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ABSTRACT 

The effect of p-toluenesulfonate and trifluoromethanesulfonate supporting electrolytes 
on the polarographic reduction of some alkaline earth and transition metal ions in N,N- 
dimethylformamide and acetonitrile has been investigated. Trifluoromethanesulfonate 
behaved similarly to perchlorate in dimethylformamide, while the half-wave potentials in 
p-toluenesulfonate supporting electrolyte shift to more negative potentials than those in 
perchlorate. In acetonitrile, the half-wave potentials shift to more negative potentials in 
trifluoromethanesulfonate than in perchlorate. The effect of the supporting electrolyte 
on the shift of the half-wave potential can be explained as the ion-pair formation between 
the divalent cation to be reduced and the supporting electrolyte anion. 

INTRODUCTION 

In the  previous  p a p e r  [1 ] ,  we r e p o r t e d  on  the  po la rograph ic  behav io r  o f  
alkali me ta l  ions in N , N - d i m e t h y l f o r m a m i d e  (DMF)  and  ace ton i t r i l e  (AN) 
using t e t r a e t h y l a m m o n i u m  salts o f  p - t o l u e n e s u l f o n a t e  (Et4N-PTS) ,  me thane -  
su l fona te  (Et4N-MS) and  t r i f l u o r o m e t h a n e s u l f o n a t e  (E t4N-TFMS)  as the  sup- 
po r t ing  e lec t ro ly te .  T e t r a e t h y l a m m o n i u m  t r i f l u o r o m e t h a n e s u l f o n a t e  behaved  
s imilar ly  to  pe rch lo ra t e  in b o t h  solvents .  The  shif t  o f  the  ha l f -wave  po ten t i a l s  
o f  alkali  me ta l  ions in p - t o l u e n e s u l f o n a t e  and  m e t h a n e s u l f o n a t e  s u p p o r t i n g  
e lec t ro ly tes  was exp la ined  in t e rms  o f  ion-pai r  f o r m a t i o n  b e t w e e n  alkal i  me ta l  
ion and  the  s u p p o r t i n g  e l ec t ro ly t e  anion.  

In the  p re sen t  p a p e r  is r e p o r t e d  on  the  po la rograph ic  r educ t ion  o f  s o m e  
alkaline ear th  and t rans i t ion  me ta l  ions in D M F  and AN b y  using p - to luene -  
su l fona te  and  t r i f l u o r o m e t h a n e s u l f o n a t e  salts as the  s u p p o r t i n g  e l ec t ro ly te .  
The  po la rog raph ic  behav io r  in these  su l fona te  s u p p o r t i n g  e l ec t ro ly t e s  is com-  
pared  wi th  t h a t  in pe rch lo ra te .  
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EXPERIMENTAL 

Reagents 

Alkaline earth perchlorates, tr if luoromethanesulfonates (M(TFMS)2) and 
p-toluenesulfonates (M(PTS)2) were prepared by neutralizing alkaline earth 
hydroxide or carbonate with the respective acid. Calcium, strontium and 
barium perchlorates were recrystallized from water. Magnesium perchlorate 
of the reagent grade was used without  further purification. Magnesium, calci- 
um and strontium trifluoromethanesulfonates were recrystallized first from 
ethanol + benzene (1 : 10) and second from AN + benzene (1 : 10) mixtures. 
Barium trif luoromethanesulfonate was recrystallized first from ethanol + n- 
pentane (1 : 10) and second from AN + n-pentane (1 : 10) mixtures. Alkaline 
earth p-toluenesulfonates were recrystallized from water. All alkaline earth 
perchlorates, tr if luoromethanesulfonates and p-toluenesulfonates were dried 
for 24 h in vacuo on phosphorus pentoxide at 200°C, at 150°C and at 130°C, 
respectively. 

Perchlorates, tr if luoromethanesulfonates and p-toluenesulfonates of nickel- 
(II), copper(II), zinc(II), lead(II) and manganese(II) were prepared by neutral- 
izing the corresponding metal carbonate with the respective acid. These per- 
chlorates and p-toluenesulfonates were recrystallized from water, and tri- 
f luoromethanesulfonates first from acetone and second from ethanol. These 
perchlorates were dried on phosphorus pentoxide, which have the following 
formula [2] respectively; Ni(C104) 2 • 6 H20, Cu(C104)2 • 6 H20 , Zn(C104)2 • 
6 HuO, Pb(C104)2 • 3 H20 and Mn(C104)2 • 6 H20. These trifluoromethane- 
sulfonates and p-toluenesulfonates were dried for 24 h in vacuo on phosphorus 
pentoxide at 150°C and at 130°C, respectively. 

