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In the present paper, the d.c. polarographic behavior of cadmium(II) and lead(II) ions in
ethylenediaminemonoacetate (EDMA) solutions was studied systematically. Since these metal(II)
ions in an EDMA solution behave reversibly in a polarographic electrolysis, the compositions and
the stability constants of cadmium(II)- and lead (IT)-EDMA complexes could be estimated success-
fully from the shift of the half-wave potential of these metal(II) ions due to the complex formation
with EDMA. The cadmium(II) ion was found to form complexes of 1-to-1 and 1-to-2 composi-
tions with EDMA, and the electrode reaction mechanism was established to be:

CdX+ + 2e~ + nH+* + Hg = Cd(Hg) + H,X»-!

!

CdX,
The successive formation constants of cadmium(II)-EDMA complexes, (K;)cax and (K,)cax, were
determined to be 3.01 X 108 and 5.65 X 10* respectively. On the other hand, the lead(II) ion forms
only one complex with 1-to-1 composition. In the presence of the chloride ion, the lead(II) ion was
found to form a mixed ligand complex involving the chloride ion as well as a normal complex,
PbX+, and the electrode reaction could be formulated as:

PbX* + 2e- + nH+ + Hg = Pb(Hg) + H,Xn-1

!

PbXCl°
The equilibrium constants, (K;)ppx(=[PbX*]/([Pb%**]-[[X~])) and Kgix(=[PbXCl°]/([PbX+]-
[CI-])), were determined to be 1.69 X 108 and 1.01 X 10 respectively. The effect of the zinc(II) ion
on the half-wave potential of the cadmium(II) ion in an EDMA solution was also studied. From
the positive shift of the half-wave potential due to the presence of the zinc(II) ion, the formation
constant of the zinc(II)-EDMA complex with a 1-to-1 composition was estimated to be 1.58 x 108,

Polarographic studies have been made extensively
by numerous investigators on the metal complexes
of aminopolycarboxylic acids.)~% Generally, it
has been accepted that cadmium(II) and lead(II)
complexes of aminopolycarboxylic acids which
have acetic acid groups behave irreversibly in a
polarographic electrolysis.»~3:% In a previous
paper,® we ourselves reported that although ethyl-
enediaminetetrapropionic acid (EDTP) has four
carboxylate groups and two amino groups, the
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cadmium(II) ion forms complexes of 1-to-1 and
I-to-2 compositions with EDTP and undergoes
a reversible two-electron reduction at the dropping
mercury electrode. The formation of the cadmium-
(II)-EDTP complex with a 1-to-2 composition
may indicate that only one propionate group and
two amino groups of EDTP anion act as the electron-
donating groups in the complex formation reaction
with the cadmium(II) ion. Whether or not the
reversible nature of the cadmium(II)-EDTP com-
plex can be related to its characteristic structure
seems to be very interesting. Therefore, to get
much fuller and more accurate information about
the above subject, we tried to study the polaro-
graphic behavior of the cadmium(II) ion in an
ethylenediaminemonoacetic acid (EDMA) which
has only one acetate group and compared it with
that in the EDTP solution. This attempt was
also important in establishing a precise description
of the properties of EDMA as a ligand. In this
paper, we studied thoroughly the d.c. polarographic
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behavior of cadmium(II) and lead(II) ions in the
EDMA and determined the solution equilibria
between EDMA and these ions.
the zinc(II) ion on the polarographic behavior
of the cadmium(II) ion in the EDMA solution was
also investigated.

Experimental

Reagents. All the chemicals were of an analytical
reagent grade and were used without further purification.
The standard solution of cadmium(II) perchlorate was
prepared by dissolving pure metallic cadmium in per-
chloric acid (14-2). Its concentration was determined
by EDTA titration, using Eriochrom Black T as
the indicator.”? The methods of the preparation and
standardization of the zinc(I1) perchlorate solution have
been given previously.®) The standard solution of
lead(1I) nitrate was prepared by dissolving a known
amount of lead nitrate in redistilled water. The pre-
paration and purification of EDMA dihydrochloride
were also described in a previous paper.”

