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Introduction 

The complex salts hitherto studied by 

polarographic methods were mostly confined 
to the so-called polarographically reversible 

systems and there are found very few studies 

on the irreversible complex systems. In the 

previous papers1), the author reported the 

polarographic behaviour of the ammonia 
complexes of cadmium, nickel and zinc. The 

polarographic reductions of the ethylenedi-
amine complexes of these metals, in 0.1 N 

potassium nitrate medium with various con-
centrations of the complexing agent, were

investigated in the present paper. While the 

reductions of nickel and zinc were irrever-

sible, the reduction of cadmium complex was 

found to be reversible, and it was possible 

to determine the number of coordinated 

ligands and the overall complex formation 

constant for the cadmium complex, which 

existed in the solution under investigation. 

The attempt was also made to interpret 

the irreversible polarographic waves with 

the aid of the theoretical treatment of the 

current-voltage curves developed recently by 

Matsuda and Ayabe2), and the number of 

ligands in the complex ions which participated 

in the electron transfer process could be 

determined. The forward rate constants of 

the electron transfer process could also be

* This paper was read at the 2nd Symposium on 

Polarography held on November 22, 1955 at Hiroshima 
University by the Chemical Society of Japan and the 
Electrochemical Society of Japan. 

1) K. Morinaga, J. Chem. Soc. Japan (Pure Chem. 
Sect.). 75, 627 (1954); 76, 133, 136 (1955).

2) H. Matsuda and Y. Ayabe, This Bulletin, 29, 134 

(1956).
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calculated using the known complex forma-

tion constants. 

Experimental Part 

The Heyrovsky-Shikata type polarograph with 

the circuit for extendable and adjustable e.m.f. 

was employed to record the enlarged polarograms, 

from which the .half-wave potentials were deter-

mined by the log plot method. The span voltage 

applied to a potentiometer-drum was selected 

in the range of 0.24 to 0.60 v. The H-cell with a 

saturated calomel electrode was used, the internal 

resistance of which was found to be about 4001?. 

The reproducibility of the values for the half-

wave potential was •} 1 mV. for cadmium and 

was •} 3 mV. for nickel and zinc. The capillary 

used had an m value of 2.119 mg./sec. and a drop 

time of 4.61 sec./drop at the mercury height of 

68.5 cm., in distilled water with an open circuit. 

All polarographic measurements were carried out 

in a thermostat of 25.0•}0.1•Ž. 

The solutions of cadmium, nickel and zinc 

sulfates, and the 1 N stock solution of potassium 

nitrate used as a supporting electrolyte, were 

all prepared from reagent grade materials. The 

2 and 4 M solutions of ethylenediamine were 

prepared by dilution of twice distilled reagent 

and was standardized with hydrochloric acid 

using B.P.B. as an indicator. The concentration 

of gelatine solution which was employed as a 

maximum suppressor, had considerable influence 

on the characteristics of the reduction waves for 

nickel as seen below ; therefore the greatest care 

was taken with its preparation. The electrolytic 

solutions were prepared by adding the stock 

solutions of metal sulfates, potassium nitrate, 

ethylenediamine and lastly ' a fresh solution of 

0.1% gelatine in a measuring flask. Oxygen was 

removed from the electrolytic solution bypassing 

nitrogen gas through it for half an hour.

examples of the plot of E against log (i/(il-i)) 
are illustrated in Fig. 1. The reciprocal slope of 
zinc waves was found to be 34.2 mV. and a little 
larger than the one expected for the reversible 
waves. For nickel waves a slight deviation from 
the linearity was observed, but five points which 
are gathered around the half-wave potential, 
gave a straight line, from which the reciprocal 
slope was estimated as a first approximation. It 
is probable that the deviation from the linearity 
may be partly due to an inappropriate con-
centration of gelatine, and partly due to an 
experimental error caused by a rather large 
span voltage applied to the potentiometer-drum.

Fig. 1. Plot of E against log 

Concentration of ethylenediamine: 
0.966m for nickel and 1.05m for zinc

The Dependence of the Limiting Currents 

on the Heights of Mercury Column.-The 
limiting currents were measured at various 
heights of mercury column. If the limiting cur-
rent is diffusion-controlled, it should be propor-
tional to the square root of the height of mercury 

column Hcorr, corrected for the back pressure. 
Data given in Table I indicate that the limiting 
currents are determined by a diffusion process 
for the reductions of these complex metal ions.