Tetra-n-buthylammonium trif luoromethanesulfonate (Bu4N-TFMS) and 
perchlorate were prepared similarly to the method reported previously with 
Et4N-TFMS [1]. Tetra-n-buthylammonium tr if luoromethanesulfonate was re- 
crystallized from a dichloromethane + n-pentane (1 : 10) mixture, and the 
perchlorate from ethyl acetate. These salts were dried for 24 h in vacuo on 
phosphorus pentoxide at 60°C. 

The other reagents used were purified following the method in the previous 
paper [ 1 ]. 

Apparatus 

The apparatus used in measurements of polarography and conductivity 
were the same as those used before [ 1 ]. 

RESULTS 

The specific conductivities were measured in DMF and AN by using tetra-n- 
buthylammonium and sodium salts. The results are summarized in Table 1. 
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TABLE 1 

Specific conductivities for tetra-n-buthylammonium and sodium salts in DMF and AN at 
25°C 

Electrolyte Concentration 
/M 

Specific conductivity/~ - 1  cm - 1  

DMF AN 
× 10 _2 × 10 - 2  

Bu4NC104 0.6 a 1.30 2.70 
0.5 a 1.22 2.56 
0.1 0.459 0.928 
0.05 0.259 0.530 

Bu4N-TFMS 1.0 a 1.08 2.30 
0.5 a 1.12 2.25 
0.2 a 0.685 1.30 
0.1 a 0.407 0.826 
0.05 0.247 0.525 

NaC104 0.1 0.543 0.973 
0.05 0.301 0.569 

Na-TFMS 0.1 0.489 0.755 
0.05 0.270 0.478 

Na-PTS 0.1 0.246 -- 
0.05 0.159 -- 

a See ref. 3. 

The  useful  po t en t i a l  range  fo r  the  d r o p p i n g  m e r c u r y  e l ec t rode  in 0 .05 M 
Bu4N-TFMS was f o u n d  to  be  ident ica l  wi th  t h a t  in 0 .05 M Bu4NC104 b o t h  in 
D M F  and  AN;  the  p o t e n t i a l  range  in D M F  and  A N  is f r o m  - -0 . 08  to  - - 3 . 43  V 
and f r o m  +0.28  to  - - 3 . 23  V vs. Ag/0 .1  M AgC104, respec t ive ly .  

Polarographic reduction of  alkaline earth and transition metal ions 

The  po la rog raph ic  r educ t ions  o f  magnes ium,  ca lc ium,  s t r o n t i u m  and  ba r i um 
ions were  e x a m i n e d  in D M F  b y  using 0 .05 M Et4NC104,  E t a N - T F M S ,  Et4N- 
PTS, Bu4NC104 and Bu4N-TFMS as s u p p o r t i n g  e lec t ro ly tes .  The  resul ts  are 
s u m m a r i z e d  in Tab le  2. In  Et4N-PTS s u p p o r t i n g  e lec t ro ly te ,  t h e  ha l f -wave  
po ten t i a l s  (E1/2) o f  a lkal ine ea r th  me ta l  ions shif t  to  m o r e  negat ive  po ten t i a l s  
than  those  in pe rch lo ra t e .  In  E t4N-TFMS and Bu4N-TFMS,  however ,  the  
hal f -wave po ten t i a l s  agree wi th  those  in the  co r r e spond ing  pe rch lo ra t e .  

The  r e d u c t i o n  behaviors  o f  n icke l ( I I ) ,  c o p p e r ( I I ) ,  z inc( I I ) ,  l ead( I I )  and  
manganese ( I I )  in D M F  are s imilar ly  s u m m a r i z e d  in Tab le  2. In  E t4N-TFMS,  
the  ha l f -wave  po ten t i a l s  o f  these  ions are a l m o s t  the  same  as those  in perchlor -  
ate,  while  those  in Et4N-PTS shif t  to  m o r e  negat ive  po ten t ia l s .  