Apparatus and Experimental Procedures. All
the apparatus (polarographs and a glass electrode pH
meter) and the experimental procedures employed have
been described previously.® The rate of the flow of
mercury, m, and the drop time, ¢4, of the dropping
mercury electrode used in the present study were 0.839
mg/sec and 3.92 sec respectively at a mercury height
of 60 cm in an air-free 0.10 M acetate buffer solution
(£=0.20) of pH 4.80 at 0.0 V us. SCE.

Results and Discussion

D. C. Polarographic Behavior of the Cad-
mium(Il) Ion in an Ethylenediaminomono-
acetate Solution. The polarographic behavior
of the cadmium(II) ion in an EDMA solution with
an ionic strength of 0.20 was studied in the pH
range from 6.00 to 7.00. In this study, no buffer
reagent was used, because the sample solutions
always contained a large excess of uncomplexed
EDMA and had enough buffer capacity to main-
tain the pt value of the solution constant. Under
the above pH conditions, the cadmium(II) ion in
the EDMA solution invariably gave a single well-
difined polarographic wave (Fig. 1). Although
the results are not given here, its wave height was
exactly proportional to the square-root of the effec-
tive mercury pressure on the dropping mercury
electrode and to the bulk concentration of the cad-
mium(II) jon. The log-plot analysis of the polaro-
gram gave linear relations with reciprocal slopes
falling into the range from 33 to 37mV. The
results will not be shown here. From the above
experimental facts, it can be concluded that the
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Fig. 1. D.C. polarograms of cadmium(II) and

lead(11) ions in the EDMA solution.

A: Concentration of cadmium(II)
ion=0.371 mm
Concentration of uncomplexed
EDMA=20.0 mm
Concentration of chloride ion=40.0 mum
25°C, §=0.20, pH=6.95

B: Concentration of lead(II} ion=0.50 mum
Concentration of uncomplexed EDMA
=15.0mm
Concentration of chloride ion=60.0 mum
25°C, u=0.20, pH=6.45

cadmium(II) ion in the EDMA solution undergoes
a two-electron reversible reduction at the mercury
electrode. Therefore, the solution equilibria
between the cadmium(lI) ion and EDMA could
be determined successfully by the conventional
polarographic method employed previously.®10-12
As was mentioned in a previous paper, an EDMA
anion X~ can be effected to act as a tridentate
ligand. Hence, the cadmium(II) ion will also
form complexes with I-to-1 and 1-to-2 composi-
tions, CdX+ and CdX,° If both 1-to-1 and 1-to-2
complexes are formed, the electrode reaction of the
cadmium(Il) ion in the EDMA solution at the
DME can be assumed to be:

CdX+ + 2¢~ + nH* 4 Hg = Cd(Hg) -+ H,X#-1
1
adX,e
¢y
where H,, X#-1 indicates protonated EDMA species.
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Jonsequently, as was discussed in connection with
the d.c. polarography of the copper(lI) ion in an
EDMA solution,® the shift of the half~wave poten-
tial of the cadmium(Il} ion due to the complex
formation with EDMA can be derived thermody-
namically as:

dEy; = (El/z>Cd2+ — (Ey/z)cax
(Kl)CdX
(oem)x

 (K)cax(Ka)cax 2 kcax ]
(2m)x? >.[X]f + log kca?®+

- 0.0296[log< X1y

&)

where (Ey/2)cax, (Eiss)cars keazss koax and (am)x
have their usual meanings.!® [X]; and (K;) in
Eq. (2) denote the concentration of uncomplexed
EDMA and the successive formation constants of
cadmium(II)-EDMA complexes.