TABLE I 

DEPENDENCE OF LIMITING CURRENTS ON HEIGHT OF MERCURY COLUMN

Experimental Results 

The Relation between E and log 

The waves were analyzed by the log plot method 
from the observed current i at the potential E 

of the dropping mercury electrode and the limit-
ing current il. The reciprocal slope of cadmium 
waves was 31.6 mV. in average, as shown in 
Table II, and the reduction was reversible. Two

The Variation of the Half-wave Potential 
as a Function of the Ethylenediamine Con-
centration.-The characteristics of waves at 
various concentrations of ethylenediamine Cen 

are given in Tables II, III and IV. 
The half-wave potentials for cadmium and zinc

* The log plot of nickel wave, shown in Fig. 1, appears 

to give a convex curve, but this is not always the case.
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were independent of the concentrations of the 
depolarizers, as shown in Tables II and IV, and 
the reciprocal slopes remained constant in the 
concentration range of 0.1 to 2.5M ethylenedi-

amine. 

The same was no longer the case for nickel. 
The reciprocal slope decreased with the increase

of concentration of ethylenediamine. Moreover, 

the concentration of gelatine had considerable 
influence on the slope and the half-wave potential. 
At the lower concentration of gelatine, the slope 
was smaller and the half-wave potential was 

more positive.

TABLE II 
VARIATION OF (E=i) AS A FUNCTION OF ETHYLENEDIAMINE CONCENTRATION OA N 

KNO3, 0.01% GELATINE, m=2.12 mg./sec., t=4.12 sec./drop.. H=68.5 cm.

TABLE III 

VARIATION OF (E1/2)c AS A FUNCTION OF ETHYLENEDIAMINE CONCENTRATION
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TABLE IV 
VARIATION OF (EI 2)c AS A FUNCTION OF ETHYLENEDIAMINE CONCENTRATION

The Viscosities of the Electolytic Solutions. 

-Diffusion currents id in each case decreased with 

the increase of concentration of ethylenediamine. 

The viscosities of the solutions ƒÅ were measured 

with Ostwald viscometer, taking distilled water 

as a standard, and the observed diffusion currents 

were plotted against the inverse square root of 

the relative viscosities. As illustrated in Fig. 2, 

The product of the diffusion current and the 

square root of the viscosity remained constant 

at each concentration of ethylenediamine. Thus 

the decrease of the diffusion current was found 

to be due to the increase of the viscosities of the 

electrolytic solutions3). The extrapolated points

Fig. 2. Plot of id against 1/•ãƒÅ 

The black circles represent the diffusion 

currents of the simple metal ions.

at relative viscosity of 1 may represent the 

apparent diffusion currents of the complex ions,. 

comparable to those of the simple ions. So the 

square roots of the apparent polarographic diffu-

sion coefficients of these complex metal ions may 

be estimated to be ca. 4% less than those of the 

simple metal ions*. 

Discussion 

Matsuda and Ayabe2) have recently derived 

a general expression for the polarographic 

current-voltage curves of complex metal ions, 

by assuming that the net electrode reaction 

MX,(n-vb)+ne+Hg = M(Hg) +vX-b 

(v=N, N-1, •c•c,1, 0: N is the maximum 

number of ligands which can be combined) 

take place according to the following scheme :. 

(1) dissociation and association processes

(2) electron transfer process

In the above equations M(Hg) represents, 
the amalgam formed on the electrode sur-
face and n is the number of electrons. 
associated with the electrode reaction; 
X-b represents the complexing agent and_

3) I.M. Kolthoff and J.J. Lingane. " Polarography ", 
Vol. I, Interscience Pub., New York, London (1952), 
p. 97.

* Usually the presence of gelatine causes the lowering 

of the limiting current, so the observed limiting current 

in the presence of gelatine is not the true diffusion 

current. But, in the meaning that the limiting current 

is diffusion-controlled, the apparent polarographic di-

ffusion coefficient may be estimated from the observed 

diffusion current.
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MXp(n-pb)+ represents the complex which 

participates in the electron transfer process, 

among various complex species MXv (n-vb)+ 

(v=N, N-1, •c•c, 1, 0) which exist in the 

bulk of the solution. 

If the reaction rates of dissociation and 

association are sufficiently rapid, that is, the 

limiting current is diffusion-controlled, the 

wave for the reversible system may be 

expressed :

(1)

The wave for the irreversible system may 

be expressed:

(2)

where E0 is the standard potential for the 

reduction of the simple metal ion Mn+ to 

the amalgam state; D and Da are the diffu-

sion coefficients of the complex metal ions 

MXv(n-vb)+ in the solution and of the metal 

atoms M(Hg) in the amalgam, respectively ; 

Cx is the concentration of the complexing 

agent and kƒÊ is the successive formation 

constants defined by Bjerrum4) ; ƒ¿ is the 

transfer coefficient and ƒÑ is the drop time 

and kf0 is the forward (reduction) rate 

constant of the electron transfer process 

at the potential of the normal hydrogen 

electrode. (All activity coefficients are as-

sumed to be equal to 1 in the above 

equations.)