The  po la rog raph ic  r educ t ions  o f  a lkal ine ea r th  and  t rans i t ion  m e t a l  ions in 
AN were  s imilar ly  e x a m i n e d  by  using 0 .05 M Bu4NC104,  Bu4N-TFMS,  NaC104 
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TABLE 2 

Results of d.c. polarographic reduction of some alkaline earth and transition metal ions 
in DMF at 25°C 

Metal ion a Supporting electrolyte (0.05 M) 
(1 raM) 

--E1/2/V vs. I d b/~A S 1 / 2  Slope of --E vs. 
Ag/AgC]O 4 (0.1 M) mg -2/3 mM - 1  loglo[ff ( i  d -- i)] 

p lot /mV 

Et 4 NC104 Et 4 N-TFMS Et 4 N-PTS 

Mg 2+ 2.918 2.15 71 2.942 2.22 70 2.993 1.95 67 
Ca 2+ 2.854 2.53 38 2.857 2.64 36 2.904 2.45 42 
Sr 2+ 2.719 2.71 38 2.722 2.68 35 2.756 2.56 37 
Ba 2+ 2.520 2.76 34 2.521 2.64 31 2.552 2.59 35 

Bu4NC104 Bu 4 N-TFMS 

Mg 2+ (2.69) c 2.38 max (2.69) 2.56 max 
Ca 2+ 2.776 2.63 35 (2.78) 2.72 max 
Sr 2+ 2.660 2.71 36 (2.66) 2.74 max 
Ba 2+ (2.48) 2.76 max (2.47) 2.77 max 

Et4NClO 4 Et 4 N-TFMS Et 4 N-PTS 

Ni 2+ 1.389 2.78 62 1.389 2.64 69 1.411 2.32 72 
Cu2+ d 0.456 2.08 37 0.451 2.28 36 -- 1.94 max 
Zn 2+ 1.447 2.48 30 1.447 2.47 28 1.471 2.51 31 
Pb 2+ 0.897 3.19 30 0.902 3.09 37 0.941 2.91 33 
Mn 2+ 2.023 2.65 49 2.020 2.60 33 2.055 2.58 36 

NaC104 Na-TFMS Na-PTS 

Ni 2+ (1.34) 2.69 max (1.34) 2.66 max 1.358 2.48 52 
Cu2+ d 0.454 1.84 35 0.455 1.82 38 -- 1.89 max 
Mn 2+ (2.00) 2.52 max (2.00) 2.47 max 2.033 2.47 32 

a Any salt is trifluoromethanesulfonate. 
b Id = diffusion current constant. 
c Values in parentheses are only approximate. 
d Values for the first wave. The second wave is small and ill-defined. 

and  N a - T F M S  as s u p p o r t i n g  e l e c t r o l y t e s .  T h e  re su l t s  are  p r e s e n t e d  in  T a b l e  3. 

As  s h o w n  in T a b l e  3, t h e  h a l f - w a v e  p o t e n t i a l s  o f  a l k a l i n e  e a r t h  m e t a l  ions  

in B u 4 N - T F M S  sh i f t  t o  m o r e  n e g a t i v e  p o t e n t i a l s  t h a n  t h o s e  in p e r c h l o r a t e .  A 

s imi la r  n e g a t i v e  sh i f t  o f  t h e  h a l f - w a v e  p o t e n t i a l  is o b s e r v e d  w i t h  z i n c ( I I ) ,  

l e ad ( I I )  a n d  m a n g a n e s e ( I I )  in B u 4 N - T F M S  a n d  N a - T F M S ,  as wel l .  

T h e  r e d u c t i o n  b e h a v i o r  o f  n i c k e l ( I I )  in A N  is s h o w n  in Fig .  1. I t a b a s h i  e t  

al. [4]  r e p o r t e d  t h a t  n i c k e l ( I I )  gave  a s ingle  i r r eve r s ib l e  w a v e  in  L iC104 ,  N a C 1 0  4 

and  M e 4 N C 1 0 4  e l e c t r o l y t e  s o l u t i o n s  a n d  d o u b l e  waves  in t h e  o t h e r  q u a t e r n a r y  

a m m o n i u m  p e r c h l o r a t e  s o l u t i o n s .  N i c k e l ( I I )  gave  d o u b l e  waves  in 0 . 0 5  M 
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TABLE 3 

