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The coordinated mixed Cd(II)-oxalate-malonate system has been polarographically studied 
in aqueous medium. The ionic strength has been maintained constant at IJ = 1'0 moll- 1 by 
using NaCI04. The overall stability constants, determined by using the Schaap ,and McMasters 
method, for the coordinated species [Cd(ox)(mal)]2-, [Cd(ox)(malh]4- and [Cd(oxh(mal)]4-
are respectively Pu = 1'3.104 12 mol- 2, P12 = 5'0.104 13 mol- 3 and P21 = 8,7.104 13 . 
. mol- 3. The various coordination equilibria are discussed on the basis of statistical aspects. 

In the last years, the study of mixed complexes has received much attention. Their 
interest has been demonstrated in different fields of research: chemistry, biology, 
etc1. The importance of such complexes from the point of view of knowing the 
peculiarities of metal ion coordination chemistry has been emphasized in numerous 
reports2 -11. 

In this paper, we attempt to analyse the mixed system Cd(II}-oxalate-malonate 
at J1. = 1'0 moll- 1 adjusted with NaCI04, as a part of a systematic study of different 
metallic cations with dicarboxylated ligands4.7.9-13, carried out for the purpose 

of gaining more insight into them and establishing considerations of a structural 
nature. 

EXPERIMENTAL 

Each of the i-E curves was plotted with a Metrohm ES06 polarograph with an ESOS polarographic 
stand. Pt (EA28S) and Ag/ AgCl/NaCI sat. Metrohm EA427 electrodes were used as counter 
and reference electrodes, respectively, and the working one was a DMS. The temperature in the 
cell was 25 ± O·OSoC. The ionic strength was adjusted to IJ = 1'0 mol 1- 1 with NaCI04. Measu
rements of pH were carried out with a pHM84 digital potentiometer with a GK2401C radiometer 
combined electrode. With the exception of the solution of Cd(II) in the absence of ligand, which 
was polarographed at pH 3'5, all the rest were polarographed at pH 7'5 in order to ensure that 
the concentration of both the oxalate and malonate ions was not below 99% of the total con
centrations of their respective salts14•15. The concentration of metal ion was constant at 
0'21 mmoll- 1 in all recordings. Drop-time was controlled at 3'0 s. 
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The sodium perchlorate, sodium oxalate, and cadmium sulfate were Merck products of p.a. 
quality, the malonic acid from Carlo Erba R.P.E. and the sodium hydroxide used in the prepara
tion of the sodium malonate and for adjusting the pH was also of p.a. quality from May and 
Baker. 

RESULTS AND DISCUSSION 

The plots of log [(1d - 1)/l] vs E show that the discharges occurred by a reversible 
two-electron process. The values for the reversible half-wave potentials were directly 
obtained from these plots. 

The Cd(II)-Malonate System 

Two experimental studies were carried out. The application of the Deford and Hume 
method16 to this coordination system shows that the F2 vs malonate concentration 
dependence is a straight line (Fig. 1), which implies the stability of the Cd(mal), 
[Cd(malh]2-, and [Cd(mal)3]4- complexes. The values obtained are given in 
Table I. 

The good agreement allows to propose the following formation constants: POL = 

= 991 mol- 1, P02 = 1'5.10312 mol- 2, and P03 = 4'6.10313 mol- 3 in good agree
ment with those calculated previously for the same system and analogous conditions: 
POl = 951 mol- 1, P02 = 1'3.103 12 mol- 2, and P03 = 6'4.10313 mol- 3 (ref.17). 
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FIG. 1 

Plot of the functions F1 and F2 vs [mal2 -] 

Collection Czechoslovak Chem. Commun. (Vol. 53) (1988) 

0'15 0·30 
[mal2') ,moll-1 

3·00 

F;; .10 

1·56 

1·00 

-3 



508 Rodriguez-Placeres, Ruiz-Cabrera, AHola, Arevalo: 

The application of the Schaap and McMasters method2 to determine mixed com
plexes requires prior knowledge of the constants of simple complexes, so we have 
previously18 studied the simple Cd(II)-oxalate system, the following values being 
determined: PLO = 4.5.102 I mol-t, P20 = 2·1. 104 12 mol- 2, and P30 = 1·8 . 
. 105 13 mol- 3. 

The Mixed Cd(II)-Oxalate-Malonate System 

It seems logical from the above to accept that the Faa function of Schaap and 
McMasters presents as maximum the following expression: 

Faa = {1 + pot[mal] + P02[ma1J2 + P03[maW} + 
+ {Pl.O + pu[mal] + P12[ma1J2} [ox] + 
+ {P20 + Pu[ mal]} [OX]2 + P30[ OX]3 . (1) 

If the concentration of malonate is maintained constant while that of oxalate is 
varied, the Faa function becomes: 

Faa = A + B[ox] + C[OX]2 + D[oxJ3 ' (2) 

where A, B, C, and D are constants. Three experimental studies were carried out. 
Table II gives the reversible half-wave potentials together with the limiting diffusion 
currents and the values of the Faa, FLO, and F 20 functions at a constant concentra
tion of malonate of 0·02 moll-to The plot of the successive FLO functions, Fig. 2, 
confirms the expected linear dependence of the F 20 function vs [ox]. 