Equation (2) clearly indicates that when solution’s
pH is kept constant, the plot of antilog (4E;/,/
0.0296+log (kcar+/kcax))/[X]s against [X], will
give a linear relation the slope and the intercept
of which will correspond to (Kj)oax(Ks)cax/
(o) x? and (K )oax/{om)x respectively. This relation
was examined experimentally at pH 6.95. A typi-
cal linear relation is shown in Fig. 2. From the
intercept and the slope of the linear relation
in Fig. 2, the (K{)oax and (K;)cax values were
estimated to be 3.01x 10% and 5.65% 10* respec-
tively. The formation of a mixed ligand com-
plex involving the chloride ion could be ruled
out, because when the other experimental conditions
were kept constant, the half-wave potential was

2.5%10°

)1,

2.0x10°

de2+
kcax

. AE
anulog(o 0296 log

S 15x10°

1) L H 1
10x10 ¢ 20 40
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Fig. 2.. Determination of successive formation
constants of cadium(II)-EDMA complexes.
Concentration of cadmium(IT) ion=0.371 mum
25°C, p=0.20, pH=6.95
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independent of the chloride-ion concentration. If
the above conclusion is correct, the dependence of
the half-wave potential on the solution pH can be
estimated exactly with the aid of Eq. (2) and using
the (K,)cax and (K,)eax values determined. The
pH dependence of the half-wave potential was
calculated and compared with that observed ex-
perimentally (Table 1). The agreement of the
caluculated values with those determined experi-
mentally can be regarded as satisfactory. This
agreement clearly gives strong support to the elec-
trode reaction mechanism proposed by the present
authors.

TasLe 1. THE eFFecT oF pH ON THE HALF-WAVE
POTENTIAL

p=0.20, 25°C

Concentration of cadmium(II) ion=0.371 mm

Concentration of uncomplexed EDMA =20.0 mm

Half-wave AE,/,, mV
pH potential

V us. SCE Obsd Caled
6.00 —0.603, 0 0
6.41 —0.626; 23.5 21.8
6.94 —0.665, 62.4 56.0

The effect of the zinc(II) ion on the half-wave
potential of the cadmium(II} ion in the EDMA
solution was also studied. The cadmium(II) ion
in the EDMA solution containing the zinc(II) ion
was also found to behave reversibly in a polaro-
graphic sense. The log-plot examination at pH’s
lower than 7.5 gave linear relations with reciprocal
solpes falling in the rang from 30 to 33 mV. The
results are not shown here. When the total con-
centration of the zinc(II) ion added, [Zn(II)],,
is larger than that of EDMA, [X],, and when all
the EDMA species in the solution exist in the form
of ZnX+, the concentration of the uncomplexed
cadmium(II) ion can be given by:

[CdaD)]; o
Kpoux [ZaX+] )
(Kznx [Zn**]

where [Cd(II)], is the total concentration of the
cadmium(II) ion and where (K;)znx is the forma-
tion constant of ZnX*. Therefore, the half-wave
potential of the cadmium(II) ion in the solution
containing an excess of the zinc(II) ion over EDMA
can be expressed as:

[Cd*+] =
1+

&
Eya = Ecd® + 0.0296 [log e
Cd

(Keax [X]: >
(Kznx [Zn(ID)];—[X]:

— log feat" | @

+ log<l+

The symbols used in Eq. (4) have their usual
meanings.® Hence, the difference in the half-
wave potential between the cadmium(II) aquo
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complex and the cadmium(II) ion in the solution
containing EDMA and the zinc(II) ion can be
given approximately by:

(Kp)cax [X]: )}
(Ky)znx [Zn(ID)];—[X]:

®)

This relation clearly indicates that the plot of
anti log (4E,/,/0.0296) wvs. [X]./([Zn(I1)],-[X],)
should give the linear relation with an intercept
of unity. This relation was examined experimen-
tally on the solution of pH 6.00. A linear relation
could be obtained between the antilog (4E,/s/
0.0296) and [X],/([Zn(II)]-[X],). A typicallinear
relation is shown in Fig. 3. This fact clearly indi-

Ay, — 0.0296[log<1 +
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Fig. 3. Determination of formation constant of

zinc(II)-EDMA complex.