Results  o f  d.c. polarographic  reduc t ion  of  some alkaline ear th  and t rans i t ion meta l  ions 
in AN at 25 ° C 

Metal ion a Suppor t ing  e lec t ro ly te  (0.05 M) 
(1 raM) 

--E1/2/V vs. I d b/pA s 1/2 Slope of  - -E vs. 
Ag/AgCIO 4 (0.1 M)  mg -2 /3  m M  - 1  loglo[i/(i d --i)] p l o t / m V  

Bu4NCIO 4 Bu4N-TFMS 

Mg 2+ 2.000 3.31 c 2.095 3.22 c 
Ca 2+ 2.190 4.86 49 2.235 4.83 50 
Sr 2+ 2.115 4.89 max 2.147 4.85 40 
Ba 2+ 1.975 4.51 29 1.995 4.47 29 
Ni2+ d 0.751 0.79 50 0.768 2.06 50 

e 1.249 3.80 87 1.250 2.71 68 
Cu 2+ f 0.695 2.89 68 0.700 2.89 75 
Zn 2+ 1.015 4.72 43 1.035 4.53 43 
Pb 2+ (0.39) g 5.46 max 0.417 4.99 30 
Mn 2+ 1.480 4.85 29 1.510 4.55 30 

NaC104 Na-TFMS 

Ni 2+ 0.820 4.67 160 (0.82) 4.52 max 
Zn 2+ 0.972 4.92 30 0.985 4.84 31 
Pb 2+ (0.39) 5.36 max  (0.42) 5.55 max 
Mn 2+ 1.463 5.07 34 1.485 4.97 32 

a Any salt is t r i f l uo romethanesu l fona te .  
b id = di f fus ion cur ren t  cons tan t .  
c The magnes ium ion is r educed  very irreversibly. The slope is ca. 100 m V  in the  first  half  
and ca. 230 m V  in the  second  half  o f  the  polarogram measured.  
d Values for  the first  wave. 
e Values for  the  second  wave. 
f Values for the  second  wave (Cu + + e = Cu°) .  
g Values in paren theses  are only  approx ima te .  

Bu4NC104, Et4NC104, Bu4N-TFMS and Et4N-TFMS , and a single wave in 
0.05 M NaC104, Na-TFMS and EtaN-PTS. 

Calculation o f  ion association constant 

Ion association constants of  1-1 electrolytes were calculated from the con- 
ductivity data according to the Shedlovsky equation as described previousky 
[1]. The calculation for 2-1 electrolytes was performed according to  the 
Fuoss and Edelson equation [5] on a FACOM 230-75 computer .  

The Fuoss and Edelson equation is expressed for 2-1 electrolyte,  M X 2 ,  as  
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Fig. 1. D.c. polarographic reduction of nickel(II) in AN at 25 ° C. Supporting electrolyte 
(0.05 M); (1) NaC104, (2) Na-TFMS, (3) Et4NC104, (4) Et4N-TFMS, (5) Et4N-PTS, (6) 
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Fig. 2. Fuoss and Edelson plots for alkaline earth p-toluenesulfonates in DMF at 25 ° C. 
(1) Mg(PTS)2 , (2) Ca(PTS)2 , (3) Sr(PTS)2 , (4) Ba(PTS)2. 

Fig. 3. Fuoss and Edelson plots for transition metal p-toluenesulfonates in DMF at 25 ° C. 
(1) Ni(PTS)2, (2) Cu(PTS)2 (3) Zn(PTS)2, (4) Pb(PTS)2, (5) Mn(PTS)2. 
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fol lows,  

A F  = Ao - -  [cfAF(AF- Ao/2)]gl/Ao 
(1) 

= A 0  - -  SKI/A0 
where  

F = the  Fuoss  and  Edelson  f u n c t i o n  
c = the  c o n c e n t r a t i o n  o f  the  an ion ,  X -  
f = the  ac t iv i ty  coe f f i c i en t  o f  the  d iva lent  ca t ion ,  M 2÷ 
K1 = the  ion assoc ia t ion  c o n s t a n t  o f  the  equi l ib r ium:  M 2+ + X -  = MX + . 

In the  der iva t ion  o f  eqn.  (1), it is a s sumed  t h a t  the  fo l lowing  ion associa t ion ,  
MX + + X -  = MX2, is negligible and  t h a t  the  l imi t ing  equ iva len t  c o n d u c t i v i t y  
of  the  ion-pair ,  MX +, is equal  to  one  ha l f  o f  t h a t  o f  M e+. 

