1 in M ethano l -W ate r  Solvents .

Wt% MeOH A°HCi(a) x°a (b> t ° H-^c )

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

1 0 343 .21 63.71 .8158

2 0 2 7 8 .3 2 5 2 .8 2 .8 102

4 0 1 9 0 .1 0 4 1 .1 0 .7838

60 138.71 3 7 .2 0 .7 412

80 108.01 3 8 .0 0 .6 262

90 103 .22 4 1 .3 0 .5698

94.3 106 .87 4 6 .83 .5618

9 6 .2 1 1 0 . 8 8 4 8 .23 .5 6 5 0

98 .0 119 .81 4 9 .9 0 .5835

99 132 .43 5 1 .0 0 .6149

99.5 149 .01 51 .65 .6534

99.8 166 .88 5 2 .0 0 .6884

1 0 0 198.51 5 2 .38 .7 3 6 0

(a) re fe rence  [51] and  [52]

(b) in t e rp o la te d  va lue ,  e x ce p t  for  w a te r  and m e th a n o l

(c) ca lcu la ted  using Equa t ion  (38)
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HGIIRE1

L i m i t i n g  T r a n s p o r t  N u m b e r s  o f  t h e  H+ Ion  in HC1 S o lu t io n s  in 

M e th a n o l - W a te r  S o lven ts .
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NaCllNaCl and HC1IHC1 Junctions  in the Methanol-Water Mixtures.

The Ej ion va lues  ca lcu la ted  f rom  the new E q ua t ions  (13) and

(14) and the  old Equa t ion  (10a)  for the N aCllNaCl  ju n c t io n  as 

well  as for the  HC1IHC1 ju n c t io n  are  p resen ted  in T ab le s  7 and 8 , and 

are p lo t ted  in F igures  3 and  6 .

In  o r d e r  to  m a k e  th e se  c a l c u l a t i o n s ,  l a r g e - s c a l e  g r a p h s  w e re  

m ad e  fo r  al l  a v a i l a b le  d a ta  f rom  the  l i t e ra tu re  as  w e l l  as  o u r  o w n ,  for 

the  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e r s  as a fun c t io n  

o f  w t %  s o l v e n t s .  F r o m  t h e s e  g r a p h s ,  i n t e r p o l a t e d  v a l u e s  w e r e  

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

n u m b ers  for  c o m p o s i t io n s  o f  2.3 w t% so lv en t  in te rva l s .  In i t ia l ly ,  the 

d a ta  w e re  i n t e r p o l a t e d  by h and  and  the  Ej ion va lues  ca lc u la te d  on 

these  basis  are  shown on the LHS of  each  table  ( co lum ns  2-3).

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

c o e f f i c i e n t s  and  t r a n sp o r t  n u m b e rs  o f  io ns  as a fu n c t io n  o f  so lv en t  

c o m p o s i t i o n ,  s m o o th  c u r v e s  w e re  d r a w n  by  c o m p u t e r  ( M a c i n t o s h  

S E /3 0 )  w i th  r e a s o n a b le  p o ly n o m ia l s  w h ic h  w e re  f i t t ed  to the  cu rv es .  

F ro m  these  p o ly n o m ia l s ,  the  va lues  o f  t r a n s fe r  a c t i v i ty  c o e f f i c i e n t  

a n d  t r a n s p o r t  n u m b e r s  o f  i o n s  w e r e  c a l c u l a t e d  a t  e a c h  2 .3  w t%  

so lven t  c o m p o s i t io n  by c o m p u te r  ( IBM  Model  30Z) .  Based  on these 

new se ts  o f  da ta ,  the  Ej ion va lues  show n  on the RHS o f  each  table 

(last  3 co lum ns )  were  ca lcu la ted .

T h e  in t e g r a t io n  re q u i r e d  in E q u a t io n  (14 )  was  p e r f o r m e d  both  

g raph ica l ly  ( co lum n  B 3) as was  d o n e  by B ern e  [4], and  w i th  the  a id  of 

a c o m p u t e r  p r o g r a m  [5 3 ]  ( c o l u m n  B 2 ) b a s e d  on  t h e  R o m b e r g  

in te g ra t io n  a lg o r i th m  [54].  The in teg ra t io n  req u i red  in E q u a t io n  (13) 

was p e r f o r m e d  on ly  by us ing  the c o m p u te r  p ro g ram  (co lu m n  Bj) .

In Equa t ion  (13) the Ej ion is ca lcu la ted  us ing  the su m m at io n  of
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the  t e rm s  [t j (s)AGj°(s)/AS] fo r  each  ion.  In E qua t ion  (14) ,  the  fi rs t  

t e r m  c a n  be  c a l c u l a t e d  e x a c t l y  k n o w i n g  th e  s t a n d a r d  s o l v a t i o n  

e n e r g i e s ,  G j° ,  w h i c h  c a n  be  o b t a i n e d  v i a  E q u a t i o n  ( 2 )  w i t h  th e  

k n o w le d g e  o f  h y d ra t io n  e n e r g i e s  and  t r a n s fe r  f r ee  e n e r g i e s  o f  each  

ion f ro m  the  l i t e r a tu r e ,  and  the  t r a n s f e r e n c e  n u m b e r s ,  t i( th a t  are  

kn o w n  in the  tw o  end  so lu t ions ,  S j  and  S2. The  second  te rm  can  be 

e v a l u a t e d  a s  t h e  s u m m a t i o n  o f  [ G i° ( s ) A t i ( s ) / A S ] .  T h e  a b o v e -  

m e n t i o n e d  c o m p u t e r  p r o g r a m  [S 3 ]  w a s  u s e d  to  e v a l u a t e  t h e s e  

s u m m a t i o n s  o f  [ t j(s)AGj°(s) /AS ] and [Gj°(s)Atj (s) /AS] ,  re spec t ive ly .
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TABLE 7
Ej ion in NaCl I NaCl Cells, in mV at 25°C. 

HjO MeOH- H20

Wt% Transport  Numbers  and Transfe r  Activi ty  Coeffic ients
MeOH I n t e r p o l a t e d  by  han d I n t e r p o la t e d  by c o m p u te r

A B, B2 B3 A Bi B2

Eqn.lOa Eqn.13 Eqn.14 Eqn.14 Eqn.lOa Eqn.13 Eqn.14

1 0 0 39.7 52 .4 35.2 36.2 40.2 53.2 38.6

95 32.2 41 .9 28.3 29 .0 31.5 30 .6 41.5

90 24.9 32.7 20.9 21.4 24.4 32.1 23 .0

85 19.0 15.8 24 .6 16.1 18.6 24.6 17.7

80 13.6 17.6 1 0 . 2 10.4 13.9 18.5 1 2 . 8

75 9.4 11.7 6.9 7.0 1 0 . 0 13.5 9.8

7 0 5.6 7.0 3.5 3.7 7.7 9.3 7.0

65 3.2 4.1 0 . 6 0 . 8 3.9 5.6 3.6

60 1 . 6 1.9 -0.9 -0.4 1.5 2 . 1 1 . 2

55 0.4 0 . 8 -2 . 0 - 1 . 6 -0.7 - 1 . 2 -0.9

50 - 1 . 2 -2 . 0 -3.6 -3.2 -2 . 8 -4.0 -2.9

45 -4.9 -6.7 -8.4 -8 . 0 -4.6 -6 . 6 -5.8

40 -7.3 -9.8 -8 . 6 -8 . 1 -6.3 -8 . 8 -5 .2

35 -7.6 -10 .4 -9.9 -9.5 -7.7 -10.7 -7.8

30 -8 . 2 - 1 1 . 6 -10.9 10.7 -8.9 - 1 2 . 0 -9.3

25 -11.4 -15.4 -14.3 14.1 -9.5 - 1 2 . 6 -10 .3

2 0 -12.3 -16.2 -13 .8  - 13.6 -9.6 -12.4 - 8 . 8

15 -9.5 - 1 2 . 8 -12.5  - 12.3 - 8 . 8 - 1 1 . 2 -9 .6

1 0 -4.8 -6 . 8 -6.7 -6 . 6 -7.1 -8.7 -6.7

5 -1.5 -2 . 2 -3.4 -3.2 -3.8 -4.8 -3 .4
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FIGURE 5a

Ej ion. Calcu la t ions  f rom  N ew  Equation* and Old E q u a t io n 6  f o i N a C l i n  

M e th a n o l -W a te r  So lven ts .  (D a ta  in te rp o la te d  bv hand)
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ElGliREJb

E| ion. Ca lcu la t ions  f rom  N ew  Equation* and  Old E q u a t io n b for^NaCl in 

M e t h a n o l - W ater  S o lven ts .  (D a ta  in t e rp o la ted  bv  c o m p u te r )
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TABLE .8
Ej ion in HC1 I HC1 Cells, in mV at 25°C. 

HjO MeOH- H20

W t% Transpor t  N um bers  and Transfer  Activ ity  Coeffic ients  
MeOH I n t e r p o l a t e d  by hand  In te r p o l a t e d  by c o m p u te r

A ®1 *2 »3 A Bl * 2

Eqn.lOa Eqn.13 Eqn.14 Eqn.14 Eqn.lOa Eqn.13 Eqn.l

1 0 0 -51.1 -26 .3 -37 .7 -56 .9 -5 1 .8 -2 5 .4 -25.8

95 -7.1 3 .2 -63 .8 -89 .4 -5.4 5.6 -64 .3

90 1 1 . 6 17.9 -1 1 .9 -53 .4 14.0 -25 .3 2 1 . 1

85 24 .6 1.7 26.8 - 8 . 1 23 .0 29.1 -6 . 8

80 27 .5 33 .9 15.9 5.1 26 .2 32.5 14.2

75 25 .3 32.3 25.3 5.9 25.9 32.8 2 1 . 6

70 21.7 2 8 .2 1 1 . 2 1 . 0 23 .7 30.7 29.2

65 18.9 24.9 7.1 -2 .9 20.3 27 .0 26.5

60 16.1 2 1 . 6 12.5 1 . 6 16.4 2 2 . 2 17.4

55 13.7 18.3 4 .6 -1 .4 12.4 17.1 1 1 . 6

50 11.3 14.8 0 . 2 -5.1 8 . 6 1 1 . 8 8.9

45 5.9 8 . 6 -6 .7 -11 .4 5.1 7.0 5.3

40 1.4 1.9 -13 .6 -17 .8 2 . 1 2 . 6 2 . 1

35 I o u> - 1.1 -11 .3 -15 .2 -0 . 6 - 1 . 2 -4.1

30 -2 .4 -3.7 -14 .8 -1 8 .0 -2 . 8 -4.3 -6.5

25 -6 .4

OOi -18.1 - 2 0 . 8 -4.7 - 6 . 8 -2 . 1

2 0 -9 .0 - 1 1 . 6 -19.1 -20 .9 -6 . 0 -8.3 -9.7

15 -7 .2 -9 .6 -19 .9 - 2 0 . 8 -6 .4 i OO bo -2 . 8

1 0 -3 .6 -4 .7 -16 .3 -1 7 .0 -5.9 -7.8 -1.5

5 2.3 -2 . 1 - 1 0 . 8 -10 .9 -3 ,6 -4.8 1 . 2
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FIGURE 6 a

Ej ion. Calcu la t ions  f ro m New E q u a t io n 8 and Old  E q u a t io n 1* for HC1 in 

M e th a n o l -W a te r  S o lv e nts.  (D a ta  in te rp o la ted  bv  hand)
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FIGURE-fib

Ej ion» Calculations from New Equation* and Old Equation1* for HC1 in

M elhano l-W ater  Solvents. (D ata  in terpo la ted  bv com puter)
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ETHANOL-WATER SOLVENTS.

Trans fe r  Activ ity  Coeffic ients.

M e t h a n o l - w a t e r  m i x t u r e s  a re  l e s s  b a s i c  t h a n  e t h a n o l - w a t e r  

m ix tu r e s .  E a r l i e r  w o rk e rs  [7 ,55]  in ou r  l a b o ra to ry  h a v e  e s t im a te d  the 

t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  fo r  the  p r o to n ,  l o g mYH> *o r  c n t ' rc 

r eg io n  o f  e th a n o l - w a te r  m ix tu res .  F ro m  the c o m p o s i t i o n  o f  10 w t% to 

98  w t%  e t h a n o l ,  the  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t  is  n e g a t i v e  and  

p asses  th ro u g h  a m in im u m  at 60 wt%. The  lo g mYH in c r e a s e d  s teep ly  

b y  a p p r o x i m a t e l y  1 .6  l o g  u n i t s  b e t w e e n  98  w t %  a n d  100  w t%  

e thano l .  B e tw een  10 w t% and 98 wt% e thano l  the va lues  o f  lo g mYH

are  n e g a t i v e  ( WG^° >SGh°  ). This  show s  tha t  in tha t  r e g io n ,  e thano l -  

w a te r  m ix tu r e s  a re  m o re  bas ic  than  e i t h e r  p u re  w a te r  or  e th a n o l .  At 

60 w t% ethanol ,  m ax im um  bas ic i ty  exis ts .

B ra u d e  and S te rn  [46] c o n c lu d e d  tha t  m ix tu r e s  o f  w a te r  with  

o t h e r  s o l v e n t s  a re  m o re  b a s ic  than  w a t e r  in i t s  p u r e  l i q u id  s ta te .  

H e r e ,  i t s  p r o t o n  a f f i n i t y  is  d e c r e a s e d  by s t r o n g  i n t e r m o l e c u l a r  

h y d r o g e n - b o n d i n g .  T h e  s t ru c tu re  o f  the  w a te r  is  g r a d u a l ly  d e s t r o y ed  

by a d d i t io n  o f  the  o rg a n ic  s o lv en t  to w a te r ,  so th a t  the  n u m b e r  of  

bas ic  s i te s  on the  w a te r  m o le c u le s  fo r  b o n d in g  w i th  the  p ro to n s  is 

i n c r e a s e d .  T h e  e f f e c t iv e  p ro to n  a f f in i t y  o f  the  s o lv e n t  r e a c h e s  i ts  

m a x im u m  w h e n  the  h ig h e r  a q u e o u s  s o lv a t e s  H +(H20)„  a re  r e p la ce d  

by H j O 4- ions.  The  HjO* ions  are  g ra d u a l ly  r e p l a c e d  by the  o rgan ic  

o xon ium  ions ,  such as the w h ich  are  m ore  ac id ic  than H 3Of

( p o s i t i v e  l o g m Yn).  a f t e r  t h e  m i n i m u m .  A p o s i t i v e  v a l u e  o f  l o g m Y 

m e a n s  th a t  the  ion  e x i s t s  in  a l o w e r  e n e r g y  s ta t e  in w a t e r  (m o r e  

fav o rab le  so lva t ion)  than in the non aq u eo u s  m ed iu m  and  v ice  versa .
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T h e  h y d r o g e n  b o n d i n g  to  w a t e r  m o l e c u l e s  s t r e n g t h e n s  th e  

h y d r a t io n  o f  the  c h l o r i d e  ions .  T h e  t r a n s f e r  o f  c h l o r i d e  io n s  f ro m  

w a te r  to e th a n o l  and i ts  m ix tu r e s  is  e n e r g e t i c a l l y  d i s f a v o re d  s ince  

the  r e l a t iv e  h y d r o g e n - b o n d in g  a b i l i ty  o f  w a te r  is s u p e r io r  to  tha t  o f  

the  m ixed  m ed ia ,  c au s in g  the  va lues  o f  lo g mya  to be m o re  p o s i t iv e  

than  w ou ld  be p re d ic t e d  on the  g ro u n d s  o f  lo w e r  d ie le c t r i c  c o n s ta n t s  

alone.

The  l i t e ra tu re  va lues  [7 ,12 ,55]  fo r  t r a n s fe r  a c t iv i ty  c o e f f i c i en t s  

and  t r a n s p o r t  n u m b e r s  o f  H +, K+ and C l '  i o n s ,  w h ic h  w e re  k n o w n  

p r io r  to  th is  s tu d y ,  a re  sh o w n  in T a b l e s  9 and  10 and  p lo t t e d  in 

F igu res  7-10.
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TABLE 9

Trans fe r  Activ ity  Coeff ic ien ts  o f  K +, H+ and C l '  Ions  in E t h a n o l - W a te r  

Solvents .  (W ater  Reference,  Molar Scale) [7,55]

Wt% MeOH log m y k  l°g  m YH l o 8  m 7 Cl

1 0 0 2 . 1 0 1.32 2.71

9 0 1.67 -0 .37 2 .17

80 1.16 -0 .5 6 1 . 8 8

70 0 .8 4 -0 .74 1.71

60 0 .69 -0.71 1.41

5 0 0 .56 -0 .56 1.13

4 0 0 .56 -0 .3 0 0 .7 4

3 0 0 .5 2 -0 .06 0.41

2 0 0 .4 0 0 .06 0 .18

1 0 0 . 2 2 0 .08 0 .05



70

FIGURE 7

T r a n s f e r  A c t i v i ty  C o e f f i c i e n t s  o f  th e  H+ I o n  in E t h a n o l - W a t e r  

Solvents  f71.
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FIGURE 8

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  the  K+ Io n  in E t h a n o l - W a t e r  

Solvents [551.
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FIGURE 9

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  th e  C l '  I o n  in  E t h a n o l - W a t e r  

Solvents  f551.
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TABLE IQ

L im i t in g  T ran sp o r t  N u m b e rs  of  the  H + Ion  in HC1 in E thano l -W ate r  

Solvents  [12].

Wt% EtOH t ° H+

0 . 8209

1 0 .8405

2 0 . 8500

30 .8 570

4 0 .8349

50 .8027

60 .7693

70 .7089

80 .6757

90 .6 980

1 0 0 .7555
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FIGURE 10

Lim i t ing  T ran sp o r t  N um bers  o f  the  H + Ion in HC1 Solut ions in Ethanol- 

W ate r  Solvents  1121.
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KC1IKC1 and HC1IHC1 Junctions in EtOH-Water Systems.

The E j tion v a lu es  c a lc u la te d  f ro m  the  new  E q u a t io n s  (13 )  and 

(14) and the old Equation (10a) for the KC1IKC1 and HC1IHC1 junc t ions  

a r e  p r e s e n t e d  in  T a b l e s  11 a n d  12, an d  th e  p l o t s  a r e  s h o w n  in 

F igu res  11 and  12. H ere  a lso ,  the  Ej ion v a lu es  w e re  c a l c u l a t e d  in two 

w ays .  T he  va lues  f rom  co lu m n s  B } and B 2 w e re  o b t a in e d  w i th  the  aid 

o f  a c o m p u te r  p ro g ram [5 3 ]  and c o lu m n  B 3 w as  o b t a in e d  by m a n u a l  

in te rp o la t io n  o f  the  da ta  f ro m  graphs .
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TABLE l i
Ej ion in KC1 I KC1 Cells, in mV at 25°C. 

H jO  EtOH- H20

W t%  Transpor t  Numbers  and Trans fe r  Activ ity  Coeffic ients  
EtOH I n t e r p o l a t e d  by han d  I n t e r p o la t e d  by c o m p u t e r

A B, Bz B3 A Bj Bz
Eqn.lOa Eqn.13 Eqn.14 Eqn.14 Eqn.lOa Eqn.13 Eqn. l

1 0 0 13.3 14.9 14.6 14.6 13.2 14.6 14.5

95 1 2 . 6 13.4 14.3 14.3 1 2 . 1 13.5 1 2 . 8

90 18.2 15.1 17.2 16.4 15.4 16.2 15.7

85 16.4 18.2 16.9 17.2 16.3 17.8 16.7

80 20.5 2 2 . 8 2 0 . 0 20 .7 2 0 . 2 2 0 . 1 19.6

75 24 .0 25 .9 22 .9 2 4 .0 23.3 2 3 .2 2 2 . 2

70 23 .9 24.1 23.5 24.5 25.1 24.5 23.7

65 24.5 25.8 22.7 23 .2 25.1 23 .8 24.3

60 2 1 . 6 2 2 . 8 21.4 21.7 23 .5 2 3 .9 23.3

55 20 .4 2 1 . 1 19.7 19.9 20 .3 19.5 19.7

50 17.5 18.9 16.8 17.0 16.1 16.7 15.5

45 1 2 . 0 13.9 11.7 11.9 11.3 1 1 . 2 1 0 . 8

4 0 5.7 6.9 5.1 5.2 6 . 0 5.4 5.4

35 0.9 0.9 0.9 0.9 1.3 1.4 1.3

30 -3 .0 -4.3 -3.3 -3.3 -2 . 6 - 2 . 8 -2 .9

25 -5.3 - 8 . 1 -5 .6 -5.5 -5 .2 -5 .4 -5 .6

2 0 -6 . 0 -7 .8 -6 . 0 - 6 . 0 -6.5 -6 .7 -6 .4

15 -4 .6 - 6 . 1 -5 .2 -5 .2 -6 . 2 -6 .4 -6 . 8

1 0 -4 .8 -6 . 6 -4.8 -4.8 -4.6 -4 .6 -4.6

5 -5 .4 -7.3 -5.7 -5.7 -2 . 2 -2 .4 -2 . 6
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FIGURE 11a

Ei.ion. Calculated from New Equation8 and Old Equation1* for KC1 in

E thano l-W ater Solvents. (Data in terpolated bv hand)
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FIGURE l i b

Ei.ion. Calculated from New Equation* and Old Equation1* for KC1 in

E thanol-W atcr So lven ts. (D ata in terpolated  bv com puter)
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TABLE 12
Ej ion in HC1 I HC1 Cells, in mV at 25°C. 

H jO  EtOH- H20

Transpor t  N um bers  and Transfe r  Act iv ity  Coeffic ients  
I n t e r p o l a t e d  by h a n d  I n t e r p o l a t e d  by  c o m p u t e r

A Bi *2 % A Bi B2

Eqn.lOa Eqn.13 Eqn.14 Eqn.14 Eqn. lOa Eqn.13 Eqn. l '

-2 7 .6 -9 .8 7.3 25 .2 -27 .5 -13.1 -14 .3

2 5 .4 34.1 39.2 80 .2 16.0 24 .4 7 .2

47 .7 63 .6 26.2 80.4 40 .7 50 .4 28 .0

52 .9 73.8 19.3 100.4 5 4 .2 67 .4 42.3

57.3 77 .7 42.5 1 1 2 . 2 60 .2 77.3 47 .2

57 .9 77 .8 70.1 130.6 6 1 .0 81.3 54 .9

57 .4 75 .7 119.7 105.7 58.5 80 .4 52.7

54.5 37 .7 59.0 44 .4 5 4 .0 75.5 48.3

50.5 68.5 6 8 . 1 61.1 4 8 .2 67 .6 46.5

45 .5 61 .9 48 .5 4 9 .0 4 1 .9 57 .8 44.3

39 .7 52 .7 45 .6 46.1 35.5 46 .9 38.3

31 .6 42.1 25.6 32 .9 29 .2 35 .9 32.2

2 2 . 1 30 .9 13.0 19.4 22 .9 25.7 26.3

13.7 19.8 32 .4 21.3 16.7 16.7 24 .0

6.7 9.9 22.7 13.8 10.7 9.5 14.4

2 . 1 3.2 4.9 4.1 4.8 4.1 8 . 6

- 1 .1 -1 .3 3.3 1.9 -0.5 0.7 3 .2

-2 .7 -3 .8 0.3 -0 . 8 -4 .6 - 1 . 1 2.7

-3 .4 -4 .5 - 1 .1 -1.3 -6 .7 -1 .7 -3.1

-2 . 6 -3 .2 -5.5 -4 .6 -5 .4 -1 .7 -5.4
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FIGURE 12a

Ei.ion. Calculated from New Equation* and Old Equa tion** for HC1 in

E thano l-W ater Solvents. fD ata in terpolated  bv hand)
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FIQUREJ2b

Hi.ion . Calculated from New Equation8 and Old Equation6 for HCI in

E thanol-W ater Solvents. (D ata in terpolated  bv com puter!
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A C om par ison  of  the  Ej ion. Calcu la ted  f ro m  the  Old  E qua t ion  and  the 

New Equat ion  for the Protic  Solvents .