Concentration of cadmium(II) ion=0.371 mm
Concentration of zinc(II) ion=40.0 mm
Concentration of acetate ion=0.10M

25°C, u=20, pH=6.00

cates that, in the presence of an excess amount of
the zinc(II) ion, the EDMA species exists exclu-
sively in the form of ZnX+*. From the slope of
the above linear relation, (K;)z,x was estimated
to be 1.58x 108. This value seems reasonable, for
the stability constants of zinc(II) complexes of
polyamines and aminopolycarboxylic acids have
been reported to be nearly identical with those
of corresponding cadmium(II) complexes.1®

D. C. Polarographic Behavior of the Lead(II)
Ion in an EDMA Solution. The d.c. polaro-
graphic behavior of the lead(II) ion in an EDMA
solution was also studied in the pH range from
6.50 to 8.50. The lead(II) ions in the EDMA
solution also gave a well-defined single wave (Fig.
1), the height of which was exactly proportional to
the square-root of the effective pressure on the
DME and to the bulk lead(II) ion concentration.
Under the present experimental conditions, the

13) L. G. Sillen and A. E. Martell, “Stability Con-
stants of Metal-Ion Complexes,” The Chemical Society,
London (1964).
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log-plot examination invariably gave linear rela-
tions with reciprocal slopes falling into the range
from 30 to 33 mV. Therefore, the lead(II) ions
in the EDMA solution can also be concluded to
undergo a two-electron reversible reduction. The
lead(II) ion has been reported to form only the
complex of a 1-to-1 composition with nitrilotriacetic
acid (NTA).*®» This fact clearly indicates that
the coordination number of the lead(II) ion is four
under the wusual experimental conditions. For
this reason, in the presence of the chloride ion,
the lead(II) ion can be expected to form a normal
complex with a 1-to-1 composition, PbX+, and a
mixed ligand complex involving the chloride ion,
PbXCI° with EDMA. If the lead(II) ion in the
EDMA solution containing the chloride ion form
a mixed ligand complex as well as a normal com-
plex, the electrode reaction of the lead(II) ion at
the mercury electrode can be assumed to be:

PbX* + 2e- + nH* + Hg = Pb(Hg) + H,X*-1 (6)
1,

PbXCl®

Consequently, the shift of the half-wave potential

of the lead(II) ion due to the complex formation
with EDMA can be given by:

e
AEy, = 0.0296[10g %L‘;Lxx(l + K4 [C1-])

+ log [X]s + log

kpbx ] )

ka2+

where kpp2+ and kppx are the diffusion current con-
stants of the lead(II)-aquo and -EDMA complexes
respectively, and where (K,)ppx and K&y are
defined thusly: (K,)ppx=[PbX*]/[Pb%*+]-[X~] and
K& x=[PbXCI°]/[PbX+]-[Cl-].

Equation (7) clearly indicates that, if the mixed
ligand complex, PbXCI% is also formed, the
plot of the anitilog(4E,;,/0.0296+log kpys+/kppx —
log [X],) against the concentration of the uncom-
plexed chloride ion, [Cl-], should give a linear
relation when the other experimental conditions
are kept constant. This relation was examined
experimentally on the solution of pH 6.45. A
linear relation was found between the antilog[4E, /,/
0.0296+log kpp2+/kpyx —log[X],] and [Cl-] (Fig.
4). From the slope and the intercept of the above
linear relation, the KSix and (Ky)ppx values were
estimated to be 1.08 x 10 and 1.69 X 108 respectively.