The  typ ica l  resul ts  o f  the  ca lcu la t ion  were  s h o w n  as the  p lo t s  o f  A F  vs. X 
in Figs. 2--5.  The  ca lcu la ted  values o f  K1 were  p resen ted  in Tab le  4. 

In  DMF,  the  ion associa t ion  cons t an t s  K~ o f  pe rch lo ra t e s  and  t r i f luoro-  
m e t h a n e s u l f o n a t e s  of  a lkal ine ear th  and t rans i t ion  meta l s  s tudied  were  ob- 
ta ined as negat ive  values  in these  calcula t ions .  F r o m  these  values,  which  have  
no t  been  inc luded  in Tab le  4, it was conc luded  t h a t  these  salts are c o m p l e t e l y  
dissociated.  On the  o t h e r  hand ,  p - t o l u e n e s u l f o n a t e  an ion  is f o u n d  to  be  asso- 
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Fig. 4. Fuoss and Edelson plots for  alkaline earth t r i f luoromethanesul fonatesand perch]or- 
ates in AN at 25 ° C. (1) Mg(TFMS)2, (2) Ca(TFMS) 2, (3) Sr(TFMS) 2, (4) Ba(TFMS)2, 
(5) Mg(CI04)2, (6) Ca(C!04)2, (7) Sr(Cl04) 2, (8) Ba(CI04) 2. 
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Fig. 5. F u o s s  and  E d e l s o n  p lo t s  fo r  t r a n s i t i o n  me ta l  t r i f l u o r o m e t h a n e s u l f o n a t e s  and  
p e r c h l o r a t e s  in A N  at  25 ° C. (1)  N i ( T F M S ) 2  , (2)  C u ( T F M S ) 2 ,  (3)  Z n ( T F M S ) 2 ,  (4)  

P b ( T F M S ) 2 ,  (5) M n ( T F M S ) 2  , (6) Ni(C104)2 ,  (7)  C u ( C 1 0 4 ) 2 ,  (8 )  Z n ( C 1 0 4 ) 2 ,  (9 )  Pb(C104)2 ,  
(10)  Mn(C104)  2. 

T A B L E  4 (a) 

L imi t i ng  e q u i v a l e n t  c o n d u c t i v i t i e s  ( A 0 )  and  ion  a s soc i a t i on  c o n s t a n t s  (K  1 ) o f  2-1 e lect ro-  
ly tes  in D M F  and  A N  at  2 5 ° C  a 

So lven t  Ca t ion  T r i f l u o r o m e t h a n e s u l f o n a t e  Pe rch lo ra t e  p - T o l u e n e -  
s u l f o n a t e  

A 0 / c m  2 ~ - 1  1 0 - 2  K1/M--1 IO--2K1/M--1 10--2 K1/M--1 
tool - -  1 

D M F  

A N  

Mg 2+ 79.5  -+ 0.1 * * 5 .48 -+ 0 .20  
Ca 2+ 81 .4  +- 0.7 * * 14.5  +- 0.4 
Sr 2+ 86.0  -+ 0.1 * * 5.57 +- 0 .46  
Ba 2+ 82 .6  -+ 0.1 * * 6 .44  -+ 0 .12  
Ni 2+ 75.6  -+ 0.2 * * 0 .81 + 0 .17  
Cu 2+ 82.7  -+ 0.1 * * 1 .53 + 0 .23  
Zn  2+ 78 .3  -+ 0.3 * * 4 .36  +- 0 .19  
Pb 2+ 84 .2  -+ 0.2 * * 19.3  +- 0.6 
Mn 2+ 79 .8  +- 0.2 * * 11.7 + 0.3 

Mg 2+ 160 .2  -+ 0 .5  19.0  + 0.6 0.17 + 0 .17 
Ca 2+ 201 .4  +- 1.0 42.5  -+ 0.9 2.72-+ 0 .05 - -  
Sr 2+ 195 .8  -+ 0.3 20.5 -+ 0.2 3.19 -+ 0.17 - -  
Ba 2+ 192 .7  + 0.3 17.7 + 0.2 4 .82 -+ 0 .10  - -  
Ni 2+ 182.7  + 0.3 0 .68 + 0 .15  0 .85 +- 0 .20  180 -+ 80 
Cu 2+ 188 .4  + 0.2 2 .44 + 0 .09  0 .97 -+ 0 .10  - -  
Zn 2+ 167 .5  -+ 0.1 3.17 -+ 0 .06  0 .44  + 0 .13  - -  
Pb 2+ 195 .8  -+ 1.1 22.8  -+ 0.8 4 .02  -+ 0 .31 - -  
Mn 2+ 188 .3  + 0.2 11.9 -+ 0.1 1 .03 + 0 .12  

a Values  o b t a i n e d  b y  the  F u o s s  and  E de l son  m e t h o d .  