Fig. 3. Variation of (E1/2)c for cadmium 
as a function of log Cen.

Cadmium Complexes.-In Fig. 3 the half-
wave potentials are plotted against the 
logarithm of the concentrations of ethyl-
enediamine. As the activity coefficients of 
ethylenediamine are unknown at the ionic 
strength of 0.1 (KNO3), they are all assumed 
as equal to 1 in the following calculations. 
The values found are lying on the line :

This system belongs to a reversible type 
and Eq. (1) can be used. From the above 
data it can be concluded that the complex 
ion [Cd en3]++ predominates in the concen-
tration range of 0.1 to 2.0 M ethylenediamine 
and its formation constant is equal to 1012.01. 
This value is in good agreement with the 
value of 1012.18 determined polarographically 
by Douglas, Laitinen and Bailar5). 

Nickel Complexes.-The reduction of 
nickel is irreversible and we have attempted 
to interpret the waves by Eq. (2). When only 
the complex MXs(n-sb)+, which predominates 
in the bulk of the solution, dissociates very 
rapidly into the complex MXp(n-pb)+ in the 
vicinity of the electrode surface and the 
complex MXp(n-pb)+ is reduced irreversibly 
at the dropping electrode, Eq. (2) can be 
reduced to the more simple form :

(3)

Since the successive formation constants 

of nickel-ethylenediamine complexes6) are 

k1=10.52, k2=106.25 and k3=104.20, the overall 

stability constant K3(=klk2k3=1018.06) is much 

larger than K(=k1k2=1013.80) or K1(-k1) and 

therefore the concentrations of the complexes 

[Ni en2]++ and [Ni en]++ are negligibly small 

in comparison to that of the complex 

[Ni en3]++ in the concentration range of 0.1 

to 2.0 M ethylenediamine. Thus S in Eq. (3) 

are equal to 3 in the present case. 

If Eq. (3) is valid for the reduction of 

nickel complexes, the value of ƒ¿ can be 

estimated from the log plot shown in Fig. 1 

and the value of (3-p) can be obtained by 

plotting the half-wave potentials against the 

logarithm of the ethylenediamine concentra-

tions. It is to be noted that the value of ƒ¿ 

is dependent on the concentration of ethylene-

diamine and it is not easy to determine (3-p)

* E in Eq. (2) is measured with reference to th 
normal hydrogen electrode. 

4) J. Bjerrum, " Metal Ammine Formation in Aqueou 
Solution", P. Haase and Son, Copenhagen (1941),p. 2C

5) B.E. Douglas, H.A. Laitinen and J.C. Bailar, J. 
Am. Chem. Soc., 72, 2484 (1950). 

6) A.E. Martell and M. Calvin, "Chemistry of the 
Metal Chelate Compound.", Prentice-Hall, New York 
(1952), p. 518, 519.
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so definitely as in the nickel-ammonia sys-
tem2). But, as shown in Fig. 4, the value 
of (3-p) may be estimated as approximately 
equal to 1, that is, p=2. This value seems 
reasonable, considering the higher stability 
of the ethylenediamine complex than that 
of the ammonia complex, for which p was 
found to be equal to 2*. Thus the complex 
[Ni en3]++ in the solution may dissociate into 
the complex [Ni en2]++ in the vicinity of the 
electrode surface, and then it will be reduced 
at the dropping electrode.

Fig. 4. Variation of (El 2)e for nickel as 
a function of log Cen.

Figures of 1.1, 1.3 and 1.0 represent values 

of (S-p) at the reciprocal slopes of 74, 70 

and 60 mV., respectively. 

The forward rate constant of this electron 

transfer process can also be calculated by 

Eq. (3)**. The results are given in Table V. 

Since a depends on the concentration of 

ethylenediamine and gelatine, kf0 thus cal-

culated no longer remains constant. The 

values of a greatly influence the calculated 

values of the rate constant. The relation 

between a and kf•‹ is not yet clear, but 

Table V shows that the larger a is, the 

smaller kf•‹ is. Moreover, the equal value

for a gave the nearly consistent value for 

kf•‹ even at the different concentrations of 

ethylenediamine. This suggests that estima-

tion of ƒ¿ from the log plot (Fig. 1) may be 

allowed as a first approximation. At the 

concentration of 1 M ethylenediamine, the 

values of a and kf0 may be close to 0.5 and 

10-17.6cm./sec., respectively**. For the am-

monia complexes, the values ƒ¿=0.7 and 

kf0=10-16.8 cm./sec. were found in the solution 

of 1 M ammonia and 0.1 N KNO3. Comparing 

these values, it seems that in the ethylene-

diamine system the transfer coefficient and 

the reduction rate constant of the electron 

transfer process at the normal hydrogen 

electrode are smaller than those in the 

ammonia system.