The values of A, B, C, and D obtained from the three studies are given in Table III. 
In each case the value of A calculated from expression (1) agreed satisfactorily with 
that determined experimentally. The value of D is in acceptable agreement with that 
obtained from the study of the simple Cd(II)-oxalate system: P30 = 1·8 . 105 13 mol- 3• 

TABLE I 

Stability constants of the simple system of Cd(I1) with malonate ligand 

Exp. No. 

2 

Pal 
I mol- t 

98 

100 

1 556 

1484 

4513 

4753 
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TABLE II 

Analysis of the Cd(II)-Na2ox-Na2mal-NaCI04 system in aqueous medium; [maI2-] = 
= 0·02 mol 1- 1. Schaap and McMasters method. Characteristic of the reduction of Cd2 + 
IM-NaCI04: EI/2 = 529·3 mY. Id = 117·6 mm 

[C20i-], moll- 1 id • mm 

0·01 115-6 

0·015 115·8 

0·03 115·6 
0·04 114·9 
0·05 115·1 
0·06 113-1 

0·07 112·7 

0·08 111·5 

0·09 111 

0·11 111·7 

0·12 110·1 

" From two measurements. 

FlO. 2 

5·00 

-3 
,c;o·10 

2·00 

0·71 

o 

-EI /2 .mY 

561-6 
561·7 
567·2 
567·0 
579·6" 
584·8" 
590·2" 
594·0 
594·6 
598·0 
597·2 
601·0 
601-6 
604·8 
604·0 
609·8 
609·5 
611·8" 

005 0·10 0 
[C2~-1/mOl ["1 

Foo 

12·573 
12·671 
19·409 
19·109 
51·048 
76·987 

117·01 
160·07 
167·72 
219·32 
206·08 
280·00 
293·38 
378·07 
355·24 
554·47 
541·67 
657-29 

0·05 0·10 
[ C20~-I,moll-1 

Plot of the functions FlO and F20 vs [ox2 -] [mall -] = 0·02 moll- 1 

Collection Czechoslovak Chern. Commun. (Vol. 53) (1988) 

FlO 

897-30 
907·10 

1053-9 
1033·9 
1 581-6 
1 834·7 
2268·2 
2607·8 
2735·3 
3081·7 
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4·00 

2·15 

1·50 

F20 

18730 
19710 
22926 
21593 
29053 
28 117 
31 164 
31630 
33755 
33881 
31 180 
34312 
36403 
38341 
35523 
39071 
38013 
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The data of B, notably greater than Plo = 4'5.102 1 mol- 1 reveal the presence of 
mixed complexes with an oxalate ion. 

The plot of (B-PIO)/[mal] vs [mal], Fig. 3, should give a straight line allowing 
P11 to be obtained from the intercept at [malonate] = 0 and Pu from the slope. 
Calculation by the least squares method gives P11 = 1·3. 104 12 mol- 2 and Pu = 
= 5,0.104 13 mol- 3 • 

Figure 4 shows a linear plot of C vs [mal] and from the slope we obtain: PH = 
= g·7. 104 13 mol- 3 • 

The constants obtained for the mixed complex can be compared with that statistic
ally predictable which was evaluated according to the formulae proposed by Wat
ters19 : 

Pu = 2p~~2 . pb~2 = 1'1.104 12 mol- 2 

P12 = 3p~~3 . p~~3 = 4,7. 104 13 mol- 3 

P21 = 3pi~3 . pb~3 = 15'9.104 13 mol- 3 

in acceptable agreement with the values obtained experimentally. The greatest dif
ferences correspond to PH, and seem to point to the low relative stability of the 
complex [Cd( oxh (mal)]4-. 

Analysis of the Coordination Equilibria 

All the results corresponding to the coordination equilibria of the Cd(II) ion with 
oxalate and malonate ligands are shown in the Scheme 1. The stepwise constants 
are logarithmically expressed. 