* C o m p l e t e l y  d issoc ia ted .  
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TABLE 4 (b) 

Limit ing equivalent  conduct iv i t ies  (A 0) and ion associat ion cons tan t s  (K A) of  1-1 electro-  
lytes in DMF and AN at 25°C a 

Solvent  Cation Tr i f luo romethanesu l fona te  Perchlorate  p -Toluene-  
su l fona te  

A 0 / c m  2 ~'~-:- 1 KA/M--1 KA/M--1 KA/M--1 
tool--1 

DMF 

AN 

Na + b 73.7 * * 39.2 
Et4N+ b 78.7 * * 8.7 
Bu4 N+ 71.9 +- 0.1 2.1 -+ 2.2 0.4 -+ 4.1 - -  

Na + b 171.9 + 0.2 28.0 +- 3.3 6.8 -+ 3.5 7.7 × 102 
Et4N+ b 181.4 +- 0.2 1.0 -+ 3.0 7.3 +- 1.6 10.6 + 3.1 
Bu4 N+ 158.3 +- 0.1 4.4 -+ 2.1 3.0 -+ 2.5 - -  

a Values ob ta ined  by the  Shedlovsky m e t h o d .  
b See ref. 1. 

* Comple te ly  dissociated.  

TABLE 5 

Limit ing equivalent  conduct iv i t ies  (X0) , crysta l lographic  radii 
ions in DMF and AN at 25°C 

(rc) and Stokes  radii  (rs) o f  

Ion k~]cm 2 ~-~--1 mol--I rc/A rs/A 

DMF AN DMF AN 

Mg 2+ 35.9 63.9 0.65 5.74 7.52 
Ca 2+ 37.8 105.1 0.99 5.45 4.57 
Sr 2+ 42.4 99.5 1.13 4.85 4.83 
Ba 2+ 39.0 96.4 1.35 5.28 4.99 
Ni 2+ 32.0 86.4 0.70 6.44 5.56 
Cu 2+ 39.1 92.1 0.82 5.27 5.22 
Zn 2+ 34.7 71.2 0.74 5.93 6.75 
Pb 2+ 40.6 99.5 1.32 5.07 4.83 
Mn 2+ 36.2 92.0 0.80 5.69 5.22 
Bu4N + 28.3 62.0 4.94 3.64 3.88 
Et4N+ b 35.1 85.1 4.00 2.93 2.82 
Na + b 29.9 76.6 0.95 3.44 3.14 
CIO4 b 52.4 103.8 2.40 1.97 2.32 
TFMS-- b 43.6 96.3 -- 2.36 2.50 
PTS-- b 35.6 74.1 -- 2.89 3.24 

a The )t O values of  divalent  cat ions  were calculated f rom the  A 0 values of  
sulfonates .  
b See ref. 1. 

t r i f l uo romethane -  
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ciated with these metals, as can be seen from the K1 values shown in Table 4. 
In AN, both perchlorates and trif luoromethanesulfonates seem to be associated 
to some extent,  as the K1 values of  tr if luoromethanesulfonates are apparently 
larger than those of perchlorates. 

The limiting equivalent conductivities of ions are presented in Table 5 to- 
gether with the crystallographic and Stokes radii. 

DISCUSSION 

Tables 2 and 3 show the half-wave potentials of some alkaline earth and 
transition metal ions, which are obviously dependent  upon the supporting 
electrolyte used. In DMF, the half-wave potentials in tr if luoromethanesulfonate 
as the supporting electrolyte are almost the same as those in perchlorate, while 
those in p-toluenesulfonate as the supporting electrolyte shift to more nega- 
tive potentials. In AN, the half-wave potentials in tr if luoromethanesulfonate 
as the supporting electrolyte shift to more negative potentials than those in 
perchlorate. 