In th e  o ld  e q u a t i o n ,  w e  used  the  a v e r a g e  t r a n s p o r t  n u m b e r s  

fo r  e ach  ion  c o m p u te d  for  the  so lven ts  S j  and S 2 . W h i le  th is  was  an 

i m p r o v e m e n t  o v e r  the  a s s u m p t io n  p r e v a i l i n g  in the  l i t e r a t u r e  w h ich  

s t a t e d  t h a t  t h e  1  v a l u e s  c a n  be  t a k e n  as  s o l v e n t  i n d e p e n d e n t ,  

m e a n i n g  t h a t  t h e  Ej ion ha s  a l w a y s  b e e n  e v a l u a t e d  b y  p l a c i n g  t 2 

o u ts id e  the  in teg ra l ,  ave rag in g  was st i ll  an a p p ro x im a t io n .  A p rec i se  

f o r m u la t io n  was  d e r iv ed  by B erne  [4] fo r  the  Ej ion, w h ich  accoun ts  

f o r  t h e  d e p e n d e n c e  o f  t 2 and  G j 0 on s o l v e n t  c o m p o s i t i o n  in an 

a n a l y t i c a l  w a y .  T h i s  f o r m u l a t i o n  r e q u i r e s  k n o w l e d g e  o f  t h e  

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

ac t iv i ty  c o e f f i c i en t s  o f  each  ion on  the m ix e d - s o lv e n t  c o m p o s i t io n  in 

the d i f fus ion  layer.

C o n s id e r  the  m e th a n o l - w a t e r  s o lv e n t  s y s te m  f i r s t .  T h e  Ej ion 

va lues  c a lc u la te d  by the o ld  E q u a t io n  (1 0 a )  and  the new  E q u a t io n s  

(13)  and (14 )  are  ve ry  s im i la r  fo r  the  N aCl lN aC l  ju n c t io n  th rough  the 

e n t i r e  c o m p o s i t i o n  o f  m e th a n o l  (F ig u r e  3) .  W e  can  e x p la i n  th e se  

r e s u l t s  by c o n s id e r in g  the  c u rv e s  o f  t r a n s p o r t  n u m b e r s  and  t r a n s f e r  

activ ity  coef f ic ien ts  o f  sod ium  and ch lor ide  ions  with  wt% MeOH. The 

t r a n s p o r t  n u m b e r s  and  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s  o f  so d iu m  and 

ch lo r id e  io ns  vary  sm ooth ly  o v e r  the  en t i re  range  o f  M eO H .  B ecause  

o f  these  sm ooth  v a r ia t io n s  o f  the  above  p ro p e r t i e s  with  w t% M eO H  

we d id  not ob ta in  any  s ig n i f ic an t  d i f f e r en c e  in Ej jon v a lu e s  b e t w e e n  

the  o ld  e q u a t io n  and  the new  equ a t io n .  T h e  d i f f e r e n c e s  in Ej ion f ro m  

bo th  the  o ld  and  th e  new e q u a t i o n s  v a r i e d  f ro m  0  to  13 m V ,  w i th  the  

g re a te s t  d i f f e r en c e  c o r r e sp o n d in g  to pure  m e thano l .

However,  the same is not the case for the HC1IHC1 junc t ion  in
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m e t h a n o l - w a t e r  s o l v e n t s .  T h e  v a r i a t i o n  o f  t r a n s f e r  a c t i v i t y  

c o e f f i c i e n t s  a n d  t r a n s p o r t  n u m b e r s  o f  h y d r o g e n  i o n  w i t h  w t%  

m e th a n o l  w e re  d i s c u s s e d  ea r l ie r .  Here ,  w i th  in c re a s in g  co m p o s i t io n  

o f  m e th a n o l ,  the  t r a n s fe r  a c t i v i ty  c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e rs  

o f  h yd rogen  ion  dec rea se  sm ooth ly  up  to 60  w t% M eO H .  Up to this 

r e g i o n ,  t h e  d i f f e r e n c e s  in  Ej ion b e t w e e n  t h e  o l d  a n d  t h e  n e w  

e q u a t io n s  are  n eg l ig ib le .  But  in the  c o m p o s i t io n  o f  m e th an o l  be tw een  

60  to 1 0 0  w t% ,  the  v a r ia t io n  o f  the  ab o v e  p ro p e r t i e s  is  not sm ooth ,  

bu t  sh o w in g  m in im a  at  ~70  w t% and ~ 90  w t%  M eO H  for  the  b ehav io r  

o f  t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e r s  o f  h y d ro g e n  

i o n s ,  r e s p e c t i v e l y .  As  the  r e s u l t s  in T a b l e  8  s h o w  fo r  the  Ej ion 

c a lc u la t io n  f rom  bo th  the  o ld  and the new  e q u a t i o n s ,  the  s ig n i f ic an t  

d i f f e r e n c e s  a re  o b s e r v e d  fo r  the  so lv en t  c o m p o s i t i o n s  b e tw ee n  70 to 

100  w t%  M e O H ,  b e c a u s e  in th is  r e g io n  th e  t H p a s s e s  t h r o u g h  a 

p r o n o u n c e d  m in im u m .  It is  a l so  n o te w o r th y  tha t  in th is  reg ion  the 

d i f f e r e n c e s  in Ej j0n v a l u e s  b e t w e e n  o ld  e q u a t i o n  ( 1 0 a) a n d  new  

e q u a t i o n  (1 4 )  a re  g r e a t e r  than  tha t  b e tw e e n  the  o ld  ( 1 0 a )  and  the 

new  (13)  eq u a t io n  (F ig u re  6 ). As  was  d i s cu s sed  ea r l ie r ,  to c a lcu la te  

Ej ion u s i n g  E q u a t i o n  ( 1 4 )  w e  h a v e  to  e v a l u a t e  t h e  d r a s t i c a l l y  

c h a n g i n g  s lo p e  At /As  and  a l s o  we n e e d  th e  v a l u e s  f o r  h y d r a t i o n  

e n e r g ie s  fo r  each  ion f rom  the  l i te ra tu re .  B ec a u se  o f  these  reasons .  

E q u a t io n  (14)  g iv e s  m ore  e r ra t i c  re su l t s  in Ej ion c a l c u l a t i o n s  than 

Equa t ion  (13) .  T h e  d i f fe rences  in Ej ion v a lu e s  r a n g e  f rom  0 - 6 0  mV 

b e t w e e n  E q u a t i o n  ( 1 0 a )  an d  (1 4 ) ,  so  t h a t  th e  c h a n g e s  a re  m u ch  

h i g h e r  th a n  t h o s e  b e t w e e n  E q u a t io n  ( 1 0 a )  and  (1 3 ) ,  w h ic h  ra n g e  

f ro m  0 -25  mV.  T h e  h ig h es t  Ej ion d i f f e r en c e  b e tw e e n  E q u a t io n  (10a)  

and  (14)  c o r r e sp o n d s  to 95 w t%  M eO H ,  and  tha t  b e tw een  Equa t ion  

(10a)  and (13)  co rresponds  to 100 wt% MeOH.

S im i la r  r e su l t s  w ere  ob ta ined  for E tO H -w a te r  m ix tures .  The
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d i f fe rence  o f  Ej ion b e tw e e n  bo th  E q u a t io n  (1 3 )  and  (1 4 )  on  the  one  

h a n d  an d  th e  o ld  e q u a t i o n  (1 0 a )  on the  o t h e r  h and  v a r i e d  f r o m  0  - 4 

m V  f o r  t h e  e n t i r e  r a n g e  o f  e t h a n o l - w a t e r  s o l v e n t s  f o r  KC1IKC1 

j u n c t i o n s .  W e  c a n  e x p l a i n  t h e s e  r e s u l t s  w h e n  c o n s i d e r i n g  th e  

v a r i a t io n  o f  t r a n s p o r t  n u m b e r s  and  t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  o f  

K+ a n d  C l '  i o n s .  T h e  a b o v e  p r o p e r t i e s  o f  K + and  Cl* i o n s  v a r y  

s m o o th ly  w i th  in c reas in g  e th an o l  com p o s i t io n .  B ecau se  o f  the  sm ooth  

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

ions ,  the  d i f f e r en ces  in Ej |on b e tw e e n  the  o ld  e q u a t i o n  a n d  the  new  

e q u a t i o n s  w e re  no t  s ig n i f ic a n t .  S m ooth  c u rv es  w ere  o b ta in e d  fo r  the 

plots o f  Ej ion vs. wt% EtOH, f r o m  bo th  n e w  e q u a t i o n s  an d  the  old  

e qua t ion .

H ow ever ,  this is not the case  for HC1IHC1 junc t ion  in E tO H -w ate r  

so lv e n t s .  T h e  p lo t s  o f  t r a n s f e r  a c t iv i ty  c o e f f i c i e n t s  ( F ig u r e  7) and  

t r a n sp o r t  n u m b e r s  (F igu re  10) o f  hydrogen  ion vs.  w t  % E tO H  show a 

s m o o th  v a r ia t io n  w i th  c o m p o s i t io n  o f  e th a n o l  up  to  SO w t% ,  and  then  

m in im a  at  ~ 70  w t% and ~80  wt% EtOH,  re spec t ive ly .  B ecause  of  this 

s m o o th  b e h a v i o r  o f  the  a b o v e  p r o p e r t i e s ,  the  d i f f e r e n c e  in Ej ion 

v a lu es  f ro m  bo th  new  an d  the  old e q u a t i o n s  a re  n e g l ig ib l e  fo r  the 

c o m p o s i t io n  o f  e thano l  up  to 50 wt%. But  d i f fe ren ces  in Ej ion v a lu es  

b e t w e e n  th e  o ld  e q u a t i o n  and  the  new  e q u a t i o n s  w e re  o b s e r v e d  fo r  

t h e  s o l v e n t  c o m p o s i t i o n s  b e t w e e n  5 0  to  10 0  w t %  E t O H .  T h e  

d i f fe rences  o f  Ej ion b e tw e e n  E q u a t io n s  (1 3 )  and  (1 0 a )  ( w h ic h  va ry  

f ro m  0 - 2 2  m V )  a re  g r e a t e r  than  b e tw ee n  E q u a t i o n s  (1 4 )  a n d  (10a )  

( w h ic h  v a r y  f ro m  0 - 1 3  m V )  fo r  the  e n t i r e  r a n g e  o f  E t O H .  T h e  

d i f fe rence  in Ej ion b e tw e e n  E q u a t io n  (1 0 a )  and  (1 3 )  i n c r e a s e s  w i th  

the  c o n c e n t r a t io n  o f  e th an o l  up to 70 w t% E tO H ,  and  then  d ec rea se s  

from 70 - 100 wt% EtOH.

Here ,  we  m us t  co n s id e r  the chang ing  s lopes  At/As and  AO0/A s
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w hen c a lc u la t in g  Ej ion f ro m  E q u a t io n s  (14 )  and  (13) ,  r e s p e c t iv e ly .  

A l th o u g h  bo th  s lo p es  At/As and  AGP/As c h a n g e  a p p re c ia b ly ,  it  seem s  

tha t  E q u a t io n  (13)  g ives  m ore  e r ra t ic  re su l t s  than  E q u a t io n  (14) .  Th is  

is so b e c a u s e  the  t r an s fe r  ac t iv i ty  c o e f f i c i e n t s  o f  the  h y d ro g e n  ion 

p a s s  t h r o u g h  a p r o n o u n c e d  m i n i m u m  a t  ~ 7 0  w t%  E t O H .  In th e  

ca lcu la t ions  o f  Ej ion f rom  E q u a t i o n  (1 3 )  w e  h a v e  to  c o n s i d e r  the  

d ra s t i c a l ly  ch an g in g  s lope  AGP/ As. B ecause  o f  this ,  the  d i f fe rence  in 

Ej ion b e tw ee n  the  E q u a t io n  (13 )  and  the  o ld  e q u a t io n  is s ig n i f i c a n t  in 

the  r eg io n  w h e re  logm^  passes  th rough  a p ro n o u n c e d  m in im u m .
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Stud ies  in A queous  Mix tures  o f  D ipo la r  Apro tic  Solvents .

T h e  d ip o la r  ap ro t ic  so lv en t s  w i th  h igh  d ie l e c t r i c  c o n s ta n t s  and 

l a r g e  d i p o l e  m o m e n t s  h a v e  been  o f  s p e c i a l  i n t e r e s t  in th i s  s tu d y .  

T h e y  a re  h ig h -b o i l in g  l iq u id s  w i th  a l a rge  l iqu id  ra n g e  and a v a r ie ty  

o f  v i s c o s i t i e s  an d  r e f r a c t i v e  i n d i c e s ,  and  a re  p o o r  c o n d u c t o r s  o f  

e l e c t r i c i ty .  P o s i t iv e  c h a r g e  d e n s i ty  is usua l ly  c e n te re d  a t  a c ro w d ed  

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

h y d r o g e n  bonds .  H o w e v e r ,  the  c e n t e r  o f  n e g a t iv e  c h a r g e  d e n s i ty  is 

u s u a l l y  on  a h ig h ly  b a s ic  o x y g e n  o r  n i t r o g e n  a to m  w h ic h  is ve ry  

m u ch  e x p o se d  fo r  in t e r m o le c u la r  in te ra c t io n  w i th  p o s i t iv e  or  ac id ic  

cen te rs .
+

— C =  N : — C = N : AN 3.4 D

^ N — C —O 
/  I

^ N  =  C — O DMF 3.9 D
/  l

\  + DMSO 3.9 DS — O:
/

Figure 13



87

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

d i p o l a r  a p r o t i c  s o l v e n t s  a re  s h o w n  in  F i g u r e  13.  T h e  r e s o n a n c e  

s t ruc tu res  he lp  to in te rp re t  ion ic  so lva t ion .

A q u e o u s  A N  m i x t u r e s  w e r e  o b s e r v e d  [56]  to  d i s c r i m i n a t e  

be tw een  ca t io n s  and  a n ions  to a l e s se r  e x ten t  than  a q u eo u s  D M S O  

and  D M F  m i x t u r e s ,  the  a n i o n - d e s t a b i l i z a t i o n  and  c a t i o n - s o l v a t i o n  

be in g  m o re  or  less  s im i l a r  in m a g n i tu d e  in a q u e o u s  m ix tu re s  o f  both 

D M F  and DMSO. The  decreas ing  po lar izab i l i t ie s  and d ipo le  m om ents  

o f  D M S O > D M F > A N  [56]  a re  in a g r e e m e n t  w i th  the  i n c r e a s i n g l y  

nega t ive  va lues  o f  AG^°of ions in aqueous mixtures of DMSO>DMF>AN.
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ACETQNITRILE-WATER SOLVENTS.

B e c a u s e  o f  the  c o n t r a s t i n g  b e h a v i o r  o f  a l k a l i - m e t a l  c a t i o n s ,  

w h ic h  a re  m o r e  s t r o n g l y  s o l v a t e d  by  w a t e r  on  th e  o n e  h a n d  and  

s i l v e r  ( a n d  c u p r o u s )  c a t i o n s ,  w h i c h  i n t e r a c t  m o r e  s t r o n g l y  w i th  

a c e to n i t r i l e  [ 1 2 ] on the  o th e r  hand ,  a c e to n i t r i l e - w a te r  m ix tu r e s  are 

p a r t i c u l a r l y  i n t e r e s t i n g  in  r e l a t i o n  to  s t u d i e s  o f  i o n - s o l v e n t  

in te rac t ions .

B e in g  r a t h e r  w e a k  b a se s ,  n i t r i l e s  i n t e r a c t  w i th  m o s t  c a t i o n s  

m u c h  le s s  s t r o n g l y  than  w a te r ,  bu t  they  i n t e r a c t  s t r o n g l y  w i th  a 

l im i ted  n u m b e r  o f  c a t ions  w hich  are  c ap a b le  o f  back  d o n a t io n ,  i .e.,  

c a t i o n s  l ike  A g +, Cu+ an d  A u +, w h ic h  d o n a t e  d e l e c t r o n s  in to  k* 

a n t ib o n d in g  o rb i ta l s  o f  the  n i t r i le  g roup .  A s y n e rg i s t i c  e f f e c t  be tw een  

b a ck  b o n d i n g  and  the  n o rm a l  w e ak  a c i d - b a s e  i n t e r a c t i o n  b e tw e e n  

acidic  ca t ion  and basic  nitr i le  p rov ides  a s trong in te rac t ion ,  e .g. ,

T h u s ,  a c e t o n i t r i l e  s o l v a t e s  s i l v e r  an d  c u p r o u s  c a t i o n s  m o r e  

s t r o n g l y  t h a n  w a t e r ,  w h e r e a s  m o s t  c a t i o n s ,  e . g . ,  N a + io n  a n d  

e spec ia l ly  the  H + ion  a re  less  so lv a t e d  by a c e to n i t r i l e  than  by  w ate r .  

T ran s fe r  f rom  w a te r  to ace ton i t r i le  and  even  to 0.1 m ole  f rac t ion  AN- 

w a te r  p r o d u c e s  a ve ry  s ig n i f i c a n t  s t a b i l i z a t i o n  o f  the  A g + ion.  In 

d i lu t e  A N - w a te r  m ix tu r e s ,  m o s t  c a t i o n s  are  so lv a t e d  m u ch  as  th o u g h  

they  w ere  in a p u r e ly  a q u eo u s  m e d iu m ,  bu t  the  A N  is no t  an  “ i n e r t ” 

d i lu e n t  w hen  A g + ion is present .  The values  o f  t rans fe r  f ree  energ ies
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fo r  th e  A g + ion  r a p i d l y  b e c o m e  q u i t e  e x o e n e r g e t i c  f o r  t r a n s f e r  to 

so lu t ions  con ta in ing  only  a small  am ount  o f  AN.

T h e r e  w e re  s o m e  t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  and  t r a n s p o r t  

n u m b e r s  fo r  the  a q u e o u s  m ix tu r e s  o f  the  a c e to n i t r i l e  a v a i l a b l e  in the  

l i t e r a t u r e  [ 5 7 - 5 9 ] ,  b u t  a d d i t i o n a l  d a t a  h a d  to  b e  d e t e r m i n e d  

e x p e r im e n t a l l y  in the  c o u r s e  o f  th is  s tudy .  F o r  e x a m p l e ,  th e re  w ere

no  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  f o r  t h e  n i t r a t e  i o n ,  yNOj ,

a v a i l a b l e  fo r  the  A N - w a t e r  s y s te m ,  and  th e y  w e re  n e e d e d  fo r  the 

ca lcu la t ion  o f  Ej ion at the  j u n c t i o n  o f  s i lv e r  n i t r a t e  s o lu t io n s .  T he  

l i t e r a t u r e  v a lu e s  fo r  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t  and  t r a n s f e r e n c e  

n u m b e r s  o f  A g + and N 0 3‘ i o n s  in A N - w a t e r  m i x t u r e s  t h a t  w e re  

a v a i l a b l e  p r io r  to th is  s tu d y  a re  sh o w n  in T a b le s  13 and  14, and 

p lo t ted  in F igures  14 and 15.
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TABLE 13

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  t h e  A g + a n d  P h 4 P + I o n s  in 

A c e to n i t r i l e -W ate r  Solvents .  (M ola r  Scale  at  25°C) [59].

Wt% AN lo g  m YAg l o 8 P h 4P

2 0 . 2 - 1 . 2 0 -1 .53

36 .3 - 2 . 2 0 -2.91

4 9 .4 -2 .93 -3 .77

60.3 -3 .42 -4 .36

69.5 -3 .83 -4.73

77 .4 -4 .13 -5 .17

84 .2 -4 .28 -5 .16

90.1 -4 .40 -5 .30

95 .4 -4.41 -5 .44

1 0 0 -4 .47 -5 .56



FIGURE 14

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  the  the  A e + Ion  in A N W a t c r

Solvents  1591.
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T r a n s p o r t  N u m b e r s

S t r e h l o w  and  K o e p p  [58]  d e t e r m i n e d  t h e  c o n d u c t i v i t y ,  the  

t r a n s f e r e n c e  n u m b e rs  and  the  v i s c o s i ty  o f  A g N 0 3  so lu t ions  in AN- 

w a t e r  m ix tu r e s  in o rd e r  to o b ta in  the  W a ld e n  p ro d u c t  o f  the  s ing le  

ions  by us ing  the fo l lowing re la tionship :

X0ri = FeZ/6 prs (39)

w h e r e  F is  the  F a r a d a y  c o n s t a n t ,  e the  e l e c t r o n i c  c h a r g e ,  Z the  

a b s o lu t e  ion ic  v a len c e  and  r s the  r a d iu s  o f  the  so lv a t ed  ion.  The 

W a ld e n  p ro d u c t  (Xqti) is in v e r se ly  p r o p o r t io n a l  to the  r a d iu s  of  the  

s o lv a t ed  ion.  W ith  the add i t io n  o f  a ce to n i t r i l e  to  the  pu re  aq u eo u s  

s o l u t i o n ,  t h e  W a l d e n  p r o d u c t  d e c r e a s e s  v e r y  s t e e p l y  w i t h  t h e  

i n c re a se  o f  the  rad ius  o f  the  so lva ted  s i lve r  ion.  The  ions  so lva ted  by 

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

l a r g e r  a c e t o n i t r i l e  m o l a r  v o l u m e s .  T h e r e f o r e ,  the  s i l v e r  io n s  a re  

p r e f e r e n t i a l l y  so lv a t ed  by  the  l a rg e r  a c e to n i t r i l e  m o le c u le s  at low 

m o le  f r ac t io n s .  On the o th e r  hand , the  so lv a t io n  rad ius  o f  the  n i t ra te  

ion in c re a se s  up  to the  m ole  f r ac t io n  0.7 on the  a d d i t io n  o f  w a te r  to a 

s o l u t i o n  o f  s i l v e r  n i t r a t e  in  p u r e  a c e t o n i t r i l e .  T h i s  is  d u e  to  a 

p re fe re n t ia l  hyd ra t ion  o f  the  n i t ra te  ion.

T h e  t r a n s p o r t  n u m b e r s  o f  the  n i t r a t e  ion  w e re  f o u n d  to  be 

a l m o s t  i n d e p e n d e n t  o f  A g N 0 3 c o n c e n t r a t i o n ,  b u t  t h e y  v a r i e d  

s i g n i f i c a n t l y  w i th  the  m i x e d - s o l v e n t  c o m p o s i t i o n  [57] .  F ig u r e  15 

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

n i t r a t e  ion  w i th  w t%  o f  a q u e o u s  A N .  A s t r o n g  s t r u c t u r a l  e f f e c t  

a p p ea rs  in A N -w a te r  m ix tu res  at ~26  wt% AN and  at  ~80  wt% AN, 

w h e r e  a m a x i m u m  and  a m i n i m u m  in th e  c u r v e  w e r e  o b s e r v e d ,  

r e sp ec t iv e ly .
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TABLE 14

L im i t ing  T ran sp o r t  N u m b e rs  o f  N O 3 ’ and A g + Io n s  i 

W ate r  Solven ts  [57,58] .

Wt% AN 1no3" l Ag+

0 .536 .464

1.3 .586 .414

27 .9 .609 .391

36.3 .611 .389

60.3 .540 .460

77 .4 .522 .478

87 .8 .517 .483

90.1 .521 .479

9 7 .4 .549 .451

1 0 0 .556 .444

A ce to n i t r i l e -
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FIGURE 15

L i m i t i n g  T r a n s p o r t  N u m b e r s  o f  the  N Q 3~ in  A c e t o n i t r i l e - W a t e r  

SolYCOlS I57J81.
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D e te r m in a t io n  o f  T r an s fe r  Ac t iv i ty  C o ef f ic ien t s  o f  the  N i t ra te  Ion in 

A c e to n i t r i l e -W a te r  So lven ts .