2·1 

"/ 8-,610'10 4 / 

imal2-] / 
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o 0·02 0-16 

FlO. 3 

Calculation of P11 and P12 for the mixed 
complexes 
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o 
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1·5 
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Plot of coefficient C vs [mal2 - I 
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II 3.18 3.66 l 2- 1 4-

1"'i~ .. ,""T-'''/TI -,.:/, .. ".1 

• J '~"'~f?<: 1~'" 
.. Cd(oxl--1.46 [Cd(OII(mal)j -0.59 __ [Cd(OKI(mallz] 

1 1 /' 
J ,/,y J /,'". 
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1 / 
6 .. o~", 

1 4~ 
[ Cd (oals ] 

SCHEME 1 

Let us first consider the equilibria of Cd{II) with only one ligand. Table IV gives 
the values of K;/K; + 1 for the Cd{II)-malonate system, Cd{II)-oxalate system and 
the values expected, taking into account only statistical factors and octahedral 
coordination20• 

The formation of the 1 : 1 complex is greatly favoured by entropic factors while, 
due to steric effects, the formation of complexes with a greater number of ligands 
will be progressively hindered, particularly as the length of the chain is increased. 

TABLE III 

Cd(II)-Na2ox-Na2mal-NaCI04 systtm. Values of A, B, C and D 

[maI2 -] 
A 

B.IO- 2 C.IO- 4 D.IO- 5 

moll- 1 I mo)-l )2 mol-2 13 mo)-3 

0'02 3-6 7·1 2'15 1·64 
0·10 30·7 23'5 2'95 1-62 
0·16 74'6 36·2 3-36 2·10 
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These predictions agree qualitatively with the tendency observed in Table IV 
for K 1/K l , although it is impossible to evaluate their influence quantitatively in 
order to compare whether the one consideration alone interprets the results ob
tained. The relative proximity between the values calculated for Kl/K2 in both 
cases, and the fact that it diminishes with the ion size increase would be justified 
by a greater influence of entropic effects. The high values of K 1/K2 and the relatively 
low values of K2/K3 seem to point to the low relative stability of the complexes 
with two oxalate or two malonate ligands. . 

The tendency of the complexes Cd(mal) and Cd(ox) to take a malonate ion as 
a second ligand is expressed as follows: 

Cd(mal) + mall -

Cd(ox) + mall -

~ [Cd(mal)l]l 10gK = 1·18 

~ [Cd(ox)(mal)]l- 10gK = 1·46. 

(A) 

(B) 

Theoretically, taking into account statistical factors alone, it would be expected 
that the complex [Cd(ox)(mal)]l- be the more stable, its constant being greater 
than that of (A) by the statistical factor of 2, (log K = 0'301). The factor found, 
log K = 0·28, is in good agreement. 

The tendency of the same complexes to coordinate an oxalate ion as a second 
ligand should also be observed: 

Cd(mal) + oxl - ~ [Cd(ox)(mal)]2- 10gK = 2·11 

Cd(ox) + oxl - ~ [Cd(OX)l]l- 10gK = 1·67. 

(C) 

(D) 

Considerations analogous to those above are valid in this case in which the dif
ference found, log K = 0·44, is also acceptable. 

The addition of a third ligand to these complexes is considered as follows. 

TABLE IV 

Values of Xd XI + 1 for the Cd-ligand systems 

Statistic 

0·96 

9·75 

Cd(II)-oxalate Cd(II)-malonate 

9'64 

5-44 

6·45 

5·07 
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Firstly, the addition of a malonate ion: 

[Cd(malh]2- + mal2- f:; [Cd(mal)3]4- log K = 0'48 (E) 

[Cd(ox)(mal)]2- + mal2- f:; [Cd (ox) (mal)2]4- log K = 0·59 (F) 

[Cd(ox)2)2- + mal2- t; [Cd(oxh(mal)]4- 10gK = 0·62. (G) 

Theoretically, the complex [Cd(maI)3]4- should be the least stable because it is 
simple while in the equilibria (F) and (G) mixed complexes are formed. The respective 
values of K should be in the ratio of the statistical factors 1 : (3/2) : 3. Between (E) 
and (F) the statistically expected relation is approximately verified. 

The relation between the complex [Cd(oxh(mal)]4- and the complexes 
[Cd(ox)(mal)2]4- and [Cd(mal)3]4- is lower than the statistically expected and can 
be caused by the relatively low stability of the complex [Cd(ox)z(mal)]4-, as has 
already been said. 

The addition of an oxalate ion to the same complexes is now considered: 

[Cd(mal)2]2- + ox2- t; [Cd(ox)(mal)2]4- 10gK = 1·52 (H) 

[Cd(ox)(mal)Y- + ox2- t; [Cd(ox)z(mal)]4- 10gK = 0·83 (1) 

[Cd(ox)2]2- + ox2- t; [Cd(ox)3]4- log K = 0'94. (J) 

The statistically expected ratio of the values of K is 3 : (3/2) : 1. The values of K 
for the equilibria (H) and (J) conform to this ratio. The low value of the equilibrium 
constant (1) suggests the relatively low stability of the coordination species 
[Cd(oxh(mal)]4- . 
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