These shifts of  the half-wave potentials were successfully explained by 
taking into consideration the ion-pair formation between the divalent cation 
to be reduced and the supporting electrolyte anion. According to the Schaap 
equation [6], the reversible half-wave potential of a divalent cation, M 2÷, in a 
uni-univalent supporting electrolyte, SX, is given by the following equation, 
supposing that  only MX ÷ exists as possible ion-pair. 

( E  1 /2)MX + = E °' -- (0.059/2) loglo(faIMx+/Ia) 

-- (0.059/2) 1ogl0[1/fM2+ + KI(MX +) (1 -- ~sx)Csx fx-/fMX +] (2) 

Here, 
(E,/2)MX + = 

E 0, = 

/MX + = 
& -- 

CSX ---- 

(~SX -- 
K1 (MX +) = 

the half-wave potential of M 2+ in the solution containing the ion- 
pair, MX ÷ 
the standard potential of the metal amalgam electrode vs. the 
reference electrode used 
the over-all measurable diffusion current constant 
the same constant for the metal in the amalgam 
the concentration of the 1-1 supporting electrolyte, SX 
the degree of association of SX 
the ion association constant of  the ion-pair, MX +' 

fi = the activity coefficient of each species, i. 
The difference of the half-wave potential,  AE1/2, is defined here as eqn. (3), 
assuming that  the activity coefficient of the ion-pair, fMx +, is equal to that  
of the anion, fx-, in eqn. (2). 

A E 1 / 2  =- (E1]2)MClO~ - -  (E1/2)MX + 

0.059 IMX + fM~+ + KI(MX+) (1 -- ~SX) CSX (3) 

- 2 l°gl°  IMClO~ fMl+ + KI(MC10~ ) (1  - -  0~SClO 4) Csc lo  4 
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Solvent  S u p p o r t i n g  Ca t ion  (AE1/2)obs" a (AE1/2)calc. b 
e lec t ro ly te  / m V  / m V  

DMF Et4N-PTS Ba 2+ 32 20 
Zn  2+ 24 18 
Pb 2+ 44 32 
Mn 2+ 32 28 

Na-PTS Mn 2+ 33 24 

AN Bu4N-TFMS Ba2+ 20 15 
Pb 2+ 27 18 
Mn 2+ 30 22 

Na-TFMS Zn2+ 13 11 
Mn 2+ 22 21 

a Values  o b t a i n e d  polarographica l ly .  
b Values ca lcu la ted  by  eqn.  (3)  using the  c o n d u c t i v i t y  data .  

0 1 
0 2.5 5.0 7.5 10 

102[TFMS']/M 

Fig. 6. D e F o r d  and  Hume  f u n c t i o n  for  Mn2+-TFMS - sys t em in AN at  25 ° C. Concen t r a -  
t ion  of  Mn 2+, 1 mM;  ionic  s t r eng th ,  [Bu4NC10  4 ] + [ B u 4 N - T F M S ]  -- 0 .15 M. 
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The calculated values of the difference of the half-wave potential,  (/kE1/2)calc., 
are presented in Table 6 together with those observed polarographically, 
(ZIE1/2)obs.. The activity coefficient, fM2÷, was estimated by the Debye-Hiickel 
theory, assuming that  the distance of  closest approach was almost the same as 
the sum of the Stokes radii of cation and anion. The values of (AE112)obs. 
agreed well with those of (AE1/2)talc. both in DMF and AN. This fact show~ 
that  the ion association of the divalent cation in question with the supporting 
electrolyte anion is a dominant  factor on the shift of the half-wave potential. 

The stability constants between manganese(II) cation and trifluoromethane- 
sulfonate anion were obtained in AN by the DeFord and Hume method [7] .  
The results are shown in Fig. 6. It can be seen that  two species of ion-pair 
exist, i.e., Mn(TFMS) + and Mn(TFMS)2, and no further complexes exist. The 
K1 and K 2 values, which were obtained in terms of concentration at the ionic 
strength of 0.15 M, were 5.6 X 10 and 4.5 X 10 3, respectively. 

In conclusion, the degrees of the negative shift of  the half-wave potential  
of the divalent cation due to the change of  supporting electrolyte are related 
to the ion association constant between the cation and the supporting electro- 
lyte anion. 
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