1. The  S o lu b i l i ty M ethod  o f  D e te rm in ing  T rans fe r  A c t iv i ty

As  p r e v i o u s l y  d i s c u s s e d ,  t r a n s f e r  a c t i v i ty  c o e f f i c i e n t s  o f  the  

n i t r a t e  io n ,  a r e  r e q u i r e d  to  c a l c u l a t e  th e  Ej ion a t  th e

j u n c t i o n  o f  A g N 0 3 s o l u t i o n s .  T r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  

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

m e as u re m e n ts ,  u s ing  Equa t ion  (40) :

mYj = P Q V  ■ P(w^sp) (40)

w h e r e  s. a n d  r e f e r  to  t h e  s o l v e n t  o f  i n t e r e s t  a n d  w a t e r ,  

re sp ec t iv e ly .  The  va lues  o f  were  c a lc u la t e d  f rom  av a i l ab le

d a t a  [59] f o r  t h e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  m ^P h 4P+ ion  

by  u s i n g  t h e  f o l l o w i n g  r e l a t i o n s h i p :

lo8 m^NOj = lo8 mYPh4PN03 - loSmYPh4P ( 2 7 e )

The  so lub i l i ty  o f  P h 4 P N 0 3 in a c e t o n i t r i l e - w a t e r  m i x t u r e s  was  

fo u n d  s p e c t r o p h o to m e t r i c a l l y .  T h e  e x p e r im e n t a l l y  d e t e r m i n e d  va lues  

o f  th e  m o la r  a b s o r p t iv i t y  w e re  o b ta in e d  u s ing  s o l u t i o n s  o f  k n ow n  

concen t ra t ion  o f  Ph 4 PN 03. The re su l ts  are  shown in Tab le  15.
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TABLE 15

P e a k  M o l a r  A b s o r p t i v i t y  o f  t h e  T e t r a p h e n y l p h o s p h o n i u m  Ion  in 

A c e to n i t r i l e - W a te r  So lven ts  at  2 5°  C

^ ^ a x
Wt% AN 265nm  272nm

0 3.83 3 .12

18.8 3.85 3.13

33.3 3 .82 3.15

47 .4 3 .9 0 3 .24

57 3 .80 3 .2 0

64 .4 3 .84 3.23

70.5 3 .82 3 .22

85.5 3 .94 3 .36

1 0 0 4 .08 3.51
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T h e  m ean  ac t iv i ty  c o e f f i c i en t s  (m o la r  s ca le )  fo r  th is  e le c t ro ly te  

w ere  ca lcu la ted  by m eans  o f  the Davies  equat ion :

log f± = -Ale1' 2 / ( 1 + c 1' 2 ) - 1/3 c] (41 )

w h e r e  £ is the  ac t iv i ty  coef f ic ien ts ,  A  is the  D eb y e -H u c k e l  cons tan t ,

an d  £  is the  m o la r  s o lu b i l i ty .  T h e  so lu b i l i ty  p ro d u c t s  for  Ph4 PN 03

were  ca lcu la ted  as:

K,p = (cf± ) 2 (42 )

T a b l e  16 s u m m a r i z e s  th e  s o l u b i l i t y ,  a c t i v i t y  c o e f f i c i e n t s ,  

so lu b i l i ty  p ro d u c ts  and  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s  o f  PI14PNO3 , and 

the  n i t ra te  ion.
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TABLE 16

S o lu b i l i t i e s ,  A c t iv i ty  C o e f f i c i en t s ,  S o lu b i l i ty  P ro d u c ts  and  T ran s fe r  

A c t iv i ty  C o e f f i c i en t s  o f  T e t r a p h e n y lp h o sp h o n iu m  N i t ra te  and  o f  the 

N i t ra te  Ion in A ce ton i t r i le -W ate r  Solvents  at 25°  C (Molar Scale).

Wt% AN Solubil ity Activity Solubility m^PI^P NO3 m^NOj

m oles /L  Coeff ic ien ts  Products  

£ f± c2 f± 2

0 . 0 0 .082 .099 6 . 7 2 x l 0 ' 5 0 . 0 0 . 0

9 .4 0 .284 .728 4 . 2 7 x l0 * 2 -2 .5 0 -1 .77

1 9 .3 0 .934 .770 5 .1 7 X 1 0 '1 -4 .1 2 - 2 . 6 8

26.5 1.25 .847 1 . 1 2 -5.91 -3 .83

3 6 .0 1.48 .911 1.81 -6 . 8 8 -3 .98

4 7 .2 1.61 .960 2 .4 0 -7.91 -4 .27

58 .8 1.524 .907 1.91 -8 .5 0 -4.21

7 7 .0 1 .290 .752 9 . 4 1 X 1 0 '1 -8 .79 -3 .85

86.7 1.075 .621 4 .45X 10 *1 -8 .43 -3 .22

1 0 0 0.553 .089 2.35 x lO ’3 -8.61 -3 .05
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2. T h e  D e te rm in a t io n  o f  T ran s fe r  A c t iv i ty  C o ef f ic ien t s  of_thc Nilratfc 

Ion from the E.M.F. o f  Cells with Liquid Junction.

G o ld b e r g  [25] ,  and  G o ld b e rg  and  P o p o v y c h  [26] su g g es te d  a 

new  m e th o d  to  d e t e r m i n e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  ions  by 

us ing  e .m .f .  ce l l s  w ith  sa l t  b r idges  b e tw een  the  r e f e re n c e  so lv en t  and 

th e  s o l v e n t  o f  i n t e r e s t .  In t h i s  m e t h o d ,  t h e  t r a n s f e r  a c t i v i t y  

c o e f f i c i e n t s  o f  one  o f  the  s a l t -b r id g e  ions  can  be e s t im a te d  when the 

t r a n s fe r  a c t iv i ty  c o e f f i c i e n t  o f  the  o th e r  s a l t -b r id g e  ion  and  of  the  

e l e c t r o a c t i v e  io n  a re  k n o w n .  L a t e r ,  th i s  m e th o d  w a s  s u c c e s s f u l l y  

a p p l i e d  by  B e r n e  an d  P o p o v y c h  [27 ]  u s i n g  s e v e r a l  s a l t - b r i d g e  

e l e c t ro l y te s  in v a r io u s  d ip o la r  ap ro t ic  so lv en t  pa i rs .  In th is  s tudy  the  

a b o v e  m e th o d  w as  used  to d e t e r m in e  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s  o f  

the ni trate  ion with the aid o f  the fo llowing cell :

Ag I A g N 0 3 I PI14PNO3 I A g N 0 3 I Ag (XXI)

H2 O H20  a n - h 2o

The A g N 0 3 c o n c e n t r a t i o n s  w e re  k e p t  a p p r o x i m a t e l y  e q u a l  in 

both  h a l f -c e l l s .  E .m .f .  m e a s u re m e n t s  w ere  m ad e  w i th  l x l O ' 1, l x l O *2 

an d  1 x 1 0 ‘3M  solu tions  o f  A g N 0 3. T e t r a p h e n y l p h o s p h o n i u m  n i t r a t e  

was  used  as the  sa l t -b r id g e  e lec t ro ly te .

T he  fo rm u la t io n  fo r  the  e .m . f .  o f  cell  (X X I)  c o n s i s t s  o f  three  

te rms ,  E j ,  E j G and Ej,H- For this study, Ej s  , the  s o lv en t  co n t r ib u t io n  

to l iqu id - junc t ion  po ten t ia l  Ej, is assumed to be neglig ib le .

Ej is  a t e rm  r e p r e s e n t i n g  the  d i f f e r e n c e  b e tw e e n  the  e l e c t r o d e  

po ten t ia ls :

E, = 59.16 logmr Ag + 59.16 log ( ANaAg /  wa Ag ) (43 )
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w h e re  the  t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s  o f  the  s i lv e r  ion ,  l o g mYAg » 

p e r t a in s  to  the  t r a n s f e r  f ro m  w a te r  to  the  A N - w a t e r ,  and  ANa Ag anc* 

wa Ag are  the  c o n v e n t i o n a l  a c t iv i t i e s  o f  A g + ion  in a c e to n i t r i l e  and  

w a te r  r e s p e c t iv e ly .

The Ej Q t e r m  a cc o u n t s  fo r  the  c o n t r ib u t io n s  o f  t r a n s f e r  ac t iv i ty  

c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e r s  o f  a l l  the  io n s  p r e s e n t  in the

diffusion layer  (Equation  10b). As applied to cell (XXI) ,  it is g iven by:

^j,G “  -5 9 1 6  l lAg , ° 8 m ’fAg + tP h 4 P 1°gm ''rP h 4 P  " t NOJ lo 8 m YNOj^ ^4 4 ^

The last  te rm in the fo rm ula t ion  o f  the e .m.f.  o f  cel l  (X X I)  is the

te rm  Ej H , w h ich  is  the  r e su l t  o f  a p p ly in g  the  H e n d e r s o n  e q u a t io n  to 

a ju n c t io n  with a sa l t -b r idge ,  in this case  a PI14NO3 bridge:

Ej.H =  _ 5 9 1 6  ( l P h 4P '  tNOJ ) log ( ANa AgN03 ^ wa AgN03  ̂ ^4 5 ^

w h e r e  t p h 4 p a n d  t N0  ̂ a r e  t h e  a v e r a g e  t r a n s p o r t  n u m b e r s  o f  th e

t e t r a p h e n y l p h o s p h o n i u m  a n d  n i t r a t e  i o n s ,  r e s p e c t i v e l y  an d  th e  

a AgN03 *s t *ie  c o n v e n t i o n a l  m e a n  io n ic  a c t i v i ty  o f  AgN03 in  e i t h e r

so lvent .

W h en  the  m easu red  e .m.f .  o f  cell  (X X I)  is  c o m b in e d  with  the 

e q u a t i o n s  f o r  E j ,  Ej G and  Ej H , the  r e s u l t i n g  e x p r e s s i o n  c a n  be 

r e a r r a n g e d  in t e r m s  o f  a l l  t h e  k n o w n  q u a n t i t i e s  a n d  s o l v e d  f o r

which  is the u nknow n  quanti ty .



101

tphlp.
  logYPh4P +

^ O j  'aA*lNO,

In o rd e r  to use  Equa t ion  (46)  to c a lc u la te  , the fo llowing

sets o f  da ta  had to be availab le :

a). T rans fe r  activity  coeff ic ien ts  of  A g + and  P h 4 P + io ns  b e tw ee n

w a te r  and all  the  A N /w a te r  so lven ts .

b).  T ran sp o r t  n u m b ers  o f  the  A g + .N O j '  and  P h 4 P + ions in all

the so lvents .

c). Activit ies of the A g+ ion in all the solvents.

The  ca lcu la ted  t ransfer  act iv ity  coeff ic ien ts  o f  N 0 3'  ion  from the 

so lu b i l i ty  m e th o d  (E q u a t io n  40)  and the  Ej m e th o d  ( E q u a t i o n  46)  are  

shown in Tab le  17 and are  plo tted  in F igure  16.



102

TABLE 17

Trans fe r  A c t iv i ty  Coef f ic ien t s  o f  the  N O 3 '  Ion  in A c e to n i t r i l e - W a te r  

Mixtures.  (M ola r  Scale,  25° Q

Wt% AN lo8 mYN05

(From Ej in cell XXI) 

(Eqn 46)

^mTNCJj

(From solubility) 

(Eqn 40)

9 .4 -1 .39 -1 .77

19.1 - 2 . 2 0 - 2 . 6 8

26.5 -2 .5 4 -3 .83

36.1 -2 .76 -3 .98

47.1 -2 .89 -4 .27

58 .9 -2 .8 0 -4.21

76 .7 -2 .74 -3 .85

86 .7 -2 .38 -3 .2 2

1 0 0 -1 .98 -3 .05
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FIGURE 16

Transfer Activity Coefficients o f  the NQ 3~ Ion in A cctPnitrilc-W algr
M ixtures.

■ Solubility method

200 40 60 80 100

Wt% AN

lo g  Y

E.M.F.method

200 40 60 80 100
Wt% AN



AgNQ3 IAgNQ3 Junc t ion  in the  A ce ton i t r i le -W ate r  Sys tem s.

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

n u m b e r s  fo r  A g + and N 0 3‘ ions ,  the  values  o f  Ej ion f r o m  th e  new  

E q u a t io n s  (13)  and  (14 )  and  the  o ld  eq u a t io n  w e re  c a lc u l a t e d  and 

c o m p a r e d .  The  va lues  o f  t r a n s fe r  ac t iv i ty  c o e f f i c i e n t s  o f  the  n i t ra te  

ion from the  e .m .f .  m e th o d  w e re  used  for the  c a lc u la t io n s .  T h e  resu l ts  

a re  show n  in T a b le  18 and p lo t t e d  in F igure  17. T h e  c o lu m n s  A and 

B| r e p r e s e n t  the  Ej jon v a lu e s  f ro m  the  o ld  e q u a t i o n  and  the  new  

e q u a t io n  (13) ,  r e sp ec t iv e ly .  As  m en t io n ed  e a r l ie r ,  the  Ej ion va lues  in 

co lum ns  B 2 and B 3 w e re  o b ta in e d  by E q u a t io n  14 ( tw o  t e rm s) .  The 

s ec o n d  te rm  o f  th is  e q u a t i o n  was  so lved  bo th  by c o m p u t e r  and  by 

graphic  in tegra tion.
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TABLE IS
Ej ion in A g N 0 3 I A g N 0 3 Cells ,  in mV at 25°C.

H2 O AN- H20

T ran sp o r t  N u m b ers  and Trans fe r  Act iv i ty  Coef f ic ien ts  

I n t e r p o l a t e d  by  h a n d  I n t e r p o la t e d  by  c o m p u te r

A B, B2 B3 A Bi B2

Eqn. 10a Eqn. 13 Eqn. 14 E q n .14 Eqn.10a Eqn .13 Eqn. l '

56.1 52 .2 3 6 .4 46 .7 56 .4 45 .6 35 .2

52 .9 43 .7 26.1 23.7 52.8 36.9 35.1

51.3 36.1 33 .2 38 .4 48.1 27.6 22 .5

44 .7 25.7 22.3 22.3 42.3 17.6 14.8

35 .2 13.5 13.2 13.7 35 .8 7.7 8.5

26 .5 2.5 2.3 5.1 28.5 -2 . 1 1.5

18.9 -6 .4 -4.5 -2 . 0 20.5 - 1 2 . 0 -8 .4

1 1 . 8 -14 .5 -9 .2 -6 . 2 12.3 -21 .7 -1 4 .0

3.4 -2 3 .9 - 8 . 6 -5 .5 3.6 -31.1 -1 8 .8

-7 .9 -3 4 .2 18.0 41.1 -5.5 -39 .5 -27 .5

-2 1 .9 -44 .5 -56.1 -39 .9 -1 4 .6 -48 .2 -3 2 .9

-29 .8 -52.1 -42 .8 -40 .2 -2 3 .6 -56 .5 -3 7 .0

-3 5 .0 -57 .5 -45.1 -44 .2 -32.1 -64 .0 -4 6 .0

-3 9 .6 -6 2 .4 -49 .8 -47 .4 -39 .7 -70 .3 -5 3 .2

-4 3 .6 -66 .9 -50 .8 -50 .9 -45 .5 -74 .6 -5 8 .2

-4 6 .0 -69 .3 -5 2 .4 -52 .4 -4 8 .7 -7 6 .0 -58 .7

-4 6 .0 - 6 8 . 2 -5 1 .4 -51 .9 -4 8 .6 -73 .4 -5 7 .9

-4 2 .4 -61 .8 -4 7 .2 -47 .2 -44.1 -65 .4 -53 .3

-33 .8 -4 8 .2 -3 7 .4 -37 .7 -3 4 .6 -50 .9 -42.1

-19 .7 -27 .7 -22 .5 -22 .5 -19 .8 -28 .7 -32 .3
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FIGURE 17a

Ei.ion C alcu la ted  f rom  New E q u a t io n * and Old  E q u a t io n 1* for A e N Q 3 in 

A c e to n i t r i l e -W a te r  So lven ts .  ( D a ta in te rpo la ted  bv hand)
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FIGURE 17b

Ei.ion C alcu la ted  from New Equation* and Old Equation6 for A gN Q 3 in

A ce to n itr i le -W ate r  Solvents. (D ata  in terpo la ted  bv com puter)
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A Com parison of the Ej ion. Calculated  from the Old Equation and ih e

New Form ulation  for the A cetonitr ile-W ater Solvents.

T h e  c a l c u l a t e d  r e s u l t s  fo r  A g N O j  in A N - w a t e r  s o l v e n t s  a re  

n o te w o r th y .  In the  c u rv e  o f  t r a n s p o r t  n u m b e r s  o f  n i t r a te  ion vs.  wt% 

AN, a m a x im u m  and  a m in im u m  w e re  o b s e r v ed  a t  ~25  w t%  and  ~80  

wt% AN, respec t ive ly .  Also,  a m in im um  is observed  at ~ 55 w t% AN 

for the  c u rv e  o f  t r a n s fe r  ac t iv i ty  co e f f ic ien t s  o f  n i t r a te  ion  vs.  wt% 

AN. The  d i f f e r en c e  be tw een  the re su l t s  o f  Ej ion c a l c u l a t e d  f rom  the 

o ld  e q u a t i o n  ( 1 0 a )  a n d  t h e  n e w  e q u a t i o n s  ( 1 3 )  a n d  ( 1 4 )  a re

s ig n i f i c a n t  fo r  the  e n t i r e  so lv en t  c o m p o s i t io n ,  b e ca u s e  *NÔ  p a s s e s  

t h r o u g h  a p r o n o u n c e d  m a x i m u m  an d  m i n i m u m  an d  l o g my p a s s e s  

t h r o u g h  a m i n i m u m .  T h e  d i f f e r e n c e  b e t w e e n  t h e  Ej ion f r o m  

E q u a t io n  (1 0 a )  (o ld  e q u a t io n )  and  E q u a t io n  (13)  (o n e  t e rm )  is  g rea te r  

th a n  t h a t  b e t w e e n  E q u a t i o n  ( 1 0 a )  a n d  E q u a t i o n  ( 1 4 )  ( t w o - t e r m  

equ a t io n )  fo r  the ran g e  o f  0 - 75 wt% AN. The  d i f f e r en c e  in Ej ion 

va lues  b e tw een  E q u a t io n s  (10a )  and  (13)  is nea r ly  c o n s t a n t  (w h ic h  is 

~20  m V )  th r o u g h o u t  the  range  f rom  15 w t%  AN to 95 w t%  AN, but 

the  d i f f e r e n c e  b e tw e e n  E q u a t io n s  (1 0 a )  and  (14 )  i n c re a s e s  w i th  the  

i n c re a s in g  c o n c e n t r a t i o n  o f  A N  f rom  0  - 20  mV fo r  the  e n t i r e  ran g e  

o f  AN. In th is  sys tem ,  i f  we use  E qua t ion  (14)  to ca lcu la te  the Ej ion, 

we h a v e  to c o n s i d e r  the  d r a s t i c a l l y  c h a n g i n g  s lo p e  At/As a n d  the  

h y d r a t i o n - e n e r g y  v a lu e s  f ro m  the  l i t e r a t u r e  fo r  e ac h  ion .  O n  the  

o the r  hand ,  i f  we use E q u a t io n  (13)  to e v a lu a te  the  Ej ion, we  h a v e  to 

c o n s id e r  the  s lope  o f  AG0/A s .  In A N - w a te r  so lv en t s  the  c a lc u la te d  

Ej ion va lues  f rom  E q u a t io n s  (12) ,  (13 )  and  (14)  va ry  s m o o th ly  w i th  

the inc reas ing  composi t ion  of  AN.
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DIMETHYLFQRMAMIDE-WATER SOLVENTS.

Trans fe r  Activ ity  Coeffic ients.

T h e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  c a t i o n s  d e c r e a s e  w i th  

in c re a s in g  c o m p o s i t io n  o f  D M F  ov e r  an e n t i r e  ran g e  o f  D M F -w a te r  

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

h y d ro g e n -b o n d  a ccep t in g ,  c h a r a c te r  o f  D M F  e n ab le s  it to fo rm  s tab le  

h y d r a t e s  in a q u e o u s  m i x t u r e s .  T h e  b a s i c i t y  o f  h y d r a t e d  D M F  is 

e x p e c t e d  to l ie b e tw ee n  tha t  o f  pu re  w a te r  and  u n h y d r a t e d  D M F ,  the 

order  being H 2 0< D M F .x H 2 0 < D M F .

W ith  r e s p e c t  to the  r e f e r e n c e  s o lv e n t ,  w a te r  [60] ,  it is  well  

r e c o g n i z e d  t h a t  AGt°(H'f) c a n  be  c o n s i d e r e d  as a m e a s u r e  o f  the  

so lven t  bas ic i ty .  At co m p o s i t io n s  o f  X DMF >0 .4 ,  it  is found  tha t  the 

basic ity  o f  the mixed  so lven t  in aqueous  D M F  is cons tan t .  A round  this 

c o m p o s i t io n  in D M F -w a te r  m ix tu res  [61] ,  m any  o th e r  p ro p e r t i e s  a lso  

show  e x t rem a  or  in f lec t ion  po in ts .  B eyond  tha t  c o m p o s i t io n ,  it may 

be a s s u m e d  th a t  the  e n v i r o n m e n t  o f  the  s o lu t io n  lo se s  i t s  “ w a t e r ­

l i k e ” c h a r a c t e r ,  p r e v e n t i n g  an y  f u r t h e r  a p p r e c i a b l e  c h a n g e  in the  

ac tiv ity  o f  hydrogen  ions.

T h e  t h e r m o d y n a m i c  e v i d e n c e  f o r  t h e  w e l l - k n o w n  

d es tab i l i z a t io n  o f  an ions  by d ip o la r  apro t ic  so lven ts ,  ow ing  to lack  of  

h y d r o g e n - b o n d  d o n a t in g  a b i l i t i e s  [62 ,63 ] ,  is p r o v id e d  by  the  l a rge  

pos i t ive  AG^0 values  for the  ch lor ide  ions.

T he  ava i lab le  l i te ra tu re  va lues  [41 ,56 ,64 ,65]  o f  t rans fe r  ac tiv ity  

c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e rs  o f  H +, K+, Cs+ and Cl* ions  in DMF- 

w a te r  so lv en t s  n eed ed  to  c a lc u la t e  Ej ion are  l i s ted  in T a b le s  19, 20 

and  p lo t ted  in F igu res  18-24.
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TABLE 19

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  o f  K +, Cs+, H + an d  Cl"  I o n s  in 

D im e th y l fo rm am id e -W a te r  Solvents .  ( M olar  Scale ,  25°C) [56].

Wt% DMF logm YK iogmYCs loZm ?H l°gm 7 Cl

2 0  0 .03  -0.01 -0.31 0.31

4 0  -0 .43  -0 .45  -1 .12  1.19

6 0  -0 .9 0  -0 .94  -2.01 2.35

80  -1 .88  -1 .80  -2.01 3 .24

100  -3 .03  -2.51 -2 .49  8.07
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FIGURE 18

Transfer A ctivity Coefficients o f the H + Ion in D im ethvlfo rm am ide-

W ater Solvents 156.651.
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FIGURE 19

T ran s fe r  A c t iv i ty  Coef f ic ien t s  o f  the K+ Ion in D i m e th v l f o r m a m i d e -

W ate r  So lven ts  1561,
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FIGURE 20

T rans fe r  A c t iv i ty  Coeff ic ien ts  o f  the Cs+ Ion in D i m c th v l f o r m a m i d e -  

W ate r  Solvents  f561.
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FIGURE 21

Transfer Activity Coefficients o f  the Cl~ Ion in D im ethy lfg rm am ide-

W ater Solvents T561.
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T r a n s p o r t  N u m b e r s .

It is w e l l  k n o w n  tha t  c au se d  by the  a b n o r m a l  p r o to n  t r a n s f e r  

m e c h a n i s m  b e tw een  the  a s s o c ia te d  w a te r  m o le c u le s ,  the re  is la rge

X°H+ in  w a te r .  T h e  a d d i t i o n  o f  D M F  to  w a t e r  r e s u l t s  in  a r a p id  

d e c r e a s e  o f  the  a n o m a l o u s  p ro to n  c o n d u c t i v i t y  c au se d  by a b reak  up 

o f  the  h y d r o g e n - b o n d e d  w a t e r  n e tw o r k  and  h e n c e  the  b r e a k d o w n  o f  

t h e  a b n o r m a l  p r o t o n - t r a n s f e r  m e c h a n i s m .  T h e  i n c r e a s e  in t h e  

so lva t ion  rad ius  o f  H + w i th  the  add i t ion  o f  D M F ,  is a n o th e r  rea so n  for 

the  d e c r e a s e  o f  X°H+. In gen e ra l ,  D M F  is l ike ly  to so lv a te  sm a l le r

cations ,  H+ in p a r t i cu la r  [6 6 ], which  re su l t s  in a  d e c rea se  o f  the  ionic  

m ob i l i ty .  B e tw e e n  40  to 60  wt% D M F, the  fo r m a t io n  o f  the  bu lky  

DMF.nH20  ty p e  c o m p l e x e s  and  the  s o lv a t io n  o f  h y d r o g e n  ions  by 

these  c o m p le x e s  i n c re a se s  th is  e f fec t  fu r th e r ,  r e s u l t in g  in a d e c rea se  

o f  the  mobi l i ty  o f  hydrogen  ion.
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TABLE 20

L i m i t in g  T r a n s p o r t  N u m b e r s  o f  H +, K+ a n d  Cs+ Ions  in D im e th y l -  

fo rm am id e  -W a te r  So lven ts  [41 ,64] ,

Wt% DMF t ° H+ t ° K+ t ° Q +

0 0 .8 2 0 0.491 0 .5 0 3

1 0 0 .8 1 2

2 0 0 .7 7 8 0.511

28.7 0 .5 2 0

38.8 0 .523

4 0 0 .7 6 4

60 0 .9 2 2

60.1 0 .5 2 4

63.5 0 .5 2 0

80 0 .711 0 .4 8 9

80.3 0 .471 0 .5 1 5

92 .4 0 .3 9 7 0 .4 9 2

0 0 0 .3 8 6 0.331 0 .385
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FIGURE 22

L im iting  T ransport  N um bers o f  the H+ Ion in D im ethv lfo rm am ide-

W ater Solvents 141.641.
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FIGURE 23

Lim iting  T ransport N um bers o f the K+ Ion in D im ethv lfo rm am id e-

W atcr Solvents 1411.
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FIGURE 24

Lim iting  T ransport Num bers of the Cs+ Ion in D im ethv lfo rm am ide-

W ater Solvents f411.
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KC1IKC1. C&CHCsCl and HC1IHC1 Junct ions  in the Dimethvlformamide- 

W aifii.Syaicm s.