Equation (7) also shows that when the other
experimental conditions are kept constant, the
following relation should hold between the shift
of the half-wave potential and log (ay)x:

4Ey/,

m= 29.6 mV ®

This relation was also examined experimentally.
The results are given in Table 2. The shift of the
half-wave potential calculated with the aid of Eq.
(8) agreed well with that observed. Using the
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Fig, 4. Determination of formation constants of lead(11)-EDMA complexes.
Concentration of lead(Il) ion=0.50 mm
Concentration of uncomplexed EDMA=15.0 mm

25°C, p=0.20, pH=6.45

TaBLE 2. THE EFFECT OF pH ON THE HALF-WAVE
POTENTIAL

n=0.20, 25°C

Concentration of lead(II) ion=0.50 mm

Concentration of uncomplexed EDMA=20.0 mm

Half-wave AE,;4, mV
pH potential —
V uvs. SCE Obsd Caled
6.75 —0.456, 0 0
7.29 —0.476, 19.5 19.6
7.85 —0.493,4 36. 39.4
8.36 —0.509, 52.4 55.1
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Fig. 5. The plot of AE;/;—0.0296(1 + Ksbx-
[C1-]) against log [X]/.
Concentration of lead(II) ion=0.50 mm
25°C, p=0.20, pH=6.45

K&y value determined, the effect of the concen-
tration of the uncomplexed EDMA on the half-wave
potential of the lead(II) ion was also studied. Equa-
tion (7) shows that when the solution pH is kept

constant, the plot of AE,;,—0.0296 log (1+ K&y x
[CI-]) against log [X] should give a linear relation.
This was also examined satisfactorily. The results
obtained are shown in Fig. 5. From the above
results and discussion, it can safely be concluded
that, under the present experimental conditions,
the lead(II) ion forms PbX+ and PbXCI® and the
electrode reaction mechanism of the lead(II) ion
in an EDMA solution can be given by Eq. (6).
As has been stated above, both cadmium(II)
complexes of EDTP and EDMA undergo a revers-
ible two-electron reduction at the dropping merc-
ury electrode. The former complex may contain
two six-membered rings involving a metal-oxygen
bond, while the latter may contain two five-mem-
bered rings involving a metal-oxygen bond. There-
fore, the reversible behavior of the cadmium(II)-
EDTP complex can hardly be ascribed to the struc-
ture of EDTP, in which all acetate groups of ethyl-
enediaminetetraacetate are replaced by propionate
groups to give terminal rings of six rather than five
members. It should also be mentioned here
that cadmium (IT}-aminopolycarboxylate complexes
which have larger stability constants behave irrevers-
ibly, whereas those which have smaller stability
constants behave reversibly. Generally, the larger
stability constant is considered to correspond to
the greater affinity of the ligand for the metal ion.
The greater affinity for the metal ion will, then,
produce the more pronounced change in the elec-
tronic structure of the metal ion. On the basis of
the above discussion, the cadmium(II) ion in the
EDTP and EDMA complexes may be said to have
an electronic structure not significantly different
from that of the cadmium(II) aquo complex, which
undergoes a typical reversible reduction. This
may also account for the reversible behavior of
the cadmium(IT)-EDTP and -EDMA complexes.
Since the cadmium(II) ion can form complexes
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of a 1-to-2 composition with EDTP and EDMA,
in both cadmium(II) complexes two ligands are
considered to be attached to each cadmium(ll)
ion with four nitrogens and two oxygens. Con-
sidering the well-known fact that the cadmium(II)-
amine complex behaves reversibly in a polaro-
graphic electrolysis,® this may mean that the

14) L. Meites, J. Amer. Chem. Soc., 72, 2293 (1950).
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nature and the number of donor atoms also play
an important role in the deterinination of the polaro-
graphic bchavior of cadmium(II)-aminopolycar-
boxylate complexes. In order to describe the
precise relation between the polarographic behavior
of the cadmium(II)-aminopolycarboxylate complex
and its structure, however, further systematic inves-
tigations should be conducted.