TABLE V 

VALUES OF a AND kf0 FOR NICKEL

Zinc Complexes.-This system belongs 

also to an irreversible type and Eq. (1) can 

not be used to interpret the waves7). The 

plot of (E1/2)c against log Cen are given in 

Fig. 5. 

In the range of 0.1 to 2.0 M ethylenedi-

amine ƒ¿, taken from the log plot, remains 

constant to be equal to 0.86. Since the suc-

cessive complex formation constants for zinc 

ethylenediamine system6) are k1=105.71, k2= 

104.36 and k3=101.72, K.3 is larger than K2 or

* Ethylenediamine is a bidentate group
, while ammonia 

is a monodentate group. The successive formation con-

stants for nickel-ammonia system are k1=102.80, k2-

102.24, k3=101.78, k4=101.19, k5=100.75 and k6=100.04. 
** The ratio of the diffusion current of the complex ion 

to that of the simple ion is taken from Tables III and 

IV. D may be calculated using this ratio and the diffu-

sion coefficient of the simply ion at infinite dilution 

(0.69•~10-5 cm.2/sec. for nickel and 0.72•~10-5 em.2/sec. 

for zinc).

** Since ƒ¿=0.5 is used in the calculation of the rate 

constant, the values given here may be allowed as ap-

proximate values, although it is found that the slope 

and the half-wave potential are dependent on the con-

centration of nickel. 

7 C.J. Nyman, E.W. Murbach and G.B. Millard, J. 

Am. Chem. Soc., 77, 4194 (1955).
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Fig. 5. Variation of (E1/2)c for zinc as a 
function of log Cen.

K1 and therefore the complex [Zn en3]++ 
predominates in the solution under investi-
gation. So Eq. (3) can be used to interpret 
the waves. From the plot shown in Fig. 5 
the value of (3-p) is obtained as equal to 2.2, 
that is, p=1. Thus the complex [Zn en3]++ 
in the solution may dissociate into the 
complex [Zn en]++ and then it will participate 
in the electron transfer process. The forward 
rate constant of the electron transfer process 
at the concentration of 1 M ethylenediamine 
can be calculated to be nearly equal to 
10-31.2 cm./sec. The reduction rate constant . 
of the electron transfer process at the equili-
brium potential (EG=-0.930 V. vs. N.H.E.*) 
can be obtained as kG=10-4.0 cm./sec. This 
value seems reasonable in comparison to the 
rate constant kG=10-2.4 cm./sec. for zinc ion 
in the solution of 1 M KCl found by Randles 
and Somerton8), since the ethvlenediamine

complex is much more stable than the chlo-
ride complex. 

Summary 

1. The reduction of cadmium-ethylenedi-
amine complexes is reversible. In the concen-
tration range of 0.1 to 2.0 M ethylenediamine 
[Cd en3]++ predominates in the solution, of 
which complex formation constant is equal 
to 1012.01. 

2. The reduction of nickel-ethylenediamine 
complexes is irreversible. With the aid of the 
theoretical treatment developed by Matsuda 
and Ayabe, it was found that at the concen-
tration of 1 M ethylenediamine [Ni en2]++ 
participated in the electron transfer process 
with the forward rate constant nearly equal 
to 10-17.6 cm./sec. and the transfer coefficient 
nearly equal to 0.5. 

3. The reduction of zinc-ethylenediamine 
complexes is irreversible. It was found that 
in the concentration range of 0.1 to 2.0 M 
ethylenediamine [Zn en]++ participated in the 
electron transfer process with the forward 
rate constant nearly equal to 10-31.2 cm./sec. 
and the transfer coefficient equal to 0.86. 

4. The decrease of the diffusion currents 
are due to the increase of the viscosities of 
the solutions. The apparent polarographic 
diffusion coefficients of these complex metal 
ions are ca. 8% smaller than those of the 
simple metal ions. 
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* This value was estimated using EG =-0,762 v . vs. 

N.H.E. for the reduction of simple zinc ion in 1 N KNO8 
and K1=105.71. 

8) J. E. B. Randles and K. W. Somerton, Trans. 
Faraday Soc., 48, 951 (1952).