U s i n g  the  a b o v e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  and  t r a n s p o r t  

n u m b e r s  f o r  the  K +, H+, Cs+ a n d  Q '  ions ,  the  Ej ion v a l u e s  w e re  

c a lc u la te d  by us ing  the old  equa t ion  (10a )  and the new  eq u a t io n s (1 3 )  

and  (14 )  and c o m p a r e d .  T h e  re su l t s  a re  sh o w n  in T a b le s  2 1 -2 3  and

are p lo t ted  in F igu res  25-27.
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TABLE 21

Et ion in KC1 I KC1 Cells, in mV at 25°C.
HjO DMF- H20

T ran sp o r t  N um bers  and T rans fe r  Activ ity  Coef f ic ien t s  
I n t e r p o l a t e d  by h a n d  I n t e r p o la t e d  by  c o m p u t e r

A B] B2 A Bj B2

Eqn.10a Eqn .13 Eqn.14 Eqn.lOa Eqn .13 E q n .14

3 5 5 .0 3 3 5 .5

2 6 8 .4 2 4 3 .2

194.7 162.7

146 .2 1 2 2 . 8

123.3 98 .4

113.8 1 0 0 . 8

108.5 9 4 .0

103 .6 97.8

95.5 63 .0

84.4 76.1

72.8 60.7

62 .2 49 .9

57 .2 55 .4

36 .2 24.1

25 .0 9.7

15.3 15.2

8.3 8.5

5.3 7.0

3.0 2.9

1.3 3.0

3 8 3 .4 3 5 5 .0

2 8 1 .8 2 4 8 .4

2 1 6 .8 182.6

154.7 144.5

134.9 123.9

123.6 113.3

116.1 107.2

118.7 101.9

108.8 95 .4

94 .4 86.4

78 .8 75 .0

73 .4 61.7

65.1 47 .7

43.5 34.1

35.8 22.5

2 1 . 2 13.7

1 1 . 8 8.3

7.2 6 . 0

4.1 5.8

1.9 5.1

3 76 .3 3 6 9 .5

2 2 5 .6 2 6 8 .8

162.0 190.8

129.7 160.7

107.4 134.6

101.4 121.4

94.3 114.1

117.1 127.7

108.2 109.1

99.8 97 .2

94.8 91.8

81.7 83 .8

64 .4 64.8

50 .9 46 .5

39.4 30.8

33.9 18.8

25 .2 11.5

29 .7 8 .4

32 .8 7.9

28.8 6 . 6
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FIGURE 25a

E| ion C alcu la ted  from New Equation* and Old Equa tion1* for KC1 in

D im ethv lfo rm am ide-W ater Solvents. (D ata  in terpola ted  bv hand)
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a. Column Bj , Table 21, Eqn. 13

Column B2 , Table 21, Eqn. 14

t  Column A , Table 21, Eqn. 10a
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FIGURE 25b

Ej ion C alcu la ted  from New E qua tion* and Old Equation1* for KC1 in

D im ethv lfo rm am ide-W ater Solvents. (D ata  in terpo la ted  bv com puter)
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a. Column Bj , Table 21, Eqn. 13

Column B2 , Table 21, Eqn. 14

& Column A , Table 21, Eqn. 10a
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TABLE 22

Ej inn in CsCl I CsCl Cells, in mV at 25°C.
H2 O DMF- H20

T ranspo r t  N um bers  and T rans fe r  Act iv i ty  Coeff ic ien ts  
I n t e r p o l a t e d  by h a n d  I n t e r p o la t e d  by  c o m p u t e r

A Bj B2 A Bj B2

Eqn.10a Eqn .13 Eqn .14 Eqn.lOa Eqn .13 Eqn .14

3 3 1 .2 3 37 .8

2 4 5 .6 2 5 2 .2

177.7 182.7

136.8 140.7

118.1 125.9

111.9 121.9

107.4 116.6

102.7 109.3

96 .3 100.5

85.6 8 8 . 0

73.7 78 .3

62.8 64.7

48 .0 51 .9

35.9 38.6

24.6 27.5

15.7 18.7

9.4 1 2 . 1

7.0 9.4

4.4 6 . 0

2 . 0 2 . 8

3 3 8 .2 327.1

2 4 6 .2 228 .3

178.6 168.6

136.1 135.0

113.2 118.0

103.8 109.5

102.9 105.5

98.1 101.5

90.8 95.3

80.3 8 6 . 6

6 8 . 1 75 .2

56.3 62.3

45 .7 47 .8

35 .9 34 .4

25 .8 22 .9

12.4 14.5

10.3 9.4

8.4 7.5

8 . 1 7.3

2 . 0 6 . 2

3 3 3 .6 335 .8

2 3 3 .6 238 .3

173.8 179.2

148.0 151.5

128 .0 122.9

117.9 122.3

1 1 2 . 6 113.1

114.6 116.3

102.4 105.3

97 .5 99 .0

82 .0 90 .4

73 .9 77.8

54.7 56 .9

42 .4 45 .9

30.8 27 .3

19.3 2 0 . 8

12.4 13.0

1 0 . 2 7.5

1 0 . 2 4 .2

8.3 0 . 2
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FIGURE 26a

Ej ion Calculated from New Equation* and Old EQuationb for CsCl in

D im ethvlform am ide-W ater Solvents. (D ata  in terpo la ted  bv hand)
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a  Column Bj , Table 22, Eqn. 13
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k. Column A , Table 22, Eqn. 10a
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FIGURE 26b

Ef ion Calculated  from New Equation* and Old Equation6 for CsCLin

D im ethv lfo rm am ide-W ater So lven ts. (D ata  in terpo la ted  bv com puter)
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a. Column B] , Table 22, Eqn. 13

Column B2 , Table 22, Eqn. 14

12. Column A , Table 22, Eqn. 10a
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IA£LE_22

E  inn in HC1 I HC1 Cells, in mV at 25°C.
H2 O DMF- H20

Transpo r t  N um bers  and  Trans fe r  Ac tiv ity  Coeff ic ien ts  
I n t e r p o l a t e d  by  h a n d  I n t e r p o l a t e d  by  c o m p u t e r

A

Eqn. 10a

Bi 

Eqn. 13 Eqn. 14

A

Eqn. 10a

Bj

Eqn. 13
B2

Eqn. 14

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

2 2 2 .9 304 .5 237.1 2 0 8 .2 2 8 2 .3 2 2 7 .0

178.6 236 .7 142.5 168.9 2 2 6 .7 183.3

149.8 194.7 115 .0 148.1 198.7 163.7

136 .0 176.9 117.4 137.3 184.9 153.5

129.1 172.1 2 3 3 .7 131.2 177.8 148.0

126.3 170.7 182.5 127 .4 172.7 142.5

124.6 169.6 155.1 122.3 167 .0 137.0

121.5 165.6 156 .2 116.5 159.2 133 .0

112.5 153.4 172 .6 108.7 148.7 1 2 1 . 6

98 .9 135.4 78 .6 98.7 135.1 115.6

83.6 114.3 4.8 86.5 118.6 89.8

67 .0 91.7 26.7 72 .6 99 .6 76 .8

51.5 71 .0 15.9 57 .6 79.3 54 .0

38.5 52 .9 1 0 . 1 42 .4 5 8 .9 39.1

26 .9 36.9 -1 .7 28.1 39 .7 2 1 . 0

18.3 25 .4 -4.7 15.7 2 2 .9 1 2 . 6

13.1 18.0 2 7 .9 5.9 9.9 - 1 . 8

8.3 11.4 8.7 -0 .4 1.7 -7 .9

4.1 5.7 -3.1 -2 .5 - 0 . 8 -9 .8
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FIGURE 27a

Ej ion C a lcu la ted  f rom  New Equat ion*  and  Q ld  E q u a t io n 6 for HC1 in 

D im e th v l f o r m a m i d e - W ater  So lven ts .  (D a ta  i a te rp o la te d  bv  hand)
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a. Column Bj , Table 27, Eqn. 13

Column B2 , Table 27, Eqn. 14

k  Column A , Table 27, Eqn. 10a
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FIGURE 27b

Ej ion Calculated  from New Equation* and Old Equa tion1* for HC1 in

D im ethv lfo rm am ide-W ater So lven ts. (D ata  in terpo la ted  bv com puter)
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A Com parison o f the Ej ion. Calculated  from the Old Equation and the

New Form ulation in DM F-W ater Solvents.

In D M F -w a te r  m ix tu res ,  Ej ion values for KC1IKC1, CsCllCsCl and 

HC1IHC1 ju n c t io n s  a re  c a lcu la ted  us ing  the old  equa t ion  and  the  new 

e q u a t i o n s  a n d  c o m p a r e d .  T h e  r e s u l t s  f r o m  bo th  m e t h o d s  a re  ve ry  

s imi la r ,  e .g . ,  the re  are  ~ 8  mV d if fe rences  in Ej ion v a lu e s ,  b e tw e e n  the  

old equat ion  and  the new equat ions  for  both  KC1IKC1 and CsCllCsCl 

ju n c t io n s  t h ro u g h  the  en t i re  ran g e  o f  D M F -w a te r  c o m p o s i t io n s .  This  

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

c o e f f i c i e n t s  and  t r a n sp o r t  n u m b e r s  o f  each  ion w i th  the  c o m p o s i t io n  

o f  the D M F -w a te r  so lvents .

The  resu l t s  from the HC1IHC1 ju n c t io n  in D M F -w a te r  mixtures  

are d if ferent f rom  the results  o f  the KC1IKC1 and CsCllCsCl junc t ions .  

W i t h  i n c r e a s i n g  c o n c e n t r a t i o n  o f  D M F ,  t h e  t r a n s f e r  a c t i v i t y  

c o e f f i c i e n t s  a n d  t r a n s p o r t  n u m b e r s  o f  t h e  h y d r o g e n  io n  s h o w  a 

m in im u m  and a m a x im u m  at ~ 60  wt%  D M F ,  r e sp ec t iv e ly .  H ere ,  we 

a l so  o b se r v e  th a t  the  d i f f e r e n c e  in Ej ion b e tw e e n  E q u a t i o n  (1 0 a )  and  

( 1 3 )  is  g r e a t e r  th a n  t h a t  b e t w e e n  E q u a t i o n  ( 1 0 a )  an d  ( 1 4 ) .  T h e  

d i f f e r en ce  o f  Ej ion b e tw e e n  E q u a t io n s  (1 0 a )  and  (13 )  i n c r e a s e s  f rom  

0 to 110 mV w i th  the in c re a s in g  c o n ce n t r a t io n  o f  DMF.  W e  o bse rved  

~2 0  mV d i f f e r en c e  in Ej ion b e tw e e n  e q u a t i o n s  (1 0 a )  and  (1 4 ) ,  in the 

r a n g e  o f  50  to  95  w t%  D M F .  In th i s  r e g io n  b o th  t r a n s f e r  a c t iv i ty  

c o e f f i c i e n t s  a n d  t r a n s p o r t  n u m b e r s  o f  h y d r o g e n  ion  go  th r o u g h  a 

m in im u m  and a m a x im u m ,  r e sp ec t iv e ly .

I f  we use  E q u a t io n  (13)  to ca lcu la te  Ej ion w e  h a v e  to  e v a lu a t e  

the  sh a rp ly  c h a n g in g  s lope  AG0/  As. In the reg ion  o f  4 0 -80  wt% DMF,  

l°gmY ° f  h y d r o g e n  i o n  p a s s e s  t h r o u g h  a m i n i m u m .  I t  is  

in te re s t in g  th a t  in the  above  reg ion  the d i f f e r en ces  in Ej ion va lues
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b e tw een  E q u a t io n s  (10a )  and  (13)  a re  s ign i f ican t .  On  the  o th e r  hand, 

if  we use E qua t ion  (14)  to ca lcu la te  Ej,jon we h a v e  to e v a l u a t e  the  

chan g in g  s lope  At/As.  In the  reg ion  o f  40  - 80  w t%  D M F  the  t ranspor t  

n u m b e r  o f  h y d r o g e n  ion  p a s s e s  t h r o u g h  a p r o n o u n c e d  m a x i m u m .  

B ec a u se  o f  th is  va r ia t ion  in above  reg ion ,  the  d i f f e r e n c e s  in Ej ion 

va lues  be tw een  Equa t ions  (10a)  and (14)  are  s ign i f ican t  as wel l .
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DIMETHYLSULFOXIDE-WATER SOLVENTS.

Trans fe r  Activ ity  Coeffic ients.

In  D M S O - w a t e r  m i x t u r e s ,  m o s t  s t u d i e s  i n d i c a t e  t h a t  th e  

s t ro n g e s t  in te ra c t io n s  b e tw een  w a te r  and  D M S O ,  o c c u r  a t  ab o u t  0.35 

mole  f r ac t ion  D M S O ,  sugges t ing  the  e x i s t en c e  o f  a th e rm a l ly  lab i le  

DMS0-2H20  a s so c ia t i o n  c o m p le x .  In th is  m ix tu re ,  the  t r a n s fe r  free 

en e rg ie s  o f  e lec t ro ly te s  f rom  w ater  to D M S O  b e co m e  m ore  favorab le  

(AG^° less  pos i t ive )  in the order  L iX > N a X ,  which  is expec ted  i f  the 

c a t i o n s  i n t e r a c t  m o r e  s t r o n g ly  w i th  D M S O  than  w i th  w a te r .  O ne  

expec ts  p re fe ren t ia l  so lva t ion  o f  c a t ions  by D M S O  to be favo red  by 

the ir  s t ronger  in te rac t ions  with  D M S O  than with water .

T h e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  c a t i o n s  in t h i s  s t u d y  

d e c r e a s e  w i th  the  i n c r e a s in g  c o m p o s i t i o n  o f  D M S O  fo r  the  e n t i r e  

ra n g e  o f  D M S O - w a t e r  s o lv e n t s .T h e  l i t e r a tu r e  v a lu e s  [6 5 ,6 7 -7 1 ]  o f  

t r a n s fe r  a c t i v i ty  c o e f f i c i e n t s  and  t r a n s p o r t  n u m b e r s  o f  K +, H+, Rb+ 

and C l ' ,  w h ich  w e re  know n  p r io r  to th is  s tudy ,  a re  sh o w n  in Tab le s  

24 and  25 and  p lo t ted  in F igu res  28-34 .
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TABLE 24

T r a n s fe r  A c t iv i ty  C o e f f ic ie n ts  o f  K + , R b+, H+ and C l '  Io n s  in

D im ethylsulfoxide-W ater Solvents. (Molar Scale, 25°C) [65,67]

Wt% DMSO log,,, Yk logm y Rb logm y H »ogm y a

5 -0 .25

10 -0 .4 9

10.9 -0 .03  -0 .03  -0 .53  0 .18

15 -0.71

2 0  -0 .93

21 .6  -0 .0 4  -0 .03  -0 .98  0.41

25 -1 .12

3 0  -1.31

32.1 -0 .18  -0 .18  -1 .38  0 .77

35 -1 .49

4 0  -1 .67

4 2 .4  -0 .22  -0 .22  -1 .7 4  1.17

45 -1 .82

5 0  -1 .98

52 .5  -0 .04  -0.11 -2 .05  1.43

55 -2 .1 2

6 0  -2 .2 9

62 .3  -0 .6 2  -0 .7 0  -2 .4 0  2.53

65 -2 .42

7 0  -2 .5 6

7 2 .0  -0 .92  -0 .85  -2 .61 3 .34
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74 .3  -2 .6 6

81.5  -1 .28  -1 .2 0  4.21

90 .6  -1 .72  -1 .58  5 .39

100  -2 .13  -1.91 -3 .3 0  6.75
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FIGURE 28

T ransfe r  A ctiv ity  Coeffic ien ts  o f  the K + Ion in D im ethv lsu lfox ide -

W ater  Solvents .  (W ate r  R efe rence . M olar  Scale) f671.
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FIGURE 29

T ransfer  Activity  Coeffic ien ts  o f  the Rb+ Ion in D im ethv lsu lfox ide-

W ate r  Solvents .  (W ater  Reference.  Molar S c a l d  1671

o i t

Y

200 40 60 80 1 00

Wi% DMSO
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FIGURE 3Q

T r a n s f e r  A c t iv i ty  C o e f f ic ien t s  o f  the  H+ Ion  in D im e th v l s u l f o x id e -  

W ate r  Solvents .  (W ater  Reference.  Molar Scale) [651.
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FIGURE 31

T r an s fe r  A c t iv i ty  C o ef f ic ien t s  o f  the  Cl~ Ion in D im e th v l s u l f o x id e -  

W ate r  Solvents .  (W ater  Reference.  Molar Scale) 1671.
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TABLE 25

L i m i t i n g  T r a n s p o r t  N u m b e r s  o f  H +, K+ a n d  R b + I o n s  in 

D im e th y l s u l fo x id e -W a te r  So lven ts  [68-71].

Wt%DMSO t °H + ‘V t°Cs+

0 0 .821 0 .4 9 0 0 .5 0 3

1 0 0 .8 2 3 0 .503

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

3 0 0 .8 3 0 0 .5 1 6

4 0 0 .831 0 .5 1 6 0 .5 2 7

5 0 0 .8 2 4 0 .5 2 6

60 0 .8 0 3 0 .5 1 4 0 .5 1 6

70 0 .6 7 5 0 .4 8 9

80 0 .441

85 0 .501

9 0 0 .4 4 3

95 0 .4 1 3

1 0 0 0 .4 0 4 0 .3 8 5 0 .3 0 4
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FIGURE 32

L im it in a  T ra n sp o r t  N um bers  o f the  K+ Ion  in  D im e th v lsu lfo x id e -

W atc r  S o lv ents  f68-711.
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FIGURE 33

L i m i t i n g  T r a n s p o r t  N u m b e rs  o f  the  Rb+ Ion in D im e th v l s u l f o x id e -

W ate r  So lven ts  f68-711.
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FIGURE 34

L im itin g  T ra n sp o r t  N um bers  o f  the H+ Ion in D im eth v lsu lfo x id e -

W ater Solvents f68-711.
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KC1IKC1. RbCllRbCl and HC1IHC1 Junctions in the DMSO-Water Systems.

U s i n g  the  a b o v e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  and  t r a n s p o r t  

n u m b e r s  o f  the  K +, H+, Rb+ and Cl '  ions, Ej ion v a lu es  w e re  c a lc u la t e d  

f ro m  the  o ld  e q u a t i o n  (1 0 a )  and  the  new  e q u a t i o n s  (13 )  and  (14) .  

Similar  Ej ion values  are observed for both the KC1IKC1 and RbCllRbCl 

ju n c t io n s  in the  D M S O -w a te r  so lven t s  f rom  the  above  e qua t ions .  But 

the  r e su l t s  o f  Ej ion for HC1IHC1 ju n c t io n  are  d i f fe ren t  f rom  the above 

ju n c t io n s .  T ab le s  26-28  show the  c a lcu la ted  Ej | on v a lu e s  and  p lo ts  

are  shown in F igu res  35-37 .
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TABLE 26

Ej ion in KC1 I KC1 Cells, in mV at 25°C.

H20  d m s o - h 2o

T ranspo r t  N um bers  and Trans fe r  A c t iv i ty  Coeff ic ien ts  
I n t e r p o l a t e d  by  h a n d  I n t e r p o l a t e d  by  c o m p u t e r

Wt%

DMSO

A

Eqn.10a

Bi

Eqn. 13
» 2

E q n .14
»3

Eqn. 14

A

Eqn. 10a

Bj 

Eqn. 13
B2

Eqn. 14

1 0 0 2 9 3 .0 3 0 3 .0 2 6 5 .2 2 59 .2 2 7 8 .6 2 97 .7 259.1

95 254 .3 2 6 4 .0 2 3 0 .9 228.5 2 4 6 .9 268 .5 2 2 1 . 6

90 2 1 9 .2 2 2 6 .0 196.5 194.6 2 1 6 .8 2 3 0 .0 200 .3

85 187.1 184.6 168.9 166.3 188.2 2 0 2 .9 162.3

80 160.9 168.9 140.2 138.3 161.6 187.8 140.0

75 138.9 145.2 122.5 120.5 137.2 155.3 116.7

70 120.5 128 .4 105 .9 103.5 115 .2 125.7 98 .0

65 1 0 2 . 8 109.8 90 .9 8 8 . 0 95.7 119.3 78.1

60 76.3 81 .2 64 .9 62.1 78 .6 106.3 58.3

55 49 .3 55 .2 37.1 34.3 63 .9 8 6 . 6 48 .2

50 39 .4 44.5 26 .3 24.1 51.7 70.1 37.7

45 40.1 56 .5 29.8 28 .2 41 .5 56.5 30.7

40 38.7 54.5 29.3 27.4 35.3 45 .4 1 2 . 8

35 32 .4 45.7 19.7 19.3 28 .3 36 .6 8.9

30 24.5 34 .9 10.3 10.3 21 .4 27 .6 3.5

25 16.6 24.3 3.1 3.1 17.1 33 .9 2.4

2 0 17.4 16.1 -0.7 - 1 . 0 13.6 19.1 -6.9

15 8 . 2 11.5 -4 .6 -4.6 10.5 14.7 -0 . 1

1 0 5.6 7.9 -8.5 - 8 . 1 7.3 1 0 . 1 -6.7

5 2.9 4.1 -10 .5 -10.5 3.7 5 .0 -8.5
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FIGURE 35a

Ej ion C alcu la ted  from  New Equation* and Old E au a tio n b for KC1 in

D im ethv lsu lfox ide-W ater Solvents. (Data in terpola ted  bv hand)
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300 h
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o
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100 -
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0 20 40 60 80 100
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a. Column B2 , Table 26, Eqn. 13

Column B2 , Table 26, Eqn. 14

h Column A , Table 26, Eqn. 10a
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FIGURE 35b

Ej ion C alcu la ted  from  New Equation* and Old

D im ethv lsu lfox ide-W ater So lven ts. (Data in terpo la ted  bv com pu ter l
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o

B Old Equation °
o 
□ *
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o
□ •
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a. Column B 2  , Table 26, Eqn. 13

Column B2 , Table 26, Eqn. 14

t  Column A , Table 26, Eqn. 10a
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IABLIL2Z
Ej ion in RbCl I RbCl Cells,  in mV at 25°C. 

H jO  D M S 0 - H 20

Transpor t  N um bers  and T rans fe r  A c t iv i ty  Coeff ic ien ts  
I n t e r p o l a t e d  by han d  I n t e r p o l a t e d  by c o m p u t e r

Wt% A Bi B2 B3 A Bi B2

DMSO Eqn. 10ai Eqn. 13 Eqn. 14 Eqn. 14 Eqn.10a E q n .13 Eqn. 14

1 0 0 2 8 3 .5 3 0 0 .2 251.1 243.1 2 8 2 .9 2 9 6 .9 2 6 9 .4

95 247.1 261.1 2 2 5 .9 2 1 9 .0 2 4 8 .2 2 5 9 .9 233.1

90 2 1 4 .2 2 2 9 .2 191.8 186.2 2 1 4 .6 2 2 5 .4 20 9 .7

85 183.9 2 0 0 .9 166.8 160.5 186 .9 198.5 179 .6

80 158.3 178 .0 137.2 132.3 160 .2 171 .2 154.7

75 136.2 150.2 119.9 114.8 136.2 150.8 135.3

7 0 119 .4 129.1 105.4 1 0 0 . 1 114.7 124 .4 118.4

65 103.9 119 .0 92 .5 86.7 95 .6 108.9 105 .0

60 80.8 98 .2 70 .2 64.3 7 9 .0 8 6 . 6 84.3

55 52.7 7 2 .6 40.1 34.5 64 .6 7 6 .2 67.7

50 4 1 .0 56.5 27 .9 2 2 . 6 52 .3 63.3 58.5

45 40 .4 55.1 30 .6 27.7 4 2 .0 5 3 .9 41 .5

40 38 .9 52 .8 3 0 .0 27 .6 3 3 .4 42 .5 36 .0

35 32 .6 4 4 .4 19.9 19.4 2 6 .6 36.3 29.1

30 24 .5 33.7 8.7 9.4 2 1 . 1 28 .9 17.2

25 16.7 2 3 .0 3.8 3.9 16.7 23 .0 16.0

2 0 17.5 15.8 -0.5 -0 .9 13.1 18.2 12.5

15 8.3 11.4 i -u o -4.1 1 0 . 0 13.8 9 .4

1 0 5.7 7.8 -9 .4 - 8 . 8 7.1 1 0 . 0 6.4

5 3.0 4.1 - 1 0 . 6 - 1 0 . 6 3.7 4.9 0 .4
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FIGURE 36a

Ej ion Calculated  from New Equation and Old Equation  for RbCl in

D im cthv lsu lfox ide-W ater So lven ts . (Data in terpolated bv hand)
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FIGURE m
Ej j0n C a lcu la te d  f rom  N ew  E q u a t io n  and Old  E q u a t io n  fo r  R bCl  in 

D im e th v l s u l fo x id e -W a te r  S o lvents .  (D a ta  in te rpo la ted  bv  co m p u te r )
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TABLE 28

Ej ion in H Q  I HC1 Cells, in mV at 25°C.

H20  d m s o - h 2o

Tran sp o r t  N um bers  and T rans fe r  Activ ity  Coeff ic ien ts  
I n t e r p o l a t e d  by  h a n d  In t e r p o la t e d  by  c o m p u t e r

Wt%

DMSO

A

Eqn.10a

Bi

Eqn. 13
» 2

Eqn.14

A

Eqn. 10a

Bi 

Eqn .13
B2

Eqn. 14

1 0 0 276.1 3 9 4 .9 288.1 2 7 4 .4 39 4 .7 3 7 3 .0

95 25 1 .3 3 5 3 .8 252.1 2 5 2 .2 357.1 3 4 8 .6

90 2 2 8 .2 3 1 5 .9 168.3 229 .8 322.1 3 1 1 .4

85 206.1 2 8 3 .0 208.1 208 .7 2 9 0 .8 296 .5

80 187.8 2 5 6 .8 195.9 189.9 2 6 3 .4 282 .7

75 173.1 2 3 6 .2 141.9 173.2 2 3 9 .6 27 2 .4

70 160.2 2 1 8 .6 174.4 158.7 21 8 .9 2 5 8 .0

65 147.1 201 .3 183.9 145.9 2 0 0 . 6 2 4 4 .7

60 134 .0 182.9 185.2 134.3 183.9 2 3 2 .5

55 1 2 0 . 2 164.1 134.8 123.3 168.3 145.1

50 1 1 0 . 2 149.9 117.5 112.7 153.5 130.6

45 1 0 1 . 6 138.4 94.3 1 0 2 . 2 138.9 123.8

40 92.7 125.8 99 .9 91.7 124.6 106.0

35 82.0 1 1 1 . 2 81.7 81.1 1 1 0 . 2 91.8

30 67.9 96.5 74 .2 70 .4 95 .9 84.8

25 59 .9 81.3 67 .2 59.6 81.5 66.7

2 0 48 .6 6 6 . 6 62.7 48.7 66.7 55 .9

15 37.3 50.8 30.0 37.4 51 .6 48 .7

1 0 25.3 34.5 18.0 25 .9 35.5 36 .6

5 13.2 18.0 5.9 13.4 18.3 31.5
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FIGURE 37a

Ej ion Calculated  from New Equation* and Old E qua tion1* for HC1 in

D im ethv lsulfoxide-W ater So lven ts. (Data in terpolated  bv hand)
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FIGURE 37b

Ej j0n Calculated  from New Equation* and Old Equa tion1* for HC1 in

D im ethyl sulfoxide-W ater Solvents. (Data in terpolated  bv com puter)
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^  Com parison of the Ej ion. Calculated  from the Old Equation and the

New Formulation in DMSO-Water Solvents.

For  the  D M S O -w a te r  m ix tu res ,  we o b se rv ed  s im i la r  va lues  for 

the ca lcu la ted  Ej jon from the old  and  the new equat ions  for KC1IKC1 

and  R b C l l R b C l  j u n c t i o n s ,  b e c a u s e  o f  th e  t r a n s p o r t  n u m b e r s  and  

t r a n s fe r  a c t i v i ty  c o e f f i c i en t s  o f  th o se  ions  c h a n g in g  sm o o th ly  ove r  

the en t i re  D M S O -w a te r  com pos i t ion .  The  d i f f e rences  in Ej ion b e t w e e n  

e i th e r  E q u a t io n s  (10a )  and  (13 )  or  E q u a t io n s  (10a )  and  (14)  sh o w  the 

m ax im um  value of  - 1 5  mV.

The d i f fe rences  in Ej ion b e tw e e n  E q u a t io n s  (1 0 a )  and  (1 4 )  are  

m o re  s ig n i f i c a n t  than th o se  b e tw ee n  E q u a t io n s  (10a)  and  (13)  fo r  the  

HC1 junc t ion  in the region 60  - 100 wt% DMSO. In this reg ion , the 

t r a n s p o r t  n u m b e r s  o f  the  h y d ro g e n  ion e x p e r i e n c e  a s teep  d ro p .  It is 

im por tan t  tha t  for the HC1 ju n c t io n  in th is  reg ion ,  Equa t ion  (14)  gives  

m ore  e r ra t i c  r e su l t s  than E q u a t io n  (13) ,  b ecau se  in E q u a t io n  (14 )  we 

h a v e  to e v a l u a t e  the  s h a r p ly  c h a n g i n g  s lo p e  At/As,  w h ich  c a u se s  

g re a te r  e r ro r s  in the  c a lc u la t io n  o f  Ej ion. The  d i f fe rences  in Ej ion 

be tw ee n  E q u a t io n s  (10a )  and (1 4 )  r a n g e  f ro m  0 to  22 m V  up  to  55 

wt% D M S O  and from 100 to 120 mV for 60 - 100 wt% DMSO. W e can 

ex p ec t  th is  sudden  ch an g e  in Ej ion (22  - 100 m V )  f rom  55 - 60  wt  % 

D M S O  due  to  the  s teep  s lope  of  the  tH vs.  so lv en t  c o m p o s i t i o n  of  

D M SO  at 60 wt%. In this case,  Equat ion  (14) gives more  erra tic results  

than Equation (13).

F ro m  all o f  the so lven t  sys tem s  m en t io n ed ,  the  HC1 ju n c t io n  in 

the D M S O - w a te r  sys tem  is the  m o s t  r e a so n a b le  sy s tem  in w h ich  to 

d e m o n s t r a t e  the  d i f f e r e n c e  b e tw e e n  E q u a t io n s  (13 )  and  (14 )  fo r  the  

ca lcu la t ion  o f  Ej ion. Here ,  i f  we c o n s id e r  E q u a t io n  (14)  to obta in  

Ej ion .we have  to deal  with the At/As te rm, w h ich  in t roduces  e r ro rs
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in to the  c a l c u l a t i o n  b e c a u s e  o f  the  su d d en  c h a n g e  in the  t r a n s p o r t  

n u m b e r s  o f  the  h yd rogen  ion at 60 wt% D M S O .  On the o th e r  hand ,  the  

Ej ion ca lc u la t io n  f rom  Equa t ion  (13)  (u s ing  the  AG/As te rm )  g ave  a 

s m o o t h  v a r i a t i o n  in  v a l u e s  t h r o u g h  t h e  e n t i r e  r a n g e  o f  D M S O ,  

b e c a u s e  the  t r a n s fe r  a c t i v i ty  c o e f f i c i e n t s  (o r  t r a n s fe r  f r e e  e n e r g y )  o f  

h y d ro g e n  ions  v a r ie s  s m o o th ly  and  u n i fo rm ly  w i th  the  D M S O - w a te r  

composi t ion.

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

b e h a v i o r  o f  th e  t r a n s f e r  a c t i v i t y  c o e f f i c i e n t s  o f  an ion  w i th  th e  

s o lv e n t  c o m p o s i t i o n ,  we p re fe r  E q u a t io n  (1 4 ) ,  b a se d  on the  At/As 

t e rm  to c a lc u la te  the Ej ion. On the o th e r  hand ,  for  sy s tem s  w h ich  do  

no t  sh o w  a sm o o th  b e h a v i o r  o f  the  t r a n s p o r t  n u m b e r s  o f  ions  w i th  

s o lv e n t  c o m p o s i t i o n ,  we p r e fe r  E q u a t io n  (1 3 ) ,  w h ich  in v o lv e s  the  

AG0/A s  te rm  to c a lc u la te  the  Ej ion. T h e  la t t e r  is t rue  fo r  the  sys tem  

of  HC1IHC1 junctions in DMSO-water solvents.

F ina l ly ,  the  new  fo rm ula t ion  for  the  Ej jon ca lcu la t ion  o f  l iquid- 

j u n c t i o n  p o ten t ia l  at  the  in te r face  o f  tw o  so lv en t s  can  be ap p l ie d  to 

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

e n e r g i e s  and  t r a n s p o r t  n u m b e rs  o f  the  ions  in the  d i f f u s io n  l a y e r  to 

the  v a r y in g  c o m p o s i t i o n  o f  the  so lv en t  in tha t  layer .  T h e  in te g ra t io n  

a p p r o a c h  is o f  p a r t i c u l a r  im p o r t a n c e  f o r  any  s y s te m  in w h ic h  the  

t j° (s )  or AGj°(s) func t ion  goes  th rough  a m in im u m  or  a m ax im um .
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C a l c u l a t i o n s  o f  t h e  S o l v e n t  C o m p o n e n t  o f  t h e  L i a u i d - J u n c t i o n  

Potential .  Ej 3. for the Solvent Systems in This  Study.

T h e  te rm  Ej s d e p e n d s  on the  tw o  s o lv en t s  fo r m in g  the  j u n c t io n ,  

bu t  th e re  is  no  g e n e r a l  f o r m u l a  f ro m  w h ic h  it c an  be c a l c u l a t e d .  

A l t h o u g h  t h e  e x i s t e n c e  o f  Ej s w a s  p r e d i c t e d  t h e o r e t i c a l l y  by  

S t a v e r m a n  ( 2 8 )  i n  1 9 5 2  a n d  w a s  s u b s e q u e n t l y  c o n f i r m e d  

e x p e r i m e n t a l l y  b y  m a n y  w o r k e r s ,  i t s  n a t u r e  is  n o t  y e t  f u l l y  

un d e rs to o d .  On the  basis  o f  ou r  k n o w le d g e  so far,  it is l ike ly  tha t  the 

Ej s is  a c o m p o s i t e  o f  a t  l e a s t  t w o  e f f e c t s :  1. S o l v e n t - s o l v e n t  

i n t e r a c t i o n s ,  as r e f l e c t e d  by the  f r ee  e n e r g i e s  o f  t r a n s f e r  o f  the  

s o l v e n t s  a c r o s s  t h e  j u n c t i o n  a n d  2.  T h e  t r a n s p o r t  o f  s o l v e n t  

m olecu les  in the so lvat ion shel ls  of  ions c ross ing  the junc t ion .

A c om par i son  of  the  Ej ion va lues  ca lcu la ted  a cc o rd in g  to the 

new and  the  old equa t ion  does  no t  in i t s e l f  in v o lv e  the  e .m .f .  o f  the  

cell  in w hich  the ju n c t io n  occurs .  H o w ev e r ,  the  e .m .f .  m us t  be known 

i f  we w a n t  to e v a lu a te  the  E: c, the  so lv en t  c o n t r ib u t io n  to the  overa l l  

E j .  If  we consider  cell (XXII):

M (s), MX (s) I NX (a , )  I NX (a2) I MX (s), M(s) (XXII)

h 2o  s

The  e .m.f.  o f  the  cel l  (X X II )  can be v iew ed  as a sum o f  three  

te rms:

= E 1 + Ej.ion + ^ . s (47)
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E] i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  N e r n s t  e q u a t i o n s  f o r  t h e  M 

e lec t ro d e  in the tw o  so lven ts ,

E, = -59.16 logmYx - 59.16 log ( w a x - /  s  a x - ) (48)

w h e re  lo g mYx is the  t rans fe r  ac t iv i ty  co e f f i c i en t  o f  the  X '  ion  f rom  

w ater  to so lvent S.

C o m bin ing  Equa t ions  (47)  and (48) we obtain:

Ej.s = ECell - (-59.16 logmYx - 59.16 l o g ( w a x - /  s  a x -)] - Ej>ion (49)

T hus ,  the  “ so lv en t  c o n t r ib u t io n ” , Ej s , can  be e v a l u a t e d  by  u s in g  

E q u a t io n  (49) ,  w h e re  the va lue  o f  the Ej ion is  c a lc u la te d  e i th e r  f rom 

the  o ld  E q u a t io n  (1 0 a )  or  f ro m  the  new  fo r m u la t io n s ,  E q u a t io n  (13) 

or  (14).

In o rd e r  to use  E q u a t io n  (49 )  to  c a lc u la te  Ej s , the fo llowing 

sets of  da ta  had to be  ava i lab le  o r  ca lcu la ted :

a) Transfe r  activ ity  coef f ic ien ts  o f  X* ion  b e tw een  al l  the 

so lvents .

b) The e.m.f. o f  cell C.

c) The activit ies o f  X '  in the  so lvents .

d) The  values of  the Ej ion, the com ponen t  of  Ej due  to the

passage  o f  ions.

T he  resu l ts  o f  the e .m .f .  m e a s u re m e n ts  o f  cell  (X X II )  and  the  

calculations  of  Ej , Ej ion and Ej s are  l i s ted  in the Tab les  tha t  fol low.
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The Ej j Va lues  Obta ined  in this S tudy

In this in v es t ig a t io n ,  the  Ej s values for HC1IHC1 and NaCllNaCl 

j u n c t i o n s  b e tw ee n  w a te r  and  m e th a n o l - w a t e r  s o lv en t s ,  f o r  HC1IHC1 

a n d  K C 1IK C 1  j u n c t i o n s  b e t w e e n  w a t e r  a n d  e t h a n o l - w a t e r ,  

d i m e t h y l f o r m a m i d e - w a t e r  a n d  d i m e t h y l s u l f o x i d e - w a t e r  s o l v e n t s  

and for A g N 0 3 IAgN03 j u n c t i o n s  b e tw e e n  w a te r  and  a c e to n i t r i l e - w a te r  

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

e l e c t r o l y t e s  r a n g e d  f ro m  1 x 1 ( H m  to 1x 1 0 ' 3M  fo r  the each  so lven t  

sys tem .  The  Ej s va lues  c a l c u l a t e d  fo r  the  v a r io u s  j u n c t i o n s  v a r ied  

f rom  -405 mV to 107 mV.  In th is  s tudy ,  in d ip o la r  ap ro t ic  so lven ts  

the Ej s va lues  w e re  fo und  to be m ore  s ig n i f i c a n t  than in the p ro t ic  

so lven ts .  T he re  are  two  d i f f e r e n t  Ej s v a lu e s  r e p o r t e d  h e re  by u s in g  

Equa t ion  (49) :  one  ca lcu la ted  us ing  the  Ej ion v a lu e s  f r o m  the  new 

E q u a t i o n s  (1 3 )  or  (14 )  a n d  one  f r o m  the  o ld  E q u a t io n  (1 0 a ) .  For  

fu r th e r  d i s cu s s io n ,  the  Ej s ca lcu la ted  us ing  the  Ej ion f r o m  the  new  

e q u a t io n  is  r e f e r r e d  to Ej s(n e w )  and  those  c a lc u la te d  by u s ing  the 

old  equa t ion  as Ej s(o ld) .  The  last  two c o lu m n s  in each  T ab le  show 

these  E : .  va lues .
J*»

O n e  o f  o u r  o b j e c t i v e s  w a s  t o  c h e c k  w h e t h e r  t h e  n e w  

fo rm u la t io n s  fo r  Ej ion w o u ld  re d u c e  the  c o n t r ib u t io n  o f  Ej s . In fact  

fo r  m o s t  o f  the  j u n c t io n s ,  we o b s e r v ed  g rea te r  va lues  fo r  Ej s(n e w )  

than for Ej s(old).
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A C o m p a r i so n  of  Ej - v a lu e s  O b t a i n e d  in T h i s  S tu d y  w i th  the

Litera ture  Values  in Methanol-Water  Solvents.

NaCllNaCl Junction

The  Ej s ca lcu la t ions  for  the N aCllNaCl  ju n c t io n  were  car r ied  out 

by us ing  E q u a t io n  (49 )  and  the Ej ion v a lu e s  c a l c u l a t e d  f rom  bo th  the  

new  and the  o ld  e q u a t io n s ,  as w e l l  as E ]  and  Eceu v a lu e s  f ro m  the  

l i t e ra tu re  [41. The  re su l t s  are  show n  in T a b le  29.  Fo r  th is  ju n c t io n ,  

Ej s(new )  and  Ej s(o ld )  v a lu e s  va ry  f ro m  14 to  34  m V  and  11 to 30  

m V , r e s p e c t iv e ly  w hen  in c re a s in g  the  c o m p o s i t i o n  o f  m e th a n o l  f rom  

50  to  90 w t% .  T hese  r e su l t s  are  p lo t ted  in F ig u r e  38.  As can  be  seen 

f ro m  th e se  r e s u l t s ,  the  Ej s tends  to  in c r e a s e  w i th  i n c r e a s i n g  w t%  

m e t h a n o l .  W e  a l s o  c a n  s ee  t h a t  as  t h e  c o n c e n t r a t i o n  o f  N a C l  

dec reases ,  Ej s g enera l ly  inc reases  p o s i t ive ly .  The  va lues  of  Ej s for 

th e  m o s t  c o n c e n t r a t e d  N a C l  s o l u t i o n  ( l X l O ^ M )  is a p p r e c i a b l y  

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

( 3 X 1 0 ' 2 M, 3 X 1 0 ' 3 M) s tu d ied .  F o r  e x a m p l e ,  fo r  a j u n c t i o n  b e tw ee n  

w a te r  and  90 w t% m e th a n o l ,  E : .  fo r  1X 10_1M NaCl solution is 27.5
J *5

mV, c o m p a r e d  to 33 mV for  a so lu t ion  o f  3 X 1 0 ' 3M NaCl.  Similarly, 

the  Ej s v a lu e s  o f  57 .8  mV fo r  a j u n c t i o n  b e tw e e n  2 . 0 X 1 0 ' 5 m o le  

f r a c t i o n  N a C l  s o l u t i o n  in w a t e r  a n d  8 7 . 6 8  w t%  m e t h a n o l  w a s  

c a l c u l a t e d  f rom  e x p e r i m e n t a l  m e a s u r e m e n t s  o f  A l f e n a a r ,  De L igny  

and R em i jn se  [2], u s ing  a va lues  o f  logmyNaCi f rom  r e f e r e n c e  [72].  

A l t h o u g h  th is  m e a s u r e m e n t  was  m a d e  at  8 7 .68  w t%  m e th a n o l  r a th e r  

than  a t  90  w t%  m e th a n o l ,  it s eem s  to in d i c a t e  a t r en d  to w a rd  la rg e r  

va lues  of Ej s w ith  decreas ing  concentra t ion  of  NaCl.

M urray  and  A ikens  [1] r epo r ted  a va lue  o f  Ej s equa l  to 18 mV
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f o r  a j u n c t i o n  b e t w e e n  s a t u r a t e d  s o l u t i o n s  o f  KC1 in  w a t e r  and  

m ethano l .  A lfenaar ,  De Ligny  and R em ijnse  [2] c a lcu la ted  a va lue  of 

53 m V  for  the  sam e  ju n c t io n  b e tw een  very  d i lu te  so lu t ion  ( 2 . 0 X 1 0 -5 

m ole  f r ac t io n ) .  G o ld b e rg  [25] ob ta ined  va lues  o f  Ej s r a n g i n g  f ro m  

2 mV to 14 m V  for ju n c t io n s  b e tw een  sa tu ra ted  so lu t ion  o f  N aC l  in 

w a t e r  an d  s e r i e s  o f  m e t h a n o l - w a t e r  s o lv e n t s .  T h o s e  v a l u e s  w e r e  

c o n s id e r a b ly  lo w e r  (by  15-25 mV) than the  v a lu e s  o f  Ej s o b ta in e d  

by h im for  the  g iven  ju n c t io n  us ing  d i lu te  (3X10*2M and  3 X 1 0 ' 3 M) 

solu tions  o f  NaCl.  Berne  [4] obta ined  values  of Ej s r a n g in g  f rom  12 

mV to  29  m V  f o r  N a C l  s o l u t i o n s  ( c o n c e n t r a t i o n  r a n g i n g  f r o m  

1 X 1 0 '3M to l X l O ^ M )  in w a t e r  a n d  a s e r i e s  o f  m e t h a n o l - w a t e r  

so lv en t s .  F ro m  these  re su l t s  the re  is e n o u g h  e v id en c e  to say  tha t  the  

m a g n i tu d e  o f  Ej s is i n v e r s e l y  r e l a t e d  to the c o n c e n t r a t i o n  o f  the  

e lec t ro ly te  fo rm in g  the  in te r face  be tw een  the two so lvents .

In c o n c lu s io n ,  a l though  the re  w a s  hope  tha t  the  v a lu es  o f  Ej ion 

ob ta ined  f rom the  new  fo rm u la t ion  m igh t  reduce  the  Ej s c o n t r ib u t io n  

in Ej c a l c u la t io n s ,  o u r  re su l t s  show tha t  j u s t  the o p p o s i te  is true:  we 

o b s e r v e  h i g h e r  Ej s( n e w )  t h a n  Ej s( o l d )  fo r  t h e  e n t i r e  r a n g e  o f  

m e th a n o l - w a t e r  c o m p o s i t io n s .
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TABLE 29

E x p e r im en ta l  and C a lcu la ted  Pa ram e te r s  for the  C a lcu la t ion  of  Ej s 

in NaCl  in Methanol-Water Solvents.  ( Molar Scale, 25°C)

NaCl I NaCl 

H20  MeOH- H20

Wt% «i.iion
MeOH ~^NaQ * W a) E ^ #) New Old 

(m V )

New Old

50 1 x 1 0 '1 -26.7 -36.7 -3.6 -1.2 13.6 11.2

3 x l 0 - 2 -27.2 -37.8 14.2 11.8

3 x l 0 - 2 -27.9 -38.7 14.4 12.0

3 x l O - 3 -26.8 -39.3 16.1 13.7

3x10-3 -29.9 -40.2 13.9 11.5

60 l x l O 1 -34.7 -48.4 -0.9 1.6 14.6 12.1

3x10-2 -34.6 -50.0 16.3 13.8

3x10-2 -36.3 -51.6 16.2 13.7

3x10-3 -34.2 -53.2 19.9 17.4

3x10-3 -35.7 -53.7 18.9 16.4

70 l x l O 1 -39.4 -61.4 3.2 5.6 18.5 16.4

3x10-2 -38.3 -61.9 20.1 18.0

3x10*2 -40.7 -62.6 18.4 16.3

3x10-3 -38.7 -64.4 22.2 20.1

3x10-3 -42.0 -65.2 19.7 17.6



161

MeOH ~^'NaG

T.ion 

New Old

(m V )

n . s
New Old

80 1 x 1 0 " 1 -4 4 .9 -77 .9 10.9 13.6 2 2 . 8 19.4

3 x l 0 2 -44 .3 -7 8 .9 2 4 .4 2 1 . 0

3 x l O -2 -49 .2 -84.1 24 .7 21.3

3 x l 0 3 -44 .6 -82.1 27 .3 23.9

3 x l 0 3 -51 .4 -87 .5 2 6 .0 22.5

90 l x l O " 1 -50 .8 -99 .2 20.9  25 .0 27 .5 23.5

3x10-2 -5 1 .2 -1 0 2 .5 30 .4 26.4

3x10-2 -51.1 -1 0 0 .5 28 .5 24.5

3x10-3 -52 .4 -1 0 6 .8 33 .5 29.5

3x10-3 -5 4 .2 -1 0 4 .7 2 9 .6 25.6

(a) Reference  [4]
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FIGURE 38

Ej „ V a lu es  C a l c u l a t ed fo r  N a C l lN aC l  J u n c t i o n s  in  M e t h a n o l - W a t e r  

Solvents.

□ Based on E(j,ion) from Old Eqn •

•  Based on E(j,ion) from New Eqn

•
□

□
•
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•

♦
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TABLE 30

C om par ison  o f  C a lcu la ted  Ej s Values  for  NaCllNaCl Junc t ions  in

Methanol-Water  Solvents,  (in millivolts)

Wt% Goldberg[48]  Berne[4] This  S tudy

MeOH CNaC1 Ej s C^aci Ej>s Ej s(n e w )  Ej s(old)

90 S a tu r a t e d 14 l x l O " 1 25.4 27.5 23.5

3 x l 0 - 2 40 3x10-2 27.3 30.4 26.4

3 x l 0 3 45 3x10-3 28.8 33.5 29.5

80 S a tu r a t e d 7 l x l O " 1 21.0 22.8 19.4

3 x l 0 -2 32 3x10-2 22.0 24.4 21.0

3x10-3 39 3x10-3 23.6 27.3 23.9

70 S a tu r a t e d 7 l x l O 1 17.6 18.5 16.4

3x10-2 26 3x10-2 18.4 20.1 18.0

3x10-3 32 3x10-3 19.6 22.2 20.1

60 S a t u r a t e d 2 l x l O " 1 12.8 14.6 12.1

3x10-2 21 3x10-2 14.0 16.3 13.8

3x10-3 20 3x10-3 16.8 19.9 17.4

50 lx l  O’1 11.7 13.6 11.2

3x10-2 12.1 14.2 11.8

3x10-3 12.5 16.1 13.7
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HC1IHC1 Junct ions  in Mcthanol-W atcr  Solvents

T he  re su l t s  are  t a b u la ted  in T ab le  31.  In th is  s tudy ,  Ej s v a lu es  

w ere  c a lc u la te d  by u s ing  bo th  the  Hj ion f r o m  the  n e w  e q u a t i o n s  and 

the  old  equ a t io n .  T h e  Ej s( n e w )  v a lu e s  d e c r e a s e  f ro m  13 to 7 mV 

w hen  in c re a s in g  the c o m p o s i t i o n  o f  m e th a n o l  f rom  30  to  60  w t% and 

then  inc rease  up  to 60  mV fo r  90 w t%  M eO H .  In con t ra s t ,  the  Ej s(old) 

v a l u e s  i n c r e a s e  s m o o t h l y  f r o m  1 to  30  m V  w h e n  i n c r e a s i n g  the  

c o m p o s i t io n  o f  m e th an o l  f rom  30 to 90  wt%.  In o rd e r  to  i l lu s t ra te  

and  to d e te r m in e  the  e x te n t  o f  c h an g e  in Ej s va lues  in t e rm s  of  us ing  

Ej ion v a lu es  f rom  the  o ld  and  the  new  e q u a t io n s ,  a g raph  (F ig u re  39) 

was  drawn of  Ej s va lues  as a function of  m ethanol  com pos i t ion .
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TABLE 31.

Ex p e r im en ta l  and Calcu la ted  Pa ram ete r s  for  the  C a lcu la t io n  o f  Ej s in 

HC1 in Methanol-W ater  Solvents.  (Mola r Scale,  25° Q

H Q  I H Q

H20  MeOH- H20

Wt%

MeOH ~CHC1 % x p (a) E / * ) New

(m V )

ion

Old

E

New Old

30 l x l O 1 -1 5 .0 -13 .8 -14 .8 -2 .4 13.6 1 . 2

l x l O 2 -16 .8 -1 4 .2 1 2 . 2 -0.3

l x l O ' 3 - 1 0 . 6 -15 .3 19.5 7.1

4 0 l x l O 1 -18 .3 -22 .5 -1 3 .6 1.4 17.8 2.9

l x l O ’2 - 2 0 . 1 -2 3 .9 17.4 2.4

l x l O ' 3 - 2 0 . 1 -2 4 .6 18.1 3.1

50 l x l O 1 -23 .6 -37 .3 0 . 2 11.3 13.5 2.4

l x l O ' 2 -27 .7 -39 .3 11.4 0.3

l x l O ' 3 -3 8 .0 -40 .3 2 . 1 -0 .9

60 l x l O 1 -2 8 .2 -4 7 .8 12.5 16.1 7.1 3.5

l x l O 2 -31.1 -50 .4 6 . 8 3.2

l x l O *3 -3 4 .2 -51 .8 5.1 1.5

7 0 l x l O 1 -3 6 .0 -62.1 1 1 . 2 21.7 14.9 4.4

l x l O ' 2 -3 9 .2 -65 .5 15.1 4.6

l x l O ' 3 -45 .3 -67 .3 1 0 . 8 0.3
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Wt%

MeOH ~CHC1 E / « )
3 .

New

(m V )

ion

Old
h

New

.s

Old

8 0 l x l O *1 -4 6 .0 -7 9 .9 15.9 27.5 18.0 6.4

l x l O *1 -4 6 .8 -8 0 .0 17.3 5.7

l x l O ' 2 -49 .8 -8 4 .2 18.5 6.9

l x l O 2 -5 0 .0 -8 3 .4 17.5 5.9

l x l O ' 3 -4 9 .2 - 8 6 . 6 21 .5 9 .9

l x l O 3 -50 .8 - 8 6 . 2 19.5 7.9

9 0 1 x 1 0 " 1 -5 9 .0 -9 9 .9 -1 1 .9 1 1 . 6 52 .8 29.3

l x l O 1 -5 8 .9 -99 .8 52 .8 29.3

l x l O ’2 -61.1 -105.1 56 .4 32 .9

l x l O ' 2 -6 3 .0 -1 0 5 .4 54 .3 30 .8

l x l O ' 3 -6 3 .0 -1 0 8 .6 57 .5 34 .0

l x l O 3 -5 5 .6 -1 0 8 .9 64 .7 4 1 .2

(a) Reference [4]
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FIGURE 39

Ej „ V a lu e s  C a lc u la t e d  fo r  HC1IHC1 Ju n c t io n  in M e th a n o l - W a te r

Solvents.
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B ates ,  P aab o  and  R ob in so n  [73] and  de  L ig n y  and R eh b ach  [74] 

s tu d ie d  the  e .m .f .  o f  a ce l l  in w h ich  a l iqu id  ju n c t io n  was  fo rm ed  

b e tw e e n  a s a t u r a t e d  KC1 s o lu t io n  in w a t e r  and  d i lu t e  s o l u t i o n s  o f  

h y d r o g e n  i o n s  ( in  b u f f e r s )  in m e t h a n o l - w a t e r  s o l v e n t s .  F r o m  the  

e x p e r i m e n t a l  d a ta ,  a va lue  o f  8  w as  c a lc u la te d  fo r  e ach  m e th a n o l -  

w a te r  so lv en t ,  w h e re  5 w as  d e f in e d  by

5 = Ej - log mTH (49)

w h e re  Ej was  in pH  units .  The  l iqu id - junc t ion  po ten t ia l  E j ’ fo r  this 

in t e r f a c e  can  be c a lc u la t e d  i f  we a s su m e  tha t  the  c o n t r ib u t io n s  to Ej 

f rom  the  b u f f e r  c o n s t i t u e n t s  can  be ig n o re d ,  r e l a t i v e  to tha t  o f  the 

sa tu ra ted  KC1. Since  the t rans fe r  ac tiv ity  coef f ic ien ts  for hyd rogen  ion 

are also  know n,  we can  ca lcu la te  E ; „ va lues  from:

Ej,s = 5  + togmTH * Ej ’ <5 0 >

U s i n g  t h e s e  l i t e r a t u r e  d a t a  [ 7 3 , 7 4 ]  t h e  E ; .  v a l u e s  w e r e
J * a

ca lcu la ted .  Berne  [4] used cell (X X II )  to e s t im ate  Ej s values  for HC1 

s o lu t io n s  r a n g in g  f ro m  l x l O ' 3 t o I x K H M  in  w a t e r  and  m e t h a n o l -  

w a te r  so lu t ions .  In her c a lcu la t io n s  o f  Ej s, she used Ej ion v a lu e s  f rom  

the  old eq u a t io n .  In F ig u r e  40  and  T ab le  32,  the  Ej s v a lu e s  f r o m  the  

l i t e r a t u r e  a n d  th i s  s t u d y  a r e  c o m p a r e d .  E v e n  t h o u g h  t h e r e  is  a 

g e n e r a l  t r e n d  a m o n g  th e  Ej s v a lu e s  o f  f i r s t  i n c r e a s i n g ,  a n d  then  

d e c r e a s i n g  w i th  the  i n c re a s in g  m e th a n o l  c o m p o s i t i o n ,  the  in d iv id u a l  

v a lu e s  a re  r a th e r  s ca t t e r e d .  F ro m  F ig u r e  40 ,  we can  see  tha t  the re  is 

a p o o r  c o r r e l a t io n  b e tw ee n  the  Ej s values  for HC1IHC1 junc t ion  from 

the  l i t e ra tu re  and th is  s tudy.  In this s tudy ,  the Ej s va lue  is re la t ive ly
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high  fo r  the  c o m p o s i t io n  o f  90  wt% m ethano l .  A t  tha t  co m p o s i t io n  o f  

M e O H ,  th e  t r a n s p o r t  n u m b e r  o f  the  h y d r o g e n  ion  g o es  th r o u g h  a 

m in im um .
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I A B L E J 2

A Com par ison  of  the L i te ra ture  Values o f  EjtJ in M e th a n o l -W ate r

Solvents.

Wt% MeOH Ej g (mV)

Bates et. al. 1731

8 . 1 6.5

16.3 19.1

33.3 19.4

52.1 7.2

6 8 . 1 2.7

de Ligny et. al. 1741

39.1 24.4

43.3 18.1

64.2 11.7

70 .0 6 . 0

84.2 -12 .5

94.2 -2 . 6

1 0 0 -5 6 .9

Berne 141 This  S tudv

30 8.7 1 2 . 2

40 14.7 17.4

50 16.6 11.4

60 28.8 6 . 8

70 12.3 15.1

80 2 1 . 2 18.0

90 - 1 2 . 2 55.3
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FIGURE 40

Com par ison of  the Ej  ̂ Values  in this S tudy with the L i te ra tu re  in

M ethanol-W ater  Solvents.
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C o m p ar i so n  o f  Ej - Values of N aCl. KC1 and HC1 in MeOH-Water

Solvents.

T a b le  33 con ta in s  the  E : ,  values for the NaCllNaCl, KC1IKC1 and
J**

HC1IHC1 j u n c t i o n s  in m e t h a n o l - w a t e r  s o l v e n t s  a n d  th e  t r a n s f e r  

ac t iv i ty  coef f ic ien ts  o f  the  co r re sp o n d in g  ca t ions .  The  ca lcu la t ions  of 

Ej s f o r  th e  N a C l l N a C l  and  HC1IHC1 j u n c t i o n s  in m e t h a n o l - w a t e r  

s o l v e n t s  w e r e  d i s c u s s e d  e a r l i e r .  T h e  f o l l o w i n g  c e l l  w a s  u s ed  to 

m e asu re  Ej s directly:

H g ( l ) , Hg2Cl2 (s) I KC1 (Satd.) I KC1 (Satd.) I Hg2a 2 (s) , Hg(l) (XXIII)

H20  MeOH-H20

It  c o n s i s t s  o f  tw o  s a tu r a t e d  c a lo m e l  e l e c t r o d e s  i m m e r s e d  in 

s a tu r a te d  so lu t ions  o f  KC1 in w a te r  and  m e th a n o l -w a te r ,  r e sp ec t iv e ly .  

The  e .m.f .  o f  this cell  can be represen ted  by:

E(XXIII) = - (tk/F )  A(\(KC1) Satd. + Ej s  (3 4 b )

As d i scu ssed  ea r l ie r ,  in the  a b sen ce  o f  any  c rys ta l  so lva tes ,  the  

( p a r t i a l  m o l a r )  f r ee  e n e r g i e s  o f  a n y  tw o  s a t u r a t e d  s o l u t i o n s  o f  a 

s o lu t e  i, a re  e q u a l .  T h u s ,  the  f r e e  e n e r g i e s  o f  the  tw o  s a t u r a t e d  

so lu t io n s  o f  KC1 in w a te r  and m e th a n o l - w a t e r  m e d ia  m us t  be  equa l  

and  the c o r r e sp o n d in g  AQ(KCl) is equal to zero,  leaving

E(XXIII) = Ej s (50)

The  t rans fe r  ac t iv i ty  coe f f ic ien t s  o f  N a + and K + ions  inc rease  

with inc reas ing  com pos i t ion  o f  m ethano l .  With  the inc reas ing
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c o n c e n t r a t i o n  o f  m e th an o l ,  the  Ej # v a lu es  i n c re a s e d  l i n e a r ly  fo r  the  

NaCllNaCl and KC1IKC1 junc t ions .  The transfer activity coeffic ients  of 

Na+ and K + ions  are  ve ry  s im i la r .  As w as  sh o w n  e a r l i e r ,  the  t r a n s fe r  

a c t i v i ty  c o e f f i c i e n t  o f  the  h y d ro g e n  ion does  no t  fo l l o w  the  above  

behav io r .  T h e  Ej s v a lu e s  d e c r e a s e d  w i th  the  a d d i t i o n  o f  m e th a n o l  

and  then  i n c r e a s e d  w i th  a m i n i m u m  Ej s va lue  at  60  w t%  m e th an o l ,  

wh ich  is the  c o m p o s i t io n  c o r re sp o n d in g  to the m ax im u m  bas ic i ty .
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TABLE 33

T r a n s f e r  A c t i v i t y  C o e f f i c i e n t s  a n d  Ej s V a l u e s  in M e O H - W a t e r  

M ix tu res .  ( 2 5 ° Q

Wt%

MeOH

lo g m YH Ej,s(mV)

HC11 H Q  
h 2o  s -h 2o

togmTN* Ej>s(mV)

NaCl 1 NaCl 
h 2o  s -h 2o

togmYK Ej.sa(mV)

KCflKCl*
h 2o  s -h 2c

1 0 0 1.80 1.57 3 4 . l b 1.72 18.7

90 0 .53 52.8 1.51 27.5 1.70 15.1

80 -0 .08 18.0 1.44 2 2 . 8 1.58 11.7

7 0 -0 . 1 1 14.9 1.35 18.5 1.39 8 . 8

6 0 -0 . 1 0 7.1 1.16 14.6 1 . 2 2 6.3

5 0 -0 .06 13.5 1 . 0 0 13.6 0 .99 4.3

4 0 0 .07 17.8 0 .8 9 1 2 .5 b 0 .87 2 . 8

3 0 0 . 1 1 13.6 0 .7 0 1.7

2 0 0 . 2 0 0.48 0.9

1 0 0.08 0 . 2 0 0.3

3  Zhou, L. ,  U npub l ished  da ta  from our  labora tory  

12. I n t e r p o l a t e d  v a lu e s  

* Saturated KC1 Solutions
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A C o m p a r i s o n  of  Ej 3 v a l u e s  O b t a i n e d  in th i s  S tu d y  w i th  the

Literature Values  in Ethanol-Water  solvents.

KC1IKC1 Junctions

M u rra y  and  A ik e n s  [1] r e p o r te d  a va lue  o f  Ej s eq u a l  to  38 mV 

fo r  a j u n c t i o n  b e t w e e n  s a t u r a t e d  s o l u t i o n s  o f  KC1 in w a t e r  and  

e th a n o l .  In th is  s tu d y ,  the  e .m . f .  m e a s u r e m e n t s  w e re  ta k en  fo r  the 

en t i re  r a n g e  o f  e th a n o l -w a te r  so lven ts  fo r  the  c o n ce n t r a t io n  o f  KC1 

s o lu t io n s  va r ied  f ro m  2 x l 0 ' 2 M to 2 x l 0 ' 4  M using cell (XXII).  For the 

system o f  KC1IKCI junc t ions  in E tO H -w ate r  so lvents  we observed  the 

sam e  b e h av io r  as d is cu s sed  in NaCl  in m e th a n o l - w a t e r  so lven ts .  The  

Ej s( n e w )  and  Ej s( o l d )  v a l u e s  a r e  v e r y  s i m i l a r  f o r  e a c h  s o l v e n t  

c o m p o s i t i o n  and  vary  f rom  0 .5  mV to 33 mV fo r  the  e n t i r e  ra n g e  o f  

e t h a n o l - w a t e r  s o lv en t s .  T h e s e  r e su l t s  a re  l i s ted  in T a b le  34.  It can  be 

seen  f ro m  th e se  re s u l t s  th a t  Ej s t en d s  to in c re a s e  w i th  in c r e a s in g  

wt% ethanol .
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TABLE 34.

E x p e r im en ta l  and C a lcu la ted  Pa ram e te r s  for  the Ca lcu la t ion  o f  Ej s 

in KC1 in Ethanol-Wate r Solvents.  (M olar  Scale,  2 5 ° Q

KC1 I KC1 
HjO  EtOH- H20

W t%  E i.ion Ej.s

EtOH ~ C KC1 Ej New Old New Old

(mV)

1 2 . 0 2 x 1 0  2 -8.5 -4.2 -4.8 -4.7 0.5 0.4

2 x l 0 3 -8.7 -4.1 0.3 0 . 1

2 x l 0 " 4 - 2 2 . 8 -4 .2 13.8 -1 4 .0

18.9 3 x l 0 - 2 -1 5 .6 -9.8 -5 .9 -5 .9 0 . 1 0 . 1

3 x l 0 ' 3 -15 .7 -9.7 -0 . 1 -0 . 1

3 x l 0 "4 -23 .3 -9.7 -7 .8 i oo
3 0 .4 3 x l 0 2 -25.1 -25 .7 i u> © -2 . 8 3.6 3.4

3x 10 ' 3 -24 .8 -25 .7 3 .9 3.7

3 x l 0 *4 -3 8 .6 -25 .7 -9 .9 - 1 0 . 1

38.1 2 x 1 0 * 2 -31 .5 -40.1 3.4 3.2 5.2 5.2

2 x l 0 " 3 -3 1 .2 -40.1 5.5 5.7

2 x 1 0* 4 -3 9 .0 -40.1 -2.3 -2 . 1

46 .7 2 x 10 * 2 -40.1 -57 .4 13.8 14.0 3.5 3.3

2 x l 0 * 3 -4 0 .0 -57.3 3.5 3.3

2 x l 0 " 4 -5 5 .2 -57.3 -11 .7 -1 1 .9
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Wt% Ej.ion Ej.s

EtOH ~ C K a  E ^ , ,  E, New Old N ew  Old

(m V )

56.5 2 x l 0 - 2 -49 .7 -77 .2 20.3 20.7 7.1 6 . 8

2 x l 0 " 3 -50 .8 -77 .2 6 . 0 5.7

2 x l 0 " 4 -60.1 -77 .2 -8 .3 -3.6

65.5 2 x l 0 2 -65 .2 -91 .7 22.9 2 5 .0 3.6 1.5

2 x l 0 3 -61 .5 -91 .4 7.1 5.0

2x1 O' 4 -71 .3 -91.5 -2.7 -4.7

74 .2 2 x l 0 - 3 -79 .2 -1 0 3 .6 23.1 24 .6 1.3 1.3

2 x 1 0 ' 4 -80 .5 -1 0 3 .6 0 . 1 -1 .5

2 x l 0 ' 5 -93 .5 -1 0 3 .6 -1 2 .9 -14.5

84 .0 2x10*3 -94.3 -1 1 7 .6 17.3 17.3 6 . 1 6 . 1

2 x 1 0 ' 4 -91 .2 -1 1 7 .6 9.2 9.1

2x1 O' 5 -1 1 5 .6 -1 1 7 .6 -1 4 .7 -14 .7

1 0 0 3 x l 0 "4 -1 0 7 .2 -1 5 3 .2 14.6 13.3 31.5 32 .8

4 x 1 0 "4 -1 0 8 .2 -1 4 9 .6 26 .8 28.1

9x1 O' 4 - 1 1 0 . 2 -1 5 5 .9 31.5 32.5
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HC1IHC1 Junctions in EtQH-Water Solvents.

F o r  t h e  HC1IHC1 j u n c t i o n  in e t h a n o l - w a t e r  s o l v e n t s ,  t he  

ca lcu la ted  E : .  v a lu e s  v a r ied  f rom  1 to 129 m V  f o r  the  e n t i r e  so lv en t  

range .  A sudden  inc rease  in Ej s va lues  fo r  the  co m p o s i t io n  o f  75 - 

100 wt% E tO H  was  observed .  G re a t  d i f f e r en c es  be tw een  the  va lues  

of  Ej s( n e w )  an d  Ej s( o l d )  w e r e  o b s e r v e d  a n d  t h e s e  d i f f e r e n c e s  

i n c r e a s e d  w i th  in c r e a s in g  c o m p o s i t i o n  o f  e th a n o l .  T ab le  35 sh o w s  

these  re su l t s .  F ig u re s  41 and 42 i l lu s t r a te  the  Ej s values for KC1IKC1 

and HC1IHC1 ju n c t io n s  in e th an o l -w a te r  so lv en t s ,  and they show  the 

ef fect  on Ej s va lues  when using Ej ion v a lu es  f r o m  the  old and the 

new  eq u a t io n s .

B ates ,  Paabo  and Robinson  [73] s tud ied  the e .m.f .  o f  ce l l s  in 

which  a l iqu id  ju n c t io n  was  fo rm ed  be tw een  a sa tu ra ted  K C 1 so lu t ion  

in w a t e r  a n d  d i l u t e  s o l u t i o n s  o f  h y d r o g e n  i o n s  ( i n  b u f f e r s )  in 

e t h a n o l - w a t e r  s o lv en t s .  Using  the  ab o v e  r e s u l t s ,  the  v a lu es  o f  Ej s 

were  ca lc u la t e d  by G o ld b e rg  [25].  These  re su l t s  are  shown in T ab le  

36 and  F igu re  43.  In F igure  43,  the  Ej s v a lu e s  f ro m  th is  s tu d y  and  

the ca lcu la ted  Ej s va lues  f rom  the da ta  o f  Bates ,  P aabo  and R o b in so n  

[73] a re  c o m p a r e d .  As can  be s ee n  f ro m  F i g u r e  43 ,  the re  is p o o r  

c o r re la t io n  b e tw een  the resu l ts  f rom  these  two s tud ies .
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TABLE 35

E x p e r im en ta l  and  C a lcu la t e d  P a ram e te r s  fo r  the C a lcu la t io n s  o f  Ej s in 

HC1 in E thanol-Water  Solvents.  (Mola r Scale,  2 5 ° Q

HC1 I HC1 
H20  EtOH- H20

^j.ion Ej,,

EtOH " A t a ^cell El

i

New

(mV)

Old New Old

1 1 . 6 l x l O -2 -4 .9 -4.6 -0 . 1 -3 .4 -0 . 2 3.1

l x l  O' 3 -6 .5 -4.7 - 1 . 8 1 . 6

l x l O ' 4 -2 1 . 2 -4 .6 -16 .5 -1 3 .2

19.3 l x l O ‘2 -9.3 - 1 0 . 2 2.7 -1 .5 - 1 . 8 2.4

l x l  O' 3 -13 .5 - 1 0 . 2 -6 . 0 - 1 . 8

1 x 1 O' 4 -2 7 .0 - 1 0 . 2 -19 .5 -15 .3

27.3 l x l O 2 -11 .7 -20 .9 9.5 4 .0 -0.3 5.1

l x l O "3 -1 5 .6 -20 .9 -4.2 1.3

l x l O "4 -2 3 .2 -20 .9 - 1 1 . 8 -6.3

36.1 l x l O "2 -1 5 .6 -36.1 31.5 15.5 - 1 1 . 1 5 .0

l x l  O' 3 - 2 0 . 8 -36.1 -1 6 .2 -0 . 2

1 x 1 O’4 -26 .5 -3 6 .2 -2 1 .9 -5 .9

46.3 l x l O 2 -19 .5 -56 .5 3 0 .0 34 .0 7.0 3.0

l x l O *3 -27 .5 -56 .5 - 1 . 0 -5 .0

1 x 1 O' 4 -4 5 .2 -56 .5 -18 .7 -22 .7
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W t%  E j.ion Es.s

EtOH ~CHCI E ^ ,  E, New Old N ew  Old

(m V )

55 .6 l x 0 - 2 -24 .3 -7 5 .4 49 .0 46 .0 2 . 1 5.1

l x O' 3 -35 .7 -75 .4 -9.3 -6.3

l x O' 4 -6 0 .2 -75 .4 -33 .8 -30.8

63.8 l x 0 - 2 -28.1 -89 .3 60.5 53.8 0.7 7.4

l x O' 3 -41.1 -89 .3 -12 .3 -5 .6

l x o -4 -5 3 .6 -89 .3 -2 4 .8 -18.1

74.1 l x O' 2 -35 .5 -1 0 2 .9 76.0 57.8 - 8 . 6 9.6

l x O’2 -51 .3 -1 0 2 .9 -2 4 .4 -6 . 2

l x o -4 -65 .5 -1 0 2 .9 -3 8 .6 -20 .4

82 .8 l x 0 - 2 -48 .8 -1 1 5 .7 26.5 55.3 40 .4 1 1 . 6

l x O' 3 -65 .7 -1 1 5 .5 23.3 -5.5

l x o 4 -71 .5 -1 1 5 .6 17.6 - 1 1 . 2

1 0 0 l x 0 - 2 -5 8 .6 -1 6 0 .3 7.3 -2 7 .6 94.5 129.3

l x O' 3 -86 .3 -1 6 0 .3 66.7 1 0 1 . 6

l x O’4 -95 .5 -1 6 0 .3 57.5 92.4
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FIGURE 41

Ej „ Values Calculated for KCIIKC1 Junction in E thanol-Water Solvents.
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FIGURE 42

Ej - Values Calculated for HC1IHC1 Junction in Ethanol-Water Solvents
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Based on E(j,ion) from Old Eqn.

Based on E(j,ion) from New Eqn.
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IABLE.2&

The Ej - V a lu es  B ased  on  the  L i t e r a tu r e  Data(731 and  f ro m  th is  S iudv  

in E t h a n o l -W ate r  Solvents .

Wt% EtOH Ej s

Bates st al.1731 (mV)
0 0

16.2  0

33 .3  -1

52.1 9

7 3 .4  8

100  50

This  S tudy

11.6  - 1.8

19.3 -6 .0

27 .3  -4.2

36.1 -16 .2

46 .3  -1 .0

5 5 .6  -9.3

63 .8  -12 .3

74.1  -24 .4

82 .8  23.3

100  66.7
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FIGURE 43

Comparison of  the Ej 3 Values  in this Study with the L i te ra ture  [731 in

Ethanol-Water  Solvents.
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Calculated Ej t3 Values for the ApNQ3IAgN03 Junctions in Acetonit r ile-

Water  Solvents.

A c e to n i t r i l e ,  un l ik e  w a te r  and  A N -w a te r  m ix tu r e s ,  has  w eak  

s o l v e n t - s o l v e n t  i n t e r a c t io n s ,  i t  is  no t  e x t e n s iv e ly  o rd e r e d  and  is a 

so lven t  o f  re la t ive ly  high en t ropy  [76].

T h e  ca lc u la te d  Ej s va lues  fo r  AgNOjIAgNOj j u n c t i o n s  in AN- 

w a t e r  s o l v e n t s  a re  n o t e w o r t h y .  T h e  m o s t  s t r i k i n g  f e a t u r e  o f  the  

ca lc u la te d  so lven t  c o m p o n en t s  o f  the  l iq u id - ju n c t io n  p o ten t ia l ,  Ej s, is 

tha t  th e i r  v a lu es  a re  no t  on ly  a p p re c i a b l e ,  bu t  g e n e r a l ly  l a rg e r  than 

the  Ej ion v a l u e s .  T h e  c a l c u l a t e d  r e s u l t s  f o r  t h e  Ej s v a l u e s  o f  

AgNOjIAgNOj ju n c t io n s  in A N - w a te r  so lven t s  are  l i s ted  in T a b le  37.  

T h e  E; . v a l u e s  r a n g e  f r o m  - 6 7  m V  t o  - 4 0 3  m V ,  w h e n  t h e
J

c o m p o s i t i o n  o f  the  A N - w a t e r  s o lv e n t s  v a r i e s  f ro m  10 - 100 w t% .  

F r o m  the  a b o v e  r e s u l t s  it  has  b e en  sh o w n  tha t  the  E ; _ v a lu e s  a re
J#»

s ig n i f i c a n t  fo r  the  A gN O jIA g N O j  j u n c t i o n s  in  A N - w a t e r  s o l v e n t s ,  

s ince  the  io n - s o lv e n t  in t e r a c t io n s  are  la rger .  T h e  so lv a t io n  b e h a v io r  

o f  s i lv e r  ion  is o f  in t e r e s t  in m ixed  s o lv e n t s  b e c a u s e  o f  a sp ec ia l  

i n t e r a c t i o n  b e t w e e n  th e  io n  a n d  A N .  T h e  s i l v e r  i o n s  a re  m o r e  

s t ro n g ly  so lv a t e d  by A N  than  by w a te r  and  so wil l  tend  to  t r a n s p o r t  

AN in to  w a te r .  T h i s  h a p p e n s  b e c a u s e  the  s i l v e r  ion  fo r m s  s t ro n g  

c o m p le x es  with  AN, th rough  p n - d n  back  b o n d in g  in te rac t io n s .  I t  can 

be see n ,  tha t  the  sh a rp  d e c r e a s e  in the  W a ld e n  p r o d u c t  ( th e  W a ld e n  

p r o d u c t  is  i n v e r s e ly  d e p e n d e n t  on the  r a d iu s  o f  the  s o lv a t e d  ion )  

upon t rans fe r  o f  A g N 0 3 f rom  w a te r  to A N - w a te r  is  an in d ic a t io n  o f  a 

la rge  in c rease  in the  rad ius  o f  the  so lv a ted  ion.  B ecause  o f  the  la rge  

m o la r  v o lu m e s  o f  A N,  the  n i t r i l e - s o lv a t e d  ions  are  b u lk ie r  than  the 

w a t e r - s o l v a t e d  io n s .  W e  k n o w  f r o m  th e  l i t e r a t u r e  [77 ]  t h a t  th e  

so lvat ion  shell  o f  the s i lver ion con ta ins  approx im a te ly  7 A N  and 2
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w a te r  m o le c u le s .  T h e  n i t r a te  ion ,  h o w ev er ,  is su r ro u n d e d  by  2 AN 

and 4 w a te r  m o lecu le s .  W e  in te rp re t  the  s ig n i f i c a n t  va lues  o f  Ej s to 

be the  r e su l t  o f  th is  so lv a t io n  b e h a v io r  o f  s i lv e r  and  n i t r a te  ions  in 

A N -w a te r  so lven ts .
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TABLE 37

E x p e r im en ta l  and  C a lcu la ted  P a ram e te r s  for A g N 0 3 

W ater  Solvents.  (M ola r  Scale, 25° Q

A gN03 I A gN 0 3

H20  a n -h 2o

ion

Wt%AN ~CAgN03 ^txp

~ 
JP

3 <

New

9.4 l x l O ' 2 -70 .8 32.9 -36.7

l x l O 3 -72 .5 33.0

l x l O ' 4 -73 .5 33.1

19.1 l x l O 2 -96 .7 6 6 . 8 -51 .0

l x l O 3 -94 .5 6 6 . 6

l x l O "4 -98 .8 66.7

26.5 l x l O ' 2 -1 0 3 .4 93.7 -51.8

l x l O ' 3 -1 0 4 .7 94.3

l x l O "4 - 1 1 2 . 2 94.5

36.1 l x l O 2 -1 1 4 .2 128.4 -48.8

l x l O 3 -117.3 129.2

l x l O -4 -119 .1 129.4

47.1 l x l O ' 2 -1 1 3 .2 161.2 -51.3

l x l O ' 3 -115.5 162.5

l x l O -4 -1 1 7 .8 163.0

in A c e to n i t r i l e  -

New Old

-6 6 .9  -7 1 .2

-6 8 . 8  -7 3 .0

-6 9 .8  -74.1

-107.7  -109.2

-110 .1  -1 1 5 .5  

-114.5  -1 1 9 .9  

-1 4 5 .3  -1 5 1 .6  

-147 .5  -1 5 3 .5  

-1 5 4 .9  -1 6 1 .2  

-193 .8  -2 0 3 .6  

-1 9 7 .6  -207 .4  

-199 .7  -209 .5  

-223.1  -247 .4  

-2 2 6 .8  -251 .0  

-229 .5  -253 .8
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ion

Wt%AN ~C AgN03 Efcxp El New Old New

58 .9 l x l O "2 -115 .3 195.3 - 1 . 0 1 . 0 -3 0 9 .6

l x l O 3 -113.9 197.2 -310.1

l x l O -4 -111.9 197.8 -308 .7

76.7 l x l O ' 2 -97.1 238.8 5.5 29.3 -341 .4

l x l O "3 - 1 0 1 . 8 2 4 1 .6 -348 .9

l x l O *4 -105 .8 242 .5 -353 .8

86.7 l x l O ' 2 -95 .2 2 5 8 .9 36.0 47 .0 -390.2

l x l O "3 -96 .2 255.1 -387.3

l x l O "4 - 1 0 2 . 2 2 5 6 .2 -394 .4

1 0 0 l x l O ' 2 -75 .8 257.7 36.4 56.0 -369 .9

l x l O "3 -81 .8 2 6 2 .2 -3 8 0 .4

l x l O "4 -83 .6 263.8 -396 .5

Old



C a l c u l a t e d  Ej „ V a lu e s  fo r  KC1IKC1 and  HC1IHC1 j u n c t i o n s  in

D im ethv lfo rmamide-W ater  and Dimethv lsu l fox ide-W ater  Solvents.

In d ip o la r  apro t ic  so lven ts ,  l ike D M F  and D M S O ,  the  pos i t ive  

c h a r g e  o f  the  c a t i o n  m a y  be  s h i e l d e d  f r o m  th e  b u lk  s o l v e n t  by 

m e th y l  g ro u p s .  W e  e x p e c t  tha t  fo r  any  c a t io n .  T h e  p re s e n c e  o f  the 

m o r e  e l e c t r o n e g a t i v e  o x y g e n  a to m  and  the  e l e c t r o n  p u s h  by tw o  

methyl groups  make  D M F  and D M S O  more  effec t ive  cation  solvators.

T h e  m os t  s t ro n g ly  s o lv a t in g  so lven t s  fo r  the  p o t a s s iu m  ca t io n  

are D M F  and D M S O .  T he  su l fu r -oxygen  and ca rb o n -o x y g en  bonds  in 

t h e s e  s u l f o x i d e s  a n d  a m i d e s  h a v e  l e s s  t h a n  f u l l  d o u b l e - b o n d  

c h a r a c te r ;  i n d e ed ,  th e i r  s t ru c tu re s  in the  f i r s t  so lv a t io n  s p h e r e  ab o u t  

the p o ta s s iu m  ca t io n  may  well  be m ore  l ike  III and IV than  I and  II.

y  Me  M e  _ + /  M e  + / M e
S = 0  0  =  C — N o - s  o - C = N

M e ^ M e  M e  N  M e

II III IV

T he  o x y g e n s  o f  the  a lco h o l s  and  w a te r  a re  m o re  s h ie ld ed  and 

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

s u l fo x id e s  and  am id es .  T h u s ,  the  fo r m er  set  o f  so lv en t s  a re  w e ak e r  

so lv a to r s  o f  c a t i o n s  than the  la t te r .  T he  h y d ro g e n  ion  a lw ay s  has  to 

be m o re  so lv a t e d  in m ixed  m e d ia  than  in w a te r ,  and  m u c h  m o re  so 

by bas ic  co - so lv en ts .  D M S O  turns  ou t  to be the  m o s t  basic  so lven t  for 

hyd rogen  ion,  fo l low ed  by D M F.  F rom  this  s tudy, the  ca lcu la ted  Ej s 

va lues  for HC1IHC1 junc t ions  in D M SO -w ate r  are grea te r  than those in
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D M F -w ate r ,  M eO H -w a te r  and  E tO H -w a te r  solvents.

A nion  so lvat ion  da ta  [78] poin t  to water,  M eO H  and EtOH, all 

s o lv en t s  c a p a b le  o f  d o n a t in g  s t ro n g  h y d ro g e n  b o n d s  as be ing  s t rong 

s o lv a t o r s  o f  m o s t  m o n o v a l e n t  a n io n s  in a  f r e e -e n e r g y  s en se ,  w h e re a s  

D M F,  D M S O  are  re la t ive ly  p o o r  so lva to rs  o f  all bu t the  la rges t  and the 

m o s t  p o la r izab le  an ions .

T h e  c a lc u la t e d  re su l t s  fo r  the E : . values of KC1IKC1 and HC1IHC1 

ju n c t io n s  in D M F -w a te r  and D M S O -w a te r  so lven ts  are  l i s ted  in Tables  

3 8 - 4 1 .  T h e  v a lu e s  o f  Ej g for  KC1IKC1 ju n c t io n s  in D M F -w a te r  and 

D M S O - w a t e r  so lv en t s  r a n g e  f rom  -2  mV to 29 mV and  f ro m  2 mV to 

3 0  m V ,  r e s p e c t i v e l y ,  t h r o u g h  t h e  e n t i r e  r a n g e  o f  s o l v e n t  

com pos i t ions .  The  ranges  o f  Ej s values for KC1IKC1 junctions  in DMF- 

w a t e r  and  D M S O - w a t e r  s o l v e n t s  a re  v e r y  s i m i l a r  b e c a u s e  o f  the  

s im i la r  so lv a t in g  p ro p e r t i e s  o f  p o t a s s iu m  and c h lo r id e  ions  in these  

so lven ts .  A lso ,  we  o b s e r v ed  tha t  the  va lues  o f  Ej s g row  in c reas in g ly  

p o s i t iv e  w i th  the  d e c r e a s i n g  c o n c e n t r a t io n  o f  K C 1 fo r  bo th  so lven t  

sys tem s .

H o w ev e r ,  the  Ej s va lues  of  HC1IHC1 ju nc t ions  are d i f fe ren t  from 

KC1IKC1 ju n c t io n s  due  to the solvat ion proper t ies  o f  p ro tons .  The  Ej s 

va lues  o f  HC1IHC1 ju n c t io n s  in D M F -w ate r  and D M S O -w a te r  so lvents  

r a n g e  f r o m  - 6 6  m V  to  107 m V  a n d  f r o m  -101  m V  to  87  m V ,  

r e s p e c t iv e ly ,  t h ro u g h  the  e n t i r e  ran g e  o f  so lven t  c o m p o s i t i o n .  It has  

been  rep o r ted  [6 8 ] tha t  HC1 is qu i te  s t rong ly  a ssoc ia ted  in D M S O  but 

tha t  the  a s so c ia t i o n  c o n s t a n t  fa l ls  q u ic k ly  with  the  a d d i t io n  o f  water .  

F r o m  th e se  re s u l t s  we can  see  tha t  the  Ej s value for HC1 ( 7 x l 0 ' 4  M) 

in D M S O  (-101  m V )  c h a n g e s  q u ic k ly  w i th  the  a d d i t i o n  o f  sm al l  

a m o u n t  o f  w a t e r  t o  8 7  m V  ( 9 0 . 2  w t %  D M F )  f o r  t h e  s a m e  

concentra tion o f  HC1. The Ej s values of  HC1IHC1 junctions  in DMF-water  

and  D M S O -w a te r  so lven ts  are  re la t ive ly  g rea ter  than those  o f  E tO H -
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w ate r  and  M eO H -w a te r  so lven ts .  T h i s  is so because  in the  D M F  or 

D M S O ,  th e r e  is  no  p o s s i b i l i t y  o f  a “j u m p ” m e c h a n i s m  o f  p ro to n  

t r a n s p o r t  and  c o n s e q u e n t l y  the  a d d i t io n  o f  sm al l  a m o u n t s  o f  w a te r  

has  a less  d ram a t ic  e f fe c t  on c o n d u c t iv i ty .  T he  va lue  o f  co n d u c t iv i ty  

fo r  the  w a t e r - s o l v a t e d  p r o to n  d o e s  s eem  v e ry  low  w hen  c o m p a r e d  

with that for the D M F or D M S O  solvated proton. This  can be expla ined 

by us ing the fo l low ing  s t ruc tures .

S c h a fe r  and  S c h a f fe rn ic h t  [79] sug g es ted  tha t  the  s t ru c tu re  o f  

D M S O  i n v o l v e s  h y d r o g e n  b o n d s  b e t w e e n  p o l a r  o x y g e n  an d  th e  

h y d r o g e n  o f  th e  m e t h y l  g r o u p s .  A l t h o u g h  th e  m o l e c u l e s  d o  n o t  

d im e r iz e ,  i t  is  no t u n l ik e ly  tha t  the  s t ru c tu re  may in v o lv e  c h a in s  o f  

su l fur  and oxygen  a toms of  va r iab le  size such as V.

T h e s e  c o u l d  b r e a k  d o w n  on  h e a t i n g  o r  r e a r r a n g e  w h e n  a 

h y d ro g en  d o n o r  is  added .  W hen  w a te r  is m ixed  with  s t rong  h y d rogen  

accep to rs ,  such as D M F  and D M S O ,  much hea t  is evo lved ,  and  under  

ce r ta in  c o n d i t io n s ,  the m ix tu re  b eco m e s  v i scous  fo r  a sho r t  t ime .  This  

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

f o r m a t i o n  o f  a h y d ro g e n - b o n d e d  s t ru c tu re  su ch  as VI,  thus  lo w e r in g  

the con d u c t iv i ty  o f  so lva ted  p ro tons  [80].  Fo r  th is  reason ,  we observe

M e  M e  M e  M e  
\  /  \  /1—s — o —s — o

M e
/

—  S —  O n
n

V
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a dras t ic  ch an g e  in Ej s v a lu e s  f ro m  -101 mV to  87 mV w h e n  the  

composi t ion changes from pure DMSO to 90.2 wt% DMSO.

H M e H M e  H —
I I  I I I
0 - -  S r r  O — H — O — H — O — H — O —  S - - 0
I I  I I
H M e M e  H —

V I

In D M F -w a te r  so lven ts ,  the  l im i t ing  e q u iv a l e n t  c o n d u c ta n c e  of 

an e lec t ro ly te s  d ec rea se s  with the  c o r re sp o n d in g  in c rease  in v iscos i ty  

o f  the  so lv en t  m ix tu res .  The  m a x im u m  in v i s co s i ty  does  not co in c id e  

w i th  the  o b s e r v e d  m in im u m  in e q u iv a l e n t  c o n d u c ta n c e .  T he  sh i f t  o f  

m i n i m u m  in  c o n d u c t a n c e  t o w a r d s  th e  D M F - r i c h  r e g i o n  c a n  be 

e x p l a i n e d  p a r t i a l l y  by  th e  i o n - s o l v e n t  i n t e r a c t i o n .  S i n c e  w a t e r  

m o le c u le s  ( r walcr = 1.93 A) a re  sm a l le r  than D M F  m olecu les  ( r DMF = 

3 .13  A),  the  h y d r o d y n a m ic  e n t i ty  o f  an ion  so lv a t ed  w i th  w a te r  will  

be  s m a l l e r  than  a D M F - s o lv a t e d  one ,  p r o v id e d  the  so lv a t io n  n u m b ers  

are  a lm o s t  the  same.

The  mobil i ty  o f  solvated ions  in D M F-r ich  reg ion  wil l  be  smal le r 

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

c o n d u c t a n c e  in D M F - r i c h  r e g io n .  P u r e  and  S h e r r i n g t o n  [80]  h ave  

c o m p a r e d  the  S to k e s  r a d i i  o f  a n io n s  and  c a t i o n s  in s o l v e n t s  with  

th e i r  c r y s ta l l o g ra p h ic  r ad i i ,  and  c o n c lu d e d  tha t  c a t i o n s  ca r ry  a la rge  

s o lv a t io n  shea th  in D M F  and D M S O ,  w h e rea s  a n io n s  a re  n a k ed  in 

t h e se  d ip o la r  ap ro t ic  so lven ts .  B ec a u se  o f  th is ,  a n io n s  a re  m uch  m ore  

conduct ing  than cat ions in the D M F  and DMSO solvents.
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The W ald e n  p ro d u c t  shou ld  be in v e rse ly  re la ted  to  the  s ize  o f  

the  m o v in g  ion ( in c lu d in g  the so lva t ion  sphere ) ,  which  in tu rn  should  

be  r e l a t e d  to  t h e  s t r e n g t h s  o f  th e  i o n - s o l v e n t  i n t e r a c t i o n s .  F o r  

e x a m p l e ,  in  w a t e r ,  p o t a s s i u m  a n d  c h l o r i d e ,  h a v e  a l m o s t  e q u a l  

W a ld en  p ro d u c ts ,  w hereas  in D M F  and D M SO ,  W alden  p roduc ts  of 

p o ta s s iu m  ion is sm al le r  than tha t  o f  ch lo r id e  ion.  Th is  su g g es t s  a 

la rge  d e c r e a se  in the  size o f  so lv a ted  ch lo r ide  re la t iv e  to p o ta s s iu m  

ion on t ransfer  from w ater  to the above solvents .
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TABLE 38

E x p e r i m e n t a l  a n d  C a l c u l a t e d  P a r a m e t e r s  f o r  KC1 in  D i m e t h y l  

fo rm am ide  -W ater  Solvents .  (M ola r  Scale,  2 5 ° Q

KC1 I KC1
H20  d m f -h 2o

Wt%

DMF ~ C KC1 El

^j.ion 
New Old

(m V )

E

N ew
j.s

0 1

1 0 . 1 2 x l 0 2 -6 .4 -8.9 3.5 3.5 - 1 . 0 - 1 . 0

2 x l 0 ‘ 3 -5 .7 -8.9 -0.3 -0.3

2 x l 0 ' 4 - 2 . 1 -8 .9 3.3 3.3

22.3 2 x l 0 - 2 - 1 2 . 1 -22 .5 12.5 11.5 - 2 . 1 - 1 .1

2 x l 0 3 -12 .7 -22 .5 2.7 -1.7

2 x l 0 " 4 -3.5 -22 .5 6.5 7.5

31.5 2 x 1 0 - 2 -25 .4 -4 5 .0 7 .0  27.7 1 2 . 6 - 8 . 1

2 x l 0 3 -24 .4 -4 4 .9 13.6 -7 .2

2 x l 0 4 -13 .5 -4 4 .9 15.6 -5.1

42.5 2 x 1 0 - 2 -31 .2 -7 9 .2 23 .2  65 .0 24.8 -16 .9

2x10*3 -30 .6 -7 9 .2 25 .4 -16 .4

2 x l 0 " 4 -29 .4 -7 9 .2 26 .6 -15 .2

51 .2 2 x 1 0 - 2 -41 .2 -1 0 9 .6 42 .5  75 .0 25 .9 - 6 . 6

2x10-3 -4 0 .4 -109 .5 26 .6 -5.9

2 x l 0 " 4 -38 .7 -109 .5 28.3 -4 .2
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WI VC

DMF ~CKC1 ^txp El
(m V )

New

^j.ion

Old
“ I.i 

N ew  Old

60 .8 2 x l 0 2 -61 .5 -1 4 8 .8 64 .0 97 .0 23.3 -9.7

2 x l 0 3 -5 9 .2 -149.1 25 .9 -7.1

2 x 1 0 " 4 -56 .8 -1 4 9 .3 28 .5 -4.5

67 .8 7x10-3 -6 7 .9 -1 5 7 .9 71 .0 106.0 18.9 -16.1

7x 10 "4 -66 .4 -1 5 7 .8 20.4 -1 4 .6

7 x l 0 5 -59.4 -1 5 7 .9 27.5 -7.5

77 .0 7x10-3 - 6 8 . 6 -1 8 2 .2 93.5 117.0 2 0 . 1 -3 .4

7x 10 "4 -6 6 .9 -1 8 2 .2 2 1 . 8 -1 .7

7 x l O - 5 -61 .8 -1 8 2 .2 26.9 3 .4

92 .4 7x10-3 -1 2 5 .8 -3 3 4 .7 183.0 2 2 7 .0 25 .9 -18.1

7x 10 "4 -1 2 3 .0 -3 3 4 .7 28 .7 -15 .3

7x10-5 -1 2 5 .0 -3 3 4 .7 26.7 -17 .3

1 0 0 7x 10 "4 -1 5 1 .8 -476.5 305.5 3 5 5 .0 19.2 -30 .3

7x10-5 -1 4 4 .3 -4 7 6 .4 26.7 -2 2 .9

7 x l 0 6 -1 4 3 .0 -476 .3 27 .8 -21 .7
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TABLE 39

E x p e r im en ta l  and C a lcu la ted  Pa ram e te r s  for HC1 in D im ethy l  

fo rm am id e -W ate r  So lven ts .  (M ola r  Scale ,  2 5 ° C )

H Q  I HC1
H20  d m f -h 2o

Wt%

DMF ~C HC1 ^exp El

^j.ion 

New Old 

(m V )

E

New
ii.s

Old

1 0 . 1 7 X 1 0 -2 4.4 -8 .9 8.7 8.7 4.6 4.6

7 X 1 0 ' 3 3.7 -8 .9 4.0 3.9

7 X 1 0 ' 4 3.4 i oo VO 3 .6 3.6

22.3 7 X 1 0 - 2 16.3 -22 .5 -5 .0 2 1 . 0 43.8 17.8

7 X 1 0 3 13.0 -22 .5 40 .4 14.4

7X1 O' 4 0.7 -22 .5 28 .2 2 . 2

31.5 7X10-2 1.4 -4 4 .9 1 2 . 0 41 .5 34 .3 4.8

7 X 1 0 3 -0 . 8 -4 5 .0 32.2 2.7

7 X 1 0 "4 -1 7 .2 -4 5 .0 15.8 -13 .7

42.5 7X10-2 11.5 -79 .3 16.2 75 .5 74.6 15.3

7X10-3 1 . 0 -79 .3 64.1 4 .8

7 X 1 0 "4 0 .9 -79 .3 63 .9 4.7

51.2 7X10-2 7.9 -1 0 9 .4 1 1 0 . 0 99 .0 7.3 18.3

7X10-3 1 2 . 1 -1 0 9 .4 11.5 22.5

7 X 1 0 "4 18.0 -1 0 9 .4 17.4 28 .4
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wr/fo

DMF ~CHC1 ^icxp El

rj. ion 

New Old 

(mV)

New

,s

Old

60.8 7 X 1 0 2 - 8 . 0 -141 .3 154.9 1 2 2 . 0 -2 1 . 6 11.3

7 X 1 0 3 - 2 . 0 -1 4 1 .4 -15 .6 17.4

7 X 1 0 ' 4 79 .0 -141 .3 65 .4 98.3

67.8 7 X 1 0 -2 -2 3 .0 -1 5 7 .7 166.2 125.2 -31 .5 9.5

7 X 1 0 3 -1 3 .9 -1 5 7 .9 - 2 2 . 2 18.8

7 X 1 0 "4 45 .0 -1 5 7 .9 36.7 77.7

77 .0 7 X 1 0 -2 -26 .2 -1 8 2 .2 2 2 2 . 1 132.0 - 6 6 . 1 24.0

7 X 1 0 "3 -18 .5 -1 8 2 .2 -5 8 .4 31.7

7 X 1 0 "4 31.5 -1 8 2 .2 -8.4 81.7

92 .4 7X10-2 -1 0 7 .5 -3 3 4 .8 190.2 199.0 37.1 28.3

7 X 1 0 "3 -91 .5 -3 3 4 .8 53.1 44.3

7X1 O’4 - 6 8 . 0 -3 3 4 .8 76.6 67.8

1 0 0 7X10-2 -148 .3 -4 7 7 .4 2 6 7 .9 278 .3 61 .2 50.8

7 X 1 0 "3 -1 1 4 .4 -4 4 7 .5 95.2 84.8

7X1 O' 4 -1 0 2 .3 -4 7 7 .5 107.3 96.9
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TABLE 4Q

Ex p e r im en ta l  and  Calcu la ted  Pa ram e te rs  for KC1 in Dimethyl  

su l fox ide-W ate r  Solvents .  (M olar  Scale,  2 5 ° C )

KC1 I KC1
H20  d m s o -h 2o  

W t %  Ej.ioii Ej.s

DMSO ~^'KCI ^iexp E, New

(mV)

Old New Old

10.5 3 X 1 0 2 -3.3 - 1 0 . 0 -8 . 0 6 . 0 14.7 0.7

3 X 1 0 3 -0 . 1 - 1 0 . 0 17.9 3.9

3 X 1 0 -4 0.4 - 1 0 . 0 18.4 4.4

18.8 2 X 1 0 - 2 -7 .6 -19.5 -1.7 15.5 13.6 -3 .6

2 X 1 0 3 - 8 . 2 -19.5 13.0 -4 .2

2X1 O' 4 -7 .0 -19.5 14.2 -3 .0

29.7 2X10-2 -14 .5 -40 .2 23.7 23 .8 2 . 0 2 . 0

2 X 1 0 3 - 1 2 . 0 -40.3 4.6 4.5

2X1 O' 4 - 1 0 . 1 -40.3 6.5 6.4

39.8 1X10-2 -25 .8 -64.5 29.0 38.7 9.7 -0 . 1

1X10-3 -25.1 -64.5 10.4 0.7

1 X 1 0 4 -23 .3 -64 .5 1 2 . 2 2.5

50.3 l x l O ' 2 -3 8 .2 -78 .7 26.5 4 0 .0 14.0 0.5

1X10-3 -3 3 .0 -78 .7 19.2 5.7

lX lO ’4 -34.1 -78 .7 18.1 4.6
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Wt Vo

DMSO ~^KC1 ^cxp El

T.ion

New

(m V )

Old New
,S

Old

58.8 l X l O 2 -4 9 .9 -1 2 1 .9 57 .0 70 .0 14.9 2 . 0

1 X 1 0 3 -4 8 .0 -121 .9 16.9 3.9

1X10 -4 -4 6 .0 - 1 2 1 . 8 18.8 5.8

6 6 . 8 7 X 1 0 *3 -66 .7 -171 .6 96.5 110.5 8.4 -5 .6

7 X 1 0 ’4 -6 5 .2 -171 .5 9.8 -4 .2

7 X 1 0 ' 5 -6 4 .2 -171 .5 1 0 . 8 -3 .2

77.4 7 X 1 0 "3 -83 .3 -224 .8 130.5 148.7 1 1 . 0 -7 .2

7 X 1 0 "4 -80 .3 -224 .8 14.0 -4 .2

7 X 1 0 ’5 -75 .8 -224 .8 18.5 0.3

90.2 2 X 1 0 ' 3 - 1 0 2 . 0 -312.1 197.0 220 .5 13.1 -10 .4

2X1 O' 4 - 1 0 2 . 2 -312.1 12.9 - 1 0 . 6

2X 10 ' 5 -99 .7 -312.1 15.4 - 8 . 1

1 0 0 2 X 1 0 ' 3 -1 1 4 .3 -399.1 2 6 5 .2 2 9 3 .0 19.9 -7 .9

2 X 10 ‘4 -1 0 8 .0 -399.1 25.9 -1 .9

2 X 1 0 5 -1 0 3 .8 -399.1 30.1 2.3
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TABLE 41

E x p e r im en ta l  and  C a lcu la ted  Pa ram e te r s  for HC1 in Dimethy l  

su l fox ide-W ate r  Solvents .  (M ola r  Scale,  2 5 ° C )

H Q  I H Q
H20  d m s o -h 2o

Wt%

DMSO ~CHC1 ^txp El

E!.
New

(m V )

ion

Old

I

New Old

10.5 7 X 1 0 ' 2 -1.3 - 1 0 . 1 18.7 26 .5 - 1 0 . 0 -17 .8

7 X 1 0 ' 3 -3 .6 - 1 0 . 1 -12 .3 -2 0 . 1

7X1 O' 4 -3 .6 - 1 0 . 1 - 1 2 . 2 - 2 0 . 0

18.8 7X10*2 -1.5 -19 .5 58.5 46 .2 -4 0 .8 -28 .2

7 X 1 0 *3 i © - 19 .5 - 4 3 .0 -30 .7

7X1 O' 4 -4.5 -19 .5 -4 3 .5 -31 .2

29.7 7X10-2 0.7 -4 0 .2 73.8 67 .5 -3 4 .3 -2 8 .0

7 X 1 0 -3 - 2 . 6 -40 .2 -3 6 .2 -29 .9

7 X 1 0 *4 - 1 . 8 -40 .2 -3 5 .4 -29.1

39.8 7X10-2 -2 . 6 -64 .5 99 .0 92.3 -3 7 .2 -30 .4

7X10-3 -1.4 -64 .5 -3 6 .0 -29.3

7X1 O’4 -13.1 -64 .5 -4 7 .7 -4 1 .0

50.3 7X10*2 0 . 1 -78 .7 117.5  110.5 -3 8 .9 -31 .9

7X10-3 -5 .4 -78 .7 -4 4 .2 -37 .2

7X1 O' 4 -6.5 -78 .7 -45 .3 -38 .3
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wt % 

DMSO "C hci ^ x p Ei

T.ion

New

(m V )

Old
n .s  

New Old

58 .8 7 X 1 0 2 -3 .8 -1 2 1 .9 177.0 130.5 -5 8 .9 -11 .3

7 X 1 0 3 -7 .9 -1 2 1 .9 -6 3 .0 -16 .5

7 X 1 0 "4 - 8 . 6 - 1 2 1 . 8 63 .8 -17 .3

6 6 . 8 7 X 1 0 -2 -12 .3 -1 7 1 .6 181.3 151.5 - 2 2 . 0 -7.8

7 X 1 0 - 3 -2 1 .9 -1 7 1 .6 -3 1 .6 - 1 . 8

7 X 1 0 "4 -2 3 .6 -1 7 1 .6 33.3 -3.5

77 .4 7X10-2 -4 7 .4 -2 2 4 .8 150.0 179.5 -2 7 .4 - 2 . 1

7X10-3 -7 2 .4 -2 2 4 .8 -2 .4 -27.1

7 X 1 0 "4 -8 5 .9 -224 .8 - 1 1 . 1 -40 .6

90 .2 7X10-2 -1 3 5 .9 -3 1 2 .4 168.5 2 2 8 .6 8 . 0 -5 2 .2

7X10-3 - 1 2 1 . 8 -3 1 2 .4 2 2 . 1 -3 8 .0

7X1 O' 4 -5 6 .5 -3 1 2 .4 87 .4 27.3

1 0 0 7X10*2 -2 0 5 .9 -3 9 9 .4 288.1 276.1 -94 .7 -82 .7

7X10-3 -2 7 2 .6 -3 9 9 .4 -1 6 1 .3  - 149.3

7 X 1 0 "4 -2 1 2 .7 -3 9 9 .4 - 1 0 1 .4 -89 .4



202

C o x ,  P a r k e r  an d  W a g h o r n e  [3] u s e d  th e  f o l l o w i n g  c e l l  to  

ev a lu a te  Ej s. In the i r  s tud ies ,  e .m.f .  cel ls  with  E t4NPi  and B u 4  NBPh4 

sa l t -b r idges  be tw een  d ip o la r  apro t ic  so lven ts  were  used ,  e.g. :

Ag (s) I AgC104  (0.01 M) I Et4NPi (0.1) I AgC104  (0.01 M) I Ag (s) (X)

AN S

T h e y  s tu d ie d  the  r e l a t i o n s h ip  b e tw ee n  the  m e a s u r e d  e .m . f .  o f  

c e l l (X )  and the  c o r r e sp o n d in g  to ta l  heats  o f  t rans fe r  o f  so lven ts .  The 

hea ts  o f  so lu t io n  r e q u i re d  fo r  the  c a lc u la t io n  o f  to ta l  hea ts  o f  t r an s fe r  

a re  l i s ted  in T a b le  42.  T h e y  fo und  a d i rec t  c o r r e la t io n  b e tw ee n  the 

Ej s an d  th e  m u t u a l  h e a t s  o f  s o l u t i o n  o f  th e  s o l v e n t  f o r m i n g  the  

junc tion  [3].

S in ce  the  in t e r a c t io n s  b e tw ee n  a c e to n i t r i l e  and  w a te r  a re  sm al l  

( T a b le  4 2 ) ,  the  Ej s fo r  the  AN IH 20  ju n c t io n  in ce l l  (X )  m ig h t  be 

ex p ec ted  to  be  neg l ig ib le .  B u t  the  Ej s is s ign if icant in cell (X)  with 

w a te r  as S due  to the  a p p re c ia b le  io n - s o lv e n t  in t e r a c t io n s .  T h e  s i lve r  

ion is m o re  s t ro n g ly  so lv a t ed  by A N  than by  w a te r  and  so wil l  tend 

to  t r a n s p o r t  A N  in to  the  a q u eo u s  h a l f  cel l  (AF^ = -0.45 KCal m o l ' 1) 

w h e re a s  the  n i t r a t e  ions ,  w h ich  a re  m uch  m o re  s t r o n g ly  so lv a t e d  by 

w a te r  will  tend to  t r an sp o r t  w a te r  in to  AN (AHj = 1.47 KCal mol*1).

A f te r  a se r ies  o f  ex ten s iv e  s tud ies  o f  ce l l s  with l iqu id  ju n c t io n ,  

Izu tsu  et  al.  [30 -36]  c o n c lu d e d  tha t  fo r  a g iven  pa i r  o f  so lv en t s ,  the  

Ej s can  be ve ry  n e a r ly  in d e p e n d e n t  o f  the  n a tu re  o f  e l e c t r o l y t e ,  if  

the  c u r r e n t - c a r r y i n g  io n s  a re  w e a k ly  so lv a ted .  H o w e v e r ,  th e y  d id  not 

show  m any  re su l t s  which  can ver i fy  the i r  conc lus ion .

P r e v i o u s  w o r k  in  o u r  l a b o r a t o r y ,  r e p o r t e d  b y  B e r n e  a n d  

P o p o v y c h  [ 2 7 ] ,  l e d  to  t h e  c o n c l u s i o n  t h a t  t h e  E ; .  t e r m  w a s
J

a p p re c ia b le  for  ju n c t io n s  be tw een  d ip o la r  ap ro t ic  so lv en t  and var ied
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w ith  the  c o n c e n t r a t i o n  o f  bo th  the  e l e c t r o a c t iv e  and  the  s a l t -b r id g e  

e lec t ro ly te .  The  m a x im u m  va lue  o f  Ej g o b s e r v e d  w a s  172 m V  fo r  an 

a c e t o n i t r i l e - p r o p y l e n e  c a r b o n a t e  j u n c t i o n  in t h e i r  s t u d y .  In the  

p r e s e n t  s tu d y ,  the  Ej s va lues  in d ip o la r  ap ro t i c  s o lv en t s  w e re  found  

to be  m ore  s ig n i f i c a n t  than in the p ro t ic  so lven t s  and the Ej s v a lu es  

in a c e to n i t r i l e - w a te r  so lven ts  are  m uch  g re a te r  than  the  Ej ion fo r  the 

en t i r e  range .  The  m a x im u m  va lue  o f  Ej s o b s e r v e d  was  403  m V  for  

an w a te r -ace to n i t r i l e  junc t ion  in this study.

TABLE 42

Mutual Heats of  Solution (AHj , KCal m o l '1) o f  Solvents  at 23°C [3]

Solu te h 2o

Solven t  

MeOH AN DMF DMSO

h 2o -0 .80 1.47 0.91 -1 .28

MeOH -1 .78

AN -0.45

DMF -3 .92

DMSO -4.61
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R e c o m m e n d a t io n s  for  F u tu re  Studies

T h e  new f o r m u la t io n  fo r  e s t im a t ing  the  c o m p o n e n t  o f  l iqu id-  

j u n c t i o n  p o te n t i a l  due  to  the  p a s s a g e  o f  i o n s ,  Ej  ion, n e e d s  to be 

s t u d i e d  f u r t h e r .  In  th i s  i n v e s t i g a t i o n ,  w e  s t u d i e d  o n l y  s y s t e m s  

s h o w i n g  a m i n i m u m  o r  a m a x i m u m  o f  t r a n s p o r t  n u m b e r s  a n d  

t r a n s fe r  a c t iv i ty  c o e f f i c i e n t s .  For  th is  re a so n ,  we w ere  n o t  able  to 

d e m o n s t r a t e  the fu l l  po ten t ia l  o f  Equa t ion  (13 )  o r  (14 )  to  c a lcu la te  

the Ej ion b ecau se  in E qua t ion  (13)  w e  were  ev a lu a t in g  the  d ra s t ica l ly  

changing  slope AG/As and in Equation (14), At/As.

H o w e v e r ,  in D M S O - w a te r  so lven ts ,  the  t r a n sp o r t  n u m b e r s  o f  

the  h y d ro g e n  ion  e x p e r i e n c e  a s teep  drop  in the r e g io n  o f  60  - 1 0 0  

wt% D M S O ,  w h i le  its t rans fe r  ac tiv ity  coef f ic ien ts  ch an g e  sm ooth ly  

with the  en t i re  co m p o s i t io n  o f  DMSO. In th is  case ,  we can  choose  

w h ic h  e q u a t i o n  is  b e t t e r  to  c a l c u l a t e  Ej ion and  E q u a t i o n  (13 )  is  

p re fe r red .  Th is  is  so b e c a u s e  in E qua t ion  (1 3 )  we have  to ev a lu a te  

t h e  s m o o t h l y  c h a n g i n g  AG/As t e r m ,  i n s t e a d  o f  th e  d r a s t i c a l l y  

changing  slope At/As in Equation (14).

On th e  o t h e r  h an d ,  f o r  a s y s t e m  h a v i n g  s m o o t h l y  c h a n g i n g  

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

c o e f f i c i e n t s  o f  th e  ion w i th  the  so lv en t  c o m p o s i t io n ,  E q u a t io n  (14)  

w ou ld  be p re fe r re d  for  the ca lc u la t io n  o f  Ej ion, because  we w ould  be 

e s t im a t in g  the At/As term, and  not Equat ion  (13) .

F u r th e r  s tu d ie s  a re  r e q u i r e d  in a c e to n i t r i l e - w a t e r  s o lv en t s  r e g a r d in g  

t h e  v a r i a t i o n  o f  t r a n s p o r t  n u m b e r s  o f  n i t r a t e  i o n  w i t h  t h e  

c o m p o s i t i o n  o f  a c e t o n i t r i l e  in  the  r e g i o n  w h e r e  a m a x i m u m  is 

o c c u r r e d .  T h e  t r a n s p o r t  n u m b e r s  o f  n i t r a t e  ion  i n c r e a s e d  r a p id ly  

w hen  sm a l l  a m o u n t s  o f  A N  are  added  to w a te r .  V e ry  a c c u ra te  d a ta  

for t r a n sp o r t  n u m b e rs  of  n i t ra te  ions a re  need ed  in o rd e r  to c a lcu la te
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Ej ion f rom  the  new  e q u a t io n  fo r  the  A N - w a te r  so lv en t s  e s p e c i a l l y  for 

the region o f  0 - 50 wt% AN.

W e h ave  seen  tha t  the  p r e s e n c e  o f  the  s o lv en t  c o n t r ib u t io n  to 

l iq u id - ju n c t io n  po ten t ia l  a t  the  in te r face  o f  tw o  so lv en t  m e d ia ,  Ej s, is 

an im por tan t  fac to r  in the in te rp re ta t ion  o f  e .m .f .  o f  ce ll s .  Ej s va lues  

c an  be  o b t a i n e d  f r o m  th e  e .m . f .  o f  cell  ( IX )  c o n t a i n i n g  s a tu r a te d  

s o lu t io n s  o f  an e l e c t ro a c t iv e  e le c t ro ly te  in two so lv en t s .  Then ,  the 

c a lc u la t e d  Ej s v a l u e s  c o u l d  be  c o m p a r e d  w i th  th e  c o r r e s p o n d i n g  

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

s y s te m s .  F u r th e r m o re ,  e .m . f .  m e a s u re m e n ts  can be do n e  with  KC1, 

NaCl,  LiCl ,  HCI and KBr as the saturated e lectrolytes  using cell (IX)  for 

d i f f e r e n t  s o lv en t  sy s tem s .  The  re su l t s  w ould  shed a d d i t io n a l  l igh t  on 

the effect  o f  solvat ion on E ; ..



Appendix 1

D ensi t i e s  of  M eth an o l -W a te r  So lven ts  at 2 5 °C  I37L 

Wt% Methanol Density

0 .0 0 .9 9 7 1

10.0 0 .9 7 9 9

20 .0 0 .9 6 4 4

4 0 .0 0 .9 3 1 6

50 .0 0 .9 1 1 9

60 .0 0 .8 9 0 7

80 .0 0 .8 4 2 5

9 0 .0 0 . 8 1 5 0

100 .0 0 .7 8 6 6
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Appendix 2.

D ensi t i e s  ofLEth an o l -W ater  Solven ts  at 25°C  f381. 

Wt% EtOH Densi ty

0 . 0 0 .9971

1 0 . 0 0 .9 8 0 4

2 0 . 0 0 .9 6 6 4

30 .0 0 .9 5 0 7

4 0 .0 0 .9 3 1 5

5 0 .0 0 .9 0 9 9

6 0 .0 0 .8 8 7 0

70 .0 0 .8 6 3 4

80 .0 0 .8391

90 .0 0 .8 1 3 6

1 0 0 . 0 0 .7851



A ppendix 3.

D ensi t i e s  o f  A ce ton i t r i l e -W ate r  S olvents  at 25°C  f4QL 

Wt% AN Density

0 . 0 0.9971

10.7 0 .9 7 7 9

2 0 . 2 0 .9 5 8 6

28.7 0 .9 3 9 9

36.3 0 .9 2 2 3

49 .4 0 .8 9 1 5

60.3 0 .8 6 6 2

69 .5 0 .8451

77 .4 0 .8 2 7 0

84 .2 0 .8111

90.1 0 .7 9 7 5

95 .4 0 .7 8 6 3

1 0 0 . 0 0 .7 7 6 7



209

Appendix 4.

D ensi t i e s  o f D im e th v l fo r m am id e -W a te r  Solven ts  at 25°C T411. 

Wt% DMF Density

0 . 0 0 .9971

1 0 . 1 0 .9951

22.3 0 .9 9 5 0

31.5 0 .9 9 5 7

42.8 0 .9 9 5 5

51.2 0 .9 9 5 0

60 .8 0 .9 9 2 6

67.8 0 .9 8 8 4

77 .0 0 .9 7 9 8

92.4 0 .9 5 7 9

1 0 0 . 0 0 .9 4 2 9
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A ppendix 5.

D ensi t ies  o f  D im e th v lsu l fo x id e -W ate r  Solvents  at 2 5°C [421. 

Wt%DMSO Density

0 . 0 0 .9971

1 0 . 0 1 .0105

2 0 . 0 1 .0242

30 .0 1 .0387

4 0 .0 1 .0535

5 0 .0 1 .0682

6 0 .0 1 .0823

7 0 .0 1 .0926

80 .0 1 .0960

9 0 .0 1 .0960

1 0 0 . 0 1 .0958
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A ppendix  6

The M ola r  Concen tra t ion  (C)  and E qu iva lent Conductance  (A) of  the  

NaCl  in M ethano l -W ate r  Solvents ,

65.2% MeOH

M olar  C oncen t ra t ion  E qu iva len t  C onduc tance

103 m o le s /L A

1 .8 5 4 0 6 2 .8 4

2 .7 1 1 3 6 2 .4 9

3 .6 0 1 3 6 1 .98

4 .5 3 7 8 61.21

5 .4 4 6 0 60.61

6 .3 9 1 0 6 0 .37

7 .3 2 7 4 5 9 .7 9

8 .2 1 7 6

72.2% MeOH

5 9 .4 2

1 .7868 65 .85

2 .7 1 2 4 64.61

3 .6 6 7 9 63 .37

4 .5 3 4 9 6 2 .8 6

5 .4 4 6 2 6 2 .58

6 .4041 6 2 .0 9

7 . 3 0 8 4 6 1 .6 6

8 .1 6 8 4 6 1 .2 0
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The M olar  C oncen t ra t ion (C l  and Equivalen t  C onductance  (A) o i l h e  

NaCl  in M ethano l -W ate r  Solvents .

82.5% MeOH

M olar  Concen t ra t ion  

C x 103 m o le s /L

1 .9867  

3 .0 0 7 3  

3 .9951  

4 .9 9 7 0  

5 .9 9 9 7  

6 .9 4 7 5  

8 .0 4 1 4  

1 0 .2 3 7 2

E qu iva len t  C onduc tance  

A

6 9 .83

68 .55  

6 7 .2 6  

6 6 .25

6 5 .5 6  

6 5 .3 0  

6 4 .3 8  

63 .45

95.4% MeOH

0 .7 4 7 6 81 .13

1 .5045 81.41

2 .6 4 6 0 7 9 .87

3 .8 1 4 0 7 7 .6 2

4 .9 5 0 5 7 6 .4 6

6 .1 1 1 8 7 5 .05

7 .2 6 8 3 7 4 .0 9

8 .3 3 6 8 7 3 .8 8
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